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Effect of magnetic field on excitons in bulk and heterostructure semiconductors
containing disorder
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A theory of exciton formation is developed for double-layer semiconductor systems in which electrons and
holes are spatially separated by a potential barrier in the presence of a magnetic field. The effect of disorder due
to interface roughness of the double-layer structures is included. Use is made of a lattice-gas model to calculate
electron, hole, and exciton densities. Kinetic processes are neglected because they are negligible when strong
disorder is present in the system. The theory is applied to type-II AlAs/GaAs quantum wells and to bulk GaAs
in which electrons and holes are spatially separated. It is predicted that the formation of excitons in spatially
separated electron-hole systems is enhanced by the presence of a magnetic field.
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I. INTRODUCTION

Electron-hole coupling in double-layer~DL! systems has
been studied with much interest in semiconductor quan
wells ~QW’s! in which quasi-two-dimensional electrons an
holes are spatially separated by a potential barrier.1–6 Mag-
netoexciton spectra have been studied by several rese
groups.6,7 Lerner and Lozovik8 first calculated the excitation
spectrum and the correlation energy of a two-dimensio
electron-hole system with a strong transverse magnetic fi
Lozovik and Rubinskii9 also calculated the exciton spectru
in a strong magnetic field for different Landau levels f
arbitrary QW separations. Butovet al. studied the indirect
exciton luminescence in type-II AlAs/GaAs QW’s, an
showed that the probability of generating excitons is
creased by applying a magnetic field.6 A theory of magne-
toexcitons taking into account valence-band mixing effe
in QW’s was developed by Bauer and Ando.10 Dzyubenko
and Bauer5 calculated the low-temperature transport of a
lute exciton gas in type-II AlAs/GaAs QW’s. Experiment
evidence6 was reported for a stable excitonic ground state
a strong magnetic field which favors the stability of the e
citonic phase.8,11 The search for a stable excitonic phase
these systems is motivated by the possibility of Bo
Einstein condensation of excitons in QW’s.2 The critical con-
ditions for exciton condensation are improved by applyin
magnetic field.6

The aim of the present paper is to study the effect o
magnetic field on the formation of electron-hole pairs~exci-
tons! in DL systems with disorder. We consider the case
strong disorder in which the maximum value of the rand
potential is greater than the exciton binding energy. T
question addressed in this paper relates to the influence
magnetic field on these systems. The quantum-mechan
problem of charged particles in a strong random disorde
potential is very complicated even for noninteracting p
ticles. To study such complex systems in the presence o
interaction which forms bound states, we used an effec
lattice-gas model where the electron-hole system is divi
into unit cells.12 The lattice-gas Hamiltonian includes the i
teraction of carriers within each unit cell and between
unit cells. We have neglected kinetic processes such as
ping or tunneling of particles to other sites, because kin
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processes have negligible effects in the presence of st
disorder. We restrict our formulation to magnetic fiel
where the linear Zeeman terms are important. Theref
nonlinear terms (B2) are neglected in the present calcul
tions. We have applied our theory to type-II AlAs/GaA
QW’s. It is found that the exciton density increases w
magnetic field for excitons with total spin projectionSz50,
whereas it decreases forSz561 excitons. However, the tota
exciton density increases with increasing magnetic fie
There is a qualitative agreement between our theory and
perimental results. Numerical calculations are also p
formed for bulk GaAs’ where electrons and holes can
spatially separated for example by the application of an
ternal electric field. In this case, the density ofSz50 exci-
tons decreases whereas the density ofSz51 excitons in-
creases with magnetic field. The total exciton density on
again increases with magnetic field.

II. THEORY

The random potential barrier in QW’s may come fro
disorder which is usually due to interface roughness a
thickness variations of the QW’s unavoidable in the cou
of fabrication. In a strong disorder, excitons are localize
The separation in space of the electron and hole syst
greatly enhances their recombination lifetime. We use
lattice-gas model in which the lattice-gas within the syst
is divided into N unit cells, and thel th unit cell contains
ne

6( l ) electrons andnh
6( l ) holes. The signs ’’1 ’’ and ’’ 2 ’’

correspond to spin-up and spin-down, respectively. Here
consider the case where each unit cell can have no more
one electron and one hole. In the presence of a magn
field, the lattice-gas model Hamiltonian is written as

H5(
l ,6

FVe~ l !6
1

2
gemBBGne

6~ l !1(
l ,6

FVh~ l !

7
1

2
ghmBBGnh

6~ l !2 (
l ;a,b56

E0
abne

a~ l !nh
b~ l !

1 (
l ,l 8;a5e,h;a,b56

Er
abna

a~ l !na
b~ l 8!

