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Photoluminescence investigations of two-dimensional hole Landau levels inp-type single
Al xGa1ÀxAsÕGaAs heterostructures
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We study the energy structure of two-dimensional holes inp-type single Al12xGaxAs/GaAs heterojunctions
under a perpendicular magnetic field. Photoluminescence measurments with low densities of excitation power
reveal rich spectra containing both free and bound-carrier transitions. The experimental results are compared
with energies of valence-subband Landau levels calculated using a numerical procedure and good agreement is
achieved. Additional lines observed in the energy range of free-carrier recombinations are attributed to exci-
tonic transitions. We also consider the role of many-body effects in photoluminescence spectra.
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I. INTRODUCTION

Valence-band subbands in doped quantum wells and
erojunctions have a complicated structure. Due to str
electric fields resulting from both band-edge discontinuit
and an irregular charge distribution, the heavy- and lig
hole states are mixed. This results in a strong nonparabol
and anisotropy of energy levels and their nonlinear beha
under an external magnetic field. Hole subbands in do
heterostructures were studied experimentally—howe
much less intensively than conduction-band states. In m
netotransport measurements1–5 effective masses of hole
were determined from Shubnikov–de Haas oscillations
was shown1,2 that in single heterojunctions the spin dege
eracy of valence-band subbands is lifted as a result of
asymmetry of the confining potential and the large spin-o
coupling. The complex arrangement of hole Landau lev
was investigated in cyclotron resonance experiments.1,6–9

However, the photoluminescence~PL! spectroscopy in a
magnetic field normal to the layers, very effective in prov
ing information on the conduction-band electrons, was re
tively seldom used forp-doped structures.10–16Due to higher
effective masses, both the cyclotron energy and mobility
smaller in the valence band by nearly an order of magnitu
As a result the ratio of Landau-level broadening~increasing
with diminishing mobility! to their distance becomes su
stantially larger, reducing the resolution of measureme
Usually the studied luminescence resulted from band
band transitions. Volkovet al.15 investigated radiative re
combination of two-dimensional~2D! holes with donor-
bound electrons in specially designed heterojunctions wh
a monolayer of donors was introduced at some distance f
the interface. In recent publications17–19 observations of
subtle many-body effects like positively charged excitons
0163-1829/2003/67~3!/035305~12!/$20.00 67 0353
t-
g
s
t-
ity
or
d
r,
g-

It
-
e

it
ls

-
-

re
e.

s.
-

re
m

r

shake-up processes were reported inp-type quantum wells.
To reduce the broadening of PL features in these experim
free holes were created not by means of a modulation dop
but using optical excitation.

Calculations of hole Landau levels inp-doped hetero-
structures are quite complex. Similarly as in the case
conduction-band subbands one has to solve self-consiste
Schrödinger and Poisson’s equations. But valence-ba
states are described by the 434 Luttinger Hamiltonian20

which considerably complicates the computations. In ea
attempts21–25the hole eigenstates were expanded in a limi
set of basis functions and calculated by matrix diagonali
tion. The precision of such methods strongly depends on
choice of the basic set and is known to fail for larger ma
netic fields unless the number of basis functions
increased.21 Bangert and Landwehr25 examined the impor-
tance of cubic anisotropy terms commonly ignored in cal
lations. The theory of exchange-correlation effects in the
lence band was developed by Bobbertet al.26 who proposed
a simple method of including many-body interactions in su
band calculations. In Refs. 15, 27, and 28 improved num
cal algorithms for solving the Luttinger Hamiltonian we
elaborated. The structure of hole Landau levels calculated
different authors was compared with experimental resu
however, the agreement was rather poor.

In this paper we investigate low-temperature photolum
nescence fromp-type single Al12xGaxAs/GaAs heterostruc-
tures in a magnetic field perpendicular to the layers. As w
first demonstrated by Yuanet al.29,30 the PL spectrum of a
modulation-doped heterostructure is dominated by a br
line, named theH band, located in the energy range of bu
excitons and donor-acceptor pair recombination. The cha
teristic feature of this line, observed in both donor- a
acceptor-doped structures, is a strong blueshift with incre
©2003 The American Physical Society05-1
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ing excitation power. A tilted magnetic field experimen11

proved that 2D carriers are involved in theH-band emission.
Time-resolved PL measurements31 displayed extremely long
lifetimes which strongly depended on the line position. T
was explained as a result of spatial separation~by the inter-
face electric field! of carriers participating in the recombina
tion process. Along with these observations theH-band emis-
sion was interpreted as a recombination of 2D partic
confined near the junction~electrons or holes according t
the doping! with photocreated carriers of the opposite cha
removed by the electric field far from the interface.
strongly doped heterostructures with high densities of
carriers the large interface electric field results in apprecia
spatial separation of recombining electrons and holes. A
consequence theH-band emission has a free-carrier charac
which is revealed in linear changes of the line position w
a perpendicular magnetic field.11,16,32,33In less doped struc
tures an excitonic nature of theH-band line was observed a
a diamagnetic shift of the transition energy.16,34 This clearly
results from a reduced separation of recombining partic
which enhances their Coulomb binding.

