
louri Poussep

Localização e Coerência de Excitações Elementares em
Sistemas Eletrônicos Desordenados: Ligas AIGaAs e

Super-redes GaAs/AIGaAs Intencionalmente
Desordenadas.

Texto sistematizando a obra
submetido ao

Instituto de Física e Química de São Carlos
Universidade de São Paulo

Para obtenção do titulo de Livre-Docente

USPIIFSCISBI

Março de 2005

.:--'" 1! ;'J: ••..

11



ÍNDICE:

I. Introdução

1) Metais e isolantes. Problema de localização 3
2) Interferência quântica. Localização como produto de interferência quântica 5

- 3) Problemas de coerência de elétrons em sistemas anisotrópicos e desordenados 7

11. Super-redes intencionalmente desordenadas

1) Desordem monitorada , 9
2) Controle e caracterização da desordem 12

IIL Transporte quântico em super-redes GaAs/AIGaAs desordenadas e
ligas AIGaAs

1) Regimes de transporte quântico em super-redes desordenadas 15
2) Interferência quântica na presença de transição metal-isolante 18.
3) Efeitos de anisotropia 23

_ 4) Transição coerência-incoerência induzida por desordem 26

IV. Excitações coletivas em sistemas eletrônicos desordenados

1) Prova de Raman de função de onda de excitações coletivas na presença da
desordem. Efeito da dispersão de plasmons sobre a forma da linha de
Raman 30

2) Localização de excitações coletivas em ligas AIGaAs 32

v. Comparação entre localização de excitações uni-partículas e coletivas
em super-redes GaAs/AIGaAs

1) Problema de interação em sistema eletrônico desordenado 35
2) Coerência de excitações elementares em super-redes GaAs/AlGaAs

desordenadas 36

VI. Conclusões 39

2

IFSC-USP St::RVIÇO DE BIBLl01E1:~
INFORMACAO



I. Introdução

1.1. Metais e isolantes. Problema de localização.

Condutividade elétrica apresenta uma grandeza fisica fundamental quando precisa

descrever a resposta de um material para o campo elétrico externo. Neste caso a

condutividade é usada para caracterização quantitativa de possibilidade de transferir a carga

elétrica que ocorre pela presença de portadores livres. Dependendo da magnitude de

condutividade, todos ao materiais podem ser condicionalmente divididos para metais, onde

a condutividade típica (J > 106 (ohm x em)" e isolantes onde (J < 10-8 (ohm x em)",

Semicondutores possuem os valores de condutividade intermediários.

Para caracterizar "degrau de liberdade" de portadores elétricos pode-se usar a razão

do tempo de livre caminho médio (r) sobre o tempo característico entre as colisões de

portadores (elétrons) com defeitos (tcoll):-r/tcoll.Quando -r/tcoll» 1, as colisões não

influenciam significativamente o movimento dos elétrons, que por isto não desviam

drasticamente da sua trajetória reta em campo elétrico externo [Fig.l(a)]. Neste caso

podemos tratar o movimento de elétrons como a difusão de partículas clássicas e de acordo

com a aproximação de Boltzmann:

ne2
,

O"D=--
m

onde nem são a concentração de elétrons e sua massa respectivamente.

(1)

x x x
x

I

:n »1
I coll

x

x
xx

x x

(a) (b)

Fig.l. Trajetórias de elétrons na presença de centros de espalhamento. ficollé

numero de colisões que ocorrem durante o tempo de observação.
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A formula (1) determina a condutividade metálica De (e = O) que é determinada por

condições:

cr(T=O) 7: 0, õa / õl' < ° (2)

Num metal a condutividade diminui com a temperatura para as temperaturas maior do

que a temperatura de Debye. Para as temperaturas baixas a condutividade metálica

praticamente não depende da temperatura .

. Aumento da concentração de centros de espalhamento N, pode causar modificação

drástica das trajetórias clássicas eletrônicas resultando em formação de trajetórias fechadas,

como é apresentado na Fig.1(b). As trajetórias fechadas correspondem à localização

espacial de elétrons. De acordo com P.W.Anderson [1], todos os elétrons devem ser

localizados quando N, > Nc, onde N, é a concentração crítica de centros de espalhamento.
'"Esta condição corresponde ao um isolante quando:

cr(T=O) = 0, 00' / õl' > ° (3)

Assim, o comportamento da condutividade com a variação da temperatura manifesta

o tipo de material (metal ou isolante).

Entretanto, quando a densidade de defeitos aumenta, a distancia média entre os

centros de espalhamento diminui. Quando esta distancia for comparável ao comprimento

de onda de de Broglie, propriedades ondulatórias de elétrons começam determinar o

movimento deles. Neste caso a física clássica falha e o tratamento quântico deve ser usado

para calcular a condutividade.

Na física quântica um elétron que propaga num sistema de centros de espalhamento é

determinado por uma função de onda tipo:

\f'(f) x: L exp( -ikf)
i

(4)

que apresenta a soma de ondas planas com diferentes números de onda (k).

Enquanto o estado localizado é descrito pela função de onda que espalha-se no espaço

sobre a distancia fínita - o cumprimento de localização (ç):

'P(r) oc exp(lr - Fali 4 (5)
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l. 2. Interferência quântica. Localização como produto de interferência quántica

Quando os elétrons apresentam propriedades ondulatórias, a interferência entre eles

pode influenciar a condutividade. Isto acontece quando se consideram as trajetórias

fechadas equivalentes e opostas, como é apresentado na Fig.2.

o

Fig.2. Trajetórias fechadas opostas que correspondem às duas amplitudes clássicos AI

e A2 equivalentes.

As amplitudes AI e A2 acumulam fases iguais e por isso, as duas amplitudes resultam

em interferência construtiva no ponto de origem (O). Neste caso, a probabilidade de achar

um elétron no ponto de origem Po aumenta com relação à probilidade clássica [2]:

(6)

onde o último termo apresenta o resultado de interferência.

Este efeito é chamado como a localização fraca, que ocorre em metais quando a

concentração de defeitos é baixa. A interferência quântica produz uma correção para a

condutividade clássica. Neste caso a condutividade total pode ser apresentada como a soma

de condutividade clássica (o») e da correção quântica [Ao) :

o- =o-D +.10- (7)

no limite de espalhamento fraco (kP/ »1, onde kF e I são o numero de onda da

Fermi e o livre caminho médio) respectivamente [2]:

(8)

onde 'tcp é o tempo de defasagem da função de onda.
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No campo magnético externo (H), as duas amplitudes (AI e Az) adquirem as fases

diferentes; a diferença entre as fases é: Ilrp = 271 <1>, onde <1>e <1>0são o fluxo de campo
<1>"

magnético através da trajetória fechada e o quantum de fluxo magnético. Isto significa que

o campo magnético destruiu a coerência entre as amplitudes e assim, a correção quântica

Ilcr desaparece. A teoria diz que a correção quântica depende do campo magnético como

[2]:
o

lla(H) = :- F(ô) ~.fii
2J[~1ilH

(9)

onde lH é o cumprimento magnético, o = I~) r, , com D é o coeficiente de

difusão.

No limite de localização forte (kj<-I < 1) a condutividade é causada por pulos de

elétrons entre os estados localizados, como é apresentado na Fig.3.

Fig.3. Processos de ativação de elétrons localizados.

Neste caso as diferentes amplitudes de pulos (AI e A2) podem interferir causando a

correção para condutividade; os cálculos teóricos resultam em seguinte dependência da

condutividade do campo magnético [3]:

~a(H) = l~~~:~;H~H
2 (10)

As duas formulas (9) e (10) apresentam diferentes dependências de condutividade do

campo magnético nos estados metálico e isolante. Assim, de acordo com as teorias,

medidas de magneto-condutividade podem também manifestar o tipo de material na forma

equivalente às medidas de dependências de condutividade sobre a temperatura.
6
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J.3. Problemas de coerência de elétrons em sistemas anisotrópicos e

desordenados

De acordo com a lei de Ohm, densidade de corrente I. é proporcional ao aplicado

campo elétrico Ek :

(11)

onde o coeficiente de proporcionalidade O"ik é a condutividade que num cristal tem a

forma de tensor. No campo magnético externo H = O o tensor de condutividade tem

somente as componentes diagonais (apresentados na FigA):

a.,..,. O O

ai/.; = O ay'y O (12)

O O o;

Num cristal perfeito os movimentos de elétrons em todas as três direções principais

(x,y e z) são independentes e por isto, as propriedades dinâmicas de um elétron em cristal

podem ser descritas por três equações de movimento independentes. No entanto, a situação

pode mudar drasticamente em sistemas eletrônicos fortemente anisotrópicos. Um exemplo

respeitável é dado por sistemas metálicos de multicamadas. Estes sistemas tem importância

significativa porque incluem um classe de materiais que revelam a super-condutividade

com temperaturas altas ("high-temperature superconductors").

(a) Bulk crystal (b) Superlattice

DS>.

Fig.4. Componentes de condutividade num cristal (a) e a estrutura de super-rede (b).

Em tais metais os blocos metálicos bidimensionais fracamente conectados formam

um cristal inteiro. Os experimentos mostram que nestes materiais a variação de

condutividade com a temperatura depende significativamente da direção da corrente [4-6].
7
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A dependência da condutividade da temperatura foi mostrada sendo diferente nas duas
direções: paralelo e perpendicular às camadas. Acima de uma típica temperatura (50-200

K) a condutividade paralela das camadas é metálica enquanto a condutividade através de

camadas corresponde ao comportamento isolante. Com as temperaturas baixas, ambas

condutividades mostram o comportamento metálico.

Este resultado não tem uma explicação dentro da teoria convencional de

condutividade de metais de Bloch-Peierls que prediz isotropia de dependência térmica da

condutividade [7]. Nesta teoria a condutividade é expressada através de um produto de

velocidade de elétron e o tempo de relaxação dele (determinado por processos de

espalhamento). A velocidade é genericamente anisotrópica, mas independente da

temperatura, enquanto o tempo de relaxação é genericamente dependente da temperatura

mas não apresenta a dependência significativa da direção de corrente. Os exemplos deste

comportamento surpreendente incluem cuprates [8], cristais moleculares orgânicos [9],

strontium ruthenate [IOJ e oxidos de cobalto [11]. A estrutura cristalina destes materiais

forma planos sobre quais um elétron pode mover-se fácil, mas a ligação entre os planos

está fraca.

Em [11] foi demonstrado que quando a temperatura aumenta, as quase-partículas

responsáveis para o transporte dentro das camadas desaparecem aproximadamente com as

mesmas temperaturas quando a condutividade inter-planos cruza seu comportamento de

metálico para isolante. A teoria [12] mostra que as quase-partículas existem dentro das

camadas quando o momentum na direção perpendicular as camadas é conservado durante o

processo de tune1amento entre as camadas. Isto significa que em sistemas metálicos

multicamadas o movimento de elétrons paralelo das camadas depende do transporte entre

as camadas. Ainda não está claro, como apresentar o transporte metálico dentro das

camadas quando as quase-partículas desaparecem. Isto levanta um problema ligado ao uso

da teoria de liquido de Fermi e o conceito de quase-partículas para descrição de

comportamento metálico [13J.
A solução deste problema é importante para entender a fisica de processos de

supercondutividade de alta temperatura que acontece em materiais eletronicamente

anisotrópicas, com a clara estrutura de multicamadas. O estado supercondutivo tem o

caráter tridirnensional; por isso, a ligação entre as camadas deve fortemente influenciar a

formação dele [11]. Porém, em metais multicamadas naturais a anisotropia é dada pela

8
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estrutura destes materiais e não pode ser modificada para variar condições de transporte

(ligação entre as camadas) e assim, distinguir uma razão de desacordo com a teoria.

A coerência de elétrons é profundamente ligada ao problema de localização. O tempo

de defasagem da função de onda eletrônica determina a força de localização. Este tempo é

considerado como um tempo mais curto no sistema eletrônico e assim, o comprimento de

coerência L tp = ~[) Tt determina o comprimento mínimo de pacote de onda eletrônica

[14]. Conseqüentemente, o comprimento de coerência pode servir como uma estimativa

mínima ("lower cutoff") para o cumprimento de localização. De acordo com W.Kohn [15],

a localização de elétrons ocorre no espaço de configuração, e por isso se relaciona mais à

natureza da função de onda do que à distribuição de carga eletrônica no espaço real.

Portanto, o estado isolante é determinado pela localização da função de onda básica

('ground wave function"). Por isso, uma prova direta das propriedades de funções de ondas

eletrônicas é um assunto central do problema de localização.

Quaisquer excitações elementares que têm a natureza ondulatória revelam mesmos

aspectos qualitativos da localização. Porém, especifica de traços delas pode causar

diferentes representações características. Em nossos experimentos comparamos as

propriedades de localização de excitações uni-partículas e excitações coletivas (plasmons)

sujeitas do potencial aleatório em super-redes GaAs/ AlGaAs desordenadas. A diferença

essencial entre elas consiste em polarização dinâmica que determina o movimento coletivo

de elétrons. A interação entre os elétrons que produz esta polarização intrinsecamente

determina traços de excitações coletivas. Por isso, a comparação entre propriedades de

localização de elétrons e plasmons pode esclarecer como a interação influencia a

localização.

11. Super-redes intencionalmente desordenadas

11.1.Desordem monitorada

A idéia deste projeto foi usar super-redes semicondutoras para estudar o transporte

quântico (processos de interferência quântica e problemas de coerência de elétrons) em

estruturas de multicamadas. Neste caso as super-redes semicondutoras tem uma vantagem

evidente - possibilidade de monitorar acoplamento entre as camadas e assim, avistar como

isto influencia o transporte.
9
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As super -redes semicondutoras apresentam um grande beneficio para fabricar as

estruturas com desejado potencial eletrônico e assim, modelar propriedades dinâmicas de

elétrons. Já na primeira proposta de materiais super-estruturados [16] foi mencionado que o

controlado desvio de super-rede da estrutura ideal fornece uma base para testar as teorias

de sistemas desordenados. Uma delas, mais interessante até hoje, é a teoria de localização.

A localização de elétrons pode ocorrer em super-rede com a desordem bastante forte, onde

a energia de localização domina a energia cinética. Também, a variação de composição e

largura das barreiras permite controlar a interação entre os elétrons em poços vizinhos e

assim, modificar a dimensionalidade do sistema eletrônico. Assim, em super-redes pode-se

controlar ambos, a desordem e a interação que fundamentalmente determinam o efeito de

transporte e localização de elétrons [17]. Neste caso, dependentemente da forca de

desordem, o sistema eletrônico revela dois estados - um metálico e outro isolante.

O método de crescimento por epitaxia de feixes moleculares permite colocar camadas

atômicas "one by one" e assim, controlar a estrutura das amostras em escala atômica. Isso

apresenta uma possibilidade única de fabricação de materiais super-estruturados com

controle de estrutura na direção de crescimento.

Estudamos as super-redes semicondutoras (GaAs/ AIGaAs) que apresentam uma

seqüência das camadas de materiais diferentes (GaAs e AlGaAs); esta seqüência de

camadas (poços quânticos e barreiras) modula as propriedades eletrônicas do sistema,

formando um espetro energético que depende dos parâmetros geométricos da estrutura

(larguras das camadas). O heterosistema GaAs/AlGaAs foi escolhido, pois possui alta

qualidade de interfaces que diminui os efeitos da desordem incontrolada associada com

imperfeições interfaciais. Assim, as propriedades de transporte eletrônico em super-redes

podem ser bem definidas. É bem conhecido que em super-redes periódicas, como a

conseqüência de reflexões de Bragg causadas pela interferência construtiva entre as ondas

propagadas nas opostas direções sobre o eixo da super-rede (direção de crescimento), o

espectro energético dos elétrons apresenta uma seqüência de minibandas (intervalos

energéticos permitidos) separadas por minigaps (intervalos energéticos proibidos) [18]. As

propriedades dinâmicas dos elétrons dependem fortemente de estrutura das minibandas. A

violação da periodicidade da super-rede quebra a coerência de elétrons e assim, produz

estados eletrônicos localizados. Conseqüentemente, a transição metal-isolante em

10
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transporte vertical (perpendicular às camadas) pode ser conseguida quando se introduz a

desordem na direção de crescimento pela variação aleatória de espessuras de camadas.

As propriedades dos elétrons em super-redes desordenadas podem ser caracterizadas

pelo parâmetro OSL = MW. A energia ~ mede o grau de desordem e é determinada pela

espessura da distribuição dos elétrons não-interagentes calculada nos poços quânticos

isolantes. A energia W é a força de interação entre os elétrons que no caso de super-redes

coincide com a largura da minibanda considerada. Evidentemente, a maioria dos elétrons

deve ser localizada quando OSL > 1.

z

Fig.S. Formação dos estados eletrônicos propagativos em super-rede periódica (painel

em cima) e os estados localizados em super-rede desordenada (painel embaixo).

Para produzir a desordem desejada, as super-redes (GaAs)m(AlGaAs)n com a

variação aleatória das espessuras dos poços quânticos GaAs e com as espessuras de

barreiras de AIGaAs fixas (fi = 6 ML) devem ser preparadas. Nestas super-redes a

desordem vertical foi formada pela a variação aleatória controlada das espessuras de

camadas de GaAs sobre o valor nominal m = 17 ML. As amostras foram crescidas nos

substratos de GaAs orientados em [001] direção cristalográfica. Para evitar flutuações das

espessuras de camadas laterais que provocam a desordem incontrolada, o crescimento foi

interrompido por 20 s nas interfaces normais (AlGaAs crescido sobre de GaAs). O

11
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acoplamento entre as camadas foi acertado pela variação das larguras das barreiras. As

camadas metálicas foram formadas pela dopagem homogênea pelo Si.

Outro tipo de desordem pode ser produzida em super-redes por rugosidade de

interfaces. Como é apresentado na Fig.6., as propriedades de "bulk"cristal dominam

quando a espessura dos poços quânticos de super-rede d é maior do que o comprimento de

livre caminho médio l. Neste caso as impurezas causam o espalhamento de elétrons.

Porém, o espalhamento por rugosidades interfaciais aumenta-se quando a espessura de

poços quânticos diminui. Quando d < I, o espalhamento pela rugosidade interfacial domina

o transporte paralelo formando estados localizados.

d»1 d<1

x x
x

)(
x

x x

x x x

x x

Fig.6. Movimento eletrônico em camadas de super-rede.

Assim, a transição metal-isolante em transporte paralelo pode ser obtida em super-

redes com a variação da espessura dos poços quânticos.

As amostras com vários níveis de desordem e do acoplamento vertical foram

estudadas e assim, o papel da desordem na propagação e na localização dos elétrons em

super-redes foi revelado e investigado.

/1.2. Controle e caracterização da desordem

Um problema freqüentemente encontrado em sistemas eletrônicos desordenados é

caracterização quantitativa da forca de desordem. Na maioria das realizações de tais

sistemas a desordem pode ser definida somente qualitativamente. Ainda mais, a variação de

desordem normalmente é acompanhada pela alteração da densidade de elétrons, que

influencia interação entre eles. Isto acontece em tais sistemas comuns como
12
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semicondutores dopados, onde a dopagem produz ambos a desordem e excesso de elétrons

e em dispositivos de efeito de campo ("field effect devices") onde a alteração de espessura

da camada da depleção influencia ambos, o efeito da desordem superficial e a densidade de

elétrons.

Em super-redes semicondutoras a desordem pode ser controlada pela estrutura da

super-rede, entretanto a dopagem pode prover elétrons. O controle separado da forca de

desordem e da concentração de elétrons pode ser obtido quando o efeito da desordem

artificial estrutural domina a desordem por impurezas.

Usamos vários métodos para caracterizar o efeito de desordem sobre elétrons em

super-redes investigadas, tais como medidas de capacitância, fotoluminescência, e efeito

Hall. As medidas de capacitância fornecem os dados sobre a densidade de elétrons na

direção de crescimento que é diretamente influenciada pela desordem vertical. A

modificação da densidade de elétrons nas bandas de valência e de condução pela desordem

pode ser medida usando a fotoluminescência. As medidas de mobilidade de Hall

aprovisionam os valores do parâmetro kd. que caracterizam tipo de material (kd » 1

corresponde de estado metálico, enquanto kd < 1 significa a presença de estados

localizados). Os perfis CV medidos em super-redes com diferentes forcas de desordem são

apresentados na Fig.7. Estes resultados mostram que a modulação vertical da densidade de

10f (a)

0.8l'\L = 1.13
'? IE 06() .
<J>C 04rx 6;;--0~;";c--80~--;O;90c--~

.Ql0r~\
~ 08r i
c I "a.l 0.61 I
o I (b) ,
§ OAr I5

SL
= 0.47 I

() I

c::: 40 5060 70 80 90
O I Il:; lOr (c)
() , Im 08f·\L=o.1~:.

06f i
I I

OAf i
I I

50 60 70 60 90 100

Distance Z. nm

Fig.7. Densidades de elétrons medidas com temperatura T = 10 K em super-redes

(GaAs)m(AlO.3Gac17As)6com diferentes forças de desordem ÕSL [19].
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elétrons aumenta com o acréscimo da força de desordem que manifesta diretamente a

localização espacial.

Em semicondutores dopados degenerados a posição do pico de fotoluminescência é

associado à energia de Fermi. Na presença de desordem, a energia de Fermi diminui por

causa da redistribuição de elétrons sobre o potencial aleatório [20]. Isso resulta em

deslocamento "red shift" da linha de fotoluminescência. De acordo em a teoria [20], o

decréscimo da energia de Fermi é aproximadamente igual à amplitude de flutuações de

potencial aleatório, que no caso de super-redes desordenadas é dado pela largura da

distribuição de níveis eletrônicos ~ = W·ÔSL.

k\·= - 42 X ,) SL(meV)!.

-10 / :~; i

:> -20 o c i.<D 'E i
'-" I;.. -30 _ I
<I c., i

- I
'-' I

I
-40

0.3 0.6 0.9 1.2

Disorder strength, 0SL

Fig.8. Deslocamentos "red shift" das linhas de fotoluminescência medidos com

temperatura T = 4.2 K em super-redes desordenadas (GaAs)m(AlO.3Gao.7As)6com

diferentes forças de desordem OSLo [21].

Os resultados apresentados na Fig.8 mostram a correspondência boa entre os

deslocamentos de fotoluminescência medidos em super-redes com varias forcas de

desordem e o deslocamento calculado com a largura da minibanda W = 42 meV (enquanto,

a largura da minibanda esperada é 55 meV).

Estes dados demonstram que a força de desordem produzida em super-redes pela

variação de espessuras de poços quânticos pode ser bem-controlada e pode ser

caracterizada pelo único parâmetro OSLo

Os resultados de medidas de mobilidades Hall paralelas em super-redes

desordenadas e em super-redes periódicas com diferentes espessuras de camadas GaAs

(poços quânticos) são apresentados na Fig.9.
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Fig.9. Mobilidades Hall paralelas (círculos fechados) e valores de kFI (círculos

abertos) obtidos com T = 1.6 K em super-redes (GaAs)m(Alo.3Gao.7As)6desordenadas

com variação aleatória de espessuras de camadas de GaAs (a) e em super-redes

periódicas (GaAs)m(Al0.3Gao.7As)6com diferentes espessuras de GaAs (b) [22].

A concentração de dopagem nominal foi 1.2xlOI8 em" em super-redes desordenadas

e 7.0xl017 em" em super-redes periódicas. Em ambos os casos a mobilidade diminuiu com

aumento da força de desordem. De acordo com os valores do parâmetro k# a variação de

espessuras de camadas de GaAs nas super-redes periódicas causou a transição metal-

isolante: as super-redes com espessuras de GaAs maior do que 30 monocamadas

apresentaram comportamento metálico, enquanto os parâmetros k# <1 obtidos nas super-

redes com espessuras de poços menores do que 30 monocamadas demonstraram formação

de estados localizados.

Assim, demonstramos que o arranjo de estrutura de super-redes semicondutoras

fornece controle da força de desordem.
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Ill, Transporte quântico em super-redes GaAs/AIGaAs desordenadas

Ill.l. Regimes de transporte quântico em super-redes desordenadas

As correções quânticas para a condutividade causam a magneto-resistência negativa

em semicondutores desordenados [23,24]. Em tais materiais o transporte é acompanhado

pela interferência quântica entre as funções de onda eletrônicas - o processo conhecido

como a localização fraca de elétrons. As correções associadas à localização fraca

determinam a magneto-resistência em campos magnéticos fracos úlc't « 1, (onde úlc é a

freqüência ciclotrônica e r é o tempo elástico) quando a interação entre os elétrons pode ser

desprezada [25]. A desordem tem um papel considerável na localização fraca

providenciando dois processos de espalhamento coerentes que contribuem para a

interferência quântica. A localização fraca também é considerada como um "precursor" da

localização forte [26]. Na presença de localização forte (como em super -redes

artificialmente desordenadas) as correções quânticas fazem a contribuição ainda mais

relevante [27].

As correções de localização fraca para a condutividade de super-redes com

acoplamento vertical fraca foram recentemente consideradas em Ref.[28]. Enquanto a

teoria da interferência quântica em super-redes no caso da localização forte foi

desenvolvida em Ref.[29].

Assim, em super-redes desordenadas distinguimos três regimes de transporte

quântico:

i) regime de superficie de Fermi propagativa (regime de localização fraca com kFl

>> 1) quando tz't > h, onde tz e 't são a energia de acoplamento vertical e o tempo

de espalhamento elástico, respectivamente;

regime de superficie de Fermi difusiva (regime de localização fraca com kFl

>> 1) quando tz't < h; neste caso um elétron sofre muitos espalhamentos até sair

camada;

iii) regime de localização forte quando kd <1.

As fórmulas que determinam as correções da localização fraca em diferentes regimes

de transporte são as seguintes [28]:

ii)

~aX, = e
2

aF(ô) ~az. = ~a;FS
PF:; 2J[2PzLB 'PFS a2
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(14)

Onde índexes x e z denotam os componentes perpendiculares e paralelas à direção de

crescimento respectivamente, LB = .Jfl/ eB é o comprimento magnético, a = ~DJDz é o

coeficiente da anisotropia (D, e D, são os coeficientes de difusão paralelo e normal

respectivamente), DSL é o período da super-rede e as funções F(8) e F(ô,ô'j

comô = L~,-»., s = L~ (_1 + 2 t ~T ) (aqui "C é o tempo de defasagem da função de
4D r h? tp

x 0/'

onda eletrônica) foram determinadas em [28].

A diferença essencial entre as equações (1) e (2) é em prefatores em frente das

funções F(8) e F(ô,ô'). Em regime PFS o prefator é determinado pelo comprimento

magnético enquanto em regime DFS - pelo período da super-rede. Esta diferença produz

comportamentos de magnetoresistência muito diferente nos dois regimes, como é

demonstrado na Fig.l O.

6.-----------------------~

-----

---D,=W"em' PFS
111'

- - - - D,,', '" 10.,0 em'
5 D I = 10.9 em'

11 ~

/

/

/ /

2 / / /, /.' .
f •• /'

I " /

I /

,: r

1 :' /
: /
• I
. I

/
I .'O~~~~--~~~~~~~~

O

...........

DFS

2 3

Magnetic field, T

4 5

Fig.l O. Correções quânticos para a condutividade clássica calculadas em dois regimes

de transporte (PFS e DFS) em acordo com as equações (13) e (14) .

No caso de localização forte a correção quântica é dada por [29]:
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e25-3!2(COS2 m+a2 sin ' rp)~ax = ~~ _
toe 192;r2nal H

onde q> é o ângulo entre a direção da corrente e o campo magnético.

Estudamos magneto-resistências em todos os regimes e obtemos resultados em boa

concordância com as predições teóricas [30,31]. Foi mostrado que a forte desordem vertical

(regime DFS) modifica tanto o transporte vertical quanto o transporte paralelo resultando

em diferentes dependências das condutividades (vertical e paralela) do campo magnético

em relação às dependências que correspondem ao regime PFS (sem desordem).

(15)

lII2. Interferência quântica na presença de transição metal-isolante

Em super-redes com poços quânticos extremamente curtos (menores do que 10-15

monocamadas) a esperada mobilidade é tão baixa que kd < 1. Neste caso os elétrons estão

localizados e ao contrario das formulas no limite da localização fraca (13,14) a teoria

prediz a magneto-resistência parabólica (15). Resultados de cálculos de magneto-

resistência em regimes metálico e isolante são apresentados na Fig.ll.

~
c
CO
1i)·w 0.8
(I,)
I-

(I,)

>:.t=i
CO

&. 0.6 Localization
I (D<.r = 10-11 em')

0.0 0.1 0.2 0.3

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Magnetic field, Tesla

Fig.ll. Dependências de resistências do campo magnético calculadas em regime

metálico ("WL") e em regime isolante ("Localization").
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Uma fraca dependência da resistência do campo magnético foi obtida no regime

metálico (13,14), enquanto a magneto-resistência forte corresponde ao regime isolante (15).

Esta diferença pode ser usada para distinguir os estados metálico e isolante. Assim, de

acordo com a teoria, a correspondente modificação da interferência quântica deve

manifestar a transição metal-isolante, tal como a dependência de resistência da temperatura.

