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I. ROTEIRO DA FORMACAO BASICA

L1. MEU CURSO NO TEMPO. O TEMPO CULTURAL E O
TEMPO CIENTIFICO. UMA REALIDADE

Antes de mais nada, gostaria de narrar alguns fatos que influiram sobre a
minha decisdo de seguir a carreira da Fisica. Ao longo dos anos, duas
tendéncias muito fortes tém atuado sobre as minhas decisdes: uma acentuada
curiosidade sobre o modo com que se processam os fendmenos naturais e uma
atragdo pela missica. Cada um desses aspectos envolve uma longa histéria, de
modo que pretendo apresentar apenas a sintese dos fatos essenciais, o
suficiente para estabelecer as ligagdes entre as motivagdes originais e as
atividades cientificas que se desenvolveram desde entdo, mmclundo erros,
acertos, obstaculos e avangos.

Durante os anos da adolescéncia, enquanto cursava o colegial, as
reagdes quimicas exerciam um fascinio todo particular especialmente as que
envolviam mudanc¢as de cor ou as precipitagdes. Os fendmenos elétricos nio
cram menos espetaculares e a recepgdo das ondas das emissoras de radio
constituiu um dos meus assuntos prediletos, envolvendo a montagem de
receptores com a utilizagdo dos kits adquiridos nas casas comerciais de pecas
eletronicas da época. Lembro-me de que gostava de decorar os nomes das
constelagdes e das principais estrelas, contemplando o céu limpido de Nova
Odessa, onde observei a passagem dos primeiros satélites artificiais nas

primeiras horas da noite. Ao que me consta, esse interesse em observar o céu
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fo1 despertado por ocasido da visita que fiz em excursio com 0S meus colegas
do curso ginasial de Americana, ao Planetario do Ibirapuera em 1954. Cada um
de nos recebeu um folheto contendo o mapa celeste. Por coincidéncia, um
jornal da Capital passou a publicar diariamente o aspecto do céu as 20:00h,
incluindo as posigdes dos planetas visiveis a olho nu, bem como de algumas
galaxias ¢ aglomerados. Também nesse periodo tive a oportunidade de
construir a base da minha formagfio musical, tendo me dedicado ao violino
desde a mais remota infincia. Tive a oportunidade de participar de diversos
grupos de muasica de cdmera, executando obras dos principais autores dos
periodos barroco, cléssico e roméntico. Gostava de ler historias de aventuras,
como as de Julio Verne ¢ Monteiro Lobato, assim como as biografias dos
grandes compositores. Outra influéncia marcante foi a audigdo assidua da
Radio Ministério da Cultura do Rio de Janeiro que incluia, além dos programas
musicais comentados, conteudos de divulgagdo cientifica especialmente o
programa "Novos Horizontes". Entre algumas revistas que me chamaram a
atencdo posso mencionar a Mecénica Popular ¢ Antena que produziram a sua
mfluéncia, conduzindo-me imperceptivelmente ao caminho da mvestigacio
cientifica.

Quando me transferi para Sio Paulo, em 1959, levei um tempo
consideravel procurando emprego porque desejava trabalhar especificamente
em algo que envolvesse atividades relacionadas com os temas gque mais me
interessaram no periodo colegial. Finalmente, consegui ser admitido em uma
indistria onde se fabricavam barras de nylon, a partir do 6leo de mamona. O
processo era particularmente interessante, envolvendo certa complexidade,
desde a destilagdo do 6leo da semente da planta inicialmente submetido a
processo de "cracking”, separando a glicerina dos ésteres que por sua vez

forneciam os sub-produtos enantal e alcool metilico e o mondmero, acido
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undecilénico, o qual possui uma ligagdo insaturada, cuja quebra possibilitava a
sua polimerizagdo, resultando no produto final, o nylon. A minha fun¢do inicial
era efetuar analises quimicas de rotina para determinar parimetros como indice
de saponificagéo, teor de ferro e a curva de destilagdo de amostras de cabegas
de enantal. Foi nessa fase que tive a oportunidade de praticar titulacdo e lidar
pela primeira vez com a balanga analitica de precisdo. Em seguida, fui
transferido para um laboratério de "pesquisa”, onde a principal atividade era
efetuar destilagBes fracionadas e passei a lidar com autoclave para efetuar
reagbes quimicas A temperatura e pressdo controladas. Em particular,
efetuamos a cloragio do benzeno para a produ¢do de compostos como o
clorobenzeno™ ¢ o p-diclorobenzeno. Outra técnica que aprendi na época foi a
determinagéo do indice de refragio de liquidos pelo método de Abbe, para
controlar a qualidade do m-cresol utilizado no processo industrial.

O emprego seguinte também foi em uma inddstria quimica, na qual se
utilizava o gds acetileno que era submetido a processo de cloragio e posterior
polimerizagdo para a produgdio do policloreto de vinila (PVC). No laboratério
de controle de qualidade, efetuava os ensaios j& conhecidos de indice de
saponificagdo e determinagdo de indice de Fe3* | com o teste adicional de
determinagfo da resistividade do PVC, envolvendo a aplicagdo de eletrodos de
folhas de aluminio, acondicionamento de temperatura e utilizagdo de
eletrdmetro. Nesse laboratorio construi um dispositivo, para medir a
sedimentagdo da 4gua, necessario para uma etapa especifica do processo
industrial. A matéria-prima para a obtengdo do acetileno eram pedras de

carbureto de célcio € o cloro era obtido a partir de cloreto de sédio comercial.

Ai_nda Tecentemente voltei a trabalhar com estes compostos. desenvolvendo um modelo de analise da forma
de linha de ressondncia de quadrupolo nuclear (RQN) do ¥*ClI em soluciio vitrea de clorobenzenc e piridina,
publicado no Phys. Rev. B41(10).6257-6261(1990).



Um subproduto da eletrélise do cloreto de sddio era o hidroxido de sédio, o
qual era comercializado.

Apoés ter trabalhado alguns meses como bancdrio, surgiu uma nova
oportunidade para atuar em algo mais atraente, desta feita como técnico de som
em servigo de recursos audio-visuais, na produgdo de filmes educativos. A
atividade abrangia desde a sonoplastia até a assisténcia técnica ao equipamento
eletrébnico e acondicionamento acustico do estadio. Com a experiéncia
adquirida, fui admitido como técnico de manutengio de som da emissora de TV
Tupi - Canal 4 por um periodo de trés anos. O equipamento sob a minha
responsabilidade compreendia mesas de som, proje¢do e intercomunicagio.

For precisamente durante o periodo no qual me dedicava as atividades
audio-visuais que cheguei a uma encruzilhada quanto & op¢do de escolher uma
carreira musical ou cientifica, quando fiquei oscilando, por um tempo razoavel,
entre as duas possibilidades, pois ambas exerciam uma atraco muito forte.
Acabou prevalecendo a escolha pela ciéncia, agora, com a davida entre as suas
mais variadas modalidades. Entre as dreas de minha predile¢do, a Quimica,
Geologia e Fisica, acabou prevalecendo a tltima, pois através dela esperava ter
acesso a compreensdo mais aprofundada dos mecanismos envolvendo os mais
diversos fendmenos.

A ultima atividade externa que realizei, antes de iniciar a pos-graduacio
em Fisica, foi no laboratorio elétrico da Volkswagen, durante cerca de dois
anos. Esta foi mais uma fase importante de aprendizado de técnicas de ensaios
destrutivos e ndo destrutivos, destacando-se medidas de dureza do ago,
magnateste, durabilidade de pegas diversas ¢ testes de vidros.

Com o passar do tempo, essas predilecdes se fizeram sentir nas escolhas

dos temas no decorrer da minha carreira 1o campo da Fisica, passando a
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Interessar-me pela ciéncia dos materiais, com énfase as suas propriedades
microscopicas, estruturais ¢ dindmicas.

Ja integrado as atividades do programa de pos-graduacdo do IFUSP,
passei a estudar a técnica de ressonéncia paramagnética eletrénica, inicialmente
para estudar os efeitos do campo cristalino sobre o ion paramagnético Ni2™ no
sulfato de niquel hexa-hidratado monocristalino, o que resultou na minha
Dissertacdo de Mestrado e as investigagdes subseqiientes sobre centros
paramagnéticos induzidos por irrradiagio com raio X em vidros, como
trabalho de Doutorado.

O presente texto tem por objetivo fornecer um relato circunstanciado e
critico das diversas fases da minha produgdo cientifica e docente na area da

Fisica, procurando analisar os erros e acertos da minha trajetoria.



1.2. O PERIODO DAS BUSCAS NO INTERIOR DA FiSICA

Uma vez escolhida a area da Fisica como a atividade principal, foi dado
0 1nicio a todo um processo de formagdo basica, incluindo aulas, leituras e
exercicios, sob a pressdo constante das demais preocupagdes cotidianas que
envolveram a luta pela sobrevivéncia. O volume das atividades profissionais
durante o periodo em que cursei a graduagéo obrigou-me 2 limitagdo de assistir
as aulas durante a semana ¢ executar as respectivas tarefas apenas aos sabados
¢ domingos. A maior dificuldade que senti nessa fase de estudos foi decorrente
do fato de que as omissdes encontradas nos textos adotados eram nio raro
reproduzidas durante as aulas, abrindo lacunas a serem sanadas, aos poucos no
futuro. Algumas dessas passagens, precedidas pela expressio "como ¢ facil
verificar..." envolviam dedugdes nem sempre triviais, as vezes com dificuldades
intransponivels na ocasido, devido 4 insuficiéncia de indicagdes . Certamente,
nao ¢ facil a tarefa do professor dosar convenientemente o grau de dificuldade
a ser estabelecido para manter ativa a participagio do aluno, sem que 0 mesmo
venha a perder tempo precioso, preso em armadilhas exageradamente
profundas.

Foi assim, dividido entre as atividades do curso de graduacdo de Fisica e
as tarefas profissionais de entdo, bastante absorventes, que fui estabelecendo
uma definigdo quanto & escolha da 4rea & qual iria me dedicar. A escolha da
Fisica do Estado Sélido como primeira op¢ao para a sub-area de pesquisa foi
uma decisdo natural em face da natureza da minha experiéncia anterior, muito
ligada a ciéncia dos materiais ¢ 4 quimica. Iniciei os estudos de Pos-Graduagio

no IFUSP no segundo semestre de 1970, cursando as disciplinas de



Cristalografia, Criogenia e Mecanica Estatistica, enquanto escolhia o ramo ao
qual iria me dedicar no Departamento de Fisisca dos Materiais ¢ Mecanica. no
Laboratorio de Estado Sélido e Baixas Temperaturas, os grupos dedicavam-se
em desenvolver as técnicas criogénicas e estudar as propriedades magnéticas
dos materiais. Como parte das tarefas do curso de Criogenia, acompanhei os
trabalhos de liquifagdo de hélio e pratiquei algumas técnicas basicas, tais como
a produgdo de alto vacuo e controle de temperatura. Os grupos em atividade
dedicavam-se ao estudo de transi¢des de fase em diversos sais paramagnéticos,
utilizando as técnicas de medidas de susceptibilidade magnética, calor
especifico e ressondncia paramagnética eletrénica (RPE).

Como a RPE havia sido recentemente montada no laboratério e com as
primeiras medidas fora realizado um estudo sobre uma transi¢do de fase em um
sal de niquel (Hennies, 1960), este foi o momento apropriado para a criag¢do de
um grupo especializado na técnica, ao qual me associei. Passamos a estudar
entdo a teona basica do fendmeno da ressonancia magnética, o conjunto dos
circuitos eletrénicos e do sistema de microondas envolvidos, efetuando

medidas com diversos sais paramagnéticos, objeto de interesse comum.



II. O MESTRADO E O DOUTORADO.
CONVERGENCIAS E DIVERGENCIAS

IL1. MEDIDAS DE RESSONANCIA PARAMAGNETICA
ELETRONICA NO a-NiSO4.6H20 E Ni(NO3)2.6H20

A minha primeira tarefa com relagdo 3 técnica de ressonincia
paramagnética eletrénica (RPE) foi a determinacio da sensibilidade do
espectrémetro, com apoio no estudo de publicagdes selecionadas (Buckmaster
¢ Dehring, 1964; Misra, 1958; Bleaney e Stevens,1953; Bret, 1968). Utilizando
a substancia padrao o,a-difenil-picril-hidrazil (DPPH), uma série de solugdes
contendo namero conhecido de spins, preparadas a partir de dissolugdes
sucessivas em benzeno e assumindo um spin de elétron desacoplado por
unidade estrutural do radical picril, foi gotejada sobre uma folha de polietileno,
na qual se imprimiu previamente uma depressio suficiente para abrigar 0,1 ml
do liquido. Apés a evaporagdo, o conteudo cristalizado foi convenientemente
embrulhado e compactado, sendo em seguida introduzido em um cilindro de
teflon especialmente preparado, o qual foi colocado no tubo porta-amostras de
quartzo. Com as amostras assim preparadas, foi encontrado o limite de
detecgdio do sinal, quando o mesmo passou a se confundir com o ruido,
qualquer que seja a amplificagio aplicada, para uma quantidade situada entre
1014 ¢ 1015 spins. Além disso, efetuei medidas para a determinacdo da
poténcia da fonte de microondas (60 mW) e do valor do Q da cavidade

ressonante (~ 3. 103). Apesar desses valores serem relativamente modestos, o



espectrometro revelou-se de grande utilidade pelo nimero de trabalhos que
resultaram em teses e publicagdes durante o tempo que se seguiu desde entdo.
O preparo das amostras de cristais paramagnéticos constituiu uma
atividade muito interessante, envolvendo o aprendizado de técnicas especificas
de crescimento. As primeiras amostras que tive a oportunidade de preparar
foram de Ni(NO3)2.6HO, o qual se revelou inadequado, apesar de serem
obtidos cristais bem razoaveis, pela razio de que as duas linhas de ressonancia
na regiao superior de campo do eletroimd estendiam-se para campos superiores
ao campo maximo permitido pelo eletroimd (> 20 kOe), tornando escassa a
coleta de dados. Resolveu-se investigar, entdo, os pardmetros do Hamiltoniano
de Spin do ion de NiZ2* no a-Ni1SO4.6H»>O, que permitiu um mapeamento mais
completo das posigdes das linhas de RPE com a rotagdo de um monocristal
convenientemente apoiado sobre um suporte no qual se efetuou o corte de um
plano inclinado. A descrigio da rotagdo do cristal em torno de cada um dos
eixos escolhidos foi feita com a utilizagdo dos dngulos de Euler. A visualizacdo
de cada caso estudado foi facilitada tragando-se paralelos e meridianos sobre
uma bola, na qual foram indicadas as posi¢des dos eixos polares dos octaedros
do aquaion (Ni.6Hp0)27, fornecidos por cristalografia de raios X. Com os
resultados obtidos, foi possivel a determinacdo dos parametros D ¢ E que
descrevem, respectivamente, as distorgdes axial e rémbica do campo cristalino
¢ as suas coordenadas em relagio as diregdes dos eixos cristalograficos.
Substituindo os valores obtidos para os pardmetros da Hamiltoniana de Spin
na equagao secular, com o uso de computador, foi possivel obter excelente
ajuste para todas as ressonancias observadas para as rotagdes do cristal em
torno de quatro eixos distintos, assim como efetuar a previsdo dos resultados
esperados para a rotagdio de um eixo escothido qualquer. Foram, também,

previstas duas novas ressonancias para campos magnéticos acima do maximo
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acessivel pelo eletroimd do laboratério e que ndo puderam ser verificadas
experimentalmete. Apos intimeras tentativas; foi possivel obter um cristal de
sulfato de zinco cristalizado no sistema tetragonal, crescido sobre uma semente
de sulfato de niquel, utilizando um método antigo (Boisbaudran, 1869), de
reprodugdo muito dificil, devido ao fato de que este sal normalmente cresce no
sistema monoclinico. Infelizmente, a sensibilidade do espectrdmetro néo
permitiu  detectar qualquer sinal de RPE, inviabilizando um estudo
complementar que poderia ser muito interessante. Os resultados deste trabalho
foram comparados com os de autores que utilizaram as medidas de
susceptibilidade magnética, calor especifico e calculos teoricos (Fisher e
Hornung, 1968; Stout e Hadley, 1964; Chatterjee, 1967, Watanabe, 1962;
Oliveira, 1966) e resultaram na publicagdo cientifica (Pontuschka et al., 1973).
As informagdes estruturais basicas foram obtidas de dados cristalograficos
{Beevers e Lipson, 1932; Wyckoff, 1935), assim como os dados de rotagio
magneto-optica (Becquerel et al., 1951; Lévy e Handel, 1951) e medidas de
polarizagdo elétrica produzida por campos magnéticos aplicados (Hou e
Bloembergen, 1965) apresentaram informagdes complementares. Durante o
periodo foram desenvolvidos estudos individuais e em grupo sobre
magnetismo, fendmenos criticos, teoria do campo cristalino e literatura sobre a
técnica e teoria da ressondncia magnética (Martin, 1967; Griffits e Owen,
1952; Pake, 1962, Orton, 1968; Alger, 1968; Al'tshuller e Kozyrev, 1964). Foi
nessas condigdes que elaborei a Dissertagdo de Mestrado (Pontuschka, 1973),
onde ndo foram aproveitados os resultados obtidos com o Ni(NO3)7.6H>O.
Durante este periodo foi adquirido um novo eletroima e unidades de controle
do espectrometro de RPE, o que proporcionou a oportunidade de adquirir

pratica na montagem, ajustes ¢ adaptagdes do
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equipamento. Em paralelo com as atividades acima descritas, cursei as
disciplinas necessarias para a conclusiio do curso de Licenciatura.

O trabalho de Doutoramento tnicialmente proposto consistia em estudar
os sais de nitrato de niquel contendo respectivamente duas, quatro, seis e sete
aguas de cristalizacfo, cujos cristais cheguei a produzir. Além do problema dos
referidos sais serem bastante higroscdpicos, a escassez das linhas de RPE era
indicio de que com apenas esta técnica ndo seria possivel acumular dados em
numero suficiente para um trabalho desse porte. Concomitantemente, o grupo
de RPE recebeu a visita do Prof. Adli Bishay, da Universidade Americana do
Cairo, Egito, que trouxe amostras de vidros aluminoboratos de bario
preparados sob condigdes diversas, para efetuar medidas a temperatura do
hélio liquido (Bishay et al, 1974a;1974b;1975). Este foi o trabalho pioneiro
realizado sobre vidros no Brasil. Acompanhando os seus trabalhos junto ao
grupo e auxiliando na realizagdo das medidas, acabei por envolver-me no que

veio a ser o tema central das minhas atividades nos anos seguintes.

11.2. RESSONANCIA PARAMAGNETICA ELETRONICA DE
DEFEITOS EM VIDROS ALUMINOBORATOS DE BARIO

Entre os resultados da pesquisa realizada por Bishay no Laboratério de
Fisica dos Materiais ¢ Baixas Temperaturas, destacaram-se o0s espectros de
RPE de vidros aluminoboratos de bario contendo impureza de prata nas
concentragdes de 0,1 e 5 mol %, respectivamente, obtidos & temperatura de ~ 5

K, sem que as amostras fossem submetidas a qualquer tipo de irradiagio prévia
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(Bishay et al, 1974b). De acordo com a sua interpretacdo, a amostra contendo
0,1 mol % de prata apresentou um conjunto de seis linhas largas, além das
ressondncias bem conhecidas da impureza de Fe3*, enguanto a amostra
contendo 5 mol % fomeceu dois conjuntos superpostos de seis linhas cada.
Como possivel explicagio, as linhas poderiam resultar da presenca dos atomos
de 107Ag e 109Ag na visinhanga de 27Al (I = 5/2) no vidro, mas néo se podia
excluir a possibilidade destas serem resultantes da eventual presenga de
impureza de Mn2*. Este problema passou a ser a proposta inicial do meu
trabalho de Doutorado, cuja solugio poderia trazer elementos novos para a
analise estrutural desses vidros.

Com 1ss0, seguiu-se a primeira fase de medidas de RPE com as amostras
de wvidros depositadas por Bishay, com o objetivo de solucionar a questio
pendente e posteriormente ampliar o escopo das investigagdes. Apds muita
insisténcia, nao foi possivel reproduzir as referidas linhas que seriam o ponto
de partida desse novo trabalho. Em determinadas amostras foram registradas
linhas com estrutura complexa, mas diferente das obtidas por Bishay e que
pretendia reproduzir. As coisas tornaram-se ainda mais complicadas quando
essas linhas mudavam surpreendentemente de posigdo com a rotagdo das
amostras de vidro, sugerindo algum tipo de fendmeno coletivo com orientagio
fixa em relagdo as dimensdes da particular amostra. Efetuando-se tratamenos
termicos preliminares, observou-se que essas linhas se multiplicavam,
apresentando uma estrutura cada vez mais irregular, semelhante 4 de um ruido,
porém, reprodutivel nos detalhes. O efeito de cada tratamento térmico,
entretano, mostrou-se irreversivel. Como o fendmeno se afigurava dependente
da histéria dos tratamentos térmicos do vidro e era wreversivel, cheguel a
preparar mais tarde uma nova amostra e observar o seu espectro de RPE logo

em seguida, & temperatura do hélio liquido. O que se observou, foi a absoluta



auséncia de qualquer das linhas do tipo considerado, indicando que o carater
ndo reprodutivo desse fendmeno tornava inviavel o seu estudo para uma
programacdo de Doutorado, mesmo em se tratando de ser um tema fascinante
pelo mistério que o envolvia.

Fot assim que tomei a resolugio de trabalhar apenas com fatos
reprodutiveis, de modo que passei a submeter toda e qualquer amostra a um
tratamento térmico prévio a temperatura de 400°C com pelo menos uma hora
de duragdo e irradiar as amostras com raios X & temperatura do nitrogénio
liquido (77K). Para evitar a perda de informac¢des provenientes de centros
instaveis a temperatura ambiente, foi necessario desenvolver uma técnica para a
mampulagdo da amostra evitando o seu aquecimento durante a sua
transferéncia, desde o seu alojamento no dedo frio onde a mesma foi irradiada,
até a posi¢do no Dewar de quartzo fundido, ntroduzido na cavidade ressonante
do espectrometro. Foi dedicado, também, um cuidado especial ao
posicionamento do termopar a fim de possibilitar um controle da temperatura
de precisdio e estabilidade suficientes para efetuar medidas da cinética de
decaimento térmico dos centros estudados.

Com o auxilio da literatura, foi possivel identificar progressivamente
todos os sinais observados e com isso, foram criadas importantes pontos de
prova na investigagdo de processos eletrbnicos que ocorrem durante a
irradiagdo e posteriores decaimentos térmicos sob condigdes controladas. E
preciso ressaltar que boa parte do meu conhecimento inicial originou-se da obra
de Bishay (1970) e respectivas referéncias, analisando a natureza dos centros
de cor induzidos por radiagdo em vidros boratos, silicatos e fosfatos utilizando
as técnicas de RPE ¢ absor¢o optica e informagdes valiosas através de contato

pessoal.
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As investigagdes com os vidros aluminoboratos de bario concetraram-se,
micialmente, sobre os diversos centros paramagnéticos induzidos pela
rrradiagdo com raios X de amostras contendo impureza de prata, pois estaria
pronto para voltar a tentativa de retornar ao problema micialmente proposto, se
assim fosse conveniente. Com isso, a leitura de intmeros artigos discorrendo
sobre centros paramagnéticos da prata nos meios hospedeiros os mais diversos,
fol criando um ponto de apoio para futuros progressos (Zhitnikov et al., 1963a,
1963b, 1964, 1966a, 1966b, 1968a; Baranov et al., 1968; Mel'nikov et al.,
1974; Feldman e Treinin, 1967; McMillan e Smaller, 1961; Yokota e Imagawa,
1966; Shields, 1966; Etzel e Schulman, 1954; Schuiman et al., 1951, 1953;
Seitz, 1951; Gosh, 1969; Bales ¢ Kevan, 1970, 1971, 1973; Gardner et al ,
1970; Asabghy, 1974).

Cada série de vidros contendo prata inclui uma amostra base com a
mesma composi¢do, porém, sem o dopante. Também estas amostras, quando
irradiadas com raio X a 77K, apresentaram varias linhas de RPE, cuja
identificagdo foi feita com o auxilio da literatura. O efeito da radiagdo ionizante
sobre a cadeia de B-O formadora do vidro é a remocdo de um elétron de um
atomo de oxigénio, onde deixa uma lacuna, com a posterior captura de cada um
destes portadores de carga em sitios especificos localizados na rede amorfa.
Assim, foram reconhecidas as linhas do BOHC ("boron-oxygen hole center")
que ja foram anteriormente estudadas por diversos autores (Lee e Bray, 1963;
Griscom et al, 1968; Taylor e Griscom, 1971) e do BEC ("boron electron
center") (Griscom, 1971), a presenca de impuresas de Fe3™ (Sands, 1953;
Castner et al., 1960) e de hidrogénio atdmico (Livingston et al., 1955: Cochran
et al., 1959; Foner et al., 1960; Adrian, 1960; Marshall et al., 1966; DiSalvo et
al., 1972; Helbert ¢ Kevan, 1973).
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De posse da identificagdo dos centros paramagnéticos do sistema em
estudo, abriu-se um conjunto de possibilidades de realizagdo de investigagdes
sobre os mecanismos das rea¢des entre os portadores de carga e as suas
armadilhas. Entre as questdes ainda ndo esclarecidas, a estabilizacdo de 4tomos
neutros, como o hidrogénio liberado por radidlise das hidroxilas e pontes de
hidrogénio existentes no vidro original (HO) e prata atémica (Agl), passou a
figurar como o meu novo objeto de investigacdes.

Via de regra, um conjunto razoavel de informagdes é obtido a partir de
dados de RPE com os espectros contendo um nimero suficiente de linhas e, se
possivel, resolvidas. Néo ¢ isso que ocorre com os materiais amorfos, nos quais
a diregdo do campo magnético aplicado encontra os centros paramagnéticos em
todas as orientagdes possiveis, com o fato adicional que as distdncias dos
vizinhos préximos variam de sitio para sitio. Resulta dai que as linhas so
geralmente largas e a superposigdo entre elas ocorre com freqiiéncia. Para
agravar a situagdo, os centros neutros de HO e Ag0 sio capturados em sitios
onde permanecem quase livres, interagindo pouco com os vizinhos e,
consequentemente, as respectivas linhas espectrais apresentam poucas
informagdes. Para complementar as informacdes necessarias para a
compreensdo dos fenémenos envolvidos, ocorreu a idéia de efetuar tratamentos
térmicos com a amostra instalada no espectrémetro e estudar a cinética de
decaimento dos centros, acompanhando a diminui¢io da intensidade do sinal de
RPE durante o experimento. Assim, foram realizadas séries de medidas com
decaimentos por meio de tratamentos térmicos isdcronos (aplicacdo de pulsos
de temperaturas crescentes seguidos de medidas efetuadas a temperatura de
referéncia) e isotérmicos (cada experimento é realizado a uma temperatura
distinta e constante). Com os resultados obtidos foram calculadas energlas de

ativagdo e que foram comparadas com calculos baseados em um modelo fisico
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que apresentel para a explicagdo do processo de estabiliza¢do do HO. Apesar
de mcluir, de modo geral, as informacgdes sobre todos os centros
paramagneticos encontrados nas amostras estudadas, na Tese de Doutoramento
(Pontuschka, 1979) foi dada énfase a cinética de decaimento do HY e & sua

interpretacio.
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I1I. RECICLAGEM E NOVOS REFERENCIALIS.
INTERFERENCIAS DINAMIZADORAS. O
ESTAGIO DE POS-DOUTORAMENTO NO
EXTERIOR

Durante o ano gue passei no Naval Research Laboratory, Washington,
D.C., nos Estados Unidos (NRL), tive a oportunidade de participar de novos
projetos e ampliar as perspectivas dos anteriormente iniciados, assim como
uttlizar novas técmicas  experimentais, incorporadas nas  atividades
subseqiientes.

O estagio foi realizado junto ao Departamento de Semicondutores, com
P.C. Taylor que tem se destacado pelos seus trabalhos de RPE, RMN e
ressondncia de quadrupolo nuclear (RQN) em estudos de defeitos em materiais
amorfos 1solantes e semicondutores. Juntamene com M. Rubinstein, realizou
trabalho pioneiro ao estudar materiais amorfos por RQN (Rubinstein ¢ Taylor,
1974). A sua carrreira anterior desenvolveu-se na Universidade de Brown em
Rhode Island, N.Y., no grupo liderado por P.J. Bray que fol o primeiro a
utilizar a técnica de RMN para desenvolver um excelente estudo das
propriedades estruturais locais de diversos vidros, contribuindo para uma solida
fundamentagdo na descri¢do detalhada da natureza das ligagdes de diversos
agrupamentos (Lee e Bray, 1963). Nesta fase, Taylor desenvolveu um
programa de simulagdo por computador de espectros de sistemas policristalinos
e amorfos (Taylor ¢ Bray, 1969 ¢ 1970; Taylor et al., 1975) e contribuiu com
varios estudos para o conhecimento de propriedades estruturais e dindmicas de
diversos vidros e filmes amorfos, com a sua principal producio sendo realizada

apOs a sua transferéncia para o NRL. E bastante proveitosa a leitura de alguns
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dos seus excelentes textos de revisdo (Taylor et al., 1975 e 1976; Taylor, 1977
e 1984).

Outra personalidade que exerceu grande influéncia sobre a minha
formagdo cientifica foi D.L. Griscom, ligado ao Departamento de Optica do
NRL . Assim como ocorreu em relagdo a Taylor, ja tive a oportunidade de
conhecer seus trabalhos anteriormente, através de consultas bibliograficas feitas
durante o meu doutorado. A sua contribuigdo foi decisiva na elucidagdo da
natureza do BOHC, sendo o primeiro a descrever o BEC nos vidros boratos.
Diversos trabalhos de revisdo escritos por Griscom ddo ao leitor uma visio
bastante clara sobre a evolugdio do conhecimento acumulado em relagio aos
vidros 1solantes (por exemplo,Griscom, 1978,1980 e 1984: Friebele e Griscom,
1979).

Imiciel os trabalhos de pesquisa no NRL com a utilizagdo das técnicas de
RON ¢ RPE ao estudo de propriedades estruturais do Asy(Q3 vitreo e
policristalino, em comparagio com as propriedades estruturais e foto-
estruturais dos semicondutores amorfos AspS3 e AspSe3 (Taylor et al., 1980).
Como este foi 0 meu primeiro contato com RQN, ¢ conveniente incluir aqui

uma descrigdo resumida da técnica, tal como se apresentava na ocasido.



11L1. RESSONANCIA DE QUADRUPOLO NUCLEAR

Basicamente, a intera¢do entre o momento de quadrupolo nuclear e a
distribuigdo de carga na vizinhanga € dada pela Hamiltoniana JUQ = (Q-VE, onde
Q ¢ o momento de quadrupolo elétrico do nucleo estudado € VE ¢ o tensor
gradiente de campo elétrico. O dispositivo experimental utilizado ¢é
essencialmente o mesmo do correspondente em RMN, porém, sem a
necessidade de aplicagdo de campo magnético externo. A amostra é inserida no
interior da bobina de radio-freqiiéncia do elemento de prova do espectrometro,
cujo diagrama de blocos esta representado na Fig. 1. Um gerador de radio-
freqii€ncia (rf) Wavetek de onda continua (1-520 MHz) produz sinal para o
amplificador chaveado Matec Mod. 5100, do qual recebe as tensdes de
alimentagdo, controle da poténcia de pulsos de r.f, sinais que controlam a
separagdo dos pulsos e o controle da taxa de repeti¢des desses pulsos que
podem ser selecionados aos pares ou isoladamente. O resultado final a saida do
amplificador de pulsos ¢ uma seqiiéncia de ondas de r.f de alta poténcia,
moduladas segundo o envelope selecionado pelo operador. Os capacitores de
acoplamento Cy e C sdo ajustados para a maxima intensidade dos pulsos
aplicados, o que corresponde as condigdes de obtencdo do melhor sinal de
ressondncia em emissdo. As etapas seguintes compreendem um pre-
amplificador sintonizado na faixa de 50 a 125 MHz, um receptor de banda
larga Matec Mod. 625 ¢ um amplificador (5-17 MHz} Tektromix tipo 1121.
Alguns detalhes adicionais do sistema de registro e realce do sinal de
ressonancia, como um registrador da forma de onda Biomation e digitizador de

alta velocidade Nicolet Mod. SD-78 ligado a um computador Nicolet Mod.
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1074, com os respectivos osciloscOpios para a visualizagdo, ndo foram
incluidos na Fig. 1 por simplicidade.

As medidas de RQN foram entio basicamente efetuadas com a
determinagdo da amplitude do eco de spin. As medidas dos tempos de
relaxagdo T (spin-rede ou longitudinal) foram obtidas medindo o decréscimo
da amplitude do eco de spin em fungdo do nimero de vezes com que a
seqiiéncia do par de pulsos ¢ aplicada por unidade de tempo (taxa de
repeti¢do). Os tempos de relaxago T (spin-spin ou transversal) foram obtidos
da variagdo da amplitude do eco de spin em fungfio da separagdo entre o par de
pulsos. A forma da linha de ressonincia foi determinada pela variagio da
amplitude do eco de spin em fungdo da freqiiéncia, mantendo-se constante a
separagao entre os pulsos. A forma do eco de spin corresponde a transformada
de Fourier da forma da linha de ressonanacia. Assim, o uso da téncica de RQN
pulsada € conveniente para os casos nos quais a largura de linha é demasiado
grande parra ser observada por técnica de onda continua, o que geralmente
acontece para com os materiais amorfos.

Iniciei os trabalhos de pesquisa no NRL com a utilizago da técnica de
RQN a0 estudo de propriedades estruturais do AsyO3 vitreo e policristalino,
em comparag2o com as propriedades estruturais e foto-estruturais dos
semicondutores amorfos AspS3 e AspSes  (Taylor et al, 1980). Na
oportunidade, efetuei medidas de RQN pﬁlsada do As203 vitreo e da
variedade alotropica policristalina arsenolita, para a determinagdo dos tempos
de relaxagdo T (spin-rede ou longitudinal) e T2 (spm-spin ou transversal) e a
forma da linha de ressonancia (determinada ponto a ponto), com a utilizagio da
tecnica de eco de spin. Uma verificagdo interessante que foi possivel fazer de

imediato, foi a determinagdo didria da forma da linha da mesma amostra,
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mostrando a evolucdo da devitrificagdo da amostra através da diminui¢do da
intensidade da linha larga caracteristica da fase vitrea, a medida que crescia
uma linha estreita deslocada para uma freqiiéncia superior, caracteristica da
arsenolita. Sabendo-se que as linhas das formas alotropicas restantes,
claudetitas 1 e II, encontram-se na regido coincidente com a do pico que
determinamos para a amostra vitrea, concluimos que as unidades estruturais
contidas no vidro sao compostas por anéis semelhantes, porém deformados e
com o numero de vértices niao necessariamente igual, aos de ambas as
claudetitas. O mesmo equipamento era, também, utilizado para medidas de
ressonancia magnética nuclear pulsada, no caso, de prétons existentes no silicio
amorfo hidrogenado, substincia semicondutora preparada sob a forma de filme
fino por deposigdo luminosa em plasma de silano, sobre substratos de vidro ou
de silicio cristalino. O material era raspado da superficie do substrato,
mmtroduzido em tubo porta-amostras de RPE e instalado no centro da bobina de
radio-freqiiéncia do elemento de prova do espectrémetro, com a aplicagéo do
campo magnetico aplicado por um eletroimé. Todas as medidas eram realizadas

no intervalo de temperaturas de aproximadamente 10K a 300K.

I1.2. RPE DO VIDRO DE OXIDO DE ARSENIO

Para complementar o estudo do AspO3 vitreo através da espectroscopia
de RQN pulsada, realizei medidas de RPE em amostra irradiada com raios X a
77K, com a utilizagéo do espectrometro de RPE de banda X da Varian, tipo E-
9. homodino, cavidade retangular E-9 e ponte de microondas da Varan,

modelo E-101. O controle da temperatura foi processado com sistema de fluxo



de gas de N» da Varian e nos casos em que foram necessarias temperaturas
mais baixas, utilizou-se o sistema Helitran de fluxo de gas de He no ntervalo
de 4,2 a 300K. As irradiagOes com raios X foram efetuadas com aparelliho R.
Seifert utilizando alvo de cobre (100mA;40kV).

As amostras foram seladas em vacuo, em tubos de quartzo de 3 mm de
didmetro. A irradiagdo com raios X foi feita com a parte do tubo contendo a
amostra imersa em N9 liquido, enquanto a parte restante foi protegida com
chumbo. Apos a irradiagdo, inverteu-se rapidamente o tubo, de modo que a
amostra caia para a extremidade nfo irradiada. Em seguida, a transferéncia para
0 espectrémetro foi feita com o maximo cuidado e rapidez para impedir a
elevacdo da temperatura da amostra impedindo, assim, o decaimento prematuro
de centros instaveis, produzidos por irradiacéo.

A analise dos espectros de RPE, neste e nos estudos seguintes, foi feita
com a utilizagdo da simulagdo dos espectros por computador. O espectro do
AspO3 vitreo, induzido por irradiagdo com raios X, é wvisto na Fig. 2,
Juntamente com o espectro simulado por computador, assumindo que as linhas
observadas sdo prodizidas por um centro E', de simetria axial. Os paridmetros
da Hamiltoniana de spin obtidos foram g1 = g7 = 1,984; g3 = 1,998; A1 = Ay
= 3,0 gauss e A3 = 345,0 gauss. A gaussiana de convolugdo com methor ajuste
apresentou largura Ag = 40 Gauss. Na Fig. 3 aparece um exemplo de
simulag¢do utilizando propositaimente convolugdo gaussiana de apenas 3 Gauss,
fazendo aparecer linhas néo resolvidas do espectro experimental. Uma anélise
mais detalhada encontra-se no artigo anexo (Pontuschka e Taylor, 1981), onde
se inclui a descri¢do detalhada da natureza do orbital que abrigou o elétron nio
emparethado, resonsavel pelo espectro observado. A comparagdo com o

espectro da claudetita confirma o resultado de RQN de que a ordem
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As, Os vitreo ~5 x 10" spins/cm?

d1=g,~ 1.984
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Az=345.0 gauss
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Fig 2
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local do vidro € bem préxima a da claudetita, estando ausentes as unidades
correspondentes a arsenolita. Este trabalho foi citado posteriormente no livro
Amorphous Semiconductors, editado por H. Fritzsche, D. Han e C.C. Tsai
(Taylor et al., 1986), onde foi usado para a comparagdo com orbitais analogos

encontrados nos vidros semicondutores de sulfeto de arsénio (V. Fig. 4).

| 9=2.0023
As 43547

tc) As,04

Derivative of ESR Absorption {arbitrary units)

Simulation

H 1

30 735

Magnetic Field (kG)

Optically-induced ESR derivative spectra observed
in suifide and oxide glasses at low tenperatures.
{a) ESR spectrum in glassy Asg3Sg7 at ~ 30 K after
optical excitation. (b} ESR spectrum observed at
~ 30 K in glassy AspS3 after optical excitation
for ~ 20 min at 2.4] eV with a power density of
~ 0.25 w cm=2 followed by isochronal annealing at
190 X for 10 min. (c) ESR spectrum observed after
x-ray or uv excitation of glassy As§03 at 300 X
{ref. 16). (d) Computer simulationl® of the ESR
spectrum of part (c}.

Fig. 4
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IL.3. OS SEMICONDUTORES AMORFOS: ESTUDOS INICIAIS E
PERSPECTIVAS

Um dos objetivos do estagio no NRL fo1 a extensdo dos estudos na area
dos semicondutores amorfos, a comecar pelo silicio amorfo hidrogenado (a-
Si:H), cuja importdncia na aplica¢do a tecnologia de aproveitamento da energia
solar e na micro-eletrénica em geral ja se fizera sentir na época, ainda sob o
mmpacto recente da crise mundial do petréleo.

Outra categoria de materiais semicondutores intensamente estudados
neste Jaboratdrio era a das ligas amorfas a base dos calcogénios (S, Se ¢ Te),
preparadas como vidros a partir da fusdo da mistura dos seus componentes ou
entdo na forma de filmes finos amorfos depositados sobre substratos de vidro,
por deposi¢io quimica de vapor. Para a melhor compreensdo das propriedades
estruturais dos materiais amorfos estudados, diversas composi¢des cristalinas,
isomorfas ou com estequiometria aproximadamente equivalente, eram
estudadas.

Apos um periodo inicial de um a dois meses dedicado & familiarizagéo
com a técnica de RQN pulsada, passei a investigar propriedades dos estados de
defeitos, tanto intrinsecos como os induzidos por irradiacdo com raios X a 77K,
efetuando medidas sistematicas de RPE, inclusive para a determinacdo da
cinética de decaimentos térmicos isbcronos e isotérmicos. Fsta técnica revelou-
se bastante eficaz, permitindo a analise de diversos centros paramagnéticos
observados nesses materiais, & medida que os estudos de RQN ¢ RMN pulsada
prosseguiam em paralelo em outro setor do laboratério, onde trabalhavam os

outros membros da equipe.
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Uma vez por semana, todo o Departamento de Semicondutores se reunia
para revisdo ¢ atualizagfo, com a realizagio de seminarios e discussdes dos
temas de mteresse comum. Esta era uma atividade importante e frutifera, dado
0 entusiasmo e empenho dos participanates, o gue muito contributu para a

minha busca de novas perspectivas.

I11.3.1. ESTUDO DE RPE DE SILICIO AMORFO HIDROGENADO
DOPADO COM OXIGENIO E NITROGENIO

As amostras de a-Si:H foram produzidas em diversos laboratérios dos
Estados Unidos, como no préprio NRL, Brookhaven National Laboratory
(BNL), RCA e Universidade de Chicago. A nossa participagdo ndo incluia a
preparagdo das amostras, mas a caracterizagdo por RQN ¢ RMN pulsados ¢
RPE, enquanto um outro setor dedicava-se as medidas de foto-luminescéncia
utilizando lasers pulsados de argénio.

O meu objetivo inicial era detectar e estudar o comportamento do
hidrogénio atémico no a-Si:H, de modo andlogo como havia feito com os
vidros aluminoboratos de bario, nos quais havia estudado em detalhe o centro
HO obtido por radidlise de hidroxilas e pontes de hidrogénio remanescentes.
Como primeiro resultado, nenhum sinal de HO foi observado nas amostras de a-
Si:H, exceto na produzida no BNL, a qual foi depositada em plasma de silano
intencionalmente contaminado com a introducdo de pequena quantidade de ar.
Ficou evidenciado, assim, que a presenga do oxigénio é necessaria para a
estabilizagdo do hidrogénio atdmico no a-Si:H nesta amostra. Além da linha

caracteristica da ligagdo pendente ("dangling bond") do Si presente em todas as
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amostras, foram observados e estudados mais quatro centros paramagnéticos:
(1) um &tomo de hidrogénio neutro capturado na matriz do a-Si:(H,O,N); (2)
molécula de NO7; (3) uma ligacio pendente com hibridizagdo sp3 na vacéncia
de um atomo de oxigénio de um silicio tetra-coordenado (centro E'); (4) um
centro de lacuna associado a oxigénio o qual € provavelmente simplesmente
coordenado a um atomo de silicio ou a um outro oxigénio. Uma descri¢Zo mais
detalhada (Pontuschka et al., 1982) encontra-se incluida entre as publicacdes
anexas. Um desenvolvimento posterior, efetuado ja no IFUSP, seguiu-se em

decorréncia deste trabalho (Isotani et al., 1990).

I11.3.2. ESTUDO DE RPE DO SEMICONDUTOR AMORFO
SULFETO DE GERMANIO

Entre os vidros semicondutores calcogénios, o Ge-S amorfo é o unico
que apresenta sinal de RPE sem que haja necessidade de irradia-lo ou submeté-
lo a 1lummag@o. Dois tipos de espectros foram observados por diversos autores
(Arai e Namikawa, 1973; Watanabe et al, 1978 ¢ 1976):

(a)  uma linha unica, com g = 2,004 nos vidros onde ha excesso de Ge
em relagdo a composigdo estequiométrica do GeS» cristalino (V. Fig. 5);

(b) uma linha composta de varias componentes nos vidros com
excesso de enxofre (V. Fig.6).

Ao 1rradiar uma amostra de Ge-S vitreo, observou-se o espectro de uma
estrutura hiperfina que foi atribuida a centro de elétron do 73Ge (V. Fig. 7. A

abundéncia relativa desse is6topo ¢ de 7,8% e possui spin nuclear I = 9/2.
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Atribuimos a linha (a) a centros de ligagdes pendentes do Ge,
semelhantes as que mencionamos com relagdo ao silicio amorfo. A linha (b),
observada nos compostos contendo excesso de enxofre, por ser anisotropica e
possuir uma componente de g igual 4 do spin livre, tem todas as caracteristicas
de um centro de lacuna e por isso existe forte evidéncia de que se trata de um
espectro do SHC (centro de lacuna do enxofre), andlogo aos centros
pararmagnéticos relacionados com o oxigénio, mencionados nos casos dos
vidros ¢xidos isolantes. Este trabaltho permanece inédito, pois necessita ser
complementado com medidas com amostras possivelmente enriquecidas com

73Ge ¢ comparacéo com espectros simulados por computador.



IV. OS PRIMEIROS TRABALHOS: CRITICA,
SELECAO E AUTO-CRITICA

Entre as primeiras publicagdes em periodicos de divulgacio internacional
e com arbitro, compreendidas entre os anos de 1973 e 1982, estdo incluidos
trabalhos diversificados envolvendo medidas de RPE do «-NiSO4.6H>0O
monocristalino (Pontuschka et. al,, 1973) e a Dissertacdo de Mestrado
(Pontuschka, 1973); estudo de interagdes de centros atdmicos em vidros
aluminoboratos de bario contendo prata (Pontuschka e Piccini, 1979) ¢ a Tese
de Doutoramento (Pontuschka, 1979); as publicagdes que resultaram das
minhas atividades junto ao grupo do NRL dos Estados Unidos: trabalho de
RON sobre propriedades estruturais e foto-estruturais dos materiais vitreos
AspSe3, AsyS3 e AspO3 (Taylor et al., 1980a); estudo de RPE de centro de
elétron do arsénio no vidro de AspO3 irradiado com raio X (Pontuschka e
Taylor, 1981) e paramagnetismo induzido por irradiagio do a-Si:H (Pontuschka
et al., 1982). No referido periodo também foram publicados resumos de
trabalhos apresentados nas reunifes anuais da SBPC e um artigo sobre um
método de ajuste de uma fungdo cinética em revista de divulgagdo nacional
(Isotani et al., 1982). Foi publicado, também, um resumo em boletim

internacional (Pontuschka e Taylor, 1981b).
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IV.1. "EPR MEASUREMENTS ON SINGLE CRYSTAL a-
NiSO4.6H20" (ANEXO I)

Esta comunicagdo, resultante do meu trabalho de Mestrado, resume os
principais resultados obtidos das medidas de RPE efetuadas a temperatura
ambiente do cristal de o-NiSO4.6H>0, com o mapeamento das ressondncias
em fungdo das posig¢des angulares determinadas com o auxilio dos angulos de
Euler, o que permitiu determinar os cossenos diretores dos eixos polares dos
octaedros dos aquaions de Ni2t ¢ os pardmetros da Hamiltoniana de spin
referentes as distor¢des axial e rémbica do campo cristalino, com um
refinamento do valor desta Gltima em relagdo aos valores fornecidos pela
literatura e determinados por meio de outras técnicas experimentais.

Como critica, cumpre mencionar o fato de que deixaram de ser
publicados os resultados das posi¢des das linhas de RPE em fungio do angulo
de rotagdo do cristal em torno de outras dire¢cdes notaveis do campo cristalino,
bem como alguns resultados efetuados & temperatura do nitrogénio liquido.
Também os resultados obtidos com as medidas com cristais de Ni(NO3)7
cristalizados com diferentes teores de agua na molécula permaneceram
inéditos.

A primeira vista, o estudo de diversos sais paramagnéticos por uma
determinada técnica experimental pode parecer rotina de pouca criatividade,
mas sempre € possivel o aprofundamento de aspectos envolvendo mteragdes
com a vizinhanga, com o aparecimento de problemas e mecanismos muito

interessantes do ponto de vista fisico.



IV.2. "ATOMIC CENTER INTERACTIONS IN BaO;Al103;B203
GLASSES CONTAINING SILVER" (ANEXO II)

Este foi 0 meu primeiro frabalho mais completo publicado em revista de
divulgacdo internacional, apesar de brasileira. Mesmo sendo criticado pela ndo
submiss@o a uma revista estrangeira, recebi varios pedidos de separatas
provenientes de diversos paises da Europa, India e Estados Unidos, o que
demonstrou o alcance da divulga¢do da Revista Brasileira de Fisica ja nessa
¢poca. Tanto assim, que o artigo chegou a ser citado por Griscom em 1980, em
artigo de revisdo sobre RPE em vidros contendo subtopicos especificos
incluindo fons de elementos de transi¢dio, centros de defeitos induzidos por
radiagéo, precipitados ferrromagnéticos e centros foto-induzidos.

O contetdo desta publicagdo foi referente apenas a uma parte do
trabalho de Doutoramento, no qual foi dada énfase a cinética dos centros de
hidrogénio atémico em vidros aluminoboratos de bario e ao modelamento do
seu mecanismo de estabilizagdo. Os espectros de RPE de diversos ions de
prata, com diferentes estados de oxida¢do, foram analisados, incluindo-se o
centro de elétron do boro (Griscom, 1971), pertwbado pela presenca da prata,
notando-se a auséncia de centros Agy™, o que foi interpretado como devido a
uma reduzida difusdo de atomos de prata através da rede amorfa, esperando-se
em conseqiiéncia, também a auséncia de AgyY,

Apesar da RPE de centros de prata como os descritos neste trabalho ja
terem aparecido na literatura envolvendo diversos tipos de vidros e materiais
congelados, o seu estudo realizado, em particular, para os vidros

aluminoboratos de bario serviu para comparar detalhes dos espectros com
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outros, mais rtesolvidos de outros materiais, permitinde a sua completa

identificacio.

IV.3. “NUCLEAR QUADRUPOLE RESONANCE PROBES OF
STRUCTURAL AND PHOTOSTRUCTURAL PROPERTIES OF
GLASSY As2Se3, As2S3 AND As203” (ANEXO III)

Assim que passel a tomar parte das atividades de pesquisa no
Departamento de Semicondutores do NRL, logo no comego do ano de 1980,
tive a oportunidade de conhecer a técnica de RQN pulsada ao mesmo tempo
que me miciel no tema dos materiais semicondutores. Com o objetivo de
procurar esclarecer os mecanismos relacionados com as propriedades
estruturals e foto-estruturais dos vidros semicondutores calcogenetos de
arseénio, o vidro isolante As203, que também ¢é um calcogeneto, passou a ser
estudado em conjunto com os demais da série para efeito de comparagio.

A minha contribuigio a este trabalho, em particular, consistiu nas
medidas da forma de linha de RQN ¢ dos tempos de relaxagdo T (spin-rede) e
T2 (spin-spin) do Asy)O3 e a preparagiio do vidro. Trabalhos anteriores de
RON pulsada dos vidros calcogenetos semicondutores do arsénio, assim como
do arsénio amorfo, rémbico ¢ ortorrdmbico ja foram publicados pelo grupo
liderado por Taylor (Rubinstein e Taylor, 1972 e 1974; Treacy, et al., 1979,
1980; Jellison et al., 1978, 1979, 1980; Petersen et al., 1980).

O mecanismo do foto-escurecimento dos calcogenetos semicondutores
estava sendo objeto de interesse na época e o seu completo esclarecimento

ainda se encontra em plena evolugio (Kastner et al., 1976 Kastner e Fritzsche,



1978; Tanaka e Odajima, 1981; Tanaka, 1982; Frumar et al. 1983; Kastner et
al., 1984; Ticha, 1985).

Apos ter trabalhado com RQN durante cerca de dois meses, passel a
concentrar as atividades envolvendo a utilizacdo de RPE, com a obtengdo de
resultados mteressantes e que resultaram nas publicagBes a seguir, enquanto o
restante do grupo prosseguiu com RQN e RMN pulsada. Outros setores, aos
quals ndo estava tdo diretamente ligado, estudavam os mesmos materiais,
porém, com técnicas mais relacionados com propriedades Opticas e eletrénicas,
como a foto-luminescéncia e a foto-condutividade, o que ndo deixou de

despertar o meu interesse, a medida do possivel.

IV.4. “ESR OF X-IRRADIATED Asy03 GLASS” (ANEXO 1V)

O espectro de RPE do vidro de AsyO3 irradiado com raios X foi
identificado como procedente do centro de elétron do arsénio que consiste de
um orbital p quase puro (~99%) localizado na vacincia de uma ligagdo
quebrada de As-O, assim como acontece com os vidros semicondutores
isomorfos de AspSe3 ¢ AspS3. Néo foi observada, porém, qualquer linha
correspondente ao centro de lacuna auto-capturada do oxigénio que muito bem
poderia estar presente, 0 que nos levou a concluir que as lacunas, certamente
formadas durante a irradiagio da amostra, foram preferencialmente capturadas
nos sitios das impurezas de Fe2 transformando-as em Fe3*. Em adicdo ao
referido sinal de RPE, observou-se também uma cauda estavel de absor¢ao
oOptica que se estende para o interior do hiato de energia segundo uma lei

exponencial.



Este trabalho proporcionou a oportunidade de utilizar o programa de
simulagdo de espectro de RPE de um centro paramagnético situado em um
sistema amorfo desenvolvido por Taylor. Uma vez estabelecido o melhor
ajuste, ficam determinados os pardmetros da Hamiltoniana de Spin, sendo que
as constantes hiperfinas, em particular, permitiram calcular o carater s de um
orbital paramagnético hibrido sp.

Uma vez que a forma de linha de RQN do vidro deAs203 de nosso
trabalho anterior apresentou um maximo na regic onde ocorrem as
ressonancias das claudetitas [ e II, indicando que as unidades estruturais desse
vidro se assemelham mais com esses cristais do que com a arsenolita, este fato
for confirmado também com a técnica de RPE mostrando a semelhanca do
espectro da claudetita I irradiada com raios X, com o do vidro em questdo.

Por outro lado, estes resultados serviram de apoio para um estudo
posterior desenvolvido por Tayvlor et al., 1986, onde foram analisados os
espectros de RPE do centro de celétron do arsénio dos calcogenetos
semicondutores isomorfos irradiados com raios X (V. Fig. 8).

O Prof. Taylor cedeu gentilmente uma cépia do programa de simulagdo
de espectros de po policristalino e de vidros, com o respectivo manual (Taylor
¢ Bray, 1969) para que pudesse ser implantado também no IFUSP, cuja
aplicagdo e desenvolvimento resultou na Dissertagdo de Mestrado de Whilk
Marcelino Gongalves, “Simulagdo de Espectros de P6é de Ressonincia

Paramagnética Eletrénica®, onentado pelo Prof. J.C. Sartorelli, em 1991.
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IV.5. “RADIATION-INDUCED PARAMAGNETISM IN a-Si:H”
(ANEXO V)

Apos ter investigado o processo da estabilizagdo do hidrogénio atdémico
em vidros aluminoboratos de bario ¢ a sua cinética, era natural a extensdo
desses estudos a outros sistemas tomando por base os conhecimentos
acumulados durante o meu trabalho de Doutoramento. Como o a-Si:H era
objeto de intenso nteresse, ndo somente no NRL, mas em muitos dos centros
de pesquisas nos Estados Unidos em 1980, este material passou a ser um novo
sistema hospedeiro para os estudos relacionados com o hidrogénio atémico
utilizado como ponto de prova para o estudo local de sistemas amorfos. Na
divisdo das tarefas do grupo do NRL no tocante a este material, dediquei-me 3
investigacdo envolvendo a técnica de RPE, enquanto os outros colegas
utilizavam ressonéncia nuclear magnética (RMN) pulsada de prétons (Carlos e
Taylor, 1982a;1982b) e fotoluminescéncia por Bishop e outros. O
aparecimento de mais outros centros paramagnéticos, além do HY no conjunto
de amostras estudadas, conforme foi exposto no item I11.3.1, permitiu também
uma contribuigdo para o esclarecimento de algumas particularidades envolvidas
com o oxigénio ¢ a possibilidade de desenvolver um método de carcterizagdo
de filmes, como por exemplo, de a-SiO>:H

Uma critica que podemos fazer a essa caracterizagio ¢ a necessidade de
irradiagdo da amostra com raios X, o que pode introduzir alteragdes na
estrutura local e levar a conclusdes ndo condizentes com o estado da amostra

original.