Free-carrier recombination observed in our samples w
high densities of 2D holes enabled us to derive the struc
of valence-subband Landau levels. In PL measurements
applied very low densities of excitation powe
(,0.16 mW/cm2), which increased the resolution and a
lowed us to discern the fine structure ofH-band emission. In
addition to free-carrier lines we observed a recombination
donor-bound electrons with 2D holes. The sample para
eters as well as details of the experimental methods are
sented in Sec. II. To analyze the results we calculated
energies and wave functions of 2D hole Landau levels us
an exact numerical procedure that will be described in S
III. We assumed that the nondoped GaAs layer is ofp type
and the 2D holes form an accumulation layer at the interfa
Usually ~see, for example, Ref. 35! the background doping
of pure molecular-beam-epitaxy-~MBE-! grown GaAs is of
p type in the low-1014-cm23 range. This results in a weake
electric field near the interface and consequently in so
what lower 2D hole subband energies as compared with
previous calculations, where then-type residual GaAs dop
ing was assumed. We also evaluated the matrix element
optical transitions between valence- and conduction-b
Landau levels. The theoretical results are compared w
measured energies of PL transitions in Sec. IV and very g
agreement is established. Besides the free and donor-re
transitions new lines are discerned in the spectra at hig
magnetic fields, possibly of excitonic nature. We discuss
influence of exchange-correlation effects on hole Land
levels and observed recombination processes. Section V
summarize our conclusions.

II. EXPERIMENTAL SYSTEMS
AND SAMPLE PARAMETERS

We investigated two singlep-type GaAs/Ga0.5Al0.5As het-
erostructures with hole concentrationsp157.631011 cm22

and p259.831011 cm22. They were grown by molecula
beam epitaxy on~001! semi-isolating GaAs substrates in th
03530
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following sequence: 1 mm undoped GaAs, 7 nm undop
Ga0.5Al0.5As spacer, 50 nm Ga0.5Al0.5As layer doped with Be
(531017 cm23 for sample 1 and 131018 cm23 for sample
2!, and 5 nm GaAs cap layer also doped with Be
31018 cm23 for sample 1 and 231018 cm23 for sample 2!.
Transport properties of both structures in helium tempe
tures were reported previously.3,5,36

Photoluminescence measurements were performed u
two setups. For preliminary studies we used an optical sp
coil cryomagnet providing magnetic fields up to 8 T. Th
samples were excited in the Faraday configuration with A1

laser~wavelength 488 nm!. Luminescence spectra were an
lyzed in a 1-m single-grating monochromator with
nitrogen-cooled charge-coupled-device~CCD! camera used
as a detector. The second setup allowed extending PL m
surements up to a magnetic field of 14 T. An optical fib
system was used with the quarter-wave plate and a lin
polarizer placed together with the sample in liquid helium.
order to examine the circular (s1 and s2) polarization of
photoluminescence the direction of the magnetic field w
changed. The spectra were analyzed in the same way a
the first setup.

III. THEORY

To calculate the energy spectrum of 2D holes we dev
oped a technique that can easily be explained for a par
with parabolic dispersion. Suppose that we want to de
mine bound-state energies and wave functions of the Ha
tonian

H52
\2

2m~z!
D1V~z!, ~1!

in which both the potentialV and effective massm are posi-
tion dependent only inside some intervalZ1,z,Z2. By in-
troducing pointsz05Z1,z1,•••,zN5Z2 we divide this
interval into N parts and then approximate the actual fun
tions V(z) and m(z) in each subinterval by the appropria
constants@such asVj5V(zj ) and mj5m(zj ), respectively,
for zj 21,z,zj ]. After that local solutions of the Schro¨-
dinger equation can easily be found:

F j~rW !5exp~ ikW'rW'! f j~z! ~zj 21,z,zj !,
~2!

f j~z!5Ajexp~ ik jz!1Bjexp~2 ik jz!,

where

kj5A2mj

\2
~E2Vj !2k'

2 , ~3!

E andkW'5(kx ,ky) are the particle energy and wave vecto
respectively, andAj , Bj are some unknown coefficients
Equations~2! and~3! are also relevant in the exterior region
z,z0 ( j 50) andz.zN ( j 5N11).

The matching conditions~i.e., the continuity of both the
wave function and its derivative divided by the effectiv
5-2
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mass! at points of division can be handily written in a matr
form. Introducting the column vectorsU j5@Aj ;Bj # we ob-
tain

Bj 21~zj !U j 215Bj~zj !U j , j 51, . . . ,N11, ~4!

where

Bj~z!5F exp~ ik jz! exp~2 ik jz!

ik j

mj
exp~ ik jz! 2

ik j

mj
exp~2 ik jz!G . ~5!

Equations~4! allow us to relate the vectorsU0 andUN11 in
the exterior regions:

FA0

B0
G5TFAN11

BN11
G , ~6!

where the transfer matrixT is given by the product

T5 )
j 51

N11

Bj 21
21 ~zj 21!Bj~zj !. ~7!

For a bound state the wave vectorsk0 and kN11 must be
imaginary as well as the coefficientsA0 and BN11 have to
vanish. According to Eq.~6! this implies

T11~E!50. ~8!

To determine the energies of bound states we calculate
merically transfer matrix~6! for different values of the vari-
able E ~and a fixed wave vectorkW') searching for zeros o
the diagonal elementT11. After that the wave functions ca
be evaluated by assumingAN1151 and calculating the co
efficients Aj , Bj in successive subintervals from Eqs.~4!.
The precision of the results depends on the density of d
sion ~numberN of subintervals! and can easily be controlled
If the potential V(z) is not constant forz→6`, a good
approximation of accurate bound states can be obtaine
choosing the outermost points of division (z0 and zN) suit-
ably far from the classical turning points.