Realizamos a transição metal-isolante em super-redes com variação de período. A

influência de rugosidade interfacial (flutuações de monocamadas etc.) nas propriedades

eletrônicos de super-redes aumenta com o decréscimo do período. Como foi mostrado em

cima, em super-redes com os períodos curtos a mobilidade dos elétrons baixa pode resultar

em localização (e assim, em estado eletrônico isolante) quando kFi < 1.No entanto, quando

as larguras dos poços quânticos são muito maiores do que o alargamento de interfaces (em

super-redes com períodos longos), o regime metálico (kd » 1) deve determinar o

transporte. Assim, a variação das larguras dos poços quânticos resulta em transição metal-

isolante. Fig.12. apresenta as resistências como funções da temperatura, medidas em super-

redes com diferentes larguras de poços GaAs (m). As super-redes com m =10,15

monocamadas revelam decrescemos exponenciais característicos do estado isolante,

enquanto as super-redes metálicas (m ~ 15 monocamadas) revelam as resistências

praticamente independentes da temperatura. Os decrescemos fracos (~1%) ocorrem em

todas as super-redes metálicas por causa de destruição da interferência quântica pela

temperatura.
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Fig.12. Dependências térmicas das resistências medidas nas super-redes

(GaAs)m(Al0.3Gao.7As)6com diferentes espessuras de camadas de GaAs [32].

Investigamos a modificação da interferência quântica na presença da transição metal-

isolante [32]. As magneto-resistências medidas nestas super-redes são apresentadas na

Fig.13 onde as linhas vermelhas mostram resultados de cálculos usando as formulas (13) e

(15). Achamos os resultados experimentais em boa concordância com predições teóricas.

Isto comprova que a interferência quântica é drasticamente modificada quando se passa a

transição metal-isolante.
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Fig.13. Magneto-resistências relativas medidas em super-redes metálicas e isolantes

com temperatuta T = 1.6 K [32].

Os tempos de defasagem apresentados na Fig.14, obtidos por ajuste de magneto-

resistências teóricas aos dados experimentais mostram dependências diferentes em super-

redes metálicas e isolantes. Isto implica em diferentes mecanismos de defasagem: pela

interação entre elétrons e fônons nas super-redes metálicas e por um mecanismo

desconhecido nas super-redes isolantes.

•

€:::~=15K
~~ O.99~ -10K

-;. 6K

~ 0.994 4 K
1,61<.

0.00 0.05 0.10

Magnet>: field (Teslal

• •

1 10

Temperature (K)

•

Fig.14. Dependências térmicas de tempos de defasagem obtidas nas super-redes

metálicas (preta) e isolantes (vermelha). A inserção apresenta magneto-resistências

medidas nas super-redes metálicas com diferentes temperaturas.
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Fig.15 apresenta o tempo de defasagem como função do parâmetro de desordem kd.

T = 1.6 K1~~----------------------~-,

10

100

0.1

0.01+-.-T---..-----r----,~__.._..,......,........,.----~
10

k,J

Fig.15. Tempos de defasagem e tempos elásticos obtidos em super-redes com

diferentes parâmetros da desordem kr1.

o acrescentamento observado de tempo de defasagem com aumento do kr1 ocorre por

causa de interação entre os elétrons num sistema desordenado [33]:

T = 41i~EF (kr' )3/2
ee 3 k T

B

(16)

Portanto, mostramos que a transição metal-isolante manifesta-se em correspondente

modificação da interferência quântica. No estado isolante observamos um novo mecanismo

de defasagem da função da onda dos elétrons.

Finalmente, Fig.16 apresenta magneto-resistências medidas em super-redes

GaAs/ AlGaAs em todos os regimes de transporte quântico.
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Fig.16. Magneto-resistências medidas em super-redes GaAs/AlGaAs com T = 1.6 K

em diferentes regimes de transporte quântico.

111.3. Efeitos de anisotropia

o estudo de processos de transporte em direções paralela e perpendicular à direção de

crescimento de super-rede é importante, por causa da natureza anisotrópica de espectro

energético dos elétrons em super-redes. A comparação entre os resultados obtidos nas

ambas direções pode mostrar como esta anisotropia corresponde à estrutura nominal da

super-rede investigada e assim, mostrar a validade das conclusões teóricas.

Em Ref.[28] foi mostrado que quando h/r> tz a desordem forte anisotrópica (sobre a

direção de crescimento z) muda os caracteristicas do sistema eletrônico de comportamento

simples tridimensional para uma mistura de comportamento bi- e tridimensional. Isto

produz efeitos anisotrópicos em processos de defasagem da função de onda eletrônica.

Medimos rnagneto-resistências em super-redes desordenadas na direção de

crescimento (z) e na direção paralela às camadas (x) com diferentes orientações de campo

magnético. As magneto-resistências verticais foram medidas em estruturas tipo mesas com
23
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o diâmetro 1 mm. Os resultados apresentados nas Figs.17-19 demonstram forte efeito da

desordem vertical que causa a variação de comprimento de coerência em uma ordem de

grandeza. Neste caso (corrente vertical), mesmo na presença de desordem forte, somente as

trajetórias tridimensionais contribuem para a condutividade e não tem a contribuição de

trajetórias bidimensionais, como no caso da condutividade paralela (corrente paralela às

camadas). Por isso, para fazer ajuste podemos usar a formula (13).

1.000

- 0.998o-e::::N--- 0.996I-Ne::::
0.994

0.992
0.0 0.2 0.4 0.6 0.8 1.0

Magnetic field, Tesla

Fig.l7. Magneto-resistências verticais, medidas em estruturas tipo mesa formadas de

super-redes (GaAs)m(Alo.3Gao.7As)6desordenadas com diferentes forças de desordem com

T = 1.6 K [3 1].

1.000
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I 0._-a::N
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0.992
0.0

HIIZ

0.2 0.4 0.6 0.8 1.0
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Fig.IS. Magneto-resistências verticais, medidas em estruturas tipo mesa formadas de

super-rede (GaAs)m(Alo.3Gao.7As)6desordenadas com a forças de desordem ÔSL = 0.59

com diferentes orientações de campo magnético, com T = 1.6 K [31].
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Fig.19. Comprimentos de coerência na direção de crescimento obtidos em super-redes

(GaAs)m(Alo.3Gao.7As)6desordenadas diferentes forças de desordem, com T = 1.6 K.

As magneto-resistências paralelas (medidas com a corrente paralela às camadas),

obtidas com varias orientações de campo magnético em super-redes metálicas e isolantes

são apresentadas na Fig.20. Os resultados mostram efeito da anisotropia muito mais forte

na super-rede isolante do que na super-rede metálica. Com diferentes orientações de campo

magnético obtemos seguintes tempos de defasagem: na super-rede isolante r~ = 1.5ps,

r~ = 38ps e na super-rede metálica r~ = 60ps, r; = 80ps.
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Fig.20. Magneto-resistências paralelas medidas em super-rede

(GaAs)m(AlO.3Gao.7As)6isolante com m = 15 monocamadas (a) e em super-rede metálica

com m = 150 monocamadas (b) com diferentes orientações de campo magnético, com T =
1.6 K. As inserções mostram dependências das resistências correspondentes da temperatura

[31 ].
25

i 11



Assim, mostramos que a desordem anisotrópica resulta em anisotropia de tempo de

defasagem. Achamos este efeito mais forte nas super-redes isolantes do que nas super-redes

metálicas.

lI!. 4. Transição coerência-incoerência induzida por desordem

Sistemas eletrônicos multicamadas revelam vários efeitos interessantes ligados à

anisotropia deles, quando as condutividades perpendicular e paralela às camadas são

gignifica.tivamente diferentes. A relaç~o entre as condutividades intracamadas e

intercamadas é essencialmente ligada à dimensionalidade do sistema: a condutividade

intercamadas desaparecida resulta em bidimensionalização de propriedades eletrônicas. A

anisotropia de sistemas multicamadas naturalmente coloca duas escalas temporais: o tempo

de defasagem 'tq> e o tempo que um elétron precisa para trocar o plano 'to. Quando 'tq> «to

um elétron sofre muitos espalhamentos antes de sair do plano; neste caso o sistema

eletrônico multicamadas comporta-se como uma meda de planos bidimensionais

incoerentes. No limite oposto, quando 'tq>» 'to um elétron troca a camada sem a perda

significativa de fase e portanto, as camadas são coerentemente acopladas. Assim, a relação

entre estes dois tempos característicos estabelece a transição entre regime coerente e

incoerente em sistemas eletrônicos multicamadas.

Em super-redes intencionalmente desordenadas a desordem artificial produzida na

direção de crescimento (z) controla o acoplamento entre as camadas. Deste modo a

transição coerência-incoerência pode ser conseguida com a variação da forca de desordem.

Anteriormente, na Fig.19 já mostramos que a desordem vertical afeta fortemente coerência

de elétrons propagados perpendicularmente às camadas. Em seguida mostraremos que a

desordem vertical influencia igualmente a coerência de elétrons propagados paralelamente

às camadas.

Ainda mais, o acoplamento entre as camadas depende fortemente do caráter da

superficie de Fermi. Quando a energia de Fermi é localizada dentro da minibanda (EF < 11')

a superficie de Fermi é fechada. Neste caso elétrons apresentam propriedades de um

sistema tridimensional anisotrópico. Enquanto a superficie de Fermi é aberta (tem a forma

do cilindro ondulatório) quando a energia de Fermi é situada no minigap (EF> W).
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Fig.21. Magneto-resistências medidas

com diferentes orientações de campo

magnético com T = 1.6 T nas super-redes

(GaAs)17(A1o.3Gao.7As)6com a dopagem baixa
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correspondem aos campos magnéticos paralelo

e perpendicular às camadas respectivamente. O

painel em cima mostra posições de níveis de

Fermi em super-redes correspondentes.
10

Em forte campo magnético perpendicular das camadas a aberta superfície de Fermi

resulta em sistema eletrônico bidimensional. Esta bidimensionalização de elétrons em

super-redes induzi da pelo campo magnético foi observada em Ref[34].

Os resultados de medidas de oscilações de Shubnikova - de Haas em super-redes com

superfícies de Fermi fechadas e abertas, apresentados na Fig.21, mostram esta

bidimensionalização.

A influência de desordem sobre propriedades dinâmicas de elétrons depende da

relação entre a energia de desordem e a energia de Fermi. Para aumentar o efeito de

desordem nos diminuímos a dopagem. Com isto o efeito da desordem vertical sobre o

tempo da defasagem aumentou (reduzindo 't(jl), enquanto a taxa de tunelamento diminuiu

causando correspondente aumento do tempo 'to. De tal modo os regimes coerente e

incoerente foram realizados em super-redes com a dopagem alta e baixa respectivamente.

Em super-redes esta transição é esperada no regime de transporte difusivo (DFS)

quando h h > tz. Neste regime um dos dois parâmetros que determinam a dependência de

correção quântica em campo magnético é [28]:

, L~ 1 2
8 =-(-+-)

4Dx r, To
(17)
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com
112

To = -~-
CT

(18)

Assim, no regime de transporte difusivo a correção quântica da super-rede e

determinada pelos dois tempos 'tq> e 'to. No regime incoerente, quando 'tq> « 'to a

contribuição do tempo de difusão intercamadas e insignificante; entretanto, a correção

quântica é principalmente determinada por este tempo no regime coerente, quando 'tq> »

Fig.22 apresenta as magneto-resistências medidas nas super-redes periódicas com

várias espessuras de barreiras em regime coerente e nas super-redes intencionalmente

desordenadas nos regimes coerente e incoerente.

6

n=3

100

DSL = 1.13
0.82
0.18

0.5 1.0

Magnetic field (Tesla)

Fig.22. Magneto-resistências medidas com T = 1.6 K: (a) nas super-redes periódicas

(GaAs)SO(AlO.3Gao.7As)ncom diferentes espessuras de barreiras no regime de transporte

coerente, (b) nas super-redes desordenadas (GaAs)m(Alo.3Gao.7As)6 altamente dopadas no

regime coerente e (c) nas super-redes desordenadas com dopagem baixa no regime

incoerente.
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No regime de transporte coerente os medidos de magneto-resistência permitem obter

o tempo 'to, e através da formula (18) o tempo de tunelamento t.; enquanto o tempo de

defasagem pode ser determinado no regime incoerente. Os resultados são apresentados na

Fig.23. Eles mostram que ambos, o tempo de tunelamento e o tempo de defasagem

diminuem com aumento da força de desordem. O decréscimo de tempo de tunelamento

vertical observado em super-redes desordenadas com aumento da desordem vertical ocorre

por causa de decréscimo de acoplamento entre as camadas. O mesmo efeito foi observado

nas super-redes periódicas com aumento de espessuras de barreiras. Enquanto o decréscimo

de tempo de defasagem relaciona ao problema de coerência de quase-partículas em

fortemente correlacionados sistemas metálicos multicamadas. Nossos resultados mostram

que o tunelamento entre as camadas controla a coerência de quase-partículas que se movem

paralelo às camadas. De acordo com a teoria [12], em sistemas eletrônicos multicamadas

com acoplamento fraco as quase-partículas existem dentro das camadas quando o momento

vertical deles conserva-se durante o tunelamento entre as camadas. A desordem vertical

viola a conservação de momentum vertical. Como conseqüência, o tempo de defasagem

diminui e as quase-partículas desaparecem.
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Fig.23. Energias de acoplamento vertical tz obtidas: (a) nas super-redes periódicas

(GaAs)50(AlO.3Gao.7As)ncom diferentes espessuras de barreiras no regime de transporte

coerente e (b) nas super-redes desordenadas (GaAs)m(AlO.3Gao.7As)6altamente dopadas no

regime coerente e tempos de defasagem obtidos nas super-redes desordenadas

(GaAs)m(AlO.3Gao.7As)6com dopagem baixa no regime incoerente (c).
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IV. Excitações coletivas em sistemas eletrônicos desordenados

IV. 1. Prova de Raman de função da onda de excitações coletivas na presença da

desordem. Efeito da dispersão de plasmons sobre a forma da linha de Raman

Em super-redes a intensidade de espalhamento Raman por excitações coletivas

eletrônicas (plasmons) é proporcional à densidade local de estados em espaço recíproco

[35]:

/«(0, «;q=) == LI'I'v (qz )12
8(OJ - (Opv)2 (19)

n

onde ro é a freqüência de luz, q e qz são os vetores de onda paralelo e perpendicular as

camadas da super-rede respectivamente, ropv e \lIv(n) são auto-valores e auto-vetores de

plasmons, Zn é a posição da n-e camada. Portanto, espalhamento Raman diretamente prova

a função de onda de plasmons \lIv(qz).

Assim, na presença da desordem plasmons podem ser apresentadas como uma

superposição de ondas planas com os vetares de onda distribuídos num intervalo finito Liq,

o que produz uma extensão espacial finita das ondas (comprimento de localização L; "-

hAq). Isto implica que ao contrario de um cristal perfeito, onde excitações coletivas com

numero de onda qocontribuem ao espalhamento Raman, como é apresentado na Fig.24, em

sistema desordenado todos os modos no intervalo de incerteza de numero de onda Liq ;::,

2 JtLp determinam a intensidade de Raman.

Como conseqüência, as linhas Raman adquirem uma assimetria específica, que

pode ser vista claramente em espectros de semicondutores desordenados [36].
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Fig.24. Painel esquerdo - as dispersões de excitações coletivas (tipo fônons e

plasmon-fônons acoplados); painel direto - as intensidades de espalhamento Raman na

presença da desordem.

Para obter os parâmetros característicos das excitações coletivas, a intensidade

Raman pode ser calculada de acordo com a fórmula [36]:

onde qo é o numero de onda de luz usado pela excitação, illp(q) é a dispersão de

excitações que contribuem para o espalhamento Raman, Lp e r são o comprimento de

localização e a constante de amortecimento.
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IV 2. Localização de excitações coletivas em ligas AIGaAs

Nesta parte estudamos e comparamos comprimentos de localização de excitações uni-

eletrônicos e de excitações coletivas. Assim, podemos distinguir a contribuição de

interação entre os elétrons que fundamentalmente determina a natureza de excitações

coletivas e não influência a localização de elétrons em campos magnéticos fracos.

A influencia da desordem sobre propriedades dinâmicos de elétrons depende da

relação entre a energia de desordem (,,1) e a energia de Fermi (EF). Utilizamos dois tipos de

sistemas desordenados: ligas semicondutoras AlGaAs, onde a desordem é produzida pelo

potencial aleatório de liga e super-redes GaAs/AlGaAs artificialmente desordenadas.

O efeito de localização de elétrons que aparece quando ,,1 > EF é apresentado em ligas

AIGaAs nas Figs.25,26. Em ambas, a dependência de resistência da temperatura e a

magnetoresistencia manifestam a formação de estados localizados em ligas com a dopagem

baixa. Como é demonstrado na Fig.27, a transição metal-isolante também manifesta-se em

variação de comprimento de localização de excitações coletivas (Lp). Em ligas isolantes

(com a dopagem baixa) o comprimento de localização medido por espalhamento Raman

corresponde aos fônons ópticos. Enquanto o abrupto aumento de comprimento de

localização Lp foi observado quando se passa a transição de estado isolante para estado

metálico. O decréscimo de comprimento de localização com aumento de dopagem,

observado em ligas metálicas é causado por espalhamento por impurezas ionizadas [37].
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Fig.25. Dependências de resistividade da temperatura medidas em ligas Alo.I IGao.89AS

isolante (a) e metálica (b). As linhas apresentam resistividade tipo "hopping" e

resistividade causada pelos efeitos de interferência quântica em ligas isolantes e metálicas

respectivamente.
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Fig.27. Comprimentos de localização de excitações coletivas medidos em ligas

Alo.J1Gao.89As isolantes (1) e metálicas (M) por espalhamento Raman com T = 10 K.

As linhas cheia e pontilhada mostram as calculadas dependências causadas por

espalhamento por impurezas ionizadas [36] e por amortecimento de Landau,

respectivamente.
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Entretanto, de acordo com a Ref.[38], em sistemas fortemente desordenados

tridimensionais a localização de excitações coletivas é limitada por efeito de

amortecimento de Landau. Os calculados comprimentos de localização de excitações

coletivas limitadas por amortecimento de Landau estão apresentados em Fig.27 pela linha

pontilhada. No caso de dopagens baixas (N<IxI018 em"] a localização de excitações

coletivas em ligas está determinada pela desordem. Neste caso observamos que em ligas

metálicas os comprimentos de localização de elétrons (350 nm) são muito maiores do que

os comprimentos de localização de excitações coletivas (20 nm), Entretanto, com aumento

da dopagem o amortecimento de Landau começa dominar a localização de excitações

coletivas. Isto significa que em tais ligas altamente dopadas não podemos distinguir o

efeito de interação sobre a localização de excitações elementares porque enquanto a

localização de elétrons é determinada por desordem, a localização de plasmons é

determinada por outra razão - amortecimento de Landau.

O efeito de amortecimento de Landau pode ser evitado em super-redes onde a energia

de excitações coletivas cai na região de "rninigap". Neste caso a interação estabelece a

diferença entre localizações de elétrons e excitações coletivas.

V. Comparação entre localização de excitações uni-partículas e coletivas em super-redes

GaAs/AIGaAs

V.I. Problema de interação em sistema eletrônico desordenado

Um problema fundamental ainda não resolvido é ligado à descrição de transição

metal-isolante incorporando tanto a desordem quanto a interação entre os elétrons. De

acordo com P.W.Anderson [1] a presença da desordem causa a localização espacial da

função de onda de um elétron. É bem estabelecido que os elétrons não-interagentes em um

sistema tridimensional conseguem a localização com uma desordem finita. Ao contrario, de
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acordo com a teoria de "scaling"[2] todos os estados eletrônicos não-interagentes são

localizados em sistemas bi- e unidimensionais, mesmo quando a desordem é

infinitesimalmente fraca. Porém, acredita-se que a transição metal-isolante, que acontece

num sistema eletrônico real, não pode ser explicada baseando-se em elétrons não-

interagentes [39]. Os resultados recentes mostram a importância das correções causadas por

interação em sistemas eletrônicos bidimensionais [40]. Até hoje existem opiniões

controversas sobre como a interação influencia a localização [41].

v~2. Coerência de excitações elementares em super-redes GaAs/AIGaAs desordenadas

Comparamos comprimentos de localização de elétrons e de excitações coletivas em

uma super-rede metálica intencionalmente desordenada. Desenhamos a super-rede assim

que evitamos efeitos de amortecimento de Landau. A desordem artificial permitiu controlar

extinções espaciais de funções de onda das excitações elementares propagadas

perpendicularmente às camadas e permitiu também optar a estrutura de amostras onde os

ambos, elétrons e plasmons, revelam propriedades de localização no mesmo tempo. O

comprimento de localização de elétrons foi medido por magnetoresistencia numa estrutura

do tipo mesa, formada de super-rede GaAs/ AIGaAs desordenada (8SL =0.4). Enquanto o

comprimento de localização de excitações coletivas foi determinado na mesma amostra

pela assimetria de linha de Raman associada aos modos acoplados tipo LO fônon-plasrnon.

Fig.28(a) apresenta o espectro de Raman obtido na região de vibrações tipo AlAs. A linha

marcada como L3 corresponde às excitações coletivas acopladas tipo LO fônon-plasmon.

De acordo com os cálculos de dispersões de excitações uni-eletrons e coletivas

apresentadas na Fig.29, na ausência de amortecimento de Landau o comprimento de

localização de excitações coletivas L, = 5 nm é limitado pela desordem. O ajuste de

magneto-resistência vertical resultou em comprimento de coerência de elétrons L, = 252

nm.
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Fig.28. (a) Intensidade de espalhamento Raman medido com T = 10 K em super-rede

(GaAs)m(AlO.3Gao.7As)6 com a força de desordem OSL = 0.4.A linha interrompida

apresenta a intensidade calculada de acordo com Eq.(19) com o comprimento de

localização de excitações coletivas Lp = 5 nm. (b) Magneto-resistência vertical

relativa medida na mesma super-rede com T = 10 K (DSL). A linha interrompida foi

calculada de acordo com a teoria [28] com comprimento de coerência L, =252 nm.

Os dados marcados como GaAs relacionam à estrutura tipo mesa fabricada no mesmo

substrato dopado sem a super-rede.
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Fig.29. Espectros energéticos das excitações uni-elétrons (inserção) e coletivas (b)

calculados em super-rede (GaAS)17(Al0.3Gao.7As)6com a concentração de elétrons n

= 5.Ox1017em". As linhas pontilhadas e interrompidas mostram as dispersões dos

plasmons não acoplados e dos plasmons acoplados aos fônons LO de AlAs. O

painel (a) apresenta a intensidade calculada de espalhamento Raman obtida pelo

ajuste de espectro experimental [Fig.28(a)].

Assim, achamos o comprimento de localização de excitações coletivas (5 nm) muito

menor do que o comprimento de localização de elétrons individuais (252 nm). Isto

confirma os dados obtidos em ligas AlGaAs com a dopagem modesta (5x1017 em" < N <

lxl018 em"), onde o amortecimento de Landau ainda não foi observado. Estes resultados

significam que a desordem afeta mais forte as excitações coletivas do que as excitações

uni-partículas. Isto também indica que a interação que causa o movimento de elétrons

correlacionado aumenta localização deles.

38

I I1



VI. Conclusões

Estudamos processos de transporte quàntico em sistemas eletrônicos desordenados:

ligas A1GaAs e super-redes GaAs/A1GaAs intencionalmente desordenadas crescidas por

epitaxia de feixes moleculares. Demonstramos que em super-redes a desordem Gaussiana

causada por variação aleatória de espessuras de camadas pode ser quantitativamente

controlada e caracterizada pelo único parâmetro OSLo Nestes sistemas eletrônicos

observamos os efeitos de anisotropia de transporte quântico causados por estrutura de

super-redes e pela desordem anisotrópica. Descobrimos que a extinção espacial de

excitações elementares pode ser controlada pela desordem artificial. Assim, conseguimos

realizar regimes metálico e isolante com variação da desordem artificial e estudar os

processos de interferência quântica durante a passagem da transição metal-isolante.

Mostramos que esta transição manifesta-se em correspondente variação de magneto-

resistência e em significante modificação de comprimento de localização de excitações

coletivas. Ainda mais, descobrimos a transição coerente-incoerente e mostramos que de

acordo com predições teóricas a desordem fabricada na direção de crescimento de super-

redes desordenadas resulta em localização de elétrons propagados em ambas direções:

perpendicular e paralelo às camadas. Comparamos os comprimentos de localização de

excitações unipartículas e coletivas e concluímos que a interação entre os elétrons causa

aumento de localização.
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'Ibe effect of lhe structural disorder in lhe Raman scat1m'ingof tbe coupJed plasmon-LO phonon modes was
studied in doped AI"Gal_..As aUoysand in doped GaAslAlAs superJattices. It was observed tbat lhe asymme-
try in lhe Raman lioes, caused by this effect, ia opposite to tbat observed for the optical pboOODS.This fact is
expJaioed by lhe differeoces in lhe dispersion curves of lhe opticalpboaons aad plasmo~ oegative disper-
sion for the phollODSaud a positive one fOflhe plasmons. The analysis of lhe Raman line sbapes by means of
a Gaussian spatial correJation fu.nctionallowed lIS to obtain the loc:alizationlengths for lhe LO pbooons and for
lhe plaslDODSin lhe alloys anelin tbe superJattices; tbe dispersiODSof lhe coupled plasmon-LO-phonon modes
were studied aod ao evidence for a metal-dielectric transition occuning in superlattices when the lowest
miniband is completely occupied was found. [S0163-1829(98)08239-3]

L INTRODUCTlON

Fluctuations of the crystal potential destroy its transla-
tional invariance ando as a coosequeDCC, a breakdown of the
Rm:nan selection roles occurs, leading to tbe broadening and
asymmctry of the Raman liDes. This effect was found to
determine the sbapes of the optical-phOD()D Raman lines in
microaystalJine semicooc:luctcx' matcriaJsl anel in semicon-
ductar aJ1oys;2 morcovcr. thc violation of tbc cohemlcy of
tbe elementary collectivc excitations (pbonons or pIasmons)
leads to localization effects. HowevCl', to our knowledge, an
aaalysis of the inftueoc:c of thc crystal potential ftucmatioos
00 the plasmon Raman lincs has not yet beco donc.

The volume where tbc collective excitations are 1oca1ized
is determincd by a spatiallocalization lcngth (L); this lcngth
ean serve as a parameter charactcrizing lhe microscopie Da-
ture oí the crystal potenlial ftucwatioos. Then a swdy of
phonons in disordeccd IIUlb:riaIs wiU give us a possibility to
cbaracterize thc strucb.Jl'al quality. whlle plasmans, in addi-
tion, will provide us with infOJ'lD8tiooabout lhe inftuence of
tbe crystal potentialftuctuations on tbe e1ectron transport.

In this paper we study the effcct of the crystal-potential
ftuctUatlons on tbe plasmon-LO-phonon Raman scattering in
dopcd AlxGaJ -xAs alloys and in doped (GaAs).(AlAs) •• su-
pcrlattices (n and m are the thickncsses of tbe corresponding
layers expressed in monolayas). 80th thc systems under
consideration rcvcal ftuctuations of the aystal potential
caused eitber by the random alloy potential ar by tbc disor-
dered eharacter of tbe interface between the GaAs and AlAs
laycrs in supedattices. MoreovCl', lhe ftuctuations of tbc im-
pmity potential contribute to both systems as welL

The samples were grown by molecular-beam epitaxy, and

0163-1829/98/58(16)!10683(4}1$15.00

were doped with Si in arder to obtain free electroo concen-
trations in tbe range (1- 5) X 10'8 em - 3• Alo.2Gao.aAs allOYS
I pm thick were dcposited on (IOO)-oriented GaAs sub-
strates. (GaAs)I7{AIAs)2 super1atticcs (with 20 periods) were
also grown on (100) GaAs substratcs. lhe super1attices were
prepared witb ultrathin AlAs barriers (2 ML thick) in onier'
to allow the ocx:uneoce of ~cal motion of e1ectrons
through lhe supec1attices anel, therefme. to study lhe super-
1attice plasmons (lhe plasmons polarizcd normal to the lay-
e.rs). Backscattc:ring unpo1arized Raman spectra were per-
fCll1llCd ai T-8 K with a Jobin-Yvon doubIe-grating
spectrometer supplied with an usual photocounting system;
lhe 5145-Á Hnc of ao ~+ lascr was utilized for excitation.

o. TBEORY

As is well known, in dopcd semiconduct0r5 free electrons
eleclrically couplc witb the LO phonoos. producing coupled
plasmon-LO-phonon modes. In lhe AI,.rGaI-,.rAs alloy and
io (GaAs).(AlAs) •• superlattices, two types of LO phonons
are distinguished: GaAs-Jike and AlAs-like. The interaction
of tbese phonons with frce clectroos produces two coopled
optica1 modes fI}: anel t4; lhe fint ODC is doe to lhe cou-
pling of tbc GaAs-1ike LO pbonons with electrons. whilc thc
sec:ond oae originates from lhe AlAs-like 1.0 phonoos. In
addition, lhe low-tiequency lU:OUStÍCJiJccfi} - coupled mode
appears in tbe &equcncy l'IIlJC below lhe frequency of the
GaAs-like TO phooon.

BodI the dcformation potenlial (DP) and lhe Frõhlicb in-
tcraction (FI) mechanisms are responsible for lhe Raman
scattering by the coup1ed plasllKlll-LO-pbonon modcs. In

PRB 58 10683 C 1998 The American PbysicaJ Society
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this case the scattering efficiency close to the E 1 resonance is
given by3

iiR f 3 I
a{}dlú -- d q 8r(q)·fsc(q)Im E(q,úI)'

where 8 r( q) is the functioo which takes into consideration
the enhancement of the Raman efficiency when the excita-
tion laser has an energy close to the E I critical point (this
function ís djfferent for DP and FI), f sc(q) =[4'7T1(q2
+q~)]2 is the screening correlatioo function (here qo is the
sereeníng wave vector), and E(q,lú) is the dielectric functioo
whicb includes contributions doe to both optical phonoos
and plasmons.