2 (
l ,l 8;a,b56

Eb
ab@ne

a~ l !nh
b~ l 8!1nh

b~ l !ne
a~ l 8!#, ~1!
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wherena
6( l ) takes values 0 or 1. Herea5e for electrons and

a5h for holes.Va( l ) is an effective random potential at th
unit cell l. E0

ab is the binding energy for an electron-hole pa
occupying the same unit cell.Eb

ab is the Coulomb binding
energy between an electron~hole! in the unit celll and a hole
~electron! in the unit celll 11. Er

ab is the Coulomb repulsion
energy between an electron~hole! in the unit cell l and an
electron ~hole! in the unit cell l 11. ga are the Landeg
factors, mB is the Bohr magneton, andB is the magnetic
field. Here we consider the Zeeman splitting of the electr
hole energy levels and we restrict our formulation to ma
netic fields where nonlinear terms (B2) can be neglected
The binding, attractive, and repulsive energies between e
trons and holes are taken to be independent of the app
magnetic field. We consider the temperatureT of the system
to be small compared toE0

ab . This is a necessary conditio
to form excitons. The energies are measured from the m
mum value of the disorder potential which is taken as
origin of the energy scale.

Following the method of Ref. 12 and using Eq.~1! we
have calculated the average free carrier~electrons or holes!
density ne(B) and the average exciton densitynex

ab(B)
formed from an electron with spina and a hole with spinb
as

ne~B!5
1

b2V0
eV0

hE0

1E
0

1dx1dx2

x1x2

~z22F !Fe12zQe

z~z21F !
, ~2!

nex
ab~B!5

1

b2V0
eV0

hE0

1E
0

1dx1dx2

x1x2

~z22F !Fex
ab12zQex

ab

z~z21F !
,

~3!

where F5(a,b56Fab, Qe5(a,b56Qe
ab , y5ebm,

«0
ab5ebE0

ab
, «b

ab5ebEb
ab

, « r
ab5e2bEr

ab
, x1

6

5exp(7b @ 1
2gemBB#)x1, x2

65exp(6b @ 1
2ghmBB#)x2, x1

5e2bVe, x25e2bVh, b51/(kBT), and m is the chem-
ical potential.V0

e and V0
h are the maximum values of dis

order potential for electrons and holes respective

z(Ve ,Vh)5(a,b56
1
4 @11(x1

a1x2
b)y1(x1

ax2
b)y2«0

ab#, Fe

5(a,b56
1
4 @x1

ay1«0
abx1

ax2
by2#, Fex

ab5 1
4 «0

abx1
ax2

by2, and

Fab5
1

4
@~«b

ab« r
ab!421#~«0

abx1
ax2

b!2y4

1
1

4
@~« r

ab!221#@~x1
a!21~x2

b!2#y2

1
2

4
@~«b

ab!221#x1
ax2

by21 2
4 @~«b

ab« r
ab!221#

3@~x1
a!2x2

b1x1
a~x2

b!2#«0
aby3,

Qe
ab5

1

4
@~«b

ab« r
ab!421#~«0

abx1
ax2

b!2y4

1
1

4
@~« r

ab!221#~x1
a!2y21

1

4
@~«b

ab!221#x1
ax2

by2

1
1

4
@~«b

ab« r
ab!221#@2~x1

a!2x2
b1x1

a~x2
b!2#«0

aby3,
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Qex
ab5

1

4
@~«b

ab« r
ab!421#~«0

abx1
ax2

b!2y41
1

4
@~«b

ab« r
ab!221#

3@~x1
a!2x2

b1x1
a~x2

b!2#«0
aby3.

The total number of excitons is written asnex(B)
5(a,b56nex

ab(B). Note thatnex
121nex

21 gives excitons with
total spin projectionSz50, nex

21 gives excitons with spin
Sz51, andnex

22 gives excitons with spinSz521. To obtain
the above expressions, we have assumed that the intera
between carriers within each lattice cell is stronger than t
between the cells~i.e., E0

ab@Ea
ab , andE0

ab@Er
ab). The cor-

relation effect due to disorder has been neglected. There
the correlation length is smaller than the lattice spacing.

III. RESULTS AND DISCUSSIONS

Equation~2! is used to calculate the chemical potential f
a given carrier concentrationne5nh . This chemical poten-
tial is then used in Eq.~3! to calculate the relative exciton
density (nex /ne) as a function of DE/E0 @DE5(ugeu
1ughu)mBB# for a type-II AlAs/GaAs QW. The numerica
results are presented in Fig. 1. The parameters are take
ge51.9, gh52.3,4 E0

ab5E0 , Eb
ab5Er

ab50.05E0, and V0
e

5V0
h5V0. A typical exciton binding energyE0 is 2 meV for

type-II heterostructures.3 The temperature is taken asT
5E0/5.8, which corresponds approximately to 4 K. Th
maximum valueDE5E0 corresponds toB58.2 T. The up-
per curvesa and b correspond toV055E0 while the lower
curvesc and d correspond toV0510E0. The solid curves
correspond tone50.02aB

22 and the dotted curves correspon
to ne50.05aB

22 . HereaB is the exciton Bohr radius with a
typical value aB5100 Å. Therefore,ne50.02aB

22 corre-
sponds tone5231010 cm22. Note from this figure that the
relative exciton density increases with the magnetic fie
This is consistent with the experimental finding of Buto
et al.6 These experiments were performed for samples wit
negligible random potential, but the overlap between el
tron and hole wave functions was controlled by an exter
gate voltage.