This method of calculation can be also applied to ma
Hamiltonians. Holes in the valence band of III-V compoun
are described by the Luttinger matrix20

HL52F P1Q L M 0

L1 P2Q 0 M

M 1 0 P2Q 2L

0 M 1 2L1 P1Q
G , ~9!

where

P5
\2g1

2m0
K2, Q5

\2g2

2m0
~Kx

21Ky
222Kz

2!,

L52 iA3
\2g3

m0
~Kx2 iK y!Kz ,
03530
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M5A3
\2g2

2m0
~Kx

22Ky
2!2 iA3

\2g3

m0
KxKy ,

KW 52 i¹W , ~10!

wherem0 is the free-electron mass andg1 , g2, andg3 are
Luttinger parameters. The eigenenergies of Hamiltonian~9!
are

E6~kW !52P~kW !6AQ2~kW !1L~kW !L1~kW !1M ~kW !M 1~kW ! ,
~11!

whereE1 and E2 relate to light and heavy holes, respe
tively. The wave functions can be written asF(rW)
5F(kW )exp(ikWrW), where F(kW ) is one of the following
vectors:37

L1~kW !5F R1

L1

M 1

0

G , L2~kW !5F 0

M

2L

R1

G ,

~12!

H1~kW !5F 2L

R2

0

2M 1

G , H2~kW !5F 2M

0

R2

L1

G .

Here R15Q2P2E1 , R25Q1P1E2 , and vectorsL1 ,
L2 correspond to light-hole states and vectorsH1 , H2 to
heavy-hole ones.

In heterostructures the Luttinger parameters have diffe
values in subsequent layers. Thus both components of
HamiltonianHL1V(z) describing hole subbands vary wit
distancez. To find the subband energies we proceed simila
as for Hamiltonian~1!. The local solution of the Schro¨dinger
equation in the subintervalzj 21,z,zj , where values ofV,
g1 , g2, andg3 are set fixed, can be written in the form

F j~rW !5exp~ ikW'rW'! f j~z!,

f j~z!5@C1H1~kH!1C2H2~kH!#exp~ ikHz!1@C3L1~kL!

1C4L2~kL!#exp~ ikLz!1@C5H1~2kH!

1C6H2~2kH!#exp~2 ikHz!1@C7L1~2kL!

1C8L2~2kL!#exp~2 ikLz!. ~13!

Here the complex wave vectorskL , kH are roots of the equa
tions

E1~kW' ,kz!5E2Vj , E2~kW' ,kz!5E2Vj , ~14!

respectively. We choosekL andkH such that their imaginary
parts are non-negative. Function~13! contains eight un-
known coefficients, which will be represented by the colum
vector U j5@C1 ;C2 ; . . . ;C8#. VectorsU j in adjacent sub-
intervals can be related using the matching conditions37
5-3
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f j 21~zj !5 f j~zj !,

D j 21f j 21~zj !5D j f j~zj !, ~15!

whereD j is the matrix operator,

D52F ~g12g2!]/]z A3g3~kx2 iky! 0 0

2A3g3~kx1 iky! ~g11g2!]/]z 0 0

0 0 ~g11g2!]/]z 2A3g3~kx2 iky!

0 0 A3g3~kx1 iky! ~g12g2!]/]z
G , ~16!

with values of the Luttinger parameters appropriate for the subintervalj. Once more we obtain Eqs.~4!, this time with 8
38 matricesBj of the form

Bj5F L1~kL!exp~ ikLz! L2~kL!exp~ ikLz! H1~kH!exp~ ikHz! H2~kH!exp~ ikHz!

D jL1~kL!exp~ ikLz! D jL2~kL!exp~ ikLz! D jH1~kH!exp~ ikHz! D jH2~kH!exp~ ikHz!

L1~2kL!exp~2 ikLz! L2~2kL!exp~2 ikLz! H1~2kH!exp~2 ikHz! H2~2kH!exp~2 ikHz!

D jL1~2kL!exp~2 ikLz! D jL2~2kL!exp~2 ikLz! D jH1~2kH!exp~2 ikHz! D jH2~2kH!exp~2 ikHz!
G . ~17!
f
a

te
m

ee

of

ons

cil-
r

-

-

ole
To find an equivalent of condition~8! for bound-state en-
ergies we examine the structure of vectorsU0 andUN11 in
the exterior regions. They are related by the equationU0
5TUN11 with transfer matrix~7! evaluated by means o
matrices~17!. The complete wave function is evanescent
z→6` only if imaginary parts of bothkL andkH are non-
zero ~i.e., positive according to the definition! for z,z0 and
z.zN . Moreover, the componentsC1 , . . . ,C4 of vectorU0
must be zero and similarlyC55C65C75C850 in the case
of vectorUN11 as can be deduced from expression~13!. We
thus obtain the equation

T1F C1

C2

C3

C4

G5F 0

0

0

0

G , ~18!

where

T15F T11 . . . T14

A A

T41 . . . T44
G ~19!

is a 434 submatrix of transfer matrixT. Nontrivial solutions
of Eq. ~18! exist only if

det@T1~E!#50, ~20!

which is the requested condition for energies of bound sta
To calculate the wave functions we first determine the co
ponentsC1 , . . . ,C4 of vector UN11 by solving Eq. ~18!.
After that relations~4! are used to compute vectorsU j in
succeeding subintervals. Numerical calculations proc
similarly as in the case of scalar Hamiltonian~1! except that
higher-order matrices~17! must be evaluated.
03530
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To account for a magnetic fieldBW parallel toz-axis opera-
tor KW , Eq. ~10! is replaced byKW 52 i¹W 1eAW /\c and thek

terms38 are included in Hamiltonian~9!. HereAW is the vector
potential,e is the electronic charge, andc is the velocity of
light. The resulting Hamiltonian can be written in terms
the creation and destruction operatorsa65A\c/2eB(Kx
6 iK y). We apply the axial approximation24 by replacing op-
eratorM, Eq. ~10!, by M5A3(\2ḡ/2m0)(Kx2 iK y)

2, with
ḡ5(g21g3)/2. Then the column vector

Fn~ ṙ !5F F1~z!fn21~rW'!