According to Ref. I, the relaxatiOD of the conservatioo of
tbc crystal momentum caused by lhe crystal potential tluc-
tuatioos can be t.aken into account by introducing a Gaussian
spatial correlation functioo exp( -~/L 2), wbicb yields

Without lost of generality, far from resonance, the Raman
intensity can be written in a phenomenological form

where tú{q) is the dispersion of lhe relevant coUective exci-
tations. and r is their damping constanL

We used the dispenions of lhe optical LO phooons for
buJk Al.cGaJ-.cAs in lhe fono

whese 0Ju> is lhe frequency of the longitudinal-optica1
phonons. This fomwla gives a good approximation of the
experimental data" witb A(GaAs)-0.I8(a/2'7T)2 anel
A(AlAs)=0.OS(a/2'7T)2, wbere a is lhe lattice CODStanL

1be dispersion of lhe plasmons was taken in the random-
phase approximation5

úI(q)= úlp[ 1+ :0 (~rq2], (S)

where lIJp=(4'7Te2nlm)112 is lhe plasma frequency, and v F is
the Fermi velocity.

At the electroo dcnsities relevant to the samples unc:ler
investigation, úlp'" úIL(); then, the dispersion of the coupled
plasmoo-LO-phooon modes is aJmost completely deter-
mined by tbe dispcrsion of plasmons, which is much stronger
than tbat of the LO phonons.

As it is seco from Eq. (3), the dispersion of collective
excitations tú{q) and lhe value of lhe localization lengtb L
are responsible for an asymmetry of lhe Raman tine. It fol-
lows from Eqs. (3)-(5) that the asymmctry of lhe plasmon-
LO-pbonon Raman line sbould be opposite to tbat of the LO
phonon; tbis is explained by lhe different dispersions af the
optica1 phonons and plasmons-a negative dispersion for the
LO phonons and a positive one for the plasmons.

(I)

Alo.2Gflo..As:Si
n=1x10" em"
T=10K

300 400

Wave number t:m")

500

FIG. 1. Tbe Raman spectrum of tbe doped Alo2Gao.aAsalloy
with ao electron density ,. ""1X 1018cm-l measured 8l T=8 K.

We assumed ao isotropic spatial correlatian and a spberi-
cal Brillouin zone in alloys. Superlattices present anisotropic
systems with the electron energy defined as

h2q:
E(q. ,q:)= 2m. +E(qz), (6)

(4)

where ql and qz are the electton momenta para1Iel and per-
pendicular to the layen, respectively.

In such anisotropic systems there is DO way to take into
account lhe screening effects correctly. Therefore, in super-
lattices we used the isotropic approximation (3) where ali the
parameters have a meaning of valoes averaged over din:c-
tions. Thus the average dispersion of plasmons was calcu-
Iated acconlinf to Eq. (S) with tbe average effective mass
iii-J=t(2m' +m;I), where the e1ectron effective mass
in-plane of the Iayers m. was talteo to be equal to lhe effcc-
tive mass of eJcc:trons in bulk GaAs (m=O.068mo), whiIc ~
the effective mass tamaI to lhe layers mt was calculated by .
the envelope function approximation as has beco done in
Ret.6.

In lhe case of thick enough baniers when quantum wells
are weU isolated, lhe oo1y conbibution to the Raman inten-
sity is doe to lhe plasmo •• po1arized in plane of lhe layers
(which becomc active in lhe backscauering configuration due
to tbe electron scattering); therefm:, the problem becomes a
two-dimensional one and can be easily solved witb an appro-
priate modificatioo of Eq. (3) anel witb tbe two-dimensional
screening cc.relatioo ftmction7 f 1C(q)= [l/(q+qo)], with
qo=2gll/a* whele ,,, is a valley degeneracy factor which
gives dae nUIDbea'of equivalent energy bands, anil a* is the
effective Bobr radius.

m, EXPERIMENTAL RFSULTS ANO DISCUSSION

The Raman spectra of one of lhe doped Alo~.aAs al-
loys is shown in FII. 1. Tbe two 1ines assigned as últ and
~ are the GaAs anel A1As-1ikc coupled modes, respectively.
In additioo, the TO anel W GaAs-like phonons of tbe alloy
were obsaved at 266 and 286 em - J, respective1y. The un-
coupled LO phonon is &een because of the surface depletioo.
layel'.

The Raman spectra measured in the spectral range of the
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(8)

:A
(b)

~s.e
~

(C)

n=2x10ta em"! L-69A
r-1o,4cm"

L=3.4A
ra3.4cm·'

300 500350 400 450

Wave number (em")

FlG. 2. Tbe Raman spectra of doped AJ0.2G80.lAs alloys with
differeDteJectron densities measured at T••••8 K in lhe spectral range
of AlAs-like oplica! phonons: intrinsie aJloy (a), a= 1X 1011 em-3
(b), anel ,."'2X 1011em-3 (e).

AlAs-1ikeLO phoooo in lhe samples witb different dectron
densities are presented in Fig. 2. The asymmetry of lhe LO
Raman line observed in tbe intrinsic alloy [Fig. 2(a)] was
found similar to that obsaved in AI..rGaI-..rAsalloys.2 1be
coupling of tbe LO phonons with tbe plasmons in lhe doped
alloy causes a blueshift of lhe Raman líne, andoin addition.,
drastically cbanges its shapo-the asymmetry of thc Raman
Une becomcs opposite to that duc to tbe LO Ptonons.

As mentioocd abovc, dift'erent asymmetrics of thc LO-
phonon liDeand of the coupJed mode liDe are caused by lhe
diffcrent dispersions of tbe LO pbonoos and plasmoos. The
Raman spectra calcula.ted by Eq. (3) witb Eqs. (4) and (5)
reveal a good fitting to lhe experimental results wilh lhe
values of lhe localization lengtbs L dcpicted in Fig. 2. In
order to calculate tbe screcning cOJl'Clationfunction in lhe
doped aIloy, we used the Thomas-Fermi screeaing radius as
lhe value of qo.

If lhe 1ocalizatioo length L is small enough, then collec-
tive excitations in a broad interval of lheir dispersions will be
involved in thc Raman scattcring. In this case tbe width of
lhe asymmetrica1Raman 1incis detamined by lhe dispersion
of tbe relevant collective excitatiODS.Our results show tbat
tbe pbonon states fr<m almost lhe whole Brillouio zone COD-

tribute to the Raman scattering in lhe intrinsic Alo.2Gao.sAs
alloy becausc the haIf-widtb of lhe asymmetrical LO-phooon
line (-14 em-I) is a1most equal to the dispersioo of the
AlAs-like LO phonon (-20 em-I).

Thc situation is somewhat different in the doped alloy
where, as is well known, the dispcrsion of the plasmons is
well defined until a critical valuc of the wave IBJDlberqc ,
while the pIasmons with q> qc clecay imo single-particle
electroo excitatioos.S In lhe samples studied, the estimatives
give 9c=3X 10' and 3.6X 10' em-I in tbe alI0r with the
electron concentratioDSn= I X 10lS anel 2X 101 em-l, re-
spectivdy; this yields totais dispenions of tbe plasmons of
=46 anel =75 em-I in me com:sponding samplcs, whi1etbe
half-widtbs of lhe asymmetrical plasmon-LO-phonon lines
are about 40 aud 50 cm -I, respectivdy. This means that the

-
CJ)

J

50

oL-~--~----~--~~~----~~
100 200 300 400 500

Wave number (clli~

FlG. 3. Tbe Raman specttum of tbe doped (GaAS)I.,(AlAsh
superlattice with ao electron density,.-1 X 1011cm-3 measured at
T=8K.

1argest part of the available plasmoo states contribute to tbe
Raman scattering.

Results simüar to those obtained in lhe doped
Alo.2Gao.•As alloys were observed in lhe doped
(GaAs)17(AlAsh superlattices, where Raman lme, cme-
sponding to the coupled plasmon-LO-phonon modes re-
vealed lhe same kind of asymmclly caused by the dispcrsion
of lhe pIasmom. Figure 3 displays tbe Raman spectnml of a
doped (GaAs)I7(AlAsh ~attice with the e1cctron coa-
centration n= 1X 1011em- . Again, as in lhe aIloys, the two
couplcd modes (GaAs and AlAs-like) wae observed, bot:b
revealing ao inverted asymmetry as compared to lhe one
found for the optical phonoa tine. Additiona11y,duc to a
bctter structmal quality of the superlattices in comparison
witb the alloys, lhe low-frequency 01- coupled mode W8S

obseIved as well. The LO-pbonon 6ne of lhe GaAs layers
was found as a sharp 6ne at 296 em-I; as in lhe case of lhe
doped alloys, it appc:ars to be due to the surfacc depletion
layer. 1be TO phonoo of the AlAs barriers (and probably the I

LO phonon as wdl, appearing by the &amereason as lhe LO
phonon of tbe GaAs layers) was found around 370 em-I. '
The Raman spectra measured in superlattices witb different
dectton densities are shown in Fig. 4. 1be spcctnun in Fig.
4(a) corrcsponds to lhe sample with a partiaIly occupied low-
est r miniband, whiIe those in r1p. 4(b) and 4(c) wae mea-
sured in the samples with completely fil1cd lowest r mini-
bands, when lhe Fermi levei is locatcd close to lhe top of the
miniband or even in a minigap (see calculations presenteei
for similar samples in Ret. 6). The SIroDgdecrease of the
localization lengtb L, found when the Fc:rmi levd cnters a
minigap, rcftects the locaIization of elcctrons anel serves as
evidence of lhe metal-ctielectric transition which takes place
witb an increase of lhe electron density in superlattices. Two
effects can be responsible for this locaJization: the foonation
of one-dimc:nsional conducting channels in superlattices duc
to the ftuctuations of tbe electron potential,6 and lhe "reen-
trant b:alization" found to occur for the electton statcs at
the top of a miniband.1

1be percentage of statcs of lhe total pIasmon dispcrsion
involved in lhe Raman scattaing of lhe doped supedattices
can be est:imatedfrom the following data: in lhe superlattices
wilh the e1ectroo concentrations I X 1018,3 X 1018, anel 5.6
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(a)

TO
~

(c)

n=1x101'cm-3
L-362 A
r.3.9cm·\

n-3x10"cm"'
~OA
r-e.2 em'\

...
n-s.6x10"em
la81A
r:o:97.8cm·\

300 400 500 800 700 800

Wave number (cm'~

FIG. 4. The Raman spectra of doped (GaAs)I,(AlAsh superlat-
tices with different elec:tron densities measured at T" 8 K in lhe
spectral range of AlAs-like optical phon0D8: ,.-1 X 1018 em-3 (a),
11=3 X 1018em-3 (b), and 11- 5.6X 1018em-3 (e).

X 1018 crn-J tbe caIculated widths of lhe pJasmon disper-
sioos are 50, 112, aod 175 em-I, respectively, while tbe
corresponding half-widtbs of tbe pJasmoo-LO-phonon liDes
are 7.5, 52, anel 130 em-I. 'l'heR:fore, while in lhe lower

doped superlattice oo1y a small part of lhe plasmon disper-
sioo is involved, in the higbly doped samples tbe situation is
similar to tbal of tbe alloys-almost all the available plas-
mon states contribute to tbe Raman processo This shows the
impmance of the impmity potential ftuctuatioDS in doped
superísníces,

It is wortb mentioning tbat different localization lengths
wcre observed in tbe superlattice where the Raman spectrum
reveals well-defincd GaAs and AlAs-like coupled modes
(Fig. 3). We obtained L-89 and 362 À for tbe GaAs-like
( fút) and AlAs-Jike (04) coupIed modes, respectively. It is
evident that the atomic vibrations contributing to the coupled
modes are responsible fm- this difference. Therefore, in spite
of tbe faet that the dispersions of me coup1ed modes are
detcrmined mostly by the plasmons, the phonon origin in1lu-
ences their localizatioo lengdls.

IV. CONCLUSIONS

The influence of a structural disorder on coupled
plasmoo-LO-phonoo modes was studied in doped
AI.rGaI -.rAs alloys and in doped (GaAs)n(AlAs)1II superlat-
tices. A relaxation of lhe momentum selcctioo mIes doe to
tbe breakdown in tbe crystal ordering was observed. This
effect allows a 1arge interval of the plasmoo density of states I

to be involved in lhe Raman scattering. Thc analysis of the
experimental results made it possible to detamine the local-
ization lengths of tbe carriers in lhe samples under investi-
gation, and, tbus, to estimare tbe range of lhe plasmon dis-
persiOD active in the Raman process; it further reveals lhe
evidence of a metal~ielectric transition occmring in super-
lattices when the lowest miniband is completely Med.
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Vertical longitudiJJal magnetoresistancc (VLMR) caused by the peculiar shape of the Fermi sutfacc of a
superlattice has been observed ÍJI GaAsI Al.•Ga, _.•As superlattices. This VLMR occurs wbcn tbe electroos
occupy the open Fcnni sUIfacc and their motion in thc plane of tbe laycrs is quanti2lCdby a magnetic field. lt
was shown that therc exists a critica!magnetic field that eaaeels the contribution ofthe electroDs occupying the
open Fenni surfacc to tbe vertical conductivity in the case when the chcmical potcntial cxceeds lhe width ofthc
miniband, tbus resulting ÍJI the observed VLMR. This effeet produces lhe conditions necessary to observe the
quanti2ed HaU effect in the three-dimensional e1ectron system of a superlattice.

DOI: lO.1103/PhysRevB.63.165307

I. INTRODUCTlON

During the last decade, there has been considerable inter-
est in studying the integer quantum HaR effect (QHE)
in anisotropic three-dimensional electronic s)'stems-
semiconductor superlattices (SL 's) wbere the minima of the
resistivity Pu were found to be accompanied by similar
minima of the vertical conductivit)' CT%z' Thus, a significant
role of the vertical conductivity in formatien of quantized
states in a quasi-three-dimensional electronic s)'stem was
determined.I.l In later studies two different contributions to
the vertical conductivity of a superlattice in a strong mag-
netic field were distinguisbcd: one due to the bulk and the
other caused by the h)'bridization of the edgc states of the
superlattice layers.3-S Tbe latter was shown to form the so-
called two-dimensional cbiral metal, which was observed at
low enougb temperatures (T< 1 K) when all bulk quantum
HaU states are localized and thcrefore the surface conductiv-
ity contributes significantly.

Moreover, the vertical longitudinal magnetoresistance
(VLMR) of superlattices (the magnetoresistance that occurs
wben both electríc and magnetic fields are directed along the
growth direction of the superlattice) was studied in Refs.
6-11. As a result, specific Sbubnikov-de Haas OSCillatiODS
in the fonn of resistance resonanccs were predicted and an-
isotropy of the vertical magnetotransport in SL' s was found:
it was shown that the vertical magnetoresistance is mucb
weaker, although still significant, for a magnetic field applied
normal to the layers tban for one directed parallel to the
layers. Thus lhe observed nonzero VLMR was consi.dered to
be lhe result of nonuniform flUCtuatioDSof the widths of the
layers, whícb caused localization of tbe electrons.11,11

In this paper we present results showing lhat even in an
ideal SL, in appropriate conditions, there exists a strong
VLMR originating from tbe peculiar sbape of lhe Fermi sur-
face ofthe SL. It is shown that when the Fermi energy lies in
a minigap, in tbe case wben the inter-Landau-Ievel spacing is
larger than the electron broadening energy (líl.,), the vertical
conductivity tends to zero in a magnetic field applied parallel
to the growtb direction of the SL. In this case, tbe three-

0163-182912001/63( 16)/165307(6)/$20.00

PACS nnmber(s): 72.15.Gd, 73.21.-b, 73.61.Ey

dimensional electron system of a SL bebaves like a stack of
two-dimensional quantum Hall conductors tbus producing
conditions necessary for observation of the QHE.

Tbe paper is organized as follows. The theory is consid-
ered in Sec, lI. Tbe e1ectronic properties of the samples are
characterized in Seco li. Tbe experimental results together
with their discussion are given in Sec, IV, and conclusíons
are outlined in Sec. V. .

ILTHEORY

As sbown in Refs. 14 and 15, at T=O tbe vertical coa-
ductivity of a SL (along lhe z direction) can be written in lhe
Drude form

(I)

witb the effectíve electron concentration

m,WSL ikp 11I~(k)12n* ..2 2 dkz-- ,
27f1í DSL o limas

where m% and m. are the effective masses normal and paral-
lel to lhe 1a)'CI'S, respectively, WSL is the miniband widtb,
DSL is tbc: period of tbe SL, and li lIIIIll is tbe maximum elec-
tron velocity. Tbe e1ectron velocity IIz along the superlattice
axis, whicb is responsible for tbc: vertical conductivity of an
ideal SL, is deteImined b)' the electron spectrum E(k) along
all possible directions of the wave vector k:

(2)

(3)

Thus, a nonvanisbing vertical conductivity is expeeted 00-

less electron dispersion exista. Wben lhe Fenni energy ex-
ceeds the miniband width, the vertical conductivity is com-
pletely detennined by tbe contributions of tbe electron states
that belong to the open Fenni surface of the SL (which bas
tbe topology of an undulating cylinder oriented along lhe SL
axis) and it is independent of tbe electron density while the

63 165307-1 Cl2001 The American Physical Society
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FIG. I. Schematic cross section of the Fermi surfaces in a su-
perlattice (dotted línes), Solid lines show the modification of open
Femli surfaces uader a magnetic field in the cases when 1íwe
< WSL (a) and fUde> WSL (b). Tbin aaows show the electron inter-
levei transitions caused by the perturbation potential U1n/(w,k) that
contribute to lhe vertical conductivity. The vertical components of
the velocity of electrons occupying the open Fenni surfaces in lhe
absence of lhe magnetic field are dcpicted by thick arrows.

Fermi levei is located in a minigap (when the Fermi surface
remains uncbanged). Such bebavior of lhe vertical conduc-
tivity was experimentally observed in SL's ín Ref. 16. A
modification ofthe Fenni surface ofa SL is sbown schemati-
cally in Fig. 1, wbere the closed Fermi surfaces are assoei-
ated with lhe posítions of lhe Fenni levei ínsíde a miniband,
while lhe open Fermi surfaces conespond to lhe case wben
the Fermi levei enters a minigap.

lfnow a strong enough magnetic field is applied along lhe
superlattice axis, the in-plane motion of electrons becomes
quantized into a series of Landau leveIs without affecting lhe
miniband díspersion along lhe superlattice axis; then the en-
ergy dispersion becomes

E(k)=Ez(kz)+(n+ l)liwc , (4)

where liwc denotes the cyclotron energy and n=O,I,2, ....
For a magnetic field B sucb tbat AWc>liI.,. (where .,.is the

relaxation time) lhe vertical motion of an electron has purely
one-dimensional character. In thís case, for the open Fenni
surfaces 11z( k) = O and the conductivily of the SL vanishes.
Therefore, a magnetic field induced metal-te-insulator tran-
sition is predícted to occur for the vertical conductivity wben
lhe increasing Fermí energy cresses the top of a miniband at
a fixed magnetíc field exceeding a critical value Bc, ar wben
a varying magnetic field passes through this critical value in
a SL with the Fermi level located in a minigap. Tbe critica}
magnetíc field is associated with lhe relation

lim
B=-

c e t '

These considerations allow us to conclude tbat at an ap-
propriate magnetic field (B> Bc) tbe value of the VLMR
could be even larger than that ofthe vertical transverse mag-
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netoresistance (VTMR)-the magnetoresístance associated
with magnetic field perpendicular to the vertical current.

We developed a model to account for lhe observed
VLMR. ln tbis model tbe conductivity is determ.ined by tbe
number ofbroadened electron states at tbe Fenni surface tbat
belong to different Landau levels and are mutually coupled
by tbe scattering mecbanism. In tbe following. we consider
lhe electron transitions caused by elastic scattering of elec-
trons by impurities in the presence of the external electric
tield Eo. The conductivity em be calculated by means ofthe
matrix densíty method as proposed in Ref. 17. Followíng this
method, lhe Hamiltonian can be written in the form

fIill,= CUi'l/(r)Eo exp( - iwt), (6)

where U;n,(r)=Ze2~:~ \[exp( -"lr-rA)llr-rAl is the po-
tential of lhe interaction, Nj is the number of impurities, " is
the reciprocal screening length, and C is the coefficient of
proportionality satisfying lhe necessary dímensionality.

In a linear approx.imation the average value of any opera-
tor is determined as

(tf»=SP(pocl»)+C ~
k'a' J"cr

[fO(SlI.'a')- !o(Su)1
ek' a' - eka - ilil.,. Eo

Xexp( - iwt), (1)
where lhe equilibrium value of the density matrix po
=p( - 00) and /o( Bu) = [exp( eka - DI kT] - \ is the Fenni
functíon, wbich defines the probability of finding an electron
in lhe state Ika} wíth energy Bka, f is the cbcmical poten-
tial, and .,. is the relaxation time. Thus, the generalízed sus-
ceptibility ean be calculated according to the formula\7

The conductivity can be obtained by assuming that cf. is lhe
operator of lhe current. densíty l,= (el m r». (where Y is lhe
crystal volume):

In lhe calculatiODS of the matrix elements of lhe ínterac-
tion witb impurities we can set Ika)=(lImexp(ik.r) be-
cause the rapidly oscillating part of the Bloch function does
not contribute significantly to tbe matrix element calculated
over large distances ,,- \~ a, where a is tbe lattice constant.
The result is

(5)
47TZe2 Nj

(k' a'lli;II,lka)= L e-i(lI.' -k)·ri. (10)
V[,,2 + It'- t12] ;-1

However, the fulJ Bloch function
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Ika) = (lI..Jv>exp(ik. r)Uka(r)

should be used when calculating the matrix eIement of the
current density. 17 Then, taking into account that j z

=(elmV)pz=-(e/mV)iha/az w,e obtain

I
(kaÜzlk' a') = fi c5k,kO••••,(k). (11)

where N is the number of electrons and 0aa.(k)
=(elmlJ)fpukD(r)(hkz-;ha/aZ)Uk'a,(r)d3r with IJ being
the volume of the unit cell. Thus, the conductivity can be
obtained as

41fZe2
)x-2-N;",pa ••a·(kz) •

" N"
wbere Nc and N;mp are the concentrations of impurities and
electrons, respectively.

Supposing Bk'a.-BkD=htü". at kz=kzF (where kzF is
the Fenni wave number) we finally obtain

(12)

21fZe1 N;mp .,. h CI)"

lTzz=C 2 a•••••(kzF) 2r tanh2kT· (13)
" 1+ CI)"

This model possesses all the essential features of the electron
system considered bere. Clearly, the conduCtivity decreases
with increase ofthe magnetic field due to the increase ofthe
inter-Landau-Ievel separation (htü,,). Moreover. as follows
from Eq. (13). at N;lIIp=N" thc conductivity increases with
increasing electron deosity as N?f3.

111. CHARACTERlZATION OF TOE SAMPLES

In order to find the VLMR predicted above, we investi-
gated structures consisting of a 20-period SL with 224 A
[80 mono1ayers (ML)] of GaAs weUs and 8.4 A (3 ML) of
Alo.3Gao.1Asbarriers grown by molecular-beam epitaxy on a
(100) n+ -type GaAs substrate. The SL's were doped witb Si
to achieve a desirable posítion of tbe Fenni leveI (above a
miniband); they were sandwiched between two higbly Si-
doped 1000 Á tbick GaAs contact layers. One higb mobil-
ity undoped SL with tbe intrinsic electron concentration N"
- 5 X 1015 cm-l was studied as weU. The resulting structures
were etcbed to yield mesas witb a diameter of 0.5 mm. The
Ohmic contacts were prepared by depositing Au-Ge-Ni alloy
annealed at 450 °C for 120 s. In arder to measure the ther-
mostimulated current, a Schottky contact was fonned at the
top of the superlattices by the deposition of a 100 nm thick
gold layer; these structures were used to controI the elcctron
concentration by C V measurements.

In addition, a structure consisting of a doped
GaAsI Alo.3Gao.7As40-period SL with tbe thicknesses of the
wells and barriers equal to 210Á (75 MI..) and 8.4Á (3 ML),
respectiveIy, grown on a semi-insuIating (100) GaAs sub-
strate without a highly doped cap Iayer was used to fabricate

... --lf
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a Hall bar in order to measure tbe effect of a magnetic field
on the ia-plane transporto This superlattice was doped up to
N = 5 x 1017 em - 3• which corresponds to a Fermi level posi-
tion well above the miniband, and it revealed a HalI mobility
measured at T= 10 K of about 1500 em2/V s, which corre-
sponds to the value hlr-lO meV. Therefore,low field con-
ditions (....,,,'1"; 1) hold in the doped superlattices witb elec-
tron concentrations No: = ( 1-5)X 1017 cm-3• while tbe higb
field condition (CI)" '1> 1) is expected in the undoped super-
lattice.

Calculations made using the envelope function approxi-
mation including the effect of nonparabolicity showed that
the SL's uader investigation have a 4 meV wide lowestmini-
bando In all these narrow miniband SL's tbe Fermi levels
were Iocated in tbe minigap: well above the miniband in the
doped SL's and close to tbe top of tbe miniband in lhe un-
doped SL. Measurements ofthe magnetoresistance were car-
ried out at temperatures 1.5-4.2 K in magnetic, fields up to
12 T.

Differently doped wide miniband (GaAs)liAlAsh and
(GaAsh~Alo.3Gao.,As)6 superlattices (with the width oftbe
miniband WsL-65 meV) grown without the contact layers,
where partially and completely occupied minibands (which
conespond to closed and open Fermi surfaces, respectively)
can easiIy be achieved, were studied in order to confirm tbe
influence of tbe shape of u.e Fermi surface on the VLMR.

As mentioned above, tbe peculiar sbape of the Fermi sur-
face of a SL is responsible for the VLMR discussed here. ln
order to confinn that there were no contributions of tbe ef-
fects of the localization of electrons to the measured VLMR
(similar to those observed in Ref. 12). we explored the tem-
perature dependence ofthe cunent across the SL·s. Cont:rary
to tbe activation character ofthe transport found in Ref. 12.
a decreasc of tbe cummt with increasing temperature caused
by the scattcring of electrons by pbonons was observed in alI
the samples studied here. In addition, measurements of tbe
tbermostimulated current (TSC), a well-known mcthod for
detecting localization of carriers in semiconductors, rcvealed
no presence of trapping. Thc results of tbese measurcments
are plotted in Fig. 2; they allowed us to conclude tbat in tbe
samples under investigation the transport of electrons has
Bloch miniband cbaracter. Tberefore. in a strong enough
magnetic field we expected to find VLMR caused by the
quantization of tbe electron energy along tbe layers in tbe SL
with an open Fermi surface.

ln order to confum tbe sbape of the Fermi surface of tbe
SL's studied here, we measured the transverse magnetoresis-
tance, which is lmown to exhibit a strong variation wben tbe
orientation of the magnetic field is changcd rclative to tbe
axís of the undulating cylinder (tbe SL axis), In the case of a
strong magnetic field the magnetoresistance for such a Fermi
surface was caJculated in Ref. 18 and it takes the form

{JIB2 co:l fi'
o= tPB2+À2B~C(1J)+A.

where qJ and 6 are the angles between the current direction
and tbe x &xis (which lies in tbe plane of tbe magnetic âeld)
and between the cylinder axis and the plane of the magnetic

(14)
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FIG. 2. Temperature dependence of the current across the
(OaAsho(AlO.lOao.7Ash superlattice measured at the voltage Y
= 1 V (a) and of the thc:rmostimulated current (b). The thenno-
stimulated cnrrent was measured at different values of the reverse
voltage (shown in the figure) applied to the Schottlcy contact fabri-
cated at the top of the superlattice.

field, respectively, A, PI' and ), are smooth functions ofthe
angles, C( 7J) is a smooth function of its argument 7J
= ( Wc T8) - I, with C( O) = C( (0) = I, and the magnetic field
Bo is associated witb the condition WcT= 1. According to tbe
formula (14), in the singular direction 8=0 (open orbits) tbe
resistivity depends on the magnetic field as B2, whereas in
all other directions (closed orbits) it saturates at the field B
=Bo/8.

The vertical magnetoresistances measured in the undoped
superlattice with different orientations of the magnetic field
are shown in Fig. 3. In this case, even at relatively weak
magnetic fíelds, the high field conditions hold (B>Bo) and
the quadratic dependence of the transverse magnetoresis-

&.5
e.rI

e.o
2:f'!~~

a:.1I6.0 46'

9f/4.5

4.0
0 2 4 8 8 10 12

B(T)

FlO. 3. Dependenee of the resistance R•• across lhe undoped
( OaAs) IO(AlO.lGao.,As) 1 superlattice on magnetic fields with differ-
eut orientations relative to the superlattice surface measured at T
= 1.5 K.. The dasbed line shows the resistance calculated according
to Eq. (14) for 8=30".
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FIG. 4. Dependence of the resistance R•• across the doped
(GaAs)IO(Alo.lGao.7Ash snperlattice with N~=1.4X 1016cm-l on
magnetic fields with different oríentatioes relative to lhe superlat-
tice surface measured at T= 1.5 K..The dashed line shows the cal-
culated VLMR.

tance (tbe curve with 8=0°) is revealed. However, a small
but tinite electron scattering actually results in (}:I:.O, wbich
causes the saturation of the transverse magnetoresistance ob-
served experimentally. The dashed line in Fig. 3 shows the
best fit obtained from tbe formula (14) witb the scattering
angle B= 30°. This result confums that tbe shape of the
Fermi surface in the supedattices studied here is of the un-
dulating cylinder type considered above.