No Anexo VI estio relacionadas as citagOes deste trabalho em hivros ¢

revistas internacionais, indicando o grau de repercussio alcancado.



V. PRATICA DE LABORATORIO E
METODOLOGIA EXPERIMENTAL

V.1. EMPENHO, LIMITACOES E SUCESSOS

No decorrer dos anos, a maior parte do tempo foi marcada por uma luta
constante no sentido da criagdo de melhores condi¢des para a aquisigdo dos
dados necessarios para poder enfrentar com sucesso os problemas propostos
como tema de estudos. Como ¢ natural, toda a fase iicial na implantagdo de
uma técnica experimental, principalmente quando é semi-artesanal, apresenta
mmvariavelmente uma série de obstaculos que devem ser removidos dentro das
limitacdes circunstanciais e temporais pelas quais se deve passar. Uma vez
superadas as barreiras, segue-se uma fase fascinante de trabalho e expectativa ¢
de sucessos.

Geralmente o esforco e tempo gastos na montagem e calibragdo de
equipamento de laboratério ndo vem acompanhado de resultados e
reconhecimento imediato, 0 que ndo raro cria situagdes de desdnimo quando
ndo de desisténcia. Por outro lado, qualquer progresso alcancado tem um sabor
proprio e contribul para a aquisigio de uma intimidade muito maior com o
instrumento de trabatho, assim como maior flexibilidade para a execucdo de
adaptagdes e modificagdes necessarias em cada fase subsegiiente. Geralmente
essas montagens sdo feitas em grupo ¢ nem sempre todas as fases da execugéo
acabam sendo efetuadas pelas mesmas pessoas. Grande parte dessas atividades

consiste de improvisagdes que acabaram por se tornar definitivas com o tempo
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e uso, na falta de uma solu¢do melhor. A experiéncia antertor, adquirida nas
diversas fungdes que exerci antes e durante o periodo de minha graduagdo, tem
sido util e certamente tem contribuido para a minha escolha pela area
experimental.

As montagens que propriamente contribuiram para o meu contato maior
com Os equipamentos, com o0s quais desenvolvi praticamente todo o meu
trabalho de pesquisa compreendem essencialmente trés tipos de espectroscopia:
a RPE, ROQN pulsada e termoluminescéncia (TL) e as manipula¢des proprias do

crescimento de cristais ¢ padroes de niimero de spins.

V.2. A FASE INICIAL, PREPARACAO E ORIENTACAO DE
AMOSTRAS E PRIMEIROS RESULTADOS COM A
ESPECTROSCOPIA DE RPE

Ao 1niciar o trabalho de pesquisa junto ao Grupo de Ressonancia
Paramagnética Eletronica do Departamento de Fisica dos Materiais do IFUSP,
coordenado pelo Prof. A. Piccini, em 1971, j4 se enconfrava em uso a versio
mais antiga do espectrémetro de RPE, construida pelo Prof. C.E. Hennies como
parte do seu trabalho de Doutoramento (Hennies, 1969). Como a ocorréncia de
defeitos na parte eletrénica do espectrdmetro € no controle de campo do
eletroima era muito freqgiiente, apesar da frustracio que isso causava, foi uma
excelente oportunidade para estabelecer, desde o inicio, uma grande
familiaridade com todas as partes do sistema. A primeira tarefa que me foi

proposta for a determinagdo de algumas caracteristicas do espectrdmetro, como
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as medidas da poténcia do klystron, valor do Q da cavidade ressonante e a
sensibilidade do espectrémetro.

Uma vez completa a fase de acertos, calibragdo e testes com o referido
espectrometro, dediquei-me ao crescimento dos cristais paramagnéticos ja
mencionados no item II.1 acima e desenvolvi um método de orientagio baseado
no apoio de um plano de clivagem conhecido sobre a base inclinada de um
bastio de PVC, cujo corte a um angulo previamente calculado fo1 obtido com o
auxilio de cunhas especialmente preparadas para esse fim. Uma descri¢do mais
detalhada dos procedimentos adotados nesta fase inicial encontra-se na minha

Disserta¢do de Mestrado (Pontuschka, 1973, pp.15-33; Vide Anexo VII).

V.3. REFORMA E OTIMIZACAO DO ESPECTROMETRO DE
RPE

Aproximadamente no periodo da conclus@o da minha Dissertagdo de
Mestrado, em 1973, foram adquinidos os conjuntos completos do eletroimi da
Varian e a respectiva fonte, mais a parte eletrénica composta por unidades da
Micro-Now Instrument Co., Inc. e outros acessorios de outras fontes, seguindo-
se uma fase da montagem e testes do novo espectrémetro, com o
aproveltamento de partes como os guias de onda, atenuador e lock-in do
conjunto anterior.

A nova versdo do espectrometro esta esquematizada na Fig. 9. Um

klystron da Varian, modelo V-153 C fomece microondas de ~60 mW de
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poténcia com freqiiéncia da ordem de 9 GHz (banda X). Um atenuador de
microondas Mod. X382A da Varian permite regular a fragio de poténcia
necessaria para que seja encaminhada a cavidade de ressonancia. Quando a
condicdo de ressondncia € satisfeita mediante a aplicagdo de um campo
magnético extemno de um valor determinado, parte da poténcia das ondas
eletromagnéticas ¢ absorvida pela amostra contida na cavidade de ressonancia
e parte ¢ refletida.

A fun¢do do circulador Mod. 810-1 da Micro-Now consiste em dirigir a
progressdo das microondas mecidentes no sentido 1-2, do atenuador para a
caavidade de ressonéncia, e a das microondas refletidas no sentido 2-3, da
cavidade para o detetor. Entre o circulador e a cavidade de ressondncia foi
mstalado um dispositivo que permite controlar o ajuste de impedéancia de
microondas de modo que seja fornecida ao diodo detetor uma corrente de
polarizagdo adequada, otimizando a relagio sinal-ruido e que experimentalmete
corresponde ao valor de 60 pA,

O detetor separa a componente de microondas do sinal de RPE que é
encaminhado ao lock-in. O sinal resultante ¢ reproduzido por um registrador X-
Y da Varian, modelo F-80A. A cavidade de ressonancia utilizada Mod. E-231
da Varian ¢ retangular TE e opera no modo Hygp. A modulagdo de campo
magnético € produzida por um oscilador de 100 kHz da Varian, modelo E-
201A. A freqiiéncia do klystron é vinculada a cavidade ressonante através do
controle automatico de freqiiéncia (CAF) da Micro-Now. Como o
espectrémetro € do tipo de reflexdo, homodino e que opera na banda X, pode
ser identificado pela classificagdo de Alger, 1968, pela sigla RH1-X.

O campo magnético externo ¢ fomecido pelo conjunto fonte V-7800 e

eletroimd V-7300 da Varian, com pegas polares de 6 polegadas e com
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separacio de 2 polegadas. O campo disponivel cobre o intervalode 0 a2 T. A
varredura ¢ controle do campo magnético externo sdo efetuados pela unidade

Fieldial Mark Il da Vanan.

V.4. MONTAGEM DO ESPECTROMETRO DE RESSONANCIA
DE QUADRUPOLO NUCLEAR

Apos ter completado o estagio de Pos-Doutoramento no NRL., transferi-
me para o Departamento de Fisica Experimental, juntamente com oufros
colegas, iniciando-se uma nova fase de atividades, envolvendo a organizagio
de um novo grupo de pesquisa e do respectivo laboratorio. Isto se deu no 1inicio
da dificil década de 80, caracterizada por dramdticas restrigdes a area de
pesquisa e educagdo, mas durante a qual construiu-se a base para a criagdo das
condigcdes sensivelmente melhores que hoje desfrutamos.

Um espectrometro de custo relativamente baixo, versatil € que atenda as
necessidades do meu plano em dar continuidade as novas atividades iniciadas
durante o estagio nos Estados Unidos, era precisamente 0 de RQN que tive a
oportunidade de conhecer. O fato de nido requerer o uso de eletroimi foi o
principal fator que tomava essa técnica economicamente acessivel. Além do
mais, a aquisi¢do posterior de um eletroima daria condigdes para que o mesmo
equipamento fosse utilizado como espectrometro de RMN. Por outro lado, caso
se tenha mteresse em utilizé-lo como fonte de ultrasom, basta adquirir os
transdutores oferecidos pelo fabricante.

Apés enfrentar ndo poucas dificuldades para a obtengdo de apoio

financeiro, ainda assim de forma fragmentada, foram adquiridas as unidades:
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amplificador chaveado Matec Mod. 5100 com plug-in Mod.525 (20-120MHz)
e receptor de banda larga Matec Mod 625. Faltavam a fonte de 1f ¢ a
constru¢do da umidade contendo a bobina porta-amostras e o circuito
ressonante, assim como o sistema de controle da temperatura. Tendo
conseguido verba para a aquisi¢do de cabos, conectores, algumas ferramentas e
produtos quimicos para a confec¢éo de amostras, mas que foi denegada para o
pagamento do restante do equipamento importado que acabou sendo pago por
melo de outros recursos. Inicialmente utilize: um gerador de rf a valvula, de
minha propriedade particular, para a realizagdo dos primeiros testes, mas a
amplitude do seu sinal era insuficiente para o bom funcionamento do sistema.
Posteriormente, quando wum dos mnossos laboratérios didaticos recebeu
osciladores de 1f de origem nacional, tomei uma unidade por empréstimo, com
a qual for possivel a obten¢do dos primeiros resultados. Como a arsenolita
fornece um sinal bastante intenso na regido de 116 MHz, foi escothida como
substancia padrdo para a realizagdo dos testes que se seguiram e que resultaram
no primeiro eco de spin observado no IFUSP, o que foi bastante significativo
dadas as circunstincias adversas nas quais foi conseguido. Estes trabalhos
foram realizados em conjunto com Reinaldo Madarazo, aluno de Mestrado sob
a minha orientagdo (Madarazo, 1988). O diagrama esquematico do
espectrometro, tal qual se apresentava na ocasifo, aparece representado na Fig.
10.

Aproximadamente nessa ocasido, parte do grupo mudou-se para um local
da Escola Politécnica, designado para o recém-formado Grupo Centros de Cor,
composto pelos Professores S. Isotani, W.M. Pontuschka e os respectivos
colaboradores. Algum tempo depois, acabei transferindo o espectrémetro de
RON para esse novo local, com a finalidade de contribuir para com a instalagdo

do nosso laboratério em comum.
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Fig. 10  Diagrama de blocos do espectrometro de RQN pulsado do IFU
em margo de 1989,

(1)  Bobina de rf,

{2) CapaC|tores de acoplamento_

(3)  Diodos cruzados

(4) Resistor de carga - 40 ohms, 4w

(5) Gerador de pulsos Mod, 5100- e "plug-in"
emplificador (50-120 Mdz) Mod. 525 da Matec

(6) Receptor de faixa lafga Mod. 625 da Matec

(7) Pré-amplificador Mod. 460AR da Hewlet Packard

(8) Frequencimetro "BK Precision®

(9) Gerador de rf "Fordham"
(10) Osciloscopio digital Mod. 2430A da Tektronix



O passo seguinte, indispensavel para a continuidade de nossos trabalhos
com essa técnica, era incrementar o sinal em relagdo ao ruido, acrescentando
ao sistema um processador de “signal average”. Apos consultar o representante
da Tektronix, acabamos por adquirir o osciloscopio digital Mod.2430A, o qual
se mostrou eficiente para a obten¢do de sinais de boa qualidade, porém, com a
permanente dificuldade de se estabilizar e medir a freqii€ncia. Este problema
foi definitivamente resolvido com a compra do sintetizador de rf da Philips
Mod. PM5390S (0,1 MHz a 1 GKHz).

Este foi 0 estagio em que se encontrava o espectrémetro de RQN quando
passel a me dedicara com mais exclusividade a orientagdo de mestrados e
doutorados baseados nas técnicas de termoluminescéncia (TL)} e RPE sem,
contudo, derxar de lado a continuidade dos meus estudos na area da RQN, ao
coordenar o convénio CNPg/CONICET (Argentina) que estabelecemos com o

Grupo de Ressondncia Magnética da FAMAF-UNC de Cérdoba.

V.5. TERMOLUMINESCENCIA A BAIXA TEMPERATURA

Participer da montagem do arranjo epxerimental para a realizagio de
medidas de TL na faixa de temperaturas entre 77 ¢ 300 K em conjunto com a
Profa. Sheila Maria Del Nery durante o periodo no qual orientei a sua Tese de
Doutoramneto (Del Nery, 1990). Trata-se de um dispositive relativamente
smmples, mas cuja aplicagdo ao estudo da extingio da TL em wvidros
aluminoboratos de bario contendo impurezas de ferro proporcionou uma

importante contribui¢do ao avango de nossas investigacdes sobre 0s processos



eletronicos nesses vidros (S.M. Del Nery et al., 1994). Como esse trabalho
exigia a produgo de vécuo e a irradiagdo das amostras com ralos X, somente
disponiveis nas dependéncias do IFUSP, o sistema foi montado sobre uma
mesa em minha sala, devido a distincia excessiva que nos separava do nosso
laboratério na Escola Politécnica.

O conjunto compreende uma caixa de aluminio especialmente projetada
para abrigar a fotomultiplicadora e o criostato contendo a amostra. Os
compartimentos internos foram separados por uma janela provida de um
obturador manual (vide Fig. 11). A corrente de saida do anodo da
fotomultiplicadora foi enviada para um eletrémetro Burr Brown ICM 8500/A
(vide Fig. 12). A amostra foi instalada sobre um dedo frio de cobre provido de
um resistor de aquecimento com rampa aproximadamente linear, de um
criostato obtido por empréstimo, também o sendo a fonte de alta tensdo da

fotomultiplicadora, a fonte de tens&o para o resistor ¢ o registrador X-T.

V.6. PREPARACAO DAS AMOSTRAS DE VIDROS

Durante varios anos, as investigagdes que realizel na area dos vidros
foram limitadas as amostras de vidros aluminoboratos de bario legadas por
Bishay. A fixagio em um tUnico tipo de vidro base, por um tempo
suficientemente longo, teve por beneficio a possibilidade de desenvolver
estudos coerentes e de certa profundidade sobre uma fenomenologia bem
definida que ocorre geralmente também nos outros tipos de vidros. Assim,

foram estudados os centros paramagnéticos, induzidos por irradia¢do, que
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Fig. 11 - (a) caixa de aluminio para alojar o criostato e a
fotomultiplicadora; (b) parede interna com Jjanela e
{c) detalhe do alojamento da

obturador manual;
fotomultiplicadora.
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FIG 12 - Arranjo experimental.
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consistem essencialmente de uma lacuna autocapturada, deixada por um elétron
arrancado ao oxigénio (calcogénio) que € capturado por uma armadilha rasa
para a formac¢do de um centro E’. Com o aquecimento, ocorre a recombinagio
entre ambos e que pode ser tanto radiativa como néo radiativa, dependendo da
interferéncia ou ndo de eventuais impurezas de elementos de transigéo.

Os centros de impurezas do hidrogénio, prata e ferro, presentes nos
referidos vidros, com os respectivos ions apresentando-se nos seus diversos
estados de oxidagdo, também foram intensamente estudados,

Chegou um momento, porém, que nio era mais possivel continuar a
extrair indefinidamente informagdes das mesmas amostras, sem a possibilidade
de vartagdo de alguns pardmetros composicionais. Assim, surgiiu uma primeira
duvida a respeito da origem de algumas bandas do infravermelho que
apareceram em amostra de vidro submetido & hidrogenacdo, que tanto podiam
ser devidas a eventual impureza de carbono, como também era provavel a sua
atribuicdo a pontes de hidrogénio. Como as amostras de Bishay foram
preparadas incluindo-se o carbonato de bario entre os ingredientes utilizados,
tornou-se necessaria a preparacdo de uma amostra equivalente, porém, com a
utilizagdo de hidroxido de bario para efeito de comparagdo. Adquiri, entdo, os
produtos quimicos necessarios para a preparagdo da mistura ¢ alguns cadinhos
de alumina e recorri ao auxilio do Prof. C.G. Rouse, do Instituto de Pesquisas
Tecnologicas de Sdo Paulo, para efetuar a fusdo. A primeira amostra foi
preparada em cadmmho de platina, disponivel no seu laboratorio. Iniciamos,
assim, uma colaboragdo que viabilizou a preparagdo de outras amostras
utilizadas posteriormente nos trabalhos da Tese de Doutoramento de S.M. Del

Nery ¢ do Mestrado de M.1.T. Oliveira, sob a minha orientagio.



Como era inevitavel, chegou o momento de utilizar o conhecimento
acumulado para uma contribuicdo a uma ciéncia mais aplicada, em face aos
Inumeros e recentes avangos na area de vidros especiais. O meu envolvimento
com o tema teve o seu inicio atavés da colaboragdo com o Prof. Mao Sen, do
Shanghai Institute of Optics and Fine Mechanics, Shanghai, China, que teve o
conhecimento do meu trabatho através da publlicagdo do artigo publicado no
Journal of American Ceramic Society (Pontuschka et al, 1987), através de cuja
lettura interessou-se em realizar um trabalho em matua colaboragdo. Foi assim
que, apdés um periodo de um empenho na remogdo de uma série de
dificuldades, consegui contar com a sua visita ao [FUSP pelo periodo de um
ano.Durante a sua permanéncia, continuei a contar com 0 apoio e colaboragdo
de C.G. Rouse, com quem preparamos diversas amostras de vidros nas
condi¢des disponiveis. Obviamente, ndo era possivel reproduzirmos aqui as
técnicas de preparacdo dos vidros de laser e outros que Mao Sen utilizou em
sua Instituicdo de origem, mas através da realizagdo de mini-curso de Pos-
Graduagdo e seminarios, transmitiu-nos detalhes que oportunamente serdo
aplicados em nosso laboratério, assim que tivermos os recursos para tanto.

Parte do relatorio que enviei aos orgdos financiadores encontra-se 1o Anexo
VIII.



V.7. PARTICIPACAO NA PREPARACAO DE FILMES AMORFOS
SEMICONDUTORES

Como ja for mencionado, realizei meus estudos dos filmes finos de a-
Si:H tendo recebido as amostras, de procedéncias diversas, ja prontas.

Quando passel a onientar a Tese de Doutoramento da Profa. Meire
Droichi-Puech (Droichi-Puech, 1988), a nossa primeira preocupac¢do foi
preparar amostras macigas do semicondutor amorfo sulfeto de antimdnio. Apds
termos visitado o IQUSP e termos preparade Sb)S3 policristalino e obtido
algum material maci¢co com a fusdo do enxofre puro em pd com antimomio
metalico verificamos, em primeiro lugar, a auséncia de qualquer sinal de RPE.
Decidimos, entdo, estudar as propriedades Opticas e eletrdnicas do material
exclusivamente na forma de filme fino, utilizando outras técnicas de
caracterizagdo, tantas quantas fossem possiveis. Descobrimos, ap6s um periodo
de tentativas ¢ buscas de informagdes, que a mistura de enxofre e antiménio
fundida a 1000°C produzia um material macigo ideal para ser colocado em uma
barquinha, através da qual se faz passar corrente de aquecimento, no vacuo,
produzindo-se o vapor que se condensa sobre um substrato de vidro obtendo-
se, assim as peliculas amorfas de Sb-S, sendo a técnica conhecida como CVD
("Chemical Vapor Deposition"). O caréater amorfo das peliculas foi confirmado
por raios X.

Posteriormente, a bolsista for para o laboratério LEPES de Grenoble, na
Franga, tendo obtido bolsa-sanduiche, onde preparou uma série de amostras
utiizando mascaras circulares e efetuou medidas com  técnicas

complementares, ainda nio acessiveis no Brasil.



V1. ATIVIDADES DIDATICAS

VL1. PRATICA DE ENSINQO UNIVERSITARIO. AULAS
TEORICAS E DE LABORATORIO

A primeira experniéncia que tive nas minhas atividades com o ensino de
Fisica na Universidade foi na qualidade de monitor do curso de Laboratorio de
Fisica para a Faculdade de Farmacia e Bioquimica, em 1971. A apostila do
curso ja se encontrava pronta, contendo o guia para a realizagdo das
expeniéncias. Cada aula era precedida de uma breve exposi¢do dos pontos mais
importantes, incluindo-se os fundamentos tedricos e procedimentos, seguidos
de um acompanhamento individual aos alunos no decorrer da efetuacdo das
medidas. A corre¢do dos relatorios e questdes das provas estavam incluidas
entre as atribuigdes regulares.

No periodo de 1973 a 1979 fui contratado como Professor Assistente em
RDIDP no IFUSP, assumindo as aulas de teoria dos cursos de Fisica IIl e IV,
oferecidos aos alunos da EPUSP. O livro texto adotado era Fisica para Alunos
de Fisica € de Engenharia de Halliday e Resnick que ainda considero um dos
melhores do género pela sua clareza e objetividade. As aulas compreendiam a
exposigdo tedrica e exercicios do livro texto, acrescidos de outros constantes

de um banco de problemas, elaborado pelos professores da disciplina. A
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padronizacdo da lista de exercicios e das provas para os alunos de todos os
cursos que cursavain estas disciplinas facilitou, por um lado, a coordenacdo e
organizagdo dos trabalhos da equipe docente, mas por outro, essa rigidez, se
era adequada para alunos de Engenharia e de Fisica, ndo chegava a sé-lo para
os de Matematica, Quimica ou de Geologia. Ainda durante este periodo, voltei
a lecionar Fisica para Faculdade de Farmmdacia e Bioquimica, Fisica para
Ciéncias Biologicas (aulas de teoria) e Laboratério de Fisica I (para alunos de
Fisica). Ao fazer um paralelo entre esses cursos, pude observar uma nitida
diferenga de motivagdes e dos tipos de dificuldades apresentadas por alunos de
diferentes cursos, fato que exigiu um tratamento mais diferenciado e que
efetivamente chegou a ser levado a efeito por alguns professores nos anos

subseqiientes.

V1.2. O DESEMPENHO TEORICO.

Ao retornar dos Estados Unidos, em 1981, iniciou-se uma nova fase das
minhas atividades didaticas, a comegar pela natureza dos cursos que passei a
lecionar, os Métodos de Fisica Tedrica e Fisica Matematica I, pois
proporcionavamn uma excelente oportunidade para uma revisio dos meus
proprios conhecimentos tedricos que constituem a base para toda a estrutura de
calculo e da fisica envolvida que todo o profissional da nossa area deve ter,
seja ele um fisico tedrico ou experimental. O curso de Métodos de Fisica
Teorica, apesar de ndo ser obrigatdrio, era uma preparagio para os cursos de
Fisica Matematica. As excelentes apostilas, preparadas pelo Prof. K. Watart,

tiveram origem nas notas de aulas ministradas pelo Prof. K. Ueta, ambos
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professores do IFUSP. No curso de Fisica Matematica [ adotou-se o livro texto
Fisica Matematica de E. Butkov, de facil leitura e boa didatica, apesar de
sustentar um bom nivel de apresentagdo. O curso era oferecido através de aulas

expositivas da teoria e da resolugdo de listas de exercicios.

V1.3 LABORATORIO DE ESTRUTURA DA MATERIA.
PROGRESSOS NA METODOLOGIA CIENTIFICA

Quando, porém, a Comissdo de Graduagdo me designou para cursos de
Laboratério de Fisica Il ¢ IV em 1982 e posteriormente Fisica IV (teoria) para
a Escola Politécnica, ocorreu um curto periodo de transigio para um periodo de
olto anos nos quais participei de uma equipe de professores que reformulou o
curso de Laboratério de Estrutura da Matéria a um nivel que considero bastante
satisfatorio.

A0 assumir o curso, o simples preparo das aulas a partir das apostilas
existentes levava inevitavelmente a frustragdo de ndo se chegar a conclusdes
convincentes, dando a nitida impressdo de que havia omissdes ou mesmo
incorregdes na seqiiéneia dos passos indicados na realizagdo das experiéncias,
repetidas ano apds ano. A comecar pela famosa experiéncia de Millikan, os
resultados apresentados por alguns dos grupos de alunos chegava a ser
desastrosa devido a falta de alguns cuidados de vedacdo da cidmara capacitiva
contendo a gota de 6leo. Apos a eliminagido desses obstaculos mais simples,
constatou-se que o trabatho de um grupo ou até o conjunto de dados acumulado
por toda uma classe ndo era suficiente para demonstrar com clareza a

quantizagdo da carga elétrica, dando apenas a impressio de que ela possuia um
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valor minimo. Este problema fo1 resolvido com a criagdo de um banco de dados
acumulados pela totalidade dos alunos durante anos seguidos, com 0s guais
construiu-se um histograma no qual apareceram com nitidez os picos relativos
as gotas com excesso (ou falta) de elétrons, com o limite da resolugdo
verificado entre o nimero de cinco ou seis cargas elementares.

Também na experiéncia do Movimento Browniano, na qual era utihizado
o mesmo dispositivo de Millikan, a veda¢do da camara era essencial. Apos a
tomada de um nimero suficiente de dados, determinavaa-se o valor do niumero
de Avogadro, mas em nossa metodologia este ndo era o objetivo principal.
Tanto a expenéncia de Millikan, como a do Mowvimento Browniano,
devidamente reformuladas, prestaram-se muito bem como exemplos de uma
revisdo cuidadosa sobre o tratamento adequado dos dados experimentais que
originalmente era dado em separado, no inicio do curso, de forma apressada e
com parte experimental um tanto distante da tematica do curso. A incorporagio
da aplicagfio sistematica desses conhecimentos a todas as experiéncias do curso
foi de grande utilidade no sentido de oferecer ao aluno condi¢des de processar
os seus dados de forma adequada e redigir sem dificuldades um artigo
cientifico. Como referéncias, além das apostilas especificas, recomendou-se a
leitura do livro Tratamento Estatistico de Dados em Fisica Experimental,
(Helene e Vanin, 1981), acrescendo-se uma bibliografia adicional, especifica a
cada expermmento. O critério de aprovagio levou em conta o desempenho nas

aulas, relatorio escrito e entrevista.



VL4, ELABORACAO E OFERECIMENTO DE CURSOS

Em 1992 passei a oferecer o curso de Pos-Graduagdo "Fisica dos
Sistemas Amorfos”, cujo programa fui elaborando durante os anos anteriores,
através de seminarios e um mini-curso ministrado na Faculdade de Astronomia,
Matematica e Fisica de Cérdoba, na Argentina, em 1988.

Quanto ao curso de Graduagdo "Introdugio a Espectroscopia”, fui
convidado a assumir a disciplina j4 por ocasifio do seu inicio, no 2° semestre de
1992, de modo que fui elaborando o programa a medida que as aulas estavam

sendo dadas.

VIL.4.1. FISICA DOS SISTEMAS AMORFOS (POS-GRADUACAO -
IFUSP)

Este curso foi criado para atender aos seguintes objetivos:

- Oferecer a abase tedrica para a compreensio da Fisica dos Sistemas
Amorfos quanto as suas propriedades estruturais e dindmicas.

- Relacionar a teoria com dados experimentais fornecidos por diversas
técnicas e métodos de medidas.

- Os semindrios tém por objetivo trazer informagdes atualizadas e
desenvolver o espirito de investigacdo.

- Introdugdo as técnicas e métodos de preparagdo e caracterizagdo dos

diversos tipos de sistemas amorfos.



O programa foi planejado para a duragio de um semestre e consiste dos

seguintes topicos:

- A natureza do estado amorfo

- Estudo da estrutura dos materiais amorfos pelo ponto de vista
topologico

- Aspectos termodinimicos relacionados com a formagio de vidros

- Ordem local e modos de tunelamento

- Estrutura eletrénica de materiais desordenados

- Propriedades opticas e eletronicas de semicondutores amorfos

- Técnicas experimentais de caracterizagdo

Foi adotado como texto principal o livio editado por J. Tauc,
"Amorphous and Liquid Semiconductors”, Plenum Press, London and New
York, 1974. Os outros textos, abaixo relacionados, foram recomendados para

lertura:

- N.F. Mott and E.A. Davis, "Electronic Processes in Non-Crystalline
Materials", 2nd. ed., Clarendon, Oxford, 1979.

- P.C. Taylor, "Resonance Effects in Glasses", pp. 223-281 i Treatise
on Materials Science and Technology, Vol. 12: Glass 1. Edited by M.
Tomozawa and R.H. Doremus. Academic Press, New York, 1977.

- E.J. Friebele and D L. Griscom, "Radiation Effects in Glass”, pp. 257-
281 1 Treatise on Materials Science and Technology, Vol. 17: Glass 1I. Edited
by M. Tomozawa and R.H. Doremus. Academic Press, New York, 1979.

- D.L. Griscom, "Borate Glass Strucure", Ed. L.D. Pye, V.D. Frechette,
and N.J. Kreidl. Plenum Publishing Co., New York, 1978.
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- P.A. Fleury and B. Golding, "Coherence and Energy Transfer in
Glasses", Plenum Press, London and New York, 1984.

- D. Han, C.C. Tsai, and H. Fritzsche,  "Amorphous Semiconductors”,
International Workshop on Amorphous Semiconductors, Beijing, Singapore,
World Scientific, 1986.

Uma das atividades mais interessantes em sala de aula sio os seminarios
dados pelos alunos sobre topicos afins ao capitulo que estd sendo dado na
ocasido. Ocasionalmente, também s3o promovidos debates em sala de aula,
sobre um tema pertinente, previamente escolhido. A avaliagio abrange a
entrega de relatonios, participagdo nos seminarios, a realizacio de um trabalho

experimental e entrevista.

V1.4.2. INTRODUCAO A ESPECTROSCOPIA (GRADUACAO -
IFUSP)

Ao elaborar o programa, procurei dar énfase a uma fundamentagio
englobando os conceitos basicos comuns as mais diversas espectroscopias. Um
ideal ainda ndo concretizado ¢ a criagdo de um laboratério didatico
possibilitanado a realizagéo de trabalhos praticos com maior independéncia.
Atualmente esta parte vem sendo suprida através de visitas aos laboratérios de
pesquisa do Instituto, o que ndo ¢ o ideal, uma vez que os alunos sdo
NUMErosos ¢ uma unica visita geralmente ndo € suficiente. Segue-se abaixo o

programa elaborado ¢ que ja foi oferecido por trés semestres:



- Espectroscopia Optica

- Atomo de hidrogénio

- Atomo do sédio

- Niveis de energia; regras de selegio; principio de Pauli

- Absorgdo dptica

- Espectroscopia molecular; bandas de vibragdo; bandas de vibragdo-
rotagdo; bandas eletrénicas

- Espectros de Raman; espectroscopia de micro-ondas; infravermelho,
visivel e ultravioleta

- Luminescéncia, fluorescéncia e fosforescéncia

- Principios de ressonancia magnética

- Espectroscopia Mossbauer

O conteudo esteve baseado em textos de origens diversas, destacando-se

as referéncias a seguir:

- HE. White, "Introduction to Atomic Spectra", Int. Student Ed.
McGraw-Hill Book Co., 1934,
- V. Kondratiev, "The Structure of Atoms and Molecules", Mir

Publishers, Moscou, 1967,

- J.W. Orton, "Electron Paramagnetic Resonance", London Ilife Books
Ltd., 1968.

- G.E. Pake and T.L. Estle, "The Physical Principles of Electron
Paramagnetic Resonance”, Ed. by D. Pines, W.A. Benjamin, Inc., 1973.

- L.L. Schiff, "Quantum Mechanics”, Int. Student Ed. McGraw-Hill
Book Co., 32 ed., 1955.

66



- Blackwood, Osgood,Ruark, "Introdugio a Fisica Atomica”, Ed. Globo,
1960.

- H. Frauenfelder, "The Mossbauer Effect”, Ed. W.A. Benjamin, Inc.,
1962.

O contetdo das aulas geralmente foi dado através de transparéncias e
todo o material necessario distribuido aos alunos. As sessdes de seminarios
oferecidos pelos alunos foram das mais interessantes e de alta qualidade. O
critério de aprovagao envolveu a participagdo nas aulas, seminarios, provas e

relatérios da parte experimental.
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VII. ORIENTACAO DE PESQUISA

VIl.1. TESES DE DOUTORADO

I. Marly Bueno de Camargo, '"Ressonincia paramagnética
eletronica de centros de hidrogénio atémico na turmalina rosa do

Brasil”, IFUSP - 18/12/1985.

Estudamos o hidrogénio atdémico (HO) na turmalina rosa irradiada com
raios y pela técnica de ressondncia paramagnética eletronica (RPE). Avaliamos
a concentragéo de HY em 1010 spins/em3, cerca de 105 vezes menor do que a
das hidroxilas (= 2,5 . 1021 ¢m-3), motivo pelo qual a intensidade das bandas
IV do OH néo apresentam alteragBes com a irradiacio. As linhas de RPE do
HO s30 largas (=15 Gauss) em comparagio com as do HO livre (< 1 Gauss). O
alargamento das linhas de HO na turmalina ocorre principalmente devido a
variagOes locais dos pardmetros g ¢ A da Hamiltoniana de spin por efeito da
distribuigdo dos cations Mn2+, Mn3™, Li*, Fe2T ¢ Fe3* que fazem parte da
solugdo sélida. Como a largura observada ndo muda com a temperatura, segue-
se que o HO ndo se difunde pelo cristal. Os valores de g e A foram medidos
com precisdo ¢ determinados com a diagonalizacfio da matriz da Hamiltoniana
de spin num espago vetorial de 4 dimensdes, seguida de um calculo iterativo
rapldamente convergente.

Admitindo-se que o campo local seja o tinico agente perturbador sobre a
constante de estrutura hiperfina A, haverd uma mistura dos orbitais 1s e 2p do

HO resultando num valor estimado para o campo elétrico da ordem de 8,5 . 107

68



Viem. O célculo tedrico do valor do campo local produzido pelas cargas da
rede, supondo as distdncias enntre 02-, HO e Nat determinadas pelos
respectivos raios iénicos, resultou em Eggle = 26,9 . 107 V/em. Este valor, 3,2
vezes maior do que o esperado, mostra que nfo se pode desprezar o efeito da
repulsdo de Pauli devido & superposi¢éo de orbitais, uma vez que o HO esta
comprimido entre os ions O2- ¢ Na™, que se atraem fortemente.

O modelo proposto para o dano de radiagdo é o aparecumento de

hidrogénio atomico pela radidlise da hidroxila localizada no sitio O] da brucita:
OH-+hv+ e — 02-+ HO + calor.

O HO esta estabilizado entre 0 O2- e 0 Na™. O calor desprendido representa a
formagio de uma barreira de potencial quimico. Para a recombinagio do O2-
com o HO, sera preciso vencer essa barreira. Propomos que o processo de
recombinagdo seja do tipo Arrhenius ¢ que a cinética (em fung¢do dos dados
experimentais) ¢ de primeira ordem. A energia de ativagdo, E = 1,1(1) eV,

corresponde & altura dessa barreira.
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2. Meire Droichi-Puech, "Propriedades opticas e eletronicas do

semicondutor amorfo sulfeto de antimdnio", IFUSP - 28/08/1988.

Filmes finos do semicondutor amorfo Sb)S3, preparados por evaporacgio
térmica, foram estudados por diferentes técmicas  experimentais:
fotocondutividade estacionaria,, condutividade no escuro, espectroscopia de
deflexdo fototérmica (EDF), ressondncia paramagnética eletronica (RPE),
analise térmica diferencial (ATD), espectroscopia de absor¢do Optica no
visivel, infravermelho e caracterizago por raio X.

Os varios pardmetros experimentais obtidos, relacionados a desordem
estrutural bem como as propriedades oOpticas e eletronicas observadas,
permitiram descrever a distribui¢ao da densidade de estados nos limites e no
interior da banda proibida. Verificou-se que a posi¢do do nivel de Fermi acha-
se bloqueada na metade da largura da banda proibida Eg=1,52 eV ("pinning").

A absor¢do Optica na proximidade de Eg, obtida por EDF, implica na
existéncia de uma densidade de estados significativa nas caudas das bandas, na
forma exponencial de Urbach, com uma declividade de Eg = 0,089 eV.

A impossibilidade de se observarr um sinal de RPE (mesmo a 5 K e com
exposigdo a luz), combinada com a verificagdo da presenca de estados de
defeitos na banda proibida por EDF, confirma o fato que a energia de
correlagdo U nesse material € negativa.

Um duplo pico de cristalizagdo foi observado por ATD, sugerindo a
presenca de pelo menos duas fases amorfas, possivelmente compostas por

diferentes concentragdes relativas de unidades estruturais.
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3. Sheila Maria Del Nery, "Luminescéncia em vidros
aluminoboratos de bario na presenca de processos inibidores",
IFUSP - 04/10/1990.

O abafamento da luminescéncia em mataeriais contendo impureza de
ferro € um fendmeno que ainda merece ser cuidadosamente investigado para
que se possa chegar a uma descri¢do detalhada dos processos envolvidos. A
matriz hospedeira escolhida para a rrealizacio deste trabalho foi o vidrdo
20A1203-50B203-30Ba0 (mol%), do qual foram preparadas amostras as quais
foram adicionadas quantidades variando de 10-3 a 0,8 at% de Fe. A razdo desta
escolha prende-se ao fato de que a cinética de recombinagfio entre o centro de
elétron do boro (BEC) e o centro de lacuna do boro e oxigénio (BOHC) em
vidros boratos irradiados com raio-X a 77 K, responsavael por uma intensa
luminesscéncia azul, ja se conhece em detalhe ataravés de resultados recentes
de ressonéncia paramagnética eletrénica (RPE). A partir destes dados foi
identificado cada um dos centros envolvidos na reagdo e foi possivel
acompanhar detalhadamente a cinética dos respectivos decaimentos térmicos.
Com o apoio destas informagdes, os dados de termoluminescéncia (TL) deste
trabalho puderam ser interpretados com maior seguranga.

Um arranjo experimental foi especialmente construido para a realizagdo
de medidas de TL na faixa de temperaturas entre 77 ¢ 300 K. As medidas
mostraram uma queda exponencial da TL em fungdo da concentracio de Fe. A
supressdo total da luminescéncia foi obtida para amostras contendo ~0.1 at%
de Fe. A energia de ativagdo média para a despopulagio térmica do BEC foi
obtida pelo método da rampa inicial da TL, resultando Ey=(0,22 £0,05)eV.

Com base nos resultados de TL e RPE, apoiados pela teoria recente

sobre o mecanismo de transi¢des ndo radiativas, um modelo foi proposto para
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explicar o processo segundo o qual um ion Fe3* impede a ocorréncia de
processos radiativos de recombinagédo elétron-lacuna em um raio de agdo que
chega a 25 A. Um elétron termicamente liberado do BEC, quando se aproxima
do ion Fe3* dentro do referido raio de acdo, € capturado por um nivel
antiligante, fortemente deslocalizado, do orbital molecular de Fe3* e oxigénio,
sendo que o fon metalico ocupa a posi¢do substitucional de um boro
tetracoordenado. Imediatamente apés a acaptaura, ocorre um violento processo
local de emissdo de multiplos fénons provocando o fendmeno de captura
coerente de lacuna formando um éxciton, que rapidamente entra em colapso
com nova emissdo de fOnons, provocando assim, a recombinagdo elétron-

lacuna sem irradiagdo luminescente.

VIL.2. DISSERTACOES DE MESTRADO

1. Jodo da Cesta Chaves Juanior, "Cinética de centros E' em vidros

boratos", IFUSP - 18/06/1987.

Foi desenvolvido o estudo, baseado em primeiros principios, da cinética
do decaimento do centro do elétron do boro (BEC) em vidros aluminoboratos
de bario irrradiados com raio X a 77 K.

As reagOes mais importantes induzidas termicamente, propostas para
esses vidros sdo:

(a) o desarmadilhamento de elétrons;
(b) o rearmadilhamento de elétrons;
(¢) a recombinagdo elétron-lacuna com o BOHC (centro de lacuna

do boro e oxigénio) e 0 OHC (centro de lacuna do oxigénio).
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Como conseqiiéncia desse modelo, foi obtido um sistema de equagdes
diferenciais, tendo sido resolvido numericamente pelo método de Runge-Kutta,
ajustando-se os parametros de modo a obter uma concordancia comos dados
experimentais.

Esses parametros obedecem a lei de Arrhenius e a partir dos valores
obtidos das isotermas estudadas em varias temperaturas, foi possivel
determinar as energias de ativagdo correspondentes as diversas reagdes

envolvidas no processo.

2. Reinaldo Madarazo, "Ressonincia de quadrupolo nuclear da
arsenolita”, IFUSP - 09/03/1988.

Um espectrometro de Ressonancia de Quadrupolo Nuclear (RQN)
puisado foi construido utilizando unidades importadas Matec. Componentes
perifericos foram especialmente montados e testados para a implementagio da
técnica de eco de spin no Laboratério de Centros de Cor do IFUSP. A faixa de
frequi€éncias de operagdo estende-se de 50 a 120 MHz. O equipamento utilizado
apresenta a possibilidade de operar brevemente também a freqiiéncias abaixo
de 50 MHz e ser utilizado como espectrémetro de Ressonancia Magnética
Nuclear (RMN) pulsada e experimentos de Ultrasom.

Uma descrigdo do espectrometro e dos testes efetuados, bem como os
principios ¢ métodos sio apresentados.

Como exemplos de aplicagdo, foram realizadas medidas dos tempos de
relaxagdo spin-rede (T1) e spin-spin (T7) da arsenolita a temperatura ambiente.

A freqiiéncia de RQN do 75 As nesse material é de 1 16,223 MHz (temperatura

ambiente).



3. Jarbas Tavares dos Santos, "Cinética de centros Ag) de vidros

aluminoboratos de bario" IFUSP - 27/05/1988.

Medidas de RPE em vidros 20 mol% Al203-50B»203-30Ba0 contendo
impureza de prata a diferentes concentragdes, irradiados com raios gama a
temperatura ambiente, foram efetuadas notando-se a presenga de centros
atémicos de Agl e Agtt. Com o objetivo de obter informagdes sobre o
mecanismo da estabilizagio dos centros Ag0 nesses vidros, estudamos a
cinética de decaimento com pulsos de temperatura isécronos e decaimentos
1sotérmicos medidos as temperaturas de 473, 493, 513 e 523 K,
respectivamente, nos vidros contendo 0,1 mol% de prata.

Apos a eliminagdo de um modelo altemativo, bseado no fato de que as
recombinagdes do Ag¥ poderiam ser possiveis mediante reacdes favorecidas
pela difusdao desses atomos pelos intersticios da rede amorfa, interpretou-se a
cinética de decaimento do Ag0 assumindo que este seja termicamente oxidado
com a liberagdo de um elétron para a banda de condugio, deixando um ion
Ag™. Esse elétron pode ser recapturado por um ion Ag™ ou recombinado com
um centro de lacuna de boro e oxigénio (BOHC).

As equagdes diferenciais descrevendo as reagdes de liberagio, recaptura
e recombinagdo do elétron foram escritas assumindo processos mono e
bimoleculares. As equagdes diferenciais acopladas foram resolvidas
numericamente usando o método de Runge-Kutta. Os pardmetros das equagdes
diferenciais foram ajustados em microcomputador pelo método de tentativas e
erros. A constante relacionada & liberagdo do elétron foi analisada segundo

Arrhenius, dando uma energia de ativagao de (0,28 = 0,02) eV. Dentro dos
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limites do erro experimental, verificou-se que os parimetros de recaptura e

recombinagio seguem um comportamento proporcional a T2,

4. Nery Gejuiba Leite, "Termoluminescéncia de centros E' em

vidros aluminoboratos de bario", IFUSP - 24/06/1988.

Neste trabalho obtivemos a curva da termoluminescéncia (TL) na faixa
de temperaturas de 77 a 300 K para o vidro aluminoborato de bario irradiado
com raio X,

Analisamos a curva obtida e a consideramos como sendo resultante da
recombinagéo de elétrons promovidos para a banda de condugio por excitagéo
térmica de elétrons a partir dos centros E', com centros de lacuna de boro e
oX1geénio.

Atribuimos 2 cinética 0 mecanismo monomolecular para a liberagéo e o
mecanismo bimolecular para as reagdes de recaptura e recombinagéo.
Estabelecemos um sistema de equagdes diferenciais acopladas com parimetros
a determinar. Resolvemos o sistema pelo método de Runge-Kutta de integragio
de equagdes diferenciais, atrtavés de microcomputador.

Assumimos que a liberagdo de elétrons obedece a lei de Arrhenius e que
os processos de recaptura e recombinagdo se ajustam a uma funcgdo

proporcional a raiz quadrada da temperatura.



5. Maria Inés Teixeira de Oliveira, "Abafamento da
termoluminescéncia a alta temperatura em vidros aluminoboratos

de bario dopados com ferro", IFUSP - 09/09/1993.

O raio de a¢do, bem como algumas propriedades especificas dos orbitais
moleculares dos ifons de ferro, coordenados por atomos de oxigénio
pertencentes a cadeia formadora da matriz vitrea, foram avaliados com o estudo
do comportamento do abafamento da luminescéncia em fungio da concentragao
de ferrro em amostras de vidros aluminoboratos de bario.

Utilizando-se o wvidro base 20Al»03-50B703-30Ba0O (mol%), fo1
observada e analisada uma termoluminescéncia (TL) avermelhada na faixa de
temperaturra entre 323K e 673K, apos a irradiagdo com raios y de uma fonte de
60Co de 104 Rad a 107 Rad. Essa TL é atribuida a processos de ativagdo
introduzidos pela presenga de impureza de ferrro. Por outro lado, a supressdo
da luminescéncia é explicada pela agdo de orbitais moleculares de midades
estruturais, formadas por fenro e oxigénio, situadas na vizinhanga do centro
luminescente.

As medidas de TL na referida faixa de temperatura mostraram uma
queda exponencial em fungdo da concentragio do dopante, ssendo qsue a
supressdo total for obtida para amostras contendo concentragdes iguais ou
superiores a 0,35 at% de Fe.

A energia de ativagdo média para a liberagio seguida de recombinagio

do centro de lacuna do boro e oxigénio (BOHC) ¢ igual a Eg = (0,39 = 0,02)
eV.
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6. Luzia Saeko Kanashiro, "Estudo de transferéncia de energia em

vidros fosfatos depados com Nd3* e Cr3+", 1993- (em andamento).

VIL3. INICIACAO CIENTIFICA

1. Marcelo Paez Carreiio, "Elaboracio e aperfeicoamento de células

fotovoltaicas utilizando semicondutores amorfos", 1983-84.

2. Luis Robson Muniz, "Estudo de transicdes de fase no SrTiO3 por

meio de técnicas de ressonincia magnética", 1985-87.
3. Fernando Celso Perin Bertoni, "Estudo de fluorescéncia com

resoluciio temporal de vidro aluminoborato de bario", 1995- (em

andamento).
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VIII. PARTICIPACAO EM EQUIPES DE
PESQUISA

VIIL1. INICIO DAS ATIVIDADES

As primeiras atividades de pesquisa no IFUSP comecaram
simultdneamente com a freqiiéncia as aulas de Pos-Graduagdo, passando a
trabalhar no Laboratério de Estado Soélido e Baixas Temperaturas do
Departamento de Fisica dos Materiais ¢ Mecanica, sob a ornientagdo do Prof.
Carlos J.A. Quadros, a partir de 25/08/1970. Seguiu-se, entdo, uma fase de
familiarizagdo com as técnicas criogénicas, tendo acompanhado de perto o
processo de ligiiefagdo de hélio, com o objetivo inicial de efetuar medidas de
susceptibilidade magnética de sais de niquel, como parte de um plano geral de
estudo de transigdes de fase. Nesse periodo, estas transi¢des ja foram
estudadas pelos professores N.F. Oliveira Jr. por meio de susceptibilidade
magnética, C.E. Hennies por RPE e C.C. Becerra pelo calor especifico.
Aguardava-se para o0 ano seguinte a chegada de J. Shapira do Francis Bitter
National Magnet Laboratory, para iniciar medidas utilizando a atenuacgfio de
ultrasom. O Laboratdrio estava para receber uma bobina supercondutora para
medidas de campos magnéticos até 7 Tesla e obtengdo, por desmagnetizacio
adiabatica, de temperaturas da ordem de 0,01 K. Ainda sob a orientagdo de
C.J.A. Quadros, passei a trabalhar com RPE a partir de 17/03/1971, com a
determinagdo da sensibilidade do espectrometro e preparo de amostras de sais

de niguel.
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VIIL.2. GRUPO DE RESSONANCIA PARAMAGNETICA
ELETRONICA (1971-1980)

A partir de 01/10/1971, a orientagdo passou a cargo do Prof. Angelo
Piccini, uma vez que era o coordenador do Grupo de Ressonédncia
Paramagnética Eletrénica do departamento. Os outros membros eram C.A.
Ochi, C.H. Westphal ¢ postennormente J.C. Sartorelli, todos alunos de
Mestrado. Os seminarios de estudos eram realizados em conjunto de
participantes de outros grupos do departamento para estudar o fendmeno da
ressonancia magnética, teoria do campo cristalino, transigdes de fase e
complexos de transferéncia de carga. A seqiiéncia dos trabalhos de montagem e
ajustes do equipamento e detalhes sobre os progressos alcangados nas fases do
meu Mestrado e Doutoramento ja fol descrita nos capitulos I e V, incluindo-se
as visitas de W. Bret que realizou estudos sobre excitons em compostos
aromaticos ¢ de A. Bishay que nos miciou no tema dos efeitos da radiagio nos
vidros. Posteriormente passaram a integrar o grupo C.S.M. Partiti e os
professores S. Isotani ¢ W. Sano, em épocas e circunstincias diferentes.
Durante a década de existéncia desse grupo, os respectivos alunos de Pos-
Graduagao completaram o Mestrado e Doutorado, com a contribuicdo de um

numero significativo de publicag¢Ges e participacdes em congressos.
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VIIL3. GRUPO CENTROS DE COR (1981-1989)

Logo apés retornar do estagio de Pos-Doutoramento dos Estados
Unidos, cinco membros do Grupo de Ressonéncia Paramagnética Eletrénica
haviam se transferido para o Departamento de Fisica Experimental. Apds um
curto periodo de indefini¢éo, dois grupos distintos foram criados.

Foi assim que em conjunto com o Prof. Sadao Isotani fundamos o Grupo
Centros de Cor, tendo em vista que ambos estdvamos desenvolvendo estudos
relacionados com essa area. S. Isotani ¢ os seus orientandos investigavam a
natureza e propriedades dos centros de cor em cristais naturais, submetidos ou
ndo a irradiagdo com raios X ou gama, enquanto o teor da minha investigagio
pessoal tem sido um estudo analogo em relagdo aos materiais amorfos, como 0s
vidros ¢ mais recentemente, os filmes finos semicondutores amorfos. Outro
ponto comum que merece destaque € o estudo dos mecanismos de estabilizagdo
e difusdo do hidrogénio atémico, anteriormente desenvolvido com os vidros
aluminoboratos de bario e o a-St:(H,ON) como hospedeiros, estava sendo
estendido também aos cristais naturais, como a turmalina e o berilo, 0 que veio
a complementar o conjunto de informacdes necessarias para se chegar ao
estagio de compreensio atual, incluindo-se a proposta de modelos oTigInais.

Seguiu-se uma fase na qual cada um de nés passou a trabalhar
simultaneamente com cristais naturais e materiais amorfos, dando
prossegumento ao desenvolvimento de um método de analise da cinética do
decaimento dos centros de cor (ou de centros paramagnéticos), estudados

através de decaimentos isotérmicos ou com a aplicacdo de pulsos isécronos de
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aquecimento a temperaturas progressivas, respectivamnte, monitorados por
RPE ou absor¢do dptica (AQ).

As condigdes em que trabalhavamos eram particularmente dificeis,
devido & necessidade constante de deslocamento de um lugar para outro,
inclusive o nosso proprio laboratério que foi instalado fora do IFUSP, na
Escola Politécnica, por falta de espago fisico. A maior parte das medidas
requeria a utilizagdo de outros laboratérios, implicando em severas restrigdes a
continuidade da execugdo de séries de medidas sistematicas. Cabe, aqui,
ressaltar o apoio e solidariedade com que o Prof. A. Piccini facilitou o uso
continuado do espectrometro de RPE sob os seus cuidados. Entre os outros
laboratonios utilizados podemos mencionar o Laboratério de Dosimetria e de
Cristalografia do IFUSP e outros localizados no IPEN, IPT, IQUSP, IFQSC,
UNICAMP, UFMG ¢ Embrarad.

Apesar das dificuldades, os trabalhos de formacéo de pesquisadores e a
elaboragdo de artigos para publicagdo foram se desenvolvendo, com a abertura
de novas perspectivas ¢ o estabelecimento de novos intercambios cientificos.

O nosso proprio laboratorio comegou dividido, pois enquanto fui
realizando a montagem do espectrémetro de ROQN, juntamente com R.
Madarazo, no IFUSP, os trabalhos de construgdo de dispositivos para
preparagdo e caracterizagdo de cristais minerais estavam sendo efetuados por
S. Isotani e colaboradores na Escola Politécnica. Objetivando a organizagio de
um laboratério bem estruturado para o grupo, tomei a resolucdo de transferir o
espectrometro de RQN para a Escola Politécnica, o que ocorreu em 1987,

Foi aproximadamente neste periodo que varios dos meus orientandos
estavam concluindo as suas Dissertacdes e Tese, a0 mesmo tempo que estava

desenvolvendo um trabalho em mutua cooperagdo com o Grupo de
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Ressonancia Magnética da Faculdade de Astronomia, Matematica ¢ Fisica da
UNC, de Cordoba, Argentina.

A medida que foram surgindo os resultados da produgio cientifica e
preparacdo de recursos humanos do grupo, foram se abrindo, aos poucos, as

oportunidades de aquisi¢do de novos equipamentos.

VIIL4. LABORATORIO DE MAGNETO-OPTICA

A partir de 1990 o nosso grupo comegou a expandir-se com a chegada
do Prof. S.R. Rabbani e depois, dos pofessores A. Mizukami ¢ AW. Mol,
quando ocorreu a mudanga de nome para Magneto-Optica, no sentido de se
englobar a ressonancia magnética e 0s experimentos de natureza optica como
AO, TL e fluorescéncia sob uma unica designagdo. Os trabalhos de RON
pulsada prosseguiram com as medidas realizadas com o nucleo 75As na
arsenolita, efetuadas por S.R. Rabbani e seus orientandos, ao mesmo tempo
que desenvolveu o sistema de aquisigdo ¢ processamento de dados do
espectrOmetro, com a importante contribuicdo de A. Mizukami. Deve-se
ressaltar, também, a importancia do intercambio com o grupo da FAMAF-UNC
da Argentina, através do convénio CNPg-CONICET, para o avango da
utilizacdo desta técnica em nosso laboratorio.

Por outro lado, dei continuidade & orientagdo de pesquisa relativa aos
vidros aluminoboratos de bario, investigando a inibigao da TL na presenca de
Fe3+, cujo tema deu origem a um Doutorado (Del Nery, 1990) e a um
Mestrado (Oliveira, 1993). Durante o ano de 1991 recebemos a visita do Prof.

Mao Sen que trouxe ao IFUSP o tema dos Vidros Especiais. O ano de 1991



fo1, também, o ano da mudanga do nosso laboratério para o Edificio Principal,
Ala 1, do IFUSP, onde passamos a fazer parte do Departamento de Fisica
Geral, criado pouco depois, em 1993, Com a reorganizag¢do do Laboratério de
Magneto-Optica, passamos a contar com novas instalagdes e condi¢des de

trabalho methores do que as enfrentadas durante a década anterior.