F2~z!fn~rW'!

F3~z!fn11~rW'!

F4~z!fn12~rW'!

G ~21!

becomes an eigenvector. The harmonic oscillator functi
fn satisfya1fn5An11fn11 anda2fn5Anfn21. In ex-
pression ~21! the index n runs over the valuesn522,
21,0,1, . . . and theenvelope functionsFl(z) are automati-
cally zero for those components which have harmonic os
lator functionsfn with n negative. By substituting vecto
~21! to the Schro¨dinger equationHLF5EF we obtain a set
of ordinary differential equations for thez-dependent compo
nents, which can be rewritten as some 434 matrix acting
uponF1(z), . . . ,F4(z) functions only. The solutions of this
set can easily be obtained with a resemblance to Eqs.~11!
and~12!. The procedure of transfer matrix evaluation follow
ing from this point is analogous to that for theB50 case.

In a selectively doped single heterostructure each h
moves in a potential which can be written as a sum:

V~z!5Vo~z!1VI~z!1VS~z!. ~22!
5-4
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Here the component

Vo~z!5H 2Vo , z<0,

0, z.0,
~23!

describes the valence-band offset at the junction (z50). The
potentialVI(z) created by the immobile charge~ionized im-
purities! and the potentialVS(z) due to mobile 2D holes can
be both calculated in the Hartree approximation by solv
Poisson’s equation

d2V

dz2
5

4pe

e
r~z!, ~24!

with the suitable charge densityr(z). The dielectric con-
stantse of GaAs and Ga12xAl xAs are slightly different, but
the resulting image potential was shown39 to have quite a
small effect on the subband energies. Therefore we negle
in the calculations.

Our structures are doped with acceptors of densityNAB in
the Ga12xAl xAs barrier; however, a layer of thicknessw ~the
spacer layer! is left undoped to improve 2D carrier mobil
ties. The holes removed from the acceptor levels form the
carrier gas with areal densityNS as well as the accumulatio
layer of width l A . We assume that all barrier acceptors a
ionized for2 l I,z,2w and similarly all GaAs donors fo
0,z, l A . Then the resulting immobile charge density

r I~z!5H 2eNAB ~2 l I,z,2w!,

1eND ~0,z, l A!,
~25!

whereND is the concentration of residual~minority! donors.
Residual acceptors with concentrationNA (.ND) are neutral
in the accumulation layer. The condition of charge conser
tion can be written as

NABl I5NS1NDl A . ~26!

Calculating the density of mobile charge we assume
only the ground valence subband is occupied by holes. As
will see this assumption is fulfilled even in our highly dop
structures. We also neglect a coupling of the hole motion
the z direction and the motion in the plane of the junctio
assuming that all 2D holes have the same envelope func
f (z). Then the density of mobile charge is

rS~z!5eNSf 2~z!. ~27!

Equation~24! with charge densities~25! and~27! can easily
be solved and after some manipulations the results can
written as

VI~z!52
2pe2

e 5
2NSz22~Nacc1NS!w ~z,2w!,

~2Nacc1NS!z ~2w,z,0!,

NSz12Naccz~12z/2l A! ~0,z, l A!,

NSz1Naccl A ~z. l A!,
03530
g

t it

D

e

-

at
e

n
,
on

be

VS~z!5
2pe2

e
NSFz22zE

0

`

f 2~z1!dz122

3E
0

z

~z12z! f 2~z1!dz1G . ~28!

whereNacc5NDl A is the areal density of charged impuritie
in the accumulation layer. In formula~28! we used condition
~26! and neglected forz,2w the component of the poten
tial VI(z) square inz ~which has a small effect on the sub
band energies since the hole envelope functions vanish
idly in the barrier!. The potential value at the end o
accumulation layer,

V~ l A!'2
2pe2

e
Naccl A2

4pe2

e
NSE

0

`

z1f 2~z1!dz1 ,

~29!

defines the position of the valence-band edge far from
interface~in the flatband region! and is related to the hole
Fermi energyEF . If we denote byEA the position of accep-
tor levels outside the accumulation layer and byeA the bulk
acceptor binding energy, we can write~see Fig. 1! V( l A)
5EA1eA . Solving the neutrality condition

ND5NAF112expS EA2EF

kBT D G21

with respect toEA we obtain

V~ l A!5EF1eA1kBTlnS NA2ND

2ND
D . ~30!

Equations~29! and~30! allow us to calculate both the lengt
l A and densityNacc of the accumulation layer. The Ferm
energyEF is determined from the known concentration
2D holes.