IV. RESULTS AND DISCUSSION

A typical dependence of the resistance measured across
the doped SL as a function of an applied magnctic field with
different orientations is shown in Fig. 4. In a transverse mag-
netic field (normal to the z direction) we observed a weak
positive VTMR. Tbe Shubnikov-de Haas oscillations are
clearly seen in this case. Their period did not depend on tbe
doping of the SL's; therefore, they were attributed to the
bighly doped contact layers. Thus, we conclude that botb the
SL and the contacts contribute to tbe observed VTMR.

An increase of the positive vertical magnetoresistance
was observed on increasing the angle (J between the direction
of the applied magnetic field and the surface of the SL. This
increase ofthe magnetoresistance was accompanied by a de-
crease of the amplitude of the Shubnikov-de Haas oscilla-
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FIO. 5. Dependence of the resistance R •• along the layers of the
doped (OaAs),s(AlolGaf\.1Ash superlattice with N.=2
x 1017cm-l 00 magnetic fields parallel and perpendicular to lhe
growth directioo measured at T= 1.5 K..
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FiG.6. Dependence ofthe resistance R •.•across the doped wide
miniband superlattices GaAslAl~Gal_.As with N,=5.0
x lOl7cm-J (closed Fermi surface) (a) and N.= 1.7X 1018 cm-l

(open Fenni surface) (b) on magnetic field measured at T= 1.5 1(.

tions, which disappeared witb tbe rnagnetic field parallel to
the growth direction, when the measured VLMR originated
completely from the SL. whi1e the contact regions did not
contribute. In this case the longitudinal magnetic fíeld, quan-
tizing tbe motion of electrons parallel to the 1ayers, elimi-
nates tbe contribution of tbe open Fenni surface to the ver-
tical conductivity. Thc dependence of tbe resistance
presented in Fig. 4 by the dashed line was calculated accord-
ing to Eq, (13) as a value equal to u;/ with MT= 12 meV,
and it agrees well with the experimental data.

The effect of the rnagnetic field on the ia-plane motion of
electrons occupying the open Fermi surface of a SL is dem-
onstrated in Fig. 5. As expected, tbe longitudinal magnetic
field revealed no significant effect on tbe in-plane transporto
while the transverse magnetic field caused a strong positive
magnetoresistance accompanied by Shubnikov-de Haas os-
cillations, now originating from the SL.

The dependence of the VLMR on tbe shape of tbe Fermi
surface was explored in tbe wide miniband SL's where
WsL>MT and tberefore the SL witb Fenni level located
inside the miniband (closed Fermi surface) can be easily dis-
tinguisbed from tbe SL with Fermi leveI above the miniband
(open Fermi surface), The experimental results plotted in
Fig. 6 clearly show the absence of tbe VLMR in the SL witb
the elosed Fermi surface and a strong VLMR in tbe case of
the open Fenni surface. These SL 's were grown without the
contact layers, which thcrefore did not contribute to tbe mea-
sured magnetoresistance.

Good agreement was found betwecn the experimental
(data points) and calculated (solid line) dependeneies of tbe
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FIG. 7. Dependeace ofthe relative vertical longitudinal magne-
toresistance in lhe (GaAs)ao(AIO.3Gao.7Ash superlattices on the
electron concentration measured at T= 1.5 K..

relative vertical longitudinal magnetoresistance [Rzz(B
= 12n-Ru(O)]/R"iO) on the concentration of tbe elec-
trens, plotted in Fig. 7.

As a matter of fact, in a SL subject to a strong enough
magnetic field perpendicular to tbe surface (such as ft Wc
>ft/T), as a eonsequenee of the vanishing vertical eonduc-
tivity, tbe state of the three-dimensianal electron gas re-
sernbles the quantized Hall state of a two-dimensional elec-
tron gas. This means that in appropriate conditions such a
magnetic field forces the tbree-dimensional electron system,
where it is not possible to observe the QHE, to acquire a
state favorable for tbe observation of the QHE. lt sbould to
be stressed that, although the nature of tbe VLMR observed
here seems to be similar to that of the QHE, there is an
essential difference: the quantization· of tbe ia-plane electroo
energy is responsible for the QHE, wbile botb tbe quantiza-
tion and tbe specific shape of lhe Fermi surface of lhe super-
lattice det.ennine the VLMR. As we observed, tbe VLMR
does not depend as strongly on temperature as do tbe QHE
and the conductivity eaused by cbiral surfaee states; there-
fore, it was detected at rather high temperatures when no
signs of tbe QHE or surface states were found

v. CONCLUSIONS

To cooclude, we found vertical longitudinal magnetore-
sistance originating from the unusual shape of thc Fermi sur-
face of a semieonductor superlattiee. It was shown that the
quantization of tbe in-p1ane motion of electrons is respon-
sible for tbe observed effect. The absence of the VLMR in
superlattices witb closed Fermi surfaces and when the cur-
rent was measured parallel to the layers confinned this eon-
clusion.
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The processes of quantum interference are studied in intentionally disordered doped short-period
Ca.".' .-\I,(jal_.\As superlattices where lhe conductivity can be controlled by lhe artificial disorder, We found
that lhe usual formula for lhe weak localization correction to lhe classical conductivity 01' superlattices obtained
in lhe propagative Ferrni-surface approximation [w. Szott, C. Jedrzejek, and w.P. Kirk, Phys. Rev. Lett, 63,
1980 (1989)] does not aliow to one explain lhe observed negative magnetoresistance. An excelent agreement
was obtained between our results and recently published calculations of lhe quantum interference correction to
lhe conductivity of the strongly disordered superlanices, where the transport regime corresponding to the
diffusive Fermi surface was considered [A. Cassam-Chenai and D. Mailly, Phys. Rev, B 52, 1984 (1995)]. We
found a tendency toward a propagative regime with an increase 01' lhe electron concentration, when lhe
infiuence of disorder was weakened, The decrease of the dephasing of rhe electron wave function was observed
with an increase of both the doping concentration and lhe disorder strength. The observed temperature depen-
dence of the dephasing time manifested lhal lhe process of the dephasing is modifíed in lhe presence 01' strong
disorder,

DOI: 10.II 03/PhysRevB.66.035323

I. lNTRODUCTlON

Quantum interference correctíons to conductivity cause a
negative magnetoresistance of weakly disordered
semiconductors.v' ln such materiais transport is accompa-
nied by the quantum interference between the electron wave
functions, which is known as a weak localization of elec-
trons. Weak-localizatíon corrections determine the magne-
ioresistunce in 1\ cak magneiic fields w, T~ I. when lhe
electron-clectron imeracuon can be neglected.' Disorder
plays a considerable role in the weak localization, providing
two coherent scattering processes that contribute to the quan-
tum interference, Early perturbative theories of weak. local-
ization were developed in the limit of weak disorder," when
the mean free path of electron (À) is much larger than the
Fermi wavelength, i.e., kFÀ~ 1, where kF is the Fermi mo-
mentum. As mentioned in Refs. 5 and 6, in the case of strong
disorder the quantum corrections to the conductivity become
even more relevant. At high disorder, when kFÀ:51, different
approaches were used to account for the quantum interfer-
ence. In the first publication" the interference effects were
considered among various paths associated with hopping be-
tween localized sites; then a negative magnetoresistance lin-
ear in the magnetic field was obtained. A theory of the mag-
netoresistance in the variable-range-hopping regime
employing the critica! percolation path picture yielded the
quadratic field dependence." More recent calculations, based
on a self-consistent approach of Anderson localization, re-
vealed a similar quadratic dependence for small magnetic
fields.Ii,9-11

In the presence of strong Iocalízation and in the regime of
the variable-range hopping lhe nega tive magnetoresistance
associated with the quantum interference etfects was ob-
served in highly disordered InyO, .x films5,12 and in compen-
sated GaAs.13 The publications relevant to the experimental

0163-1829/2002/66(3)/035323(7 )/$20.00

PACS number(s): 71.55.Eq, 71.55.Jv, 72.20.Fr

study of weak localization in doped semiconductors can also
be found in Refs, 14 and 15. It is clear that quantum inter-
ference depends on both electron density and disorder. How-
ever, in doped semiconductors, where disorder is produced
by a random impurity potential, a variation of disorder is
always accompanied by a corresponding variation of the
electron concentration. Therefore, in this case a careful
analysis of the temperature and magnetic-fíeld dependencies
of the conductivity are indispensable in order to separate the
effects of the interaction and disorder on the quantum
interference. 16,17 On the other hand, semiconductor superlat-
tices present an electron system where disorder can be con-
trolled independently of the electron concentration. In the
so-called intentionally disordered superlattices firstly consid-
ered in Ref. l8, disorder is introduced during the growth by
a random variation of the periodicity. At not very high dop-
ing concentrations this artificial disorder can dominate the
disorder due to impurities. In this case the disorder strength
can be completely controlled by a superlattice structure,
while impurities supply the carriers. In such electron systems
the weak localization can be studied in a wide range of dis-
order strengths-from almost perfectly ordered superlattices,
where the transport is due to the extended electron states, to
structures where the strong disorder induces spatially local-
ized electron levels. The first observation of the electron 10-
calization in the intentionally disordered GaAs/ AlxGal_xAs
superlattices was presented in Ref. 19.

Weak-Iocalization corrections to the conductivity of the
disordered semiconductor superlattices were recently consid-
ered in Ref 20 in two limits: a strong disorder along the
growth direcrion z, when {;T<f1 (where '; is rhe coupling
energy along ::: and T is lhe elastic scauering time}, and a
\\ euk scauering wi III I, T~·>11. In boih cases a weak ia-plane
disorder (1:.'['7'> h) was supposed. In lhe firsl case ,111 elec-
tron experiencex many scauerings before leav ing ti Iayer,
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This is thc diffusive Fermi-surface (DFS) regime, opposite to
the second case of the weak scattering regime characterized
by the usual propagative Fermi surface (PFS). It was shown
that lhe strong vertical disorder modifies lhe parallel trans-
port resulting in a very different shape of the magnetocon-
ductivity caused by lhe quantum corrections than that one
corresponding 10 lhe PFS regime.

In the regime of the propagative Fermi surface the weak
localization effects were studied in the GaAs/ AI\.Gal __xAs
superlattices in Refs, 21 and 22, while the anisotropy of the
negative rnagnetoresistance was investigated in relatively
high doped GaAs/ AI,Ga I_.IAs superlattices in a regime
close to the DFS one in Ref 23.

Intentionally disordered superlattices, where disorder is
introduced by a controlled random variation of well thick-
nesses, are excellent candidates to model the electron system
considered in Ref 20 and thus, to study the effects of the
vertical disorder on the parallel transporto In such superlat-
tices the disorder reveals the anisotropic character when the
electrons can be localized along the growth direction, while
moving freely in lhe plane of the wells,

ln this paper we explore the weak localization in inten-
tionally disordered short-period doped GaAsi AltGal_xAs
superlattices in wide ranges of the disorder strengths and
doping levels. ln ali the samples we found the characteristic
features of the DFS regime with a tendency toward the PFS
one observed with the increase of the electron density.

The paper is organized as follows, The theory is consid-
ered in Seco lI. The electronic properties of the samples are
characterized in Seco m. The experimental results and dís-
cussion are given in Seco IV, while conclusions are outlined
in Sec.v.

li. THEORY

Following Ref. 20, we wil! consider the transport proper-
ues of a superlauice in a weak-field regime (úJ,7<i. I). The
\ eriicul moiion (parallel 10 lhe" grow th direciionl is cohereru
\\ hen lhe' daslic lime: 7~~'li ..': . On lhe' other hand. lhe coher-
c'lll motion breaks down when 7<i li I:. which corresponds
10 a localization of <111 electron on a length xca]e smaller ihan
the period of a superlattice, In the first case the electrons
propagatively move in a coherent band, and the use of a
quasíclassical formalism is justi:fied. However, in the second
case the electron transport may occur as a hopping process
between the neighboring wells, which is a diffusive processo
In the later case the broadening of the Fermi surface along
the z direction is larger than the width of the energy disper-
sion t:. Consequently, one distinguishes two regimes: the
regime of the propagative Fermi surface and the regime
when the Fermi surface becomes diffusive-the DFS one. In
the regime of a PFS a formula for the quantum correction to
the classical conductivity was obtaíned.i"

\\l1I:"I"e' lI-! = \!t t' H is lhe magneric length. a~~~1)11 O: is
lhe' ccefricient of lhe: anisouopv, DIi and O: are lhe" diffu-
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FIG. 1. Quantum corrections 10 the classical conductivity ca1cu-
lated in two transpor! regimes (PFS and OFS) according to Eqs. (l )
anel 12!. with diflcrcnt \,"lI~S D"T •.

sion coefficients parallel and perpendicular 10 lhe layers
respeclivdy. F( Ô) =~" _,,2[ (J1+ I + ô) 12_ (fi + ô) I C]

- (17 + + + s, - 12 is lhe Kawabata functiorr" with ô
= 1~.41)117",. and 7", is the electron wave-function dephasing
time.

In the case of a strongly DFS another formula was
obtained.i"

"e-
ÔO"li(H) -- ô(TII( O) = - ? F( Ô. ô'). (2)

27f-ftdsL

where dSL is the period of a superlattice,

cc 1
F( s.s, = 2: -r====---;::===

1/-\1 /1 / 1
\j J7 + :2 + s \j 11 + :2 +s

- 2 In( ~II + I + ô+ Vil + I + ô') + 2 In( ~11 + ô

+)11+ ô').
wíth

I~ (. 1 1=7)
Ô'=41)11 7",+2,;2 .

The essential difference between Eqs. (1) and (2) is in the
prefaciors muhiplying the funciions F( ô) and F( ô. ô'). lt
includes the magnetic length IH or the superlattice period dSL

in the PFS ar DFS regimes, respectively. This produces very
dífferent shapes of the weak-Iocalization magnetoresistance
in both regimes, as shown in Fig. 1, where the weak-
localization corrections were calculated with different pa-
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r.uncters °17" entering Eqs. (I) and (Z), Contrary to the PFS
reuime. lhc' mucneroresistance culculated in lhe: DFS regime:
reveals a much stronger dependence at very weak magnetic
fields with a tendency to saturate with the increase of the
magnetic field.

ln the presence of vertical localization the coupling en-
crg: I: is repluced b: lhe: iunneling ralé. Lstinuues sho« rhat
in lbis elSc' I 7 2(!~7 !tC). and iherefore a gc)üd approxi-
mauon is o' "'"o.

iu. CIL\RACTERlZATlON OF THE SAMPLES

ln order to control the disorder strength, the
(Ga As) /ri (Alo.3Gao.fiAs)fi:Si superlattices were prepared with
a fixed doping. The vertical disorder was produced by a con-
trolled random variation of the GaAs well thicknesses
around the nominal value m = 17 ML, corresponding to a
Gaussian distribution of the lowest levels of noninteracting
electrons fonning the conduction miniband. The barrier
thícknesses were unchanged.

According to the calculations made by the Kronig-Penney
model including the potential nonparabolicity, the width of
the lowest r miniband of the nominal superlattice
(GaAs) I7(Alo.3Ga06As)6 is W= 55 meV. The doping con-
centrations were chosen in order to obtain the samples with a
partial occupation of the miniband (EF= 32 meV at N
=6.0X 1017 em":') and with a completely full miniband
(EF= 52 meV at N= 1.7X 1017 em":"). The samples were
grown by molecular beam epitaxy on (LOO)-oriented GaAs
substrates. In order to avoid the short-range in-plane fluctua-
tions, the growth of the superlattices was interrupted for 20
sec at the normal interface and for 3-5 sec at the inverted
one. The total number of 50 periods was grown. The disorder
strength was uniquely characterized by the disorder param-
clcr o°c.l 11".II here .1 is lhe full 1\ idth at half maximum of
a Gaussian distribution of the electron energy calculated in
the isolated quantum well, and rv is the miniband width of
the nominal superlattice in the absence of disorder. Even in
the nominal superlattices the unavoidable monolayer fiuctua-
t ions produce lhe: \ erticul disorder strength O"~(}.I 1'\. One ex-
pêCl thai al 0= I majority of lhe elecirons 1110\ ing in lhe
miniband perpendicular io ihe layer» should be localized.
The localization of the vertically moving electrons was de-
tected in the studied here superlattices by Raman scatterng in
Ref. 26.

The samples were patterned into Hall bars prepared by
standard lithography and chemical etching. The Ohmic con-
tacts were fabricated by depositing an Au-Ge-Ni alloy. A
conventional ac four-probe method was used to measure re-
sisti vity, The values of the Hall in-plane mobilities measured
at T= 4.2 K were found in the interval from 600 to
1500 crrr' IV s, which results in the values kFÀ.=3--9. This
implies in a quasi-metallic character of the in-plane conduc-
tivity, as supposed in Ref 20. The parallel magnetoresistance
measurements were performed in the "Oxford Instruments"
superconducting magnet sysrem at T= 1.7 K. The magnetíc
field was directed along the growth direction (z) of the su-
perlattices.
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FlG. 2. Magnetoresistances measured in the disordered
CelAs AI./íal_xAs superlattices with a fixed doping concentration
.v = o.o X 1017 C111- J and different disorder strengths. A cornparison
is shown with the magnetoresistance calculated in a DFS (a) and in
a PFS (b) transport regimes (dashed lines). The inset shows the
magnetoresistance measured in the magnetic fields of the opposite
orientations.

IV. RESULTS AND DISCUSSION

The magnetoresistances measured in the intentionally dis-
ordered GaAs/ Al."Gal-xAs superlattices with different dop-
ing concentrations and disorder strengths are shown for some
of the samples in Figs. 2 and 3. The observed symmetry of
the low-field negative magnetoresistance caused by the quan-
tum interference, shown in the insertion in Fig. 2(a) for one
of the superlattices with the highest disorder strength, gives a
proof of the macroscopic in-plane homogeneity of the
samples.?"

ln the all here studied superlattices we found the best
agreement with the magnetoresistance calculated in a DFS
regime [Eq. (1») than in a PFS one [Eq. (2)]. The depen-
dences calculated for a PFS regime shown in Fig. 2(b) were
fitted in the low-field range and then extrapolated to the high
magnetic fields. As it was mentioned in Seco lI, the observed
difference in the magnetoresistance mainly comes from the
prefactor of'Eqs. (1) and (2). In the PFS regime it depends on
the magnetic field through rhe magnetic length IH, while in
the case of strong disorder the magnetic length is substituted
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FIG. 3. Magnetoresistances measured in the disordered
CJa:'\, i'd.(ial_.,As supcrlauiccs \I irh a íixcd disordcr strcnuth o
= 0.18 and different doping concentrations, A comparison is shown
with the magnetoresistance calculated in DFS (a) and PFS (b) trans-
por! regimes (dashed lines). The insets show the concentration de-
pendence of lhe coefficient of determination thus far aehieved dur-
ing 111('lca-a-squ.m», lílling (1'2).

by the superlattice period dSL' Therefore, the magnetoresis-
tance of the strongly disordered superlattices is completely
associared with lhe funcuon F( O. o' ).

It is clear that the effect of disorder on the magnetoresis-
tance should decrease with increasing electron density. This
is because with the increase of the electron concentration,
II hen J::(">.J.. lhe condiiion 11 T> I: changes 10 li T< I: .

Therefore. lIe expeci ihat un increase of lhe electron concen-
tration should result in a transition from a DFS regime to a
PFS one. As a consequence, the magnetoresistance measured
in the highly doped disordered superlattices, instead follow-
ing the magnetoresistance calculated with Eq, (2), should
approximate the value calculated according to Eq. (1). In-
deed, as is shown in Fig, 3(b), rhe better fitring of the calou-
lated according to the PFS formula magnetoresistance can be
obtained with increasing electron concentration, while no
improvement of the fitting made by the PFS formula was
obtained with the variation of the disorder strength [Fig.
2(bl]. The inser to Fig. 3(b) exhibits the values of the coef-
ticient of determination thus far achieved during lhe least-
squares fitting (r2), which significantly increases with the
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concentration showing the improvement of the fitting. Con-
versely, good fittings obtained with the DFS formula for all
the samples independently of the concentration are demon-
strated in the inset to Fig. 3(a). A better suitability of'Eq. (1)
in highly doped superlattices is also presented in Fig. 4,
where the differences between the measured magnetoresis-
tances and the magnetoresistances calculated according to
the PFS formula revealed clear decrease with increasing con-
centratíon,

The ratios of the relative resistivities calculated in a PFS
regime at B = 1 T to the lateral resistivities measured at the
same magnetic field (Pr'F.\' P"'I'I) presenteei in Fig. 5 again
show a beuer accordance between them obiained with lhe
increase of the electron concentration [Fig. 5(a)]. While, an
opposiie behavior 01' lhe rutios Pf'rsPc'\," revealed lhe slighl
enhancement of lhe disagreemern betw een lhe PFS formuln
and the experimental data with increasing disorder [Fig.
5 (b)].

It is worth mentioning that lhe differences between the
measured magnetoresistances and that ones caJculated ac-
cording to the formula for a PFS regime [Eq. (2)], which are
plotted in Fig. 4, do not reveal a quadratic dependence and
therefore, cannot be assigned to the contribution of the posi-
tive classical magnetoresistance. Thus we concluded that the
DFS transport regime was undoubted!y found in ali the !ow-
doped disordered superlattices under investigation with no
signatures of the PFS regime. In highly doped superlattices
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various disorder strengths (b).

with relatively weak. disorder, a tendency to the PFS regime
was observed.

lt also ought to be stressed that calculations of the quan-
tum correction to the classical conductivity in the hopping
conductivity regime, mentioned in Seco I, yield a quadratic
dependence for small magnetic fields, which does not ac-
count for the negative magnetoresistance observed here.
Probably, this is caused by different characters of conductivi-
ties: the variable-range hopping transport considered in Refs.
6, 8, and 11 and the quasimetallic in-planc conductivity
found in the studied here disordered doped superlattices,

The fitting ofthe magnetoresistance calculated in the DFS
J"t:,gill1l' [cl}. [11 with 8'= 8. as explained in lhe end 01' Sec.
Il] to the experimental curves allowed us to obtain the deco-
herence lime (7'1')' The weak-localizauon paramerers DII7cp

corresponding to the bCSI fiuing w ere uscd to extruct 7'1'

li hen lhe diffusion coetficient DI' lias determined b:> lhe'

measuremerus of the resisti , il:> p" according 10 lhe Einstein
rekuion rur Ih" dégc'Ile'I\llc etcctron ga~. lhe \allles of lhe
decoherence time measured as a function of the disorder
strength and the doping concentration are shown in Figs. 6(a)
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FIG. 6. Dephasing times obtained by the fitting of lhe magne-
toresistance calculated in lhe DFS regime to lhe experimental mag-
netoresistances measured in lhe superlattices with a fixed disorder
(0= 0.1 XI and dillcrcru doping couccntruuons: (ai anel \\ irh lixcd
doping conccmrations (.V=(,.o/ 1017 und 1.7X I01K CI11-3) and
various disorder strengths (b). Open circles in (a) show lhe values
of lhe electron mean free paths (À) obtained by means af the con-
ductivity measurernents,

and 6(b). It is worth mentioning, that according to Ref. 28
expressions (1) and l2) obtained in the diffusion approxima-
tion overestimate the value of the weak.-localization correc-
tion and therefore, the true values of the dephasing times is
expected to be somewhat smaller than those obtained by the
fitting. However, the qualitative behavior of the dephasing
time will not change by this systematic error.

Usually, two contributions to the electron wave-function
dephasing are considered: one due to the electron-electron
imeraciion ( Te,) ando another 011e' due 10 lhe' elecuon-phonon
imeraciion ( 7!,:; ).1.1.10 l luwev er, as is kuown, at low tempera-
tures lhe: electron-electron interacrion produces lhe dominam
contribution to the electron wave-function dephasing in the
superlattices (see Ref. 29, and references therein). In accor-
dance with Ref. 30, the rate of the electron-electron colli-
sions depends on the value of momenturn transfer. In the
case of small momentum transfer k~k, (where k, is the
inverse screening length),

(3)
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while processes with a large mornentum transfer yield a scat-
tering rate

n U\[;r)2 I.,
----

T,c.L IIE F t. r .

As follows from these expressions, the increase of the
electron density should result in an increase of the dephasing
time. Conversely, our experimental data presented in Fig.
6(a) exhibit the decrease of the dephasing time with an in-
crease of the doping concentration. The observed decrease of
the dephasing time can be associated with the dominant de-
crease of the mean free path in Eq. (4) with doping. The
values of the electron mean free paths obtained by means of
the parallel conductivity measurernems, which are shown in
Fig. 6(a) by open circles, indeed reveal a decrease with the
increase of the doping. This shows that in weak.ly disordered
superlattices collisions with small momentum transfers
dominate. The same processes with the small momentum
transfer probably govern the dependence of rhe dephasíng
time with the disorder strength found in the low-doped su-
perlattices [closed circles in Fig. 6(b)], where the electron
density is fixed while the mean free path decreases with in-
creasing disorder. With an increase of the electron density the
screeníng effects become stronger, resulting in a limitation of
the momentum transfers. Therefore, the collisions with a
large momentum transfer mainly comribute to the electron-
e1ectron scattering rate in the highly doped disordered super-
lattices where, according to Eq, (4), the dephasing time de-
pends only on the electron concentration and the temperature
\\ hich \\ éré fixed: therefore, T,.'.L should not be influenced
by disorder.

The temperature dependence of the magnetoresistance
measured in the srudied superlattices ís shown ín Fig. 7. An
excellent accordance between the experimental data and the

1
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(4)

magnetoresistance calculated in the DFS regime [Eq. (2)]
was found up to rather high temperatures. The values of the
dephasing time Tcp obtained at different temperatures by the
fiuing of the calculared magnetoresistance 10 the measured
one are plotted in Fig. 8, At such temperatures the electron-
electron interaction is expected to dominate in the dephasing
process, yielding power dependencies (4) and (5) of the
dephasing time on the temperature predicted theoretically in
Ref. 30. ln the relevant temperature range (between 1 and 10
K) the dependence corresponding to the small momentum
transfers [Eq. (4)] was found in the regular
GaAslAlxGal_xAs superlattices in Ref 29. Our data do not
clearly reveal such a power dependence; this implies that the
dephasing processes in the presence of the strong localiza-
tion and without it are probably different, The dependence of
the dephasing time corresponding to Eq. (4) is shown in Fig.
8 as a reference,

We would like to point out that the effects of the diffusive
Fem1Í surface observed here can influence the quantum in-
terference even in the nominally regular superlattíces where
either the monolayer fluctuations or the interface rough-
nesses may provide the disorder. It is not clear whether or
not such effects could be found in the superlattices studied in
Ref. 29, where the measurements were presented in very
weak. magnetic fields. An indication of the discrepancy be-
tween the experiment and the theory can be found in Ref. 23,
where the magnetoresistance ofthe short-period superlattices
was studied in the magnetic fíelds up to I T.

Finally, we would lik.e to discuss briefíy a problem of the
electron-electron interaction. An exhausti ve analysis of the
contributions from the interaction corrections to the conduc-
tivity of the superlattices was performed in Ref. 29. lt was
demonstrated that the electron-electron interaction effects
cannot account for the negative magnetoresístance in super-
lattices at magnetic fíelds much lower than the elastic field
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8, .~li -I('DI:T,. which in our case 01' lhe low-mobility
samplex is estim.ued to be equal io 7·-1~ T.:\ rclatix dy small
positivo magneroresistance superimposed on a large negative
ll1agllell)r<"sisl~l1lc'e can slem trom lhe spin d'fec[s .u tields
much higher Ih:1Il 8, =!, r x" J.Ln. \\ hich is around 0.1 T in
our cuse. \\ hile lhe orbiial effects result in an insignificuni
contribution at low temperatures. Therefore, in the here stud-
ied superlattices we do not expect an appreciable infíuence of
the electron-electron interaction effects to the measured
negati ve magnetoresistance,

V. CONCLUSJONS

The processes of weak localization were studied in the
intentionally disordered doped short-period GaAs/
AlxGal~xAs superlattices where the disorder strength and
tho electron density can be controlled independently. Two
different transport regimes were considered: the regime of
weak. disorder characterized by the propagative Fermi sur-
face and the regime of strong disorder with the correspond-
ing diffusive Fermi surface. For the low-doped disordered
superlattíces we found the díffusive transport regime, while a
tendency to the propagative regime was observed with the

J
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increase of the electron concentration. This result manifests
to itself in the influence of lhe vertical disorder on lhe quan-
tum corrections to lhe in-plane conductivity of the semicon-
ductor superlattices predicted in Ref. 20.

The decrease of the dephasing of the electron wave-
function was observed with the increase of both the doping
concentration and the disorder strength, which suggests the
importance of the electron-electron collisions with small mo-
mentum transfer. We did not find any significant influence of
disorder on the dephasing process in the heavily doped su-
perlattices, where the Fermi energy exceeded the random
potential fluctuations, The temperature dependence of the
dephasing time implies that the dephasing process observed
in disordered GaAsl AI"Gal ._xAs superlattices is different
from that found in regular superlattices.
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The infiuenceofthe anisotropicdisorderon quantuminterferencewas studied in the intentionallydisordered
GaAs/AlxGal_xAssuperlattices.ln the case of sufficientlystrong disorder the quantum interferenceexhibited
a structuraldependenceresulting in the anisotropyof the phase-breakingtime, which was found shorter in the
directionof the disorder.The anisotropyeffectswere shown strongerin the insulatingtransport regime than in
the metallic one. The weak-localizationnegative magnetoresistancewas used to obtain the vertical coupling
constant in the disordered superlattices.