IX. COOPERACAO INTERNACIONAL

A colaboragdo entre os grupos Centros de Cor do IFUSP e o de
Ressonancia Magnética da Faculdade de Astronomia, Matematica e Fisica da
Universidade de Cérdoba (FAMAF-UNC), Argentina, teve o micio por ocasido
do “IX Congress of International Society of Magnetic Resonance (ISMAR)”,
no Rio de Janeiro, em 1986, quando tive a oportunidade de conhecer o Prof.
Daniel J. Pusiol, cuja expenéncia adqurida com a técnmica de RON, em
conjunto com o Prof. Aldo Brunetti ¢ os respectivos colaboradores, ja durava
duas décadas. Tornou-se evidente, na ocasido, que os conhecimentos
acumulados por ambos os grupos se completavam de tal maneira que achamos
por bem a realizagdo de um convénio de mutua cooperagdo.

Outro intercambio que abriu novas perspectivas para as investigagdes do
grupo na area dos materiais amorfos, foi a permanéncia em nosso laboratério
de Mao Sen, do Shanghai Institute of Optics and Fine Mechanics, Shanghai,
China, durante o ano de 1991. As circustancias nas quais surgiu a oportunidade

para a realizacdo desta cooperagdo foram descritas em V.6.

IX.1 FACULDADE DE ASTRONOMIA, MATEMATICA E FiSICA
(FAMAF) - ARGENTINA (ANEXO IX)

A oportunidade para elaborar com D.J. Pusiol o plano de trabalho,

encaminhado simultaneamente aos orgdos financiadores de ambos os paises
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CNPq (Brasil) e CONICET (Argentina), surgiu com a sua visita ao IFUSP,
com recursos da CCINT-USP, Proc. N° 121/87, no periodo de 20 a
24/04/1987. Durante a sua permanéncia no IFUSP, além da elaboragdo do
projeto, foram discutidos tépicos sobre instrumentacdo de RQN e foram
proferidos dois seminarios:

- “Progresso em espectroscopia de ressondncia de quadrupolo nuclear”,
22/04/1987.

- “Aplicacdes de espectroscopia de RQN ao estudo de vibragdes
moleculares™, 23/04/1987.

Durante o periodo de 18/11/1988 a 17/12/1988 ocorreu a minha visita a
Universidade de Cordoba, onde ministrel um curso de Pods-Graduagio
“Introdugdo a Fisicas dos Sistemas Amorfos” que teve por objetivos:

- Identificar e relacionar propriedades estruturais e caracteristicas
dindmicas peculiares aos materiais vitreos.

- Descrever métodos e procedimentos e as principais teorias aplicadas a
interpretagdo de resultados nas diversas técnicas experimentais usualmente
aplicadas.

- Comunicar ao Grupo de RMN da FAMAF a experiéncia acumulada
pelo Grupo Centros de Cor do IFUSP através de estudos de RPE em vidros
aluminoboratos de bario, 6xido de arsénio e a-Si:H.

O contetdo deste curso e as atividaes no laboratério estimularam a
realizagdo de um trabalho de RQN do 33CI em um vidro organico formado
pelo congelamento de uma solugdo de clorobenzeno com piridina, mais tarde
publicado na revista Physical Review sob o titulo “NQR of 33CI Nuclei in
Glassy Solution of Chlorobenzene in Pyridine™(Wolfenson et al., 1990). Ainda
nesta oportunidade proferi na FAMAF o seminaric “Fisica dos Materiais
Amorfos”, em 30/11/1988.
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Durante a wvisita do Prof. A. Brunetti ao IFUSP, entre 02/05/1989 ¢
16/05/1989, ministrou um curso sobre instrumentagdo de RQN ¢ RMN ¢
apresentou 0s Seminarios.

- “A utilizagdo da técnica de FFT (Fast Fourier Transform) para a
obtencdo do sinal de RQN”.

- “As vantagens da técnica de FFT”.

A seguir, com a interrup¢do de apoto financeiro, ocorreu o hiato de 1 ano
nos trabalhos de miitua cooperacio.

Com a retomada das atividades conjuntas, recebemos a visita de D.J.
Pusiol ao Laboratério de Magneto-Optica do IFUSP no periodo de 01/05/1992
a 30/05/1992. Inicialmente, foi realizadaa uma revisdo das concigdes e
performance do espectrdmetro de RQN. Nesta oportunidade, estudou-se em
detalhe o eferto de condi¢des da a¢do mecanica e tamanho de grio da arsenolita
sosbre a forma de linha de RQN obtida por transformada de Fourier. Em
07/05/1991, foram apresentados no XIV Encontro Nacional de Fisica da
Matéria Condensada, em Caxambu - MG, os trabalhos convidados “Imagens
por Ressonancia Quadrupolar Nuclear”, D.J. Pusiol e “Técnicas e aplicagdes
de Ressondncia Quadrupolar Nuclear”, S.R. Rabbani.

Pouco depois, seguiu-se a visita de S.R. Rabbani a Cérdoba, no periodo
de 27/07/1992 a 14/08/1992, quando participou da montagem de novo
espectrometro de dupla ressonéncia de quadrupolo nuclear (DRQN) e de um
trabalho relacionado com imagem de RQN. Na oportunidade, proferiu os
seguintes seminarios:

- “Double Resonance by Coupled Multiplet (DRCM)” em 04/08/1992.

- “Double-Resonance by Continuous Coupling (DRCC)” em
06/08/1992.

- “Double Resonance by Level Crossing (DRLC)” em 11/08/1992.
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Apos o término do periodo em que o convémo CNPq-CONICET, Proc.
CNPq N° 91.0400/87 esteve em vigor, de 09/1988 a 08/1992, recebemos a
visita de A. Brunetti no periodo de 06/05/1993 a 24/05/1993 quando realizou
medidas de RQN no Laboratorio de Magneto-Optica, para estudar interagdes
com os ntcleos de /2As e 39Cl em sélidos moleculares. Foram adotadas,
também, providéncias no sentido de melhorar o desempenho do espectrémetro
de RQN para a captacéo do sinal de 35C]. Na ocasido, proferiu dois seminarios
sosbre temas de interesse na area:

- “A ressondncia de quadrupolo nuclear (RQN) na mvestigacdo de
solidos moleculares”.

- “Analise de filmes finos organicos por RQN”,

Na mesma época, participuo do XVI Encontro Nacional da Maténa
Condensada, em Caxamabu - MG, contribuindo com a apresentagdo do
trabalho “La Resonancia Cuadrupolar Nuclear en la Investigacién de Solidos

Moleculares™.
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IX.2. “SHANGHAI INSTITUTE OF OPTICS AND FINE
MECHANICS (SIOFM)”, SHANGHAI, CHINA (ANEXO VIII)

O nosso mteresse em estender os estudos aos vidros especiais foi
estimulado com a permanéncia do Prof. Mao Sen, do Shanghai Institute of
Optics and Fine Mechanics, Shanghai, China, no nosso Instituto durante o ano
de 1991. Apesar do grande progresso na drea da fisica dos sistemas
desordenados, o estudo de coeréncia e transferéncia de energia em vidros ainda
se encontra em fase inicial, pois os mecanismos da propagagio de energia de
um defeito ou impureza para outro, em meio amorfo, é correntemente um tema
ainda sujeito a controvérsias e certamente um excelente tema a ser investigado
em detalhe. A importincia da fluorescéncia e luminescéncia com resolugdo
temporal consiste na possibilidade de investigar os processos de migragdo de
energia entre as regides locais, com acompanhamento no tempo real, cuja
escala € ajustavel em diversas ordens de grandeza com a mudanca da
temperatura. Assim, muito hd por fazer em matéria de investigacdo desses
temas aplicados aos vidros de laser (Eyal et al., 1987), vidros oxinitretos
(Loehman, 1985; Bunker et al., 1987), vidros halogenados (Dexhage, 1985) ¢ a
cerdmica de vidros contendo dopantes diversos. Recentes pesquisas em vArios
laboratorios da Franca, Alemanha, Inglaterra, Russia e Estados Unidos foram
direcionadas no sentido da utilizagdo de concentradores solares luminescentes
(LSC) (Neuroth and Haspel, 1987). QOutras aplicagdes importantes sio o0s
revestimentos das superficies de células solares (Aitken and Irene, 1985). Os
vidros halogenados ndo oxidos sdo amplamente utilizados na confecgdo de

prismas, lentes, janelas e fibras Opticas para a regido do infravermelho.
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Na década de 1960 (Snitzer, 1966; Young, 1969; Patek, 1970) foram
desenvolvidos vidros dopados com Nd para a produgdo de lasers em matrizes
vitreas de silicatos, boratos e fosfatos. Recentemente, o desenvolvimento de
técnicas utilizando vidros de laser em matrizes de fosfatos e fluofosfatos tem
sido enfatizada (Mao Sen et al., 1986; Yamashita, 1989). Os vidros de laser
fosfatos dopados com Nd tém sido largamente utilizados em lasers de alta
poténcia, como os aplicados no estudo da interagdo com plasma. Em geral, um
vidro de laser deve ter a homogeneidade optica dos melhores vidros ja
produzidos ¢ alta pureza quimica usualmente requerida na preparacdo de
substincias fluorescentes. Um vidro homogéneo é caracterizado pelo valor
exatamente igual do indice de refragdo por todo o volume da amostra e para
todos os comprimentos de onda. Para a aplicagdo como vidro de laser, a
homogeneidade espacial do indice de refragio para o comprimento de onda de
emissdo ¢ importante. A tolerancia na variacdo de n é da ordem de 10-¢ para
vidros de laser de boa qualidade.

O laboratério SIOFM desenvolveu um laser de alta poténcia (2kJ/ns)
SHENGUAN, com o comprimento de onda A = 1,06 pm, possuindo dois
feixes, utilizado para comprimir (ablagdo de 30 Mbar) e aquecer (kT ~10keV)
o combustivel de deutério-tritio para a obtencdo da energia de fusdo confinada
inercialmente (IFE). Essa tecnologia foi dominada por poucos paises, inclusive
a China.

As informagdes sobre os métodos de preparacdo de vidros e dos vidros
de laser em especial, incluindo-se o preparo, a caracterizagio e as aplicagdes,
foram oferecidas por Mao Sen através do seminario "Special glasses" proferido
em 30/09/1991 e do mini-curso de Pds-Graduacdo "Técnicas de Preparacéo de
Vidros Especiais” no [FUSP, com a elaboragio de apostila (Mao Sen, 1991). O

curso for dividido nos seguintes topicos:
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I. Propriedades gerais dos vidros

1. Preparacédo ¢ caracterizacdo de vidros ordinarios

HI. Vidros especiais

IV. Propriedades dos vidros de laser

Os recursos para a sua vinda e estadia foram concedidos pelos érgios

financiadores CNPq, FAPESP e CCINT-USP.

50



X. TRABALHOS PUBLICADOS

1. "EPR  Measurements on Single Crystal «a-NiSO4.6H20", W.M.
Pontuschka, A. Piccini, CJ.A. Quadros, and S. Isotani, Phys. Lett.
44A,57-58(1973). (ANEXO ).

2. "Atomic Center Interactions in BaO-AlpO3-Bo0O3 Glasses Containing
Silver”, W.M. Pontuschka and A. Piccini, Revista Brasileira de Fisica
9(1),93-107. (ANEXO II).

3. "Nuclear Quadrupole Resonance Probes of Structural and Photostructural
Properties of Glassy AspSes, AsyS3 and AsyO3", P.C. Taylor, U. Strom,
W.M. Pontuschka, and D.J. Treacy, Phys. Soc. Japan 49, Suppl. A, 1155-
1158(1980). (ANEXO III).

4. "ESR of X-Irradiated AspO3 Glass", W.M. Pontuschka and P.C. Taylor,
Solid State Commun 38,573-577(1981). (ANEXO IV).

5. "Radiation-Induced Paramagnetism in a-Si:H", W.M. Pontuschka, W.W.
Carlos, P.C. Taylor, and R.W. Griffith, Phys Rev. B25(7),4362-
4376(1982). (ANEXO V).

6. "EPR and Kinetic Studies of Hydrogen Centers in Aluminoborate
Glasses”, W.M. Pontuschka, S. Isotani, A. Piccini, and N. V. Vugman, J.
Am. Ceramic Society 65(10),519-523(1982). (ANEXO X).

7. "Asymmetry of the EPR Lines of Pure and Diluted Charred Dextrose”,
W.C. Las, W.M. Pontuschka, J.T. dos Santos, R.S. de Biasi, Bull. Mag.
Res. 8(n° 3/4),201(1986).

8. "Optical and Thermal Bleaching of X-Irradiated Barium Aluminoborate
Glasses”, W.M. Pontuschka, S. Isotani, and Piccini, J. Am. Ceramic
Soctety 70(1),59-64(1987). (ANEXO XI).
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10.

11

12.

13.

14

16.

17.

"Electron Paramagnetic Resonance of Atomic Hydrogen Centers in
Rubellite”, M.B. Camargo, W.M. Pontuschka, and S. Isotani, An. Acad.
bras. Ci. 59(4),293-2998(1987).

"Electron Paramagnetic Resonance of Hydrogen Centers in Natural Beryl”,
A R. Blak, W.M. Pontuschka, and S. Isotani, An. Acad. bras. Ci. 60(1),9-
12(1988).

"Numerical Integration Method Applied to the Study of Atomic Hydrogen
i Aluminoborate Glass", W.W. Furtado, T4nia Tomé, S. Isotani, R.
Antonini, A.R. Blak, W.M. Pontuschka, and S.R. Rabbani, An. Acad.
bras. Ci. 61(4),397-403(1989).

"Nuclear Quadrupole Resonance of 35CI Nuclei in Glassy Solution of
Chlorobenzene in Pyridine", A.E. Wolfenson, A.H. Brunetti, D.J. Pusiol,

and W.M. Pontuschka, Phys. Rev.B41(10),6257-6261(1990). {ANEXO
XII).

"Decay Kinetics Study of Atomic Hydrogen in a-Si:(H,O,N) and Natural
Beryl”, S. Isotani, W.W. Furtado, R. Antonini, AR. Blak, W.M.
Pontuschka, Téania Tomé, and S.R. Rabbani, Phys. Rev. B42(10),5966-
5972(1990). (ANEXO XIII).

"Study of the Decay Kinetics of Irradiation Induced Green Color in
Brazilian Spodumene”, R. Antonini, S. Isotani, W.W. Furtado, W.M.
Pontuschka, and S.R. Rabbani, An. Acad. bras. Ci. 62(1),41-43(1990).

. "Isothermal Annealing Kinetics of X-irradiated Pyrene by EPR", C.S.M.

Partiti, W.M. Pontuschka, A. Fazzio, and A. Piccini, Radiation Research,
122,126-129(1990).

"Luminescence Study of Spodumene”, S. Isotani, A.T. Fuir, R, Antonini,
W.M. Pontuschka, S.R. Rabbani, and W.W. Furtado, An. Acad. bras. Ci.
62(2),107-113(1990).

"Optical Absorption Study of Radiation and Thermal Effects in Brazilian
Samples of Spodumene”, S. Isotani, A.T. Fujii, R. Antonini, W.M.
Pontuschka, S.R. Rabbani, and W.W. Furtado, An. Acad. bras. Ci.
63(2),128-139(1991).



18.

19,

20.

21.

Approximatae Solution for Kinetic Differential Equations”, A. Misukami,
S. Isotani, S.R. Rabbani, and W.M. Pontuschka, 11 Nuovo Cimento
15D(4),637-645(1993),.

"Luminescence Quenching by Iron in Barium Aluminoborate Glasses",
S.M. Del Nery, W.M. Pontuschka, S. Isotani, and C.G. Rouse, Phys. Rev.
B49(6),3760-3765(1944). (ANEXO XIV).

"Stabilization Mechanism of Atomic Hydrogen in Rubellite", M.B.
Camargo, W.M. Pontuschka, and S. Isotani, (Submetido ao Phys. Rev. B).
(ANEXO XV).

"A Model for the Stabilization of Atomic Hydrogen Centers in Barium
Aluminoborate  Glasses”, (Submetido ao J. Am. Ceramic Society).
(ANEXO XVI).



XI. PLANOS PARA O FUTURO

Com a aqusi¢do do espectrdmetro de fluorescéneia da  Applied
Photophysics Ltd. (APL) SP70 com resolugdo de nanosegundos, abriu-se uma
nova perspectiva para o estudo dos mecanismos de transferéncia de carga e de
energla ¢ os efeitos foto-estruturais envolvidos nos sistemas amorfos de
interesse. O decaimento da intensidade da luminescéncia em semicondutores
amorfos de interesse. O decaimento da intensidade da luminescéncia em
semuicondutores amorfos foi investigado, em primeiro lugar, por Murayama,
Ninomiya, Suzuki ¢ Morigaki em 1977 ¢ posteriormente por Higashi e Kastner
em 1979, quando foi descoberto que uma parte da luminescéncia decai no
tempo da ordem de 1085, aproximadamente a razdo de 1-0-89. Este resultado
deu margem a elaboragdo de um modelo no qual a fotoluminescéncia é
proveniente de pares D¥D~ de alternagio de valéncia com separacio variavel.
Essas diferengas de separagdo entre elétrons e lacunas seriam os responsaveis
pela ampla distribuigdo das constantes de tempo das recombinagoes radiativas.
Distmtos processos de decaimento associados a diferentes mecanismos, como
memoria de polarizagdo e pares de pequenos polarons foram considerados em
investigacdes subseqiientes.

Como nas atuais circunsténcias o sistema abrange apenas a fluorescéncia
emitida na faixa visivel, estamos concentrando o interesse em sistemas com
hiatos maiores (Ep > 3 eV) do que os que sdo caracteristicos dos
semicondutores. Assim, ja temos condigdes de estudar as amostras de a-SiC-H
depositados pela técnica de "Plasma Enhanced Chemical Vapor Deposition”
(PECVD) a partir de misturas de silano (SiH4) e metano (CH4) no Laboratério
de Microeletrénica da Escola Politécnica da USP, Esperamos, futuramente,
estender a técnica aos materiais semicondutores, como o a-SitH e os
calcogenetos de arsénio, germéanio e antimdnio, com a substituicdo da
fotomultiplicadora de saida e a instalagdo de um sistema criogénico utilizando
héhio liquido. A eventual possibilidade de adaptagdo de laser pulsado para a luz
de excitag@o poderia levar-nos a efetuar experimentos muito interessantes em
condigdes de coeréncia, como o eco de foton. No entanto, muito pode ser feito
também nas condig¢es relativamente mais modestas que hoje nos encontramos.

Um outro fato que devera impulsionar sensivelmente as nossas
investigagdes ja anteriormente iniciadas & a aquisicio de um novo
espectrometro de RPE, a ser instalado em breve no edificio do Departamento
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de Fisica Geral do IFUSP. Assim, entre outras possibilidades, as questdes
anteriormente deixadas em aberto, como a aestabilizagio e difusio do
hidrogénio atdmico em diversos meios hospedeiros e a aplicacdo da
metodologia introduzida em nossos estudos anteriores (Pontuschka et al
19982; Isotam et al., 1990), ao estudo dos filmes finos de a-S109:H.

Para finalizar, estou convicto de que essas perspectivas somente serdo
plenamente realizadas através de uma intensa cooperagdo com os diversos
grupos, tanto do nosso proprio Instituto, como os de outros cetros de pesquisa
nacionais e internacionais. Por outro lado, gostaria de consolidar as relacdes ja
miciadas com grupos de pesquisa originarios de paises como a Argentina e a
China que estdo em desenvolvimento cientifico e tecnologico e que apresentam
problemas semelhantes aos nossos, sem descuidar do acompanhamento e a
cooperagao com os paises altamente desenvolvidos.
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EPR MEASUREMENTS ON SINGLE CRYSTALS OF o -NiSO4 - 6H,0
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EPR measurements on sinlge crystals of o - NiSQ, - 6H, 0 were carried out at room temperature. From the results
were deduced the spin Hamiltonian parameters D = 4.85 £ 0.09 cin™! and £ = 0.06 + 0.01 cm™? and the direction

cosines of the crystalline field.

The EPR measurements on single crystals of o -
NiSOy - 6H,0 were carried out at room temperature
using a homodyne spectrometer, of the reflection type,
which operates in the X band with a frequency near
9 GHz/s. We observed one line whose width ranged
from 1 to 2 kG and whose position was between 9.4
and 14 kG. From our results it was possible to calcu-
late the spin Hamiltonian parameters, D = 4.85 £ ~
0.09 cm~1 and £ = 0.06 £ 0.01 cm™!, assuming g =
2.25 {1]. Furthemmore, it was possible to evaluate the
directions of the crystalline field coordinates of the
-th Ni**ion (i = 1, 2, 3, 4) of the unitary cell in terms
of direction cosines with respect to the crystallopra-
phic axes (a, b, ¢), where ¢ is parallel to the tetragonal

axIs:
Xl
23 EG VIULZ V2L o )
4 ¥ :
Yl _ "
2, = (; 0.534; = 0.534; = 0.656)
_ + —

Z
1 E(f_ﬁ 0.464; I 0464 i 0.75_5)

= T

The orientations assumed to carry out the measure-
ments done in this paper are based on the structure of

@ - NiSOy - 6H, 0 determined by Bevers and Lipson [21.

The crystals were grown by evaporation in neutral satur-
ated solution at 35°C.

We observed the variation in the position of the line
as a function of the orientation of the crystal, rotating
about the principal axes. In the figure are plotted the

* Supported by BNDE, CNPq and FAPESP, (Brasit).

H (k)
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x  EXPERIMENTAL
xxx"xx -
10+
57
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Fig. 1. Comparison of experimental and theoretical positions
of the EPR line observed in single crystals of & - NiSO, - 6H,0
as a function of the angle of rotation about the Z axis.

positions of the EPR line observed during the rotation
of the crystal about the Z-axis of the crystatline field.
The results are in good agreement with theoretical cal-
culations using our parameters.

At lower temperatures, down to —180°C, there ap-
pears a structure consisting of 2 to 4 lines superposed
on the EPR line observed.

The calculations using the spin Hamiltonian param-
eters obtained by us, were verified by comparison with
the results of an EPR measurement of o -NiSO4 - 6H,0
reported by Hou and Bloembergen [3]. They used a
spectrometer operating in 30 GHaz/s, at 77°K, with the
applied field parallel to the crystallographic ¢ axis, and
obtained a EPR line at 6.5 + 0.4 kG. Our prevision un-
der these conditions is 6.4 kG,

On the other hand our values for the spin Hamilto-
nian parameters can be compared with some results of
spin Hamiltonian parameters of o - NiSOy - 6H,0 de-
termined by means of other methods. S0, we can men-
tion the following results:
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Atomic Center Interactions in BaO; Al,0,; B,0; Glasses
Containing Silver*
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Instituto de Fisica** da Universidade de S3o Paulo, Sio Paulo, SP

Recebido em 23 de Fevereiro de 1978

The EPR study of borate glasses, with 39% of Bag and 5% mole of
silver, X~irradiated at 770K, showed Ago and AQH centers. In addition
were detected the boron electron center (BEC) and the boron hole center,
The silver centers and BEC were studied in detail and the spin Hamilto-
nian parameters are given. The different A£203 concentrations exertedonty
little influence on the tabulated constants. The Ag: center was not ob-
served, Indicating that the collisions between Ag atoms are not very fre-
quent in these glasses, even during the process of th;srmal bleaching. The
hfs of the boron electron center sufferes severe variation as one compa-
red the spectra of base glasses and those containing silver, This is an
evidence of the action of silver as a glass modifler tike the alkali
atoms .

0 estudo de EPR dos vidros com boratos, contendo 302 de Bal e
5Z mol de prata, irradiados com ralos X a z7°K, revelou a presenca do§
centros Agl e AgH'. Foram também observades o centro do elétron do boro
(BEL) e o centro de burace do boro, 0s centros de prata e o BEC foram es-
tudados em detalhe, sendo obtidos os parametros da Ham! ftoniana de spin.
As diferentes concentragdes de MZO3 éxerceram apenas uma pequena Infly-
€ncia sobre as constantes expressas nas Tabelas. 0 centro de Agt n3o foi
observado, indicando que as coljsdes entre os atomos de Ag nac sio mul to
frequentes ne;tes vidros, mesmo durante o processo de decaimento térmico,
A constante de Interagdo hiperfina do centro de elétron do bore sofreu

acentuada varlagdo quando da comparacao dos espectros dos vidros-base

* This work was partially supported by FAPESP apd CNPq {Brazii).

** Postal address: C.P. 20516 - 010680 - S3o Paule SP,
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com os que contém prata. Este fato torna evidente a atuagao da prata co-

mo modificadora do vidro, 3 semelhancga dos dtomos alcalines.

1. INTRODUCTICN

The study of atomic centers In glassy matrices has received

increasing attention in the last decade.

In this work, we intend to add more data about the silver in-
teractions In Ba0; AL,0.; 8203 glasses. The silver centers were already
investigated in several amorphous matrices, belng related to the EPR
spectra of Agl, Ag++ and Ag; centers. These centers were Induced by X
-irradiation at liquld nitrogen temperature. During irradiation, electrons
and holes are iiberated in the sample, both being trapped by the Ag+ ion,
which Is present in the sample in its original state. The production of

the centers is as follows:

agt v e” o Agl {1.1)
Ag* + hote + agtt | (1.2}
Agt + Agl Ag; . {1.3)

The paramagnetic resonance lines of each center are weil known. The Ag+

ion is not paramagretic.

The Interest of the study of these centers in different matri-
ces rests in the interpretation of the quantitative data, which are sen-

sible to the nature of the site where the silver lon Is stabllized,

In addition, two more kinds of EPR lines were detected:
a) boron hole centers?

b} boron electron ecenters (BEC) L,

+
The A92 centers were not detected, even with subsequent thermatl
bleaching.
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2. EXPERIMENTAL

The samples were X-Irradiated at 77°K during 8 hours, with 45
KV and 35 mA beam using a Phillips unity, type 1008/65, with tungsten
target. ’

The glass samples were given by A. Bishay during his permanence
in the Instituto de Fisfca of University of S3o Paulo. The details of
sampie production are given in Ref. 3. All the glasses studied contain
30% of Ba0 and sliver enters in the composition with 5% moie. The AR,04
and B,04 content |s varfable from sample to sample, as indicated in the

tables,

The EPR spectra were obtained with X-band reflection homodine
spectrometer, using rectangular cavity which operates in the Hyp, mode .

The temperature control was done using a Varian unity, model V-4540,

3. TYPICAL SPECTRUM OF BaO: AlO; B O, GLASSES CONTAINING SILVER

In Fig.l there is a typical spectrum of atomic centers of sii-
ver induced by radiation. Care was taken, during the transfer of the sam-
ple to the spectrometer, to prevent temperature raising, aveiding the re-

combination of the more unstable centers.

The assignment of the iines located respectively in2920 Oe and
3500 Oe to Ag® centers needs a careful verification on account of the si-
milarity in position and shape with the EPR lines of the Ag; center dis-
coved by Mel'nikov et al." In glassy B,03 containing silver impurity.

The Ag++ center presents EPR lines with noticeable local aniso-
tropy verified by means of the separate values of gy and gi_ofthe split-
ting factor. To each anisotropic g-factor component corresponds a non-
~resolved déublet, their positions being in agreement with those studied
by Shields® in X-irradiated frozen silver salts. In Fig. 1 theg}dOUbiet
corresponds nearly to the values between 3080 Oe and 3100 Oe. Theg" dou-
blet is situated in the region of 2800 Oe.
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E-9

44 BOO(30%),B,08 (50 %)
A9 containing 5% mole of Ag
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!
FAgE+
“ 9% Boron hoile center
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i “ \
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A A AN
-
0
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] i ] ! ! | } 1 i

Fig.1 - Typical EPR spectrum of borate glass containing 30% Bal and 5%
mole of sliver, X-irradiated at 77°K.
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in 3.2 kOe a superposition of EPR lines appears whose centers
are not attributable to silver jons. These centers were identified res-

pectively as boron hole center and boron electron center,

4. ATOMIC CENTER OF Ag°

There are two types of silver isotopes with almost the same re-
fative abundance. Both [sotopes, 48.1% of 10789 and 51.9% of 1094g, have
the nuclear spin I = 1/2, giving a doublet of each of them. Both doublets
are observable in a lot of materials containing silver, giving four re-
solved EPR lines. The internal pair is related to 107ag isotope and the
external to 10%9aq,

The energy levels {see Fig.2) are calculated using the Breit-

-Rabi formuia® which, applied to AgP, is

=T - /T % Ome + 22 )
W(F,m) AW/ b uI(sN}BNEOM + (AW/2) V1 + Bme + ¢ (4.1)
where
u
- I(BN) fﬂ) BoHo ‘
T I Bg = BW

A = 4 = hav

= nuclear magnetic moment in nuclear magnetons;

13
I(8,)
BN = nuclear magneton ;
By = Bohr magneton ;
Hy = applied magnetic fieid in Oe;
F=1,0;
m=40for F=0andm= -1, 0, +] for F = 1 :
.ol
97 IRy

The copstants HI(BN}' 9o B, and BN are found in tables of Ref. 7. The
transitions corresponding to the observed Agl lines in the spectra are
respectively (F =1, m=1) +(F=0,m=0) and (F=1, m = 0) - {r=1,
mo= +1},
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Fig.2 - Sketch of Ag® center energy levels calculated from the formula
of Brelt-Rabi®,

For these transitions, using the formula of Breit-Rabi, we get

Zur(g g
v om Ay (%(I-&zf)llzq—%(l -x1)+—7§.r&) {4.2)
Zu
(8,8
v = -ty (%(Hm:)‘”-%(ux)w—-——?z’gT”z?- (5.3)

where v Is the klystron frequency.

The values of '_c}; and Av which satisfy simultaneously the equa-
tions (%.2) and {4.3) (using the constant Mr(ay) equal to the arithmetic
mean between the respective values of nuclear magnetic moment of reach

silver isotope) are expressed in Table t, where the line width of each
transition is inciuyded.
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The spectrum in Fig. 1 is very similar to the spectrum of Ag; cbtafned by
Mel'nikov et al.", mainly because of the overlapping of the central line

of Ag; triplet with a lot of lines originated from boron centers.

tn order to eliminate the doubt whether the line located in
2920 Oe and 3500 De are associated to Agg centers, we observe in detail
the central region located in the range of 3080 Oe to 3220 De (see Fig.
3}). There is a superposition of the spectra of the Ba0 (30%); 8,0, {70%)
glass containing 5% moie of silver and of the respective base glass. The
tines situated In the central part are due to the boron hole center. In
the spectrum of glass contalning siiver the only additional lines aredue

4+
to the Ag ~ center and the boron electron center assigned as e, fn base

b
P Ba0{30%) ; By O4{ 70 %)

Boron hole center

)
t
r
[
]
i
Sampie Ag mele % thermal bleaching !
]
— E-Q .3 v :f
-—-g-8 — 1/2 hour at 4+ 250°C :‘

v H{KOCe)

\
3.086 3.08 3.10 312 3It4 3f8 3.8 3P0 322 324 326 328 330 3.32
L i 5 | 1 I H l H ‘ 1 i L ] i I H l ] ; H ] i ] ! I ) ] 1

Fig.3 - Central region viewed In detail of the EPR spectra of the samples
E-8 and E-9 of Ba0{30%); B,0,(702) glasses put together In order to com-
pare X-irradiated sample containing silver with base glass. All the lines
present were ident!fied being evidenciated the absence of the third line

of Ag; center which might be present,
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glass the line corresponding to e; by boron atom were bleached our. itis
evident, therefore, the absence of any possible EPR jine attributable to

+ .
Ags center in the central part of the spectrum.

The factors goverrning the width and the separation of the Ag?
EPR Tines are:
a) concentration of the alkali modifier
b) concentration of silver impurity
The values of the Table | are in excellent agreement with the resylts of
Asabghy et al.B, who plotted the hfs constants and the iine widths in
function of the concentration of atkall oxide in the composition of bo-

rate glasses centaining sodium oxlde.

5. ATOMIC CENTER OF Agtt

The Ag++ centers are formed by hole trapping of Ag+ fons, The
interactions of Ag++ ions are studled by means of the spin Hamiitonian
with axial symmetry5’9 ip first approximation

H = 9|y BOHZSz + giBO (HJ:Sz + HySy) +ALS, + B(Imsx + IySy) {5.1)
where 4 and B sre the hfs constants, = - and - .
9. gy QJ_ g, 9”

Taking 8 as the angle between the local symnetry axis and the
direction of applied magnetic field and gy = (gl’ + Zgl?/3, Tt follows:

Blo=p) = (guﬁﬂ/g”) - (mIA/BogJ_) ; {5.2)
H(s=-27—’») = (goﬁo/gj_} - (”’IB/BUQL) ; (5.3

where § = hu/g g |
O 00

The Ag++ EPR lines of borate glass containing 30% Ba0 and 5%
mole of silver are indicated in Fig.1, torresponding to non-resoived dou-

blets for each ql and g,l- In Fig. 4 the doublet carrespending to gli is

101



E-7
Ba0(30%)Alp0y (5%, By Ox(65%)
Containing 8 % mole of Ag

\\ba.f.:a._..m
ﬁ Boron eieciron
- N center
pak
/|
27 28 2.9 30 31 Vg 3.3 3.4 3.5
J

Fig.h - EPR spectrum of Ba0(30%); As,0,(53); B,04(65%) contalning 5% mo-
le of Ag showing the partlal resolutlon of bmi G_:u doublet,
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partially resolved. The set of resolved EPR lines of Ag++ were cbtained
by Shieids3 using frozen D,0 matrix. The same transitions were observed
by Yokota et a1.9 after thermal bleaching in Lji -~ A%-metaphosphate glass
containing Pb and Ag. In the last case the resolution of doublets was not
achieved on account of the multiplicity of rypes of Ag++ sites in the

glass structure,

The partial resolution of the doublet of g}l in Fig. & is very
unstable and readily disappears at a temperature of about -100% during
10 minutes. It was not possible to evaiuate the hfs constants A and B of
spin Hamiltonian because of the lack of resolution of these doublets. The
values of g I and gi could evaluated writing the equations (5.2} and (5.
3} in the reduced form:

hv
{5.4)
off 9|1 &
A
Hoy 75 (5.5)

where HGE! and qu correspond to the mean position of the central posit-
ions of Ag++ doublets,

The values of gz! and gi evaluated for the samples are listed
in Table 2,

Table 2
Sampie %Azzos %8203 g” gl
E-g —_ 70 2.327 + .Q17 2.108 + .013
(a) E-9 — 70 2.328 + .017 2,108 + .013
E-7 5 65 2.308 = 016 2.079 + .013
(b} E-3 20 50 2,301 & .016 2,062 + 013
E-2 20 50 2.301 £+ 016 2,062 + 013
{a.t.} E-2 20 50 2.273 + .016 2,064 + 013

103



The separation of the lines of the g‘l doublet of Fig. b gives

an estimate of hfs constant A which is of the order of

Alg) 8, = by + & Qe (5.6)

6. BORON ELECTRON CENTER (BEC)

The EPR lines related with electrons trapped e; by boron atoms
are Indicated in Figures 1, 4 and 5. These centers were first described
by Griscom! In recent work using EPR study of borate glass with potassium
oxide. The observed lines are part of 4 transitions from the interactlion
between 118 nucleus, more abundant, with the trapped electron. The !1B
nucleus has the spin 7 = 3/2 and the equal separation between adjacent

iines gives the hfs constant 4.

The hfs constant of BEC Is very sensitive to the local dimen-
slon of the site where the electron was trapped. In Table 3 is apparent
the difference between the interactions Tn glasses containing about 5%
mole of silver and the base glass. We conclude that the presence of sil-
ver lmpurity atoms exerts great influence on the glass structure, whose
boron and oxigen chains are destroyed, giving origin to greater rings,

where the electron center suffers a smaller interaction,

Tabie 3

Sampie 32,0, 38,0, TAg <4> (gee) (0e}
E-9 - 70 5 6+ 4

{a} £E-9 - 70 5 56 + &4
E~7 5 65 5 56 = 4

(b} E-3 20 50 5 506 % 4
E-2 20 50 5 60 * &
£-8 - 70 — 96 + 4
£~1 20 59 - 96 * &
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Fig.5 ~ EPR spectrum of Ba0{30%}; B,04(70%) base glass showing three of

the four lines of boron electron center {BEC), The line of BEL for m =

" 4+ W was ohscured by the boron hole center,
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Looking at the Table 3, it is apparent that the concentration

of A£203 exerts only a weak influence on the BEC.

The evaluyation of the mean value of hfs constant <A4> of BEC was
done measuring the separation of the lines corresponding to mI.--I/Z and
m. = +1/2 In the glasses containing Ag and between the 1ines correspond-

I

ing to m, = -3/2 and m,. = +3/2 in the base glasses.

I I

The comparatively greater value of <4> for the baseglasses in-

dicates that the boron-oxygen rings have respectively smaller size.

7. DISCUSSION

The relatively high concentrations of alkali oxide (30% of Ba0)
and Ag (5% mole) favoursthe formation of an Ag? center with great line
width and without Isotopic resolution, Asabghy et al.B designated this
center as Agg and showed that the line width is associated to the non-

-bridging oxygen content in the matrix.

The occurence of the Agg center and the increment of its con-
centration is nearly proportional to the silver content In the sample as
shown by these authors, who.proposed that the Agg center results from the

association of Ag? with a metal atom to form a binary compound.

Since the Ag; centers are absent in the samples with relative-
ly high concentration of alkal! oxide and silver, Itis to be also expec=
ted the absence of Agg, because In both cases collisions must occur bet-
ween silver atoms. This would be possible only In favorable conditions
for the migration of silver atoms or fons in these materials. S0 we con-

clude that in these samples the migration of siiver atoms, if any, Is
very reduced.

The reduced influence of A£203 concentration on the spin Ha-

miltonian parameters is due probably to the little ionic radius of alu-
minfum,

+ .
The observed Ag ~ centers gave parameters in good agreement

with the values found in titerature, related to different matrices.
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The drastic variation of hfs constant of boron electron center
showed that the glass structure was affected severely by the presence of
5% mole of silver, possibly by the cracking of the boron-oxygen rings in
the matrix chain, opening greater places in similar fashion as the effect
of the addition of alkall oxide modifier,

The authors are grateful to Prof. A. Bishay for introducing
them to the study of glass during his permanence in the instituto de Fi-
sica of the University of S3c Paulo. We acknowledge also helpful discus~

sions with Prof. C. Quadros and M.L. de Sigueira.
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NUCLEAR QUADRUPOLE RESONANCE PROBES OF STRUCTURAL AND
PHOTOSTRUCTURAL PROPERTIES OF GLASSY AszseS, A8283 AND A5203
P.C. Taylor, U. Strom and W.M. Pontuschka#®
Waval Research Laboratory, Washington, D.C. 20375 USA

B.J. Treacy
Physics Department, U.S., Naval Academy
Annapolis, MD 21402 Usa

NOR lineshape studies indicate that the photoinduced
structural changes in bulk, vitrecus As.Se. are not
gross bonding changes such as cccur in %asé evaporated
films but rather consist of more subtle rearrangements
primarily involving non~-bending electrons., The As sites
in bulk, vitreous As.0. are similar to those in the
layered crystalline %igeral claudetite I and bear little
resemblance to those in the more common crystalline form
{arsenolite).

I. Introduction

The thermally reversible photodarkening process, which is a meta-
stable shift of the optical band edge toward the red after illumina-
tion with near-band-gap light, is a well known feature of semicon-
ducting chalcogenide glasses [1]. Because this feature is not
observed in materials without non-bonding {lone pair) electrons such
as amorphous arsenic [2], the photodarkening process has been attrib-
uted to some change in the non-bonding electron density. The precise
nature of this change is currently a matter of some debate [3-71.
Although it has been established {6] that gross bonding or coordina-
tion changes are not assoclated with the photodarkening process,
subtle changes in the X-ray scattering which reflect differences in
local order beyond ~5%8 do appear to accompany the photodarkening
process [7]. These subtle photostructural effects {optically
induced structural changes) are not to be confused with the more
dramatic, irreversible photoinduced bonding changes which occur in
fast evaporated chalcogenide films [8~10]. 1In fast evaporated films
of As,S, or As,Se,, irradiation with band gap light initiates a
photopo?ymerizatign process which converts the more.molecular-like
initial film configuration to a more polymeric configuration similar
to that found in well-annealed, bulk samples [6].

II. Experimental Background

The pulsed NQR experiments were performed using a Matec gated
pulsed amplifier and receiver in conjunction with a suitably
designed matching network. Variable temperatures {4-300K) were
obtained with a gas (nitrogen or helium) flow system. Typical
90°-180° pulse widths employed were approximately 10-20 psec.
Samples of As,Se for the photodarkening experiments were powdered
and sealed in evgcuated quartz ampoules designed to fit into the NQR
apparatus. Particle sizes were commensurate with the penetration
depth of the laser light. The ampoules were tumbled in lignid nitro-
gen during irradiation and the samples were subsequently maintained
at or below BOK during the remaining measurements. Samples were
irradiated for periods of up to 24 hours. Samples of A5203 were
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prepared from arsenolite powder which was sealed in an evacuated
quartz ampoule, heated to ~500°C for several hours and then guenched
in air., The As'203 glass samples were subsequently stored at 77K.
IT1r. Photodarkening in As,Se,

Figure 1 shows the 75As NQR lineshape observed in bulk, glassy
as_Se. {(triangles). The positions of the two inequivalent As sites
in“crystalline As,Se, (at ~5%6 and 60 MHz) are indicated by the solid
lines at the top 8f the figure. The dashed lines denote the four
ineguivalent As sites in crystalline As,Se,. The glass spectrum is
reasonably well fit by the Lorentzian lIne (solid and dashed curve}
drawn through the data. It is well known that the NQR lineshapes are
very sensitive to small changes in local structural order and that
¢ the substantial width (~9 MHz at half height)} of the NQR line in
glassy As Se, is caused by small deviations in local bonding within
the ensem%le of pyramidal arsenic sites [12,13}. Thus the NQR line-
shape is an extremely sensitive probe of distortions in local struc-
tural order. Gross changes in local order, such as between crystal-
line As,Se and As,Se,, result in dramatic changes in the NQR fre-
quencies (gee Fig. {1?) even though the arsenic atoms are three-fold
coordinated in both compounds.

4 Bulk
o Bulk,irradiated | Figure 1 Relative 75As NMOR echo

intensity as a function of fre-
quency at 77K in bulk, glassy

T As,.Se,. Sclid triangles repre-
se%t aata taken before irradia-
- tion and open circles represent
data taken after irradiation at
- 77K with 6764A. Solid lines and
dashed lines at top of the
figure represent NQR fregquencies
of crystalline As.,Se, and crys-—

: . , | U1 e talline as,Se,, réspéctively

REL. NOR INTENSITY

v (MHz}

After irradiation for ~20 hrs at 77K with 6764% light (u=3SOCm_1

thg NOR lineshape is essentially unchanged (circles in Fig. {1})}.
This irradiation is known to preduce substantial photodarkening in
As,Se, [6], but Fig. {1} clearly demonstrates that there is essen-
t1dll¥ no change in the local bonding of the arsenic atoms as a
result of the photodarkening process. We therefore attribute the
photodarkening to changes in the non-bonding electronic states which
has also been suggested by a number of previous experiments [1,2,10].

),

The iyradiation does produce subtle changes in the charge states
Qf existing defects in As,Se, which lead to the usual optically
1nducgd paramagnetism firgt 8bserved by electron spin resonance (ESR}
technlqueg {14,15]. The NQR experiments are sensitive to thefe
defects via the /°As nuclear spin-lattice relaxation rate (T, ) at
low temgerature§. From the magnitude of T. at 4.2K following irradi-
ation with 6764& light at 77K, one can estimate using a standard NMR
procedure the number of paramagnetic impurities which contribute to
the relaxation rate., This number {wlolgcm‘3) is consistent with
that deduced from earlier ESR measurements [14}. Furthermore, as
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shown in Fig. {2)7§he temperature dependence of this paramagnetism as
T 2d deduced from the as T, measurements is identical with that obtained
i by ESR.

Figure 2 Relative number of
paramagnetic spins measured

Sy b at 4.2K as a function of
1e8 & T - annealing temperature:
id e 19F . Circles represent data
¢ e | - extracted from the 75as spin-
5 8 L 1 lattice relaxation data at
72 2 - ] 4.2K after annealing at tem-
. are I Z o5t i peratures of 77, 110 and 160K.
- g [ . The solid line represents the
[ r ] data obtained from previous
n P - ] [15] ESR intensity measure-
ine- ® 0 A ments. The ESR and NQR
- JdC- results have been normalized
*al- at 77K for comparison
-
14
The NQR results depicted in Figs. (1) and (2) clearly indicate
that there are no gross bonding changes which accompany the photo-
darkening process in bulk, glassy As,Se, although there is evidence
for the creation of a density of approxfmately 1017cn~3 of meta-
stable paramagnetic defects.
: echo
lre—~ : IV. Structural Studies of A5203
Y .
ypre- - The NQR lineshape observed in glassy As.O0, at 77K consists of a
- ia- i broad (“5 MHz at half height), reasonably gyametric curve as shown
:sent in Fig. {3). Because glassy As.0. is known to devitrify in time,
. at especially in the presence of wgtér, the samples were maintained at
s« and 77K and measurements were made on several different samples at vary-
ing storage times. Three representative measurements are indicated
: zies in Fig. {(3). Although there may be some differences from sample to
Irys-— sample, all three measurements yield esgentially the same results.
F ’ Figure 3 Relative 752—\5 NQR echo inten-
-1 sity as a function of freqguency at 77K
{ Y, 7 in bulk, glassy As.,0,. Solid and open
. circles represent aéa taken on a
n > freshly prepared sample stored for 2
£ = | days and 3 months at 77X, respectively.
2 Open triangles represent data taken on
! : "] a second sample after three months
wnich = -1 storage at 77K. The peak near 117 MiHz
.101. i = represents v1% of crystalline arseno-
! a lite in the glassy as,0, sample. The
-1 ; g - c¢rosses are data take% go as to give
' § . an undistorted representation of the
: (ESR) ; ] intensity in the c¢rystalline line. The
s : & 4 solid line, dotted line and dashed
1 at 1 lines at the top of the figure repre-
i.-adi- sent NQR frequencies of crystalline
-~ NMR { ] claudetite I, arsenolite, and claude-
e to 105 HOo I 120 tite IT, respectively
=" v (MHz}
as
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The sharp peak necar 117 Mz is due to a small fraction (+~1%) of crys-
talline As.O. {arsenolite) in the bulk glass. The crystalline peak
is easily gegarable from the glass by both the lineshape and the
spin-lattice or spin-spin relaxation times, T, or Toe respectively.

The As.0, glass lineshape of Fig. (3) suggests that the local
structuraf grder in this solid is closer to the arrangement in clau-
detite I than to either of the other two crystals. A similar con-
clusion has been inferred from X-ray [16} and Raman scattering [17]
experiments, but neither of these previous studies could distinguish
between the two forms of claudetite.
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X-irradiation o%sglégsy A520 at 77K or 300K produces an unusually

large demsity (~5xi¢
300K.
Ay = 2‘&3'3,
previcusly observed in As_ Se

cm 7) of DasFamagnetic centers which are stable at
The average spin-Hamiltonian parameters (g. = 1.998, g, = 1.984,
Ay = 114G) indicate that these centers are analogous to Lthose
and As,S

glasses and that--they consist of

unpaired electrons localifed”on a no%—gonding 4p orbital of an As atom.
Unlike the results obtaineg+for As 533 and As.S,, the concoggltant heles

in ASZU are trapped on Fe
non*bonging oxygen p orbitals.

impurity sites whiZTh become Fe
The radiation induced ESR is also accom-

and not on

panied by a stable optical absorption tail which lies within the band gap

and increases exponentially with energy.

This absorption can be partially

bleached with the application of sub-band-gap light.

In recent years As_0 glass has been studied
by several techniques i%c%uding X-ray ang pltra-
=4
violet photoemission _cRaman scattering, .
infrared agsorption, and nuclear quadrupocle
resonance., From these and other measurements a
general picture of the structure of glassy As¢03
has emerged. In this p§c§u§g7the tocal order”ii
glassy As 03 is thought“’? to be closer to
that which Exists in the iagered crystalline
modification (clandetite I}" than to that whgch
exists in the crystailine form (arsenolite).
In this paper we describe a paramagnetic center
and an optical absorption induced by X-irradiation
of As 03 glass at 77K.

gamples of As 0. glass were obtained by
melting arsenolite powder in an evacuated quartz
ampoule. The quartz ampoule was sealed inside a
second quartz tube tentaining argon as a precau~
tionary measure. The melt was maintained at
600°C for 2 hours and quenched in air to room
temperature,

Small pieces of As_{ glass were placed in
standard X-band ESR quaft? sample tubes and
sealed in vacuum. During x-irradiation, the
tube was immersed in liguid nitrogen. Care was
taken in order to aveid warming the sample as it
was being transferred to the spectrometer. The
quartz sample tube was inverted after x-irradiation
to insure that only the unirradiated portion was
inserted into the microwave cavity. The
x~irradiation was performed using a copper
target with a beam current of 100 mA at 40 kV.

The ESR measurements were carried out using an
x~band Varian E-9 spectrometer,

Optical samples were cut and polished from
the melt-qugnghed material using methods described
previously, Care was taken to avoid expesing
the ASZO glass samples to water vapor during
the sampie Preparation. Visible and UV Spectra
of the samples were taken in a nitrogen atmosphere
immediately after polishing. Irradiation with
X-rays was performed at 300K in a desiccated

*Supported in part by a grant from FAPESP;
permanent address, Institute de Fisica da U.5.P.,
Sao Paulo, C.P. 20516, Brasii.

nitrogen atmosphere. No evidence for crystal-
lization or for degradation of the optically-
polished surfaces was encountered during the
course of these measurements.

The ESR derivative spectrum observed in
x-irradiated As O3 glass at 77K is shown in
Fig. la. The cﬁaracteristic width of the spectrum
as well as the four resolved features near 2900,
3150, 3350, and 3600 G suggest that the center
is associated with an arsenic atom. As will be
seen the width is ca?ged by 2 strong hyperfine
interaction with an '“As nuclens (100% abundant
I =3/2) and the four resolved features are due
to the four allowed transitions for a spin
interacting with a nucleus of spin I=3/2. The
appropriate spin-Hamilgogign fgr»tgis situation
can be written as H = S.g.H + 5.A.1 where H is
the magnetic field, § and I are the electronic
and nuclear spins, respectively, and g and A are
the electronic gyromagnetic and hyperfine tensors,
respectively.

For the present case we assume axial symmetry
and treat the hyperfine (second) term as a
pertuEBation on the electronic Zeeman (first}
term. The perturbation expansion is carried
ocut to second order. Anp average over all equally
probable orientations of the applied field with
respect to the principal axes of g and A yields
the powder pattern expected for algolycrystalline

or glassy sample” & computer fit'® to the
experimental spectrum of Fig. la (at 110K) is
shown in Fig. lc where Ay = 243 G,

Ay =114 G, gy = 1.998, g, = 1,984, The
powder pattern has been convoluted with an iso-
tropic {angularly independent) Gaussian broadening
of 40G. The spin-Hamiltonian parameters are
independent of temperature from 4 to at least
100K. At 300K there are small changes in the
parameters, but the only parameter whose change
is great encugh to be determined unambiguously
is A which becomes 223 ¢ a2t 300K. Because of
the strong hyperfine interaction the spectrum
remains unsaturated even at high microwave
powers (~200 mW) at 300K. The density of para-
magneféc gguters is estimated to saturate at
~5%x10""¢cm ~ when the X¥-irradiation times exceed
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Fig. 1. Derivative of ESR absorption as a func-

Lien of magnetic field in x-irradiated
As, 0, at 110K. (a) experimental trace;
(by computer simulated spectrum for a
Gaussian distribution of bonding hybrid-
izations as explained in the text, and
{c) computer simulation for a single
site (with no s-p hybridization) as
described in the text.

several hours at 77X, and most of the indeced
paramagnetic ceaters are stable at 300K. One
sample was y*irradéated at 300K in a2 =~ Co source
for ~24 hours (~10° rads}) and no appreciable
increase in the spin density was chserved.

This center is similar to one which has
previously been Tgserved in optically excited
and x-irradiated ~ As_Se. and As.§_ . In these
chalcogenide glasses %he3£SR cengeg has been
identified as an unpaired spin }gcalized pre-
dominantly on an As 4p orbital. We therefore
assume fer simplicity a normalized wave function
of the form ¢ = C s> + ¢ p> where s> and

P> are the afsenil 4s and %p atomic wave func-
tions, respectively. With this wave function the
principal hyperfi&e companents gan be gritten as
A =al’+2bC anda = a C_ - b C where a
and b are®the atoBic arsenic hyperfine coupling
constants for 4s and 4p electrons, respectively.
Several values for a and b have been determined
whic?adiffer from one another by ~20%. If we
take” " 4 = 4500 G and b = 115 G, then the values
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fgr Ay and A determined above yield C§ = 9.2%,
C = 99.8%. Although the exact values Sf Cs and

C_ will vary depending upon what results are
uSed for a and b, one may safely conclude that
the ESR response in As,0, is due to an electron
predominantly (~99%) ifi 3 nenbonding As 4p
orbital. 12,15

Earlier measurements “’ revealed a similar
conclusion concerning the As-related center in
ASZSE and a-As although the interpretation was
coliplicated by the presence of an additionmal ESR
respounse due to a hole on a chalcogen atom in
the case of As _Se, and by the presence of a
thermally generatdd ESR spectrum and a large
unresolved broadening in the case ?f TEAS. The
optically-induced ESR measurements” ’ in As S
did not provide a spectrum whose signal-to-noise
ratio was sufficient to determine accurately the
position of the shoylders of the As center.
Subsequent results - on x-irradiated samples of
As,5, have resolved these features byt there is
a o%e center superimpeosed on the central portion
of the spectrum. Ia the region of the shounlders
{2900 and 300 G in Fig. la) the As-related
spectrum cbhserved in Aszs is very similar te
the spectrum observed ifi 3520 except that Ay
210 G. In the present situa%ion we have both a
single ESR response and a well~-resolved structure
from which one may determine Ay and A (and
hence £°} reasonably accurately, 1In ASZSe and
a-As theé s-p hybridization is greater (~3-§% s
character) than in As_0 » but the hybridization
for the center in X-irradiated As_S. is very
similar, The g values can alsc be“ditermined
with some accuracy for the As center in A5203.
Although there is prebably a distribution &f
principal g-values, the average values are gy =
1.998,3nd g; = 1.984. 1In the earlier measure-
ments on Aszse , and As S3, the g tensor counld
net be determined with any accuracy, but the
increased resolution in A520 » a8s evidenced by
the two resolved lines neaf 3150 and 3350 Gauss
and the weak structure near 3500 G, allows for 2
determination of the anisotropy in the g-tensor.
One would anticipate the observation of a similar
anisotropy in the spectra observed in As,Se , in
As,S,, and perhaps in a~As, if the resolfitign
were better. It is possible that in As 03 the
g-tensor is mot axially symmetric, but %he
present results do not require a symmetry which
is lower than axial.

Within the spirit of the simple axially
symmetric model, we have calculated the effect
of allowing for a distribution of bonding hybrid-
izatioms. Because the average s density reguired
for Fig. ic is extremely small, we start with
the assumption that the unpaired spin is entirely
in a p~orbital and consider an exponential
diﬁtribution of s admixture (C7) of half width
AC = 1%. As shown in Fig. 1b; the resulting
spectrum is seen to be a considerably better fit
to the experimental trace (Fig. ia). A Gaussian
distribution of similar half width produced
essentially identical results. We conclude that
the subtle differences between the experimental
spectrum (Fig. la) and the simplest singie-site
fit (Fig. Ic) can be easily accounted for by a
small distribution of bond hybridization which
is centered about an unhybridized arsenic 4p
wave function. .