Since the potentialVS(z) produced by 2D carriers de
pends on the hole envelope function, the subband calc
tions must be self-consistent. At the first step we compute

FIG. 1. Calculated valence-band profile in the well layer of
Al0.5Ga0.5As/GaAs heterostructure with the 2D hole density of 7
31011 cm22. HHn and LHn label the edges of heavy- and ligh
hole subbands, respectively. The dotted line represents the acc
level.
5-5
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potentialV(z) and the energy and wave function of the hig
est heavy-hole subband edge. After any iteration the Fe
energyEF is determined and new values ofl A andNacc are

calculated. If the in-plane wave vectorkW' is equal to zero, all
off-diagonal elements of Hamiltonian~9! vanish. Therefore
the subband edges can be calculated exactly by solving
Schrödinger equation with scalar Hamiltonian~1! and effec-
tive massesm0 /(g122g2) for heavy andm0 /(g112g2) for
light holes. The Luttinger parameters used in the calcula
are given in Table I. The value of the valence-band off
V05219.2 meV is obtained as 35% of the difference in ba
gaps in two adjacent layers. The concentration of resid
donors,ND , is taken to be 531014 cm23.

Figure 1 shows the computed valence-band profile
positions of the first three subband edges for the sample
hole densityNS57.631011 cm22. Our results can be di
rectly compared with those obtained in Ref. 5, where h
levels in the same structure were calculated assuming
n-type residual GaAs doping. In our case the electric field
the well region is substantially~almost 2 times! weaker. As a
consequence we obtain higher values of the hole subb
edges and smaller intersubband distances (H
5238.1 meV and LH15245.9 meV as compared with th
values HH1'242 meV and LH1'256 meV reported in
Ref. 5!. In spite of a large 2D hole density only the groun
HH1 subband is occupied and the Fermi level is loca
about 3 meV on top of the next LH1 subband.

Using the determined self-consistent potentialV(z) we
next solve the Schro¨dinger equation (HL1V)F5EF and

calculate the subband dispersions forkW'Þ0. Results are
plotted in Fig. 2. The subbands are spin split~as a conse-
quence of the asymmetry of the confining potential! and
strongly nonparabolic. A comparison with the results of R
5 reveals that the difference in the potential profile affe
also the in-plane hole masses. For example a hole in
upper spin-split subband HH1 is in our model almost 30
lighter.

Calculations including the magnetic field are perform
using the same self-consistent potential as forB50. We
therefore neglect any influence of the magnetic field on
band bending. The results will be discussed in next sect

To examine measured photoluminescence spectra we
to derive selection rules for interband optical transitions. T
complete hole wave function for a given Landau leveln can
be written as

TABLE I. The valence-band parameters used in the calcula
~after Ref. 40!. Linear interpolation is applied for AlxGa12xAs.

GaAs AlAs

g1 6.85 3.45
g2 2.10 0.68
g3 2.90 1.29
k 1.2 0.12
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n5F1fn21u11F2fnu21F3fn11u31F4fn12u4 ,

~31!

whereul ( l 51, . . . ,4) is theperiodic part of thel th Bloch
function. The basis for Hamiltonian~9! is37

u15
1

A2
~X1 iY!↑,u25

i

A6
@~X1 iY!↓22Z↑#,

u35
i

A6
@~X2 iY!↑12Z↓#,u45

1

A2
~X2 iY!↓. ~32!

Similarly the total wave function of a conduction-band ele
tron has the formCn

e5Fe(z)fnue where ue5S↑ or ue

5S↓ and the envelope functionFe(z) represents an unboun
motion. We calculate the matrix element^Cn

hu«W pW uCn8
e & for

the transition in which the light with polarization«W is ab-
sorbed and an electron is raised from a stateCn

h to Cn8
e .

Since among matrix elements^SupvuX&, ^SupvuY&, ^SupvuZ&
(v5x,y,z), merely

^SupvuX&5^SupvuY&5^SupvuZ&5 im0P, ~33!

are different from zero (P being the Kane momentum matri
element!, we obtain

n

FIG. 2. Energy bands as a function of the wave vectorkW' per-
pendicular to the growth direction. The sample parameters are
same as in Fig. 1.
5-6
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^Cn
hu«W pW uFe~z!fn8S↑&

52 im0PF«2E F1* fn21* Fefn8d
3rW1

1

A3
«1

3E F3* fn11* Fefn8d
3rW

1 iA2

3
«zE F2* fn* Fefn8d

3rWG ~34!

and

^Cn
hu«W pW uFe~z!fn8S↓&

52m0PF 1

A3
«2E F2* fn* Fefn8d

3rW1«1

3E F4* fn12* Fefn8d
3rW

1 iA2

3
«zE F3* fn11* Fefn8d

3rWG , ~35!

where «65(«x6 i«y)/A2. In our p-doped structures the
number of photoexcited electrons is small and only the lo
est conduction-band Landau levels withn850 participate in
the luminescence. An inspection of formulas~34! and ~35!
gives the selection rules that are summarized in Table II.
consider only optical transitions in the Faraday configu
tion. The transitions involving valence-band Landau lev
n50 and n521 are 3 times less intense than the othe
i.e., they have light-hole character. One can expect that
strongest transition takes place between the hole leven
522 and the spin-down electron state in thes1 polariza-
tion. All the components of hole wave function~21! different
thanF4(z) ~the active component according to Table II! are
then equal to zero.

IV. RESULTS AND DISCUSSION

Photoluminescence spectra from the sample withNS
57.631011 cm22 measured atB510 T in boths1 ands2

polarizations are shown in Fig. 3. At low excitation powe
most of the incident light is absorbed in the GaAs reg

TABLE II. Matrix elements of allowed interband transitions in
volving the lowest conduction-band Lnadau level for two differe
circular polarizations.