DOI: 10.1103IPhysRevB.68.195207

I. INTRODUCTION

The disorder plays a considerable role in quantum inter-
ference processes of the conduction electrons providing the
random potential responsible for their coherent scattering. In
this way, the localization of the electrons can be represented
as a product of the interference between two probability am-
plitudes for electrons propagating in opposite directíons.' In
the limit ofweak disorder (when kFl~ 1, where kF and I are
the Fermi wave number and the mean free path, respectively)
the quantum interference results in the weak localization giv-
ing the correction to the classical conductivity of the order of
1%. In this case the quantum interference was found note-
worthy dependent on the strength of the scattering potential
ensuing in a decrease of the phase-breaking time T ip with the
decreasing elastic-scattering time T (Ref. 2 and references
therein).

When the disorder is strong such that diffusion vanishes,
the interference of scattered electrons becomes even more
essential resulting in the conductivity correction approaching
the classical conductivity.' In such a case the quantum inter-
ference has to be strongly sensitive to the microscopic fea-
tures of the localization potential, thus revealing the struc-
tural dependence of such an important characteristic
parameter of the quantum interference as the phase-breaking
time Tip'

The artificially structured multilayer semiconductor sys-
tems such as superlattices (SL's) are excellent candidates to
verify an effect of the material arrangement on the quantum
interference. The influence of the microscopic material fea-
tures of periodic SL's, such as the width of the barriers, on
the quantum interference effects was already studied in
Refs. 4 and S. In the present work, in order to investigate the
infiuence of the material structure on the quantum interfer-
ence, we examined intentionally disordered
GaAs/AlxGal-xAs SL's. In this case the vertical disorder po-
tential (parallel to the growth direction) was provided by the
controlled random variation of the well thicknesses. The es-
sential microscopic feature of such a disorder is its one di-
mensionality and consequently, anisotropy. In this case the
control of the coherency of the electron states along the
growth direction is possible. In the structures with suffi-
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ciently strong vertical disorder the corresponding anisotropy
of the quantum interference is expected.

The SL's considered above present the properties of the
three-dimensional anisotropic electron system with the coef-
ficient ofthe anisotropy a=.JDII/Dz, where DII and o, are
the diffusion coefficients parallel and perpendicular to the
layers, respectively. In such an anisotropic electron system,
in the limit of weak localization, the anisotropy of the nega-
tive magnetoresistance is anticipated due to the different co-
herent surfaces enclosing the magnetic-field fiuxes at differ-
ent orientations of the magnetic field. We demonstrate that in
the metallic weak-localization regime both the diffusion co-
efficient and the phase-breaking time contribute to the disor-
der dependence of the quantum interference. Furthermore,
the anisotropy of the quantum interference was found much
stronger in the insulating regime than in the metallic one.

11. THEORY

Depending on the structure of a SL, three different re-
gimes of the quantum transport can be distinguished. Two
weak-localization regimes (in the notation of Ref. 6), when
kFl> 1: (i) the propagative Fermi-surface (PFS) regime
when tzT>1í (with tz being the vertical coupling energy,
which in a regular SL is equal to the miniband width) and (ii)
the diffusive Fermi surface (DFS) one, when tzT<Ií, and
(iii) the regime of strong localization, when kFl< 1. The
DFS transport regime corresponds to the quasi-two-
dimensional electron system formed in the SL with the open
Fermi surface. The vertical disorder decreasing the vertical
coupling energy also favors the DFS regime.

In a weak magnetic field orthogonal to the plane of the
layers the weak-localízation corrections to the parallel con-
ductivity are determined by the following expressions. In the
PFS regime"

(1)

and in the DFS regime"

68 195207-1 ©2003 The American Physical Society
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e2

tlO'DFS(H)= - 2 F(8,8'), (2)
21T fídsL

where IH= ...jfí/eH is the magnetic length, dSL is the
superlattice period, F( 8) = ~;~02[(n + I + 8)1/2
- (n + 8) 112] - (n + t + 8) - 112 is the Kawabata function, g

F(8,8') = ~;~ol/Jn + t + 8Jn+í+8'-21n(Jn+l+8
+~n+l+8')+2In<Jn+8+",n+8'), with 8=1;/4Dl['r<p
and ô'=(l~/4DI!)(l/'T<p+2/'To) with 'To=fí2/1;'T being the
time an electron needs to change a layer. Thus, two charac-
teristic times ('T<pand 'To) determine DFS regime and the
relationship between them establishes the transport regime
coherency of a SL. In the coherent regime, when r '1'> 1'0 an
electron coherently changes a plane, while in the incoherent
regime when 1''1'< 1'0 the SL behaves as a set of independent
planes.

In both the cases (PFS and DFS) the conductivity correc-
tions in the magnetic field parallel to the layers can be ob-
tained by scaling the field according to the relation

BII=Bzla, (3)

which corresponds to a decrease of a magnetic-field fíux
quantum piercing the coherent surface (L!II in the case ofthe
field perpendicular to the layers and L <PIIL<PZ=L ~II/a for the
parallel field). The corrections to the vertical conductivity
can be calculated using the scaling relation7,9

O'II(B) uAB)
0'11(0) = O'zCO) ,

which should be valid as long as the coherence relations r 'I'
s- 1', 1'0 hold.

On the other hand, at a strong disorder (k FI:!5 1) and in a
weak magnetic field the self-consistent approach gíves'"

e2 8-3/2( cos2q>+ a2sin2q»
tl u(H) = (5)

192",zfí ai H '

where q> is the angle between the magnetic-field direction
and the growth direction. In this case the quantum correction
arises due to the interference between the probability ampli-
tudes for direct hopping transitions involving the localized
states caused by disorder.

As we have already shown;'! the metallic regime (DFS or
PFS) exhibits a very different weak-field magnetoresistance
than that of the insulating one; they are characterized by the
negative and positive concavities, respectively. Moreover,
the much weaker temperature dependence of the dephasing
time was found in the insulating regime in contrast to what
was detected in the weak-localization metallic regime. The
different magnetoresistances and different temperature be-
haviors of the dephasing times observed in the metallic and
insulating electron systems are manifestations of the differ-
ent character of the quantum interferences.

In this work we prove the effects of the anisotropy of the
weak-field magnetoresistance in the SL's in different quan-
tum transport regimes. According to Eqs. (3) and (4), such an
anisotropy follows from the directional dependence of the

PHYSICAL REVIEW B 68,195207 (2003)

diffusion coefficient and from the anisotropy of the phase-
breaking time. The diffusion coefficient determines the con-
ductivity, while both the diffusion coefficient and the phase-
breaking time influence the coherent length L<P' Our purpose
was (i) to verify the scaling relations (3) and (4) in SL's-the
electron systems where the anisotropy of the energy and dis-
order can be controlled and (ii) to distinguish the effect of
the anisotropy on the quantum interference.

In order to determine the character of the transport re-
gime, the resistances as functions of the temperature were
studied. The insulating case is described by the exponential
activation-type temperature dependence. As it was shown in
Ref. 11, in the disordered SL's it corresponds to the Mott's
law for variable-range hopping.P

[
, T ' 114]

p(T)=poexp ( ;) ,

where To is the characteristic temperature.
While, in the metallic SL's different contributions to the

temperature behavior of conductivity can be distinguished
depending on which regime (PFS or DFS) is relevant."

The weak increase of the conductivity with the increasing
temperature caused by the temperature destruction of the
quantum interference is predicted in the PFS regime 1

(6)

ae2
ifFS(T)=u + __ TPI2

o 21T2fía '
(7)

(4)
where Uo is the Drude classical conductivity, a is the coeffi-
cient in the temperature dependence of the phase-breaking
length L<P =aT-pI2 , and p is the index depending on the
scattering mechanism.

In the coherent DFS regime"

-DFS ae2
( 1'0) ae21n 2 1 ae2 1

tr: (T)=uo- ln - ----+---
2",zhdsL r 21T2h 10 2",zh L,/

(8)

where at low temperatures the temperature dependence ofthe
quantum correction to the conductivity may emerge from the
terms containing 1'0 (or 10) and L<P'

Whereas, the logarithmic temperature behavior character-
istic for the two-dimensional electron system is expected in
the incoherent DFS limito

In addition, in both metallic regimes the semiclassical
contribution discussed in Ref. 13 may also account for the
observed temperature dependence of the conductivity. This
semiclassical correction to the conductivity arises in metallic
electron system due to the deviation of the chemical potential
from the Fermi energy.'"

where m * is the effective mass. This part of the conductivity
depends on the position of the Fermi leveI. It may signifi-
cantly contribute at the edges ofthe relevant miniband, while
it is zero for the SL with the open Fermi surface where the
Fermi energy is located in the gap.
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TABLE L Parameters of disordered superatticesmeasured at T
= 1.6 K.

Samples 8sL n,lcm)-3 P-H( cnr'/Vs) k,.l

DSLl98 0.18 6.9X 1017 600 2.2
DSLl92 0.47 6.7X 1017 1400 5.1
DSLl97 0.73 6.4X 1017 946 3.4
DSLl94 0.82 7.0X 1017 1340 4.9
DSLl96 1.05 2.9x 1017 4067 14.8
DSLt93 1.13 3.9X 1016 1500 5.4
DSL865 0.35 1.3X 1018 1660 8.9
DSL866 0.59 1.2X101~ 1710 9.2
DSL871 0.82 1.2X1018 1980 10.7
DSL873 1.13 9.9X 1017 2040 11.0
SL2102 5.1x 1017 2510 10.2
SL2702 7.1X 1016 450 0.42

m. EXPERIMENT

The samples here studied were the
(GaAs)m(AIo.3Gao.7As)ó SL's (where the thickness of the
layers is expressed in monolayers) grown by molecular-beam
epitaxy simultaneously on semi-insulating and doped (001)
GaAs substrates. In order to form the degenerate electron
system all the samples were homogeneously doped with Si.
The samples with the nominal doping 7.0X 1017cm-3
(DSLl92-198) and 1.2X 1018 em"? (DSL865-873) were
studied. According to the calculations, the low and high dop-
ings result in the closed and open Fermi surfaces, respec-
tively. The disorder was introduced by a random variation of
the well thicknesses m around the nominal value 17 ML
(monolayer). The disorder strength was characterized by the
disorder parameter 8SL = Il./W, where Il. is the full width at
half maximum of a Gaussian distribution of the electron en-
ergy calculated in the isolated quantum wells and W is the
miniband width of the nominal SL in the absence of disorder.
Details of the sample growth and characterization can be
found in Ref. 15.

In order to study the anisotropy of the quantum transport
we measured the parallel and vertical magnetoresistances
with different orientations of the magnetic field. The samples
were pattemed into Hall bars or square shaped mesa struc-
tures with areas 1X 1 mm/, both prepared by standard li-
thography and chemical etching. The Ohmic contacts were
fabricated by depositing In or an Au-Ge-Ni alloy. Parallel
transport measurements were performed using standard four-
probe low-frequency (5 Hz) lock-in technique in a pumped
liquid-He cryostat in magnetic fields directed perpendicular
and parallel to the layers at the temperatures from 1.6 K to
15 K. The vertical transport was measured in the low doped
samples using two terminais. The parameters of the samples
are listed in Table I where ali the data relate to the parallel
transport measurements. According to these data the charac-
teristic magnetic fields when Wc 7= 1 were found in the in-
terval 2 - 21 T in ali the samples under investigation and
hence, the weak-field condition Wc7<!!; I holds at the mag-
netic fields used. Therefore, no negative magnetoresistance
due to the electron-electron interaction effects is expected.

_~_~J ..
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FIG. 1. High-fieldrelative parallel magnetoresistancesmeasured
in the disordered superlattice (GaAs)rn(Alo.3GaO.7AS)6with
nH=6.7XI017 cm-3, ôSL=0.47, T=1.6 K with different orienta-
tions of the magnetic field.

The estimation of the appropriate characteristic magnetic
fíeld! shows that the spin effects also do not contribute to the
magnetoresistances studied here. The orbital effects produce
positive magnetoresistance in the magnetic fields BI>B
>B e there B1=fíD/ 1TknT and Be=fí/4eD7 are the charac-
teristic thermal and elastic fields, respectively. The corre-
sponding characteristic magnetic fields are given in the fig-
ures for the samples where they fall into the interval of the
experimental fields. In these samples the orbital effects are
insignificant due to the narrowness of the magnetic-field in-
tervals where they are antícipated.P The strong localization
manifests itself in the decrease of the HalI electron concen-
tration in the SL's with the highest disorder. In these SL's the
interface roughness important in the thinnest welIs may
cause the localization effects observed in the paralIel conduc-
tivity.

Basing on the HalI data, in all the SL's we found the ratio
tz ri fí "'" 2 - 11, with tz = W. However, the vertical disorder
destroys the coherency of the electrons in the neighboring
welIs and, consequent!y, decreases the coupling between
them. Therefore, in the disordered SL's the coupling constant
tz is expected to be considerably smaller than the miniband
width of the nominal regular SL. As we already found, in
such disordered SL's the regime of the quantum transport
corresponds to DFS, in fact implying in tz7/1í < I. IS

In addition, two (regular) SL's exhibiting two extreme
cases of the metallic PFS regime and the insulating one were
studied. The PFS regime was observed in the
(GaAs)lso(AIo.7Gao.3As)ó superlattice (SL2102) where the
distances between the minibands were of the same order as
1í/7 and hence, the bulklike electron energy spectrum
emerges. While, the insulating behavior was found in the low
doped (GaAs) Is(Alo.7Gao.~S)ó superlattice (SL2702) where
the short-range scattering due to the interface roughness was
responsible for the electron localization." In spite of the
regular structure of the insulating SL, the unavoidable mono-
layer fluctuations provided the vertical disorder with the
strength ÔSL = 0.18.

In alI of the metallic samples we observed the
Shubnikov-de Haas oscillations (shown in Fig. 1 for a se-
lected SL) with both orientations of the magnetic field: par-
alIeI and perpendicular to the growth direction z. This con-
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FIG. 2. Temperature dependences of the relative parallel resis-
tances measured in the superlattices (GaAs)m(AIO.3GIIo.7As)6with a
nominal doping l.2x 101~cm ? (a) and 7.0X 1017cm-3 (b) and
with different strengths of the vertical disorder 6SL' The full lines
in the panel (a) are the relative resistances calculated according to
Eq. (7) withp=3. While, lines in the panel (b) are the connections
between the experimental points. Inset to the panel (a) demonstrates
the variation of the fitting parameter a with the disorder strength
while, inset to the panel (b) shows the parallel (closed circles) and
vertical (open circles) relative resistances measured in the superlat-
tices with the doping 7.0X 1017em"? and 6SL = 1.13, respectively.

firms three dimensionality of the samples and consequentIy,
the coherency of the transport regimes implying in the con-
dition T ip> TO'

IV. RESULTS AND DISCUSSION

An exhaustive analysis of the temperature effects on the
zero-field conductivity of the periodic superlattices was pre-
sented in Ref. 13 . It was shown that in this case the electron-
electron interaction is irrelevant because the observed posi-
tive variation of the conductivity with the increasing
temperature was not accompanied by the corresponding de-
crease of the HalI constant. This implies that the contribu-
tions from exchange effects and from direct interactions,
which enter the conductivity with opposite signs, nearly can-
cel one another. A similar behavior was found in the disor-
dered SL's studied here, whence we concluded that the effect
of the electron-electron interaction does not inftuence their
zero-field conductivity.

The considerable effect ofthe disorder on the temperature
behavior of the parallel resistances measured in the disor-
dered SL's in the DFS transport regime is shown in Fig. 2.
The disorder reduces the temperature dependence of the re-
sistance in the highly doped SL's. While, no systematic in-

IFSC-USP
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fluence of the disorder was found in the low doped SL's
where only the SL with ÔSL = O.I8 demonstrated a strong
dependence at the temperatures higher than 8 K, probably
caused by some intrinsic defects which also considerably de-
creased the Hall mobility measured in this SL.

The observed temperature dependences of the resistances
show a weak decrease with the increasing temperature exhib-
iting the metallic behavior. In the SL's with the open Fermi
surfaces the semicIassical correction vanishes and the quan-
tum corrections contribute according to Eq. (8). At this, both
characteristic times T Ip and TO can be responsible for the
measured temperature dependences. However, the second
and the third terms in Eq. (8) may partially compensate one
another diminishing the effect of TO; then, the decoherence
time dominates the temperature dependence of the quantum
correction. The resistances calculated by Eq. (4) for the
electron-phonon inelastic scattering (p = 3), shown in Fig.
2(a) by solid Iines, demonstrate good agreement with the
experimental data. The variation of the fitting parameter a
with the disorder strength is illustrated in the inset to Fig.
2(a). The decrease of the quantum correction to the conduc-
tivity found with the increasing vertical disorder is consistent
with the corresponding increase of the paralIel mobility.
Such effect of the enhancement of the parallel mobility in
intentionally disordered SL's is caused by the effective sup-
pression of the vertical disorder due to the redistribution of
electrons over the vertical random potential.l"

The interplay between ali the considered contributions de-
termines the temperature behavior of the quantum correc-
tions in the Iow doped SL's with the closed Fermi surfaces
[the data are shown in Fig. 2(b)]. A variety of these contri-
butions, each of them depending on the disorder strength
8SL, does not allowed us to distinguish which one is actually
significant. Probably, in this case the semiclassical correc-
tion, which is absent in the highly doped SL's and which
complicatedly depends on the disorder through the density of
states, may cause the observed nonsystematic variation of the
quantum correction with the disorder.

The inset in Fig. 2(b) shows the parallel (c1osed circles)
and vertical (open circles) resistances as functions of the
temperature measured in the equivalent SL's with the doping
7.0X 1017 em"? and ÔSL = 1.13. As expected, the vertical dis-
order inftuences the temperature dependence of the vertical
resistance stronger than of the parallel one.

The temperature behavior of the SL's with the insulating
and PFS regimes followed the corresponding theoretical de-
pendences (6) and (7) with the characteristic temperature of
the variable-range hopping To=O.25 K, and the index p
= 3 implying in the electron-phonon interaction as a domi-
nant mechanism for the dephasing in the weak-Iocalization
regime.

The weak-field magnetoresistances measured in the SL's
with different disorder strengths are depicted in Fig. 3 where
the parallel (a, b) and vertical (c) magnetoresistance traces
are shown. In this case a noteworthy anisotropy of the mag-
netoresistance was detected. As it is seen, the vertical disor-
der does not significantly inftuence the parallel magnetore-
sistance. However, a suppression of the negative
magnetoresistance by disorder implying in a decrease of the
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FIG. 3. Relative magnetoresistances measured parallel to the
lay.:rs in the supcrl.uuccs (C,aAs)m( AI03Ci"0.7,';'s)6 with dillcrcru
disordcr sircngrl»: (Ctl li uh a nominal doping 1.2X I OIR ':-111-3 and
Ibl - with a nominal dopiug 7.()X 1017 em":'. The vertical magne-
toresistances measured in similar disorder superlattices with a
nominal dopinu 7.()X I(P Cl1l-3 are depicted in (c). The marks
··Iarg:.:r" and "smallcr ' indicare lhe characrcristic üclds B I anel Be.
respectively,

phase coherency length L", with the increasing disorder was
found in lhe' vertical magnetoresistances.

As it was mentioned above, the DFS regime governs
quantum transport in the disordered SL's studied here. This
entails the use of Eq. (2) for a fit to the experimental data.
The coherency of the electron transport in the disordered
SL's, which means Tcp> Til. was confirmed by lhe
Shubnikox -de: Unas measurements, Therefore, lhe time To
corurols quantum interference in this case. The parallel mag-
netoresistances measured in one of the disordered SL's with
different orientatíons of the magnetic field are depicted in
Fig. 4. ln agreement with the theory, the magnetoresistance
rneasured with the magnetic field parallel to the Iayers was
found weaker than that one with the perpendicular field. In
this case the anisotropy is completely assigned to the anisot-
ropy coefficient. becuuse lhe time To may be considered in-
dependem of lhe: weak rnagnetic field. ln lhe: fiuing lhe: par-
ullel magneiic field was scaled with a= 2 , which is dose to
lhe: anisorropy coefficient a"i1,.= 1.3 calculaied for lhe nomi-
nal superlauice II ith lhe same electron concentration as i11

the studied disordered SL. The best fittings of the magnetore-
sistance records were obtained at both orientations of the
magneuc field with ihe same vulue T,,=320 1S. while the
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1.000...----------------,

0.995

0.990

0.985 BIIZ
0.0 0.2 0.4 0.6 0.8

Magnetic field, Tesla
1.0

FIG. 4. Relative parallel magnetoresistances rneasured in the
,upcrlallicc(CiaA')m(AIOJ(J"07As)6 l\ililIlH=3.9X 1017 ('m-3 and
8SL = 1.13 at T= 1.6 K, with different orientations of the rnagnetic
field. The dashed lines were calculated by Eq. (2) in the coherent
limii T'I'>TO with To=0.32 ps. The parallel magnetic field was
scalcd w ith lhe unisotropy cocfficicnt lI'=2.

value of lhe characteristic lime To calculated wiih 1:= 1/'
yields 2.3 fs, which is "" 140 limes shoner, This indicares that
the coupling constant is more than ten times smaller than the
miniband width and demonstrates the influence of the verti-
cal intentional disorder on the coupling between electrons in
the neighboring quantum wells. Thus, the investigation of the
weak-field magnetoresistance provides a way to measure the
coupling constant in disordered SL's.

The influence of the orientation of the magnetic field on
the vertical magnetoresistance is displayed in Fig. 5. Again,
the observed anisotropy was found in qualitative accordance
with the theory. However, as it is shown by dashed lines, in
this case it was not possible to fit the experimental data with
formula (2) in lhe coherent Iimit T",>To. On the other hand,
a good fiuing represerued by full lines can be obtained with

1.000

Magnetic field, Tesla

FIG, 5. Relative vertical rnagnetoresistances measured in lhe
supcrlunicc lCíaAs)m(AI0.l'aO.7As)6 wirh a nominal doping 7.0
X 1017 ('111-3 und 8SL =0.59, T= 1.6 K, with different orientations
ofthe magnetic field. The dashed lines were calculated by Eq. (2) in
lhe cohcrcru limit wirh DTo=4.ÚX ]()-12 CI112 and DTo=8.6
X /0-12 cm2 for lhe mugnctic tlcld pnrallcl und perpendicular to lhe
layers, respectively. While, lhe full lines were calculated by Eq. (2)
ut TO= T'I' 1\ ilh D TO= 7.()X 10-11 em2 and DTo= I.OX 10-10 CIl1! ut
lhe magncric lidei purallcl anel perpendicular 10 rhc laycrs, rcspcc-
tively. The parallel rnagnetic field was scaled with the calculated
anisotropy cocfticicm lI'= 1.-1.
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TemperalUre.K
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0.998

0.996

0.994

0.992

0.0 0.1 0.2 0.3

Magnetic field, Tesla

FIG. 6. Relative parallel magnetoresistances measured at T
= 1.6 K with different orientations of the magnetic field in the in-
sulating superlattice (GaAs) IS( Alo.3Gao.7As)6 (a) and in the metallic
superlattice (GaAs)lso(Alo.3Gao.7As)6 with the PFS transport re-
gime (b). The dashed lines are the dependences ofthe resistance on
the magnetic field calculated with the following fit parameters: (a)
BJ..Z-T = 1.5 ps, a=3; Bllz-TII' = 38 ps and (b) BJ..Z-711'

11' II k "I " .=60 ps; a=1.3; B Z-711' = 80 ps, a= 1.4. The mar arger m-
dicates the characteristic field B I' The insets show the correspond-
ing temperature dependences of the parallel resistances.

7 "'" 70' In such a case both of these times act in a similar
':ay and therefore, Eq. (2) does not give a possibility to fix
these two fit parameters, Nevertheless, this result indicates a
possible anisotropy ofthe dephasing time in the intentionally
disordered SL's: in the disorder direction 711' may be shorter
than in the plane of the layers. Whereas, the time 70, which
determines how long an electron move in the same layer
before changing it, is directionally independent. Thus, while
the coherence relation 711'> 70 holds for the parallel transport,
it may fail for the vertical one-the effect found in the ver-

! tical magnetoresistance of the disordered SL in Fig. 5. TheIi data shown in Fig. 3, which reveal a stronger effect of the
i vertical disorder on the vertical magnetoresistance than on
L....-. the parallel one, are also consistent with this conclusion.

'. In order to provide an additional evidence of the influence
of disorder on quantum interference, we measured the weak-
field magnetoresistance in two SL's where the transport re-
gimes correspond to two limiting cases: the metallic PFS
transport regime and the insulating one. In the first case we
do not expect that the anisotropy will strongly affect the
dephasing time, while in the second one the anisotropic char-
acter of the disorder may result in the significant anisotropy
of the phase-breaking time. The magnetoresistances mea-
sured in the metallic and insulating SL's with different ori-
entations of the magnetic fields are shown in Figs. 6(a) and
6(b). The character of the transport (metallic or insulating)
manifests itself in the temperature dependences of the resis-
tances depicted in insertions. As it was mentioned above, the
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fits of the temperature dependences of the resistances were
performed with Eqs. (6) and (7) in the insulating and metallic
SL's, respectively, while the fits of the magnetoresistance
traces were achieved with the PFS formula (1) and with Eq.
(5) in the metallic and insulating SL's, respectively. In the
last case the coefficient of the anisotropy was fixed to the
calculated value a= Jmz/mll""3. The obtained data exhibit
no considerable anisotropy of the dephasing time in the me-
tallic SL, while a strong anisotropy effect was observed in
the insulating SL. This means that indeed., in the insulating
superlattice the anisotropic vertical disorder results in a
strong suppression of the quantum interference in the vertical
direction.

As it was discussed in Ref. 2, in the presence of disorder
the phase-breaking time reveals a dependence on the
inelastic-scattering time. In the studied here disordered su-
perlattices a possible anisotropy of the electron scattering
might be responsible for the observed anisotropy of the
quantum interference. Moreover, as it was pointed out in
Ref. 6, in the DFS regime the weak-Iocalízation correction
contains two contributions: one from the purely two-
dimensional anisotropic loops in the planes of the layers and
another is the usual three-dimensional anisotropic parto The
strong disorder along the growth direction changes the di-
mensionality ofthe electron system thus, altemating the rela-
tive contributions of the two- and three-dimensional parts
and resulting in the anisotropy of the quantum interference.

V. CONCLUSIONS

The quantum interference was studied in the intentionally
disordered GaAslAlxGaJ -xAs SL's where the anisotropic
disorder was produced along the growth direction by a ran-
dom variation of the well thicknesses. Such a disorder deter-
mines a peculiar direction along which the coherency of the
electron states can be controlled. The magnetotransport ex-
periments were performed with the current parallel and ver-
tical to the layers and with different orientations of the mag-
netic field. The presented results demonstrate validity of the
scaling relations used to descrihe the magnetoresistance of
the anisotropic electron system. The observed anisotropy of
the weak-fíeld magnetoresistance stems from the anisotropy
of the phase coherency length L 11' which, in turn, is deter-
mined by the directional dependences of the diffusion coef-
ficient and the phase-breaking time. The fitting ofthe vertical
random superlattice potential allowed us to distinguish the
inftuence of the disorder on the phase-breaking time and
thus, on the quantum interference. The vertical coupling con-
stant of the intentionally disordered superlattice, determined
by the analysis ofthe weak-Iocalization negative magnetore-
sistance, was found to be one order of magnitude smaller
than the flliniband width calculated in the periodic superlat-
tice. Our results show that the vertical disorder suppresses
quantum interference in the superlattices, reducing the quan-
tum correction to the classical conductivity.
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Quantum interference in the presence of a metal-to-insulator transition
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The negative magnetoresistance related to the quantum interference was studied in the GaAs/ AIGaAs doped
superlattices as a function of the well thickness and consequently, the disorder induced by the interface
roughness. As a result, the disorder driven metal-to-insulator transition was achieved. The qualitatively differ-
ent magnetoresistances with the positive and negative concavities were observed in the metallic and insulating
samples, respectively. Good agreements were found with the theories developed in the limits of the weak and
strong disorder. Additionally, a modification of the phase-breaking mechanism was found when crossing from
the metallic regime to the insulating one.

DOI: 10.l103IPhysRevB.68.205321

The insulating behavior of electron system is a conse-
quence of disorder' and/or interactíon.ê One possible way to
account for the disorder induced localization is to consider
the quantum wave origin of conduction electrons. ln this
case the randomly distributed scattering centers provide the
coherent backscattering of electrons which, interfering con-
structively, result in the Anderson kind localization. Such a
localization due to the quantum interference does not require
attractive potentials, but rather occurs by trapping ofthe con-
duction electrons at sufficiently high density of scattering
centers. Perturbation approach of quantum interference, valid
in the limit of smalI disorder when the elastic-scattering
length I is bigger than the Fermi wavelength (kFI'P I), gives
the quantum correction 1:0. the classical conductivity which
results in a weak localization. The weak localization is fre-
quently considered of as a precursor of the complete
localization.l"? Different approaches were developed to ac-
count for localization in the strong disorder limit (k FI:$ 1)
(see relevant references in Ref. 4); among them was the self-
consistent theory of localization given in Ref. 6.

A very effective tool to study the localization problem is
the measurement of the transport coefficients in the magnetic
field. The magnetic field influences the phase coherence of
the electrons suppressing their constructive interference,
which gives rise to the negative magnetoresistance. The
weak-localization theory provides the correct quantitative
contribution of the quantum interference to the magnetore-
sistance. On the other hand, a consideration of the problem
in the limit of the strong localization is a highly nontrivial
problem. Nevertheless, the behavior of the magnetoresis-
tance caused by the quantum interference was also consid-
ered in this case in Refs. 7-10.