In the chalcogenide 8lasses the production
of metastable Paramagnetic centers is accompanied
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Fig. 2. Optical absorption for a polished plate

(~1 mm thick) of As_0, at 300K. Circles
are data for the unirtadiated sample,
triapgles after 45 min of ¥x-irradiation
and squares after 90 min of x-irradiation.

by a metastable induced abosrption which rises
at energies near mid-gap and is relatively flat
up to the band edge. In As. 0. we also observe a
metastable absorption which“gives the irradiated
material a yellow color. The spectral dependence
of this absorption as well as that in the vpir-
radiated (clear) glass is shown in Fig. 2. The
band gap of glassy As. 0, has not been measured
accurggely, but it is“probably in the region of
5 ev, An extrapolation of cur results for the
absorption coefficient & in unarriadjate A520
{circles in Fig. 2) to a value of 10 cm yielas
a value of ~ 6 eV for the energy gap at 300K.
This value may easily be an overestimate because_
the slope of the edge may increase above w2100cm
The triangles and squares of Fig. 2 represent
data taken after x-irradiationm at 300K for 45
and 90 minutes, respectively. After bleaching
for ~30 minutes at.2.71 eV (45793) with a power
density of ~1 W/em”™, there is a parallel shift
of the absorption to higher energies of ~0.2 eV
from the saturated values {squares). The
bleached curve is not shown in Fig. 2.

Because the spectral dependence of the
metastable optically induced absorption in As,0
is similar to that exhibited by several diverfe
processes in other amorphous semiconductors,
neither an unambiguous identification of this
absorption with the radiation-induced ESR nor a
unigue interpretation of the absorption mechanism
is currently possible. The metastable optically
indnced absorptien inm As_Se_, As S » a=As and
other amorphous semicondiictdrs, $hich has been
linked to the optically induced ESR, occurs only
below ~100K and is essentially independent of
energy from near mid-gap to the band edge. At
bigher temperatures (T>200K)} the spectral
dependence of the absorption at moderatelyl}ang

to

decay times (T&lmsec) in A828e3 is similar
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that shown in Fig. 2 for As_0i, except that the
values of & are considerably Smaller in the
selenide.

The spectral dependence of the metastable
optically induced zbsorption in As, 0, is also
similar to that exhibited by the beldw-gap
azbsorption which is thermally generated™ in
a~As. This thermally generated abscrpticn has
been linked to an ESR signal in a-As which,
although similar to the optically induced ESR,
has been attributed to thermzl excitation of
strained bonds at As "vacancies" which are
characterized by small (negative) ef;gctive
electronic correlation energies {U). These
localized electronic states are to be contrasted
with those which give rise to the metastable
cptically-induced absorption in As,Se,, as,8
and a-As and which have been linked t& the”
optically-induced ESR in these solids.

Finally, there is 2 similarity betwen the
optically-induced absorption in As_ 0, and the
- . ) 5 3
increased absorption ta%és observed in As S3
after doping with irom,”" but once again %he
parallel is not complete. For example, the
iron-assoc%gted absorption in As_ S, has been
attributed”” to a charge transfef jrocess whereby
an electron is excited from an Fe~™ while the
absorggion in As,0, is correlated with an increase
in Fe 23

3

One would also expect the presence of a
hole center asociated with the oxygen in As.0
if the analogy with As,S, and As_Se. is reafociable.
The reason for the abs&nte of th& oXygen h?ée -3
center is the presence of significant (310 "cm ~)
iron impurities in the samples. In the crystalline
arsenolite starting material the ESR measurements
indicate that this irom is present as some
iron~rich antiferromagpetic or ferromagnetic
complex. When the glass is formed by melting
the crystalline phase in vacuum, the iron ii+
oxidized and probably forms paramagnetic Fe in
& maanrer analggous to that established in previocus
measurements of magnetic susceptibility in
crystalline and glassy as S, and Fe-doped As
Because the starting cyrsgailine phase is
stoichiometric, the resulting glass must be
slightly arsenic rich. This Lype of departure
from stoichiometry is known to enhance the ratio
of the electron center {As center) to,the hole
center (oxyg B center) in both oxide’” and
chalcogenide™ glasses. In addition, after
x-irragiation there is a significant increas?gin_3
the Fe™ signal observed in glassy As.0,.(>10"7cm ~)
which implies that iron is a better h3l2 scavenger
than oxygen in this amorphous soiid. A similar
situation is also observed in Fe-doped As.S
where the intensity of the sulfur hole cefitdr is
greatly suppressed”” (by at least a factor of
five) upon the addition of 120 ppm Fe. (See
Fig. 5 of ref. 21.)

The hole center on the oxygen atom in
As,0,, if it were present in any significant
améudt, would still be about a factor of three
narrower than the analogous center in ASZS
because the spin orbit coupling constant$ %or
oxygen and sulfur differ by about a factor of
three. It is possible that there may be a
remnant of this center near 3250G in Fig. 1la
where a slight inflection occurs; however, the
intensity of this line must be several orders of
magnitude less than that of the dominant As
center. :
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tion of magnetic field in x-irradiated

claudetite I at 110K.

A strong signal

due to iron impurities has been sub-
tracted from this response.

An attempt was made to observe a similar
paramagnetic signal in the two most common
crystalline forms of Aszo , arsennlite and
claudetite I. No analog Eo the As center was
observed in arsenolite upon x-irfgdiggion at
77K, although 2z weak signal (~10" cm ~}, perhaps
associated with an impurity species was found.

In claudetite I, however, a very weak signal
similar to the one cobserved in glassy A3203 was
obtained after x-irradiation at T77K. In"ofder
to increase the density of defects,.a sample of
claudetite was y-irradiated (1.6x10'R) at 300K
and subsequently x-irradiatd at 77K. The
:EsuigingSweak ESR spectrum shown in Fig. 3
{~10""em 7) is very similar to the As-associated
center chserved in glassy As_ 0, except for some
additional structure which we Attribute to
better resoluticn of the powder spectrum in the
crystal, to a resolved superhyperfine interaction
with neighboring As atoms or to a multiplicity

of slightly different As sites in the crystal.

In Fig. 3 it can be seen that there exists z
sharp line near 3240 & in claudetite 1. This
signal is overmodulated in the spectrum presented
in Fig. 3, but an appropriately measured spectrum
indicates that this feature may in fact be due

to the expected oxygen-associated holﬁzcenter
which is ubiquitous in oxide glasses. The
intensity of the bole center is comsiderably

less than that of the As-related center, and in
a maoner analagous to that described above for
glassy As 03, most of the holes are trapped on
Fe impggi%y atoms with a concomitant increase in
the Fe ESR response after irradiation.

Although we succeeded in producing a2 para-
magnetic center in claudetite I analogous to the
one observed in glassy As, (., the intensity is
many orders of magnitude IeSs than that which
can be easily induced in the glass. In fact the
saturated spin density in As_ 0, is about an

: 3 )

order of magnitude greater tgan that which can
be induced by x-irradiatijon in As,S, and A328e3.
The reasons for the enhanced sensItivity to
ionizing radiation in As 03 are not entirely

clear. Defect modelszs’ 4 which have been
designed to account for the optically-induced
paramagnetism in the chalcogenide glasses suggest
that the number of defects which can be rendered
paramagnetic after irradiation increases with
the glass transition temperature T , but this
trend is not followed by such matefials as Si0

and 8203 which have even higher values of Tg'
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Radiation-induced paramagnetism in a-Si:H
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Several paramagnetic centers have been observed in doped and andoped a-Si:H after x
irradiation at 77 K. The paramagnetic responses in nominally undoped a-Si:H include (1)
an increase in the Si “dangling-bond™ line, and (2) trapped NO. molecules. In O- and
N-doped hydrogenated 2-Si [a-Si{H,O,N)] at least four responses are observed: (1) an in-
crease in the 5i “dangling-bond™ line, (2) an oxygen-associated hole center which is prob-
ably a singly coordinated oxygen bonded either to a silicon or to another oxygen, {3} an
sp*-hybridized dangling bond on a silicon which is bonded to three oxygens (E’ center},
and (4) neutral, atomic hydrogen trapped in the a-Si:(H,0,N) matrix.

1. INTRODUCTION

The successful doping of hydrogenated amor-
phous silicon (g-Si:H) with controiled amounts of
impurities”? has led to the use of these materials in
photovoitaic dzvices. Although the incorporation
of intentional dopants in layers at ohmic contacts
and at junctions is beneficial to device perfor-
mance, the presence of inadvertent impurities in
the active bulk material can often be deleterious.
Two of the most pervasive of the unwanted impur-
ities are oxygen and nitrogen. Most device quality
films® contain on the order of 0.1 and 0.01 at. %
of O and N, respectively.

Previous studies have shown that the device per-
formance of solar cells made from a-Si:H is de-
graded when impurities such as O, and N, are
present in the silane discharge.** At low concen-
trations, the presence of both O, and N, together
produces synergistic effects.™® In films prepared
on high-température substrates (T, ~300°C) the in-
corporation of both O and N f{e.g., from 3000 ppm
air in the silane plasma) resuits in n-type dopihg,s
but the donor species has not been conclusively
identified.

It has long been established that in unhydro-
genated amorphous silicon (a-8i) there exists a
large density (N, ~ 10" —10% cm ™) of unpaired
electronic spins.” This ESR response is commonly
attributed to Si “dangling bonds.” Recently
several authors®~'° have demonstrated that in O-

25

doped a-Si there is no appreciable change in either
the ESR spin densities or line shapes from the
corresponding undoped samples. A similar insensi-
tivity of both the dark and the optically-induced
ESR to the presence of oxygen has been ob-
served'' =" in hydrogenated amorphous silicon
which has been intentionally doped with oxygen,
provided that the oxygen concentration is <1
at. %. Although different defect densities are ob-
tained for different preparation conditions, there is
no significant correiation with oxygen impurity
content.’® There is aiso no appreciable shift in the
band edge'>'* for oxygen concentrations below
about 1 at. %.

Although general agreement exists concerning
the effect of oxygen on the ESR, there remains
some disagreement as to the role of oxygen in the
photoluminescence (PL) processes. Some authors!!
have suggested that the PL is associated with de-
fects while others'*!* have invoked the presence of
self-trapped excitons which are bound to localized
states in the band tails.

Infrared absorption measurements indicate!!-!?
that the bulk of the oxygen goes into the films
doubly coordinated to silicon atoms {bridging oxy-
gen) and that very few, if any, O—H bonds are
formed. Recent LCAQ model caleulations' sup-
port these observations and suggest that interac-
tions between defect centers may become important
in heavily oxygen-doped samples.

The purpose of this study is to investigate the
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impurity-associated defects which can be rendered
paramagnetic through x irradiation both in nomi-
nally undoped films of ¢-$i:H and in films doped
by the addition of oxygen and nitrogen to the
silane discharge [a-Si:(H,O,N)]. A comparison of
the present ESR results with evidence gained from
a previous examination of solar-cell performance in
undoped and air-doped cells® suggests that several
O- and/or N-related defects may be responsible for
the observed n-type doping and associated degrada-
tion in performance.

II. EXPERIMENTAL DETAILS

The samples of a-Si:H employed in this study
were obtained from several sources (see Table 1),
but we shall concentrate on a pair of films made at
Brookhaven National Laboratories which differed
only in their respective oxygen and nitrogen con-
tents. All films investigated contained between 5
and 15 at. % H and were deposited at relatively
slow rates { <350 A/min) on high-temperature sub-
strates (T, >230°C) at relatively low powers ( <1
W/cm?). The two Brookhaven samples were an-
nealed in vacuum (P < 107° Torr) at 150°C for 30
min.

Samples were removed from the substrates and
placed in evacuated quartz tubes. Several methods
of removing the films from the substrates were em-
ployed, but the resulting ESR responses exhibited
no apparent dependence upon the method of sub-
strate removal which was emploved. Some films
were removed by flaking off the substrate or by
scraping with a knife. For other samples the sub-
strates were removed by etching in hydrochioric or.
hydroflouric acid. Samples were placed in stan-
dard ESR quartz tubes which were flushed with
dry nitrogen, evacuated, and sealed. The sample
sizes ranged from ~ 10 to ~ 50 mg.
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Samples were x irradiated at 77 K (copper target
with 100 mA at 40 kV). Irradiation t.mes varied
from 10 to 100 min, but the intensities of most
ESR responses appeared to saturate at tirmes <30
min. Care was taken to eliminate any possible
ESR response which might be induced in the
quariz sample tube by the x irradiation. The x ir-
radiation was performed with the ¢-Si:H sample at
one end of the tube, and the ESR spectrum was
taken with the sampie in the unirradiated end of
the tube. In addition, after x irradiation the unir-
radiated end of the tube was annealed with a
hydrogen-oxygen torch_while the sample was main-
tained at 77 K.

ESR spectra were taken on a standard Y-band
Varian E-9 spectrometer with an optical-access
cavity. Variable temperautures (4 — 500 K} were
obtained using either helium or nitrogen continu-
ous flow systems. Signal averaging and back-
ground subtraction capabilities were provided by a
Nicolet 1080 system. Intensity measurements were
made by comparison to a standard sample of pitch
supplied by Varian.

III. RESULTS

The samples employed in this study were
characterized using several different techniques.
Infrared {ir) absorption measurements, which were
routinely performed on all samples, showed mainly
those vibrational features attributed to the mono-
hydride species'®~"® (F=2000 cm~") and in some
cases (v=2100 cm™"). Photoluminescence (PL)
spectra were also routinely obtained for all samples
at 77 K. The PL measurements, which provide a
rough comparative characterization of the densities
of defect states lving within the optical band gap,
were performed both on the films before removal

* from the substrate and on the large, powdered ESR

TABLE 1. Growth parameters of @-Si:H films used in ESR measurements,

Substrate  Growth Gas Approximate

Thickness ternp. rate Pressure  Power System mixture  substrate area
Supplier {m) r£C) {A/min)  (Tor) W/em? type {% silane) {cm?)
NRL 0410 250 ~350 01-1.0 <1 inductive® 1.5 46
RCA : ~1 330 ~ 300 0.5 0.1 de proxim. 100 81
University of Chicago ~ 10 ~230 ~ 150 0.2 ~0.4  capacitive 100 ~25
BNL ‘ ~6 225 ~ {00 0.25 0.1 capacitive 100 500

*Coupling is nominally inductive but because of large diameter there are substantial capacitive effects.
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samples in evacuated quartz ampoules. Equivalent
results were obtained from both types of samples
and both the line shapes and peak energies { ~1.25
eV) of the spectra compare well with published re-
sults for good. low-defect-density materials,!*20

In addition to the ir absorption and PL mea-
surements, small angie x-ray scattering (SAXS) ex-
periments were performed-! on most samples. The
SAXS measurements indicated the presence of ob-
servable (10—20 A} voids in some samples but not
in others. However, the appearance of voids in the
SAXS experiments does not correlate with any
changes in the PL, ir absorption, '"H NMR mea-
surements, or the ESR measurements to be
described below. Similar conclusions have been
drawn from recent small-angle neutron scattering
experiments.’?

Because the sample sizes employed in this study
were larger than those commonly employed for
measurements of a-Si:H films on substrates, the
usual silicon *‘dangling-bond™ ESR response could
be observed down to densities below 10'° cm—3 at
low temperatures. The ESR responses of all sam-
ples were characterized before x irradiation, and
the resuits are listed in Table II. The unirradiated
spin densities were on the order of 10'® cm~3 for
all samples. Because of differing sample masses
and packing factors, the relative errors between
samples in Table II are approximately factors of 2.
The absolute values of the spin densities N, in
Table II are correct to within a factor of about 3.
The ESR signal of the o-Si:(H,0,N) sample of
Table II {BNL:O,N) was easily saturated at low
microwave power due to an increase in the spin-
lattice relaxation time T upon oxygen doping. A
similar effect has been reported by Kubler ez al.?

~ After x irradiation at 77 or 300 K both in the

nominally undoped samples and in the a-Si:(H,0,
N) sampie, the intensities of the Si dangling-bond
line increased by factors of between 2 and 10.

TABLE II. Spin densities, ¥,, for unirradiated sam-
ples of a-Si:H as described in the text.

Linewidth N,
Sample AH (G) g {spins/em?)
NRL 6.7 2.0057 7% 10"
RCA 6.7 2.0054 5% 10Y
BNL 6.7 -2.0056 8 10%
. BNL: "ON 8.0 2.0057 2% 10
University ~ =~ -~ - 67" 2.0056 4x 10t

of Chicago

This increase, which was stable at 300 X, varied
from sample to sample in no predictable way. No
discernible changes were observed in either the g
values or the linewidths of the ESR responses be-
fore and after x irradiation. These resuits are simi-
far to those reported earlier by Dersch, Stuke, and
Beichler™ who employed intense optical excitation
for several hours; however, the increases by Dersch
et al.** were limited to a factor of 2.

Ontically induced ESR has been studied in a-
Si:H by several anthors,”> 2 and we have observed
similar effects in the samples listed in Table IL
After x irradiation, the intensity of the optically
induced ESR is increased over the unirradiated
value. Both this increase and the increase in the
dark ESR signal, which is observed after x irradia-
tion, can be annealed by heating to temperatures of
~200—250°C. Annealing at higher temperatures
yields an increase in the dark ESR line (with the
same g value and linewidth as listed in Table II)
and a decrease in the optically induced ESR in
general agreement with the results of several other
studies,?? ~3!

A. x irradiation of nominally undoped a-Si:H

After x irradiation at 77 K, some samples of a-
Si:H display an ESR spectrum at 77 K as shown
in Fig. 1a). This spectrum is a superposition of
the Si dangling-bond response near 3245 G, which
is greatly over modulated, and a three-component
resonance which, as we will demonstrate, is attri-
butable to paramagnetic NO, molecules trapped in
the a-Si:H matrix. The spin density N, corre-
sponding to the NO, ESR response is estimated to

-

Dervolive of Abrorphon {Arb Unite)

F

EFdeled 240 zeg 3320
Mognetie  Fiald ([ G)

FIG. 1. (a) Experimental and (& computer-simulated
ESR derivative traces of NGO, radicals in 2-Si:H after x
irradiation at 77 K. The additional feature near R0 G
in the experimental tface is due to the usual “dangling-
bond™ signal as explained in the text.



be < 10" cm 2.

The spin Hamiltonian which describes this spec-
trumn contains both electronic Zeeman and hyper-
fine terms:

HF=FSFH+S5AT, 8y

where ¥ is the gvromagnetic tensor for the elec-

tronic spin, A is the hyperfine tensor, H is the ap-
plied magnetic field, and S and 1 are, respectively,

‘the electronic and nuclear spin vectors. The eigen-

values can be calculated by considering the hyper-
fine term as a perturbation, If it is assumed that

S —-:% and that the principal axes of g and A are

coincident, then to first order the resonant condi-

tion is given by*? '

hv=gBH +4Am , : ()
where

gl=glsin®0-+gicosid,

ga=gisin’d +glcos’s ,

824 =glB%in*0+gi43cos?6 ,

8B’ =gid sin’¢+g3d3cos’s .

In Eq. (2), the angles 6 and ¢ are Euler angles of
otation, 4; and g; are the principal components of
A and g, respectively, and m is the nuclear mag-
netic quantum number,

In a polycrystalline or glassy sample one must
average over ali equally probable orientations of
the principal axes of A (and’g) with respect to the
applied magnetic field H. This average, which is
called a powder pattern,’ has been evaluated nu-
merically® for the parameters of molecular NO, as
found®* in NaNO, after x irradiation at 77 K, and
the derivative of the resulting spectrum is plotted
in Fig. 1(b}. An isotropic (angularly independent)
Gaussian broadening of 4 G has been used in the
computer simulation of Fig. 1{b) to acccunt for un-
resolved interactions with nuclear spins in the a-
Si:H network surrounding the NO; molecule. The
magnitude of this broadening is consistent with the
occurrence of ~ 10 at. % hydrogen in the amor-
phous silicon.

The spin-Hamiltonian parameters used for NO,
in Fig. 1(b) are™ g, =2.0057, g,=2.0015, g,

- =1.9910, 4, =47 G, 4,=49 G, 4, =68 G. As
. Mentioned above, the discrepancies between the cx-

perimental and computer-simulated traces of Fig. 1
near 3245 G are eaused by the presence of the Si
dangling-bond signal which has been greatly sa-
turated in order to display the less saturable NG,
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signal as clearly as possible. Although the zgree-
ment between traces {a) and (b} of Fig. I is not per-
fect, it is apparent that the characteristic signature
of the paramagnetic NO, molecuiar in an amor-
phous or polycrystalline matrix has been observed
in this sample of a-Si:H. )

Because the NO, signal in a-5i:H is weak. it is
not possible to evaluate the spin-Hamiltonian
parameters precisely or even to determine whether
there is more than one preferred site for the NO,
molecules in the g-Si:H matrix. The anistropy in
the g and A tensors does, however, indicate that
these molecules are stationary (i.e., not rotating or
nutating) at 77 K. In crystailine hosts the g and 4
tensors of NO; become axially symmetric when the
molecules are free to rotate.”® The x-ray-induced
ESR signal in a-Si:H decays upon heating above 77
K and can be completely annealed by cycling to
300 K. In addition, the signal can be optically
bleached at 77 K with a tungsten lamp although
the“spectral dependence of the bleaching process
has not been investigated.

We attempted to enhance the NQ, signal by deli-
berately introducing 1000 ppm O, and 1000 ppm
N, into the silane gas stream during deposition of
the material. Unfortunately, as we will demon-
strate below, the incorporation of ~2—4 % oxygen
and 500 ppm nitrogen in the resulting ¢-$i:(H,0,N)
films produces strong ESR responses due to oxy-
gen (see Fig. 2} that mask any possible increases in
the NO; spectrum. By comparison, measurements
of secondary-ion mass spectroscopy (SIMS) show
that the nominally undoped material contains 0.2
at. % O and 20 ppm N when produced under oth-
erwise identical plasma processing conditions {BNL
samples, Table I).

B. X irradiation of 4-Si:(H,0,N}

Because the introduction of oxygen®®°—13
and/or nitrogen®®*¢ impurities into the vacuum
chamber during deposition produces O- and N-
doped a-Si:H whose properties are considerably
modified from those of the nominally undoped ma-
terial, we x irradiated the aforementioned a-
Si:(H,0,H) samples at 77 K. The general features
of a representative ESR spectrum at 110 K are
shown in Fig. 2. We will show that the doublet
(lines near 3000 and 3500 G) is due to neutral
atomic hydrogen trapped in the a-8i:(H,0,N} ma-
trix and that the structured response near 3200 G

-is the superposition of at feast three resonances due
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Derivative of Abserption {Arb. Units)
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FIG. 2. {a), (b) ESR deivative spectra for two dif-
ferent sampiles of O-doped a-$i:H (BNL:O,N). The bot-
tom traces are due to atomic hydrogen and are run
under conditions to minimize the distortion in these line
shapes due to excess microwave power and magnetic
field modulation. The features near 3200 G are due to
overlapping signals from the oxygen-related hole centers,
the usual “dargling-bond™ signal and silicon E’ centers,
but the line shapes are distorted.

to (1) a Si dangling bond in the 2-Si network, {2)
an oxygen-associated hole center which is probably
a singly coordinated oxygen bonded either to a sili-
con or to another oxygen, and (3) an sp’-hybridized
dangling bond on a silicon which is bonded to
three oxygens (£ center).

We consider first the center attributed to atomic
hydrogen in a-Si{H,O,N). Because the signal attri-
buted to atomic hydrogen was not observed in
several samples of nominally undoped a-8i:H
which were x irradiated under identical conditions,
we conclude that the oxygen is needed to stabilize
these centers in ¢-St:H. Atomic hydrogen is a well
known paramagnetic species in many crystalline
and amorphous solids including both crystalline’’
and glassy*? Si0, as well as other glasses.”” In
order to evaluate the doublet portion of the spec-
trum of Fig. 2, one needs to add to the spin Ham-
iltonian of Eq. (l}nt_hg.nuc]ear Zeeman term, which
is of the form —y1-H where ¥ is the nuclear
gyromagnetic ratio. Because the hyperfine term
for atomic hydrogen is large, one usually employs
the Breit-Rabi approach,* but the spin Hamiltoni-
an may also be evaluated by exact matrix diagonal-
ization of all three terms.*! Because the two lines
. attributed to atomic hydrogen are symmetric in a-_
Si:H, we have assumed that bothg and A are iso-
tropic. Using an iterative method™ we calculate
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2=2.003+0.001 and 4==504+1 G independent of
temperature from 4.2 to 300 K. These values com-
pare favorably with those obtained for atomic hy-
drogen in glassy S10, where the g and 4 values are
2.0025 and 503 G, respecgively.“jg There is an
anisotropy in both g and A for atomic hydrogen in
crystalline quartz, but the magnitudes of these an-
isotropies are less than 0.1 of the errors quoted
above for a-Si:H. For atomic hydrogen in free
space® the isotropic hyperfine coupling constant is
506.8 G.

The magnitude of the ESR response due to
atomic hydrogen in a-Si:H yields as estimate of
~ 10" spinsem ~? which is independent of the
temperature from 4.2 to ~ 100 K. This estimate is
complicated by the fact that at these temperatures
it is not possible to observe an unsaturated signal
without overmodulating the sample. Above ~ 100
K there is a gradual decay in the ESR signal. The
stabiiity of the atomic hydrogen defects is indicat-
ed in the isochronal annealing curve of Fig. 3. In
these experiments the sampie was x irradiated at
77 K for one hour after which an ESR measure-
ment was taken at a base temperature (either 110
or 300 K). The sample was then annealed for 15
min at progressively higher temperatures inbetween
each of which the signal was remeasured at the
base temperature. The triangles represent data tak-
en at 110 K and the circles represent data taken at
300 X after excursions to the indicated tempera-
tures. It is apparent from this figure that most of
the atomic hydrogen, once created by x irradiation,
is stable at temperatures up to about 300 K. This
behavior contrasts with that generally observed in
oxide glasses and crystals where atomic hydrogen
anneals’’ near 200 K. The slow decays below 300
K and the more rapid decay above this tempera-
ture indicate that there are at least two decay rates
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FIG. 3. Isochronal decay of atomic hydrogen ESR
signal after 10-min excursions to the temperature indi-
cated by the data points. Triangles were measured at
110 K and circles at 300 K.
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for the atomic hvdrogen sites.

A series of ESR measurements was performed to
study the isothermal decay rates of the atomic hy-
drogen defects. The sample was x irradiated at
room temperature for one hour after which the de-.
cay of the atomic hydrogen ESR signal was moni-
tored as a function of time at a given temperature.
The sample was then anneaied at 363 K for 10
min after which it was again x irradiated and the
procedure repeated at a different temperature. The
results at five different temperatures are shown in
Fig. 4 normalized by a decay time ~{ 7% It is ap-
parent from Fig. 4 that all of the decay curves are
essentially the same shape after normalization.

The most likely decay mechanism for these par-
ticular paramagnetic defects is for two hydrogen
atoms to combine and diffuse out of the sample as
H,. This mechanism is a bimolecular decay pro-
cess of the form

ar 2

dtma-f(T)I , _ 3
where [ is the ESR intensity and the rate Ff{Dis
given by

S (D==foexp(—E, /kTY. @

In Eq. (4}, f, is the preexponential factor and E; is
a thermal activation energy for release of the hy-
drogen atom. Equation (3) predicts that a plot of
1! as a function of time should yield a straight
Iine of slope f(T). Such a plot is shown in Fig. 5
for five different temperatures. In these experi-
ments the sample was x irradiated at 300 K for
one hour and the decay of the ESR signal at an
elevated temperature was immediately monitored.
The sample was annealed at 363 K for 10 min be-
fore the cycle was repeated. One can see that ex-
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FIC}‘.: 4. Normalized isothermal decay of atomic hy-
drogen ESR signal as a fanction of time, Curves
represent data taken at 310, 319, 323,332, and 343 K.

cept at high temperatures and long times th- data
are well fitted by bimolecular kinetics. The tem-
perature dependence of the slopes yields the activa-
t‘on energy for the process (E, =0.5 eV) as shown
in Fig. 6. Because of the slow decay rates below
300 K similar data could not be obtained in this
regime.

A closer examination of the hydrogen doublet
reveals the presence of two different sites with dif-
ferent linewidths which saturate at very different

‘microwave power levels. Figure 7 indicates the

“apparent” changes in line shape which appear as
a function of temperature under constant operating
conditions. A narrow line appears unsaturated at
60°C but at —140°C a broad line is enhanced be-
cause the narrow line is saturated. At 4.2 K {not
shown in Fig. 7) only the broad component is ob-
servable because the narrow component has been
compietely saturated. The saturation behavior of
the narrow line is indicated explicitly in Fig. 8§ at
two characteristic temperatures, Similar measure-
ments for the broad line could not be made reliably
both because this line saturates at much higher mi-
crowave powers and because the signal-to-noise ra-
tios were not great enough. As the isochronal
measurements of Fig. 3 would indicate, the (unsa-
turated} intensities of the broad and narrow lines
do not change appreciably up to about 0°C,

Figure 9 presents two more detailed traces from
which the separation of the two components can be
effected. The weaker signal shows the narrow line
with appropriate values of microwave power and
magnetic field modulation, #;. The stronger
curve was run with greater H, so that the narrow
line is broadened (overmodulated), but the presence
of an underlying broad line in the wings is ap-
parent. The dashed curve is an estimate of the
broad line with the remnants of the narrow line re-
moved.

The linewidths of these two atomic hydrogen
sites are determined mostly by dipolar interactions
with neighboring bonded hydrogen. In glassy SiO,
where there is little dipolar broadening from neigh-
boring nuciei, the linewidth of the atomic hvdro-
gen doublet’ is 0.5—1.0 G. The ESR measure-
ments in a-Si:(H,0,N) yield linewidths for the two
sites of 3.4 and ~ 10 G, respectively. These
linewidths are independent of temperature from 4.2
to ~360 K. The line shape of the narrow com-
ponent is essentially Lorentzian. It is difficult to
establish a line shape for the broad line because of
the poor signal-to-noise ratio and the interference
of the narrow line, but the wings appear to be
more Gaussian than Lorentzian.
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F1G. 5. Bimolecular {second-order kinetics) decay of atomic hydrogen ESR signal as a function of time at several

temperatures,

We next consider the oxygen-related defects
which are rendered paramagnetic by x irradiation
at 77 K in ¢-Si(H,O,N). The ESR spectrum near
g==2.0 is shown in Fig. 10. The spectrum consists
of three distinct components which can be separat-
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FIG. 6. Activation energy for thimolecular) decay of
omie hydrogen centers in a-8i:H.ON). The straight
line represents a weighted least squares fit to the data.
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FIG. 7. Temperature dependence of one component
of the atomic hvdrogen hyperfine doublet. All traces
were run al the same microwave power, and the narrow
feature is saturated at the lower temperatures,
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ed unambiguously through the use of microwave
saturation and thermal annealing studies. The
strong sharp central feature is due to the Si
dangling-bond resonance which occurs also ift un-
doped samples and was described above.

The broad underlying features labeled 4 and B
on the low-field and high-field portions, respective-
ly, are due to an oxygen-associated hole center
(OHC). The inset at the top of Fig. 10 shows the
spectrum run at high microwave power (100 mW).
At this power level the Si dangling-bond line is
nearly completely saturated and the remaining line
shape is essentially due to the oxygen-related center
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FIG. 9. Detailed ESR derivative trace of one com-
ponent of the atomic hydrogen doublet. In the more in-
tense trace the central portion has been overmodulated
to emphasize a second broad component in the wings
which is attributed to a second environment for atdmic
hydrogen in these samples. The dashed curve represents
an estimate of the broad component.
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F1G. 10. Central portion of the ESR response in O-
doped a-8i:H after x irradiation at 77 K. The strong
central line is the Si dangling-bond signai; the features
labeled A and B correspond to an oxygen-related defect
thole center); the feature labeled C corresponds 10 a sili-
con E' center. The inset shows the same spectrum tun
at much higher microwave power (100 mW) such that
nearly all of the reponse is due to the signal from the
oxygen-associated hole center. See text for details.

which saturates less easily. The lack of influence
of the Si dangling-bond lines was checked by ob-
serving that the optically induced enhancement of
this line, which also saturates easily, was essential-
Iy unobservable at these high power levels even
though the optically induced contribution dom-
inates the spectrum at low power levels. The spec-
tral feature attributed to an oxygen-associated hole
center is too weak to be observed in nominally un-
doped g-Si:H, and the presence of oxygen (or
perhaps nitrogen} is necessary for its production.
In addition, the line shape is consistent with a
variety of OHC’s which have been observed in ox-
ide glasses.*** For example, in glassy SiO, two
hole centers appear. One center, which appears
more readily in Si0, containing OH impurities, is
associated with a hole trapped on a singly coordi-
nated oxygen atom which is bonded to a silicon
atom*® (g, =2.0010, 8, =2.0095, average
g3={g;)=2.068). This center, which is frequent-
ly stabilized on surfaces of metal oxide catalysts,’
is often called on O~ ion. A second center, which
oceurs in “OH-free” $i0Qs, is associated with a hole
trapped on a singly coordinated oxygen atom
which is bonded to another oxygen atom*® {peroxy
radical where g, =2.0014, g, =2.0174, {g)

. =2.058). This center, which is also frequently sta-

bilized on surfaces of metal oxide catalysts,*® is
usuaily referred to as an 0,~ or a superoxide ion.
The spectrum of Fig. 10 does not warrant a de-
tailed line-shape calculation, but the asymmetry in-
dicates that g, ~2.00 and g, ~2.02. The feature
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associated with g, is washed out and no estimate
for this parameter can be made.

The hole centers in SiO; both exhibit ESR spec-
tra which are much more structured than the
broad line in Fig. 10, but unstructured resposnses
are observed for hole centers in the oxide glasses
wherever nuclel with nonzero magnetic moments
are present. For example in atkali silicate glasses,™
two hole centers, HC, (g, =2.0026, g, =2.0090,
and g;=2.0210} and HC, (g ~2.01} are present for
various alkali concentrations. The specific model
for HC, has not been established, but there is little
doubt that HC, is the analog of the hole center
which appears in $i0, containing OH impurities.
Furthermore, in sodium rubidium and cesium sili-
cate glasses the spectrum attributed to HC, is very
similar to the broad peak in Fig. 10 which displays
a positive derivative peak near 3230 G and a nega-
tive derivative peak near 3250 G. Because of the
presence of hydrogen in the a-8i:H one would ex-
pect the unresolved dipolar interactions to produce
a structureless line similar to those encountered in
some of the alkali silicate glasses.

Although a good case can be made for the attri-
bution of the broad line seen in Fig. 10 to a hole
center partially localized on a singly coordinated
oxygen, it is not possible to determine whether the
oxvgen is bonded to a silicon or another oxygen be-
cause the g tensors are relatively insensitive to the
details of the oxygen bonding.**5 These oxygen
centers, which we estimate to be ~10'® cm =3, an-
neal at temperatures above ~200°C although no
detailed measurements have been performed. Pre-
liminary experiments at room temperature also in-
dicate that these centers can be induced optically
by light with energies near the band gap.”!

The narrow feature labeled C in Fig. 10 is attri-
buted to an unpaired electron on a silicon atom
which Is bonded to three oxygen atoms (E’ center).
A more detailed trace of this response is shown in
Fig. 11 where the broad line is the Si dangling-
bond signal and the sharp feature between 3245
and 3250 G is the E’ center.

The Si E’ center has been extensively studied in
glassy Si0, and related oxide glasses.™ Comparis-
ons with E* centers in crystalline a-quartz®® ard .
the use of samples of plassy SiO, which were en-
riched® in #°Si have provided a definitive identifi-
cation of the E’ center in the oxide glasses (g3

=2.0017, g, =2.0006, g, =2.003). The hybridiza-
tion of the wave function of thc unpa:red spin is
esseatially sp? for the E’ center™ in glassy SiQ,.
Although the resolution of the line in Fig, 11 is
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FIG. 11. Detailed ESR derivative trace of the central
region of the spectrum. The broad line is due to the Si
dangling-bond line which can be increased by the appli-
cation of light. The narrow line near 3247 G (labeled O
is due to a silicon E” center which is similar to those
which oceur in oxide glasses.

not as good as that which is commonly observed in
glassy 5i0,, the linewidth, the asymmetry, and the
microwave saturation properties are such that one
can clearly identify this feature as due to £’
centers in the 2-8i:(H,0,N) material, We estimate
the number of these centers to be ~ 10'5 cm 3,

IV. DISCUSSION

Since the original observation by Staebler and
Wronski*® of 2 metastable decrease in both the
dark conductivity and the photocenductivity in un-
doped 2-Si:H after prolonped exposure to light at
300 K, there is additional evidence which ties these
optically-induced metastabilities {Staebler-Wronski
effect) to the influence of electronic states which
lie deep in the gap.****%" Although some authors
have suggested that surface effects ma\ be respon.
sible for the Staebler-Wronski effect,” we believe
the early work of Staebler and Wronski®™®* hag
demonstrated that the observed conductivity
changes represent a bulk effect. This effcct can be
anncaled in the dark above ~ 130°C with an an-
nealing activation encrgy of 1.5 eV. Punkove and
Berkeyheiser®’ discovered that exposure to fight
enhances the photoluminescence (PL) near 0.8 eV
and slightly decreases the photoluminescent

- response near 1.2 eV. These changes in the PL



were observed to anreal near 220°C. Recently,
Dersch er al.”* have shown that long exposure to
light produces an increase in the Si dangiing-bond
ESR signat. As described in Sec. 11 we have ob-
served similar increases in both the dark and
optically-induced Si ESR after x irradiation. The
changes observed upon x irradiation also anneai be-
tween 200 and 250°C.

Both Pankove and Berkeyheiser®’ and Dersch
et al.® attribute the Stasbler-Wropski effect to the
production of additional Si dangling bonds after
prolonged exposure to light. The present results on
x-irradiated samples certajnly do not contradict
these earlier conclusions, but the measurements on
a-3i:(H,O,N) do suggest that there may be some
ambiguity in the previous results. For example, an
extrapolation of the results on O,-doped films sug-
gests that in nominally undoped a-Si:H, where the
oxygen impurities are usually on the level of ~0.1
at. %, one would expect the number of oxygen-
related hole centers to be on the order of 10' .
em ™. (One would anticipate the density of E’
centers to be considerably smaller because these
centers require a silicon bonded to three oxygen
atoms.) Although cluster calculations by Ching!?
and Laughlin er al.*? indicate that an isolated, di-
amagnetic, singly coordinated oxygen in the amor-
phous silicon network or on an ¢-Si internai sur-
face does not create a state in the gap, the present
ESR results show that the paramagnetic oxygen-
associated hole center is a very stable gap state. It
is therefore probable that these oxygen-associated
centers occur on greatly relaxed surfaces or in A
oxygen-rich regions in ¢-Si:H because the hetero-
geneous nature of -Si:H has been well document-

-ed. For example, extensive NMR investiga-
tions®>:¢! always reveal two distinct and spatiaily
separated hydrogen environments.

Whether the oxygen-associated hole center oc- -
curs on an internal surface, in an $iQ, -rich region
or on an isolated Si—O bond in the g-Sj network,
it is certainly possible that this deep hole trap is re-
sponsible for the light-induced conductivity
changes observed by Staebler and Wronski. There
are also indications from deep-level transient spec-
trascopy (DLTS) experiments® that traps associat-
ed with impurities such as oxygen may be linked
with the metastable optical properties in g-5i:H
films, ’

Another paramagnetic defect which can poten-
tially affect bath the optical and the transport pro-
perties of a-Si:H is the trapped NO- motecuie
described in Sec. I11. By analogy with the situa-
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tion in crystalline hosts, the NO; molecule prob-
ably originates™® from NO,™ rudicals trapped in
the amorphous Si matrix or in SiO_-rich regions.
Because the paramagnetic NO, molecule is not
moving or rotating (the g tensor is anisotropic), it
is unlikely to be trapped on internal surfaces.’**$
The optical and thermal annealing experiments of
NO; in a-8i:H suggest that NOs™ may be a shal-
low hole trap and as such could inhibit minotity
carrier diffusion in some dervices.

The present ESR resuits suggest what is perhaps
an important caution. There are a number of de-
fects, which are not due to Si or H atoms bonded
in the a-Si:H network but which may be important
in controlling the optical and transport properties.
Ultimately, the traps which fimit minerity carrier
diffusion lengths in solar-cell devices made from
a-3i:H may not be Si dangling bonds but rather
impurity species. The oxygen hole centers and the
trapped NO; molecules just discussed are merely
two of many possibilities,

Parallel optical and transport experiments have
been performed on identical a-8i:(H,O,N) films, as
well as on similar films alternatively doped by the
addition to the plasma of air or nitric oxide
(NO)V.5% Device performance of solat cells fabri-
cated from such materials has also been evaluated.’
These parallel measurements have shown that the
presence of O, and N, in the plasma during film
growth results in n-type doping (as a strong func-
tion of substrate temperature) and severely de-
grades the p7 product for holes. (Here t is the
hole mobility and 7 is the hole recombination life-
time.) As mentioned in Sec. IIL, the PL spectrum
and efficiency, as well as the Si dangling-bond
dark ESR and optically induced ESR, do not
change appreciably with O and N doping. For
these and other reasons, the degradation in solar-
cell performance was attributed to doping asscciat-
ed (Le.,, N or O associated) defects whose energies
were located at ~0.8 eV below the conduction
band in the bulk.> These deep-lying donoriike
states could be the oxygen-associated hole centers
seen in x-irradiated ESR, but this explanation does
not naturally explain the synergistic effects of 0,

-and N; that reduce the short-circuit current density

in a-Si:H solar cells. The defects could also be
traps related to nitrogen-oxygen complexes such as
NO;™ and NO~, or NO;~ (or perhaps NO™ or
NO;*) which can be rendered paramagnetic by
hole trapping {(or in the cases of NO* or NO,*
also by electron trapping). In addition, one can en-
vision a diamagnetic defect involving nitrogen
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bonded to the silicon network, such as

=81 —N=0, which can be transformed into a
paramagnetic species by electron or hole trapping.
These nitrogen-associated centers are masked in the
a-8i:(H,O,N) samples by the oxygen-associated
ESR response. We estimate that the density of
such nitrogen-associated centers must be less than
~5% 10" em™? (within a factor of 3) in order for
the response to be unobservable in the doped films.
This bound is reasonably consistent with a density
of hole traps that could account for the observed
collapse of the space charge width at solar-cell
junctions.?

The preceding discussion has centered on defects
directly associated with impurities such as oxygen
and nitrogen; however, even in the case of atomic
hydrogen which is a defect involving a major con-
stituent atom, an impurity, namely oxygen, plays
an important role in stabilization. Because the line
shapes do not change with temperature, the hydro-
gen atoms are trapped in the lattice, but because
the g and A4 values are so close to the free atomic
hydrogen values, the bonding to the lattice must be
weak. Two possibilities exist to explain this weak
trapping of atomic hydrogen in a-Si:H. Firstly,
the atomic hydrogen might be bonded to a cage via
weak van der Waals forces.?"#? Alternatively, the
hydrogen right be held electrostatically®® near sur-
face oxygen atoms due to the large electric fields
near oxygenated internal surfaces. Atomic hydro-
gen is not found in nominally undoped a-Si:H.

For reasons which we shall now discuss we consid-
er the electrostatic interpretation as the most plau-
sible, although the larger atomic radius of oxygen,
as compared to silicon, is consistent with the van
der Waals explanation.

As noted in Sec. 111, the hyperfine couping con-
stant for the atomic hydrogen centers in a-Si:H is
less than that for free hydrogen. This decrease is a
resuit of a reduction in the s character of the wave
function which is expected for either the van der
Waals® or the electrostatic®® 5% mechanism. Us.
ing methods similar to those discussed by Papp
and Lee,” we can estimate the electric field
strength necessary to produce the observed reduc-
tion in the isotropic coupling constant 4 =504 G
from the free hydrogen value 4, =506.8 G. Using
-a perturbation approach®® " one obtains

CA=(1—h4, , - - (5)
where
- eE(ls )z [2p)
AE .

In Eq. 5, AE=10.2 ¢V is the energy separation be-
tween the ground s state and the first excited p
state of the hvdrogen atom and the matrix element
(15 |z {2p)=1.245%107% cm for atomic hydro-
gen.”! From the ESR resuits 1 ~5x 1073, and
one obtains £ ~6X 10’ V/cm. This field strength
is consistent with that observed® on porous glass
surfaces. We are thus led to the suggestion that
the atomic hydrogen is trapped electrostatically on
internal oxygenated surfaces of a-Si:\H,O,N).

Although the electrostatic mechanism seems
most reasonable the possibility of trapping via van
der Waals forces cannot be excluded. In crystalline
quartz the atomic hydrogen sites’ are thought to
be interstitially located in the ¢c-axis channeis be-
tween silicon atoms. The nearest neighbors in
these sites are four oxygen atoms in a nearly
tetrahedral configuration. In this case the oXygen
cage is so small that the hyperfine constant actual-
ly increases’ over the free atom value, but for
glassy SiO; the 4 value is reduced. It is commonly
presumed’’ that the increased cage diameters in the
less dense vitreous phase allow the van der Waals
interaction to decrease the s density on the hydro-
gen atom. One cannot exclude this possibility as -
an explanation for the trapping of atomic hydrogen
in 8i0, regions of a-Si:H.

Because there is considerable oxygen contamina-
tion even in nominally undoped films, the concen-
tration of atomic hydrogen generated by x irradia-
tion at 77 K could be on the order of 10'* ¢m—3
even in these films. Unfortunately, this density is
below our level of detection with current experi-
mental techniques.

Although we can infer from the bimolecular de-
cay of the ESR signal that the atomic hydrogen
forms molecular hydrogen on thermal annealing,
the ESR results provide no information concerning
the parentage of atomic hydrogen in a-Si(H.O,N).
We speculate that the relatively small number of
atornic hydrogen centers (~ 10'* cm—%) results
from a radiation-induced breaking of.weak Si-H
bonds. This borid breaking should increase the
dangling-bond ESR signal and may be responsible
for some of the increased dangiing-bond ESR sig-
nal seen after x irradiation. Because rmost of the
increase in the dangling-bond ESR response can be
annealed by heating to ~ 200—250°C, the produc-
tion of atomic hydrogen by breaking Si —H bonds
cannot accoynt for most of the increase in the Si
dangling-bond line after x irradiation. The m;ijori-‘
ty of this line probably results from hreaking weak
3i—S8i bonds which can reform on anncaling.
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Because there are two distinct environments for
both the atamic hydrogen ESR sites and the 'H
NMR sites,™ ! we examine whether there i any
correspandence between the two measurements,

As described in Sec. 1] the broadening of the ESR
lines, which results from the same dipolar mechan-
ism responsible for the linewidths in the NMR ex-
periments,®-°! yields two distinct ESR sites whose
linewidths are 3.4 G (Lorentzian) and ~50 G
{Gaussian), In comparison, the NMR linewidths
are ~1 G (Lorentzian) and ~5 G (Gaussian) for
the two distinct hydrogen clustered environments
which are always observed ®-¢! In addition, the in-
tensity ratios of broad-to-narrow components ob-
tained from NMR and ESR are ~2:1 and ~10:1,
respectively. It is not possible to calculate precise-
ly the dipolar contributions to the linewidth in ei-
ther the NMR or ESR situations, but they must
both be on the order of

Aw~ yiHloc 3 (6)
where

Trh
]‘3 )

H!oc“"

In Eq. (6} ¥, is the gyromagnetic ratio of the -
resonant spin {nuclear or electronic; v, or Ver
respectively), 7 is a measure of the average
nearest-neighbor hydrogen separation. Thus, H,,
is an estimate of the local field generated at the
resonant site by the surrounding hydrogen atoms.

Since the ESR and NMR linewidths are within a
factor of 10 of one another in spite of the fact that
Ye ~10%y,, the atomic hydrogen exists in an en-
vironment which ig very different from that of the
majority of bonded hydrogen atoms in ¢-Si:H.
This fact is not surprising because the atomic hy-
drogen requires oxygen for stability, If the atomic
hydrogen is trapped in an oxygen cage, then this
defect will be considerably more isolated from
bonded hydrogen atoms than these atoms are from
one another.

Thus, we should not expect correspondence be-
tween the NMR environments and the environ-
ments of the atomic hydrogen defects created by x
irradiation. However, the appearance of two dis-
tinct sites for the atomic hydrogen defects with
parameters similar to those occurring for all of the
bonded hydrogen atoms indicates that these defects
may be trapped with roughly similar efficiencies in
either environment.,

It is clear from the preceding discussion that
both of the atomic hydrogen sites in a-Si-H yield

inhomogeneously broadened ESR lines. In the ab-
sence of spin diffusion.” the saturation curve of
Fig. 8 at high microwave powers should become
independent of power,”™ "™ and the falioff at high
power dn this figure could be indicative of the
breakdown of the Lorentzian spin packet ap-
proach™ " of Portis™ and Hyde.”* If we ignore
this possible complexity, the saturation curve at
110 K yields an order of magnitnde estimate for
Ty of 1077 sec for the narrow component of the
atomic hydrogen centers. Although not measured,
the T, for the broad component at this tempera-
ture is at least an order of magnitude faster.

Y. SUMMARY

Samples of nominally undoped and O- and N-
doped a-8i:H have been x irradiated at 77 K, and
several metastable, paramagnetic responses have
been observed. In all samples after x irradiation,
the intensities of the Si dangling-bond line in-
creased by factors of between 2 and 10, and no dis-
cernible differences were observed in either the g
values or the linewidths. Some undoped samples
of a-8i:H display an ESR spectrum attributable to
NO; molecules trapped in the a-Si:H matrix
(~10"% cm ), Attempts to erhance the NG,
response by doping films with O, and N, {a-
Si:(H,O,N}] did not succeed because of the oe-
currence of an oxygen-associated hole center
{OHC) which masked any possible increase in the
NO, signal.

Four ESR responses have been positively identi-
fied in x-irradiated a-8i:(H,C,N). These include (1)
neutral atomic hydrogen trapped in the a-Si:(H,0,
N} matrix (~10'° cm—3), (2) 2 S dangling bond in
the a-Si network, (3} an oxygen-associated hole
center which is probably a stngly coordinated oxy-
gen bonded either to a silicon or to another oxygen
(~10' em =), and (3) an sp*-hybridized dangling
bond on a silicon which is bonded to three oxygen
atoms (£ center; ~ {0° cm™3).

Oxygen is required to stabilize the atomic hydro-
gen centers in g-8i:H, and we have suggested that
the atomic hydrogen is held electrostatistically near
surface oxygen atoms. These centers decay ther-
mally above about 300 K, and the decay mechan-
ism probably involves two hydrogen atoms com-
bining to form H, which diffuses out of the sam-
ple. There are at least two distinet sites for the
metastable atomic hydrogen in g-Si-H.

The ¢ tensor provides firm evidence that the
OXxygen-associated hole center is partially localized
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on a singly-coordinated oxygen atom, but it is not
possible to determine whether the oxygen is bonded
to a silicon or to another oxygen because the £ ten-
sors are relatively insensitive to the details of the
oxygen bonding. These centers anneal above
~200°C. .

The metastable decrease in both the dark con-
ductivity and the photoconductivity in undoped g-
Si:H after prolonged exposure to light {Staebler-
Wronski effect) has previously been attributed to
an increase in the number of Si dangiing bonds.
Although this explanation may still be viable, it is
also possible that the light-induced conductivity
changes of Staebler and Wronski may be due to the
presence of deep hole traps associated with oxygen
atoms. In general, the present results have un-
covered a number of defects, which are not due to
Si or H atoms bonded in the 2-8i:H network, but
which may be important in controlling both the
optical and the electronic properties. For example,
the traps which limit minority carrier diffusion

lengths in a-Si:H devices may be impurity species
rather than Si dangling bonds.
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which timis the relaxation rates near the maximum (especially at lower
Frequenciest. There 15, in addition. evidence {or a contribution to 7 at low
and high temperatures that is probably due to paramagnetic impuriues.

I'he larger fraction of the deuterium ¢ 21 at. %) exhibits a broad doublet
line shape (Secuon Ihh and the values ot 7, for this line are considerably
farger as shown at the top of Fig. 15, Leopold er af | 1982) speculate that the
fang 7, oveurs because the guadrupolur splitting greatly reduces the deute-
fum spin dittusion rate. thus etfectivelv eliminating the paradeuterium
molecules as relination centers.

111. Electron Spin Resonance

Flectron spin resonance (ESRY has been studied in amorphous siticon for
many vears. long before the deliberate (or not so) introduction of hydrogen
to reduce the spin signal. Since the pioneering studies of Brodsky and Title
(19691, numerous meassrements on ESR in a-8i have been reported. Typi-
cally. a-Si exhibits ESR spin densities of = 10%¥ em™*. which have usually
heen attributed to Sidangling bonds. Excellent reviews of these carly mea-
surements on a-Stoare avatiable {Stuke, 1976, 1977 Solomon. 1979: Bour-
potn, 198

When hvdrogen is added Lo the ilms the spin densities go down dramati-
cally 1o the point that currently “good guahty™ films of a-Si H contain spin
densities of = 10'S em~* The ESR measurements in these ilms have been
reviewed by several authors { Voget-Grote and Stuke, 1979; Selomon. 197%:
Ricgelsen, 1980, 1981 Paul and Anderson. |98 1: Bourgotn, i981.: Yone-
sawa, [UR2),

Although the ESR signal is greatly suppressed in a-5i: H. there appear
several strong {10'*- 107 cm™?) ESR responses that are excited by the appli-
cation of band-gap light (Knights er «l.. 1977 Pawlik and Paul. 16773 The
properiics of these so-called transient light-induced ESR signals have been
reviewed by Knights {1977} and Solomon {(1979). From studies of these
transient light-induced effects. particularly in doped films. one can learn a
great deal about the electronically active traps in a-Si: H films. For a review
see Street {198 1),

Metastable. light-induced ESR responses have been observed (Street ef al.
1981 Dersch of af.. 1981a—c: Pontuschka ef gl 1982) in a-Si:H after
irradiation with band-gap light at greater intensities (= (00 mW cm™).
Some of these resonances are due to unpaired spins associated with the
silicon atoms and some are associated with impurities.

There have also been several novel combinations of ESR with otherexper-
imemal techaiques. Such studies as spin-dependent photoluminescence,
spin-dependent photoconductivity. and spin-dependent transient transport
provide important information concerning the influence of spin statisticson
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in the density of silicon dangling bonds by optically breaking weak bonds
near the valence-band edge (Dersch et al. 1981c; Street, 1983). A second
model suggests that a change in the hydridization, but not in the total num-
ber, of existing dangling bonds accounts for the changes in the PL (Wautelet
et al.. 1981a.b), although it is difficuit to see how such a mode! can expiain
the ESR. A third approach suggests that the metastable changes result from
an optical rearrangement of electrons and holes in existing diamagnetic
defects (Adler and Frve, 1981 Adler and Shapiro, 1983; Adler, 1982). It
remains to be seen which of these models will ultimately prove to be correct.

9. ESR orF IMPURITY SPECIES

Although most films of a-Si: H are known to contain substantial amounts
of impurities such as oxygen, nitrogen, and carbon, there is remarkably little
direct evidence from ESR measurements for the presence of impurity spe-
cies. Miller and Haneman (1978) have investigated the effect on a-Si of the
diffusion of O, gas through the film. They find that paramagnetic O, readily
diffuses into the fiims and dramatically reduces the spin-lattice relaxation
times for the ESR at g = 2.0055. These results indicate that the spins are
located primarily on internal surfaces that are accessible to oxygen diffusion.