Polarization

Hole
Landau
level

Electron
spin

Matrix
element

s2 n51 ↑ P*F1* (z)Fe(z)dz
n50 ↓ (P/A3)*F2* (z)Fe(z)dz

s1 n521 ↑ (P/A3)*F3* (z)Fe(z)dz
n522 ↓ P*F4* (z)Fe(z)dz
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near to the interface. This explains the relatively small inte
sities of the bulk lines namedX, D0X, andA0X and attrib-
uted to free, donor-bound, and acceptor-bound GaAs e
tons, respectively. Stronger peaks denoted asH andD have
two-dimensional character. This appears from the line beh
ior with changed excitation power examined in our previo
paper.33 We found that the relative intensities ofX lines in-
creased as the laser power was raised and more of the
dent light reached the flat band GaAs region far from
interface. At the same time theX-line positions remained
unchanged whereas those of bothH and D peaks shifted
towards higher energies. This results from the generation
electron-hole pairs which screen the electric field inside
accumulation layer. In effect the band bending is reduced
the energy of electron near the junction increases. On
other hand, recombination processes in the flatband re
remain unaffected. The line namedD2A arises from the
donor-acceptor recombinations inside the accumula
layer. Both its position and intensity also depend on the la
power.

We identified theH lines as resulting from the recomb
nation of photoexcited electrons with 2D holes confin
close to the junction. The lines namedD were recognized as
originating from the recombination of 2D holes with ele
trons bound to residual donors.33 The positions of all free-
carrier transitions and of two donor lines with the lowe
energies as function of the magnetic field are plotted in F
4 ~the lines denoted asE will be discussed later!. They dis-
play different behavior: theD lines exhibits diamagnetic shif
whereas the energies of free-electron transitions change
most linearly withB.41 At low fields the donor peaks ar
redshifted with respect to theH lines by the value of 4 meV
close to the bulk GaAs Rydberg energy and the differe
increases with growing magnetic field.

To attain a high resolution the PL measurements w
performed using very low density of excitation powerP
50.16 mW/cm2. We observed that at excitation levels belo
0.7 mW/cm2 the positions ofH lines saturate and do no
change with the powerP. Presumably the number of photo

t

FIG. 3. Photoluminescence from sample withNS57.6
31011 cm22 measured atB510 T in different circular polariza-
tions for the excitation power density of 0.16 mW/cm2. The lines
indicated by arrows are identified in the text.
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created carriers is so small that the band profiles remain
altered. Under these conditions the donor-related emissio
distinct even at zero magnetic field but theH lines emerge
only in higher fieldsB.2 T. With increasing excitation
power the donor lines gradually disappear.33 This can be re-
lated to the known effect of saturation of a defect-rela
photoluminescence.42

In this paper we analyze only the free-carrier transitio
in an attempt to reveal the structure of valence-band sta
To compare experimental results with calculated hole L
dau levels we subtracted the measured transition ene
from the energy Ecv10.5\vc60.5mBgB of a GaAs
conduction-band electron in the lowest Landau level. H
mB is the Bohr magneton,g520.44 is the electrong factor,
and the effective massme50.067m0 was used to calculate
the cyclotron frequencyvc . For each transition the projec
tion of the electron spin was resolved according to Table
The energyEcv was used as a fitting parameter and a go
overall agreement was achieved for the valueEcv
51464 meV~which will be discussed later!.

The results are shown in Fig. 5. We plotted merely
positions of Landau levels with the highest energies in
valence subbands HH1 and LH1. Then522 level appears
only in the subband HH1 while Landau levels withn>21
can be found in both subbands, and forn>11 there are two
levels with the same numbern in each subband (n50 level
emerges once in the subband HH1 and twice in LH1!. At
lower magnetic fields all the transitions displayed in Table
are observed. They successively disappear with increa
field as the involved hole Landau levels cross the Fe
level. The lineH5 related to a hole from the lowern51
Landau level~in the HH1 subband! vanishes atB'3.5 T.
This magnetic field value corresponds to the filling factorn
510 at which the hole level becomes empty.

The next lineH4 observed in thes2 polarization in-

FIG. 4. Shift and splitting of selected photoluminescence lin
in a magnetic field applied perpendicularly to the interface.
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volves an n50 hole. It disappears somewhat belowB
56 T and simultaneously a new line, denoted asE1,
emerges in the at slightly lower energy. This can be see
detail in Fig. 6 where we show the PL spectra recorded
fields near 6 T. Then50 level should be occupied by hole
for filling factors n<6, i.e., up toB55.2 T as calculated
using the nominal 2D holes density. However, theH4 line
vanishes only atB'5.8 T ~see Fig. 6!. This can be explained
assuming that the actual hole concentrationNS'8.4

s

FIG. 5. Hole Landau levels in the sample withNS57.6
31011 cm22 calculated~lines! and measured experimentally~sym-
bols!. In the ground subband only the levels are shown which
fluence the observed transitions and optically active hole states
distinguished by thick lines. Squares and triangles represent e
sion lines detected in thes2 and s1 light polarization, respec-
tively. Free-carrier transitions are indicated by solid symbols. T
filling factor was evaluated assuming a somewhat higher 2D h
density of 8.431011 cm22 as is discussed in the text.