The localized and conductive regimes can be experimen-
talIy distinguished by different temperature dependencies of
the resistivity: the resistivity decreases with the temperature
ín the localized phase, while it remains unchanged for the
Fermi system in the conductive one. On the other hand, the
quantum interference is fundamentalIy determined by the
disorder. Therefore, it is thought that also the magnetoresis-
tance may reveal a signature of the metal-to-insulator transi-
tion (MIT).

The weak localization was extensively studied in different
materiaIs revealing properties of weakly disordered metal

0163-1829/2003/68(20)/205321 (5)/$20.00

PACS number(s): 71.55.Eq, 72.15.Gd, 72. 15.Rn

system (for instance, see Refs. 3 and 4). Furthermore, the
quantum interference was explored in the strongly disordered
insulating electron systems exhibiting the hopping conduc-
tion, where the characteristic quadratic dependence of the
weak-fíeld magnetoresistance was found (Ref. 11 and refer-
ences therein). The crossover from weak to strong localiza-
tion has been observed in lD (one-dimensional) and 2D con-
ductors in Ref. 12 and Refs. 13 and 14 respectively.
However, to the best of our knowledge no consecutive inves-
tigation of the behavior of the quantum interference across
the metal-to-insulator transition driven by disorder was pre-
sented to date in 3D electron system.

The disorder induced MIT can be realized in the semicon-
ductor superlattices (SL) where the disorder can be con-
trolled by managing the structure of a SL. The exhausting
investigation of the weak localization ín SL's was performed
in a series of the papers.15-18 At the same time the quantum
interference effects were studied in the short-period GaAs/
AlAs SL's with kF/= 1 (Ref. 19) where, however, no con-
nection to the MIT was presented. The weak-localization
corrections to the conductivity were studied in the intention-
ally disordered GaAs/AIGaAs SL's in Ref. 20, where we
demonstrated that in agreement with the theory, the vertical
disorder influences the quantum corrections measured paral-
lei to the layers, However, the disorder driven MIT could not
be obtained in these SL's because of the suppression of the
disordered superlattice potential due to the effect of the ver-
tical screening. As a result, when increasing disorder, instead
of being localized, the electron becomes redistributed over
the vertical random potential increasing both the local Fermi
energy and consequently, the paralIel mobílíty"

Another possibility to produce the e1ectron scattering re-
quired for the quantum interference is given by the interface
roughness always present in SL's. The effect of the interface ,I

imperfections dominates the parallel transport in the short-
period SL's, while it vanishes with the increase of the SL
period. Thus, the controlIed variation of the well thicknesses
should provide the disorder induced MIT. The roughness of
the GaAs/AIGaAs interface is associated with smooth poten-
tial fluctuations which do not violate the homogeneity of the
electron density while they generate necessary electron scat-
tering.

68 205321-1 ©2003 The American Physical Society
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TABLE I. Parameters of the (GaAs),"(Alo.JGao.7As)6superlat-
tices obtained at T= 1.6 K.

rn (ML) nH (crn-J) J.lH (crn2;Vs) kp/ 1"Y"PS a

150 5.1XIOI7 2513 10.2 506 1.4
50 8.3X 1017 2500 8.8 385 1.3

30 3.4X 1017 1027 2.1 110 2.4
15 7.1 X 1016 446 0.42 35 (27) 3.1
10 1.0X 1017 64 0.084 48 (42) 3.2

In this work we report the investigation of the quantum
interference effects in the short-period doped GaAs/AIGaAs
superlattices where the disorder was provided with the inter-
face roughness. The scattering due to the interface roughness
strongly increases with the decreasing welI thicknesses forc-
ing the electrons into localized states when kpl< 1 and thus,
resulting in the insulating regime. We found that the quantum
correction to the classical conductivity increased with the
increasing disorder becoming even comparable with it in the
insulating phase. The quantum interference was shown to be
modified when passing from metal-to-insulator regime,
manifesting itself in the qualitative alteration of the depen-
dence of the resistance on the magnetic field. A good agree-
ments were obtained with the weak-localization theoryl5 in
the weakly disordered metallic-type SL's and with the self-
consistent theory of Iocalization.f

The samples here studied were (GaAs)m(AIo.3Gao.7As)6
superlattices homogeneously doped with Si. The total num-
ber of 30 periods were grown by molecular-beam epitaxy on
the (001) semi-insulating GaAs substrates. The growth was
interrupted for 30 sec at the normal interface. A variation of
the thicknesses of the GaAs wells [m, expressed in mono-
layers (ML)] in the range 10-150 ML provided for the dis-
order driven MIT.

Transport measurements were performed using standard
four-probe low-frequency (5 Hz) lock-in technique in a
pumped liquid-He cryostat in the magnetic field directed per-
pendicular to the layers at the temperatures 1.6-15 K. The
electric characteristics of the superlattices here studied re-
lated to their transport properties parallel to the layers are
presented in Table I. AlI the samples were doped with the
same nominal concentration of Si, which formed the Fermi
gas of the conductive electrons. However, a significant de-
crease of the Hall concentrations and the mobilities were
observed in the SL's with 15 and 10 ML of GaAs indicating
the electron localization. The low mobilities obtained ín
these SL's are related to the interface roughness scattering,
which is the dominant mechanism in the GaAs/AlAs quan-
tum wells with a well thicknesses smaller than 60 A.22

ln the magnetic fields lower than 0.1 T we do not expect
quantum corrections to the magnetoresistance caused by
electron-electron interaction." This is because in all of the
samples the low-field condition Wc7"~ 1 was held. Moreover,
the spin and orbital effects are expected to contríbute at the
magnetic fields higher than H s =kT/ g* J.LB and H,
= trkTl el), respectively (the formulas are written in nota-
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(a)
m= 15 ML 20 %1

(b)
o 2 4 6 8 10 12 14

Temperature (K)

FIG. 1. Temperaturedependences of the zero-field resistivities
measured in the (GaAs)m(Alo.JGao.7As)6superlatticeswith differ-
ent weIlthicknesses.The fulllines showthe dependencescalculated
according to the Mott's law (a) and for the quantum correction to
the classical conductivity (b). The arrow bars represent the magni-
tudes of the quantum correctionsto the total resistivities.The inser-
tion shows the data obtained in ali the studied superIattices.

tions of Ref. 18), which are considerably higher than the
experimental magnetic fields. Therefore, in the following we
neglect the interaction effects.

The temperature dependences ofthe zero-field resistivities
shown in Fig. 1 clearly demonstrate the strong localization of
the electrons in the SL with the smallest well thickness (IO
ML) where kpl~ 1, while the sample with 50 ML of GaAs
where kpl~ 1 revealed the metallic behavior. The fulllines
in Fig. 1(a) were the resistivities calculated according to the
Mott's law for variable-range hopping:23

p( T) =poexp[ ( ~ ) 1/4],

where To is the characteristic temperature. The best fits were
obtained with To=7.8 K and 0.25 K for the SL's with m
= 10 and 15 ML, respectively.

The weak decreases ofthe resistivities with the increasing
temperature, caused by the quantum correction to the c1assi-
cal conductivity, were observed in the superlattices with m
= 150 and 50 ML exhibiting the pronounced metallic-type
behavior. In this case the temperature dependence of the con-
ductivity is given by"

(1)

(2)

where ero is the residual conductivity, a is the coefficient in
the temperature dependence of the phase-breaking length,
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Magnetic field (Tesla)

FIG. 2. Relative magnetoresistivities measured in the
(GaAs)m(AI0.3Gao.7As)6 superlattices with ditTerent well thick-
nesses at T= 1.6 K. The results of the fittings (as explained in the
text) are shown by dashed lines for the two superlattices exhibiting
extreme cases of the metallic and insulating behavior and for the
one corresponding to the intermediate transitional regime. The in-
sertion shows the high-field data obtained in ali the studied super-
lattices.

and p is the index depending on scattering mechanism. The
temperature dependence of the resistivity calculated by Eq.
(2) for the electron-phonon inelastic scattering (p = 3),
shown in Fig. I(b) by solid line, demonstrates good agree-
ment with the experimental data.

Thus, the temperature dependences of the resistances
shown in Fig. 1 and the values of the localization parameter
kFI manifest themselves to the character of the conductivity,
revealing the metallic (roughly nontemperature dependent)
and insulating (temperature-dependent, activation-type) be-
havior of the wide well and the short well superlattices, re-
spectively.

The experimental results obtained in the weak-field con-
ditions are depicted in Fig. 2. They reveal the qualitative
modification of the magnetoresistance then crossing MIT. In
all the metallic-type SL's (m= 150, 50, and 30 ML) the de-
pendences of the parallel resistivities Pxx on the magnetic
field H were characterized by the positive concavity
( d2 Pxx / dH2 >O), while it changed the sign in the insulating
samples (m = 15 and 10 ML). It is seen that the decreasing
well thickness strongly increases the quantum interference
correction confirming the principal role ofthe disorder in the
quantum interference. ln the metallic regime the correction
was found smalIer than 1% of the total resistivity. At the
same time, the contribution of the quantum interference in-
creased up to 30-40010 in the insulating phase.

ln the weak disorder limit (kF/;p 1) and in a weak mag-
netic field (coe T~ 1, where COe = eH/ mil) the weak-
localization correction to the conductivity of a SL is deter-
mined by the expressíon'f

e2

darL(H)=ôa,,(H)-ôali(O)= 2 aF(ô), (3)
27T hlH

where IH= ,J1í/eH is the magnetic length, a= ,JD,,/Dz is the
coefficient of the anisotropy, DI! and D, are the diffusion

PHYSICAL REVIEW B 68, 205321 (2003)

coefficients parallel and perpendicular to the layers, respec-
tively, F( 8) == ~~~o2[(n + 1+ Ô)I/2- (n + 8)1/2] - (n + t
+ 8) - 1/2 is the Kawabata function" with ô= 1'i/4DIIT rp' and
T is the electron wave-function dephasing time.

rp On the other hand, at the strong disorder (k FI:$ 1) and in
a weak magnetic field applied perpendicular to the layers the
self-consistent approach gives

(4)

The self-consistent approach results in the parabolic de-
pendence of the magnetoresistance. As a consequence, a
qualitative modification of the magnetoresistance, similar to
that one observed experimentally in Fig. 2, is expected dur-
ing the crossover from weak to strong localization.

It ought to be mentioned that the self-consistent theories
of localization't'' approach the metal-to-insulator transition
from the metallic side and are not applicable deep in the
insulator regime. However, the qualitatively similar result-
the parabolic negative magnetoresistance-was also obtained
in the localization limit using the calculations based on the
critical path analysis in the model accounting for the inter-
ference during the hopping process in Refs. 9 and 10. Our
data shown in Fig. 2 demonstrate that in the insulating re-
gime the negative magnetoresistance indeed approaches the
parabolic dependence predicted theoretically. Moreover, at
least in the insulating sample with the well thickness of 15
ML, where kF/=0.42, we expect a validity ofEq. (4) and a
reasonable precision in determination of the dephasing time.
Already in this case we found the negative concavity of the
magnetoresistance and the significant decrease of the dephas-
ing time with respect to the one obtained in the metallic
samples.

The best fittings obtained with the Eqs. (3) and (4) for the
metallic-type (m =50 ML) and insulating-type (m = 10 and
15 ML) SL's, respectively, are shown by the dashed lines in
Fig. 2. The magnetoresistance traces measured in the metal-
lic SL's were fitted with two fit parameters: the phase-
breaking times T rp and the anisotropy coefficients a. The
anisotropy coefficients of the metallic samples were found
very elose to the calculated values. The magnetoresistance
data obtained in the isolating SL's were fitted with a single
parameter T rp' while the anisotropy coefficients were fixed to
their calculated magnitudes; in this case the best fits are
shown in the range of the positive fields. The phase-breaking
times obtained by the fits in all the samples are collected in
Table I. It is seen that the dephasing time significantly drops
when crossing MIT.

Furthermore, worth noticing is that although Eq. (3) is not
valid in the case kF/sl, it may qualitatively explain the
observed change of the concavity of the magnetoresistance
across the metal-to-insulator transition. ln the case of weak
magnetic field (ô;p1) dalfL(H)- H2 (negative concavity),
whereas in the opposite limit (ô~ 1): darL(H)- JH (posi-
tive concavity) and the transition occurs at the critical field
He=lí/eDTrp. In the metallic SL's where the critical fields
H; are ofthe order of 10-4 T , the magnetoresistances were
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measured in the fíelds much higher than Hc. However, in the
insulating SL with the shortest wells the critical field is about
0.5 T and the data were taken in the fields lower than H;
where Eq. (3) provides the paraboliclike dependence of the
conductivity correction on the magnetic field. The fits per-
formed with Eq. (3) in the insulating SL's are shown in Fig.
2 for the magnetoresistance data obtained in the range of the
negative fields. During the fits the coefficients of anisotropy
were fixed to their calculated values, while the phase-
breaking times and the zero field conductivity were varied.
The best fits were obtained with the zero-field conductivities
five to seven times higher than the measured magnitudes.
The phase-breaking times obtained by the fits of Eq. (3) in
the isolating SL's are shown in Table I in brackets and they
match surprisingly well the values obtained by Eq. (4). This
result agrees with that one obtained in the strongly localized
two-dimensional electron gas (2DEG) in Ref. 14 and prob-
ably shows that even in this case the conductivity looks like
a diffusive one.

As does the magnetic field, the inelastic scatteríng sup-
presses the backscattering quantum correctíons at hígh tem-
peratures. Indeed, the values of the conductivity corrections
given by the temperature dependences of the resistivities,
shown in Fig. 1 by the arrow bars, are consistent with the
quantum corrections determined by the magnetoresistance
measurements. This gives evidence of the mostly quantum
origin of the conductivity corrections in all the samples stud-
ied here.

The temperature dependences of the dephasing times T rp

obtained in the metallic and insulating SL's are displayed in
Fig. 3. The metallic-type SL reveals the r-3 dependence
which corresponds to the electron-phonon scattering.4,18
While, a very weak variation of the magnetoresistance traces
with the temperature, which resulted in a weak temperature
variation of Trp proportional to T-O.7, was observed in the
insulating-type SL's. This demonstrates a change of the
phase-breaking mechanism in the insulating regime. It is
worth mentioning that a similar weak temperature depen-
dence of the dephasing length L rp - T- 0.4, where L rp =D Trp ,

was found in variable-range-hopping regime in n type of
GaAS.25 The weakness of the T<pC T) dependence with the
increasing disorder was also observed in 2DEG.14,26

In summary, we studied the parallel magnetotransport in
the short-period GaAs/AIGaAs SL's. It was shown that at
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FIG. 3. Temperature dependences of the dephasing times 71/1

obtained in the metallic-type (GaAsho(Al0.3Gao.7As)ó superlattice
(full cireles) and in the insulating-type (GaAs) Is(AIO.3GII(),As) 6

(open circles) and (GaAs) lo(AIo3Gao.7As)6 superlattices (triangles).
The full lines were the dependences ca\culated as proportional to
T-J and to T-o.'. The insertion shows the relative magnetoresis-
tances measured at different temperatures in the metallic-type
(GaAs )soe Alo.3Gao.,AS)6 superlattice.

low temperatures the transport properties of these SL's are
govemed by the quantum interference of conduction elec-
trons experiencing the elastic scattering on interface imper-
fections. The variation of the thicknesses of the GaAs wells
at a fixed doping allowed us to achieve the disorder driven
MIT. The quantum interference was found to be responsible
for the weak-field negative magnetoresistances observed on
both sides of the transition. The dependences of the resis-
tances on the magnetic field revealed different behavior on
the metallic and insulating sides of the transition. It demon-
strated the positive and negative concavities in the metallic-
type and insulating-type samples, respectively, which were
found in good agreements with the weak- and strong-
Iocalization theories. The ditferent temperature dependences
of the phase-breaking times were observed on different sides
of the MIT refiecting dissimilar inelastic-scattering mecha-
nisms. Thus, the metal-to-insulator transition was found to
manifest itself in the corresponding modification of the quan-
tum interference.

We are índebted for discussíons with G.M. Gusev and to
A.J. Chiquíto for technical assistance. The financial support
from FAPESP is gratefully acknowledged.
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Effect of compensation of electron and bole scattering potentials on the optical band edge
of heavily doped GaAs/ AlxGs1-xÁs superlattices

Yu. A. Pusep,' F. E. G. Guimarães,' M. B. Ribeiro,l H. Arakaki,' C. A. de Souza,' S. Malzer,? and G. H. Dõhler?
'instituto de Fisica de São Carlos, Universidade de São Paulo, 1356()..970 São Carlos, SP. Brazil

:'lnslitu/ fiir Technische Physik 1, Universitãt Erlangen, D-91058 Erlangen, Germany
(Received 26 September 2003; revised rnanuscript received 24 November 2003; published 2 Septernber 2004)

The optical broadenings studied by lhe photoluminescence in the intentionally disordered GaAs! AlGaAs
superlauices were cornpared with lhe broadenings of lhe individual electron states rneasured by lhe
Shubnikov-de Haas oscillations, lt was shown that lhe combined effect of the electron and hole energy
blurrings is to decrease lhe optical broadening with respect 10 lhe individual state broadenings resulting in very
sharp optical edges eveIl in highly disordered superlauices. It was also found that the irnpurities almost equally
infiuence the electron and hole scattering potentials, contrary to what happens due to lhe structural superlattice
disorder.

DOI: IO.1103/PhysRevB.70.092301

The possibility to study disorder effects in semiconductor
superlattices, where the disorder can be produced either by
randomly varying layer thicknesses or by random layer com-
positions, was mentioned already in the first proposal of su-
perstructured materials.' The great advantage of such random
materiais is a controlled nature of the disorder which allows
us to distinguish the impact of the randomness on their prop-
erties.

The optical measurements, which are determined by the
joint density of states, present a powerful method to study
lhe disorder effects. The disorder affects the joint density of
states through the modification of the energy and broadening
of the electron conduction and valence band states. The
renormalization of the electron energy and the broadening of
the absorption edge in the presence of disorder were dis-
cussed in detail in Ref 3. The first application ofthe photo ..
luminescence (PL) to explore the localization of carriers in
the intentionally disordered superlattices was perfonned in
Ref. 2 where, however, no connections to the joint density of
states and to the optical band edge were performed. In this
communication we demonstrate that ín disordered semicon-
ductors the shape of the optical band edge drastically de-
pends on the character of the optical transitions, According
to Ref 3, the indirect optical transitions fonn the broadened
band edge, while, as we will show the direct transitions may
lead to a sharp band edge, even in the presence of strong
disorder,

The interaction of the carriers with imperfections causes
the blurring of their energy:"

where T:«: , is lhe eleciron (hule ) single-particle relaxation
time, U,«h) is the electron (hole) scattering potential, N, is the
cuncenutuion 01" imperfeciions and 'Y is the density of states
on the Fermi surface. This blurring results in a broadening of
the Landau levels which can be obtained by the magne-
totransport measured in the range of the Shubnikov-de Haas
oscillations.! Dcpending on the doping (n- or p-type) the
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PACS numberts): 78.66.Fd, 71.55.1v, 72.15.Gd

broadenings of the electron states of the conduction or va-
lence bands can be obtained.

On the other hand, both the electron states of the valence
and conduction bands contribute to the optical interband
transitions. Therefore, the electron and hole blurrings (1)
give rise to the broadening ofthe PL edge. ln such a case, the
intensity near the PL edge can be calculated according t06

f( (o) - fo[ ~ ';an:l<ln(2 rô!})]. (2)

where 10 is lhe PL iniensiry at lhe edge in lhe ideal (disorder-
freeI case. ô!!-hw-2EF' with EF being the Fermi energy
and r the characteristic relaxation time which determines the
absorption edge broadening. This relaxation time is defined
by the formula

(3)

(1)

This means that the broadening of the optical edge cannot
be expressed in terms of lhe mean free limes -r:, and rll' The
formulas (2) and (3) were obtained in lhe limit li r<"t'F for
lhe interaction of electrons with lhe shon-range impuriry po-
tentials. These assumptions are also valid in our samples
with a short-range structural disorder potential,

lt is seen that the relaxation lime r in Eq. (3) depends on
the difference of the electron and hole scattering potentials
and, therefore, may be smaller than the individual broaden-
ings. Moreover, the formula (3) means that in the case ue
=u" the optical edge is sharp even in the presence of the
scattering by imperfections. This is because with the same
scattering of electrons and holes and the same initial energy
spectra, the electron and hole wave functions and energy
eigenvalues modified by imperfections are exactly the same.
In this case, as it is shown in Fig. 1, the optical transitions
occur only between the like states and there are no transitions
between the different states which are orthogonal. The en-
ergy deficits fiE are identical for ali the transitions which
form the optical edge. This results in a sharp optical edge.
Such an effect may causethe absorption or PL edge much

©2004 The Arnerican Physical Sociery
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sharper than the expected frorn the transport measurements
of the broadenings of the single electron states,

lu this work we study the influence of the intentional dis-
order ou lhe broadening of the PL edge of the doped
GaAs/ AlGaAs superlattices. lu order 10 distinguish the ef-
fect of the individual states on lhe PL edge we compare the
broadenings of the PL edges with the broadenings of the
individual electron states obtained by the Shubnikov-de Haas
oseillations, both measured in the superlattiees with different
disorder strengths.

The samples studíed here were the
(GaAs)I1/Alo.3GaO.7As)6superlattiees (where the thickness of
the layers is expressed in monolayers, ML) grown by mo-
lecular beam epitaxy on (001) GaAs substrates. In order to
form the degenerate electron system alI the samples were
doped with Si. The samples with lhe nominal doping con-
eentrations 7.0XlO17cm-3, 1.2 X 1018 cm'", and 1.7
X 1018 cm" were studied. The disorder was introduced by a
random variation of lhe well thicknesses (m) around the
nominal value 17 ML. The disorder strength was character-
ized by lhe disorder parameter 8-j. IV. where j. is lhe full
width aI half maximum of a Gaussian distribution of the
eleetron energies calculated in the isolated quantum wells
and TV=55 meV is the miniband width of the nominal su-
perlattice in the absence of disorder. Details of the sample
growth and charaeterization can be found in Ref 7. In ali the
samples the low temperature (T= 1.7 K) mobilities were
found in the interval 1200-2000 cm2/V s resulting in the
parameter k~=7.5-14.2, which corresponds to the metallic
electron system, The PL measurements were performed ar
4.2 K using a He-Cd laser line at 442 nm for excitation. The
PL signal was detected in the lock-in mode by a GaAs pho-
tomultiplier mounted on a 0.5 m monochromator. Parallel
magneto-transport measurements were carríed out on the
Hall bar samples using standard four probe Iow-frequency
(5 Hz) lock-in technique in a pumped liquid He cryostat in
the magnetic field directed parallel and perpendicular to the
layers at the temperature 1.7 K.

It should be mentioned that the influence of disorder on
the collective excitations (plasmons) was studied by Raman
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FiG.2. Photoluminescence spectra measured at T=4.2 K in lhe
(GaAs)",(Alo.3Ü'do,7As)6 superlattices with different disorder
strengths doped with N=7.0X1017 em"? (a), N=1.2xI018 em'?
(b) and 1.7 X 1018 em'? (e). The fuI! !ines are lhe PL intensíties
calculated near the Moss-Burstein edges according to Eq. (2).

scattering in similar intentionally disordered superlattices in
Ref, 7. Some of the samples used in this work were already
characterized by the magneto-transport measurements in
Reis. 8 and 9 where the anisotropic character of the inten-
tional dísorder was demonstrated and the weak-localization
correction to the conductivity was explored, In all these
cases clear consequences of the intentional structural disor-
der consístent with the theoretical predictions were found in
the responses of electrons either to the field of radiation or to
the electric field. Moreover, these data demonstrated that the
disorder produced by random variation of the thicknesses of
the layers provides well quantitatively controlled disorder
strength.

Some of the PL spectra of the differently doped disor-
dered superlattices are shown in Fig. 2. They show that the
disorder leads to a significant red shift and broadening of the
PL edge. The peaks at the energy 1.49 eV are due to the
GaAs substrate. As it was shown in Ref. 3, in the presence of
disorder, due to the redistribution ofthe electron density, the
Fermi energy decreases by a value approximately equal to
the amplitude of the fiuctuations of the random potential. In
the degenerate semiconductors the high frequency position
of the PL edge is associated with the Fermi energy. There-
fore, the red shift of the PL edge is related to a deviation of
the Fenni energy from its value in a perfect crystal and,
consequently, to the amplitude of the superlattice random
potential which may be roughly estimated as a value of á
- 11'8. The observed PL reei ~hi ft (j.}I) is depicied in Fig. 3 as
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FIG. 3. Disorder induced red shifts of the PL edges measured in
the closely doped randorn superlattices with N= 1.2 X 1018cm-3 and
1.7 x 10IS cm-3. The full Iine represents the expected disorder in-
duced shift 01' lhe Fermi energy.
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FIG. 4. Relative magnetoresistances measured aI T=1.7 K in
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vertical electron energy broadenings, respectively. The lines are
guides for eyes.

a function of the disorder strength. It is well described by the
d~pe'nd~nce ~v-42o. mev. where the linear coefficieni was
indeed found very elose to the value of the nominal mini-
band width (W=55 meV). Thus, our data demonstrate good
agreement with the theory.'

The magnetoresistance traces measured with different ori-
entations of the magnetic field are shown for se!ected super-
lattices in Fig. 4. They reveal well developed Shubnikov-de
Haas oscillations. The amplitudes of these oscillations were
found smaller for the magnetic fíelds directed along the lay-
ers than for the fields perpendicular to the layers. This shows
a strong anisotropy of the electron energy broadening, which
correspondíngly was found larger along the disorder direc-
tion (vertical broadening) than parallel to the layers (parallel
broadening).

lhe characterisiic broadenings of lhe PL .:dg.:s fi,' T were
determined in the superlattices with different disorder
strengths by the fit ofthe PL spectra, calculated by Eq. (2), to
the experimental spectra measured in the range of the Moss-
Burstein edge (see Fig. 2, where the continuous tines are the
spectra calcutated near lhe edge). The values 11 T obiained b)
this way are depicted in Fig. 5(a). In spite of the relatively
strong randomization, the PL edges were found surprisingly
sharp when compared to the transport data [Fig. 5(b)].

The electron energ) broadenings (fi T,.) associated \\ ith
lhe' broadenings of lhe Landau levels were obiained by lhe
fits ofthe magnetoresistances calculated according to Ref. 10
to the experimental magneto-transport data, The depen-
dences of lhe vertical and parallel electron broadenings fi T.

092301-3
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on the disorder strengths obtained by the magneto-transport
measurements in the differently doped superlattices are
shown in Fig. S(b) for the SL's with the doping 1.2
X 10IX cm-3. The similar data obtained in other SL's are pre-
sented in Ref 8. The vertical electron energy broadening and
the optical broadening display similar behavíors=-the note-
worthy enhancement with the increasing disorder. While, as
expected, the paraJlel elecrron energy broadenings were not
affected by the vertical superlattice disorder, As it was men-
tioned above, the broadenings of the individual electron
states were found considerably higher than the characteristic
broadenings of the PL edges. This discrepancy is explained
by the effect ofthe partial compensation ofthe electron scat-
tering potential by the hole scattering potential, which is
demonstrated by Eq. (3). This is evidence that the scattering
potential of the holes is fairly comparable to that of the elec-
trons.

Furthermore, as it is shown in Fig. 5(c), the vertical indi-
vidual electron broadenings were found to increase with the
increasing doping levei, which represents a noriceable con-
tribution of the impurity scattering. At the same time, the
characteristic broadenings of the PL edge did not exhibit
such an infl.uence of the doping-the optical broadenings
were found to depend only on the disorder strength and not
on the doping level, This may happen because a random
variation of the superlattice potential, which takes place in
the presence of the intentional disorder, produces more dif-
ference between the scattering potentials 11" and uh than do
the impurities.

The anisotropy of the individual electron broadening in-
creasing with the raising doping concentration is shown in
Fig. 5(c). Obviously, this effect is due to the modulation of
the doping concentration along the growth direction which

PHYSICAL REVIEW B 70, 092301 (2004)

consequently, generates the corresponding modulation of the
impurity scattering potential. Such a modulation may take
place because during the growth the fl.ux of Si was kepr
constant while the growth rates of the GaAs and AIGaAs
layers were different, 0.5 MLls and 0.7 MLls, respectively,
Thus, a higher doping concentration is expected in the GaAs
wells than in the AIGaAs barriers and the resulting difference
between the impurity scattering potentials should increase
with the increasing doping level,

Conclusion: The broadenings of the PL edges and of the
Landau levels were studied and compared in the n-doped,
intentionally disordered GaAs/ AIGaAs superlattices. The
first one is associated with the combined effect of the elec-
tron and hole energy blurrings, while the second one is due
to the blurrings of the electron energy states of the conduc-
tion bando The broadenings of the PL edges were found to be
considerably smaller than those of the electron states. 1t was
shown that this is explained by the faet that the optical edge
broadening is determined by the difference between the elec-
tron and hole scattering potentials. Therefore, in the case of
their proximity, the resultant characteristic optical broaden-
ing may be much smaller than the individual electron (hole)
energy broadening. Both, the intentional superlattice disorder
and impurities enhance the individual electron and hole scat-
tering potentials. However, according to our data, in contrast
to the scattering due to the superlattice disorder, the impurity
scattering almost does not infl.uence the difference between
them, This suggests similar electron and hole impurity scat-
tering potentials.
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Disorder-driven coherence-incoherence crossover in randorn GaAs/AI0.3Gao.1Assuperlattices
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l)r,'aJ.-ill:l lime wcrc obt.uucd \)) m'lgnelor"sistall\:C me'lSlIrCI11CI1\sin thc ('\,l1er(,11Iund iucohcrcm r":lim,'s. Ali
\,i' thcm li crc IOLllld 10 dccrc.e-c II ith inCl'casing \ cnical disordcr slrc'llglh, Thi» dcmouxtr.uc-, lhe di-orucr-
incluc<,:d brcakdo\\ll ,,( Ih,' ilJlc'rb),'r l'O!J,'f('lll',' 01' qU;lsipanic)cs, \\hich dr;lSlic"ll) aJ'J,YI,'d Ih,'ir illlfala),'r

cohcrcncc.