In films that are hydrogenated the situation is slightly different. Street and
Knights (1981) find that in a-Si: H films prolonged exposure to air causes an
actual increase in the dangling-bond ESR intensity. This increase is roughly
proportional 1o the initial spin density before exposure. For example, films
thatinitially exhibit Ng ~ 8 X 10'$spinscm=3showa factor of five increase in
N after two months in air, whereas films with Ng~ 3 X 10 spins cm™3
exhibit only a factor of 2.5 increase in Ns after eight months. Although these
results differ qualitativelv from those in the unhydrogenated films, the gen-
eral conclusions are the same. Oxygen can diffuse into internal surfaces in
the films (or adhere to external surfaces) and change the local bonding
arrangements. These changes produce an increase in the Si dangling bonds
on the internal surfaces of voids in the films.

In the studies discussed so far no new ESR centers have been observed, but
Rontuschka er g/ (1982) have discovered several impurity related ESR
centers in films purposely doped with Oxygento~ 2 at. %. After x irradiation
at 77°K these authors observe atomic hydrogen that is trapped in oxygen-
rich cages. This atomic hvdrogen does not occur in films without significant
amounts of oxygen, and the ESR signal decays above ~ 300°K, In addition
to atomic hydrogen these films also exhibit ESR signals that are attributed to
Si-O hole centers (holes trapped on singly coordinated OoXygen atoms) and
silicon E’ centers (electrons trapped on sp-hybridized silicon dangling-bond
orbitals at sites where the silicon atoms are bonded to three oxygen atoms).
The oxygen-related hole center is also observed after optical excitation,
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albeit at smatiier intensity. Elementary considerations that involve the ener-
gies of isolated Si- O configurations and the statistically expected probability
of 5:0; structural units in a-Si: H suggest that oxvgen is clustered in these
fims, probably on the walls of internal surfaces. This conclusion is consis-
tent with that deduced from the oxvgen diffusion studies previously men-
tioned (Miller and Haneman, 1978: Street and Knights. 1981).

Pontuschka er o/, (1982) have aiso observed ESR from trapped NO, mole-
cules after x irradiation at 77°K in some undoped a-8i: H films. but there
appears 1o be no predictability as to which films will exhibit this response.
The NO, molecules are presumably trapped as NO7 radicals in the films.
The ESR signal from NO, decays rapidly above ~90°K.

in films intentionally doped with transition metals Shimizu er al. (1980c,
1981c} have observed ESR responses from Man, Ni, and Fe. In all cases onlya
small fraction of the transition elements incorporated into the films contrib-
ute to the observed ESR, and details concerning the bonding of these ele-
ments in the films are presently very sketchy.

10. SPIN~LATTICE RELAXATION

Spin -lattice relaxation in electron spin resonance is the process by which
the ensemble of paramagnetic spins transfers energy to the lattice after mi-
crowave excitation in a magnetic field. The relaxation process is often expo-
nential and hence can be characterized by a rate 777, where T, is the spin -
lattice or longitudinal relaxation time. Measurements of 7', as a function of
temperature. magnetic field, and spin density often provide important in-
sights into the mechanisms that govern the coupling of paramagnetic spins
to the amorphous network.

In a-Si films that contain no hydrogen the spin densities are almost always
rather high (Ng = 10'® spins cm™3). For most of these films the spin -latiice
relaxation of paramagnetic electrons, like the electrical conductivity, is gov-
erned by hopping processes at temperatures = 1 50°K (Thomas and Flachet,
1981; Gourdon et al., 1981; Movaghar er al., 1977). Good correlations exist
between the magnitude and temperature dependences of 7, and the hopping
conductivity in these films.

Atlower temperatures (7 < 100°K) the relaxation rates are proportional
to the temperatuare (77" = 7) (Thomas and Flachet, 1981; Gourdon et al,
1981). This temperature dependence is the signature of a relaxation process
that involves the excitation of a low frequency phonon {~9 GHz) and the
deexcitation of the paramagnetic spin (direct relaxation process). Similar
processes are observed in many crystalline solids at low temperatuares.

Some films of a-Si. for which the ESR line shapes are completely deter-
muned by motional or exchange narrowing, exhibit spin-lattice relaxation
rates above ~100°K that are roughly proportional 10 the square of the
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The true plcture will emerge from a set of experiments
specifically designed to differentiate between competing models.
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Pulsed nuclear-quadrupole resonance (NQR) measurements at room temperature and 77 K have
been petformed on distinct specimen of arsenolite in (a) a polycrystalline sample and {b) a specimen
with a varying degree of disorder, ranging from amorphous to crystailine order. The NQR absorption
line in these specimen, obtained by the fast-Fourier-transform {FFT) method, has different intensity
and line shape. A theoretical model is proposed that explains the experimental results very well. The
model is based on the assumption that the electric field gradient (EFG) due to the intermolecular
interaction changes randomly from site to site characterized by a distribution. In sample (b} this
distribution is approximately constant in regions of mesoscopic dimensions {i.e., large enough to
be a few hundred interatomic distances but small enough compared to the bulk dimensions of the
sample} but changes throughout the sample. The scanning electron micrographs of these samples

are presented, which support our assumption.
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Electron-nuclear double-resonance (ENDOR) measurements are performed in undoped, doped,
and compensated a-Si:H. Matrix ENDOR and distant ENDOR are identified as the effective
ENDOR mechanisms by an investigation of the transient ENDOR response, and conditions for the
experimental parameters to optimize the response are given. ENDOR spectra due to 'H and ¥'P nu-
clei are found to be subject to a microwave coherence splitting, which allows a calibration of the mi-
crowave field in the ESR cavity. Several well-resolved lines of unknown origin are observed in com-
pensated a-Si:H by light-induced ENDOR. 1t is shown that transient ENDOR experiments can be
used to measure electronic and nuclear spin-lattice relaxation times at low temperatures and an ap-
plication of this capability to study reversible light-induced changes in a-Si:H is presented. The dis-
cussion of the experimental resuits addresses the question of what kind of information about the
structure of a-8i:H can be obtained by ENDOR experiments.
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ANEXO VII

CAPITULGOG I1

ALGUMAS CARACTERISTICAS DO ESPECTROMETRO

IT.1. Generalidades

Um momento de dipolo magnético, guando submetido o
um campo magnético externoc H, precessiona em torno da direcao

desse campo com frequéncia de Larmor @y dada por

ﬁwo = gBH {4}

onde

g = fator espectroscdpica
B = magneton de Bohr.

0 &ngulo entre as diregdes de precessao e a de H as-
sume valores discretos, dados pelas regras de quantizacao, em
correspondéncia com os niveis de energia que © dipolo pode
ocupar.

0 fenomeno de ressondncia paramagnética eletrdnica
(EPR) consiste em provocar transigdes entre estes niveis, apli
cando a um sistema contendo momentos magnéticos, um campo mag-
nético oscilante H, de microondas, circularmente polarizade ,
que gira com a mesma frequéncia e mesmo sentido que & precessao
dos dipolos. Hessas condigdes, o campo de microondas aplicado
exerce um torque sobre os momentos magnéticos no sentido de mu
dar o angulo da precessdo para um valor correspondente a um ni
vel de energia aumentado de hwo.

Enquanto a frequencia de microondas w for diferente
de w , ndo haverd possibilidade de absorgido de energia pelos
dipolos, por ndo satisfazer 3 condigac de ressonancia, expres-

sa pela relagao (u),
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Por outro lado, se fixarmos a frequéncia de microon-
das em W existe scmente um valor particular de H que satis - _
faz & condigdo. Considerando que na pratica é muito mais fieil !
variar H, todos os espectrdmetros de EPR operam com frequencia
fixa. Em consequencia, a energia da transicgdo & Sempre constapn
te, dependendo da frequéncia de mieroondas utilizada, ocorren-

do a ressonancia quando a degenerescéncia dos niveis de ener-

T e, T e 2 s s

gia estudados for removida pelo campo magnético i atravas do
efeito Zeeman e a Separagao entre os mesmos for igual 3 ener-
gia de microondas hwo, isto &, AW = hmo

Us espectrometros de EPR possuem, como componentes

essenciais, uma fonte de radiacio eletromagnética (micrcon -

das}, cavidade de ressonancia, detetor e um eletroim3 com sig-

tema de varredura do campo aplicado H.

As qualidades que distinguem um bom espectrometro
sdc: o nivel de poténcia da radiagao, a estabilidade, o baixo
11
rufido e a sensibilidade. 0s espectrometros siao classificados( )

quanto ao tipo da cavidade de ressonancia, sistema de detegdo,

sistema usado para amarrar a frequencia e a banda de microon-

das em que operan.

As frequencias de microondas mais frequentemente uti

lizadas estdo localizadas nas bandas X (-8 Ge/s), K (-24 Ge/s)

e Q {~35 Guo/s).

As cavidades de ressonincia S&0 classificadas segun-

do os modos de vibragac e quanto 3 forma cilindrica ou re -

tangular.

i1.2. Algumas caracteristicas de espectrometro utilizado neste

trabalho

O espectrometro por nds utilizado ja foi descrito em
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12
detalhes por C. E. Hennies( ), sendo que vamos apenas comple-

mentar com algumas consideragdes sobre a poténcia do klystron,
sensibilidade do espectrometro e dispositivo para efetuar medi
das até a temperatura de -185°

Segundo a classificacdo de Alger, o nosso especterg
tro € do tipo RH1-X, isto &, de reflexdo, homodino, com a fre-
quencia do klystron amarrada na cavidade ressonante porta~amos
tras e que opera na banda X, com frequéncia proxima de 9 Ge/s.
0s componentes eéssenciais que o compéen (vide fig. 6 ) consis -
tem no klystron da Varian V- ~153C, fonte gde tensi3o do kiystron,
isoladores, atenuadores, "TU magico, cavidade de ressonancia
retangular que opera no modo Higy- A detecgio § realizada por
modulacao em amplitude do campo magnético H € compreende ¢ mo-
dulador de 100 Kc/seg E-201A, diodo detetor 198P2 e registrador
X-Y da Varian, mod. F-100. o campo externo H € fornecido por
um eletroimd de 12" da Varian, com "gap" de 2 Polegadas. A var
redura de campo magnético & controlada por um "Fieldiai" Mark
I da Varian.

Ha execucdc dag medidas a temperaturas mais baixas
fol utilizado o Controle Automitico de Temperatura da Varian
V-u540, que assegura uma precisido de & 2%¢ desde 3 temperatura

ambiente até -13p°¢.

I1.2.1, Medida da potencia do klystran

0 equipamento utilizade para esta finalidade resume-
S€ no medidor de poténcia de microondas HP-430C, termistor
HP X~-487B de 1009, coeficiente legativo e atenuador HP X382a
pertencente ao préprio sistema do espectrémetro. © atenuador

foi empregado com a finalidade de broteger o termistor. A opr-
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dem com que foram ligados os componentes estd esquematizada na
fig. 7 . 0 resultado da medida deu 60 mW de poténcia de saida
do klystron. Efetuamos adicionalmente uma medida 3 saida do "7V

magico onde a poténcia observada foi 20 mW.

II.2.2. Medida da frequeéncia de microongas do klystron

Foi efetuada com o conversor de frequencia de micro-
ondas HP-2580B que possue um oscilador local cuja frequéencia
cobre a faixa de 240 Mc/s a 390 Mc/s por meio de controle ma -
nual. Quande a diferenga entre um harmdnico de ordem N da fre-
quencia do oscilador local e a frequencia de microondas do klys
tren Fry € igual a 30 Mc/s, o sinal de frequencia intermedid -
ria consegue passar pelo circuito sintonizado e preduzir uma
indicagido visivel no painel do conversor.

Nessas condigoes, a frequéncia do oscilador loecal sa

tisfaz a uma das relacdes

]

(f>).N = F + 30 Mc/s F>

IN
ou £5)

F - 30 Mc/s

(f<).N IN

"
s
o

A determinagao de f> ou f< & feita diretamente com o
conversor de frequéncia HP-5253B atuando em conjunto com o con
tador eletronico digital HP-52uSL, com boa precisao.

O valor de N & facilmente obtido a partir das duas

expressoes acima. Subtraindo membro a membre, vem

[(£>) - (£<}).N = AF.N = B0 Mc/s

ou (86)

60 Mc/s

No= —%F

Sk LR SPIES
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No préprio painel do conversor j& existe uma tabela que relacio
na os 4f com os nlimeros da ordem N do harménico correspondente,

Nio & dificil identificar f> e f< para cada N, pois
estas frequenclas dparecem &0s pares, um bem distanciado do
outro. Todavia, se quizermos eomprovar o valor de N por sutro
milodo, uma vez 34 conhecido aproximadamente o vaior da fre
quencia a ser medida, basta dividir o valop avaliado de F>» por
1> {ou F< por f<) e considerar © inteiro mais préximo.

Como medida de precaugio & pratica recomenddvel deter
minar tanto F> como também F< para verificar que a diferenca
entre ambos € de 60 Me/s, o que dard abscluta certeza do nao
termos considerado qQualquer sinal estranho que eventualmente

pudesse interferir,

IT.2.3. Medida do Q da cavidade de ressonincia

U dos parametros importantes que determinam a sensi
bilidade dum espectrémetro & 0 coeficiente de qualidade Q da
cavidade de medida.

£ prdtica usual avaliar-se o Q através da expressio

Q = Q (7)

Otsle: il € f2 BA0 reSpect ivamen| ¢ Prerqutaeias acima e abaixo da
vessonancia, Lomadas nos pontos de meia amplitude da curva de

- = s {11
absoreao de poténeia

< Qutros autores preferem adotar o
13

pontos a 1/v7 da amplitude para definir a largura de banda( ).

A medida do Q da cavidade de ressonancia compreende ,

pois, a determinagio das frequencias nos pontos A, BecC da
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curva de absorgac superposta ao 1dbule de maior poténcia do
klystron (vide fig. g).

As medidas das frequencias envolvidas foram execu~
tadas com ¢ uso do ondametro de cavidade ressonante PPY300X
da Philips, i3 incluido no nosso espectrometro, e o conjunto
de medida da frequencia de microondas & mencionada anterior
mente.

A cavidade de ressonancia do ondametro superpoe 4o
lobule da fig. 8 uma curva de absorgac muito estreita, pois
© seu Q € muitas vezes maior do que ¢ da cavidade em teste
0 efeito produzido & o de imprimir sobre o idbulo um trago
de referencia cuja posigao é ajustada a medida que se muda a
frequencia de ressondncia do ondametro.

Durante a execugdo das redidas, o trage de referen
cia fol respectivamente acertado nas posigdes A, B e € (vide
fig. 9). Em cada desses pontos procedeu-se a3 fixacao da fre-
quencia de oscilagdo do klystron no fundo da curva de absop-
¢ao do ondametro, o que permitiu a medida dag frequencia em
qualquer ponto desejade do 18bulo.

Apos a medida das frequéncias nos pontos A, B e ¢

foram obtidos os resultados

* £, = 9 087,488 Mc/g

"h
H

9 084,936 Mco/n

B
£o = 9 087,288 Mo/s
oo coeficiente de qualidade da cavidade de ressondncia &
q - fo o 3 084,936 sy 10
by - %) " f,-f, T 087,268 - § 087,588 - -
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{Unidades arbitririas)

Poténcia

)

(o)

(b)

fig.g
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I11.2.%. ConsideracBes sobre a sensibilidade do espectrémetro

De acordo com a convengdo usual, a sensibilidade de
-~ Ul * - L -
um espectrometrc de EPR & caracterizada pelo numero minimo de
spins detectiveis Nm € que corresponde a situagao em que a ra-

z30 sinal-ruido & igual & um, isto &, S/N = 1. 0 valor absolu-

13
to de N_ & dado por 3 entradado defth~ .
" $iauvrs da cuido (“moise “'3"“—‘ D
yd }‘“}?/f'& w){&ﬁam largorada limha
No= o s o Famp 32 _c (kTav, 172 e (8;‘”‘”“&'\“4
m " Mk G y wEQ ‘7P . H

"\.(*_) L ﬁiQ 2? r\&\ H\ ,"u:icao FJK \I.'h!"lk

o
N k * + o Sadd, de - ?g fz) » £ rdsSemAmon,
9 aida. do riunly mmdam%hkﬁsﬂez Pren «2N«.C£’T’A97

Entre os diversos métodos possiveis de medir a sensi
bilidade de espectrémetros de ressonancia paramagnética vem
tendo maior aceitacdo os de realizagac mais direta e ficil. E
COmum ¢ uso de uma substancia padrdo que possue uma linha de
ressonancia intensa e estreita para medidas ge sensibilidade
como também para avaliar a concentragic de spins de uma amos--
tra de substancia desconhecida. Um dos padrdes mais frequente~
mente utilizados & o @,a-difenil-picril-hidrazil DPPH), sobre
0 qual recaiu a nossa escolha, As amostras, preparadas com
numero conhecido de spins efetivos, foram estudadas nas condi-
¢oes ordindrias de operagaoc e 3 temperatura ambiente.

Cada molécula de DPPH Possue uma valéncia livre no
atomo de nitrogenio associado &0 radical pieril. Assumindo que
cada molécula de DPPH possue um spin de elé&tron desacoplado |
podemos avaliar o nimero de spins contidos em quantidades co -
nhecidas da substancia. Por exemplo, um mol de DPPH, pesando
3%ug, deve conter aproximadamente 6,023.1023 spins.

Utilizando cilculo estequiométrico direto, foi prepa
rada uma colegdo de amostras contendo respectivamente 1017,

1018, cee 10%2 spins., A técnica adotada passamos a descrever.
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Nc interior de um balio volumetrics de 10 ml pesou -
se 6,540 mg de DPPH, sendo a menor divisao da balanca igual a
0,01 mg e o érrc atribuido 3 pesagem, igual a 0,005 mg ou

7,6.10%5

spins. Esta quantidade foi dissolvida em benzeno P.A.
¢ avolumada para 10 ml, sendo obtida uma solugio de

(12 0,0008).1018 spins/ml, da qual recolheu-se um volume de
0,1 ml, contendo 1/10 dos 1018 spins. Levando em conta o erro
cometido nesta operagdc, o nimero de spins contidos na primei
ra amostra foi {1 ¥ 0,05).1017.

A fragio de solugao contendo (1 ¥ 0,05).1017 spins
foi aplicada gota a gota sobre uma folha de polietileno, de
0,038 mm de espessura, na qual se imprimiu previamente uma de-
pressao suficiente para abrigar 0,1 ml em uma area de B mm  de
diametro. ApGs a evaporagao do solvente, restou uma nova por -
¢3o cristalizada de DPPH como residuo, contendo 1/10 dos 1g%7
spins. As amostras seguintes foram obtidas de modo analogo por
diluigoes sucessivas.

A folha de polietileno contendo s amostra fei dobra-
da convenientemente e introduzida em um tubo de lucite de
2,9 mm de dimetro e 14 mm de comprimento (vide fig,1p). A cap
sula assim preparada foi introduzida no tubo porta-amostras em
quartzo.

Na tabela I estio relacionadas as concentragaeé das
solugdes preparadas e das amostras ¢correspondentes, em termos
de numero de spins, vindo expresscs os eryos avaliados para ca
da caso.

(1s)

Quante & estabilidade do composto, Feher verifi-

COU que as amostras contendo nimero de spins < 1015 detericra-
- 15
vam-ge com o tempo. ApOS 4 semanas, uma amostra contendo 10

spins decaiju para 4.1014 spins e outra com 10lu decaiu para 10

13

.
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16)

TABETLA

I

Solugac (spins/ml)

(1 ¥ 5,0008).10%8

(1 % 0,05).10%7

18

(1 0,1).10

(x ¥ 0,1).10%5

(1 % o0,2).10t"

(1 ¥ 0,25).1013

servando-se 0s resultados:

linha

{unid. arb.)

>10t7 saturagac
| 10t7 saturagdo
108 ' 13,5
| 10%° 1,6
1ot sem sinal

N? de spins Intensidade da

diatamente apds o preparo das amostras.

Buckmaster e Dering recomendaram o uso das amostras num pra
zo maxime de 10 dias. Assim, para cumprir o objetivo deste tra-

balho, foi suficiente efetuar as medidas no espectrometro ime -

Amostra {spins)

{1
(1
(1
(1
(1
(1

17

i+

0,5).10

¥ oa,5).1018

- 0,5).1015

*o,5).10M

*0,5).10%°

¥ g,s5y.10%2

As amostras de DPPH foram sucessivamente submetidas ao

espectrometro em ordem decrescente de coneentragao de spins, ob

Intensidade de  Frequéncia

campo magnético

{(Kgauss)

3,27 9,085 Ge/s

A amostra de 10" spins ndo apresentou sinal distin -
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guivel do ruido de fundo, mesmo com menor atenuagao da poténcia

de microondas e com exagero da amplificagdao do sinal no regis -

tradeor X~Y.

Em cenclusde, o nimero minimo de spins detectdveis pe

lo espectrometro & um nimero situado entpre 10+Y e 1010 spins.

T g
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CAPITULO IIX

PREPARO DAS AMOSTRAS E EXECUCXAGC DAS MEDIDAS

IIT.1. Crescimento dos cristais de a—Nisoﬁ.GHQQ

A temperatura de transigdo entre o sulfato hexa e o
heptahidratado esti situada, segundo vdrios autores mencicnados
- o - 17)

no "Nouveau Traite de Chimie Mlnerale"(

Existem duas formas enantiomorfas do NiSOu.BH 0, a «

Z
e a B. Na mesma obra citada indica-se que os cristais do tipo o
podem ser cobtidos a partir de uma solugio dcida 2 temperatura
ambiente cu de uma solug3o neutra de 31 a 53%,

Os nossos cristais foram cobtidos por evaporacdo de

uma solugdo neutra saturada a 35°C.

ITI.2. Crientacao das amostras

Em relagac aos planos de clivagem, podemos facilmente
identificar visualmente a direcao do eixo cristalografico na di
reg3o c¢ ou (001) por ser perpendicular a face cuja forma & a de
um quadrado. As diregoes dos eixos cristalograficos a e b 530
paralelas as arestas desse quadrado (vide fig.11).

As diregGes das coordenadas x, y e z do campo crisfaliv
no do a—NiSOq.SHZO fornecidas pela literatura resultam dos tra-
balhos sobre medidas de anisotropia magnética, susceptibilidade
magnética e calor especifico, Estes resultados apresentam divep
gencias, como vemos na tabela II, onde estao representados 08

. . . LHE -
cossenos diretores de X1s ¥y € 24 do primeiro Ion Ni da celu-

la upnitdria, no sistema de coordenadas a, b e c.

, entre 28,3 e 31,8°C.

Lo T " e

R et ey s
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Coordenadas cristalograficas do a—NiSOu.SHZO relaciona-

das com o planc de clivagem de simetria tetragonal.

fig.-11
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Cada eixo submetido ao estudo de EPR foi alinhado pa
ralelamente com o eixo do tubo porta-amostras, com aplicagac do
camps H no plano perpendicular, Os detalhes do procedimento apa
recem esquematizados na fig.1l2 como exemplo da orientagao do
eixo z.

A escolha do material gue serviu de superte do c¢ris-
tal recaiu sobre o PVC pelo motivo do mesmo ser acessivel comer
cialmente j& nas dimens3es convenientes eliminando problemas de
ordem wmecanica. Por cutro lado, testes preliminares revelaram a
presenga de uma linha fraca na regido dos 3 Kgauss que todavia
nac chega a interferir nos resultados, uma vez que as medidas
efetuadas no sal em estudo apresentaranm linhas acima de
9 Kgauss.

Estimamos o erro do procedimento da orientagao das
amostras em - 2 graus.

III.3. Testes preliminares com o a—NiSOn.GH Y]

2

Foram realizadas medidas 3 temperatura ambiente e a
-180°C durante as quais efetuocu-se a retagao do cristal, obten
do-se o tragado do espectro no registrador X-Y para cada posi-
g3o do cristal. |

Considerando que ¢ cobalto apresenta propriedades
quinicas similares #As d» 1T juel, achamos conveniente testar a
possibilidade de que as tinhas de ressonancia obtidas serem o-
rinndas de eveutual impure a de cobalto. Ao invés de procurar-
HOS ula ZMOStra o4 haixivsimw teor de cobalto, preparamos
cristais de a-NiSU, .6H,U dopados com cobalto respectivamente

nas proporgoes 1/10000 e 1110, dos quais obtivemos espectros

de EPR girando o cristal em torno do eixo z do campo cristali-

[*t
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a) Corte de um bastde cilindrico de PVC cujo didmetro se ajusta

perfeitamente com o diametro interno do tubo porta-amostras.

L) Fixagdo do cristal & extremidade do bastdo de PVC. U plano

{110y coincide com ¢ planc da figura.

@) PFewogdo do excesso de material do cristal a fim de possibili-

tar sua introdiigido no tubo porta-amnstras,

1) lTosigao o conjunto em relagdo aos polos do elelfiolmi.

fig.12
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no, assumindo &% = 43° e z paralelo ao plano (110).

Como podemos ver na fig.i3 , os resultados obtidos
com as amostras dopadas em nada diferem dos obtidos com os do
sal P.A. , o que vem a confirmar a autenticidade das linhas do

a*NiSOq.BH 0.

2
TABELA II
Autorp 81 = é%l Coordenadas do campo cristalino
x, % (0,65; 0,653 -0,39)
4
T. Watanabe® 33° yy = {~0,65; 0,655 -0,39)
2, = (0,39; 0,39; 0,84)
Xy = (V2725 -VZ/2; O)
3
E. W. Hornung®' ° 2¢° y, = (0,549; 0,549, -0,629)
2, ¥ (0,445; 0,445; 0,777)
J. W. Stout e *1 = (2/25 V225 0
2 = . -
W. B. Hadley® ' y, = (0,540; 0,540; -0,645)
caso 1 ) 40,20 z, = (0,456; 0,456; 0,764)
x; = (0,562; 0,562; -0,605)
Caso 2 37,3° y, ¥ (=VZ/2; ¥2/2; 0)
2y ¥ (0,428; 0,428 0,795)
X 2 (V77125 =V2/2; o)
Caso 3 y1,3° vy ® (0,53%5 6,531 -0,660)
z) = (0,467; 06,4673 6,751)
x, % (0,555; 0,565; -0,619)
Caso U 3y, 3" vy = (V72725 ¥2/2; @)
2y 2 (0,438; 0,438; 0,785)

(*) Caso 1 :(sem corregao ferromagnética); x {110}

Caso 2 :( " " " ys y [116)
Caso 3 :(com " " )y x (110)
Caso & :( " " " ¥ vy {110)
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ANEXO VIII

T. introducac

A principal finalidade da visita do Prof. Hao Sen, do
Shanghai Institute of Optics and Fine techanics, ao 1FUSP foi o
repasse de conhecimentos tecnoidgicos visando a preparacaoc de
vidros especiais, destacando-se entre eles os vidros de laser.

Durante o seu perfodo de permanéncia no IFUSP, procu-
ramos agregar aos nossos estudos os conhecimentos especificos
sobre as técnicas e métodos de producao de diversos tipos de vi
dros, cuja composicdo quimica & critica para cumprir finalids -
des especificas em aplicagoes praticas. A taracterizagdo deta -
thada das diversas propriedades fisicas continuars a ser feijtg
Pelo nosso grupo 3 medida que formos instalando os diversos dis
positivos necessdrios em nosso taboratdrio. A presencga do Prof,
Mao Sen abriu um campe de investigacao bastante amplo, introdu-
zindo a tematica de vidros especiais, aumentando a chjetividade
dos nossos estudos de modo que os resultados possam ser mais
prentamente assimi lados pela nossa tecnologia.

A preparagao dos vidros fof efetuada com a colaboragac
do Prof, Dr, Colin Graham Rouse, do Instituto de Pesquisas Te-
cnoldgicas do Estado de $é0 Paulo,sendo utitizadas as facilida-
des do seu laborataria para a preparagao de alguns vidros utili
zados neste estydo, Qutras amostras foram preparadas previamen-
te pelc Prof. HMao Sen no SI10FH, uma vez que era necessaria a u-
tilizagao de técnicas ainda n3do disponiveis nos nossos laboraté
ries, cuja descricdo detalhada ser3 dada o texto a sequir.

As informagdes sobre os métodos de preparacao de vij -
dros e desenvoivimento de tdpicos especiais sobre vidros de la-
ser, preparo, caracterizagéo e aplicagoes, foram oferecidas a -
través de seminidrios e de um curso de pds-graduagio em nosso in

tituto e através de contatos pessoais,

2, Mini-curso de pés-graduacgio "Técnicas de Preparacao de Vidros

Eseeciais

Atraveés de aulas tedricas e praticas, ofereceu-se aos

alunos:



- Introdugdao as técnicas e métodos de preparacaoc e caracteri-
zagao de vidros, em gera.

- Propriedades estruturais, fisicas e guimicas de vidros,

- Preparagao e aplicagbes de vidros especiais.

= Propriedades Gpticas dos vidros de laser,

Nas aulas praticas, cada aluneo preparou a mistura da ma-
téria prima e procedeu a fusdo de um vidro particutar. Peosterior -
menie, efetuou o corte e polimento da sus amostra para entao carac
teriza-ta através de medidas com uma técnica especifica de sua es-
colha {absorcic Optica, transmitancia no infravermelho e termolumi

nescencia.
2.%. Conteddo

Titulo: “TECNICAS DE PREPARACAG DE VIDROS ESPECIAIS!
INTRODUGAD
t. PROPRIEDADES GERAIS DOS VIDROS
T't. PREPARACAD E CARACTERIZACAG DE VIDROS ORDINAREDS
Ell. VIDROS ESPECIAILS
tV. PROPRIEDADES DOS VIDROS DE LASER

l. Estrutura dos vidros; temperatura de transigéo vitrea; vii
cosidade; ponto de amolecimento; porito de recozimento; cél
culo da densidade: propriedades etdsticas; efeitos da ten-
30 mecinica; bBi-refringéncia; durabilidade quimica; pro-

priedades fote-crdmicas.

I'1. Recozimento de vidros opticos; manufatura de vidros; corte

e polimento; homogeneizacio.

I'l'1. Preparagido de vidros especials; vidros silicatos e borosi-
licatos; vidros fosfataos dopados com neodimio; vidros exij-
nitretos: sintese, propriedades e aplicac¢des; concentrado-
res solares luminescentes {(Lsc); vidros calcogenos; vidros

fluoretos com metais pesados; vidros halogenos.

V. Descricao dos nfveis de energia, espectros de emiss3o e de
absercao; parimetros especificos requeridos para os vidros
de laser; eficiéncia quintica, absorgaoc Sptica; comparagao

entre os diversos ripos de vidros de laser.



2.2,

()

(3)

(4}

(7}

(10}

{11)
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Apostila "Preparation Techniquis os Special Glasses", Mao Sen,

especialmente escrita para o presente curso (V. Anexo |1).



i

ANEXO t: ALGUNS DADOS I1KFORMATIVOS SOBRE & SHANGHA] INSTITUTE OFf
QPTICS AND FINE MECHANICS {S1QFM)
0 Prof. Mao Sen exerce o cargo de chefe do Grupo de Vidraos
de Laser no Shanghai Institute of Optics and Fine Mechanics (STOFM),

onde trabalham cerca de 1600 pesscas, possuindo 14 Pepartamentos, 20
Professores Pesquisadores e 100 Professores Associados {Senjor Engi-
neer). 0 Prof. Hao Sen & detentor de uma patente e dois premios na -
ciconais por haver se distinguido na investiga¢ao de vidros silicatos
e vidros fosfatos para uso em produgao de lasers de alta poténcia
destinados & aplicacdo em dispositivos de experimentos de fusio nu-
clear em plasma de deutério-tritio,

A maior parte das frvestigagces em vidros de Jaser na Chi-
na € realizada no SIOFM com importantes resultados que vém sendo ob~
tidos desde a década de 60. As investigagdes incluiram o desenvolvi-
mento de composicgoes quimicas, tecnologia de manufatura, sistemas de
medidas e de inspecao e pesquisa fundamentai.

Especial atengao foi dedicada 30 desenvolvimento de proces
sos de fusao no preparo de vidros de laser de neodimio e a elabora -
¢ao de um sistema de fusdo com @tmosfera protetora. Virios métodos
de medidas de um ndmero de propriedades fisicas foram investigados e
05 correspondentes aparelhos Instalados. Enfatizou-se a inspecao de
qualidade Gptica de produtos de vidro de grandes dimensoes, com o
desenveolvimento de um interferdmetro holografico de laser para con -
trolar a homogeneidade éptica.

0 laboratdric SiOFM desenvolveu o laser de alta poténcia
(2KJ/1ns) SHEHGUAN, com o comprimento de ondaA= 1,06 Bm, possuindo
2 feixes, utilizado para comprimir (ablagido de 30 Mbar) e aquecer
{(kT-10KeV) o combustivel de deutério-tritio para a obtenc3ao da ener-
gia de fusdo confinada inercialmente (IFE), Essa tecnoiogia foi domi
nada por poucos paises, com a inclusio da China: Estadas Unidos, Ja-

pao, Franga, inglaterra e ex-Unido Soviética,



-23-

etapas do presente trabalho. Esperamos, em breve, poder desenvolver
diversas das sugestdes deixadas pelo nosso visitante que sio bem fac
tiveis,

No Anexo Ill constam os trabalhos que ora est3o sendo prepara-

dos para publicagdo:

- Mao Sen, W.M. Pontuschka, S.R. Rabbani and C.G. Rouse,
"Technique of OH-group and water removal from Nd3+phoﬂﬁmte
glasses™,

- Mao Sen, W.M. Pontuschka, S.R. Rabbani and C.G. Rouse,
"Preparation technigque of laser glasses".

- Mao Sen, W.M. Poantuschka, S,R. Rabbani and C.G. Rouse,
"Physical properties of Tb3+ magneto-optical glasses"™,

- Mao Sen, W.M, Pontuschka, $,R., Rabbani and C.G. Rouse,

"uy - Cransmitting glasses™,



(n

(2)

(3)

(4)

(5)

(7}

(8)

(9)

(10)

(m)
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ing of x-irradiated barium aluminoborate glasses'!, J., Am. Ceramic Society

70 (1), 59-64(1987) .
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COUPERACAO INTERNACIONAL ~ FORMULARIO ATuAL 1ZADo

1Flulb T T e -
Estudo de HMateriais Amorfos por. Ressonancna de Quadrupolo Nuclear
Aiks 0o Conhetimenio [ Subien gy Coabeomenie
” - Fisica _ Fisica de Materia Londensada J
S odalid, ﬂl T . oo Pais/Cunvtn 1
_..Flsica dos 5 Materfais Amorfos‘ﬂ_ e “hA[gentlna N _ ]
Duwcao Fravisiy . !
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-tentes, obtendo informagoes de propriedades estruturais e di

OBJETIVOS

s

1.B.1, Metas

i} Completar a infrezestrutura experimental atualmente
<Zisponivel, zproveitando z experiéncia do Grupo de RNM da FaMAF
na COnsirugEo e otimliegio ¢ especlrdmetro de RN e
a experiéncia j3 obtida pelo Grupo de Centros de Cor junto ao
NRL.

ii) Capacitar os pesguisadores de FeMAT no tema de materi
ais amorfos.

iii) Efetuar medidas de frequéncia de RQN, forma de linha
de absorgao de rf e os tempos de releragao de spin-rede e spin-
spin em fungac da temperatura em varios vidros :

- vidros alumincboratos de biario contendo impurezas
c¢iversas a difcrentes concentragdes;

- Oxido de arsénio vitreo;

- vidros calcogenetos semicondutores.

iv) Interpretar os resultados com base nas teorias exis-

inédmi

cas nesses vidros.

1.B.2. Cronograma

Heta 1© ano 29 ano 392 ano

1i S

iii

L

iw — —

1.B.3. Plano especifico

Meta i : Eguipamento

i.1. Construgao ca malha de acoplamento entre o sistema

de modulagdo e amplificagao de pulsos de radio-frequéncia e o re

ceptor de faixa larga para o espectrdmetro de RQN de 50 -a 100




OBJETIVOS

MHz. Rhs primeiras observaqées de ressonancia serao efetuadas pa-

cristaline {arsenolita).

3
Ajuste e otimizag@o do espectrometro e incorporagao

ra nacleos de SAs no A520

i.2.
- . . . - 15 p
do "signal averaging® para observar o sinal de s no A5203 vi-
rﬁﬁgg(ﬂé fol efetuada a conpra do osciloscOpio digital 150 MHz
L

MJ' .
da Tektronix e dispomos de microcomputacdores Apple e PC-XT).

i.3. Construgsdo de cricstato com base na experiéncia

da FakELr,

[eRRE]

prévia_do Grupo de RilY

i.4. Desenvolvimento de um sistema de software de trans
formada de Fourier e de programacao de pulsos. Para realizar es-
te objetivo, contar-se-& com 2 colaboregio dos pesguisadores  do
Crupo de. RN da FaMrF de COrdoba, sendo necessdrio prover a esta
Dr.nrlde H.

dia do Frof. Brunetti por dois meses no 1FUSP.

i.s.

amostras no IFUSP, apbs o 16 zno.

Conclusdo da montagem do laboratorio de preparo de

i.6.
do sintetizador de radiofrequéncia Mod. B656B da HP, com

FINEP.

Esta sendo providenciada a importagao, pelo IFUSP,

verba

1.7. Contando com o espectrometro de RQN construido no
IFUSP e com 05 existentes na FatiF, preten&e—se efetuar medidas
de ressonancias em diversos nicleos constituintes de impurezas
introduzidas nos diversos sistemas de materiais amorfos a serem

estudados. A utilizacao dos espectrimetros disponiveis se proce

dera de acordo com a seguinte distribuiqéb :
-  Um espectrdmetro de RQN para N {1-10 MHz) (FaMar)
- " " " " " CI (20-50 mHz) (FaMar):
- " " " " " ns (20-120 ME2) (IFUSP)
- " " " " " I, Br (200-300 MHz} (FaMaF}
- " " " RNM (FaMaF}

(L preparagao de amcstras sera efetuade no IFUSP).

Meta ii : Preparacao de recursos humanos

Serd dado o seguinte cursoc na FaMAF pelo Prof. Dr. Wal-

ter M. Pontuschka :




Ivaaus 0s Loz

NP

S
O

0BJETIVOS

]

" introdugdo & fisica dos sistemas amorfos

Duracgac i | mes

Ohjetivos:

utlurals e ca-

-
-

- Tdentificar e relacionar propriciaces ext

racteristicas dindmicas peculiares acs materiais vitreos.

Doscrever metodcs e progclfiimentos € as principais teori-
-as aplicadas a interpretscac de resultados nas diversas

tecnicas experimentais usuzlmente aplicadas.

Comunicar ao Grupo de RMN da Falhar & experiéncia acumula
da pelo Grupe de Centros de Cor do 1FUSP através de estu
Gos de RPE em vidros alumincboratos de bario, oxido  de

arsénio vitreo e a-S5i:H.

TOpicos:

2 natureza do estado amcrio.

)

_ Estudo da estrutura dos materiais amorfos pelo ponto de
vistza topoldgico.

-~ Aspectos termodinamicos relacionados com a formagao de
vidros.

- Estudos de RPID em vidros boratos, 6xido de arsénio vitreo
e a~5i: {O,N,il).

- Ordem local e modos de tunelamento.
- RHM e RON de materiais amorfes.
- Estrutura eletrdnica de materiais desordenados.

- Propriedades Opticas e eletrbnicas de semicondutores a-—

morfos.

Bibliografia selecionada.

~« N.F. Mott and E.A. Davis, "Electronic Processes in Non -

Cryvstalline Materials”, 27d ed. (Clarendon, Oxford, 1979).

- P.C. Taylor, "Resonance Effects in Glasses”, pp. 223-281

in Treatise on lMezteriazls Science and Technology, Vol.12:
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Gless I. Edited by M.Tomozawa and R.H. Doremus. Academic

Press, New York, 1877,

- E.J. Friebele and D.L. Griscom, "Padiation Effects in
Glass™, pp. 257-281 in Treztise on Materials Science “and
Techneology, Vol. 317: Gless 1. Editea by MoTomsrewe end R,
H. Doreﬁus. hcademic Press, lew York, 1979,

- D.L. Griscom, "Borate Glass Structure”, FEd. L.D.Pye, V.D,
Frechetfe, &nd N.J. ¥reidl. Plenum Puklishing Corp., lew

York; 1878,

- J. Tave, "Amorphous and Liguiéd Semiconductors”. Plenum

Press, Londen and New York, 1974,

r

- P.A. Fleury and B. Golding, "Colterence and Energy Tranczfer
in Glasses". Plenum Press, London and New York, 1984.

- P.C. Teylor, J.F. Bzugher, and B.M. Kriz, "Mucneiic Reson
ance sSpectra in Polyerystalline Soclids", Chem. Rev. 35,
203 -.240 (1975).

Para a realizag@o deste curso serd nececsirio prover a es

tadia do Prof. Pr.Waiter 15, Pontuscrka por dois meses na Fal'LF.

Metas iii e iv

_ Serao realizadas medidas em conjunto e individualmente -
em ambos os laboratdrios, devendo-se prover viagens e estadias -
(2 a 3 meses) para realizar estas metas em auantidade de 2 ez 4

por ano.




tlsgativas

1.5, Finalidades especificas

Hos 4ltimos anos tem-se observado um écentuahp incremento
no interesse pelo estudo de materiais amorfos, tanto por suas a
) plicagdes tecndlogicas, como também pelo ponto de vista bisico
{1). O interesse prende-sze tanto 3 investigagac de propriedades
estruturais come dinamicas.

& Ressonancia de Quadrupolo Nuclear (RCON) & uma técnica
muito sensivel para o estudo do campo eletromagnético que gera
a distribuigao de carga na vizinhanga do nicleo observado (2}.

O Grupo de Centros de Cor do IFUSP tem uma eXperiéncia an
terior no estudo de materiais amorfos, especialmente pela técni
ca de Ressondncia Paramagnética Eletrénica (RPE) {3~ 10) tendo
realizado também experiéncias de RQN e RPE nesses materiais um
de seus integrantes (1MP) no Naval Research Laboratory, Washing
ton, USA em 1980 (11-14). Por seu turno, © Grupo de Ressondncia
Nuclear Magn@tica da FaMAF de Cdrdoba tem experiéncia prévia no
desenvolvimento da técnica de RON aplicada ac estudo de ~Cris-

. tais moleculares, bem como no desenvolvimento da instrumehta;éo
necessaria (15-33). Com estes antecedentes & gue se tomou a re-
-solucao de realizar atividades em coclaboragdso no estudo de mate
riais amorfos por RQON.

2. Trabalhe prévio realizado refercnte a este projeto

Durante o seu estagio de Pds-Doutoramento no Naval Research
Laboratory, Washington, D.C., UD.5.A., W.M.P. realizou um estudo
de RQN e RPE em compostos amorfos de arsénio (11-13) e de RPE- em
a-5i:H (14). Nessa ocasido, aplicou-se a técnica de RON para estu

75

dar a ressondncia do As em diversos compostos amorfos com a fi-
nalidade de esclarecer processos de mudangas foto-estruturais em

calcogenetos semi~condutores. Para efeito de comparagao, também

foi estudado o composto isolante A5203 vitreo.

Estudos de RPE em amorfos j& vBm sendo realizados no IFUSP
desde 1973, guando o Prof. Dr. Adli Bishay, da American Universj-
ty of Cairo, Egito, nos iniciou nessa linha de pesquisa ao visi-
tar Sdc Paulo. Desde entdo, de nossas investigacGes de RPE em vi-

dros alumincboratos de birio resultaram diversas publicagoes e te

ses de doutorado e mestrado (3- 10).

Por seu turno, © Grupo de RNM da FaMAF de CSrdoba acumulou
considerdvel experiéncia com a utilizacao da técnica de RON desde

1870, efetuando estudos de freguéncia de RON e 4de relaxagao spin- -

)
A
' L
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rede em cristais orgénicos, obtendo informagoes sobre movimentos

moleculares e transigdes de fase em diversas substdncias (15-33).
Atvalmente estdo em curso investiga¢oes sobre a contribuigic in -
termolecular ao gradiente de campo elétrico. Outro efejto anomalo
que estd sendo estudadeo & a observacao de gue os tempos de relaxa
g¢ao, em funcZo da temperatura, dependem do tamanho do cristal .
provavelmente porque a dindmica molecular se modifica quando o 1i
vre caminho meédio dos fdnons & da ordem de grandeza das dimensdes

do cristal.

o L
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A interpretagao dos dados obtidos em experimentos envol-
vende as t&cnicas usuais de difragdoc de raios X, espalhamento de elé-

trons ou de néutrons, torna-se muito wais dificil guando se pretende

estudar matertais amorfos, nos quais inexiste ordenm de longo alcance. -

. - - A3

‘As diversas té&cnicas de ressonancia magnética Provaram ser bastante e
{ficientes na obtengdo de informagbes sobre dados estruturails locails ,
ipropriedades estiticas e dindmicas desges materiais,

A primeira aplicacac da técnica de ressonineia de guadry
fpolo nuclear (RQN) ao estudc dos materiais amorfos € ainda bem recen-
ite. Rubinstein e Taylor (35) efetuaram em 1972 (42) um estudo compara
ftivo do As253 amorfo e cristalino utilizando técnicas de RON pulsado

|
'

A importéncia da técnica de RON reside no fato de gque nid

;cleos atdmicos Possuindo momento de guadrupolo nuclear sao utilizados

'te de ¢ampo elétrico criade pelas vizinhancas. dNos €asos alternativos
1
jon@e se verifica s predominincia de efeito dos momentos magneticos nu

| (RNM)

'9ados por essas técnicas incluem a ordem @strutural local e detalhes |

. das confiquragdes das ligagoes locais. por cutro lado, entre as pro -
priedades dindmicas dos s0lidos amorfos em éstude, podemos citar deta
lhes de densidade de estados vibracionais, movimento de difusap de
ions e pProcessos de relaxacac spin-spin e spin-rede,

saria a utilizacao das técnicas pulsadas. No caso especifico do eco
de spin, por exemplo, aplicam-se sequéncias de pulsos duplos, apds os
Guals aparece um sinal de eco igual & transformada de Fourier do si-

mente estreitos. A programagio adequada dos pulsos de r.f. satisfazen
do & condigio de ressocnincia permite desenvolver técnicas refinadasg
ide alta resolugioc e efeitos variados.

campo elétricp €d,, U a constante de acoplamento de quadrupele nucie

2 = : : N
ar e quz/h, © parametro de assimetria 72; a largura da linha de res-
sohancia e o tempo de relaxagdo spin-rede T, - Essas quantidades sao

——

ira os materiais amorfos, os respectives sinaig de eco sio considerave)

i0

P
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analizadas em fungdo da temperatura em termos de movimentos molecula-
res ou de Ions. A variagdo da frequéncia de ressonancia em fungio da
temperatura fol primeiro estudada Por Bayer {43) e aperfeigeoada por

Brown (44) com excelentes resultados. As baixas temperaturas, a depen

déncia de Tl com a temperatura permite distinguir se o processo de re
! - - -
i laxagio & por via de fOncns aclsticos ou Bticos.

: 0O nossc obijetive & o desenvolvimento da instrumentagio de
fRQN pulsada e estudar inicialmente materiais amorfos com os guais 3ja
“temes uma familiaridade acumulada por estudos nos anos anteriores

 (IFUSP) - RPE de vidros aluminoboratos de bario, que serio produzidos
fencerrando impurezas contendo nicleos possuindo momento de quadrupolo
:elétrico: {NRL} - RPE e RQN de vidros de A5203 e calcogenetos corres-
Ipondentes, comparando com resultados obtidos em cristais de mesma com
fposiqéo estequiométrica (os vidros calcogenetos pertencem & categoria

+de semicondutores amorfes, enquanto os vidros oxidos s3o isolantes) e

1 {FaMAF) - RON de cristais orginicos e desenvolvimento da corresponden

ite'instrumentagéo.

! Em muitos casos as Propriedades dos vidros contendo impu-
ﬁrezas apresentam diferengas acentuadas, o gque torna necessaria a pro-
fdugéo programada de amostras. Para se concretizar este objetivo esti
, 5endo construido no IFUSP um laboratdrio ge produgao de amostras ca-
" paz de satisfazer a esta finalidade,

|
|
|

10
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(1985%)

. E. Fukushima and S.B.W. Roeder, "Experimental Pulge NMR" ,
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(1581} . '

W.M.Pontuschka and A.Piccini, "Atomie Center Interactions
in BagQ; A1203; 8203 Glasses Containing Silver®, Revista
Brasileira de Fisica g, (1), 93-107 (1579).

W.M.Pontuschka, "Ressonincia Paramagnética Electrdnica de
Centros de Hidrogénio em Vidros Aluminc-Boratos de Bario",

Tese de Doutoramento, Instituto de Fisica da USP (1979),

W.M.Pontuschka, S5.Isotani, A.Piccini, and N.V. Vugman, "LPR
and Xinetic Studies of Hydrogen Centers in Alumjinoborate
Glasses”, J.Am.Ceramic Society 65 (10}, 519—523 (1982) .
W.M_Pontuschka, S.Isctani, ang A Piccini, "Optical and
Thermal Bleaching of X-Irradiated-Barium Aluminoborate Glas
ses”, J.Am. Ceramic Society 70 (1), 59-64 (1987). -

W.M.Pontuschka, S.Isotani, and A,Piccini, "Photoproduction
of Atomic Hydrogen Centers in X-Irradiated Aluminoborate
Glasses", Ixth Congress of International Society of Magne-
tic Resonance, Rio de Janeiro (1%86).

S5.Isotani, W.W.Furtado, and W.M.Pontuschka, "Analysis of
the Kinetics of Paramagnetic Centers in X-Ray and UV-Iryag-
diated Aluminoborate Glasses”, Ixth Congress of Internatio

nal Society of Magnetic Rescnance, Rio de Janeiro {1986y .
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W.W.Furtado, "Andlise da& Cinética de Hidrdgénio Atdmico In
tersticial em a-Si: (H,0,N) e em Berilo", Dissertacido de
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W.H.Pontuschka, W.W.Carlos, P.C.Taylor, and R.W.Griffith ,
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D.J.Pusiol and M.Ramia, "Estudic de la frecuencia de Reso-
nancia Cuadrupolar Nuclear Y el tiempo de relazjacion espin
red en funcion de 1la temperatura en el Paradiclorobenceno",
Licenciate in Physics Thesis, FaMAF (1976).

D.J.Pusicl, "Movimientos moleculares semi-externos Y su in
fluencia en la Resonancia Cuadrupolar Nuclear: el case de
los X—C6H4-502Cl", Doctor in Physics Thesis (1982).

D.J.Pusiol andg A.H.Brunetti, "35C1 Nuclear Quadrupole Reso

nance of the Benzene Sulphonvl Chloride*, J.Mol. Structure
81, 131-137 (1382).

A.H.Brunetti and D.J.Pusiol, “35C1 NOQR of the Benzenc Sul-
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16. D.J,.Pusiol, C.H.Caceres, and A.H.Brunetti, "Detection  of
Acoustic Emissicn and Simultaneous Observation of NQR in
the Alpha-Beta Transition of Paradichlorobenzene", J.Phys.
Chem. Sclids 44, 647-650 (1983).

20. ‘R;C.Zamar, D.J.Pusiol, and A.H.Brunetti, "An NOR Study of
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Crystal due to Uniaxial Pressures”, J.Mol. Structure 111,
. 171 (1983).

21, D.J.Pusiol and A.H.Brunetti, “"Temperature Dependence of
the Spin-Lattice Relaxation of -°Cl Nuclei in Solid p-
Chlorobenzenesulphonyl Chloride"”, J.Phys. C17, 4489-4491
(198B4}. ’

22. C.E.Gonzales, D.J.Pusiol, and A.H.Brunetti, " Temperature

" Dependence of NQR Spin-Lattice Relaxation Time in 4-Chlo-

robenzenylchloride and Semi-External Molecular Movements®,
J.Mol. Structure 1le, 221-225 (198B4).

23. A.H.Brunetti and D.J.Pusiol, "Influences of Semi-External
Molecular Motions on.35C1 RQR Frequencies and Relaxation
in Solid Benzenesulphonyl Chloride", J.Phys. C: Solid Sta

‘te 18, 413-420 (1985),

24, D.J.Pusiol and A.H.Brunetti, “Temperature Behaviour of
35Cl NOR Frequencies and Spin-Lattice Relaxation in Solid
p-Bromobenzenesulphonyl Chloride"®, J.Phys. C: So0lid State
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CRONOGRAMA DE TRABALHO

Pars Liso do CNPQ

(*)

| Discrimindclo das Atividades Duragdo Prevista Local instituicio
- tnicic Tirming Responsivel
{*)jCompletar a construgio e oti
nizagao do espectrmetro de o
N-do IFUSP 09,/88 08/89 Sac Paulo IFUSP
Construcdo de criostatc 09/88 08/89 S2o Paulo IFUSP
!
(*) Desenveolvimento de um siste-
3 de software de transforma
da de Fourier T | 09/88 08/B3% S3oc Paulo FaMAF
{*) Capacitar os pesguisadores !
da FaMAF no tema de materia- |
is amorfos - 09/88 08/89 ; Cbrdoba IFUSP
Conclusao da montagem do la-
boratério de preparo de amos )
tras no IFUSP 09/83 08/90 Sao Paulo IFUSP
Fealizagdo de medidas de fre
¢uidncia de RON, forma de li-
nha de absorgdo de rf e  os
tempos de relaxacao de spin-
rede ¢ spin-spin em  fungao
Lja temperatura de varics vi- : - .
ros “03/8% 02/91-f Sao Paulo IFUSP e
e CoOrdoba FaMAF
Interpretagdo dos resultados’
com base nas tecorias existen!
tes, obtendo informagdes deg!
prepriedades estruturais e, .
dinadmicas em vidros. 03/90 | 08/91 Sao Paulo IFUSP e
e Cordoba FaMAF

(*) Atividades.ia realizadas.

~t



Cronograma de Desambolio _

Discriminacio do Elemento de Despesa

Data

Viagem do Prof. S.R. Rabbani a Cordoba

Viagem do Prof. D.J. Pusiol a S3ao Pauio .

Aquisigao de compostos quimicos para o
préparo de amostras

Viagens futuras {39 ano}:
Viagem do Prof. A.E. Wolfenson a $2o Paulo
Viagem do Prof. S. Isctani a (dérdoba

Rquisicao de compostos quimicos para o
preparc de amostras

12/89

08750

03/31

08791

ORS.: Favor inctuir Mombiis de Cilousto,

{passagem}

(passagem)




v (em BTN de outubro de 1389)
Recunsos do CNl'g . .
T
nemasomons | Lo g | Ty SroR o B
Custeio e o e <
_D:;r;;_.a-:ﬁ.:_:l}émro .: N — e T T —? 3k ] L1134 ] ) —-"_fﬁ_d—d-g—i-ﬁ. 8
Mattiasl 0 Contume Nocionsd z,h 1% ha
Mnui;l_dn Consume Estrangaird; oo
e e s -
Ramunarecio de Ssrv. Pasioal
;ungcm-bl;ciomi; N
Passugens internscionsis B854 ack 1708
Gu"o;g;:-:; d—e—;’:uims
; Ccngn::;-:ﬂ_lunibn 7 ]
! * Y Outros Encargos Divenson
Capital -
Equipamento Nacioaal
#pierial Permanente Nocionsl N h 1
Material Peernanente Eicangeics T 0
| [Tow BN B5h | 158 i3k | 878 | oozl )
i
Rlecurios do Orgio Convenents Estrangzuu {em BTN de outubro de 1969)
| temoe Duspess —frrs'::nf!;@' Som _T?EQ:',n? i tom, |18 sﬁ,r.ml T ! Total
Custeio o
E::«lnde I;;niluiro L1k 4114 8263
Patagans Nacienais
Pmagi:lvl;;\umacionail 8 Sh !8 5 b 70 ; —_—
Qutros Services de Tarcairor T
Gongrn;s::: Raun:Ges —*—.
Materiol ¢g Consumo 2h 24 _],;—8 T
ol TYes | 35k | 05k [R5 | 10624 - |

Observagies

Durante ¢

Ano

foram realizadas as seguintes viagens:

- Visita do Prof. Waiter Maigon Pontuschka a Cordoba
perfodo de 18/11/1988 a 17/12/1988 (I

durante ¢

més) .