FIG. 6. Detailed PL spectra obtained in low magnetic fields
the s2 polarization. NearB55.6 T theH4 line involving n50
holes declines and is replaced by a stronger peak with lower en
denoted asE1. At the same fields a high-energy donor transiti
~presumably related ton50 holes! also disappears.
5-8
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31011 cm22 exceeds the nominal value as an effect
sample illumination.

According to Fig. 5 the lineH3 observed in thes1 po-
larization corresponds to then521 hole Landau level. In
the field range 2 T<B<9 T this is the fifth level~counting
from the HH1 subband edge! and thus the H3 emissio
should disappear for the filling factorn54 ~i.e., B
58.7 T). Indeed the peak intensity starts to fall atB'8 T
but for B.9 T grows again and the line persists up to mu
higher fieldsB.11 T. Furthermore, as we can see in Fig
about B'8.2 T the broadening ofH3 line temporarily in-
creases and even an additional peak emerges on the
energy shoulder. This can easily be explained as a resu
the crossing ofn521 and n53 levels predicted by the
calculations~Fig. 5!. It was shown25 that cubic terms in
Hamiltonian~9! neglected in the axial approximation lead
strong Landau-level repulsion and to anticrossing behavio
the numbersn of levels differ by 4. This probably account
for a slight discrepancy between the calculated and meas
energies of then521 level near the crossing noticeable
Fig. 5.

In magnetic fields where theH3 transition disappears
new line labeled asE2 emerges in thes1 emission and
rapidly gains in intensity. Its energy is greater than that
line E1 by the valuemBgB of electron spin splitting. The
detailed PL spectra are shown in Fig. 8. The energy of
H3 transition cannot be determined accurately forB.11 T
because it merges with the acceptor-bound exciton lineA0X.
However, we can find the field value at which then521
hole level becomes depopulated by examining the don
related linesD2 andD3. They correspond to recombination
of donor-bound electrons withn522 and n521 holes,
respectively. The lineD3 disappears atB'11.6 T, which
agrees well with the valuen53 calculated using the hol
densityNS58.431011 cm22. At higher magnetic fields the
peakH2 cannot be separated from the strongE2 line. For
this reason theH2 energies are not plot in Fig. 5. Howeve
the donor lineD2 related to the same hole leveln522,

FIG. 7. Parts of PL spectra in thes1 polarization including
free-hole lines measured near the crossing ofn521 and n53
valence-band levels. Due to wave-function mixing, holes from
level n53 can recombine withn50 electrons and a weak pea
~indicated by an arrow! appears on the low-energy shoulder of t
H3 transition.
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remains visible up to the highest magnetic fields.
Measured energies of PL lines~in particular of low-

energy transitionsH1 andH2) oscillate with magnetic field.
Similar behavior was frequently observed inn-doped
structures32,43–45 and explained theoretically as a result
many-body interactions.46 As in Ref. 32 we find that the
amplitude of oscillations grows withB and the maximal and
minimal values of transition energies correspond to even
odd filling factors, respectively. However, in ourp-doped
structures the intensity of luminescence increases at even
ing factors, in contrast to what is reported in Ref. 32. Th
can be seen in Fig. 9 where we plot the line shape of theH1
transition in the fields range 9 T,B,14 T. The maximum
of transition energy (n52) corresponds toB515.7 T above
the limit of fields attainable in our experiment. To our know
edge the origin of the magnetic-field-induced oscillations
photoluminescence intensity remains unresolved.

Apart from the oscillations the agreement between cal
lated and measured energies of hole Landau levels is
good. Also the intensities of the observed transitions are c
sistent with the matrix elements shown in Table II. The stro
gest transitionH2 has an intensity on average 2.5–3 tim
greater than the lineH1. Furthermore, the evaluated intens
ties of light-hole-type transitions (H3, H4) are approxi-
mately 3 times less than those of heavy-hole-type ones~H1
and H2!.

The origin of linesE1 andE2 is not clear. They represen
in different circular polarizations the same optical transiti
not related to a free-hole recombination. It is striking that t

e

FIG. 8. High-field PL spectra obtained in thes1 polarization.
The lines H3 and D3 related to then521 hole Landau level
disappear atB511.6 T and at the same field a new peak namedE2
becomes visible. In still higher fields the new transition gains
intensity and masks the lineH2 related ton522 holes. However,
the donor transitionD2 also involving n522 holes remains
visible.
5-9



ro
a
s

s

ne
ra
Th
on
lin

e

e

re

ou
te
as
re
ab
ti
t

gs
in
b
n

k

O
s

l
s

n-

2D
a-

y
er-
all.

or-

ne-
he

of
ion
-
Be

en-
tion

10.
ion
und
as

t is
plit-
by

ex-
s of

hest
e
all
ow-

s ons

M. KUBISA et al. PHYSICAL REVIEW B 67, 035305 ~2003!
transition energy as plotted in Fig. 5 coincides with the ze
field position EF of the hole Fermi level. This suggests
Fermi-edge singularity. However, due to the small masse
minority carriers in our structure~electrons in the GaAs
layer!, a possible singularity should be quite broad@smeared
over the range (mh /me)EF ~Ref. 47!#. We see sharp peak
instead~Figs. 6, 8, and 9! of a width below 1 meV. More-
over, as was observed inn-doped structures,48 in strong mag-
netic fields the Fermi-edge singularity appears not as a
emission line, but as some increase of the Landau-level t
sition when the level energy approaches the Fermi level.
other possible explanation—a recombination of electr
with acceptor-bound holes—must also be excluded. The
related to this transition can be noticed in the spectra~see
Fig. 6! as a weak feature at an energy of about 15 m
below theE lines.