DO[: XXXX

1.I~TR()l)LCTl()~

The electron xysterns comprising weakly coupled metullic
luyers exhibit m,II1Y interesiing properties due 10 iheir elec-
rric ;lllisolmpy whe» lhe conduct ivitiex perpendicular :1I1d
along lhe layers are considerubly ditlerent, The interplay be-
tween lhe interluver anel intralaver conductivities is essen-
li:llly linked 10 Ih~ dimensionalil; 01' ihe syste m: lhe vanish-
ing interluyer conductivity resulrs in two-dimensionulizution
oí lhe e íectronic properties. As it wus receruly shown. lhe
imerlayer transport is ulso linked 10 lhe cohereuce 01' quasi-
purticles rexponsible ror lhe metullic couductivity.J-' II is
worth mentioning Ih:11 lhe exisreuce 01' quasiparticles is a
central problern of lhe conductivity of dixordered electron
sysrems.: The unisotropy 01' tuyered nuueriuís naturally seIs
two temporal scales: lhe decoherence lime rw and lhe lime an
electron nceds 10 chunge a plane 'Til (lhe diflusive interlayer
lime). When r" <lS 'Til' lhe electron is scuuered many limes,
losing itx phase in one plane beíore changing 10 lhe next one:
then lhe luyered system behuves like a stuck 01' incoherent
two-dimensional metullic planes, lu lhe opposite lirnit, wheu
rw'P- 7(: an electron changes a layer without a significant loss
of the phase. ;lIld hence lhe laye,.,.; are cohereruly coupled.
Thus, lhe relationship between these two churucieristic limes
esiublishes lhe coherence-incoherence crossover in luyered
eleciron systems.

The coherent or incoherent charucter 01' lhe imerlayer
Irunsport and lhe trnnsnion between them basically deter-
mine lhe electricul properties 01' lhe luyered sysrems, includ-
il1g superconducuvity.! The temperuture-driveu iuterlayer
coherence-incoherence CI'IISSOVer has recently been detected
in differenl layéred meutllic nWleriab in Rd. 1 anel I\<IS dis-
cussed in Rel. 5. In this case lhe conductivity perpendicular
to lhe luyer» (along lhe c ax ix) reveuls an insul.uing (inco-
herent) behuvior aI high temperatures but becomes metul-like
Icoherenn .u 101\ iempenuures. whereas transport paral!el 10

lhe layers renwins metallic mer the whole lemperature
range. Consequently, the temperature variation of the inter-
Iayer conductivity results in the observed coherence-
incoherence transition. It was shown that the quasiparticles
disappeared within the layers at approximate1y the same tem-
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peuuure ai which lhe interplane conductivity crossed ovct'
trom metullic to inxulating behu vior, However, lhe reason
why lhe interplune conductivity exhibits lhe metal-to-
insulator transition and how it couples to lhe in-plane coher-
ence remain unclear, One possible explanation Ior this un-
usual temper.uure behavior 01' lhe interplane conduciivity is
rhe presence 01' disorder in lhe c-uxis direction."?

Here we examine auother layered electron syslel11-
inrenrionally disordered semiconductor superlutices (SL's)
GaAs/Alo.,~Gao.7As where correspondiug doping with Si pro-
vides for the metallic properties. The artificial disorder po-
tentiul 01' a SL built in lhe growth direction (c) perpendicular
to lhe layers (vertical disorder) controls lhe coupling be-
lween [hemo Thereíore. lhe interlayer coherence-incoherence
crossover can be achieved at a fixed temperature with varia-
tion 01' lhe vertical disorder strength. Accordingly, lhe pur-
posely disordered SL's cun be regarded as ~I model layered
material where lhe coupliug energy between lhe planes (1,-)
cun be eusily monirored und lhe assumption ,JbOUI a possible
role 01' lhe interluyer disorder can be proved.

The theory (Ir lhe quantum uunsport 01' lhe weakly
coupled SL's has been developed in Rels. R-lI. 11 wus
shown Ilwl in lhe wealdy disordered limil. when fI./ r< tz'
where ris lhe elastic scanering time, un eleciron bullisticully
cresses lhe luyers anel lhe system exhibus lhe usual three-
drmensional anisotropic behuvior. While, wheu h/ r> tz the
strong unisotropic (vertical) disorder changes the charucier-
rsric 01' lhe sysiem inro a mixture 01' IWO- und rhree-
diruensionul behuvior wiih corresponding contributions to
lhe quantum correction to lhe conductivity.!' In this case lhe
eleciron difluses 10 lhe neighboring plane, anel depending on
lhe relatiouship between lhe phase-breuking lime rw and lhe
lime 'Til' lhe coherent aud incoherent regimes cun be distin-
guished.

The coherency of lhe electron exciuuions determined by
lhe phuse-breuking lime is intrinsically Iinked to lhe quuntum
correcliol1 10 lhe \.'Ol1dU\.'li\ily. The well kl1owl1 lIlethod 10

acquire the quantum correction and to measure the decoher-
ence time is the weak-field magnetoresistance emerging
when the maglletic field breaks coherency betweell two op-
posite electron trajectories.12
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The \I l';iJ, -fit'ld JIl;lt!llelolr;lJl.spllJ"l 1';1" illlé"lit!;iled in lhe

semiconductor periodic GaAs/Alo.3Ga(1.7As SL's in the ballis-
tic regime in Refs, 13 and close to the localized regime in
Ref. 14, where however, no conditions for the coherence-
incoherence crossover \\ ere reulized. QlI;1I111l1l1inrerference
in lhe preseuce \lI" a meml-ro-in-arlaror transition inüuced by
the intertuce roughness was recenily studied in the short-
period GaAs!AI\"G~y)-As SL's in ReI". 15. lu this work we
próenl lhe mugnetotransport dutu obtuined in lhe intention-
alI) disordered GaAs/AI",Gtlll,As SL's. As il \ViII be shown,
lhe magnetoresixtances measured in lhe siudied randorn su-
perlauices here reveuled signutures ol' lhe coherence-
incoherencc uunsition induced by the interluyer vertical dis-
order, We demonstrated thut lhe unisotropic vertical disorder
produced in rhe growth direction reduces both lhe interlayer
coupling und lhe uuerlayer coherency 01" electrons. More-
over, this vertical disorder resulted in a strong decreuse 01" the
in-plune elecuonic coherency. The puper is organized ,IS 1"01-
lowx. The xarnpie cnaracterlzation "nel the experimental con-
ditions are given in Seco 11. The experimental results IOgelher
witl: rheir discussion are considered in Secs, !lI und IV, while
couclusions are outlined iu Sec. Y.

ll. EXPERlMEl\T

In this work, in order 10 sluely lhe dimeusionulity and
lhe coherence 01" lhe electron excitations, we performed lhe
mugnetoresisrance measurements in lhe intentioually disor-
dered (G;IAs),)AI" ..,GaO.7As)" SL's with ditlerent disorder
strenyihs where lhe thicknessex of lhe corresponding layers
are expressed in monolayers (MU. The vertical disorder \\,IS

produced by random vari.uion ol lhe well thicknesses (11I)
around lhe nominal value 17 Ml., and the disorder strength
W;lS characterized by lhe disorder parameter Ô\L =11.1W,
where il and W are lhe disorder energy 01" lhe raudom SL und
lhe width 01' lhe rele vant rniniband 01" lhe nominal periodic
(GaAs) ,,(AIII,Gao.,As)(, SL respeciively. The vnluex 01' lhe
disorder energy were calculated as lhe widths at half maxi-
IllUIl1 01 lhe Gaussian distributions 01" lhe bound siate ener-
gies 01" isolated quuntum wells. The uuavoidable monolayer
flllduat;ons ol lhe [uyer lhicknesses resuhed in Ô\L =(). I k
even in lhe uominally periodic SL The growih details 01'
these SL's cau be lound in Refs. 16 and 17, The influence 01"
lhe disorder on lhe dynamic electron properties depends on
ihe relution between lhe disorder energy und lhe Fermi en-
ergy (E/), lu order 10 increase lhe disorder etlect we de-
creused lhe doping concentration. With decreasing doping
levei rhe etlcct olthe vertical disorder 011lhe phase-brcaking
lime increuses (reducing T<p)' while lhe tunneling rate de-
crease,~, resulting in lhe corresponding increase o( lhe lime
7i1- In this way, lhe coherent anel incoherent regimes were
reutized in the high-doped (lhe norninul doping concentra-
iions 1.2XI01'cm-' und 1.7XIOI~l'm-') ,1I1e1lhe low-
doped (lhe nominal dopinj; concentration 7.()X 1017 C!l1-')

disordered SL's, respectively. The dispersion 01" lhe electron
energy calculated in the lowest miniband of the nominal pe-
riodic SL togcther with the positions of the Fermi encrgies
measured by the Shubnikov-de Haas oscillations in the low-
and high-doped disordered SL's are shown in Fig, l. The
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FIG. I. Calculutcd dispcrsion of lhe clcctrou cncrg~ in lhe I()\\-
('SI miniband oi" lhe pcriodic (UaAs) I ;(/\III.,U;III;As)(, supcrluuicc-
.Thc xhadcd arl';ls .slh)\\ poxit ion-: ol lhe Fcrmi c'lll'q;ies mcaxurcd
b\ Shubnikov-dc Huas oscill.uions in lhe I(m -dopcd disordcr.:d xu-
pcrlauiccs (nominal doping conccutnuion 7.0X 1017 em":') .md in
ihc high-dopcd disordcrcd xupcrluniccx (nominal conccntr.uions
1.2 X 1017 ("111-;und 1.7 X 1(lI; (111-').

miniband structure was calculated by lhe envelope tunction
approximution."

Moreover, to determine lhe infíuence 01' lhe interluyer
l'oupling on lhe ncgurive weuk-field magnetoresistunce.
lhe periodie (G;ú\s)"jAlo,Gao7As)" SL'., wirh dillerellt
barrier rhicknesses (11) anel with lhe nominal doping
7.0X 1017cm-" were invesiiguted.

lu-plane mugnetoresisrnnce measuremerus were per-
Iormed in lhe Hall bars using lhe stundard Iour-probe low-
trequency (5 Hz l lock-in technique. Vertical magnetoresis-
lances were measured in lhe square-shnped mesa structures
with ureus I X I 111m2. The Hall burs and lhe mesa structures
were prepared by stundard lithogruphy and chemicul eiching.
The Ohmic contucts were (abricnred by deposiung eitner ln
01' an Au-Ge-Ni alloy, 111both lhe ia-plane anel lhe vertical
geometries lhe transversal mugnetoresistances (with lhe mag-
netic field perpendicular 10 lhe current direct ion) were meu-
sured in a pumped liquid-He cryostut.

11 ought to be mentioned iluu lhe weuk magnetic field
condition w,T4i I, where co, is lhe cyclotron Irequency, held
in lhe samples studied here in lhe range 01' lhe mugneuc
fie/tis used 10 study lhe weuk loculizatiou correciion. There-
Iore. no necative maeneroresisrance cuused bv lhe electron-
elecrron interaction I')" is expected. The spin-orbitul etfects
(lho are not unticip.ued.!"

An additionul uspect thui must be taken imo uccount when
considering transpon in SL's is lhe shupe of lhe Fermi sur-
I"ace. As il is seen f\Um Fig. I, in lhe low-doped disorelered
SL's sludied here E, < W, which means that the Fermi levels
are located inside the lowest miniband, resulting in a c10sed
anisotropic Fermi surface, In contrast, the Fermi surfaces be-
come open in lhe high-doped disorelered SL's wilh E, > W.

1-2
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FICi. ::. High-ficld parullcl l1lagnl'lorl'sislanL"eS mcu-urcd "ilh
dilkr('1l1 ,'),.i,'lllali"'h "f Ih,' m";!Il"lic' ficld, ai j'= 1.1, K ill lhe (a)
10\\ -dopcd and I b) high-dopcd pcriodic (GaAs) ,·,(Al,,,Ga,,.cAs),. su-

pcrlutuccs \1 ith lhe closcd and opcn Fcrmi xurfacc-; rcspccuvcly.
and (e') in rhc low-dopcr! (closcd Fcrmi xurlucc ) disordcrcd
(Cia,'\s),,,(.,\I{i ;G~I".;As)(. <upcrl.uticc II ith 8'L = 1.1.\. Thc rhick
uhin , lincs corrcspond 10 lhe magnciic ficld perpendicular (purullcl)
10 thc Ia~crs, Thc brokcn lincs wc: 'c culcuhucd as mcntioncd in lhe
icxt.

The shupe 01' lhe Fenni xuriace determines lhe «imensional-
iry of lhe electron gus in SL·s. which is three-dimeusionul
anisotropic when the Fermi surfuce is closed und which is
quusi-two-dimensioual in lhe case 01' lhe open Fermi surtuce.
In lhe SL with lhe open Fermi surluce lhe mugnetic field
perpendicular 10 lhe layers. xuffíciently strong to quantize lhe
in-plane electron motion, results in lhe tormation 01' a 1\\'0-

dimeusionul elecrron gus. This magneuc-field-induced two-
dimensionulizuiion wus predicted in ReI'. 10 anel wus ob-
xerved in ReI'. 20.

iu, HlGH-l\1AG1\ETlC BELD DATA:
DISORDER-I1\DlCED TWO-lHME1\SI01\ALlZATlO1\

01" ELECTR01\S

The etfect 01' lhe Ferrni surluce on lhe electron properties
01' SL·s cuu be probed in high magnetic fíeld. The
Shubnikov-de Haas oscillutions meusured in lhe low-doped
(closed Fermi surluce ) anel high-doped (open Fermi surluce)
periodic (GaAs) 17(Alil ..;GaO.7As)f, SL's with ditlerent orienta-
tions 01' lhe magnetic fields studied here are shown in Hgs.
l( n) ,111(/2( h). The chamcteristic limes 1i1 anel T. reluied to lhe
in-plune (meusured with lhe mugnetic field perpendicular 10

lhe layers ) anel vertical (lhe mugneiic field along lhe layerx)
qu.uuum-mechunicul broudenings 01' lhe electron stutes on
lhe Fermi surtuce, respeciively, were obtained by lhe fits 01'
lhe mugnetoresixinnces culculated according to Ref. 21 10 lhe
experimental magnetoresistunce traces. The disugreements
between the calculated and experimental magnetoresistances
observed aI high magneiic fields are caused by the magnetic
"freezing" of the unpurities.P The observed increase of the
nuio T/T. in lhe SL with lhe open Fermi suríuce in Fig. 2(h)
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i.s due 10 11l,' nbove-mennoned eJ'J'ec'1 l)f ihe m:lgllt'lir-field-
induced two-dimensionalization of the electron gas.

The vertical disorder violates the coherency between the
electrons in the neighboring wells, thus favoring disorder-
induced rwo-dimeusionalizution. which in ~1Il.tlog) with lhe
previous (,ISe can be demonstrured by lhe Shubnikov-de
Haus oscillutions meusured 1\ ith different orient.uions llf lhe
mugneric field. This etfect is shown in Fig. lt c) where we
Iound lhe increuse of lhe ratio Til! T \1ith increusing disorder
.sll'englh in lhe luw-doped SL's >li/h lhe cloxed Fernii sul'-
luces iwhere no magnetic-field-induced lWO-
dimensionalization is e.\pecled). Consequenily. lhe high-fíeld
data prole lhe decreuse nf lhe inrerluyer coupling with lhe
increusing vertical disorder, Further evidence 01' lhe 1\\'0-

dlmeu-lonalization in SL's caused by lhe vertical disorder is
lhe enhancement llf lhe spatiul modul.uion 01' lhe electron
deusity along lhe growth direction Iound wuh lhe increasing
vertical rundornization iu ReI'. 23. This direcily demonstrated
Ihal lhe eI{ed 01' lhe \erlic.d disorder is /o dislribule lhe
electrons over lhe rundom porential such lhal lhe qU'ISi-lWO-
dimensionul planes urise.

As discussed in lhe Introduction. lhe observed disorder-
induced two-dimensionalizatiou o]' lhe electron gas should
leud 10 lhe interlayer coherent-incoherent crossover, More-
o\er. uccording 10 Ref. 11. lhe change 01' lhe dimensiouulity
01' lhe electronic system should breuk lhe xcaling relution
derived by 1311,111, Wõlfle. and Ramakrishnan ror anisotropic
disordered etectronic systems in Ref, 2-+:

(I)

where O'II(c)(O) anel dO'II(c)(H) are lhe in-plane (verticaí) zero-
fíekl conducrivity und lhe iu-plnne (vertical) quantum correc-
tions lu lhe conducrivity respeciively, while a is lhe coem-
cieut of anisotropy. 111 lhe next session \Ve preseni lhe results
of rhe in \'eslig:uiolJ of lhe etlecrs of lhe vertical disorder on
tunneling and coherence 01' electrons, which indicare lhe pre-
dicted breukdown 01' this sculmg relution,

IV. WEAK-.t\lAG1\ETlC-Hl!:L1> 1>A1:-\:
VERTICAL Tl1\1\ELll\G A1\D mSORDER-l1\I>lCEl)

('OHERE1\CE-ll\COHERE1\CE CROSSOVER

The vertical mugnetoresistance data (with lhe current par-
allel 10 lhe SL axis) obtained in lhe low-doped SL's with
ditferent disorder sueugths are depicted in Fig. lIa). As il
wus stuted in ReI'. 11. ouly lhe three-dimensioual uujectories
conrribuie 10 lhe vertical component (lI' lhe conductivity ten-
SOl'. Theretore, lhe usual unisotropic formula ror lhe quuutum
correcrion cun be used in this case:

(2)dO'_(H) = '.I: F(Õ),
. 27rnlHa

where IH=~fí/('H is lhe rnugnetic leugth. F(Õ) is lhe Kuwa-
bala Iunction.:" und li=/~/4L~. wiih LI{J being the electron
phase coherency length,

The verticul coherence lengths obtained by lhe fits of the
vertical magnetoresistance data are shown in Fig. 3(b). It is
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FIe. :1. (<I) Vcrticu 1 wcuk-fictd magncrorcsisranccs .111<1(b) 111L'
\cClic.i1 cohcrcncc knglhs mcasurcd ai T= 1.(, K iu lhe magnctic
ficld p'lwlkl 10 lhe Ia) cc, iJ1 ilk' r.uidom Iow-dopcd
(GaAs)",(AI",Ga"-As),, supcrluuiccs with diltcrcru disordcr
slrcnglhs.

seen (h~11lhe verticul disorder considerubly alJeels lhe elec-
tron coherence length, resulling in lhe loculizutlon along lhe
growth clirection. ln lhe following we shull demonstrate lha!
lhe vertical disorder ulso slgniflcantly influences the coher-
ence of ihe e lectrous moving purullel to the luyers.

The weak-fleld in-plane magnerorexistunce records are de-
picted Ior selected SL's in Fig. 4. As it \V'IS shown in ReI". 16,
in lhe short-period GaAs/AI,,:;Gao.,As SL's lhe dilfusive
transpor: regime is responsible for the weuk-fíeld purallel
magneroresistance. The correspondiug expression for lhe
weuk-localizurion correction to lhe parutlel conductivity in
the mugneric fíeld perpendicular to lhe layers, which de-
scribes the coherence-incohereuce trunsition. W;IS obruined in
I{ef. 11:

where dlL is lhe superluuice period.

cc I

1-(8.8') = 2: f,+~ -.2 In( >/11 + I + 8
,,~IJ 1 I,

11+-+8 11+-+8.2 .2

+ vn + I + 8') + 11n( ~J1 + 8 + ~l/ + 8')

\\ irh

I~ (I .2)
8' = 41)11 T'P + 7j) •

wirh Di: beill1,' lhe diílusion coeíficient purullel 10 lhe Iayerx.
The time an electron wastes before changing a layer is given
by:
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Magnetlc fIeId (1)

FIG. -'I. Purallcl wcuk-fickl mugncrorc-i-t.utcc-, mcusurcd .11 r
= 1.6 K: (a) in lhe pcriodic (Gar\.s)5uC .•••lu.,Gau.7As)"slIpcriauicó
with dittcrcnt barricr thickncsscs iu lhe cohcrcnt transpor: regime.
I b ) iu lhe random high-dopcd (lhe cohcrcnt transpor: regime) und
Id low-dopcd (lhe iucohcrcnt transpor! regime i
(GaAs)i"(AI.,.,Ga".7r\s),, supcrluuiccs with diftcrcnt dixordcr
strcngihs. Thc brokcn lincs wcrc calculutcd as mcmioncd iu thc
1'-'\1.

Ií:'
7j) = -;-.

rT
(4)

Thus. in lhe dittusive transport regime lhe quanuun correc-
tion 10 lhe conductivity of ~I SL is derermined by IwO char-
ucteristic limes 1i; und T'P' ln the incoherern limit, when T'P

~ 7j) lhe contrihutiou 01' lhe dilluxive interluyer lime 1il is
insignifícaut. while lhe quuntum correciion is muiuly due 10
this lime in lhe cohereru limit. when T'P~ 1iJ' The Iasl case
means IIWI lhe observation 01' eíectrons moving in Ihe plane
of the Iuyers provides infomuuion how ihey move between
ihem.

The behavior 01' lhe lime characrerizing lhe negative
weuk-field lu-plane mugnetoresistuuce with variarion 01' lhe
vertical disorder munilests as lhe type of lhe trunsport re-
gime. Obviously, lhe magneioresistance enhancing with iu-
creusing barrier thickness, observed in lhe periodic
(GaAs):iI)(AlruG~11)7As)1i SL's [shown in Fig. 4(al). is charuc-
terized by the rising time 1iJ' Physical/y this corresponds 10

lhe reducing coupling energy t : This occurs in lhe coherent
trunsport regime when lhe eífect of the imerfuyer lime 'lil

dominares lhe eftect ol' lhe phase-breuking lime. The rnagne-
toresisumce increasing with lhe increasing vertical disorder
was Iound in the high-doped rundom SL's [shown in Fig.
4(b)). This also implies in the vanishing interlayer coupling,
again indicating the coherent regime. In both these cases the
ditlusive inierlayer times 7i) und consequently rhe coupling
energies te were obtained. However, in neíther case may the
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FIG. 5. Vertical coupliug cncrgic- obtaincd in IhL' COhL'I\:lIl
lr~lll,p(lrL regime t a) in lhe pcriodic (GaAs).,,,(AI,,.,G;I,,;As),, supcr-
luuiccs wilh dillcrcnt burricr thicknc-scs und (bl in thc random
high-dopcd (GaAs)mC-\I,uGa".;.-\s)" supcrlauiccx with diltcrcnt dis-
ordcr slrcn",lhs. Thc widrh 01' lhe IO\\l'SI miniband culcul.ucd in lhe
(GaAs}i!l(AI",Ga";As),, supcrluuicc is xhown b: lhe solid linc in
P;IIl.::J(aI as ;1 Iuncuon 01' rhc barricr thickncs-. Thc opcn (CklSL'dl
circlc-, in puncl (b) corrcspond to IhL' doping conccmr.uion 1.2
X J(li' cm-' (1.7X IOIS Clll-'). (ci ThL' phasc-brcaking times ob-
taincd in lhe incohcrcut uunxport regime in lhe 10\\ -dopcd random
(GaAs)u/AI",Cia";,\s),, xupcrluuiccs. TIlL' cloxcd (011t:l1i lriangks
úllTc'sp<lI1d 10 lhe in-planc phasc'-Im:aking (elaslic scuucring I limes.

vertical dixorder increuse the interlayer coupling. Theretore.
the same consideruüons do not upply 10 lhe case of lhe low-
doped rundom SL', shown in Fig. 4(ci where the magneiore-
sistunce decreased with increasing disorder. In íuct. as men-
iioned above. the decreuse 01' lhe Fermi energy mukes lhe
eüect of disorder stronger, With this, the vertical coupling
weukens (anei ~IS li consequence 7iJ increusex) wh ile lhe
dephasing time decreuses. This sets lhe electrons into the
incohereru transpor! regime wuh 7'P < 7iJ' In lhis case lhe
phase-breuking lime determines lhe magneroresistunce anel
ihis lime cun be lound by menus 01' Eq. n). The broken lines
in Fig . 4 show lhe best fíts obtaiued with the Formula (3) in
lhe corresponding transpor! regimes (coherent or incoherenn.

In the SL's exhibiting the coherern diflusive regimes lhe
interluyer coupling energies were culculated uccording 10 ror-
mula (4i with the limes 7iJ and 7 tound by lhe magnetoresis-
lance und by lhe Hall mobility meusuremems, respectively,
They me shown in Fig. 5 as Iunctious 01' lhe barrier thickness
.1I1d the disorder strenglh in the periodic .mel mndom SL's.
respeclively. In lhe periodic SL's the inlerlayer coupling en-
ergies \\ ere Cl)mp~lred with the wicllllS nf lhe lowest mini-
band, which represenl lhe cllupling energies in lhe ballislic
regime, The variation of the interlayer coupling energy with
the thickness of the barriers was found to be much weaker
than the corresponding (exponential) dependence of the cal-
l'u/;tled minib'lIld widlh. This signifies lhat lhe overJapping

PROOF COPY [LR9494B] 015503PRB

11

PHYSICAL REVIEW B 71, 1 (2005)

of the elecrron wave functions, which determines the mini-
band structure of a regular SL in the ballistic transport re-
gime, is irrelevant in the diffusive regime. In addition, al-
ihouch lhe mcreasiuc burrier thickness enhunces lhe lime 70'

it d\~s 1]01 Iead to 'lhe incoheren: uunxport regime. which
wus achieved in lhe Iow-doped SL's owiug to lhe vertical
randomizutiou. Thus, a determiruuive role 01' lhe interluyer
disorder in tormatiou 01' the incoherent regime was extab-
lished.

The decrease 01' lhe L'(\upling energ~ obtuined in lhe run-
dom SL's with open Ferrni surluces with increasing disorder
[shown in Fig:. 5(bl] refíects lhe breakdown of lhe coherency
betweeu neighboriug luyers alreudy observed in Fig. 3(b). 11
is worth mentioninz lhal lhe data obtuined in these SL's do
nol dt:pend l)n rhe lloping level. Thi-, demonstrares lhe doml-
nant elTel'l of lhe artificial disorder and lhe unimportunt role
of lhe impurity scauering.

According to lhe Hall mobiliiy measurernerus. in ali 01' lhe
SL's under investiguuon we [ound lhe vulues 1i17 in lhe in-
tervul 6-15 me V, which is significautly higher than lhe ob-
tained interluyer coupling energies. This confírms lhe dilfu-
sive character ol' lhe eleciron uunsport.