- Visita do Prof. Aldo Hector Brunetti a S$3o Paulo durante o pe-
riodo de 02/05/1989 a 16/05/198% (15 dias).

003.: A smports o e material da contumo s aGuipaICRIo O

erd se1 {ota ulhizandn 2 cola da entidoade sohiciiante.

12
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. Regime
Nome Area Formagdo "_Tn'ﬁo_rﬁ_'l Paid
Nacional a st B ’ _4 .
PONTUSCHKA, Walter M. . Fisica_ _j.Dbouter | X ]
ISOTANI, Sadao __ ... . . — e o X -
RABBANI S37Td"R. B I " x I
+
Eslrangei}a B
BRUNETTL, Aldo H. "Fisica | pouter__|._.x
PUSIOL, Daniel J. " " % i
R Licenciado} :
 WOLFENSON, Alberto ) eq.a-Mestre). X .
| SCHURRER,C!emar " " x
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!
_ 1
| I
'f
&
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B | L]
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- - -‘ (-
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o p
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-1 atendendo 3 recomendagac da assessoria do CHPq, reduzimos

¢ pericdo de permanéncia de cada visitante

para 2 meses) para apenas 1 més.

(originalmente estipulado

- 2) As metas (i) e (ii1) foram integraimente cumpridas.

As metas (iii} e (iv) foram parcialmente cumpridas.

14



PLAND DETOLHRBO PARAR O _PER{ODG 01/G9/1983 a 31/08/1950

i. Resumo das atividades }& concluidas na fase anterior

II. HfAtividades oprevistas para o 12 semestre (01/09/1989 a

28/02/1330)

rd
10

IIT. Atividades oprevistas para a semestre {01/031890 a

31/08/713999)
I¥., Paerspectivas futuras

[. . Resumg_das.

Ativigdades 34 conclu:das na fase_anteriar

Tudas s: meius Sea  prapoezimo:s iniziatmente foranm
rigerasamente cumpridas nos prazos previstos (alé 4 giu.eato

data) em nosso plano iniciailmente pré-estabelecida para 3 ano: Sa

3

atividades.
Meta 1: Equipamento

Foram cumpridas todas as etapas da construglio e
otimizag3o do espactirémetro de RON do Grupo de Lentros de Cor do

IFUSP. Para que o seu funcionamento seja plenaments satisfatortio,

finaimente estamos aguardando para estes diag a chegada da aré-

amplificader Mod. 254 (S3Hz a SUCMHZ) daz HMatec, processo a2

impartagio CHPg iniciacdo em 1970711988 (CHPg), sem 0 gual 2

sensibilidade doa sistema ainda nig & suficiente para estudae

materiais amorfos. Igualmente, estd para cheqar o sintetizacor da



r

radiofrequéncia Mod. 86968 da . HP, adquirido cem wverba FINEP

1]

indispensdvel para gque as mecdicdass tenham um minimo de precisio
estabilidade. Fol adguirido e instalado o sistema 22 zaftuarn
operagdo de interface GPIB associado so osciloscésia digita!l Ze
150MHz da Tektranix e microcomputador PC-AT. Ja temos candigdes
de efetuar transformadas de Fourier dos sinais abtidos, <com 3
rapidez de poucos segundos.

FECYrsos humangs,

Em sua wvisita 3 FaMAF-UNC, durante o periodo de
1871171388 a  17/12/1988, o Prof. Watter Maigon Pontuschka
ministrou o curso "Introdugfo % fisica dos sistemas amorfos® ez 8
aulas com duragio de 2 horas cada.

‘ 0 Prof. Htdo Hecter Brunetti, em sua visita ag
IFUSP, durante o periodo de 02/05/:1989 3 1670571989 apresantos 33
semindrios "A wtiiizagl3o cda técnica de FFT para a oadten¢ds co
sinal de RON® & “As vantagens da técnica de FFT" e manticosz
cantatos com outros grupos do [FUSP no sentido 22 ampliar 3

colaboragdo com a FaMOaF.
Meta iii: Medidas de RON

al Foram efetuadas medidas de RON pelsado do *“UL em solugdo

vitrea de 43,5 moi % de clarcbanzens em piridina, ocotida sor

esfriamento rédpica ("guencaing®) am nitrogenio ! ggida.



b) Medidas de RON puisado do 7%As do Bs.0, policristalina
{(arsenolita) utilizando a técnica de eco de spin foram
efetuadas no IFUP cem 3 finalidade <de testar e otimizar o

aspectrdmetra e 0 sistema "saf tware® de caleta e

grocessamenta de dados.

Meta iv: Interpretag¥o dos resultadas

Gs dadss de RON do **Cl em solucic vitrea ¢z <3.5
mol % de clorobenzena em piridina foram interpretacas com Dase
nas teorias existenies e proposta de um modele teorico He nassa
auteria, resultando "na artigo "NUR of 33C{ nuclel in gilassy

sotution of chlorobenzene in pyridina®, submetido oara publiczagio

em Physical Raview B. J4 obtivemes uma resposta favordval ca
drbitro quanio 3 aprovagio do artigo, apos a iaclusie =2 um
peguens comentdrio adicional.

If. Qtividadeg_,prevjsiaj__paqa__q 12 zemastre  (U17030 0323

28/02/1998)

O objetive central desta fasza +a 3

r
<
*
L
cl
N
o
1
@

reaticar macdidas de freguéncia de ROn, farma ze .iasns za a3z C3n
ce ~f = 3z tampas Ze r2la agEo ipin-coze 2 s53ia-:3in ozn f.m;37 za
tenpa-3t,ra a2 M - 212733 srgJdnizas : SItas o zzoat g

Fara a3 coancretizagio des Mt SERLLIa ot

wi
ey

tentativas com o espectrémetro do [FUSP & & compiemzniag
ser efetuada na FaMAF, sor ocasida da visita gque o Prof. Saiz R.
Rabbani deverd reatizar 3 Cérdoba no periodo temtativaments

estabelecido para o més de dezambro de 1383.



Durante a sua visita a Cérdeba, o Praf, Rabbani
deverd proferir varios semindrios scbre:
a) madificacBes afetuadas no espectrémetro de RON
do IFUSP & 3 sua sutomatizagBo;
b)Y a técnica de Dupla Ressondnciaz de Quadrupolo
Nuctear, seus diferentas métodos e aplicagdes.
Oiscutird com o Grups de Ressondncia Magnética
Nuclesr da FAMAF as possiveis madificagBes no espectrdmetro em
Cérdoba, visando a sua semi-automatizagdo.
0 Grupd de RMN da FAMAF ‘tem desenvolvide vdrios
Jcessérias para o espectrdmetro (pré-amplificadores, criostato ge
fiuxa & controle de temperatural) os quais temos intaresse de
assimitar e posteriormente reproduzi-io3s no IFUSP.
€stamos planejando o desenvelviments da técnicas
.de preparo ‘de amostras de vidro em nosso lLabaratorio no [FUSP.
Trata-se de um PpProecesso envolvendo certas camplexidaga =2
considerdvel dispBndio de verbz FINEP com a aacisigdo dre firnas

matis sefisticados.

IiI. Ntividades _previstas para o 2% samasica (9737744 a
31/0871330)
Danda continuidade 3 reciprocidade ca gartiiipagdo

das partes envaividas, deveremos recebar 3 visita co Praf. Jiniel

Pusiol caem 3 duragao de 30 diag, prewvista para o pe s de mara 20

1990. Esta oportunidade serd wutilizadaz para aperfaicoar o 133530
sistema de instrumentagdo a efetuar medidas d= oI 20 U R
em vidros e compostos <«ristalinos com a3 mesina sstajLiane ~ia,

para efeita de comparagda.



Os seminédrios 3 serem proferidos pelo Prof. Pusiol

deverio versar sobre temas especificos sobre 3 metadologis de ROM
e aspectos teéricos sobre a estrutura e dindmica de compostos

srginicos aramitices halogenados, tanto cristalinss como amorfos.

%a&, 40 A& onovarrb e cle jogg
qugztik'C;E;%?¢ng£§zu5cébu~ﬁg
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Recurios do CNF g

(em 8TN de ocotubro de 1989)

Item de Despesa l

Parzihio i
go CNFg % 10 Sem 'i

Anal

Custeio

Oibsias de Estrangeirc .

Ao b

Ano

o

——

1. 'lé-g-(;r;\"._{ ) '2"5T‘Esm. {

Total

—

"5 gem 9 sem, | 20 Sem.

BUREREREE

u}3n]

e

8268

Matgrisl de Contumo Nac:onal

e .:J\ITT R

1

25

L

Matarial do Conwume Extrangeire

p— e e et =

—_—
Remunsrackc de Serv Pesiodis

Passapeny Hacionsi

Passigens Intarnacionsis

854

851

1708

Outros Servicos de Tarceitos

Congresios ¢ Reunibet l

Outros € ncargol Diversos ) ‘

Capital

Equipsmento Nacions!

Mozerisl Pecnanente Nocionsl

Materiss Permonentt £ sLrangeite

a5k |

e et e e

| JE——

5158 1 81

35| 878

e e T e e

_JGOZh

Recursos do Orgio Convenente Estrangriry

{em BTN de cutubro de 1389)

r tiem de Deapesa ‘— Anoi . - Ano i - Ao n :'mai
v 10 Sam. | 20 5em. 710 Sen. | 79 5em. | 19 Sem, | 20 Sem. |

Cusluio ) .

Dadzlas de Brasilvire 134 h134 $263
Pastagem Nacionais :

Passagens bnternacionais Boh BEY 1708
T . e 1708
Outros Serviges de Tarcwiros __—__]
Congressos ¢ Reunides .

Materiol g Consumo 24 ok L

Total 4158 | 354 § O5L [ 4150 1002k -

Observaches

Purante o Ano |

foram realizadas as

- \isita do Prof. Aldo Hector Brunetfti
riodo de 02/05/1989 a 16/05/1989 (15 dias}.

seguintes viagens:

(1

mes) .

- Visita do Prof. Walter Maigon Pontuschka a Cordoba

periodo de 18/11/1988 a 17/12/1988

durante ©

a Sao Paulo durante o pe-

$O5.r A importas Jo de matensl de cons

Umo & eQUipINEH10 Senetd set fota wuhranda 3 cora da ennid

»de sohicatonte,
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RELATORID DE ATIVIDADES REFERENTES A VISITA
DO PROF. DR. DANIEL PUSIOL AD INSTITUTO DE
ristca - usp

. - . )
Ref. Proc. Nt 121787 (CCINT -uSE)

0 periodo de atividades, inicialmente previsto
para o periodo de 20 a 30 de abril de 1987, teve que ser re-
duzido em face a necessidade do Prof. Pusiol de efetuar pre-
parativoe urgentas de sua viagem para a Alemanha, aprovada
pela Fundacao Humboldt. Mesmo com = compressﬁo des ativida -
deg para um periodo de 5 dias, (20 a 24 de abril de 1987)005
sideramog que os objetivos de sua estadla foram plenamentesal
cangades.

Durante & sua permandncie foram diascutidos £0-
picos sobre instrumentagac de ressonancila de quadrupclo nu-
clear (RAQN), contendo informagdes de import@ncia para o Gru-
po Centros de Cor do Departamento de Fisiea Experimental, on
de esta sendo construldo um espectrometro de RQN.Elaboramos,
em conjunto, um planc de trabalho que sera encaminhado gimul
taneamente eos érgaos financiadores de smbos os pafses: CNPq
(Brasil) e CONICET {Argentina}. O planc para o convénio pre-
veé ag geguintes metas:

a) completar a infraestrutura experimental gque atualmente se
dispoe, aproveitando a experiéncia do grupo de Cérdoba no
desenvolvimento do espectrfometro de RQN e a do grupo de
Centros de Cor - IFUSP, que conta com um elemento (wMP)
com experigéncia adquirida em estaglo de pés—ﬂnatoramento
no Naval Resgearch Laborastory de Weshington - DC, noe Eats
does Unidosg;



b} conferir ao pessoal de Cérdoba a experisncia do grupo Cen
troa de Cor no Estudo de materiais emorfos;

¢) realizar medidas de frequencila de RQN, a formaada linhade
absorgao e os tempos de relaxagao spin-rede e spin-spinem
fungae de temperatura em vérios vidros econtendo nucleos .
sensiveis & técnica de RQN;

d} interpretar os resultados em face &s teoriss vigentes pa
ra obter informagoes de propriedades estruturals e dins—
micas nos vidrosg,

Durante o periodo de sua vigita, o Prof.Pusiol
profariu dols seminarios no IFUSP:

22/04/1987: “Progresso em espectiroscopla de ressonancia de
quadrupolo nuclear';

23/04/1987: "Aplicacges de eapectroscopia de RQN ao estudode
vibragoes molsculares®,

0 conteido do 3% geminario, que havia sido pla
nejedo para 29/04/1987 "Estudo de transigbes de fase por RGM
fol incorporado no 2%, proferido em 23/04/1987.

S80 Paulo, 19 de maio de 1887.

(—-*{-’:“ s = S

Nl . L 1
\{\X\,q_\‘/};-r EE RS B

Prof. Dr. Walter Maigon Pontuschke
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RELATORIO DG 19 ANO DE ATIVIDADES

ESTUDG DE MATERIAIS AMORFOS POR RESSONANCIA DE QUADRUPOLO NUCLEAR

Convénio CNPq/CONICET Brasil - Argentina
Processo CNPq N9 91.04008/87 3-FA

Grupos participantes:

Grupo de Magneto-Uptica e Centros de Cor
Departamento de Fisica Experimental
Institute de Fisica da USP

Sac Paulo - SP - Brasil

Grupo de Ressonancia Magnética Nuclear
Faculdade de Matemdtica, Astronomia e Fisica
Universidade Nacional! de (drdoba

Cordoba - Argentina

Perfodo a gue se refere o relatdrio: setembro de 1988 a

agosto de 1989,

Observagoes:

1. J3 foram enviados e aprovados os relatorios
referentes ao periodo de setembro de 1988 a
fevereiro de 1989 e o da visita do Prof. Al

do Hector Brunetti a Sao Paulo.

2, 0s trabalhos de mdtua cooperagao sofreram um
hiato de | ano por motivo de interrupgao de

apoio financeiro,
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l. lntroducao

Por ocasido do inicio das atividades conjuntas de ambos
05 grupes, cada uma das partes havia acumulado experidncia em tec
nicas e areas especificas, verificando-se de imediato a2 conveni-
gncia de se realizar trabalhos em mitua cooperagéo.

Por um lado, o Grupo Centros de Cor do 1FUSP havia acu-
mulado trabalhos na drea de materiasis amorfos estudande vidres e
alguns tipos de filmes finos semicondutores, bem como varios com-
postos cristalinos, utilizando principalmente a técnica de resso-
nancia paramagnética eletrdnica (RPE). A técnica de ressonancia
de quadrupolo nuclear (RQN} acabara de ser implantada, com a ob -
servagao do eco de spin da ressondncia do nocleo de 75As em A5203
cristalino na forma alotrdpica denominada arsenolita. Muitos pro-
blemas, entretanto, estavam para serem resolvidos até gue se pu -
desse tornar o espectrometro suficientemente sensfvel e operacio-
nal para a aplicag3o em estudos de distintos materiais, nao ape -
nas cristalines, mas incluindo tambem 0s amorfos,

Por outro lado, o Grupo de Ressondncia Magnética Nuclear
da FaMAF da UNC acumulou cerca de duas décadas de experiéncia com
as técnicas de resson3ncia magnética nuclear (RMN) e RQN aplicadas
a0 estudo de cristais organicos,

Ficou cltaro, desde o infcio, que atraves de um programa
de mutua cooperagdo a resolucio dos problemas especificos da téc-
nica de ROQN, enfrentados pelo grupo de S3o Paulo, seria uma tare-

fa consideravelmente mais facil, além da busca de progresso con -

junto visando o domfnio das mais recentes conqistas da area. Por
sua vez, o grupo de Cérdoba, interessado em estender o seu inte -
resse aoc estudo de materiais amorfos, iria poupar tempo e esforgo
através deste apoio mituo.

Foi com este espirito que formulamos as metas, a serem

atinjidas inteqralmente em um periode de 3 (trés) anos:

i) Completar a infraestrutura experimental ja existente
ne 1FUSP na complementagio da construgao e na otimi-
23630 do espectrometro de RGN,

11} Transferir ao grupo da FaMAF experincia e temas re-
lacionados com o estudo de materizis amorfos,

iii) Efetuar medidas de frequéncia de RON, forma de linha

de absorgao de rf e og tempos de relaxagdo das inte-
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ragoes de spin-rede e spin-spin em fun¢3o da tem-

Pe€ratura em varios vidros:

“ vidros aluminoboratos de bario contendo
impurezas diversas a diferentes concen-
tragoes;

- oxide de arsénio vitreo;

- vidros calcogenetos semicondutores.

iv} interpretar os resuitados com base nas teoriss vi
gentes, para a obtengdo de informagces e melhor
compreensao de propriedades estruturais e dinami-~
€as nesses vidros.

0 cronograma que foi iniciaimente estabelecido para

© cumprimento das metas no periodo que se estende por trés anos

€ o que se seque:

—
Meta 19 ano 29 ano 3¢ ano
1 e,
i1 ——
— |
v —
]

¢ presente relatorio tem por finalidade descrever as

atividades e pg resultados ebtidos no 19 ang do c¢ronograma acj

ma. Uma vez que houve um hiato na Programagao, decorrente da

falta de recursos das fontes de apoio (CNPq*CONICET),
tamos também, apenas g titulo de

apresen-

informagao, um apéndice com

teriormente. (Eg-

o de interesses
40 qgue os envolividos no Presente projetg),

Finalmente, 8presentamos um plano de trabalho atuail;

Gssa perspectiva para o 29 anc do crono-
grama de referéncia,
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i1, Eguigamento

Com o objetivo de completar a Infraestrutura experimen-
tai do grupo Centros de Cor do {FUSP, aproveltando a experiéncia
do grupo de RMHN da FaHAF-UNC, foi construlda a malha de acoplameg

to entre o sistema de modulagdo e amplificagao de pulsogs de radio

frequencia e o receptor de faixa targa  do espectrdmetro de RON
pulsado de 20 a 120 MHz. Foi obtido o sinal de eco de spin do na-
75

cleo As do A5203 cristalino {arsenclital, que fol processado pe
sistema de “signal average" contido no osciloscopio digital Mod.

24304 da Tektronix, recentemente adquirido. A Yeépresentagao esque

matica do espectrometro de RQN, no estagio em que se achava em

marco de 1383, esta esbogada na Fig. 1

-
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Fig. 1. Diagrams de bltecos do espectrdmetro de RQAN pulsado do IFUSP
em marge de 1989,

{1} Bobina.de rf.

(2) Capacitores de acoplamento
{3) Diedos cruzados

(4) Resistor de carga - 40 ohms, &w
{(5) Gerador de pulsos Mod, 5100 e

“"plug-in¥®
amplificador (50-120 Mdz) Mog. 525 da Matee

(6) Receptor de fzixg larga Mod. 625 da Matecr

{7) Pré-amplificador Mod. 460AR da MHewlet Packard
(8) Frequencimetro "Bk Precision®

(9) Gerador de rf "Fordhame

(10} Qsciloscépio digitaj Mod. 2430A ds Tektronix
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Até ent3o, apesar das limitagoes Impostas pela falta
de um sintetizador de frequéncias, Ja foram elaborados 2 (dois)

trabalhos de mestrado:

- "Ressondncia de quadrupolo nuclear da arsenolita', Reinaldo
Madarazo, dissertagdo defendida no [FUSP em 09/03/1588.
Orientador: Prof, Walter Maigon Pontuschka.

- "Estudo de tempos de relaxagao pelo método de duplo pulsoft,
Osni Silva, dissertagao defendida no [FUSP em marco de 1989,
Crientador: Prof. Sadao isotani,

As primeiras medidas no intervalo de temperaturas de 77
a 300 K foram efetyadas pelo estudante Osnij Silva, apds a constry

gao de um criostato (V. Fig., 2).

Fig. 2. Criostato construido pela aluno Osni Sitlva para efetuar

medidas de FON pulsado na faixa de temperaturas de 77 a
300 ¥,



P W W W W W W W w w w e e

{1) Recipinete de 460 ml de N, 1fquido

(2) Cilindro de Jatdao, com camisa de vacuo
(3) 8 parafusos para fixag3o da base

{4} Anel "0"-Ring

(5) Base de latio

£6) Valvula Edwards mod. S5VIOK

{7) e (8) Saida para os fios do termopar

No periodo seguinte (marco a maio de 2989}, o Grupo Cen-
tros de Cor do IfUSP adquirui os equipamentos necessarios para a

autematizacao do processamento da safda de espectrametro de RQN:

- Microcomputador ND H00DOAT Novadata (verba USP);

- Oscilador de varredura HP Mod, 8620C {empréstimo
CBPF};

- "Plug-in' de r.f., HP Mod. 86220A, 10C a 1300 MHz {em-
préstimo CBPF);

- "Plug~in' de r.f. HP Mod, 86230A, 1,8 2 4,2 GHz (em-
préstimo CBPF),

0 espectrdmetro de RQN puisado, tal como se apresentava
por ocasiao da visita do Prof. Aldo Hector Brunetti a Sao Paulo
possuia o mesmo eguipamento essencial indicado na Fig. 1, acrescido
do microcomputador conectado ac osciioscopio digital via interface
GPIB. 0 sinal de safdo do receptor Mod. 625 da Matec, digitalizado
pelo osciloscopio Mod. 2430A da Tektronix e transferido ao microcom
putador, passou a ser processadc e armazenado e disquete. Uma série
de programas foi elaborada para a transferéncia e processamento de
dados, permitindo o controle remoto do osciloscdpio, assim como a
obtencgac da transformada de Fourier do sinal. 0 sistema de Ysignal
average' do osciloscopio permite efetuar médias até 256 varreduras.

A visita do Prof, Brunetti ajudou-nos a implementar boa
parte deste procedimento,

Posteriormente, outros aperfeigoamentos foram introduzti-
dos no programa do computador e foram adquiridas novas unidades que

foram incorporadas zc espectrometro:

- Pre-ampiificador de faixa larga {10 a 200 HMHz}
Mod. 254 da Matec:

- Registrador analdgico-digital Hod. 7090A da HP.
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A representagao esquematica do espectrometro de RQN

do 1FUSP, no estdgio em que se encontra atualmente, esta esbo-

¢ada na Fig. 3,

I1l. Preparacao de recursos humanos

Durante a visita a FaMAF-UNC, entre 18/11/1988 a
17/12/1988, o Prof. Walter Maigon Pontuschka ministrou o curso
“Introducao & fisica dos sistemas amorfos' que teve por objeti-

VOs

- ldentificar e relacionar propriedades estruturais e carac

terisiticas dindmicas peculiares dos materiais vitreos.

- Descrever métodos, procedimentos e as principais teorias
aplicadas & interpretacio de resultados nas diversas té -

nicas experimentais usualmente aplicadas,

- Comunicar ao Grupo de RMN da FaMAF a experiéncia até hoje
acumulada pelo Grupo Lentros de Cor do IFUSP na srea de

estudos dos materiais amorfos.

0s topicos deste curso foram apresentados segundo o
cronograma abaixo, sendo que cada aula teve a duragao aproxima-

da de 2 (duas) horas:

- A natureza do estadc amorfo - 22/11/1988.

~ Estudo da estrutura dos materiais amorfos segundo o pontec

de vista topoldgico - 24/22/1988,.

- Aspectos termodindmicos relacionados com a formagdo de vi
dros - 23/11/1988,

- Estudos de RPE em vidros boratos, oxido de arsénio vitreo
e a-Si:(0,N,H) - 01/12/1988,

- Ordem local e modos de tunelamento - 06/12/1988,

- RMN e RQN de materiais amorfos - 08/12/1988,

- Estrutura eletrdnica de materiais desordenados - 13/12/1988.

Propriedades dOpticas e eletrdnicas de semicondutores amorfos

- 15/12/1988,



Bibliografla:
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1978,
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London and New York, 1974,

- P.A. Fleury and B, Golding, '"Coherence and Energy Transfer in
Giasses,' Plenum Press, London and New York, 1984,

- P.C. Taylor, J.F. Baugher, and H.M., Kriz, **Hagnetic Resonance
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- M. Droichi-Puech, "Propriedades fpticas e eletronicas do Semi -
condutor Amorfo Sulfeto de Antimonio,' Tese de Doutoramento -

1FUSP . Orientador: W.HM. Pontuschka.

Ainda no mesmo perjodo, o Prof. Dr. Waiter Maigon Pon -
tuschka proferiu na FaMAF-UNC, em 30/11/1988, o seminario intitu-

lado “"Fisica dos Materiais Amorfos',

Durante a visita ao 1FUSP, entre 02/05/1989 e 16/05/1989
{periodo reduzido a 15 dias, devido a escassez de verba), o Prof,
bDr, Aldo Hector Brunetti apresentou ao Grupo Centros de CLor os se-

minarios:

- MA Utilizagao da Técnica de FFT (Fast Fourier Transform) pa
ra a Obtengac do Sinal de RGN e

- MAs Vantagens da Técnica de FFT',

Discorreu, também, sobre os topicos de instrumentagao de
ROQN e RHMN:
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- Intrudugao

Detecgao de RMN e de RQN
Método de onda continua - equagoes de Bloch

Método de pulsos - sistemas de coordenadas giratdrias
~ Espectrometro pulsado elementar

Diagrama de blocos

Gerador de puisos

Transmissor - malha de acoplamento-receptor
Detetor =~ detegao em video e sensivel 3 fase
Filtros analogicos e médias

¢
- . . ¢
- Diversas sequencias de pulsos de intesse

Tratamento matricial da evolugao nuclear

Resposta a um pulso =- FID

Resposta a dois pulsos -~ ece nuclear

Medida de 71 pelo método de dois pulsos e por pulsos

continuos
~ A FFT (Fast Fourier Transform) em RMN e RQN

Principios basicos de FFT em RMN

Modificagoes da FFT em RMN {(2DFFT, T, e forma da linha)

bliografia:

A. Abragam, "The Principles of Magnetic Resonance,' Oxford,
Clarendon Press, 1971,

T.C. Farrar and E.D., Becker, “Pulse and Fourier Transform NMR*,
Academic Press, New York, 1971.

E. Fukushima and $5.B.W. Roeder, "Experimental Pulse NMR,' Addison
Wesley, London, 1981, -
R. Geick, "fourier Transform NMR," in Topics in Current Chemistry,
Springer-Verlag, Beriin, 19871,

D.1. Hoult, '"The NMR Receiver: a Description and Analysis of
Design," Progress in NMR Spectroscopy 12,41 (1978},
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IV. Investigacio de RQN em materiais amorfos

No periodo de 18/11/1988 3 17/12/1988 que compreendeu

a visita do Prof, Pr., Walter Maigen Pontuschka 3 FaMAF-UNC, fo-
35

Cl

ram efetuadas medidas de RQN pulsado do em solugao vitrea
de 43,5 moi% de clorobenzeno em piridina., Esse material foi es-

colhido como o primeiro da série de compostos amorfos a serem

estudados, pela razdoc da a temperatura de transigac vitrea T
131 K encontrar-se em uma regiae facilmente acessivel no espec-
trometro. Nao obstante, o Grupo de RMN da FaMAF tem acumulado
cerca de duas décadas de experiencia no estudo de RQN do 35Ci

em cristais organicos aromiticos. As propriedades dielétricas
desse composta a temperaturas proximas de T foram estudadas

por G,P., Johari e M. Goldstein (J. Chem. Phys. 21,23?2(1970}) ,
quando ficou claro que a rapida mudanga das propriedades fisicas
observadas a T € decorrente de processos de relaxagdo molecular,
© que também foi confirmado pelas nossas medidas de RQN.

0 material fol obtido na forma vitrea com o esfriamen
to rapido (quenching) da solugao de 43,5 mol% de clorecbenzeno
em piridina em nitrogénio ifguido, obtendo-se um solido transpa
rente {vidro}, A forma da linha de ressonancia, obtida pela trans
formada de Ffourier do sinal transiente de livre indugdo (FID) ,
apresentou dois picos, respectivamente, em 35,5 e 36,2 MHz. Apds
© armazenamento a temperatura inferior a T por = 2hh, observou
se consideravel estreitamento dessas linhas.

Efetuando~se um esfriamento lentc a partir da fase li
quida, foram obtidos espectros, também com linhas 9 = 34,9 MHz,
possuindo estrutura de 2 picos, porém, muito mais estreitas '
compativeis com os espectros de materiais cristalinos.

Para explicar ©s resultades, propusemos um modelo ma-
temdtico descrito no artigo que publicamos mais tarde e os resul

tados forneceram 9 melhor ajuste até ent3o obtido para uma forma

de linha experimental de RQN de um material amorfo. Para maio-

res detalbhes, consultar o artigo anexo, A.E. Wolfenson, A.H. BrE
netti, D.J. Pusiol, and W.M. Pontuschka, "Nuclear quadrupole res
onance of 35C1 nuclet in glassy solution of chliorobenzene in Dy~
rene,” Phys. Rev. B41,6257-6261(1330],

Por ocasiao da visita do Prof. Or. Aldo Hector Brunetti
ao IFUSP, foram realizados testes de processamento com o sinal de

15

eco de spin da ressondncia guadrupolar do ‘?As na fase no tri-axi

do de arsenio:
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- foi obtido espectro de RQN do 75As na fase cristalina

do A5203 {arsenolita);,

- nao foi possivel observar sinal deste material na fase
vitres, apds fusido da arsenclita e manutencso a 600 °C

durante 2 horas;

- tornou-se, ent3o, necessadrio projetar um pré-amp!ifici
dor (posteriormente, adquirimos o pré-amplificador de

faixa larga (10 a 200 MH2) Mod. 254 da Matec;

foram discutidas possiveis modificagbes nos programas
para a viabilizagao da obtencao do sinal do vidro. Eg-

tas modificagoes foram implantadas e desenvolvidas pos

teriormente,

A visita do Prof, Brunetti foi uma contribuicao impoi
tante para a otimizagaoc do sistema de automatizagao de aquisicao

de dados do nosso espectrometro de RQN.

V. Participacgao em Congresso

No perfode de 09/05/1989 g4 i3/05/1989 os Profs. A.H.
Brunetti e W.M, Pontuschka participaram das atividades do XII
Encontro Nacional de Fisics da Matéria Condensada em Caxambu, MG,
com a apresentacao do trabalho "Ressondncia de Quadrupoio Nuclear
do 35Cl em Solugdo Vitrea de Clorobenzeno em Piridina,” Alberto
Enrique Wolfenson, Aldo Hector Brunetti, Daniel José Pyusiol e
Walter Maigon Pontuschka:

"Medldas de ressondncia de quadrupolo nuclear {RQN) puisada
de nicleos de ~°¢j foram efetuadas em solucdo de 43,5 mol de clo
robenzeno em pifidina a) no estado vitreo (T = 131 K} apds es -
friamento rapido em nitrogénio tfquido e b) em precipitado cris-
talino sob esfriamento lento a partir da fase liquida. Em ambos os
casos, a forma da linha de RQN (obtida pelo métode de FFT) consis-
tiu de uma estrutura de dois picos, interpretados como contribuj -
¢oes de dois sitios ni3o eguivalentes dos nlcleos 35[!. Um modelo
tedrico foi Preposto para a analise da forma de linha e os meltho~
res parametros de ajuste propiciaram excelente concorddncia com os

espectros experimentais. Sugerimos que os sitics n3o equivalentes
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consistem de alinhamentos respectivamente paralelos e antipara-
lelos de meoléculas de clorobenzeno e de piridina e que os meca~
nismos de alargamento da linha s3o devidos & distribuicao aiea~
t3ria de deslocamentos angulares em torno dessas posigoes. Os
nossos resultados estdo em concordancia com os estudos -de Gold-
stein sobre processos de relaxagao molecular relacionados com

mudangas observadas nas propriedades fisicas de materiais amor-

fos 3 T M.
9

Vi, PublicacSes

Dos trabalhos realizados em mGtua colaboracgac entre

ambos os grupos, resultou o artigo:

- A.E. Wolfensoen, A.H. Brunetti, D.J. Pusiol, and W.M. Pon-
3SCE

tuschka, "Nuclear quadrupole rescnance of nuclei in
glassy solution of chlorobenzene in pyridine,"” Phys. Rev.

B41,6257-6261{1990).

Durante este periodo e o que se seguiu, 05 grupos, obvia
mente, nao limitaram as suas atividades ao presente projeto. As-
sim, apresentamos em Apéndice a lista de publicagoes recentes do
Grupo Centros de Cor para que se tenha uma idéia global das demais

atividades realizadas concomitantemente.

Vil. Proximas atividades

Antes de passarmos propriamente 2 descrigao das ativida-
des a serem realizadas em continuagdo, convém fazer um balange do
que ja foi cumprido em relag3oc ao cronograma inicialmente proposto.

Atendendo a recomendagac da assessoria do CNPq, reduzi -
mos o periodo de permanéncia de cada visitante (originaimente esti
pulado para 2 meses) para apenas | més.

As metas {i), {ii} e (iv) foram integralmente cumpridas,
conforme o previsto, A meta {iii) inclui as atividades a serem efe
tivadas nas fases seguintes. Convém recordar que encerramos o 19
ano de atividades e estamos para iniciar o 2?9, de medo que © crono
grama tem sido cumprido, descontando-se o hiato de 1 ano, O qua}

nac foi causado por qualquer dos grupos envelividos.




Durante o ano de interrupg3o deste projeto, cada grupo

seguiu progredindo em separado, dando contliauidade na execugao
f de outros brojetos. Apresentamos em Apendice alguns dados e &
lista de publiicagoes do Grupo Centros de Cor do {FUSP, para gue
se tenha uma visao de copjunto dos interesses abrangidos por es-
te grupo.
Ainda nos restam para resolver algumas dificuidades re
lacionadas com o espectrometro de RQN do 1FUSP no que se refere
3 sua sensibilidade.
Em Cordoba, encontra-se em fase de acabamento um espec
trémetro de RMN para operar com a técnica de "“field cycling', o
qual pretendemos utilizar na proxima fase de nossas atividades
conjuntas.,
0s diversos problemas atuais somente poderao ser dis -
cutidos entre os grupos, com maior eficacia, se for efetivamente
restaurada a programagdo de visitas reciprocas.
0 nosso aluno de doutoramento Joao Gil dos Santos esta
se preparando para fazer um estidgio de 3 meses no laboratdric de
RMN da FaMAF-UNC, a partir de margo de 1991, a partir de margo
de 1991, para o que estad solicitando uma bolsa (NPg. Esperamos
' poder contar, no futuro, com o convénio CNPq-CONICET para facili
' tar e tornar mais frequentes est3gios de alunos de pds-graduagao
) em ambos os grupos, em cardter de reciprocidade.

Apresentamos, a seguir, um cronograma de viagens e es-

tadias, bem como uma previsdo de despesas para o 2% e 39 ano de

atividades:

)
) 2¢ ano: Data BTNjan9l
)
) - Viagem do Prof. D.J. Pusiol a Sao Paulo 03/91 5400
’ {estadia)
- Viagem do Prof. S.R. Rabbani a Cardoba 08/91 785
) ‘ (passagem)
) - Material de consumo 05/91 015
) 39 ano:
» X .
- Viagem do Prof, A.E, Wolfensen a S3oc Pauloc 03/92 5400
» (estadia)
» - Viagem do Prof. S. lsotani a (ordoba 08/92 785
’ (passagem)
o - Material de consumo 05792 1015
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Uma previsdao para a alocagao de recursos (em BTNjand1}

de ambos oS orgaos convenentes € representada na tabela abaixo:

a) Recursos do CNPg: (em BTN de janeiro de 1991)

Item de despesa Ano 11 Ano I11
10 Sem. 29 Sem, 12 Sem. 29 Sem,
Custeio 5400 -—-- 5400 | m-w--
Passagens internacionais ---- 785 - 7185
Material de consumo 508 508 508 508
Total 53508 1293 5808 1293
b) Recursos do CONICET: {em BTN de janeiro de 1991)
Item de despesa Ang 11 Ano III
19 Sem. 29 Sem, 19 Sem, 29 Sem|
Custeio . 5400 - 5400
Passagens internacionais 695 - 695 .——-
Material de consumo 508 508 508 508
Total 2303 5908 1203 5908

¢) Custo estimado (apenas para o Anc I1):

BTNjang91l uss

’
2
>
»
»
»
b
»
3
3
L
L]
»
3
»
L
»
L
’
’
’
»
’
)
’
’
’
»
»
»
»
’
»
»
»
»
]
»
»
-
»

Contrapartida do CNPq 7201 4000
Contrapartida do CONICET 7111 3850
Custo total estimado 14312 7950

Taxa de Cambio: US$ 1.00 = Cr$ 190,00
BIN de janeiro de 1991 = Cr$ 105,5337



Observagao: A despesa de viagem de S3o Paulo - Cdrdoba - Sao

Paulo pela Varig inclui um custo adicional moti-
vado por despesas de taxi e alimentacio em decor
réncia da escala e mudanga de aeroporto em Buenos

Aires., Pelas Aerolineas Argentinas o vGo é direto.

Durante o ano de 1991 serao preparadas amestras de vi
dros de aluminoborato de birio contendo impureza de cloro e se-
rio efetuadas medidas de RQMN do 35C! utilizando o espectrdmetro
do IFUSP, As amostras ser3o caracterizadas com a utilizagio de
técnicas complementares, como RPE, absorgdo Sptica, luminescén-
cta e transmitincia no infravermeiho, Seri dada continuidade 3
linha de investigacio ja iniciada em vidros organicos, como a
solugao congelada de clorobenzens em piridina, muito bem aceita
para a publicacac no Physical Review em nossa primeira fase de

experiéncias com esta categoria de materiails,
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ANEXO X

’

EPR and Kinetic Studies of Hydrogen Centers
in Aluminoborate Glasses

W.M. PONTUSCHKA, S. ISOTANI, and A. PICCINI
Instituo de Fisica, Universidade de Sio Paulo, C. Postal 20516, Sio Paulo, §. P. CEP-05508, Brasil

N. V. VUGMAN

Instituo de Fisica, Universidadé Federal do Rio de Janeiro. Bloco A, Cidade Universitiria,
Hha do Fundio, Rio de Janciro, CEP-21941, Brasil

. -

Barium aluminohorate glasses containing hvdrugen as an
impurity, irradiated at 77 K with X rays, show the character-
Istic doublet of atomic hyvdrogen in the EPR spectra when
measured at 7<<280 K. The #ifs constant of the M? center is
smaller than that of free atomic hydrogen, indicating that the
attractive van der Wauls interaction is more important than
the repuisive Pauli exclusion forces fn that glassy matrix. it is
suggested on the basis of isochronal and isuthermal annealing
experiments that there are at least three different sites for
hydrogen, cach ene contributing with 1st-order decay kinetics,
The activation energies found in 30 mol% Ba0Q, 66 B.O,,
10 ALO; glass are, respectively, eaual to Ey=(0.5%0.1),
E:=(0.2420.,03), and E£3=(0.16=0.03)x 107" J.

I. Introducti i

SEVERAL experimental techniques bave been used in the past two
dzcades to obtain a better understanding about local structural
chéracteristics of glasses. Progress has been remarkable, particu-
Jarly on borate glasses, where a great deal of knowledee was
achieved from EPR studics of boron-oxygen hole centers
(BOHC)"? and boron electron centers (REC).]

In this work we report the EPR study of atomic hydrogen in
‘This paramagnctic atom appears
after X or uv irradiation of the giass at liquid nitrogen tempera-
ture. At temperatures higher than 220 K the atomic hydiogen
disappears complctely. )

The ] center is also known in the literature® as the U, center
which corresponds to a hydrogen atom Gocupying interstitial posi-
tions in a crystalline network. The X or uv irradiation at ligquid
nitrogen temperature induces the fonmation of atomic hydiogen in
the glass containing hydrogen. Thi- atom ditfuses through the
emply spaces of the glass structure to the point of being trapped in

Received December 16, 1984 revised copy received March 24, 19%2; approved
March 30, (g3,

Supposted in part by FAPESP, CNPy. and VINEP (Brasib).

" bonds® in the glassy network.

some site where it can Le stabilized if the temperature is Jow
enough. The present knowledge about these trapping siles of
hydrogen atoms in glasses is not yet weltl understood. in spite of the
extensive experimental work aiready done and theoretical tnodels
proposed (see, for example. Ref. 5). In most cases the EPR spectra
of HY centers in plasses show the presence of almost free hvdrogen
atoms, het 1* is difficult to collect = significant amount of informna-
tion merely by analyzing a single EPR spectrum. However,
important additional information may be added by carmrying out
careful measurements of thermal anneating.

Hydrogen is present in most glasses as an impurity with concen-
trations of =1 mol%. introduccd in the glass from raw materials
containing hydrogen, such as acids or hydroxides, The hydrogen
is elimina’ *d from the melt as water vapor, but a small amount is
always rctained in the glass, forming hydroxides or hydrogen

Due to its simplicity, hydrogen is likely to be a good probe in the
study of glass properties. It is expected that atomic hydrogen.
formed after X or uv irradiating the glass at low temperature, docs
not introduce either additional stress or local deformation in the site
where it is trapped. )

II. Structural Cousiderations

In alkalinc-earth borate glusses, each metallic divalent ion acts
as a charge compensator for two nonbridging oxygens., According
to Beckenkamp,” the charge compensation of a pair of BO,
tetrahedra with the M** metallic jon located botween them s
energeticzlly unfavorable if compared with a pair of tetrahedra
directly bonded together. So, in alkalinc-earth borate glasses,
cach BO, tetrahedron is directly bonded to anather, forming
diborate groups, while the nonbtidying oxygen occurs only in B()T‘
planar vnits. A 2-dimensicnad scheme tor 2 possible structure of
alkalinc-casth borate glusses is shawn in Fig. 1. In addition to the
structural wnits, &, @, b, and ¢, the BO, units form polygonal

structures with bridging oxygen atoms at the corners.
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Fig. 1. Two-dimensional representation of possible structure for alkaline-
canh borate glasses: @ represents BO, thangle with boron atom located at
cener; a', nonbridging oxypen associated with 3-coordinated bogon;
b’, ronbridging oxygen pair charge-compensaied by alkaline-canth jon:
and ¢’, B;0, charge-compensated double tetrahedron,
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Fig. 2. Typical EPR spectrum of 30 mol< Ba(-60 moi% B.O,-10 mol%
ALO glass X-irtadiated at 77 K, measured at 13 K. BEC, BOHC, and H?
lines are shown. Subscript § indicates thas the hydrogen atom is presumed
to oceupy an interstitial position in the glass.

HI. Experimental Procedure

The barium aluminoborate plass* samples were obtained by
melting 2 mixture of chemicalty pure barinm carbonate. boric acid,
and aturminum hydroxide in alwmina crucibles at I1340°C for 234 h.

. The excess of carhon and hydrogen was eliminated from the batch
in the form of carbon oxides. water vapor, and molecular hydro-
gen. Bars {10 by 20 by 100 mm) were obtained and samples (3 by
4 by 10 mm) were cut for EPR study. Por this work we chose a
single sample of 30 molse BaQ, 60 B:0,, 10 ALO, gluss.

The EPR measurements were done using an X-band homgdyne,
refleetion-type spectrumeter assembled in our luboratory.’
The temperature was controlled with a commercial* unit and

sFumished by A, Bishiv: made in the American Univeisity, Cairo, Egypt.

"Lsing units nude by Yarun Assovismes, Palo Alte, CA, and Micro-Now
Instrotnent Co., Inc.. Chicapu, L.

PModed Vo540, Varan Associates.
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Fig. 3. lsoctronal annealing of HP center in 2 30% Ba()-60% B.O,-10%
AL, plass X-frradiated (40 kY. 20 mA) at 77K for 2, 4, and 8 h.
The slight difference observed between the two decay curves for 8 h
is attributed to ditferences in the conditions of preliminary thermal
annealing {sec text). .

measured with a Chromel®-constantan thermocouple located at
=1 mm above the sample. The samples were X irradiated at 77 K
(40 kv, 20 A).

After cach series of measurements, the samplc was annealed at
400°C for 8 to 10 h to ensure that all paramuagnetic centars were
eliminated before a new X irradiation. Before studying the kinctics
of H?. preliminary measurements showeit that HY yield is
reproducible in the limits of experimenta] error if 2 given sample
is submitted to rer -ated cycles of thermal anncafing, X imradiation,
and EPR measurement under identical corditions. .

"IV, The Hydrogen Center

A typical EPR spectrum of 30% Ba0, 50 B,0,, 20 ALO, glass,
which contaias hydrogen as impurity, X iradiated at 77 K and
measured at 113 K, is shown in Fig. 2. The characteristic EPR
lines of BOHC, BEC, and H? arc essily identified.

The H! absorption lines oecur at Hy=0.2957 T and
H:=0.3439 T with microwave frequency of 9.068 GHz. That
spectrum can be inmerpreted with the spin Hamiltonian:

H(S)=gBHS+ASI—g.8. 141 ¢}

where the first term and the last one are, respectively, the isotropic
electronic and nuclear Zeeman interactions with the applied
magnetic field H, and the second term is the isotropic hyper-
fine interaction between the unpaired electron and the proton
IEgnctic moments., :

After diz;onalizing this spin Hamiltonian in the four-
dimensional §=14, {= vector space, the two AM, =21, AM,=0
ransition enetgics arise as follows:

Al L .
hv=3 + 8B g.BIH S ((38+2. 8 Hi +47) (2a)

and
Al !
== — 3 5{3,6‘-3',.;3,.)}'11 + -2-{(g;5+ B HI+ATT?  (2p)

Yloskins Mfg. Co., Dewoit, M.



Fig. 4. lYsothermal decay of H? center at 198 K and its graphical
separation into three exponential functions.

As g,B8.<gB, after some algebraic manipulations the relations
for the spectroscopic splitting g factor and the hyperfine constant
A are the following: .

_ hV"gﬁH;
T 1—(gBH,/2hv) Ga)
v+ A (38)

& B, + (BH.A/ 2hv)

From our expericnce, the best way to solve this system of inter-
dependent equations is 1o use an iterative method. This can be done
with the aid of a small computer er even manually since good
convergence is obtained after a few iterations.

Applying this method for the above experimental data gives
£=2.007 and A=0.0468 cim™' for 30% BaQ, 60 B,O,, 10 ALO,
glass. To test the validity of that method. a numerical diagonal-
ization of the spin Hamiltonian matrix, using these g and A values,
was done with the aid of the MAGNSPEC® computer program,
resulting in an excellent agreement.

V. Kinetics of H? Centers

The relative concentration of interstitial hydropen centers was
evaluated from the p-p (peak to peak) ampltude of the EPR
first-derivative curves. As the linc width did not change in the
temperature raage of the measurements, the number of spins was
assumed to be proportional to the p-p amplitude.

{1} Isochronal Anneaiing of H? Centers

P-P INTENSITY (ARBITRARY UKITS)

=
*

T

ad

" To perform isochronal or temperature puise annealing experi-

meats, the following procedure was apptied: the sample of 30%
Ba0, 60 B,0;, 10 Al,O, glass was X irradiated a1 77 K for a given
time and was transferred to the EPR spectrometer, taking care to
maintain a constant low temperature. The sample was heated (o
temperature 7, held for 10 min, lowered to 90 K for EPR meas
surements, raised to a second temperature 7,>T), held for 10 min,
returned to 90 K for EPR measurement. cte. :

Figure 3 shows the isochronal annealing curves obtained for
differetit X-ray doses for 2. 4, and 8 h of exposure, respectively.
Twao curves corresponding to 8 b of exposure were ineluded to
show that te kinctics of H? centers is affected by the thermal
treatment of the sampie prior to X irradiation, giving two ditferent
isochronal decay curves. This difference can be atributed to
(2) temperature control during the anncaling, (b) insufficient time
of annealing, and/or (¢} procedure of cooling,

The detailed explanation of these fuctors is a subject of addi-
tional experiraental work and beyond the scope of the present
paper. It is interesting to nate that the HY centers created at the
lowest dose are unstable cven at lower temperafures {near 130 K),
Howcever, in all these cases the maximum decay rate occurs be-
tveen 185 and 205 K, :

200

s . N

(MR}

From the isochronal annealing experiments we can enumerate
the following observations:

{2) There is a kind of trapping site for the hydrogen aiom, ~
characterized by the maximum decay rate between 185 and 205 K.

(b) There are additional less-stable trapping sites responsible for
the slower decay observed at lower temperatures approaching 130 K.

{c) The distribution of the hydrogen atoms among the trapping
sites in the glass is affected by the history of previous thermal
treatments of the glass. s o

(d) At different doses of X irradiation some differences in the
isochronal decay were observed.

(2) Isothermdl Annealing of H? Centers

A series of measurements was carried out to obtain the
isothermal anncaling of the HY centers in aluminoborate glasses
using the following procedure: the same sample of 30% BaQ, -
60 B;O,, 10 ALO; glass was X irradiated at 77 K for & h and
transferred to the EPR spectrometer, taking the usual precautions
against warming. The temperature was raised to a given value
7, and maintained constant within +0.2 K. The series of EPR
measurements started immediately after reaching the chosen
tempcrature Ty, After the series of measurements at T, was
completed, the sample was annealed at 400°C for 8 to 10 h and X
irradiated again. The process was repeated at a second temperature
T3, and so on.

In this sample the intensity of the EPR signal of the H? centers
is reduced to one-half after about 10 min at 198 K. This fast decay
is followed by 2 si. wer one.

Experimental vawes for the isothermal decay at 198 K of H?

_centers in the 30% BaO. 60 B,Q,, 10 ALG, glass are shown in

Fig. 4 in 2 semilogarithmic scale. The experimental curve shown
in Fig. 4 can be decomposed graphically in three exponential
functions according to the equation: ’

3
fn?=z a; exp{—b]
J=1

4

where ;9 and a,
time in minutes,

bi=bo; exp{—E,/kT] (5}

T the annealing temperature in K, b, the frequency factor in
min~", £, the activation crergy of the H® center in the jth site, and
k the Boltzmann constant.

Values of a, “ad b, obtained from experimental data and Eq. (4)
are shown in Table I, from experiments performed at differcnt
femperatures,

Figire 5 shows the curve as b, vs 1/T in semilagarithmic scale,
The activation cnergics obtained from these curves are
Ey=(0.520.1), Ey={0.24%0.03), and k,=(0. 1620.03)x 10 v .

N1 LDy O, 12\

are amplitudes expressed in em, 7 is the annealing



Tablel.  Constants of Exponentiai Components
ol Isothermal Decay of 11, Centers

a, fern) B, (3 Y minty Anncaling

a, uy oy, b, b by temp, (K)
11.7 4.6 2.2 299 297 [43 - 183
6.2 6.9 4.45 4.34  30.7 130 188
4.95  6.65 4.7 6.88  33.1 2060 , 193
335 6.05 7.0 1473 58.7 274 193
* 545 114 * 473 310 203

*Rapd decay at this temperature preeludes measurement.

V1. Discussion and Conclusions

The clectron spin density at the nuclei of the 1H? centers in
aluminoborate glasses is slightly smalier than in the free hydrogen
atom, since we have 8A/Ar..= — 1.5%. Assuming that Adrian's’
caleulations of the mutrix effects on the EPR spectra of hydrogen
atoms stabilized in nonpolar matrices are also valid for the alumi-

noborate glusses, it must be concluded that the van der Waals '

atiractive interaction is stranger than the repulsive Pauli exelusion
forces. It is well known that these interactions contribute to the
hyperfine constant with opposiic sign. On the other hand, the
measured shittof the g factor with respect 1o the tree electron value
Ag=+0.005 indicates the presence of a spin-orbit interaction of
the unpaired electron in the field of the hydrogen nearest neigh-
bors, which are very likely to be oxygen atoms. :

The nature of the traps, which stabilize the atomic hvdrogen
produced in the glass by radiation damage, can be one of the two

‘possible alternatives: -

{a) Hydrogen atoms are enclosed in cages, where the decay is
mediated by reactions with electrons or by recombinations with
nonbridping oxygens,

{b) When the attractive van der Waals interaction is stronger than
the repulsive Pauli exclusion forces at the sites of HY, there is a
potential well of low encrgy which could stabilize the atomic
hydrogen at low encugh temperatures.

The former posstbility does not allow the atomic hydrogen the
chance to diffuse throughout the material. Before irradiation. the
hydrogen could appear in this case as a charged jon {protor or H™),
hydroxyl, or hydrogen bonding between o oxygens. Possibility
{b) has ncver before been susgested as a trapping mechanism for
a neutral atom: the site should not necessarily be a three-
dimensional cage, if this assumption is true., Looking at Fig. 1, we

 find that the only possible sites for the hydrogen which can satisfy
these conditions are the conters of the polygonal structures with
bridging oxygen atoms occupying the vortices. We are presently
developing a theoretical calculation based on this model,

Although the preceding assumptions are not mutually exclusive,
there is a detail in our measurenents of isochronal decay of H?
centers which suggests that the sccond altemative is at least active

in the system. It is observed in Fig. 3 that the isochronal decay of -

HY ce. 2rs produced at a Jow dose of X irradiation has a more
pronowr cd decreasing slope at lower temperature, before reaching
the faster decay rate near 190 K.

The d nendence of the isochranal annealing on the radiation
dose can be explained qualitatively in terms of the cross sections
of the sitcs ‘where the hydrogen atems are tra;;pcd after diffusing
through the cmpty spaces of the glass. The isochronal decay at low

“dose of X rays shows that the sites where the hydrogen stoms are
trapped first tmore likely to have greater cross sections) are unsta-
ble even at lower temperatures. s the average distance between
the hydrogen und its nearcst neighbors is presumed o be greater at
these sites, the attractive van der Wals interaction will, con-
sequently, be weaker. At correspondingly higher X irradiation
doses the sites with smatler cross sections will be filled at higher
proportions. This behavior cannot be explained if we assume that
the hydropen atoins are cnclosed permanently in cages.

The tsothermal annealing experitients could not be fitted to a
single first order or to some ne | fnteger order Kinetics, but it could
be treated oy a sum of three exponential functions, as presented
ahove. In all obr measurements of iothermal anncaling, the decay
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Fig. 5. Plotof log..ithms of b, coefficicnts as a func-
tion of inverse absclute temperature. Straight line fit was
obtained by a least-squares micthod,

in the intervai of time between 100 and 200 min could be described
as a single exponential. This is the more stable site for HY centers
with the activation energy equal to 0.5x 107 1.

In this work we assumed tentatively that the observed decay is
1 superposition of three first-order processes due to hydrogen
atoms trapped in three sites in the glass network. Perhups there are
one or more additional deeper sites in the material which we are
neglecting since they are less poputated because of their simaller
cross seetion. For different radiation doses. different distributions
of atomic hydrogen are expected between the available traps in the
glass. giving dilferent preexponential fuctors a.

With reference to the preliminary thermal treatments, it has besn
shown' that annealing before X irradiation has a slight cffect on
the glass -microstructure, with corresponding changes in the trap
conformuion directly affecting the a, coefficients. If we ussume
tentatively the model of HY center, consisting of 3 hydrogen atom
stabilized at the cemier of a polygon of bridging oxyeen atoms, this
change of glass microstructure can be interpreted as breaking and
recombination of the boron-oxygen chain, producing changes in
the polvgonal structures: affecting the relative number of sites for
H1? throughout the glass. I

As the cxperiments were carmried ot below 200 K, we can
neglect structural relaxation effects.” At these temperatures the
structural refaxation-time is too fong to be taken into account,

Other experimental and theoretical studies are in progress in
otder to investigate the nature of the trapping of atomic hydrogen
in barium sluminoborate glasses,
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Reaction Products in the System MgCl,-NaOH-F,0

CARMEN MAZURANIC

Faculty of Technology, University of Zagreb, 41000 Zagreb, Yugoslavia

HALKA BILINSKI and BORIS MATKOVIC*

Rudjer Bo3kovi¢ Institute, 41001 Zagreb, Yugoslavia

The precivitation process of solid phases Mg,{OIN.CF4H,0
(phase 53, Mg O CHL,0 (phase 3), and Mgt Oy, was fol-
lowed by the addition of NaOI{ water solution in MeaCl, water
solutions of dilferent concentrations t4.001 to 4.8 mol din™%)
and characterized by chemical, potentiomet ic, coulometric,
and X-ray diffruction anualyses. The concentration ratige in
which the precipitation of solid phases occurs was determined.
The phase distributions relative to the pIL of solution and
concentrations ef-magnesiom and chloride were defined by the
equilibrium dingeam. The approximate sofubility products of
stable solid phases formed at different jonic strengths and at
293 K were determined.