In our view narrow widths and high intensities of theE
lines suggest their excitonic nature. A similar line was se
by Kim et al.32 in the PL emission from ann-doped single
GaAs/GaAlAs heterojunction. The peak redshifted with
spect to the free-electron transition which emerged atn52
was also interpreted as an excitonic recombination. In
structures photoexcited electrons are removed by the in
face electric field far from the junction. This effect as well
the screening of the Coulomb interaction by 2D holes p
vents a formation of excitonic states. This explains an
sence of exciton lines in the PL emission at low magne
fields. Nevertheless, they can emerge at higher fields as
strong magnetic field applied in the growth direction brin
an electron closer to a hole in the interface plane and
creases the excitonic binding. The resonance condition
tween states at the Fermi level and those of the excito
level possibly further increases the intensity of theE-line
emission.49–51 It is still not clear why the excitonic pea
appears in much higher magnetic fields in thes1 than in the
s2 polarization. As we have already noticed theE line
emerges only when a free-hole transition disappears.
can try to answer this question using the concept of pha
space filling. According to the theory52 a hole Landau leve
can contribute to the excitonic wave function as soon a
becomes depopulated by carriers. Both levelsn522 andn

FIG. 9. Fragments of high-field PL spectra measured in thes2

polarization. As the free-carrier lineH1 shifts to higher energies it
intensity increases.
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521 in the HH1 subband optically active in thes1 polar-
ization are occupied by holes down to the filling factorn
53. At higher magnetic fields the emptyn521 states add
to the excitonic level which can then produce also thes1

radiation. We intend further investigations, both experime
tal and theoretical, to clarify this effect.

In strongly doped structures with high densities of free
carriers many-body effects beyond the Hartree approxim
tion affect subband positions. It was shown theoreticall39

that in n-doped heterojunctions corrections to electron en
gies due to exchange-correlation effects are quite sm
However, they should be more significant inp-type systems
because of large hole effective masses~in the local-density
approximation the exchange-correlation potential is prop
tional to the effective Rydberg39!. In previous calculations of
hole Landau levels the many-body corrections were
glected. Their theoretical description is difficult due to t
complex structure of the valence-band edge. A solution
this problem by means of the local-density approximat
was proposed by Bobbertet al.26 and then successfully com
pared with the results of zero-field PL measurements on
d-doped GaAs/Ga12xAl xAs quantum wells.53 We examined
the influence of many-body effects on the Landau-level
ergies in our structures by adding the exchange-correla
potential from Ref. 26 to the Hartree potentialV(z) during
self-consistent calculations. The results are shown in Fig.
A comparison with Fig. 5 reveals that exchange-correlat
effects change significantly the subband edges. The gro
HH1 subband is shifted by 12 meV to higher energies and
a result the effective band gap is reduced. This effec
known as a band gap renormalization. Furthermore the s
ting between the HH1 and LH1 subbands is increased
about 3 meV. To compare calculated Landau levels with
perimental results we once more subtracted the energie
the measured transitions from the energyEcv10.5\vc
60.5mBgB, this time using the valueEcv , 12 meV greater.
As is seen the agreement remains very good for the hig
levels n51 and n522 but is substantially worse for th
others. We verified that the fit can not be improved by sm
changes of the hole density value used in calculations. H
ever, the new value of the energyEcv is more consistent with

FIG. 10. Same as Fig. 5, with exchange-correlation correcti
included in the calculations.
5-10



n
p

in
lu
t 7
n-

a
ite

e
n

ric
i
re

ls
un
on
c
e
c
t
ve
i

ner-
ls.

e-
els.
on
s—
m-
is-

the

ld.

ical
ity.
nt

on
of

f-
re-

ved
in-

an-

m-

s

,

n

,

g

G

rf

J.

.

.

C.

te

J.

M.

P.

,

PHOTOLUMINESCENCE INVESTIGATIONS OF TWO- . . . PHYSICAL REVIEW B 67, 035305 ~2003!
experimental results. An inspection of the conduction-ba
profile in the GaAs layer@computed by adding the band ga
energy Eg51519.5 meV to the calculated potentialV(z)
shown in Fig. 10# reveals that it has energy 1449.5 meV
the flatband region far from the interface. Hence the va
Ecv51464 meV corresponds to an electron placed at leas
nm away from the junction, too far to recombine with co
fined holes. Increasing the energyEcv by 12 meV one shifts
the electron to a reasonable distance of about 40 nm.33 We
thus conclude that the model of Bobbertet al.26 adequately
describes exchange-correlation corrections to the subb
edge but distorts the effective masses of holes in exc
~low-energy! Landau levels.

V. SUMMARY

We investigated photoluminescence fromp-doped single
heterostructures at helium temperatures and in a magn
field directed normally to the interfaces. Very low excitatio
powers applied in the measurements allowed to obtain
spectra containing both free and bound-carrier transitions
volving two-dimensional holes. The free-carrier lines we
used to derive the structure of valence-band Landau leve
confined subbands. We calculated energies and wave f
tions of hole states using a numerical procedure based
realistic model of charge distribution in studied heterojun
tions. The theoretical results were consistent with experim
tal data. All allowed optical transitions between holes in o
cupied valence-band Landau levels and photocrea
electrons from the ground conduction-band Landau le
were detected. Their relative intensities were coherent w
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