FIG. 1. Relative exciton densitynex /ne as a function ofDE/E0

for type-II AlAs/GaAs QWs. The meaning of the labelsa,b,c, and
d is discussed in the text.
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To understand the physical behavior of Fig. 1, the diff
ent populationsnex

ab/ne of the relative exciton density hav
been plotted as a function ofDE/E0 in Fig. 2. Curvesa, b, c,
d, and e correspond tonex /ne ~total!, nex

21(Sz50)/ne ,
nex

21(Sz51)/ne , nex
22(Sz521)/ne , andnex

12(Sz50)/ne re-
spectively. Note thatnex

21(Sz50)/ne increases with mag
netic field and that it is larger than that of any other curv
This can be understood as follows. In a magnetic field,
degenerate electron and hole energy states split in spi
and spin-down states due to Zeeman effect. In the cas
electrons, the state with spin-down has lower energy than
state with spin-up, while in the case of holes the state w
spin-up has lower energy than the state with spin-down.
cording to the Fermi distribution function, there are mo
electrons occupying the state with spin-down than that
spin-up. Similarly, there are more holes occupying the s
with spin-up than that of spin-down. Therefore, the proba
ity to form excitonsnex

21(Sz50) from electrons with spin-
down and holes with spin-up~curve b) is larger than the
probability to form excitons from any other combination
spins. The termsnex

21(Sz51) ~curve c), nex
22(Sz521)

~curved) andnex
12(Sz50) ~curvee) do not contribute sig-

nificantly to the total exciton density. As the magnetic fie
increases, the spin splitting energy also increases. He
nex

21(Sz50)/ne increases with magnetic field, whereas t
other density terms decrease with magnetic field. It is fou
that the rate of increase ofnex

21(Sz50)/ne with magnetic
field is larger than the rate of decrease of the other den
terms combined together. Hence the total exciton density
creases with an increase of the magnetic field. Note

FIG. 2. Relative exciton density withSz50 andSz561 as a
function of DE/E0 for type-II AlAs/GaAs QW’s. The meaning o
the labelsa,b,c,d, ande is discussed in the text.
ku
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nex /ne decreases when the random potential increa
which is consistent with our previous work.13 This happens
because, in the presence of disorder, it is more likely for
electron and hole to occupy lower-energy positions wh
may be spatially quite far apart and the number of bou
electron-hole pairs decreases.

The present theory is also applied to bulk GaAs mater
where electrons and holes are spatially separated. The va
ge520.44 andgh51.0 are taken from the work of Snellin
et al.14 Datta et al.3 found an exciton binding energyE0
52.5 meV for the spatially separated electron-hole pair
GaAs. The exciton density is calculated in Fig. 3. Curv
a,b,c,d, and e correspond to nex /ne ~total!, nex

21(Sz

51)/ne , nex
21(Sz50)/ne , nex

12(Sz50)/ne and nex
22(Sz

521)/ne respectively. Note that only the termnex
21(Sz

51)/ne ~curveb) increases with magnetic field whereas t
other terms decrease with magnetic field. This is the reve
situation of what we obtained for a type-II AlAs/GaAs QW
Because of the negative value of the electrong factor, the
electron energy state with spin-up is now lower than that
electron state with spin-down. However, the spin splitting
the hole states remains similar to that of type-II AlAs/Ga
QW’s. Therefore, in this case, both electron and hole po
lations with spin-up increase at the same time so that
nex

21(Sz51) exciton population is larger than any of the oth
one and it increases with magnetic field.

ACKNOWLEDGMENT

One of the authors~M.R.S.! is thankful to NSERC of
Canada for financial support in the form of a research gra

FIG. 3. Relative exciton density withSz50 andSz561 as a
function of DE/E0 for GaAs. The meaning of the labelsa,b,c,d,
ande is discussed in the text.
v. B
1J.A. Kash, M. Zachau, E.E. Mendez, J.M. Hong, and T. Fu
zawa, Phys. Rev. Lett.66, 2247~1991!; H.C. Tso, P. Vasilopou-
los, and F.M. Peeters,ibid. 70, 2146~1993!; X.M. Chen and J.J.
Quinn, ibid. 67, 895 ~1993!; L. Świerkowski, J. Szymanski, and
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