1. Iatroduction

THE principal components in the system MgCl-MgQ-1,0 at

Teom temperature are: Me((+1);,CF4H.0 (phase 3),
Mgy(OH)sCI-4H,0 (phase 5). and Mg(OH).. When this system is
used in practice, mostly as flooring material, the formation of
phase 3 is rot desirable. Therefore the molar ratio of reactants is
usuolly near the theoretical value for phase S (with some excess
MgO and water} and the reaction products are predominantly
phase 5 and some Mg(OH).. The heterogencous system MeO-
MgClL-H:0 is very complex, beeause dissolution of MgO depends
on the concentration of MeCl, and the preparation conditions of

Mg0O."? Therefore it was not possible to determine with <ertainty |

the region of stability for phases 3 and 5. in this work MaO was
completely aveided as a reactant, Phases 3 and 5 and My(OH),
were preeipitated from the homogeneous system MeCl-NaOH-11,0,
Stability rcgions and commesponding solubilities of precipitated
phases are presented and discussed. The present investigation pro-
vides additional knowledge on the conditions under which the major
phases of hardened magnesium oxychloride cement are stable.

H. Experimental Procedure .
(1} Chemicals

Solutions were prepared by dissolving the following rcapent-
grade chemicals in bidistilled water: MeCIL-6H,0.* NaQH *
BNO;* HCIO, * ICL* Na.CO,* Malachitgriin®: 1.5 Diphenil-
catbazonum:” EDTA} N (NHLLHPO, ' Zn metal powder,’
Eriochrumoschwartz T} AgNO, P NaCy? K,Cro,t! HgtNO;),,!
Alizarin 8.7 Stock solutions were standardized.

(2} Preparation of Specimens

Precipitation cxperiments were performed in the system
MgCl-NaOH-H,0. The concentration of NaGH was varied up 10

10 mol dm™? for various constant concentrations of MgClI. (0.001
t0 4.8 mol dm™?). The starting volume of the MgCl, solution was
25 or 50 cm’ and NaOH solution was added by microburet. using
constant stirring. Simuitaneously. nitrogen eas was bubbled
through the solution to prevent the influence of CO,. The samples
were then scaied and kept at 293=1 K. In some experiments the
pH value was increased coulometricaily to avoid the addition of
sodium jons and the change of volume.

(3) Measurcments

Precipitates were analyzed using an X-ray diffractometer and a
proportional counter® at various time intervals: after 30 min, | and .
7 days, 1 month, 2 10 4 months, and some even longer. Anexample
of such phase determination is presented in Fig. 1. The concen-
trations of soluble magnesium and chloride were determined in
solutions which approached equilibrium, Magnesium was deter-
mined by precipitation with (NH,).HPO? and complexometrically
using EDTA® Chloride was determined by a fractional precipi-
tation method® and by mercurymetric titration.” The concentration
of H* was determined using 2 pH mcter” with a composite plass
and calomel electrode GK 2322C in some experiments and Bi and
calomel clectrode in the others. The Bi elecuode was prepared and
standardized as described by Krstulovié er al.® A bismuth electrode
in combination with a saturated calomel electrode was {found by the
same authors to be more suitable than the glass electrode for pH
determinations in cement pastes. Standard radiometer buffers of
pH=7.38 and pH=9.18 were used for caiibration.

Coulometric experiments** were performed using the system -
of clectrodes:

~Pt | equilibrium solution | NaCl (©.5 mol dm™) | Ag+
with anodic reaction

Ap(S)I+HCI =2AgCHS) e~
‘and cathodic reaction

H™ +e =2¥:Hy(g) - -
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Optical and Thermal Bleaching of X-Irradiated Barium
Aluminoborate Glasses

WALTER MAIGON PONTUSCHKA, SADAO ISOTANI, and ANGELO PICCINI

[nstiteto de Fisica da Universidade de Sio Paulo, Sio Paulo, Brazil

Photoproduction of interstitial atomic hydrogen centers
{H"), apparently at the expense of boron electron centers
(BEC) in barium aluminoborate glasses X-irradiated at 77 K,
is reported. Electron paramagnetic resonance studies of iso-
thermat and jsochronal annealing of BEC and corretated decay
of BEC with corresponding growth of H" under exposure of
light were carried out. Some possible interactions between
chemical states induced by irradiation are discussed,

1. Introduction

MUST X-irradiated alkali borate glasses exhibit EPR spectra of

the well-known intrinsic defeet centers. the boron-uxygen
hole center (BOHC), the boron clectron center (BEC), and
impurity-associated centers such ag atomic hydrogen (H?} and
Fe'*. The EPR work already done on borate glasses gave resuls
which cuuld be consistently interpreted in terms of the structural
models proposed by Krogh-Moe from his thermodynamic' and
infrared” studies. in addition to the structural detenminations of
numerous crystalline borate compounds. A detailed discussion of
these issues was elaborated by Griscom.®

The familiar EPR spectrum of the BOHC was extensively stud-
icd for about two decades, ™ Glasses and crystalline compounds
contataing alkuli and boron oxides® in the proportions [:4 and i:3
give rise 1o a4 five-line-plus-a-shoulder spectrum. while the
121 glass gives a four-line specirum and the crystalline |: 1 com-
pound gives g structureless spectrum, The eriginai model® for the
five-fine-plus-a-shoulder spectrum has been recently changed with
regard to the delocalization of the hole orbual.” I is accepted,
therefere, that the BOHC is a hole trapped on an oxygen bridging
between a three-coordinated boron and a lour-coordinated boron of
the ghass network, where only the fatter boron cantributes to the
observed hyperfine structure.

The BEC was first studied by Griscom” in potassium borate
glasses. As the "B nuclide is R0.2¢ abundint_in nature. four
transitions are expected. due to hyperfine interaction between the
trapped clectron and the nuclear spin/ = ¥4 three of these transi-
hons are observed and easily recognized, It was proposed,” aimang

- uther possible interpretations. that BEC is o center originating from
the trapping of an electron at a vacant site of a nonbridging oxygen
of a tetrahedral BO, unit, forming an sp’ dangling bond,

Kinetic studies™ of the EPR absorption lines of the H » in barium
aluminoborate plasses X-irrudiated at 77 K have supported the
assumption that the atomic hydrogen could be trapped in B, O, ring
structures. Growth curves'' of optical absorption in barium alumi-
noborate glasses doped with Ce and y-irradiated with *'Co could
be fitted with saturation exponentials. Similarly, the isothermal
decay kinetics agreed fairly well with a sum of deereasing cx-
poncntials. This is only applicable, in principle, 10 systems where
all processes are thought to be of first order. In general, this is not
the case and more kinetics studies are needed to elucidate the
complex and multiple interactions which are involved in the
processes of formation and recombination of centers such as BEC
and BOHC.
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Another impurity ever present in glasses is Fe'*.""" which
probably inicracts with chemical states induced by irradiation and
therefore can interfere with the kinetics of interactions that we are
interested in studying.

In this work a new interaction is described resylting in the
photoproduction of H? apparently at the expense of BEC in barium
aluminoborate glasses X-irradiated at 77 K., Some possible reac-
tions between intrinsic and impurity centers induced by irradiation
are also discussed.

I1.  Experimental Procedures

Samples of barium aluminoborate glasses were prepared and
kindly furnished by Prof. A. Bishay ef the Cairo American Univer-
sity. All the optical and thermal bleaching experiments were car-
ricd oul using a sample of 30Ba0 - 60B,0, - 10AL,0, (at. %) glass,
The details of the sample preparation, EPR measurements, and
lemperature control conditions are cxplained clsewhere.™ The
X irradiations were done using an apparatus* operating at 40 kV
and 20 mA. The samples were cooied by a cold finger within a
cryostat at I mPa (10°* torr). The quantz window of the cryostat
was positioned in front of the X-ray tungsien target tube. Care was
taken 1o avoid sample heating above HO K during the transter from
the cold finger 10 the EPR spectrometer, The UV irradiation was
dope with 2 400-W mercury lamp (unfiltered) and the exposure to
visible light with a moncchromator’ operating with a tungsten
tamp lght source. The light was focused in situ over the sample,
through the window of the light access EPR cavity.

HI. Results

Bartum aluminoborate glasses, X-irradiated at 77 K. exhibit the
characteristic EPR spectrum shown in Fig. 1. In the spectrum we
see three of the four lines of BEC, 4 strong line of BOHC at the
center of the spectrum, and two additional H® Jines originating
from hydrogen impurity in the sample. A broad bump superposcd
on the spectrum is probably the g = 2.0 resonance attributed 10
iron clusters of paramagnetic ions containing two or more ions. ™ "
The BOHC lines of our sample consist of a superposition of 3
structure of five lines ascribed 10 a hole trapped at a bridging
oxygen and a narrower structureless component attributed 1o z hole _
frapped at a nonbridging oxygen. On heating. the five-line struc-
ture is bleached before the structureless, showing that the BOHC
at bridging oxygen is less stabie than the OHC at nonbridging
oxygen. ‘

in Fig. 2 are shown the growth curves of BEC and H?, averaged
(peak-to-peak amplitudes) over four samples containing differcnt
concentrations of Al;0;:E-1 (20 at. %), E-4 {10%), E-6 (5%}, and
E-8 (0%). Cotrections due to small differences in weight also were
done. The concentrations of BEC and H®. as a function of X-ray
time of exposure, could not be correlated with AL O, content of
cach sample. The smaliness of the error bars shows therefore that
the BEC and H{ concentrations are nat very sensitive to the AlLO,
content in the experimental limits of error.

As shown in Fig. 1, one of the four lines of BEC was obscured
by the BOHC spectrum. This line can be observed by suppression
of the BOHC line by introducing an impurity ion which is a good
hole scavenger, such as Ag® or Ce'™. Both capture holes forming
Ag’” and Ce** ions. respectively. The m, = +V: line of BEC can
be seen in Fig. 3, at 0.3138 T, in the spectrum of an X-irradiated
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Fig. 1, EPR spectrum of 30Ba0 - 6080, - 10A1,0.
{at. %} glass X-irradiated at 77 K. showing the charac-
lenstic BEC, BOHC., and H® centers.

barium aluminoborate glass containing 3.5 at.% of cerium im-
purity. The bump at 0.29 T is an upidentified resonance probably
related to the cerium impurity. With the gradual increase of tem-
perature of annealing the specira of the Ce-doped glass (see Fig. 4)
" show clearly the decrease of the BEC spectrum, leaving a more
stable, narrow, and rather symmetrical component. Bishay et af. ™
attributed this resonance (g = 1.997 = 0.005) 10 an electron
trap center, which disappears after thermal bleaching between 150°
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Fig. 2. Growth of HY and BEC EPR peak-to-peak
amplitudes of the dertvative microwave absurption
carve Uy and fuy o respectively) as a function of
X-ray dose (40 kY, 20 mA, wngsten targety. Euach
ertar bur represents the distetbution of measurenents
done with four sampies. Corrections due to differ-
¢nces dn weight were performed. The exposure al
24 b (+) was taken with unly ene sample.

and 200°C. Whether this trap is associated with Ce' jons is not
confirmed.

The samples X-irradiated at 77 K, when heated in air, exhib-
ited a blue luminescence. The EPR measurements showed thi
the BEC und H? were bleached., leaving oniy the BOHC spuu-
trum. Further heating bleached the BOHC exhibiting oranpe
thermoiuminescence.

The thermal bleaching behavior of BEC and HY is represented
by the isochronal decay curves of Fig. 5. The BEC decay extends
over a wide temperature range (11010 315 K). in contrast with the
H} decay, which occurs af femperatures ranging from 160 1o
210 K. Apparently there was no mutual effect of the thermai
bleaching rate between both centers.

The maost interesting behavior observed was the increase of tHY)
during the optical bleaching of the sample previously Xeirradiated
al 77 K and keptat 113 K. In Figs. 6(4) «nd (8) is shown the decay
of the BEC (mn = -4y line and the corresponding growth of HY
at 113 K by exposure 10 4 mercury famp. The nearly linear growth

azs an
Magnetic Fiux Density B(T)

Fig. 3. EPR spectrum of 30Ba0-508B,0,- 20A1,0, Fig. 4. EPR specira of 30BaQ)-
50B:0; 20AL0, {2.%) glass con-
taining 3.5 a1.% cerium, X-irrudiated
at 77 K for 8 h(A) after annealing at
253 K for 3 h and (8) fter further
annealing at 295 K for 3 h.

{at. %) glass containing 3.5 a1. % cerium, X-irradiated at
TTK for 8h (40 kY, 20 mA., tungsten target}. The
BOHC line is sufficiently weak to allow observation of
the m, = +; BEC line, usually obscured in unduped
aluminoborate glasses.

Magnetic Fiux Density  8(T)

o
1
1
- e :
= -4 BEC
A .
.,
_é_ . 1
8 T
= .
g0 A
£ .
«T S .
L R .H; *
ol . e =]
: 13 163 M 263 33
amd a3y

Termperature (K} (13 min)

Fig. 5. haochronal snnealing of BEC snd HY centers in
JOBUO - 608,00, - 10ALO, (at.%) glass, X-irradiated w
77T K for 8 h. The EPR signal amplitedes were obtained
by measuring the height (em peuk-to-peak) of the deriva-
tive of absorption of BEC m; = ~v and H° thigh-ficid
component). The dashed linex were drawn in order o aid
the reader’s eye,
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Fig. 6. Etfect of optical bleaching of 30Ba0- T T 25 7 T T !
608,00, 10ALO, (al.%) glass. X- :rradxatcd at (A) (a)
77 K. onthe BEC tm, = — % line) and H thigh- 20 La .
ficld componenty EPR amplitudes as 2 function 20
of the time of exposure 1o the iight source at =
113 K. The measurements were taken using & a
{4} 250-W and (8) 400-W mercury lamps, The £ a
growth of H at the bottom (M) was obtained 5 E® ]
from the UV component of the 400-W mercury @ -
lamp, shed on the same sample when it was 3, ‘§
rontrradiated. The solid lines were drawn to aid 3 e S0t
the reader’s eye. In this cxperiment an opticai- E E
access cavity was employed. < <
5 .
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Fig. 7. Growth curve of H center after sub- Flg. 9. Comparison of A|H'}/A[H ] vs
tracting the 8;0\;‘314% Fjw produced ::y the UV | | ; ) I ~ A[BEC}/A{BEC], for the data plotted: in
component of the -W mercury lamps (sce Fig. 6(8 Th BEC] decay is initially fasier
Fig. 64831 compared with the decay curve of a29 o3 0.3 0.33 e T e }decay is iniially

BLEC. After 75 min of exposure, the HY curve (*)
is nearly saturated wheress the BEC (@) is al-

most compieiely bleached. Fig. 8.

Magnetic Flux Density B{T}

than the [H} growth,

EPR spectrum of 30Ba0-60B,0;-

I0ALO (at. %) glass X-isradiated at 77 Kfor8 h
and bleached with the fight of a 400-W mercury
tamp for | hat 113 K. The amplitude of H' lines
has almost tripted whereas the BEC spectrum
was completely bleached. The central strong line

is the familiar resonance of BOHC center.

of HY (sce Fig. 6(B)) above 60 min of exposure is nearly equiva-
tent to the growth curve of HY under the effect of the UV compo-
ncnt of this light illuminating a nonirrachated sample at 113 K,
Subtracting the production of H}' by UV light from the total H?
increase shown in Fig. 6(B) we obtained the curve of Fig. 7,
shown for comparison with the corresponding BEC decay, The
EPR spectrum of this glass X-irradiated at 77 X and exposed to a
400-W mercury lamp for | hoat 113 K is shown in Fig. 8.

Additional experiments were performed by shining mono-
chromatic red light through the window of the EPR cavity on the
X-irradiated sample. We abserved a slow decrease of BEC line
intensity concomitant with a measurable increase of HY. On the
ulber hand, only the UV component is able to produce HY in
nonirradiated samples. As the BEC is the only paramagnetic spe-
cies which is unstable under exposure 10 red light, we are led to the
assumption that the additional growth of HY, after X irradiation,
induced by the optical bleaching is very likely to be at the expense
of BEC.

The comparison of A{HVJ/A[HY) vs 1 — A{BEC]/A|BEC],
shown in Fig. 9 indicates that the decay rate of BEC is initially
fuster than the corresponding rate of HY increase. It is apparent that
only a fraction of electrons, released on the BEC decay, take pant
in the reaction which produces additional H}. The remaining elec-

trons are absorbed in reactions such as electron-hole recombination
or reduction of Fe’” jonic impurities to Fe®*, for example.

The isothermal decay of BEC is plotted in Fig. 10. The points
are experimental data and the full lines are the least-squarcs fits of
these values, which could be expressed by the empirical formula

iy = It/ )"

The values of [, and b are shown in Table 1, together with the
coefficient of determination r* =< I with ¢ the annealing time in
minutes and 7 = | min is an arbitrary constant. It is intcresting to
note that the Arrhenius-like plot b vs 1/T is nearly a straight line,
as scen in Fig. 11. As the standard kinetics could not explain this
behavior, more elaborate theoretical analysis is now in progress.

The BOHC line does not show any alteration ai room tem-
perature. This line is compistely bleached after heating at 400°C
for 8 h. During the bleaching an emission of orange Iuminescence
was observed.

IV. Discussion and Conclusions

The samples of barium aluminoborate glasses, when X-
irradiated at 77 K, showed the formation of the same kind of
paramagnetic centers as those observed in other borate glasses,
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Table I.  Constants of the Expression 1y, = fo ypcit/ 7} *
Calculated from Experimental Values*

Ky Lyme [an pop) h £
t83 [6.39 0077 0.4y
201 14 61 (.08 [HIRYLY)
213 12.29 0,10 (1 vy
233 8.86 0.13 (394
253 814 1Y 0,949
273 4.06 0.21 0.97
293 2.65 0.27 .98

*r o= | min {arbittury constznn

i.e.. BEC, BOHC. HY, and the reduction of Fe'" with irradiation
dose.

The BEC EPR spectrum observed is essentiafly the sanw as thut
described by Griscom” in potassiom borate glasses. Ht consists of
a hyperfine structure of four lines due to the interaction between a
single electron trapped in an sp* dangling orbital of boron at the "'
nucleus (80.2%) which has a nuclear spin of / = ;. The BEC s
stable at temperatures below 110 K,

The heating of the irradiated samples above this temperature
produces strong blue juminescence. which might be associated
with the decay of the BEC.

The BOHC spectra observed in our samples have two compo-
nents: (1) a structurcless component due 10 a hole trapped at a
ronbridging oxygen;* (1) a five-line structure due 1o a hole trapped
at a bridging oxygen.** Heating the sample to =400°C is required
1o destroy the BOHC and produces an vrange luminescence.

in Fig. 12 we show a schematic of the formation mechunisms
of paramagnetic centers by X irradiation at liquid-nitrogen wm-
perature in barium alumircborate glass. The X-ray absorpiton
induces the formation of clectron-hole pairs. Analysis of the short-
time behavior and the microscopic structure of these pairs s be
yond the scope of the present work. We propose that the clectrons
and holes only can migrate throughout the sample if the electrons
are excited to the conduction band and the holes injected in the
valence band: otherwisc they are always localized. This condition.
obviously, is only satisfied when the sample is exposed to un
irradiating source having photon cnergy at least equal to the band
gap. The migration of holes is supported experimentally by the
scavenging of holes by Ag® and Ce'” impurities.

The confirmed sites for the holes in the samples are the follow.
ing: (a) nonbridging oxygen bonded to a boron atom:” (b) bridging
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/o/ /c/ Fig. 12.  Formation mechanisms of paramagneta
\o\ gc_:}n;frs in aluminoborate glasses X-imadiated at
_ . The positions of the energy levels in the pap
/C/B ® —4 (BEC} are purely schematic. ie.. for the most part not
quantitative. The symbols defined at the bottom are
the key for alt the subsequent band diagram figures.
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oxygen between a planar BO. and a tetrahedral BO, structural
unit.

The BEC is probably an sp' dangling orbitsl having a non-
paired clectron trapped at an oxygen vacancy” of tetracoordinated
boron atom,

The mechanisms of formation of HY in the light of the present
experimental data can be as follows: {a) the photodissociation of
hydroxyis bonded to boron atoms forming BO . and H,' followed
by the capture of an clectron; (b) the capture of a photoelectron by
hydroxyls bonded to boron atoms forming BOs and HY; (c) the
photodissociation of hydroxyls forming BO+ (BOHC) and H".

After 8 h of X irradiation at 77 K, we observed that the well-
known g = 4.1 EPR line* due 10 Fe'" has decreased mono-
tonically to 27%. This means that the reduction of Fe'* to Fe'* by
trapping of photoelectrons is more likely to occur than the capture
of holes by the Fe®™ jons in these glasses.

Figure 13 shows a schematic representation of paramagnetic
center formation under UV irradiation at 77 K. The positions of the
energy levels in the gap of this and subscquent energy band dia-
grams are purcly schematic, i.e.. for the most pant not quantitative,
The mechanism of type (a) for H} production by means of
X irradiation is suggested also for the UV imadiation, since it has
sufficicnt energy to break down the O-H bond. The conduction
clectrons produced by UV light make possibie the occurrence of
mechanism (b} and the high energy of UV light is enough to
activale mechanism (¢). The reduction of Fe'* to Fe'* is also
possible although not observed, foilowing the same mechanism
suggested for the reduction by X irradiation.

Figure 14 shows schematically the effect of visible light on a
previously X-iradiated sample at liquid-nitrogen temperature. The
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Fig. 15. Effects of heating the X-irradiated aluminoborate glasses
Ho FOOM {CMperature.

BEC is bleached even with red light, showing that the BEC energy
levels arc shallow. We assume that a fraction of the conduction
clectrons released by the BEC are responsible for the additional
observed increase of H!' concentration. Since the visible light has
insufficient energy to dissoctate the hydroxyl groups, it i neces-
sary lo imagine a mechanism such as the capture of a conduction
clectron (furnished by the BEC) by a H.” center. The blue lumi-
rescence is. tentatively assigned to electron-hole recombination at
the BOHC site.

The effects of heating the previously X-imradiated sample to
room temperature are schematically represented in Fig. 15, We
propose that the BEC bleaching released electrons which partially
recombine with holes of the BOHC producing the emission of bluc
light. The Fe’™ impurity tends to diminish this luminescence since
it is an electron scavenger. Although H.” centers could be present
at 77 K, we suggest that they recombine quick!gr at slightly higher
temperatures. The thermal production of H) is therefore un-
expected, in agreement with the observed behavior of the iso-
chronal decay of BEC and H7 (see Fig. 5).

Shown in Fig. 16 is a sketch of the effects of further heating to
400°C of the X-irradiated sample. The bleaching of BOHC relcases
holes which are trapped by Fe®* ions or some unknown C** center
with the emission of a photon {orange luminescence}, which are
oxidated 10 Fe'* or C*'.

From the above discussions we conclude that Fe and OH im-
purities take part in the mechanisms of luminescence and irra-
diation effects in barium aluminoborate glasses. The BEC provide
a storage of electrons in the glass, which are easily released by
exposure to light or heating, producing several interesting phenom-
ena, worthy of being studied in detail. Further experimental and
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Fig. 16. Effects of heating X-irradiated aluminoborate glasses from room
temperature to 400°C,
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theoretical studies concerning the kinetics of BEC and related
mechanisms are in progress.
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Nuclear quadrupole resonance of 35CI nuclei
in glassy solution of chlorobenzene in pyridine
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Pulsed nuclear quadrupole resonance {INQR) measurements of *Cl nuclei were performed on 43.5
mol 9% chlorobenzene solution in pyridine fa} in glassy state (T, = 131 K after quenching in liquid
nitrogen and (b) in crystailine precipitate under slow cooling statting from liguid phase. In both

cases the NOQR line shape, obtained by the fast Fourier transform (FET)

method, consisted of a

structure of two peaks, interpreted as contributions of two nonequivalent **Cl-nucleus sites. A
theoretical model is proposed for the line-shape analvsis and the best-fit parameters yield excellent

agreement with experimental spectra. it is sugg

parallel and antiparallel alignment of chlerobe
broadening mechanism is dug to 2 rzndom distn

ested that the nonequivalent sites consist of nearly
nzene and pyridine molecules and that the line-
bution of angular displacements from these posi-

tions. Cur data are in agreement with Goldstain studies of moiecuizs-relaxation processes reiaicd iv
the changes observed on physical properties of amorphous materials at 7.

1. INTRODUCTION

Since the early experiments of pulsed nuciear quadru-
pole resonance {NQR) in amorphous selids first carrted
out by Rubinstein and Tavlor,"* subsequent work in this
area has received the effort of relatively few workers.> ™!l
Although the NQR linewidth of the spectra obtained
from amorphous materials is too broac to be readily ana-
lyzed by the current techniques of Fourier transforms,
the pulsed methods and spin-echo experiments have been
extremely useful to describe the structural and dynamical
propertizs of several amorphous semiconductors.

The local order could be evaluated in many opportuni-
ties with the aid of comparative studies of crystalline
solids with similar chemical compositions. In addition,

some universal properties of amorphous materials, such |

as the elementary excitations at low temperatures,'™"

have Bean successfully studied using NQR.

The purpose of this work is to -study the pulsed
Fourier-iransforim NQR (FT-NQR) of glasses having
glass transition temperature 7 in the range easily acces-
sible at the spectrometer in order to obtain complementa-
ry informations of the study of dielectric properties of
chlorobenzene-pyridine solution by Johari and Gold-
stein.!*

Goldstein and co-workers'*™% developed thermo-
dynamic and dielectric studies on several glassy solutions
in the range near T, and arrived at the conclusion that
the changes observed in specific heat and thermal-
expansion cocfficient are better explained by molecular
dynamics than by thermodynamic transitions. As NQR
is very sensitive to molecular vibrations,”! it is expected
to obtain local and sensitive description of the behavior
of the glass when the temperature is scanned throughout
the glass transition-temperature range.

41

Another observation concerning NQR of amorphous
materials is the lack of detailed models and theories ex-
plaining the ptv)shape, although some important charac-
teristics such as the dihedral angle disiribution in three-
coordinate amorphous arsenic’ could be satisfactorily ex-
plained. It is our purpose to present a model based on
the theory of Blinc™ about the incommensurate systems.

As in the crystals, several amorphous systems have a
finite number of topologically nonegquivaient nuclear
sites. The difference resides in the randem distribution of
local deformations alwavs present in the amorphous ma-

- trix. As the nuclear quadrupole frequencies are directly

sensitive to the distribution of electric field gradients pro-
duced by the nearest neighbors, it is expected, for each al-
lowed transition, the observance of a spectral fine for
each site, broadened by the effect of local deformations.
The line shape will be governed by the statisticai distribu-~
tion law of the local “deformations” (e.g., bonding dis-
tances and angles), which can be either symmietric or
asymmetric.

II. MODEL OF THE LINE SHAPE

The NQR spectrum, arising from distributed electric
field gradients, reflects the distribution law of distortions
at the sites of the observed nuclei, as 2 conszquence of the
proportionality between the resonance frequency and the
maximum component of electric field gradient (EFG) g.

Defining the local deformation (which is generally
small} as a displacement field u, the resonance {requency
at 2 given site can be expanded in powers of u:

vﬂvo-{-a,u-k%azuz-i—-'- , {I}
where v, is the resonant frequency at a nuclear site of de-
formations. The displacements field u is a function of the
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cformation law, which depends on a general parameter
& _
u=ulf), (2)

where 6 equals the deformation of distance, angle, etc.
As long as f{u) describes the statistical distribution of
the distortion field, we can write the density of the spec-
tral line plv) as

p(v}dv=f(u}du , : {3}
then

- flu) 4

plv) dvrdal 4

If 2 single line corresponding to 2 given site has the line
shape L{v—+,), the inhomogeneous iine shape of the
compasite spectrum is

F(v)=fL(v-;vc)p(vc)dvc . o (5)

Writing the resonance {requency in powers of the dis-
tortion field as in Eq. {1}, and assuming that -

f(u)ﬂe“"2"2°2 , {6)

where o is the Gaussian half-width, we can deduce an ex-
plicit expression of pivifor a few simple caces as follows.
(i} If the linear term in Eq. (1) is dominant,

v=wvy+au "
and the frequency distribution is

el ey )2 2.2
—u1s0t e Ly—vg) faye

plv)e : (8)

la;i iagi
which corresponds to 2 symmetrical line. The density of
states has a maximum at yv=vg {Fig. 1(@)}. This is an
agrecment with the experimentai NQR line shape for a-
As.Sy.°

(i) When the quadratic term is dominant the resonance
frequency is

WOLFENSON, BRUNETT], FUSIOL, AND PONTUSCHKA 41

ta) Q4 dg
-+ Wb}
'_; dz»c‘l,)o
=2
ey
o
=
5
|
=
=
-
w
£
o | (C)
£
- 0> G50y

NGQR Frequency {Arbitrary Units)

FIG. 1. Examples of computer simulation of NQR hne
shapes calcuiated after the model described in the text. {a)
Syrmetrical line, obtained when the linzar term in Eq. (I} is
dominant: (b) asvmmetric line, when the second term doem-
inates, with 2, > 0 and (¢} with @, <0.

iAto account, the density of the spectral lines corresponds
to an asymmetric line shape which depends on the

2
vavgtia,u 9 coefficient ;. Then,ifa,>0,
and ) plv)xglv) for v> vy—lal/2a,), {ita)
—’s-—a-;!/'a:‘02 ST AP 1 )
playe = s for aylv=v)>0,  (10a) pivi—0 for vEvo—iai/2a;), (11b)
[2a,(v— !} {sce Fig. 1(b}}, and for @, <0
plv)=0 _ for a;(v—v) 0. (10b) plywregly) for v<v,—lal/2ay), {12a)
Th ltant line shape i / tric with i =
- f;e;S; ant line shape is asymmetric with a maximum plv)=0 for v> Vo—{a'{/zaz) . {12b)
(i) If both linear and guadratic terms are to be taken where
3
2 17212 17212
a a a a
exp | — —— —~ +—%~(v—-v0) /208 |+ exp |- S +—2~(V""v0) /20°
giv)= az a; a2 9 az a4
[{al/02)2+(2/az)(v—v0)]‘/2
{13

'Wrnw

SR B
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fhis line shape has the mazimum at ¥= Vg <.

III. EXPERIMENTAL

The sample (43.5CB-P} of 43.5 mol % chlorobenzene-
pyridine solution was prepared as suggested by Johari
and Goldstein.! Subsequently, it was scaled in a Pyrex
glass tube, with elementary and important safety cautions
taken during the scaling procedure because the com-
pound is highly flammable. The glass was obtained by
quenching the chlorobenzene-pyridine solution directly in
liquid nitrogen. The obtained glassy state was confirmed
by visual inspection as a transparent material.

The pulsed NQR measurements were carried out with
a conventional spectrometer equipped with a Hewlett
Packard Model No. 86668 Synthesizer. Amplifier
Research Model No. 200L transmitter, Matee Model No.
7584 preamplifier. Matec Model No. 623 receiver, and a
Nicolet Model No. 4094B data acquisition and fast
Fourier transform (FFT} system. The temperature con-
troller was homemade, allowing the stabilization of the
sample temperature within 0.1 K in the range of 77-300
K. The line shape in the crystalline phase (obtained with
slow cooling rate) was determined using FFT facilities,
directly from the free-induction decay following a #/2
radio-frequency pulse. The corresponding line shape of
the glassy state was recorded using the signal intensity,
point by point, as suggested by Taylor and co-workers.” .

IV. DESCRIPTION OF THE RESULTS

The power spectrum measured at the temperature of
8.4 K was obtained immediately after quenching the
solution (Fig. 2). A line structure consisting of two peaks
shifted by 250 kHz was observed. The low-frequency
peak is slightly narrower and, consequently, higher.

in order to observe the annealing effects. the liquid
solution was quenched at 77 K and stored in ligaid nitro-
gen over 24 h. The spectra obtained at increasing lem-
peratures [(a) T=80.6 K; {b) T=98.5 K; (c) T=130.3
K] are shown in Fig. 3. At temperatures similar to those
of Fig. 2, the spectra exhibit noticeable sharpening, but
the splitting observed between both peaks remained un-
changed.

Figures 3(a) and 3(b) present similar line shapes. The
half width of the low-frequency pezk is approximately 75
kHz and that corresponding to the high frequency is of
the order of 150 kHz. In contrast, Fig. 2(c) shows a no-
ticeable line broadening of the high-frequency peak at the
expense of the low-frequency peak. The linewidth of the
low-frequency peak is now nearly 120 kHz and the corre-
spording high-frequency peak is approximately 200 kHz.
The spectrum shown in Fig. 2{c) was obtained near the
plass transition temperature (7, =131 K). The obscrved
specira do not show a significant frequency shift at refa-
tively Jow temperatures (T'<<T ). In contrasi, at
T~T,, a dramatical shift towards low frequencies was
ohserved.

A third set of measurements started from the liquid

.
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F1G. 2. FT-NQR power spectrum of 3¥C] in glassy solution
of 43.5 mot S¢ chlorobenzene in pyridine measured at T =88.4
K immediately after quenching in liguid nitrogen.

phase being cooled slowly { —~5 K/h). At the temperature
of 150 K, a first signal appeared at a frequency around
34.900 MHz. Figure 4 denotes the power specirimm at
T =141.8 K. Two peaks were also observed with half
tinewidths equal to 5 kHz (lower frequency) and 10 kHz
thigher frequencyl, consistent with linewidths usually ob-
served in molecular crystals. The line frequencies are
about 300 kHz higher than the corresponding *CiNQR
of pure dichlerobenzene (~8Q =34.480 MHz), and ap-
proximately 900 kHz lower than those observed in the
glassy solution. Obviously the spectrum corresponds to a
crystailine chiorobenzene-pyridine alloy. The two peaks
reflect two nonequivalent 31 nuclet sites. A reasonable
picture could be proposed as a layered structure of alter-
nate chlorobenzene and pyridine planar molecules with
parallel and antiparallel orientations. Some detailed
specific models could be proposed in order to expiain the
broadening and structure of this spectrum as compared
with pure crystal, but this is beyond the scope of this
work.

T .1 ! T 1 1 " j
Fia) Annsaled for 24nat - Annegied for 241 ot
- B - sgen amoerstuey liquad - relTogen temperaiyre
1
g 400+ 1400 -
- 1 te} T.130.3 K
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FIG. 3. FT-NQR power spectrum of the same sample, shown
in Fig. 2, after storage for 24 h at liguid-nitrogen temperature
and measured gt the temperatures {a) 80.6 K, (bY B8.5 K, znd ‘¢!
13003 K. ’
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FIG. 4. FT-NQR spectrum of 43.5 mol % chlorobenzene-
pvridine solution measured at the temperature of 141.8 K after
a sfow cooling { ~5 K/h} starting {from the liquid phase.

V. DISCUSSION

The two peaks observed in the NQR spectrum of the
glassy solution could be interpreted on the basis of simi-
tarities with the power spectrum of the crystallized alloy.
The two peaks in the crystal are ascribed to the parallel-
antiparaliel orientations in the layered structure {as men-
tioned previouslyl Consequently, a nearly similar, but
distorted, structure, without long-range order, is expect-
ed to remain in the giass. In this model the random dis-
tribution of angular distortions 6 over paralle] or antipar-
allel positions is a source of random distribution of the
electric ficld gradient at each 3¢l nucleus site. Conse-
guently, an inhomogeneous line broadening is observed.
The theoretical model proposed could account for the ex-
perimental line shape by assuming the superposition of
two spectra, each one arising either from parallel, or
from both parallel and antiparallel, randomly distorted
ancular positions. As an example, Fig. 5 illustrates the fit
of the line shape at 7 =98.5 K. As can be seen, the ob-
tained agreement is fairly good. Tabie T exhibits the most
significant best-fit parameters obtained from the measure-
ments. The fitting parameters behave nearly constant at
the lower temperatures. However, a sudden change is ob-
served at 7=130.3 K (~T,). Two features are there-
fore remarkable: (i) the central frequencies of both peaks
chifted towards tower valuze 2e 2 conseguence of & moic
effective EFG averaging due to the increase of molecular
mobility, and (ii) the increase of the root mean square of
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F1G. 5. Computer simulation {solid Tine) of the expedinental
NQR line shape obtained at 98.5 K (solid circles). The best fit
was obtained as a sum of separate simulations for each of the
two peaks (dashed and dotted lines).

the distortive field half width o suggests an increment in
both the static and dynamic contributions of the mean
amplitude of the randomly distributed angular distortion
g the dynamic contribution couid be explained in a siroi-
lar fashion of that described in proton pseudospin glasses
in the hinear approximation.n However, a more detailxd
experimental siudy-is sti}l necessary to develop a more
complete description of dynamical processes near T,.
This behavior could be interpreted as an unfreezing of the
molecular modes in such a way that more freedom of the
relative orientation of the molecules is allowed and the
overall behavior approaches to that of a viscous fiquid.

The relatively broad spectrum obtained at T=9835K
i a sample, immediately after the liquid solution was
quenched at 77 K, is related to internal strains producing
2 concomitant increase in the mean amplitude of the an-
gular distortions. After annealing the sample at the seme
temperature {which is not too far from T, ) during a 24h
period. the internal strains have been considerably re-
laxed in addition to the observed sharpening of the reso-
nance spectrum {the mean angular distortion has dinin-
ished).

In summary, this work has supported the basic td=2as
dereloped by Tayior and co-workers '~ using NUK as a
very sensitive probe in the study of static and dyramic
properties of amorphous materials. This methed was

TABLE 1. NQR line breath and frequencies of the glassy solution 43.5 mol % chlorobenzene-

pyridine.

Temperature line Low-frequency line High-frequency
(K} {MH2) oiMHz) {MH2) o(MHz)
80.6 35.794 0.053 35945 04
98.5 35.804 0.045 35955 03
130.5 35.660 0.150

35.800 0.6
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+ applied to an organic glassy material with T, in a
nvenient range, so that the complete thermal treatment
£ the sample could be done into the spectrometer,
rendering, accessible, the studies near the transition tem-
perature. Our results are in compiete agreement with

. Johari and Goldstein's theory of the molecular relaxation

process which is directly responsible for the physical
properties near T,.
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A method of data processing was applied to study the decay kinetics of interstitial atomic hydro-
gen in x-irradiated ¢-Si:(H,0,N) and uv-irradiated natural beryl. 1t was assumed that the interstitial
atomic hydrogen was produced by radiolytic irradiation of R-H type molecules and trapped at in-
terstitial sites of both materials. The heating releases the atomic hydrogen which quickly is either
retrapped, recombined with R radical left in the matnx, or combined with other atomic hydrogen
atoms forming H, molecules. The parameters related to untrapping and recombination processes
were found 1o obey the Arrhenius law. On the other hand, the retrapping and H.-formation param-
eters were also fit to a function proportional to { T2 — T}"*), where T is a constant.

I, INTRODUCTION

Atomic hydrogen has been studied in several crystal-
line and amorphous matrices for about four decades. Un-
fortunately, there are still very few systematic studies of
the hydrogen centers concerning thermal decay kinetics.
Recent studies in a-$i:tH,O,N)," natural beryl,? barium
aluminoborate glasses,>* and tourmaline® report interest-
ing results from atomic hydrogen thermal decay
electron-paramagnetic-resonance {EPR) measurements.

The HY? observed in barium aluminoborate giasses is
unstable at room temperature.® The kinetics of this
center was analyzed in terms of the Levy's model® yieid-
ing three first-order processes, each one having a different
activation energy. In contrast, the measured thermal de-
cay of the H in find tourmaline,” stable at room temper-
ature, follows first-order kinetes.

Pontuschka et al.! observed that the x-irradiated hy-
drogenated amorphous silicon containing oxygen and ni-
trogen impurities a-Si:(H,Q,N) shows the characteristic
H? doublet in the EPR spectrum. The absence of this
center in x-irradiated nominally pure 2-Si:H led to the
conclusion that the presence of oxygen is needed to stabi-
lize this center. Second-order thermal decay kinetics was
assumed in the analysis of the data yielding an activation
energy of about 0.5 eV. Samples were irradiated at room
temperature until saturation. A series of EPR measure-
ments was performed to study the isothermal decay of
the atomic hydrogen centers. The measurements were
carried out at 310, 319, 323, 332, and 343 K, respectively.

Atomic hydrogen, stable at room temperature, was ob-
served in x-irradiated beryl by Koryagm and Grechushni-
kov’ in 1966 and by Bershov® in 1970. When beryl was
completely dehydrated, H? was not detected, leading to
the conclusion that it originated from the H.O ra-
diolysis.” Blak et al. also observed EPR of HY centers
in beryl, uv irradiated at room temperature. [sothermal
decay measurements at 353, 373, 393, 413, 433, and 453
K could not be described in terms of first- or second-
order kinetics,?
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This result suggests the superposition of’

several kinetic processes occurring together. It is not
difficult to write down the differential equation for each
possible reaction.

Recent ionic thermocurrent (ITC) measurements in
beryl'® showed that heat treatments between 1000 and
1200 K produce the disaggregation of clusters of water
molecules and bond breaking into OH™ and H’. Above
1200 K a subsequent water disappearance was observed.
When the samples, thermally treated between 1000 and
1200 K in order to produce clusters disaggregation, were
uv irradiated, the intensity of the ITC OH™ bands in-
creased. It was concluded therefore that the efficiency of
the water photodissociation under uv irradiation was
considerably improved. For lower tempertures an aging
process was observed and the decrease of the intensity of
the OH™ bands was attributed to a reaction of the type
OH™ +H'—-H,0".

Exact solutions of systems of chemical kinetics
differential equations can easily become laborious or even
prohibitive in most cases. For this reason one resorts to
numerical integration, which, with the present-day easy
access to personal computers, is quite manageable.

II. KINETIC EQUATIONS

We assume that the atomic hydrogen is produced dur-
ing uv and x irradiation of beryl and a-8i:(H,O,N) sam-
ples by photodissociation of R- H-type molecules leavmg
HY and R radicals. In beryl, R is assumed to be OH "~
which results from the dissociation of H,0. In g-
Si:(H,Q,N}, R is part of the disordered chain of its amor-
phous structure that lost an atom of hydrogen during ir-
radiation, leaving a dangling bond. The H® diffuses
throughout the interstices of the network before being
recombined or trapped in stabilizing sites, where the
presence of oxygen is essential. Such a site should be a
potential well of depth E, (see Fig. 1} where the nature of
the repulsive forces performed by the walls are due to
Pauli exclusion repulsive interaction with neighboring
filled oxygen external orbitals. This obviously requires a
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FIG. 1. Sketch of the potential energy of HO trapped in the
oxygen neighborhood stabilizing site.

minimum number of neighboring oxygen atoms, sufficient
to form a cage. Inside this limited volume, the neutral
atomic hydrogen is nearly free, its paramagnetic nature
being preserved. After a sufficient time of irradiation, ali
the available H® traps are filled and the growth of the
concentration of interstitial atomic hydrogen [HY] (the
brackets are referred to as concentration) reaches satura-
tion. In the following the subsequent notation will be
adopted: R, recombination center; H, trapping site; H,,
trapped HY; Hy, free H? diffusing throughout the sample;
RH, molecules or macromolecules; S, empty traps.

On heating, H, overcomes the trapping potential ener-
gy depth E_ and moves throughout the lattice!! prior to
the reactions of retrapping, recombination with dangling
bonds, or combination between a pairof H s forming a H,
molecule. There is a very simple reason to rule out the
bond-breaking diffusion'2~ ¢ or mediated by the dangling
and/or floating-bond migration model'”!® 5 the mecha-
nism of the thermal annealing of {HY, as observed by
EPR: After the untrapping from its stabilizing site, the
neutral atomic hvdrogen is no more observed after the
first covalent bonding couid take place, either by recomb-
ing with a dangling bond or by breaking a weak Si—Sj
bond. " This situation is irrevesible, even if the motion of
the bonded hydrogen proceeds further by means of a hop-
ping mechanism. The paramagnetic neutral hydrogen
was only observed after the sample irradiation. There-
fore, the atomic hydrogen unirapping activation energy is
related to the energy depth £, of its particular trapping
site and should not be confused with the activation ener-
gy cg bonded hydrogen diffusion, which is equal to 1.53
eV,

Assuming that the total number of H; trapping sites is
constant, e,

[H,]+{S]=[N], o

where [N] is the concentration of trapping sites, the
change rates of [H,], [H,], [S], [R], [RH], and {H,] are
described by the following differentia} equations:
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%{H,]=—a{H,]+}'[HI]U\'—[H,]), (2al
“[Hp=a{H,]=y[H, ¥ —[H,])

~BlH,J[R]~8(H, ], 2b)

SURI=—g[H,]IR], 20

where @, 8, v, and & are adjustable parameters.

The above equations were normalized assuming that all
sites are filled. The initial conditions are given by & =1,
{H,J(0}=1, [H;]t0)=0, and [R}(0}=1. The coupled
differential equations (2) were solved using the numerical
method of Runge and Kutta. "2  The coupled
differential equations (2) were numerically solved with pa-
rameters fitted by a trial and error method, after few
iterations.

HI. RESULTS

The experimental values used in this work were taken
from Refs. 1§ and 2 for applying the numerical method
described in Sec. 11

The diffusion of H/ throughout the interstices of an g-
i network probably roughly follows the Maxwell speed
distribution for free particles. Thus the mean speed of
H/ is roughly given byv =(2kT/m )%, where My 1S
the effective mass of Hy. If d is the collision mean free
path, the frequency of collisions of H, with Si atoms is
given by v/d and the mean free time is d/v. We assume
that the mean life of the excited electron spin state is
longer than the mean life of collision spin-lattice relaxa-
tion. In this case, the uncertainty Ar in the mean life of
the electronic excited spin state is roughly the mean free
time d /v. The uncertainty AE of the excited-spin-state

.energy is about gBAH, where AH is the linewidth. Then,

using the Heisenberg uncertainty principle, we obtain a
EPR linewidth of about SX10* G. Such a broad kine is
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FIG. 2. Numericai integration results {solid lines) adjusted 1o

the experimental pomnts of the isothermal {H,} decay in a-
Si(H,O,N1 (Ref, 1),
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TABLE I. Parameters a, ¥, and § for a-Si:{H,Q,N).

T K} a(s™h) v 57 5457 h
310 125208 285778 165
323 : 258785 375244 21574
332 5128t 43.5731% 25073
343 ’ 70255 512% 29525

‘undetectable by EPR, and once the motion of H/ is such
.that the linewidth is too large to enable H, to be detected
by EPR, the observed signal was attributed to H, ex-
clusively. _

The numerical integration results (solid liness adjusted
o the experimental points for the isothermal decay of
atomic hydrogen for x-irradiated a-Si:(H,O,N) is shown
in Fig. 2 where 8 was assumed to be zero. Here the
recombination centers are ignored, because the large po-
tential barrier for the insertion of H; in a weak Si-.$i
bond makes this process less probabie, within the temper-
ature range of measurements, than the process of forma-
tion of H;. The best-fit parameters are shown in Tabie 1.
The results of our calculations are in good agreement
with the assumption proposed by Pontuschka er al.' as-
¢ribing the principal process involved in the removal of
hydrogen from a-Si:H to the formation of H,.

The best fit (solid lines) for the [H,] decay of uv-
irradiated beryl is shown in Fig. 3. The B value was no
longer negligible as occurred for a-Si:iH,O,N). The cal-
culated parameters are listed in Table }1.

The Arrhenius law applied to the a parameter of a-
Si:(H,O,N) and the parameters @ and 8 of beryl are
shown in Fig. 4. The H, untrapping activation energy of
a-8i:(H,O,N) is £,=0.56 eV and the pregxponential fre-
quency factor ap=1.5X10°s~! 1t is clear that both pa-
rameters a and § of beryl obey the Arrhenius law with

prid 1.0 I { !
g ¢ 353K
o 373K
é 0.8 & 393K 3
o A 413K
= 0 493K
g W 453K
= 0.6 o
-
[
O 0.4 .
2 Q.41
™~
=
= Q.2 -
o
Q
< g \\\

0 50 10 150
TIME  {min)

200 230

FIG. 3. Numerical integration results {solid lines) adjusted to

the experimental points of the isothermal [H,] decay in beryl
(Ref. 2).

SADAC ISOTAN[eral. ' 42

TABLE II. Parameters o, 3, v, and 8 for beryl.

a is7Y Bis™ v s7H 570
353 345084 245718 9.8731
373 6.7203 300218 115749
393 138753 014750 35.0043 13.57%3
113 340703 1.0793 41213 15,5703
3 3471 -t 160793 17.022%
453 7273 207! 500793 190753
00 T i T ! T 1 | i }' 5
K .
£ L E
i o E
= F ]
L - ]
= .
= -
o
< =
o 3 Beryl  a-Si:(H.Q,N) =
E a-o a.o ]
r B-a |
0.1 3 ; 1 ! { ! i 1

n
[AY)
n
£

25 28 30 32
Talcome

FIG. 3. Arrhenius law applied to the parameters a and 3 for
beryl and a for a-3:1{H,O,N1.
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FIG. 6. 7' benavior observed for the ¥ and § paramerzrs of
[H,] n beryl. The common cutoff lemperatare is 7, =266 K.

activation energies equal. respectively, to E,=0.42 eV
and Eg=1.51 eV, and preexponential frequency factors
a;=3.33X10°s7" and B,=3.5x 1085,

Figure 5 shows the correlation of ¥ and 6 for [H,] in
a-Si:(H,O\N) with T2 The observed correlation i
linear, with a common cutoff temperature Ty =269 K for
all parameters. Thus ¥ and & are linear functions of
T!/?._T(i)/.?.

The temperature dependence for ¥ and & is observed
over a very small temperature range. It is easy to check
that Iny and Iné vary linearly with L/T, too, and well
within the quoted error bars. The temperature depen-
dence is not established strongly enough to discard a
more classical Arrhenius behavior, since the accuracy of
the measurements is not sufficient to retain aTl”? depen-
dence exclusively.

The dependence of ¥ and § for {H,]in bervion 7' is
shown in Fig. 6. The behavior is again linear, with cutoff
temperature T, =266 K, and here again v and § are
linear functions of 712 — T}/

In Fig. 4 it is shown that the parameter 3, adjusted to
the kinetics of [H,] in beryl, obeys the Arrhenius iaw,
The parameter 3 is related to the recombination process
of R and H,. The high activation energy suggests that
the irradiation produced an R radical from the radiolvsis
of H,0, namely, energy OH ™, Therefore, the activation
energy is probably equal to the energy necessary for the
ionization of OH™ into OH+e" before the reaction
OH+Hf—>H20 takes place. An alternative possible re-
action is OH"+H;—H,0"—H,0+¢".

1V, TEMPERATURE DEPENDENCE OF § AND ¥

The hydrogen atom in silicon is trapped by an oxygen
defect because no H, EPR signal was observed in
. Oxygen-free silicon. The trapping of atomic hydrogen

changes the structure of the oxygen defect. This change

5969

of structure requires energy, giving rise 1o a potential bar-
rier £y, for trapping atomic hydrogen. The untrapping of
atomic hydrogen requires an activation energy £,.

The calculation of the interaction of atomic hydrogen
in crystailine Si by the completely neglected differential
overlap (CNDO) method showed that there is an energy
difference between tetrahedral and hexagonal sites of
0.052 eV. The relaxation of host atoms near the hydro-
gen alters this picture, however. There is very little
change of energy for the hydrogen in the tetrahedral site
if four neighboring Si atoms are moved, but if the six Sj
atoms adjacent to the hexagonal site relax outwards by
only 1% of a lattice spacing, the energy of the hydrogen
in the hexagonal position drops to a very similar energy
to the tetrahedral one.? Although @-Si has quite
different structure from crystaliine Si, it is reasonable to
assume that the interaction of atomic hydrogen with a
neighboring Si atom is the same. Thus we assume that
atomic hydrogen can move through the a-Si network al-
most as a free particle with effective mass my
(my <m,+m,).

Here we assume that the free H? acquires, through col-
lisions with the atoms of the network, speeds varying
from 0 to high vaiues, according to the free-particle
Maxwell speed distribution
32 ,
myv©

2kT

my 2
2kT

viexp

) 4N
dN,= —\—/:

dv , (3)

where N is the concentration of H, atoms, v is the speed,
and T is the absolute temperature. Consider N atoms per
unit volume traveling in the network with speeds between
v and ¢ +dv. By assuming that each collision with atoms
' removes one H ¢ atom, we may evaluate the decreas-
ing rate of N between 1 and t +dr according to

dN =—PNdx , (4

where P =g X', ¢ denotes a Cross section, and dx =uv 4.
The rate of concentration change for all speeds is then
given by the sum over all dN,, giving
aN .
— fa”mu\ dn, . (5)
To calculate the integral of Eq. (5), we need to know
the dependence of ¢ on u. One possible source of depen-
dence of o on v is the structure of the trapping defect.
The HY in ¢-Si(H,N,0O) is trapped in two sites as
showed by Pontuschka er al.! Ope H° is associated with
a sharper EPR line of about 3 G of linewidth, and the
other is associated to a broader EPR line of about 13 G
of linewidth. The sharp line is saturazed at very low mi-
crowave power. This H® couid be assigned to H° trapped
in the large cavities of Si {about 20 A} with the boundary
formed by Si-bonded hydrogen pointed to the outside of
the cavity and with the dangling bonds to the inner
part.** This HO is probably trapped in the field of Si—
O--8i bonds pointed 1o the inner part. The combination
of H® with the dangling bonds and with oxvgens of §i—
O--S5i bonds is prevented due to the high reaction ener-
gies required. The broader 13-G linewidth was the sub-
Ject of the Pontuschkz er af.! kinetics study, where the
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shurper line was eliminated measuring with high enough
misrowase power. The strong broadening suggests high
spenelatiicy relivanon. This is possole if HY 15 trapped (n
a stz with short-distance neighbors, Le., 2 site with local
structure simelar w that found m crvstaliine Si.

[n crysaailine Siw was shown that the 40, defect is
stante* Thes defect is fermed by the occupation hy
atomie oxygens, of the four empty sites of tetrahedral
ssmmetsy o ai the sertices of the cube of side @ /2. The
otier vertives ot this cube are occupied by four Si atoms.
The center of this cube has tetrahedral symmetry and is
also empty. A possible trapping defect of atomic hydro-
g is the emptiy site at the center of the cube.

Energy E, is required to relax the 0O, and Si atoms out-
ward to allow the introduction of atomie hydrogen. In
the mner part of the 40, defect, the interaction between
the atomic hydrogen atom with O, and Si atoms, through
London dispersion forces, relax these atoms close togeth-
er. This relaxation traps the atomic hydrogen with an
energy £,. The energy diagram for this defect is
sketched in Fig. 1.

If the kinetic energy of H? is smaller than E,, 1t has
probability that H” will surpass the potential barrier, and
then the trapping cross section becomes negligible. How-
ever. because of the phonon distribution. it is possible to
assume that the reaction occurs according 1o the Ar-
rhenius scheme. In this case the probability of trapping
is roughly given by o =gy exp! —AE /KT for v <y,
where ¢ is a constant (0S¢, <1) and A P = bmuy
— ¢me®. The velocity v, is given by QE,/myi’* and
corresponds to the velocity at which HY surpasses the
barrier of potential.