The high-fíeld magnetoresistunce datu presented in a pre-
vious seciion showed th,ll lhe low-doped disordered SL',~re-
veal the disorder-induced two-dimensionulization 01' lhe elec-
tron g;ls. As discussed above, such a sepurution of lhe
electron planes should result in lhe incoherent diffusive
iransport regime. The phase-breaking limes obiained in this
case are due to lhe contribution 01' iwo-dimensionnl trajecto-
ries to lhe quaurum correcuon.!' Our resulrs presenteei in Fig.
5(c) show lha I in lhe incohereut iransport regime lhe vertical
disorder strongly suppresses the in-plune phase-breuking
lime. Heuce. even in lhe incoherent regime lhe pamJlel elec-
IrOI1 moiions in lhe neighboring planes are correlated anel lhe
planes are not entirely independeut. This is consistem with
lhe results obtuined in ReI'. 2. where it wus shown that lhe
cohereuce 01' quasipurticles within the layer is aífected by lhe
interlayer trunsport. Namely, coherent quasipanicíes are an-
ticipated when their intralayer momeutum is conserved dur-
ing lhe interlayer tunneling processo The vertical disorder
inhibiis the conserv.uion of lhe imerlayer momentum. As .1

consequence. lhe in-plune dephasing lime decreaxes anci lhe
quasipanicles disappeur,

Funhermore, in Hg. 5(c) in addition to lhe phase-breuking
limes (which determines the lu-plane quuntum corrections)
we show lhe in-plune elustic scuuering times (which deter-
mines lhe zero-fíeld in-plane conducuvities) obtained by lhe
mobility measurements. Opposite 10 lhe phuse-breaking
lime. lhe in-plune elastic lime does not dernonstrute any sig-
nificant influeuce of the vertical disorder, As it \hlS shown in
Fig. 3( b i, lhe vertical coherence lenglh (anel thus. lhe vertical
quunturn correctiom reveuls a stroug decrease wuh decreus-
ing disorder, We were nol able to measure lhe verti,,'al zero-
field conduclivily withuut " nOleworthy error. However. the
indirecl evidence 01' lhe slrong dene'lse 01' the verlical con-
dlu.:tivily wilh inl'reilsing vertical disorder was oblained in
similar intentionally disordered SL's in Ref. 26. The same
behavior of the vertical conductivity is expected in the ran-
dom SL's studied here. Therefore, the different behavior of
the in-plane elastic time and in-plane phase-breaking time

1-5
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rogerher with rhe supposed idenrical behavior of their verti-
cal counterparts may indicate the breakdown of the scaling
relation (I) in the incoherent diffusive regime predicted in
Rcf. 11.

v COl\CLlSIOl\S

Depending on lhe relation between lhe disorder energy
und lhe Ferrni energy, two diüerent ditlusive regimes of lhe
quuntum transport were distinguished in lhe short-period in-
tentionully dixordered GaAs/Alo3Gall.7As SLs. They are lhe
coherent/incoherent regimes when an electron changes layers
withour/with a consideruble loss 01' lhe IV,I\e Iunction phuse,
bOI h íouud in lhe high-doped anel low-doped disordered SL's.
n:spéL'li\ ely. \Ve lkllWllslrated t)wt lhe incohereut lr,wsporl
regime is linked 10 ,I noteworthy change 01' lhe eífective di-
mensioualuy of lhe electron gus trom three 10 1\\ o dimen-
sionx, li was shown rh.u in lhe coherent regime lhe quuruum
correction 10 lhe conducriviry is determined by lhe lime an
electron needs 10 chunge a Iuyer, while in lhe incoherent one

II
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lhe phase-breaking time is responsible for lhe quanrum cor-
rection. Both the characteristic times were found dependent
on the strength of the vertical disorder. The observed in-
crease of the diffusive interlayer time with increasing disor-
der is cuused by lhe evideut decrease 01' lhe interlayer cou-
plil11;. The denease o{ lhe ia-plane dephaxing lime with
increasing vertical disorder requires a more sophisticated 10'.\-

planation anel closely rel.ues lu lhe problem 1)1' lhe coherency
01' lhe quasipurticles in strougly correhued luyered metals.
Our rexult-. shov, thut in uccordunce with theory, the inter-
layer tunneling controls lhe coherence (lI' lhe carriers moving
along lhe layers. In addition. \\e show an indication 01' lhe
breakdown (li' lhe scaling relarion th,il connects lhe zero-fiekl
conducriviiies 10 lhe quuntum corrections 10 lhe conductivuy
in unisotropic disordered electronic systems.
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The artificial random Gaussian-type potential built in the GaAB/AIGaAB superlattices grown by

molecular beam epitaxy was explored by various methods. The effect of the intentional disorder was

shown to dominate intrinsic superlattice imperfections and its impact on the electronic properties

was found in good agreement with the theoretical predictions. It was demonstrated that the modern

state of the molecular beam epitaxy allows for a growth of the superstructured materials with well

defined disorder strength.
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Both, disorder and electronic correlations fundamentally determine behavior of the disordered electron systems

undergoing the metel-to-ínsulator transition [1]. This has been established to radically eomplieate an investigation of

such a transition. In order to maximally simplify the problem it is strongly desirable to separate the contributions of

the disorder and interaction between electrons. However, in most of the experimental realizations of the disordered

electron systems a variation of the disorder strength is aceompanied by the consequent change of the electron density,

which influenees the interaction. This happens in such commonly used examples as doped semiconductors where

the doping produces disorder together with exeess electrons, semiconductor alloys where alloy concentration creates

disorder and also considerably changes electron coneentration and field effect devices where alteration of the thickness

of the depletion layer influences both, the effect of the surface disorder and the electron density.

Meanwhile, a separate control of the disorder strength and the interaction energy ean be obtained in the semi-

eonduetor superlattices (SL 's) which are formed by a periodic sequence of coupled quantum wells. In the periodie

superlattice potential electron waves can propagate without attenuation because of the coherent construetive inter-

ference between the waves transmitted in opposite directions along the SL axis [2}. Deviations from the periodicity

break down the coherency of the electron waves resulting in a formation of the localized electron states. Consequently,

the disorder driven metal-to-insulator transition can be achieved. The possibility to study disorder effects in semi-

conductor SL 's was pointed out already in the first proposal of superstruetured materiais [3}, where the disorder

was suggested to produce either by randomly varying layer thicknesses or by random layer compositions. In turn,

the interaction energy can be managed by variation of the doping leveI. At this, when the characteristic scale of

the superlattice structural disorder is smaller when that of the impurity disorder, the former dominates the later.

In spite of great potentiality of such intentionally disordered SLs to test important localization theories, a relatively

small number of experimental works was done since that. The first observation of the disorder effects produced in the

semiconductor SL 's by intrinsic imperfections was published in Ref. [4}. While, the first realization of the intentional

disorder in SL's was demonstrated in Ref. [5}. The most important successive works there the SL 's with artificial

disorder were used are listed in Ref. [6}. It is worth mentioning the recent publications in this field [7}. Between them

are also our works [8-12}.

The problem which often appea$ when investigating intentionally disordered SLs is linked to the quantitative

characterization of the disorder strength. It is also important to prove that the built-in artificial disorder creates a

dominant contribution to disorder effects. In a series of our articles we utilized different methods to confirm and to

characterize the disorder effects produced by a random variation of the well thicknesses in the GaAs/ AlGaAs SLs.

2
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We demonstrated that the modem state of the molecular beam epitaxy allows for a fabrication of the superlattices

with quantitatively controlled. disorder. It is thought that some these data collected. together may serve as a proof

of the complete control of the disorder strength in the purposely disordered. SLs and this can stimulate their further

utilization in the study of the disorder effects. This work is addressed to experimenters who works in the :fieldof the

investigation of the properties of the electron disordered. systems.

The results obtained. in the (GaAS)m(Alo.3G8().1As)6SLs grown by molecular beam epitaxy on (001) GaAs substrates

are presented.. Here the thicknesses of the corresponding layers are expressed in monolayers (ML). The vertical disorder

was produced. by the controlled. random variation of the GaAs well thicknesses around the nominal value m = 17

ML corresponding to a Gauss distribution of the lowest levels of noninteracting electrons forming the conduction

miniband, while the barrier thicknesses were unchanged. In order to avoid the short-range in-plane fluctuations, the

growth was interrupted. for 20 sec at the normal interface and for 3-5 sec at the inverted one. The total number of

50 periods was grown. In the case of such a Gaussian disorder the strength of disorder can be characterized. by the

unique disorder parameter 8SL = Il/W, where Il is the full width at half maximum of a Gauss distribution of the

energy of the nonintera.cting electrons calculated in the isolated quantum wells and W is the width of the nominal

miniband in the absence of disorder. The miniband width calculated by the envelope function approximation [13J

in the nominal (GaAs)17(Alo.3Gao.7As)6 superlattice is equal to 55 meV. The schematic illustration of the energy

structure of thelhe!!fs"tudiE;d1superlattices is shown in Fig.1. In the above mentioned. superlattices the unavoidable

monolayer fluctuations result in 8sL ~ 0.18. To form a degenerate electron gas the superlattices were homogeneously

doped with Si.

In order to characterize the effect of the intentional vertical disorder on the electronic properties of the SLs under

investigation we used the capa.citance-voltage (C-V), photoluminescence (PL) and magnetotransport measurements.

The PL measurements were carried out at 4.2 K using a He-Cd laser line at 441 nm for excitation. The PL signal

was detected in the lock-ín mode bya GaAs photomultiplier mounted on a 0.5 m monochromator. Parallel magneto-

transport measurements were performed 8Il tbe He]! bar eamplee using standard four probe low-frequency (5 Hz)

lock-in technique ín a pumped liquid He cryostat in the magnetic fie1ddirected. parallel and perpendicular to the layers

at the temperature 1.6 K. For the transport measurements the samples were pattemed into Hall bars by standard

lithography and chemical etching. The Ohmic contacts were fabricated by depositing of In, The C-V characteristics

were measured on 1 mm diameter mesa structures at temperature T = lOK using AI as a Schottky contact.

The spatial distribution of the electric charge along the direction of the applied voltage can be obtained by the

3



C-V measurements. In our case the voltage was applied along the growth <lirection thus, the vertical distributions of

the electron density (the C-V profiles) were obtained. The distributions of the electron density obtained by the C-V

measurements in the SLs with different disorder strengths are depicted in Fig.2 [lOJ. The modulation of the electron

density along the growth direction significantly increases with the increasing disorder strength, directly exhibiting

enhance of the localization effects caused by the intentional disorder.

The PL measurements probe the relative energy of the electrons. In the case of the degenerate electron gas the

spectral position of the PL edge is determined by the electron Fermi energy (the Moss-Burstein effect [14]). AB

it was shown in Ref. [14J, in the presence of disorder, due to the redistribution of the electron density, the Fermi

energy decreases by a value approximately equal to the amplitude of the fiuctuations of the random potential. The

fluctuations of the amplitude of the superlattice random potential may be roughly estimated as a value of 6. = W· ÔSL.

Consequently, the disorder should result in a significant red shift of the PL edge 6.v ~ 6.. The disorder induced red

shifts of the PL edges, which according to the theory are related to the amplitude of the random potential, are depicted

in Fig.3 as a function of the disorder parameter ÔSL. It was found that the experimental data are well described by

the dependence 6.v = 42· ÔSL, meV, where the linear coefficient was indeed found very cIose to the value of the

nominal miniband width (W = 55 meV). Thus, our results demonstrate good agreement with the theory [14J.

The amplitude of the Shubnikov-de Haas oscillations is proportional to the broadening of the electron energy levels

in the disordered SLs. The vertical (perpendicular to the layers) broadening energy fí,jTz• assocíated with the vertical

relaxation time Tz, determines the amplitude of the oscillations measured in the magnetic :6.eldparallel to the layers.

While, the parallel (parallel to the layers) broadening h/1i, is responsible for the oscillations measured in the magnetic

:6.eldalong the growth direction. The results of these measurements are shown in Fig.4. In the range of high :6.eldsthe

stronger Shubnikov-de Haas oscillations were observed with the magnetic :6.eldparallel to the growth direction of the

superlattice than with the magnetic :6.eldparallel to the layers, which manifesta to the anisotropic disorder character.

The corresponding electron broadening energies were obtained by the fit of the magnetoresistances calculated according

to Ref. [15Jto the experimental data. The disagreements between the experimental magnetoresistance traces and the

calculated curves found at high magnetic :6.eldsare caused by the magnetic "freezing " of the impurities [16]. The

electron energy broadeníngs determined by magnetoresistance measurements together with the calculated widths of

the Gaussian distributions of the electron energies are shown in Fig.5 for the superlattices with different strengths

of disorder, No inB.uence of the vertical disorder was observed on the parallel broadenings. While, the noteworthy

increase of the vertical broadening energies, although weaker than the calculated increase of the width of the Gaussian
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distributions of the electron energies (~), W8S found with the increa.sing disorder strength. The discrepancies between

the calculated random electron energy distributions and the measured values of the vertical broadenings are associated

with the suppression of the disordered superlattice potential due to the Coulomb fields arising because of the electron

redistribution over the quantum. wells of the superlattice [17]. The value of the reduction factor A = 3.2, responsible for

the effect of the narrowing of the level distribution in the disordered superattices was calculated in similar superlattices

in Ref. [17]. This value is in a reasonable agreement with the observed here narrowing of the vertical electron energy

characterized by the reduction factor A = 2.4.

In conclusion, the Gaussian-type intentional disorder was suggested to realize in the semiconductor SL's by a vari-

atíon of the layer thicknesses. We proved that such a disorder can be quantitatively characterized by a single disorder

parameter ÔSL. Different methods were applied to characterize the random potential and its influence on electron

properties of the intentionally disordered GaAiJ/AlGaAiJ superlattices. It was demonstrated that the employment

of the electrical measurements (the C-V and magnetotransport measurements) together with the spectroscopic mea-

surements (photoluminescence) allowed for a quantitative characterization of the disorder strength. The effect of the

disorder on the electron properties was found in good agreement with the theoretical predictions. The impact of

the structural artificial randomization on the electronic properties of the studied here disordered doped superlattices

was shown to dominate the impurity disorder and the intrinsic structural imperfections, such as interfacial broad-

ening. This manifests itself to the comprehensive control of the intentional disorder achieved in the GaAiJ/AlGaAiJ

superlattices. It is worth adding that the good quantitative agreement between the experimental and theoretical data

obtained with the values of the disorder strengths calculated for the noninteracting electrons indicates the negligible

effect of the interaction on transport and optical properties of disordered materials far from the metal-to-ínsulator

transition.
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Figure captions:

Fig.1. Energy structure of the nominal periodic (GaAsh7(Alo.3GSO.7As)6 superlattice and the disordered

(GaAS)m (Alo.3Gso.7As)6 superlattice. The dispersion of the electron energy and the energy distribution of the electron

levels are shown in the periodic and disordered superlattices resrctively.

Fig.2. C-V profiles measured along the growth direction (z) in the disordered (GaAs)m(Alo.3GSO.7As)6 superlattices

with the nominal doping concentration NSi = 6.0x1017 cm-3 and different disorder strengths at T = 10K [10].

Fig.3. Disorder induced red shifts of the PL edges measured in the doped random (GaAs)m(Alo.3GSO.7As)6 su-

perlattices with the nominal doping concentrations Nsi=1.2x1018 cm-3 and 1.7x1018 cm-3 and different disorder

strengths at T = 4.2K. The fullline represents the ca1culated disorder induced shift of the Fermi energy.

Fig.4. Relative parallel magnetoresistances measured in the magnetic fields parallel (thin lines) and perpendicular

(thick lines) to the layers in the disordered (GaAs)m(Alo.3GSO.7As)6 superlattices with the nominal doping concen-

tration NSi = 6.0x1017 cm-3 and different disorder strengths at T = 1.6 K. The broken lines were ca1culated as

mentioned in the texto

Fig.5. Vertical (closed circ1es) and parallel (open circ1es) broadenings of the electron energy obtained by the fit

of the magnetoresistance traces in the disordered (GaAs)m(Alo.3GSO.7As)6 superlattices with the nominal doping

concentration NSi = 6.0x1017 cm-3 and different disorder strength at T = 1.6 K. The fullline corresponds to the

ca1culated widths of the Gaussian distribution of the electron energies (Â), while broken lines are guides for eyes [10].
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Coherency of Elementary Excitations in Disordered Electron Systems

YU.A.PUSepl, M.B.Ribeiro1, V.E.Carrasco2
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1 J.C.Galzerani2,

1Instituto de Fi9ica de São Canos, Unt'IJersidade de São Paulo,
19560-970 São Carlos, SP, Brn.zil

2 Departamento de Fisiro, Unwersidade Federal de São cartos, CP 676,
19565-905, São Carlos, SP, Brazil

(21/12/2004)
The localizatíon propertíes of the síngle-partícle and oollective electron excitations were investi-

gated in the intentionally disordered GaAs/AlGaAs superlattices hy weak field magnetoresistance

and Raman scattering. The Landau damping W8S found to limit the Iocalization length of the 001-

lective excitations propagated along the layers. Meanwhile, the localization lengths of both, the

síngle-particle and collective excitations propagated perpendicular to the layers were determined hy

the dísorder. In this case the localization length of the individual electron was found to be consid-

erably larger than that one of the oollective excitations. This suggests that the disorder has weaker

effect on the electrons than on their collective motion and that the interaction which gives rise to

the collective effects increases localization.

PACS number(s): 71.45.-d.,71.50.+t, 71.55.Jv, 72.15.Rn
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According to W.Kohn [i}, the electron localization occurs in the configuration space and therefore, rather relates

to the wave nature of electron wave function than to the distribution of the electron charge density in the real

space. Consequently, the insulating state, which results in a zero dc conductivity, is determined by the localization

of the ground wave function. Therefore, a direct probe of the properties of the wave function is a central subject

of the localization problem. Any elementary excitations having a wave origin reveal the same qualitative aspects

of localization. However, their specific features may result in different characteristic performances. A generality of

the localization in the cases of the individual electrons and their collective motions (plasmons) was firstly pointed

out in Ref. (2J, where the random semiconductor superlattices (SLs) were aIso proposed as a tool to control the

strength of the disorder. The essential difference between electrons and plasmons is in the dynamic polarization

which determines the collective electron motion. Hence, the interaclion between electrons intrinsically determines

features of their collective excitations (plasmons). Therefore, the comparison between the localization properties of

the plasmons and the electrons may shed some light on the problem of how the interaction influences localization.

It is pertinent mentioning that yet P.A.M.Dirac pointed out: "if we wish to make an observation on a system of

interacting particles, the only effective method of procedure is to subject them to a field of electromagnetic radiation

and see how they react" [3J.

In this way the phase-breaking length of the individual electrons can be obtained by the weak-fieldmagnetoresistance

measurements [4J. As it was stated in Ref. [5], the phase-breaking length determines the minimum width of an

electron wave packet and therefore, it may serve as the lower cutoff for the localization length. On the other hand,

the localization length associated with the indetermination of the quasi-momentum of the plasmons can be measured

by Raman scattering (6,7J.

It ia worth mentioning that a comprehensive analysis of the disorder effects induced by the unavoidable monolayer

fluctuations on the vertical transport properties of GaAs/AIGaAs SLs was presented in Ref. [8J.

In this work we study and compare the localization properties of the single-perticle and the collective electron

excitations subjected to a random potential in the intentionally disordered GaAsjA1GaAs SLs where the vertical

(along the growth direction) disorder was produced bya random variation of the well thicknesses. Such a disorder

let us to control the spatial extent of the wave functions of the elementary excitations propagating normal to the

layers and to choose the structure of the samples where the locaJization properties of both the electrons and the

plasmons can be measured concurrentIy. We showed that in good agreement with a theory, the Landau damping

results in a restriction of the parellel quasi-momentum (along the layers) of the coUectiveexcitations by the single-

2
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electron excitations. This demonstrates a precision and a reliability of the experimental method used to determine

the localization length of the collective excitations. Afterwards, the vertical localization length (perpendicular to

the layers) of the collective excitations W8S messured in the SL with the minigap set in the frequeney range of the

collective modes. ln this case no Landau damping is anticipated and the disorder determines the localization length

of the plasmons.

Two pairs of the (GaAS)m(AIo.3Gao.7As)6 SI.e (where the thicknesses of the layers are expressed in monolayers)

with different disorder strengths and doping concentrations were grown on (001) GaAs substrates. Each pair consisted

of two identical SLs, one grown on semi-insulating substrate and another grown on doped one. They were used to

measure the vertical and parallel magnetotransport respectively. The disorder strength was characterized by the

disorder parameter b8L = ~/W, where ~ is the width of a Gaussian distribution of the eleetron energy calculated

in the isolated quantum wells and W is the miniband width of the nominal SL (with m = 17M L) in the absence of

disorder. The samples with 88L = 0.4 and 68L = 0.82 and with the total thickness 0.3 tun (50 periods) and 0.9 um.

(150 periods) respectively, were studied. A contact 0.4 pm thick highly doped GaAs layer was deposited on the top

of the SLs grown on doped substrate. This top layer was removed before the Raman measurements. In order to form
, J

(
C"'~. '"' "" ,... ..."",r ( -the degenerate electron system the samples were homogeneously doped with Si. .» r (

.•j .• ,<..>' " .",
. \ . t •• ~, '. "._-----

The samples were patterned either into Ma11bars or square shaped mesa structures with areaá lx1 mm~f,/both

prepared by standard lithography and chemical etching. The Ohmic contacts were fabricated by depositing either

In (MaUbars) or an Au : Ge : Ni alloy (mesas). All transport measurements were performed with the current

10-5_10-4 A, when the contact resistances were confirmed to be ohmic, using standard low-frequency (1 H z) lock-in

technique in the temperature range from 1.6K to 8OK. The vertical transversal magnetoresistances were acquired by

two-probe measurements in a double mesa structures consisted of two identical mesas connected in series as it is shown

in Fig.3(b). As in Ref. [81, a direct oomparison with the four-probe vertical measurements did not reveal a significant

contact resistances. The collective excitations propagated normal to the !ayers \Vereexamined with Raman scattering

performed at T = lOK with a "lnstruments S.A. T64000 " triple grating spectrometer; the 5145 Â line of an Ar+

laser was used for non-resonant excitation. Raman seattering of the collective excitations propagated along the layers

was collected from the (110) side of the SL with the total thickness dSL = 0.9 um. In order to avoid scattered light

coming from the substrate, the micro-Raman system which focused the light with the spot size smaller than 1 pm

was used. ln this case the Raman spectra were taken at T = 8OK. The parameters ofthe studied disordered SLs are

listed in Table 1.

3
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In the recent articles [6,7}we have demonstrated that in the intentionally disordered GaAs/AlGaAs 8Ls the

observed asymmetry of the Raman lines associated to the plasmon-like coUectiveexcitations is due to the effect of

their localization. ln this case the magnitude of the localization length of the relevant collective excitations indicates

the strength of the correlation effects (the longer localization length, the stronger electron correlation) and it can be

determined using the formula [6):

(1)

where qo = 47rn(oX)/ oX is the wave number transferred by the laser light with the wave length oX used for excitation,

n(oX) is the refractive index, wp(q) , Lp and r are the dispersion of the appropriate collective excitations, their localiza-

tion length and their darnping constant respectively, The dispersions of the oolleetive modes were calculated in the

direction of propagation of the light using the random phase approximation (RPA) as in Ref. [6]. In the absence of

the Landau damping the validity of the RPA was confirmed in Ref. [9].

The high-field magnetoresistance data which display the distinct 8hubnikov - de Haas osciUations (they were used

to determine the Fermi energíes given in Table 1) and the absence of the activation type temperature behaviors of

resistances show that the electrons in the studied disordered 8Ls exhibit properties of metallíc systems subjected to

a weak anisotropic disorder.

In the weak localization regime (kFl »1) and in a weak magnetic field (wc1" «1, where Wc and 1" are the cyclotron

frequency and the elastic scattering time respeetively) the magnetic field dependence of the conductivity is caused

by the weak-localization correction. In the magnetic field H.l. orthogonal to the plane of layers the weak localization

corrections to the parallel conductivity of a 8L is determined by the foUowingexpression [IOJ:

(2)

where lH = Jfí/eH.l. is the magnetic length, a = Jm,Jmll is the coefficientof anisotropy (in the studied here 8Ls

the calculations give a = 1.4), F(8) is the Kawabata function and 8 = ib- with L", being the electron phase-breaking
'fi

Iength, The quantum correction to the vertical magnetoresistance of a 8L subjeeted to the magnetic field parallel

to the Iayers is given by the formula (2) divided by a2 with the magnetic field determined by the sealing relation

H" =HL/a [l1J.

The Raman scattering intensities obtained at T = 80K in the z(x,x)z and x'(z,z)x' back-scattering configuration

(where z is the growth [001]direction and X 1/ [100],x' 1/ [110]) in the thick disordered 8L are shown in Fig.1(a,b).

According to the selection rules, in both these cases the longitudinal optic (LO) vibrations are active [12]. In the

4



1

z(x,x)z geometry we observed the intensive line at 294 em-I which consists of two components: one due to the

unscreened LO GaAs-like phonon from the depletion surface layer and another is the w2 coupled plasmon-LO phonon

GaAs-like mode (the superseript means the direction of the mode propagation) whieh revealed the disorder indueed

asymmetry [6]. Also, the likely asymmetrieal w~ coupled AlAs-like mode was found around 380 em-I. The weak LOf

and at LO~ lines were assigned to the GaAs-like and AlAs-like LO phonons of the Alo.3Gao.7As barriers respectively

revealed due to the depletion layer. ln sueh an alIoy these modes are expected at 282 em-I and at 375 em-I

correspondingly [13]. Moreover, we observed the disorder induced TOf and T02 phonon lines attributed to the GaAs

weIl and to the Alo.3Gao.7As barríers respectively; their expected values are 272 em-1and 363 em-I correspondingly.

The Raman spectrum messured in the x'(z, z)x' geometry shows the same character as in Ref. [13,14]:the intensive

forbidden TO phonons and the weaker LO phonons. Neverlheless, the asymmetry of the w2 mode ia still well

pronounced.

The fits of the Raman intensities calculated by Eq.(l) to the experimental speetra measured in different configura-

tions allowed us to obtain the localization lengths of the plasmon-like excitations propagated in different directions.

The results of the best fits are shown in Fig.1(a,b). At T = 80K we found L;2 ~ 3.5nm,L;3 ~ 2.1nm for the

GaAs and ALAs plasmon-Iíkeexcitations propagated normal to the layers respeclively and L~2 ~ 8.4nm for the GaAs

plasmon-Iike excitations propagated along the layers.

The energy spectra of both the single-parlicle and collective excitations calculated in different directions of the

investigated above SL are depicted in Fig.2. For the parallel collective plasmon-Iike excitations the wave number

cutoff caused by the localization effects (211" / L~2) was found in reasonable agreement with the limitation of the wave

number of the collective excitations due to the Landau damping. At the same time, the Landau damping does not

inftuenee the localization of the collectiveexcitations propagated perpendicular to the layers because of the significant

ditference between their energy and the energy of the lowest miniband of the single-particle excitations. Therefore, in

t.his case the disorder induced localization length W8B extracted.

In order to compare the disorder induced localization length of the collective excitations with that of the electrons

we measured Raman back-scattering from the (001) surfaee of the SL at T = lOK. The corresponding localization

length of the GaAs plasmon-like excitations together with the vertical phase-breaking length obtained at the same

temperature are given in Table l.

It should be mentioned that at lowtemperatures the electrons reveal strongly anisotropic negative magnetoresistance

demonstrated in Fig.l(c). The phase-breaking length obtained at T = 1.6K in the directions perpendicular and

5



parallel to the layers were 710 nm and 2200 nm respectively. However, while the parallel phase-breaking length

strongly decreased with the temperature, no significant temperature variation of the vertical phase-breaking length

wes observed, As a result, alreedy at T = lOK the electrons expose isotropic locelisat.ion.

Similar results were obtained in another SL with different disorder strength and higher doping concentration. The

Raman intensity measured in this SL is depicted in Fig.3(a). ln such a case we found the well pronounced plasmon-like

asymmetry of the w~ mode. While, the w2 mode exhibited the opposite phonon-like asymmetry due to its phonon-like

character, expected in highly doped SLs [6]. As in the previous case no effect of the Landau damping is anticipated and

consequently disorder and the electron-electron interaction result in the localization length of the collective excitations

shown in Fig.4. The weak field vertical magnetoresistance measured in the mesa structure prepared from this SL

grown on doped substrate is shown in Fig.3(b) together with the data obtained in the mesa structure fabricated on the

same doped substrate without the SL. The mesa-shaped CaAs substrate revealed no considerable magnetoresistance.

Consequent1y, the contribution from the substrate is negligible. The data obtained in this SL are given in Table 1.

Finally, it is worth adding that the weak-field magnetoresistance in the studied here disordered superlattices is

due to the quantum interference processes and is not caused by the interaction effects [15]. Therefore, a comparison

between the localization lengths of the vertical plasmon-like excitations and the vertical phase-breaking lengths of the

noninteracting electrons provides arguments for understanding the influenoe of the interaction on localization effects.

The locelization length of the collective excitations was found considerably smaller than that of the individual electron.

This means that the disorder affeets the collective excitations in a stronger way than it does to the single-particle

ones,
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Figure captions:

Fig.l. Raman intensities of the collectivemodespropagated perpendicular (a) and parallel (b) to the layers measured

at T = 80 K in the (GaAs)m(Alo.3Gao.6As)6 superlattice with the disorder strength tisL =0.82. The dash Iines are

the intensities calculated according to Eq.(l). The contributions of the asymmetrical plasmon-like peaks are shown

by thick lines. Low panel (c) shows the parallel and vertical magnetoresístances measured in the same superlattice

at l' = 1.6 K; here the dash lines were calculated. according to Eq.(2). Insets show the Hall bar and the double

superlattice mesa used for the parallel and vertical transport measurements respectively.

Fig.2. Energy spectra of the vertically propagated single-particle (inset) and collectiveexcitations calculated in the

(GaAsh7(Alo.3Gao.6As)6 superlattice with the electron concentration n = 2.Ox1017cm-3. The dash and full lines

represent the dispersions of the uncoupled plasmons and the plasmons coupled to the LO phonons respectively. Thin
dd-

lines show the dispersions of the single-particle ~ line) and collectiveexcitations (fulllines) propagated parallel to

the layers. The vertical dash-dotted line demonstrates the wavenumber transferred by the light used for excitation.

The left panel shows the corresponding calculated.Raman intensities obtained by the fits as explained in the texto

Fig.3. (a) Raman intensity measured at T = 10 K in the (GaAs)m(A1o.sGao.6As)6 superlattice with the disorder

strength 6SL = 0.4. The dash line is the intensity calculated according to Eq.(l). (b) Wea.kfield vertical magne-

toresistance measured in the magnetic field parallel to the layers in the same superlattice at T = 10 K (labeled.as

DSL). Here the dash line was calculated according to Eq.(2}. The data marked as GaAs relate to the mesa structure

fabricated on the same doped substrate without the superlattice.

Fig.4. Energy speetra of the vertically propagated single-particle (inset) and collectiveexcitations calculated in the

(GaAsh7(Alo.1Ga06As)6 superlattice with the electron concentration n = 6.5x1017cm-3, The dash and full lines

represent the dispersions of the uncoupled plasmons and the plasmons coupled to the ALAs LO phonons respectively.

The vertical dash-dotted line demonstrates the wave number transferred by the light used for excitation. The right

panel shows the calculated Raman intensity obtained by the fit as explained in the texto
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Table 1. Parameters determined at T = 10K in two types ofthe studied dísordered GaAs/AlGaAs superlattices

6SL -3 cm~ EF,eV kFI L~3,nm L~,nmnH,cm J.LH,-V.•
0.4 6.5xlO17 1400 0.036 5.9 5.0 250.0

0.82 2.OxlO17 2143 0.015 4.0 7.3 140.0
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