If v >v,, H® can be trapped only if there is a suitable
mechanism for energy loss. ™ All the sublevels of the H?
trapping potential energy are vibrational levels, Even for
particles with kinetic energy higher than £,, there are vi-
brational levels along the H—0, or H°—Si directions
{tracked lines in Fig. 1). The atomic hydrogen can jump
from one state to another with the help of a single pho-
non. Since the probability of one phanon transition is
substantial, such a transition enables HY to be trapped.
The motion of the descent of H? down the ladder of excit-
ed states, losing its energy by the successive emission of
single phonons, is so rapid compared with the rate at
which H% is trapped that the corresponding delay may be
neglected. Also, this energy-losing process is faster than
the time by which H? can surpass the defect. Thus, for
U > Up, We assume o to be independent of v, Assuming
that o is continuous, we get oly)=g,

Using Eq. (3), and the dependence of o on v as assumed
above, we obtain the rate equation

d."l‘ 1 ’
._&.[_z-—-—;:?\f 1V20'0Ubf(x) » (6}
where
1 Cyh h
(X)=x |1+ —r 1ol
f x? 2y

and x =V'kT/E,.
The limit value for high temperature or negligible po-
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tential barrer is
4N CSkrTT
LS BT 7
! S| My
showing a VT depeadence for the rate constant. The
limiting value for low temperature or high potential bar-
rier 18, for ¢y 70,

av__ |2 T
ar O Ty kT

. -E, sk
shawing 2 ¢ * /T dependence for the rate constant,

and for ¢, =0,

3 171
v 3£, 17| E, Bk
‘d'“‘l: ~0gq ; ,_D ] e Eb/“:\';\’” . (9}
dt Ty |k
- £, /kt

showing a e /TY? dependence for the rate con-
stant.

Figure 7 shows the dependence of f(x) on x for cy =0
and 1. There are two intervals for x valuss where fix)
can be fit to a linear function of the form p(x —x4). For
¢y =0 we have for the interval 0.6 <x < 1.1, p = 1.5 and
%y =0.31, and for the interval 1.3<x <4, p=1.17 and
xo=0.32. For ¢y=1 we have for the interval
0.5<x <0.9, p=1.7 and x,=0.43 and for the interval
l.3<x <2, p=1.04 and x,=0.07.

The linear part of f{x) supports the empirical observa-
tion of (VT —V/T,) behavior of the parameter ¥. Oth-
erwise, only this part of the dependence of ¥ and T 1s not
eaough for the determination of E,.

The _ empirically determined function  for
8=8,\V'T —V/T,) is similar to that observed for ¥-
Thus we would like to apply the present analysis to & by
assuming a potential barrier for the reaction
H;+H,—H, Of course, for free atoms there is no po-

f(x)__ Pl I I i H H 3 { T 1 l L ]
1.5} ’,/;
1.0l K N

i s ]
’/
" ,f _]
0.5 S/ ]
| ’ -
ra

| , ]
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0 . YA M A

O .5 1.0 1.5

FIG. 7. fix) function vs x for ¢e =0 (dashed line) and cp=1
{solid line) The straight fine is the limit of the funcuon
Slxi—xfor x >>1.



42 DECAY-KINETICS STUDY OF AIOMIC HYDROGEN INa- .. .

tential barrier. However. H, is under the efiect of the
atoms of the material network. These effects. which in-
clude dispersion and exchange interactions, could inhibit
formaton of a H, molecule, in a similar way as observed
in the mhibition of formation of Q. in crystailine Si.
This inhubition could explain the assumption of a poten-
tiat barrier for the formation of H..

Here we assumed an Arrhepius fit to B, although the
suggested behavior was e“EH'k'/T due to the high Eg
value., The error introduced in £ by the Arrhenius plot
is smali, because the 1/T function changes slower than
e %" In fact, the log plot of (x}1s 2 sum of InT and
Eg/kT. The InT term introduces a contribution which
changes from 5.87 {353 K} to 6.12 1453 K) with about 4%
of variation. This variation is smaller than the error in
the determination of B, and the term InT can be neglect-
ed.

V. CONCLUSIONS

The numerical Runge-Kutta method, applied to a S¥s-
tem of differential equations describing the isothermal de-
cay kinetics of [H,] in x-irradiated ¢-SitH,O,N} and uv-
irradiated natural 'beryl, led to conclusions which can be
summarized as below.

{a} The hydrogen removal mechanism which occurs on
heating a-Si:H is processed through the irreversible for-
mation of molecular H,, in good agreement with the as-
sumption proposed by Pontuschka er al.! In this work it
15 assumed that the reaction H,+H,—H, has a small
activation energy derived from the interaction of H® with
the network.

(b) The untrapping of H, in 2-Si:iH,Q,N) obeys the Ar-
rhenius law with activation energy E,=0.56 eV and
preexponential factor ¢, =1.5X 10" s~ The present ac-
tivation energy is similar to the diffusion of the atomic
hydrogen acti\:guion energy of 0.48 eV found in single-
crystal silicon. =’

(¢c) The recombination parameter 3 is negligible for H,
in a-Si:(H,Q.N) (it is unhkely that the radiolytic H, will
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be recovered in the original structurel.

td} The recombination parameter f is not negligible for
H, in beryl, a fact which minimizes the loss of hydrogen
by the sample.

le) Both a tuntrapping} and § {recombination} parame-
ters obey the Arrhemus law for beryl with activation en-
ergies equal, respectively, to E,=0.42 eV and Eg=1.51
eV and preexponential factors equal, respectively, to
@=3.3X10° s7' and £,=3.5X10"® 57", The recom-
bination of H/ in beryl is possibly processed through the
reaction

H,+OH™ —H,0+e" ,

and justifies the high £,=1.51 eV activation energy.

(f) The parameters y (retrapping) and & (H, formation)
were found to fit a function proportional to 7'/2—T}"?
with T, =269 K for H, in a-Si:(H,O,N} and T,=266 K
in beryl. It was shown that this function can be assigned
te the linear part of the f(x) function derived from free-
particle distribution of speeds attributed to H, and the
potential barrier for retrapping and H, formation.

As the dangling-bond population was minimized by
bonded hydrogen atoms in ¢-Si:(H,O,N}, it is reasonable
lo suppose that a neutral intersticial atomic hvdrogen is
able to diffuse by a length at least greater than the dis-
tance to its nearest neighbors. This gives rise to a prelim-
inary diffusion with a different activation energy expected
than that reported for the motion of bonded hydrogen. If
the number of nonpassivated dangling bonds is
sufficiently small, we expect that the probability of the
occurrence of extensive diffusion as a precursor of the re-
action H+ H%-+ H, turns out to be important in the sys-
tem.
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The quenching of the radiative ¢ —-A recombination in barium aluminoborate glass, x irradiated at
77 K, was investigated by EPR and thermoluminescence (TL) techniques as a function of an iron impuri-

ty concentration ranging from 1073 t0 0.1 at. %.

The analysis of the EPR line shape of Fe'*, observed

in these glasses, suggested that a large fraction of Fe impurity occupies substitutional sites of the glass-
forming network, locally charge compensated by a pair of Ba’* interstitial cations. The electron untrap-
ping activation energy from the boron electron centers [D, L. Griscom, J. Chem. Phys. 55, 1113 {1971)],
obtained from the TL initial slope, is equal to 0.21 eV. The correlation between the TL intensity and the
Fe concentration was fonnd to be exponential, and is discussed on the basis of some recent theories for

the nonradiative e "k recombination mechanism.

1. INTRODUCTION

The killing effect of luminescence produced by some
impurities in crystals has been a subject of extensive stud-
ies. The first model of the competitive trapping®’ of free
electrons by two different centers of different emission
wavelengths assumed a linear correlation between excita-
tion intensity and luminescence. However, experiment
has shown that the correlation is not always linear,* 7 5o
that excitation and recombination models with different
carrier trapping cross sections®® were proposed. A
killing effect of luminescence was observed also in chal-
cogenide glasses containing Fe?t impurity.'® The pro-
cess was explained as a nonradiative e -4 + recombina-
tion with a creation of an exciton strongly coupled with
lattice phonons. In 1964, Goid and Weisberg!! intro-
duced the role of the nonradiative recombination process-
es in order to explain the origin of the depletion zone en-
largement at the p-n junction which results in a time
deterioration of the junction properties. This model as-
sumed that the excitation energy acquired by the irradiat-
ed electron trapped at a deep level is released by means of
a multiphonon emission or “phonon kick,” which pro-

duces a very strong local heating. Sumi'? has proposed * charge-transfer process.

that the phonon kick is followed by a coherent hole trap-
ping resulting in the creation of a very unstable exciton.
He proposed a simple exponential law as a standard basis
for the adiabatic limit for the electron transition, a pro-
cess much faster than lattice motion,

Previous work!® on electron paramagnetic resonance
(EPR) measurements of decay kinetics of boron-electron
centers (BEC)' and review articles concerned with

0163-1829/94/49(6)/3760(6),/$06.00 49

boron-oxygen hole centers'*** (BOHC) between 77 K and
room temperature have shown that the resulting blue
thermoluminescence (TL) is a radiative ¢ -4 * recom-
bination between the electrons untrapped from the BEC
and the seif-trapped holes of BOHC [see Fig. 1{a)}. 1t
was seen'? that at room temperature the BEC was virtu-
ally bleached, leaving an excess of BOHC’s which needed
additional heating to about 700 K for its complete
bleaching. Another luminescence, of red color, appears
at about 500 K,'® approximately the temperature of the
complete bleaching of the last BOHC’s, as observed by
EPR." In order to explain the red luminescence observed
at 500 K |see Fig. 1(b)], it was assumed that the imbal-
ance of electrons and holes in the glass is due to Fe im-
purity.'?

The possible charge-transport mechanisms which
occur immediately after the thermal releage from the car-
rier trapping site preceding the subsequent recombination
are sketched schematically in Fig. 1. The solid lines as-
sume a less probable possibility of the carrier to be pro-
moted to the extended states by crossing the mobility
edge. For the insulating glasses it is more likely that the
entire process occurs inside the limits of the pseudogap
(dashed lines), either by means of hopping or by direct
However, such gz detailed
description is beyond the scope of the present paper.

The objective of this work is the study of the killing
effect of Fe on the radiative e -4 *+ recombination in x-
irradiated barium aluminoborate glasses, which occurs at
temperatures between liquid-nitrogen temperature (LNT)
and about 300 K. The aim is to obtain a better under-
standing of the luminescence killing effect of Fe in amor-
phous materials.

3760 ©1994 The American Physical Society
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FIG. 1. {(a} Electron-hole recombination mechanism of the
blue T1. emission in aluminoborate glasses x irradiated at 77 K
observed in the range of 80-310 K. At these temperatures only
the electrons of the BEC’s can be refeased from their traps. In
the sites where the Fe luminescence quenching action has not
been reached, the holes cannot move at these relatively low tem-
peratures. A small fraction of the released electrons may also
be trapped by Fe** impurity ions. {b) Hole-Fe®* recombination
mechanism of the red TL emission in aluminoborate glasses x
irradiated at 77 K observed in the range of 330-650 K (Ref. 16).
At these temperatures, the totality of the BEC’s is bleached and
the holes of the BOHC's acquire mobility until a Fe** jon is en-
countered which has originated from the Fe’™ ion previously
reduced during the irradiation process.

II. EXPERIMENTAL PROCEDURES

The barium aluminoborate glass samples were pre-
pared from a mixture of weighted amounts of reagent
grade Ba(OH),-8H,0, H;BO;, and ALQO,, melted in a
platinum crucible at 1300°C for 2 h then annealed at
506°C and cooled to room temperature for 24 h. Samples
of 30Ba0-50B,0,-20A1,0; {mol %) were prepared, con-
taining controlled amounts of Fe impurity, added as
Fe,0; and Fe,80,, as shown in Table I. The sampie
denoted E, was melted by Bishay at the American Uni-
versity, Cairo, Egypt in alumina crucibles at 1340°C for
24 h with composition 30Ba0-60B,0,-10A1,0;. The
samples were cut with dimensions of 2X2X6 mm® for
EPR and 1.5X5X 10 mm?® for TL measurements.

The EPR spectra were obtained at room temperature

TABLE I. Area of EPR absorption at g =4.3 for given con-
centration of Fe?™,

Nominal

doping Area®
Sample*  Fe (at. %) {arb units) N (10" spins/em’)
B, 0.44+0.33 1.1310.08
A3 X073 0.77£0.53 2.1£0.2
D, 2x107? 0.8010.06 2.940.2
As 1x107? 1.940.1 4.840.3
D, X107t 2.410.2 6.110.6
F, 4% 1072 4.410.3 11£0.8
G, 2x107? 1.71£0.1 4.3+0.3
A 0.1 5.9:0.4 15:+1
B, 0.5 3843 9619
B, 0.8 614 15010
E, 0.45£0.003 1.1£0.08

*All samples were doped with Fe,0s, except sample G, which
was doped with Fe,80,.
®Area under the EPR absorption curve.

using a homodine x-band Bruker spectrometer. The TL
measurements were carried out with an apparatus assem-
bled in our laboratory. The temperature was controiled
by a homemade cryostat at 1 mPa (1077 torr) and mea-
sured with a Chromel-Alumel thermocouple. The TL
light was directed through a glass window and detected
by a Hamamatsu R910 photomultiplier and the signal
was amplified by OP Intersil ICH8500/ACTYV operation-
al integrated circuit. Prior to the TL measurements, the
samples were x irradiated at LNT (Mo; 40 kV; 20 mA)
for 1 h of exposure. The optical absorption {OA) mea-
surements were performed using a Carl-Zeiss DMR 21
spectrometer.

II1. EPR RESULTS

The characteristic EPR lines!”!® of Fe** in the glassy
matrix are easily identified. The resonance at g =4.3 is
associated to the rhombic distortions of the local-order
“crystal field” at a tetrahedral or octahedral site’® with
E/D~4. The central Kramers doublet (m =—5;
m,=+) produces a strong isotropic line at g =4.3. For
the remaining two doublets the effective g value is highly
anisotropic, ranging from I to 10, producing the largely
spread background line with a shoulder appearing at
g =10, which was attributed to interstitial Fe*™ ions (lat-
tice modifiers). The D values were estimated from the
Aasa®® diagram, which can assume every value between
L.5and3cm™

Concentrations of Fe’® in the glass samples were
determined from the g =4.3 line by calculating the area
under the absorption curve and normalizing for the mass
and spectrometer amplification. For reference, samples
B, and B, containing the larger amounts of Fe were
prepared, where the nominal values are expecied to be
very close to the real concentrations. The relation be-
tween the areas of the g =4.3 lines of the samples B, and
B, is 1.6, as expected from the added concentrations of
Fe. The error in the integration of the EPR signal was
estimated to be about 7%. The true concentrations of
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TABLE I1. Correlation between the [Fe** 1,4 /[Fe’* igpg value, normalized to the B, sample.

OA band Sampie
amplitude FWHM thickness N (F ) Correlation
EPR
Sample & (arb units)  (10° cm™") d (cm) (10'® spins/cm’) ((A/N ;34,)X(150/3.78)]
Ay 0.36 44 0.795 15 0.95
B, 2.25 4.4 0.840 96 0.93
B, 3.78 4.4 0.816 150 1.00

Fe*¥, as well as the nominal doping, are given in Table L.
The nonintentional doping of 107 3at. 9% (~1.13X 1018
spins/cm’) is not negligible. The effect of x irradiation of
the E, sample is a monotonical decrease of the EPR Fe’™
signal as a function of exposure time. As the x-irradiated
exposure time for the purpose of TL measurements was
only 1 h, it is estimated that the decrease of [Fe? *]is no
more than 3%.

Samples D, and G, were doped with the same concen-
trations of Fe, except that in the former Fe’™ ions were
added and in the latter, Fe’*. The Fe’t EPR measure-
ments detected a smaller signal for the G, sample, show-
ing that the melting time (2 h) at 1300°C did not reach
ferrous-ferric equilibrium in ordinary oxide glasses, 'In
order to obtain the equilibrivm, a longer time of about 20
h at 1400°C is necessary in an ordinary oxide glass.?!

IV. OA RESULTS

The OA absorbance curves in the range 4X10°
em™'-27X10° cm ™! of the 4, B,, and B, samples con-
taining 0.1, 0.5, and 0.8 at. % of Fe, respectively, are
shown in Fig. 2. The broadband having its maximum at
10X10° em™ is attributed to Fe’* ions and the full
width at half maximum (FWHM) for these three samples
is equal to 4.4X 10° cm ™!, From Table II it is seen that
the OA band amplitude % is proportional to [Fe?™ ], since
the FWHM is constant, and d is the sample thickness.
Table 11 also shows that the correlation between the ratio
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FIG. 2. Optical absorption spectra of the 4,, B,, and B,
samples, where the 10X10° cm™' band is attributed to Fe?*.
As the FWHM is constant, the band amplitude & is proportion-
al to [Fe’™ ], which is correlated with {Fe**] from EPR mea-
surements (see Table II).

[Fe’t]/[Fe**] and the N(Fel') value, measured by
EPR, is constant in the range of 0.1-0.8 at. % of Fe dop-
ing levels. It is observed that (see Fig. 2) the Fe’t UV
absorption band-tail displacement is towards lower ener-
gies in the visible with increasing Fe concentration.

V. TL RESULTS

TL emission of the samples A,, 44, D,, Dy, Eg, E,,
F,, and G, were observed in the temperature range of
77-300 K. The samples 4,, By, and B, did not exhibit
any detectable luminescence. A typical TL curve ob-
tained is shown in Fig. 3. The results were reproducible
after successive procedures of annealing at 3500°C for
about 1 h, followed by a new x irradiation.

The activation energy of the TL process was deter-
mined for the samples E, and £, by the initial slope
method.?? From the logarithmic plot versus 1/7 the ac-
tivation energy was found as (0.2140.05) eV for Ey and
(0.22£0.05) eV for E, sample. Therefore, the difference
of 10 at. % of the aluminum content in these saniples did
not affect sensitively the activation energy.

The areas under the TL curves are shown in Table HL
Notice that the TI, area decreases exponentially with the
increase of the Fe’* concentration (see Fig. 4).

The TL intensity of E, is about + of the value observed
in sample E,, both having equivalent concentration of
nonintentional Fe** impurity. The difference between
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FIG. 3. TL curve of glass sample A4; obtained between the
temperatures of 77 and 300 K.
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TABLE III. TL emission quenched by different concentrations of Fe’* and Fe?*.

[Fe'™] [Fe*™] A® 4° L [Fe** /[ Fewnl]
Sample (10'* spins/cm®) {10' ions/cm’) (arb units) {(arb umits} (arb units) (%)
Eq £.13+0.08 0.60+0.04 333 332 37.0+0.5 5
Ay 2.1£0.2 1.i1+0.1 25.0 250 25.7%0.5 3
D 2.94+0.2 1.5%+0.1 19.8 19.8 19.0+0.5 5
G, 4.3x0.3 21zt 13.1 4.1 4.1+0.5 33
A, 4.8+£0.3 2.5£0.2 11.3 113 12.04+0.5 5
D, 6.1+0.6 32103 7.8 7.8 6.3+0.5 5
F, 11:4+0.8 5.820.4 1.8 1.8 1.9%0.5 5

*Calculated from Eq. {1}.
®Calculated from Eq. (3).

the TL of these samples is due probably to the difference
in the glass compositions and melting conditions.

Among the TL of the samples D, and G,, described
above, a slightly larger area was found for D,, richer in
Fe’" within the limit of the experimental error. The re-
ported killing effect of photoluminescence (PL} in chal-
cogenide glasses'” due to Fe’™ ions suggest that the
remaining ferrous ions in aluminoborate glasses are also
effective in the TL quenching in the present experiment.

The dependence of the TL area on the concentration
[Fe’* 1 is adjustable to an exponential law:

A*=46.3exp[ —~2.93X10™ ¥(em’/ion)[Fe* T} , (1)

where A* is the calculated area under the TL curve in
arbitrary units and {Fe’*] is given in units of 10'®
ion/cm®. The results are listed in Table L It will be
seen later that this expression can be identified with the
exponential term which appears in the Sumi'? model.

VI. DEISCUSSIONS

As the interstitial Fe’™ ions do not contribute to the
EPR line at g=4.3,'" we are concerned mainly with the
substitutional sites in the glass-forming network.

TL INTENSITY ({arb. units)
3

N | T
o] 20 4.0 6,0 30 100 120

Fe®* CONCENTRATION (10 ions/en)

[

FIG. 4. Relation between the TL intensity and Fe’* concen-
tration.

The Ba®" single ion alone is expected to produce a lo-
cal field with axial symmetry, which should produce a
g =6 line (or shoulder), not cbserved in the spectrum.
There is no way for the single Ba*" ion to produce a local
electric-field symmetry which could generate the ob-
served strong g =4.3 line. Ouly the attraction of a
second positive ion produces the necessary condition for
the g =4.3 site."”

Another point which shounld be considered is that in
alkali-earth borate glasses the double-tetrahedral B,O,
structure, charge compensated by a bivalent ion, has
lower formation energy.” Thus, there are two most prob-
able local structures likely to occur as the Fe*™ site, satis-
fying conditions stated above:

{a) the double-tetrahedron FeBO, containing two non-
bridging oxygens (NBO)} and charge compensated by a
pair of Ba®* ions [see Fig. 5(a)];

(b} a FeO, octahedron entwined with a BO, tetrahed-
ron FeBO,, where all the oxygens are bridging (BO) and
the charge compensation is again performed by a pair of
Ba’? ions [see Fig. 5(b)].

Both of these Fe’ ' sites can be considered as “substitu-
tional,” even though the boron never appears inside an
octahedral structure. Therefore, let us denote as “inter-
stitial” only those Fe*™ or Fe*" ions attracted near a
negatively charged glass-forming structural unit for local
charge compensation. Thus, the “substitutional” Fe’™
ion is subjected to a strong interaction between its exter-
nal orbitals and the p orbitals of the neighboring oxygens
producing a molecular orbital.®* Remembering that the
minimum ratio for the ionic radii of a cation to be
tetracoordinated is 0.19 and hexacoordinated is 0.414, it
is expected from the following ratios of cation-oxygen ra-
dii of 0.51 (Fe’*); 0.63 (Fe*"), and 0.43 (AP™) that they
all be hexacoordinated, but the tetrahedral site is more
difficult for occupancy by Fe?*. Therefore, the Fe* ions
are expected to be found more likely oaly in octahedral
or interstitial positions.

The most part of Fe ions in the barium aluminoborate
glasses appear as Fe** with only a negligible amount, less
than 5% of the total Fe,>?® of remaining Fe®* ions. To
our knowledge, nothing about Fe** ions in these glasses
has been reported. The appearance of such hypothetical
Fe** ions would occur only at the expense of BOHC's,
not confirmed by EPR. As the x irradiation of 8 h of ex-
posure produces a decrease of about 27% of the Fe’t
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{b)

FIG. 5. (a) Double-tetrahedral FeBO, structure coataining two nonbriding oxygens (NBO) charge compensated by a pair of Ba?*
ions; (b} a structure composed of a FeQy octahedron entwined with a BO, tetrahedron (FeBOy), where all of the oxygens are bridging
(BO) and the charge compensation is again performed by a pair of Ba?" ions.

EPR signal intensity at g =4.3, it follows that with a
favorable local configuration such as described above, it
is possible for the charge-compensated Fe’™ ion to trap a
photoelectron thus creating a nonparamagnetic Fe’¥ ion
constituting a local negatively charged center. When the
irradiated sample is heated from 77 to 300 K, the totality
of the electrons stored in BEC is released recombining
with holes with the emission of a blue phosphorescence
[see Fig. 1{a)], aithough 2 remaining number of holes still
continue to be present in their traps of BOHCs.1* As-
suming that their counterpart electrons were trapped by
a small fraction of Fe’" ions (a negligible amount for 1 h
of x irradiation), their recombination does not occur be-
fore the complete BOHC bleaching at 400°C, which is
consistent with the appearance of a red TL emission ob-
served at the same range of temperature.'>1¢

The e -2 " recombination blue TL emission is com-
pletely killed at Fe’™ doping concentrations above 0.1
at. %. Assuming that the Fe** ions are uniformly distri-
buted through the sample and that each Fe’ ionisa TL
killer, the effective volume of killing was evaluated as
Ve =6.7X107* cm?, which corresponds roughly to a ra-
dius of action of 25 A. The fraction of tetrahedral BO,
units for the present molar fraction of BaO was calculat-
ed as 0.36 using the expression derived by Beekenkamp,?

Ny=[x/(1—x)][1+exp(10.85x —5.0)] !, 2)

where x is the molar fraction of the alkali-earth oxide and
N is the fraction of BO, units.

Multiplying this value by Vg, we obtain the number of
tetracoordinated borons localized around the radius of
action of a Fe’™ ion, equal to 460 tetrahedra. Therefore,
this is the maximum number of BOHC’s possible to be
contained inside this volume, since each hole is trapped
near 2 BO, tetrahedral unit.'* If the Fe** would be with-
drawn from the center of the sphere of the killing action,
cach eleciron released by heating from a BEC would be
caught, after penetrating the sphere, by an antibonding
molecular orbital of the nearest of the BOHC"s available
in the volume. This is followed by a radiative recombina-
tion with the hole trapped in the p-7 molecular bonding
orbital."* Now, if a Fe>™* ion is present at the tetrahedral

FeQ, (or octahedral FeQ,) molecular orbital, located at
the central point, such a radiative recombination will be
inhibited. We propose that this action is possible by
means of a strongly delocalized FeQ, {or FeOg) molecular
excited (antibonding) level very close to the conduction
band whose action would be effective in the radius of
~25 A. Therefore, each of the 460 possible radiative
processes is inhibited inside this volume and the detailed
mechanism of the e -h ¥ recombination is explained
with the help of some recent theories found in the litera-
ture,

In order to investigate if the Fe’* ion is also effective
as a TL emission killer, the samples D, and G, were con-
sidered, both nominaily doped with 2X 1077 at. % of Fe,
but with different [Fe** | /[Fe,,, ] ratios. Assuming that
the frequency factor of the dependence of the TL intensi-
ty with Fe concentration is independent of the ionization
state of the Fe atom, Eq. (1) can be expressed as

A*=46.3 exp{ —2.604 X 107 ¥[Fe’*]

—6.211 X107 ¥[Fe?t ]} . (3)

Except for the sample G, where the [Fe’*}/ [Feyorat]
ratio was evaluated as 33%, we assumed the value of 5%
(Refs. 25 and 26) for all the samples, on the basis of our
OA measurements of the samples 4,, B, and B, (Fig. 2
and Table II). The calculated values of 4* [see Eq. (0]
and 4** [see Eq. (3)] may be compared with the experi-
mental values of TL, shown in Table IIl. Both equations
were satisfied for all the samples containing 5% of
[Fe** ], but only Eq. {3), where also the Fe?* jons were
included as the luminescence killers, was satisfied for all
the samples, G; being also included. It is clear, therefore,
that both Fe’" and also Fe?* ions are efficient lumines-
cence killers.

Bishop and Taylor*® observed a PL quenching caused
by iron impurity in chalcogenide glasses. They argued
that the iron inhibits the luminescence by the introduc-
tion of nonradiative competitive centers, since any other
light emission with different wavelength was not ob-
served, as being associated with the killing of that
luminescence. They suggested, based on the work of
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Robbins and Dean,?® that the nonradiative e ~-2 ¥ recom-
bination occurs by means of the energy transfer of the ex-
citont recombination to the excited states of the 4 band of
a Fe ion. In the sequence, the excited ion reiaxes nonra-
diatively with phonon emission. However, the central
idea of their model is the prediction that a free electron
or hole will not have sufficient electron-phonon coupling
for the self-trapping necessary for the radiative recom-
bination. On the other hand, the exciton has a strong
coupling with the lattice, so that the nonradiative recom-
bination with phonon emission is predominant. In chal-
cogenide glasses, the iron mostly appears in ferrous state,
remaining only about 1% of Fe’*. Although the killing
effect of iron was observed, the authors raised the ques-
tion about which valence of Fe is the killer, or whether
both are effective.

ViI. CONCLUSIONS

The Fe** and Fe** ions are efficient killers of the blue
TL emission of the e "-k T recombination in x irradiated
barium aluminoborate glasses, at temperatures between
77 and 300 K. The quenching is total for Fe-doping con-
centrations above 0.1 at. %. Each Fe’™ ion prevents any
radiative e " -h * recombination within a radius of action
of 25 A.

The activation energy of electron untrapping from the
BEC, AE=0.21 €V, is not very sensitive to glass compo-
sition variations of B,O; and ALO; of about 10 moi %,
suggesting that the electron traps are far apart, enough to
prevent from interacting between themselves.

It was observed that the TL efficiency follows a de-
creasing exponential law with increasing Fe concenira-
tion. Assuming that the quenching process is due to a
coherent capture of holes due to the strong maltiphonen
emission after the capture of an electron near Fe**t (or
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Fe’™), the observed TL intensity is in excellent agree-
ment with the Sumi®’ theory.

In this work it was shown that the Fe’" and Fe?T ions
are efficient killers of the e -2 ¥ recombination lumines-
cence. An efficient quenching of luminescence has been
reported by Bishop and Taylor'® in chalcogenide glasses,
where the Fe?* ion is the predominant one. Therefore,
we conclude that the e -4 recombination luminescence
quenching is not sensitive to the particular oxidation
state of the ion impurity. Also the interstitial Fe ions in
the aluminoborate glasses cannot be ruled out as TL kill-
ers.

In the radius of action of 25 A around a substitutional
Fe’t ion in the site [see Fig. 5(a)] of a B,O; double-
tetrahedral structural unit, a FeO, molecular-orbital anti-
bonding state is strongly delocalized from mixing with
the conduction-band states. An alternative site is the
structure [see Fig. 5(b)] of FeQ, octahedron entwined
with a BO, tetrahedron (FeBQ,). The ¢ -4~ radiative
recombination is inhibited by the highly efficient competi-
tive multiphonon emission process of coherent hole cap-
ture, which generates an exciton which interacts strongly
with the lattice, producing additional multiphonon emis-
sion, leading to the nonradiative e -# ¥ recombination.
As the change in the oxidation state of the Fe** ions is
negligible in the process, we conclude that it plays a role
of a catalyst, where a single ion accounts for the killing of
a great number of ¢ -2 T luminescent recombinations.
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Local interactions of atomic hydrogen H® | stabilized in ~-irradiated rubellite {pink
tourmaline), were studied by EPR. A very strong inhomogeneous dipolar line broadening
of 15G, which remains constant in the range of temperature from 4.2 to 265K, is indicative
that the diffusion of the H® centers is difficult and that the trapping site is a cage. The
values of g = 2.0052 4+ 0.0003 and A := (9.31 £ 0.02) x 10725 were evaluated accurately
by diagonalizing directly the spin Hamiltonian matrix in four-dimensional vector space,
followed by a rapidly convergent iterative computation.

Assuming the local electric field as the unique perturbation agent on the hyperfine
constant A, the value of 8.5 x 10" V/m was obtained by mixing the 1s and the next
excited state 2p in the first order. Isochronal and isothermal annealing kinetics have been
performed by monitoring the H® EPR line intensity. Three first order decay processes
were observed, with activation energies of E; = (0.6 % 0.1) eV, E;(1.2£0.2) eV, and
E3 = (1.8£0.5) eV, respectively. A model for the atomic hydrogen stabilization process

in rubellite is proposed and discussed.

Pacs Number: 82.20. Pm; 61.16 Hn; 61.70. At.



INTRODUCTION

Atomic hydrogen stabilized in solids is potentially a valuable tool in order to obtain
physical insight based on the knowledge of the simplest possible paramagnet. Several
electron paramagnetic resonance (EPR) studies of the atomic hydrogen trapped at various
kinds of sites in different materials ar- available in the literature! =7 but very little is known
about the processes dealing with the stability of this very reactive species in solids.

In this work we report EPR measurements of the hydrogen center observed in rubellite
[pink tourmaline; NaX3AlsB3Si0,7(OH.F),, where X=Li or Al], vy-irradiated at room
temperature. These measurements provided the experimental support for the model we

have developed in order to explain the stability of the H® center in this material.

EXPERIMENTAL METHODS

The crystals, collected in Minas Gerais, Brazil, were pinkish in color, and possessed an
elongated prismatic shape with a rounded triangular cross-section. The external surfaces
were grooved parallel to the crystallographic ¢-axis. The impurity concentration analysis
using the z-ray fluorescence method, showed a higher Mn concentration than of Fe®. The
samples used in the experiments were cut in rectangular prisms with a 2 x 2 mm cross
section and 5-10 mm long. They were y-irradiated by a %Co source (~ 4 x 10° Ci)°.
‘Three processes were used for dose control: a ceric-cerous dosimetric system, AECL red
acrylic dosimetric system and UKAEA red perspex dosimeter. Four X-band homodyne
reflection-type EPR spectrometers {three Varian'®!? and one Jeol’) were utilized to
obtain the data.

In the isothermal annealing of the HO centers in rubellite, a constant flux of nitrogen

gas, heated at temperature T, is injected into a quartz tube which contains the sample



and is inserted in the EPR cavity. The H® EPR signal was then recorded from time to
time. After a series of measurements at 7} was completed, the sample was annealed at
400°C for 8 to 10 hours and +-irradiated again. The same process was repeated at the
temperature 7, and so on.

The iscchronal heat ircaiment was done directly in the EPX resonant cavity. The
sample was heated up to the temperature 73, held for 10 minutes, then lowered to 303 K
for the EPR measurement. The temperature was raised to a value T3, which was greater
than 73, and the entire process was repeated.

In order to avoid possible errors due to line saturation on the kinetics data, no critical

value was exceeded by the microwave power. The critical value of 8 mW at 300 K was

determined experimentally (see Fig. 1).

INSERT FIGURE 1

The low temperature dependence of H® lines was obtained with a liquid-helium cryostat
for temperatures between 1.5 and 4.0 K and a Helitran-system for temperatures from 10

to 300 K. The H® lines positions were measured using a NMR gaussmeter.

RESULTS

The EPR spectrum of y-irradiated rubellite!® shows the well known H® doublet (see
Fig. 2} which has been considerably broadened (~ 15G) in comparison with free atomic
hydrogen (~ 1G)'®. The doublet is located at H, = {2949 £ 3)G and H, = (3453 + 1)G

measured at the microwave frequency of (9.0385 + 0.0001) x 10°Hz.



INSERT FIGURE 2

The spectrum can be interpreted with the spin Hamiltonian:

-

H(S)=gBH S+9.8.8-T+48.T | (1)

where the first term is the isotropic electronic Zeeman interaction with the applied
magnetic field, the second is the nuclear Zeeman interaction with the external field and
the third is the isotropic hyperfine interaction between the unpaired eleciron and the
proton magnetic moment.

After diagonalizing this spin Hamiltonian in the four dimensional S = 1/2, 1 =1/2

vector space, the two AM, = £ 1,AM; =0 transition energies arise as follows:

A !
hve= 55 + 5 (98 = 6B Bt & [(98 + gu ) 1P 4 A" )

where j={(-1) |, =12,
A few straightforward calculations give the following relations for the spectroscopic

splitting g-factor and the hyperfine constant A:

(1= jAMYR 4+ (11— A/2hv) g, B, H; 3)
(1= jA/2hv) - g, 8, H:/hv]B H; ’

- hy — (gﬂ — gn 167;) Hi "'g.Bgn ﬁn le/hy

where the constants have their usual meaning. Both iterative calculations should yield
coincident values for g and A.

Applying this.method to the experimental data we get g = 2.0053 + 0.0003 and
A = (9.31 £0.02)107%J. The measured positive shift of the g-factor with respect to
the free electron value Ay = 0.0029 indicates the presence of a spin-orbit interaction
between the electron in the field of the hydrogen atom and its nearest neighbors, which

are probably oxygen ions. The electron spin density at the nucleus of the stabilized atomic
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hydrogen is slightly smaller than that observed in the free hydrogen atom, with relative
amount of 6A4/Age. = —1%. Assuming Adrian’s'® calculations of the matrix effects on HO,
one concludes that the van der Waals attractive interaciion is stronger than the repulsive
Pauli exclusion forces. It is well known that these interactions contribute to hyperfine
constant with opposite sign.

The contribution of the local electric field for 64 can be evaluated as follows. The
electric field induces the mixture of the Is and 2p orbitals (Stark effect), producing a

decrease in the value of the hyperfine constant?"12:
A —_ (1 - ’}’2) Af,-ee N (5)

where v is the A-shifting constant. The electric field E is related with ~v by:

eE<ls |z |2p>
7 AE (6)

where AE is the energy difference between 1s and 2s states and <ls |z |2 >=
1.245 x 107 m'®.  Therefore, E = 85 x 107 V/m, which is of the same order of
that obtained for H® in a: Si(H,0,N).! The line-width of 15G has remained constant over
the measured temperature range from 4.2 to 260 K. Since the motional narrowing wass
not observed, it means that atornic hydrogen does not diffuse easily through the rubellite
crystal lattice. The line-shape was essentially gaussian, or inhomogeneously broadened?.
The inhomogeneity arises mainly from the dipole-dipole interactions between the magnetic
moments of the unpaired electron and those of the cations randomly distributed among
the crystal structure.

The integral of the absorption line, which is proportional to the magnetic susceptibility,
was used to study the interaction between spins and the lattice?~23. In the case of
paramagnetic spins diluted in the crystalline matrix, the magnetic susceptibility can be

described by the 2 i S.. .§'J term in the Hamiltonian, following the Curie-Weiss law,
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as shown in figure 3. The Curie-Weiss law is satisfied at 8 = 0 for temperatures ranging

INSERT FIGURE 3

from 4.2 K to 200 K. A sudden decrease of magnetic susceptibility was observed at 200

K. However, it follows that from 4.2 K to 200 K the dipole-dipole interaction is the most

important, which is in agreement with the above mentioned source of inhomogeneity.
The stability of the atomic hydrogen centers is described by means of the isochronal

annealing curve of Fig. 4. It is clear that most of the atomic hydrogen, once created by

INSERT FIGURE 4

y-irradiation, is stable at temperatures above 300 K. This behavior is unlike of that
generally observed in oxide glasses and a number of ionic crystals where atomic hydrogen
recombines at about 200 K*¢. The H® line intensity decreases above this temperature,
with at least three different bumps, as can be observed in Fig. 4.

Additional series of EPR measurements were performed in order to obtain the isothermal
decay rates of the atomic hydrogen. The results at different temperatures are shown
in Fig. 5. About 20% of the hydrogen was recombined during an initial rapid decay

as the temperature of the sample reached equilibrium. The annealing obeys first order

INSERT FIGURE 5

kinetics for the remainder of the curve. This means that the decay mechanism! of the
direct reaction between two atoms of hydrogen yielding an H, molecule can be neglected.
The experimental isochronal curves shown in Fig. 5 can be réadily decomposed into three

exponential functions, according to the equation:

I= Z a; exp [—bi] (1=1,2,3) (1)



where | and ¢; are amplitudes, and ¢ is the annealing time (min). The exponential

decay rates b; are given by
b; = by, exp(—E;/kt) (¢=1,2,3) (8)

where T' is the annealing temperature, b, are the frequencies or pre-exponential factors
{minT!), E; are the untrapping activation energies of the H® in i-th site and & is the
Boltzmann constant. The values of a; and b; obtained from experimental isothermal
annealing data and Eq. (7), are shown in Table I.

The activation energies obtained by fitting the values of b; and Eq. (8) are

INSERT TABLE I

£y ={06=+01)eV, B, =(1.2 £ 01)eVand F5=(1.8 0.5) eV, respectively. The
solid line in Fig. 5 was calculated using Eq. (7) and the activation energies determined
above, with bo, = 2.0 x 10°s7, bo, = 2.7 x 10571 and by, = 9.5 x 1017~ Equation (7)
does not fit the data obtained at temperatures above 500 K. At that temperature the
activation energy for atomic hydrogen in a first order decay would be about 3 eV, This
value is too high to have a physical meaning, since the energy would be comparable to
the binding energy of OH~, and this radical is not paramagnetic. This fraction of very
stable atomic hydrogen has a decay process mechanism which cannot be described by a

simple {irst order kinetics.

DISCUSSION AND CONCLUSIONS

‘There are two possible alternatives for the stabilization process for atomic hydrogen

trapped in host matrices:



(2) Hydrogen atoms are enclosed in cages, where the thermal decay is mediated by
reactions with electrons. The hydrogen atom can also diffuse out of the cage and
combine with a non-bridging oxygen atom forming a hydroxile or hydrogen bond.

(b) If the attractive van der Waals interaction is stronger than the repulsive Pauli exclusion
forces at che sites of H®, there is a potential well of low energy which can stabilize the

atormic hydrogen at relatively low temperatures.

There is a very simple reason to rule out the bond-breaking diffusion®*~2?® or mediated
by the dangling bond migration model®®® as the mechanism for the thermal annealing of
HO, as observed by EPR. After escaping from its stabilizing site, followed by a recombination
forming a covalent bond, it is impossible to further observe the paramagnetic H° unless
the sample is irradiated again with photolytic radiation. This process is irreversible, even
if the bonded hydrogen diffuses by means of a hopping mechanism. This is the reason why
paramagnetic hydrogen was only observed with sample irradiation. Therefore, the atomic
hydrogen activation energy is related to the energy depth of its particular trapping site
and should not be confused with the activation energy of bonded hydrogen diffusion®®.

The alternative (b) has been suggested as a trapping mechanism for atomic hydrogen
in aluminoborate glasses?. On heating, the atomic hydrogen overcomes the trapping
potential energy well and moves through the lattice® vulnerable to the retrapping, rec-
ombina

tion with dangling bonds, or combination with another H° forming a H; molecule.
In this case, the decay kinetics is described by a set of coupled differential equations. The
decay is composed by an initia] fast decay followed by a much slower one®. Generally

the solution often cannot be described in terms of first or second order kinetics.



If the trapping site is a cage, it is expected that one of the following conditions should

be satisfied, during the annealing process:

(a) The hydrogen atom reaches the conditions to escape from the cage, followed by an

immediate recombination.
{b) The hydrogen atom recombines with the non-bridging oxygen, at the top of the brucite

structure in the original site of a hydroxile.

Figure 6 shows the structure of rubellite®, which consists of an antigorite structural

INSERT FIGURE 6

unit, composed by brucite at the bottom with the three octahedra of oxygen centered by
the cations Li*, Mn**, Ma®*, Fe?*, and Fe®* distributed at random through the volume
of the crystal, and a hexagonal ring of $i0, tetrahedra at the top. The brucite units are
bonded together by intermediate AlO5;(OH) octahedral units forming a helicoidal chain
of antigorite units.

It is assumed that the most likely atomic hydrogen production mechanism in
7-irradiated rubellite is the hydroxil radiolysis. There are two kinds of hydroxyls in
the structure: those located at the outer and those on inner side of the cage formed at
the bottom by the brucite, surrounded by the hexagonal ring of SiQ, tetrahedra, and
at the top by an alkali ion (see Fig. 6). The remainging hydroxils are located outside of
this cage. The radiolisis of the outer hydroxils releases hydrogen atoms which can diffuse
and recombine freely, without stabilization. The case of interest is the hydroxile located
in the cage just described. The radiolitic atomic hydrogen formed is confined within the
cage, and the most likely recombination is with the same oxygen from which originated.

Since the decay process is performed by overcoming the recombination reaction potential

barrier only, the kinetics is expected to be of 1% order.
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The experimental data which are indicative of a H° center stabilized in a cage are the

following:

(a) The positive g-shift indicates the presence of a spin-orbit interaction between the
unpaired electron in the field of the nearest neighboring oxygen atoms.

(b) The measured shift of the A factor indicates the presence of an electric field similar to
that calculated using assumption for H® trapped in an oxygen cagein a : Si(H,0,N)".

{c) The line width analysis of the temperature dependence of the line shape and the
line intensity dependence on power and temperature, indicates the presence of an

inhomogeneity possibly due to dipole-dipole interactions.

If an electron, e.g. released from oxidizing reactions or Mn?t or Fe?+ ions, reaches
the O~ jon during its short lifetime, then the following reaction can take place, QH~ +
hv + e~ —0%* 4+ H°+ heat. Since the outer sheli of O~ is filled, this is actually a
stabilization site for the hydrogen atom. The confining cage is limited longitudinally by
the 0?~ and X* ions (X* = Na* K+, RbT) and transversely by the inner oxygens of
the hexagonal silicate ring.

The differences in ionic radii of the alkali jons in the neighborhood of the H® center in
rubellite produce slightly different dimensions of the potential well. These differences in
size affect the collision frequency factor and the barrier height for O?~+H® — OH™ + ¢~
recombination. It is likely that the three exponentials of Eq. (8) correspond to H® centers
formed with different ionic radii of the alkali jons Na*, Kt and Rb*.

The positive g-shift indicates that a spin-orbit interaction is present. This can be
explained by the Stark effect produced by a strong local electric field between the O+
and Xt lons, precisely at the site where the hydrogen atom is found. This field excitation
creates an effective hole in the 1s hydrogen orbital by mixing the 1s and the next excited

2s orbitals. Therefore, the spin-orbit interaction with the overlapping filled 0%~ external

11



shell has a negative sign, yielding a positive g-shift. The shift of the hyperfine constant
indicates also that the Is electron spin density at the nucleus of the hydrogen atom is

slightly smaller than of the free atom. This is consistent with the negative sign of the

observed A-shift.
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Table 1

Constants of Exponential Components of Isothermal Decay of H® centers.

Sample | T (k) | a: (arb. units) b; (min™1)

ay Gz a3 by b, bs

R, 353 | 0.19 | 0.59 | 0.22 | 0.060 | 0.0004 | 0.000
Rs 363 |0.24 | 0.54 | 0.22 | 0.050 | 0.0016 | 0.000
R 373 10.35| 043 | 0.22 | 06.140 | 0.0025 | 0.000
Rs 383 1 0.13]0.65 ] 0.22 | 0.043 | 0.0030 | 0.000
Ry 393 | 0.33 0.67|0.00|0.300|0.0078 | —

R4 403 | 0.45)0.55 | 0.00 { 0.200 | 0.0140 | —

R, 413 | 0.11 | 0.67 | 0.22 | 0.870 | 0.050 | 0.000

R, 423 1 0.20 | 0.80 | 0.00 | 0.750 | 0.050 —

Rs; 433 1000|042 }058 | — 0.175 | 8.110
R, 443 10.00 |0.00|1.00] — — 0.140
Re 453 | 0001000 |1.00f — — 0.580
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 3.

Figure 6.

2

Microwave power saturation behavior of the atomic hydrogen EPR intensits
measured in rubellite at 300K. The dashed line represents the unsaturated

response. The solid line represents the real inhomogeneous response.

EPR spectrum of rubellite showing the characteristic doublet of atomic hvdro-

gen.

Reciprocal of the area of EPR H® absorption line in function of the temnperature

The solid line represents the Curie-Weiss law,

Isochronal decay of atomic hydrogen EPR signal performed with temperalure

pulses of 10 min.
Isothermal decay of atomic hyvdrogen EPR signal intensity.

The structure of tourmaline®. (a) Structural grouping of antigorite, consisting
of brucite at the bottom {three octahedra of Li04{OH); and planar BO3 units)
and hexagonal silicate ring at the top. (b) Bottom view of the brucite with
AlOs(OH) octahedra. (c) Helicoidal chain of antigorite units connected by

means of AlOs(OH) octahedra.
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A model describing the possible sites of interstitial atomic hydrogen +H?) in barium
aluminoborate glasses X-irradiated at 77K is proposed. The neutral hydrogen atom 1s

stabilized in particular positions in the neighorhood of the oxygen atoms of the B-O
chain of the glassy matrix

The eguilibrium positions are calculated evzivating the sum
of the van der Waals attractive interactions of the trapped HY and each of the neighboring

oxvgen and compared with experimental isochronal and isothermal data.



I. INTRODUCTION

The stabilization of the neutral atomic r~-rogen in several host matrices has been
studied extensively, however. more detailed des--iption is needed for a better understanding
of the nature of the trapping mechanisms and jocal structural conditions. Our previous
EPR work! deals with the decav kinetics of interstitial atomic hydrogen H? in barium
aluminoborate glasses X-irradiated at 77K. On the basis of some qualitative specific
details observed on the curves of isochronal decav and quantitative results of isothermal
decay at different temperatures. it was propos--~: that the attractive van der Waals forces
are the most likely of the aliernatives to be considered as the stabilizing agents of the
neutral atomic hydrogen at temperatures below 130K. Such is not the case of the H? stable
at higher temperatures as observed in X-irrac:ated a-Si:(H.O.N)*3 natural beryi** and
pink tourmaline®, where the H? is confined ir. « three-dimensional cage of oxygen atoms.

The purpose of this work is to anaiyses the possible trapping sites in the barium
alurninoborate glasses which are found among the local structural units of the glassy

matrix.

II. MODEL OF THE TRAPPING SITES FOR ATOMIC HYDROGEN IN

BARIUM ALUMINOBORATE GLASSES

The hyperfine splitting constant of the HY center in X-irradiated barium aluminoborate
glasses was found to be negatively shifted as compared with free hydrogen atom. It can
be explained qualitatively as a predominant van der Waals effect leading to a reduction
of the hfs splitting®. The dispersion interaction causes a net atiractive energy, producing
a slightly increased volume for the ls orbital of hvdrogen atom. decreasing the density of

the electron wave function at the nucleus.



As it is well know?, these glasses are formed by a chain of boron-oxygen structural
units of planar BO. and tetrahedral BO4 groupings, joined at the corners, with absence
of middle or long -ange order. The modifier cations occupy interstitial positions and
actuate as charge cuompensators for the tetrahedral units and non-bridging oxygens. The
aluminium atoms z7+ amphoteric in the sense that they can occupy either substitutional
or interstitial posit:ons of the amorphous network. Several associations of BO; and BO,
units similar to those observed in 2 number of crystalline borate compounds and B-O ring
structures containir.z & number n of oxygens.

As a first approximation to search for the HY trapping sites in the glass, let us start
with an over simplified model of a neutral hydrogen atom at the center of a regular polygon
of oxygen atoms. The boron atoms are neglected because their contribution to the van
der Waals forces are very small. The binding energy of the HY center is determined
by calculating the O-HY dispersion energy, as it was first suggested by Adrian®, and
muitiplying by n. This should correspondent to one of the activation energies determined
experimentally!. The radial distance R, = !{2sin{#/n)} of each representative oxygen
ring structure is obtained directly from the mean O-O separation of 2.37 A obtained from
crystailographic data of the planar BOs units found in several crystalline compounds

8-10 among distances measured in the range 2.30 - 2.44 All-1E Tt

containing boric oxide
is expected that in borate glasses this mean distance is equally acceptable. The conditions
above are displaved in Fig. 1 for examples of (regular. for simplicity) polygonal structures
of n = 3 and 6, with oxygen atoms occupying the vertices. The atomic radii and distances

are represented in scale in order to visualize the differences in size of the respective capture

cross sections of the ring structures.

INSERT FIGURE 1

The interaction energy between each O and the H® was taken as the London



dispersion energy'*

where
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and hv, and hwy, are the ionization energies of H® and O. As the ionization energy of
a bridging oxvgen of a BOs unit is not known exactly, the value measured for a O;
molecule, equal to 13.6 eV. which is also the atomic hydrogen ionization energy, will be
used in our calculations. The polarizability a, of atomic hydrogen is 4.5 a3, where aq is
the Bohr radius. The corresponding value for oxyger is as cy =5.6 af from the generalized
Kirkwood expression as shown by by Hirschfelder'® and using the atomic parameters from
Slater’s schematization®®.

From the above data, the calculated parameters ¢, ¢’ and ¢” are, respectively, (257 eV)a,
(3283 eV)a§ and (21760 eV)al’. The binding energies of neutral atom H° at the center
of the regular oxygen ring structures of n = 5.6,7 and 8 are given in Table 1, and are

compared with the experimental values?.

INSERT TABLE ]

Although there is a good agreement between the calculated values for n = 6,7 and 8
and the experimental data, it should be noted that the binding energy of 0.74 eV for n = 5
was not confirmed experimentally, although such ring structures certainly are present in

the glass. This result is significant in the sense that the repulsive Pauli exclusion forces are



sufficiently strong to impede an approximation between H® and O at a distance smaller
than R,,. which is greater than 1.7 A. the sum of the ionic radii of the O-H? pair.
It should be also greater than 2.0 A. the radius of the polygon with » = 5. This is
a consequence of the expansion of the orbitals van der Waals interaction, which in turn
increases the radius of action of the Pauli repulsive forces. As for the next polvgon of
n = 6 the conditions of the present model vield binding energy confirmed by experiment,
it 1s reasonable to assume FHogn =~ s = 2.4 g; It should be noted also that for a single
pair O-H, separated by 17 A. the calculated dispersion energy of 0.7 eV. which is clearly
too high.

The first consequence of the introduction of the condition of Kpin = 2.4 —2; is also an
estimate of the equilibrium position of the trapped HY, is that for the ring structures with
n < 5 the equilibrium position of the hvdrogen is lifted from the plane of the oxygen ring
structure. For n > 6 the H? the minimum binding energy is obtained not necessarily
at the center of the polvgon, but wit the hydrogen atom displaced towards a pair of
oxygen atoms so that the minimum distance is reached. The following binding energies
are evaluated: 0.32 eV (n = 6). 0.27 eV {n = 3}, 0.21 eV(n = 4) and 0.16 eV (n = 3),
in a good agreement with the experimental values. There is no restriction in order to
the planar BOs structural units to be considered as potential traps of H} with depth of

about 0.16 eV. Additional traps which can be included are the edge of a large oxygen ring

YN bs/‘«,g‘,(
structure with 0.11 eV {n = 2} and a n-en_bqsg:agrrrg OXY g?’ m%h’O 054 eV (n = 1}.

II1. DISCUSSION AND CONCLUSION

It is worthwhile to call attention to the point that the present model is exclusive for
the HY stable at temperatures below 130K, so that the van der Waals interaction alone

is able to account for the qualitative and even quantitative behavior of the observed



H? isochronal and isothermal decay kinetics. Fortunately. we can assume that the
unstrapping kinetics of the H? is a 15 order process. since in the glassy matrix there 1s
a profusion of recombination centers, previously created by radiolysis during the sampie
A-irradiation at 77K. The retrapping probability at the sites near the oxygen atoms of
the glass network by means of van der Waals interaction is lowered because of the kine::c
energy acquired by the hydrogen atom on heating during the thermal decay measuremer.

The model agrees well with the HY isochronal decay behavior as a function of

X-rayv exposure!’

. For low irradiation doses it was observed an increased instability of
H? centers in the temperature range between 130 and 180K. Thus can be explained that
by the assumption that the larger polvgons. which are filled first because of their larger
cross sections, have the smaller binding energies. For increased X -ray exposure times the
polygons having successively smaller cross sections were also filled. As their corresponding
binding energies are deeper, an increased stability is expected and confirmed by experiment
for n = 6,7 and 8, oxygen ring structures. It is observed also that the non-linearity of the
initial instability of H? isochronal decayv observed at higher X-rav doses can be explained
as the sensivity of the polygonal structure distribution to the thermal memory of the
sample.

The analysis of the HY trapping processes. where the stabilization is effective above
room temperature’ ', requires the assumption of a three dimensional cage of neighboring
oxygen atoms.

it is expected that this model could be useful in the study of statistical distributions of
ring structures of the continuous random network in a variety of glass structures. Although
there are several computer simulations of the shortest path statistics for infinite two and
there dimension models, no method has been devised®® so far for directly measuring the

ring structure distribution in amorphous materials. The present model is, perhaps a step



towards an experimental method to study the shortest path statistics for real topological

networks.
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TABLE 1

Calculated van der Waals energies of atomic hvdrogen

at the centers of B-O ring structures.

0 R4} | Feae = np (€V) | Eap (V)0

H

5203 L 074 —

6 239 0.33 0.31

T2 0.15 0.15

E 312 0.07 0.10

{=) See reference 1.
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FIGURE CAPTIONS

Fig. 1 Preliminary model of trapping site for the atomic hyvdrogen in barium alumino-
borate glasses X-irradiated at TTK. The hydrogen atom is held by attractive van
der Waals forces at the center of a n-sided oxvgen polygon of a B-O ring structure
in the glass network. The sizes are drawn in scale and the polygons were taken

as regular for simplicity,






