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Magneto-optical spectroscopy of two-dimensional holes in GaAs/AlxGa12xAs single heterojunctions
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The energy spectrum of two-dimensional~2D! holes in a perpendicular magnetic field is investigated in
p-type GaAs/AlGaAs single heterojunctions using a magneto-optical method based on the study of radiative
recombination of 2D holes with photoexcited electrons bound to donors. A complex structure of both heavy-
and light-hole energy levels is directly observed in luminescence spectrum, and the magnetic-field dependen-
cies of the energy splittings between different quantum states of the 2D holes is studied using an analysis of
circular polarization of the magnetoluminescence. The experimental results are compared with the energy
spectrum of 2D holes calculated with the use of the 434 Luttinger k•p Hamiltonian and a reasonable
agreement is established.@S0163-1829~97!04536-0#
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I. INTRODUCTION

During the last few decades the fundamental phys
phenomena found in two-dimensional~2D! systems have at
tracted considerable interest. Integral and the fractional qu
tum Hall effects and Wigner crystallization were observed
these systems1–3 and stimulated intensive experimental a
theoretical activities. Different experimental techniqu
~such as magnetotransport, FIR spectroscopy, Raman s
troscopy, microwave spectroscopy, magneto-optics, and
ers! were used to study the energy spectrum of the 2D s
tem in a perpendicular magnetic field. While the propert
of 2D electrons were intensively studied and rather well
derstood by these methods, much less information was es
lished for 2D hole systems. This is mainly due to the fact t
the hole mass is much heavier than the electron mass
because the nonparabolicity and valence band anisotrop
sult in a much more complicated energy spectrum for the
holes in comparison with the 2D electron spectrum. It w
demonstrated by several theoretical calculations4–6 that the
Landau levels of the holes are not equidistant and
strongly nonlinear as a function of the magnetic field. Ho
ever, this complicated behavior was never directly obser
experimentally. Moreover, a trivial, electronlike energy spe
trum ~with equidistant spin split Landau levels! was used for
an explanation of the transport results in most publication7

Magneto-optical investigations of the energy spectrum of
holes performed previously deal either with extreme m
netic field limit8 or with 2D electron–free-hole recombina
tion in n-type doped quantum well structures.9 In the latter
case an optical method is usually used to study propertie
2D electrons and of empty 2D hole levels. However,
analysis of such experimental data is rather difficult beca
of strong Coulomb interaction between electrons and ho
confined in the same potential well.

The progress in technology substantially improves
quality of the p channels in GaAs/AlGaAs heterojunction
@especially for the structures grown on nonconventional s
560163-1829/97/56~12!/7541~8!/$10.00
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faces such as the~311! surface10# and almost all intriguing
phenomena found for the 2D electron system were also
served in 2D hole channels.11–13 These observations stimu
late further investigations of the energy spectrum of 2D ho
in a perpendicular magnetic field. One of the most power
methods to study the energy spectrum of 2D electrons
based on the investigation of radiative recombination of tw
dimensional electrons with photoexcited holes bound to
ceptors. This technique was used to study the energy s
trum of electrons under the conditions of the integer a
fractional quantum Hall effect~FQHE!14 and is based on the
fact that the recombination probability of electrons is ind
pendent of the energy of electrons associated with in-pl
motion and therefore, the intensity of luminescence direc
reflects the single particle density of states of 2D electro
As a result, the shape of the luminescence line, measure
zero magnetic field has a rectangular form with a width eq
to the Fermi energy of the 2D electrons. In a perpendicu
magnetic field the splitting of the density of states into La
dau levels was directly observed in the luminescen
spectra,14 and this method was also very effective for th
determination of the spin splitting and of the energy ga
under the conditions of the FQHE.15 The key point which
distinguishes the cases of 2D electrons and of 2D hole
that the in-plane motion of 2D electrons can be separate
the Hamiltonian from the motion in the perpendicular dire
tion ~also in a perpendicular magnetic field!, whereas it is not
valid for 2D holes. Therefore, there is no reason to exp
that the spectra of radiative recombination of 2D holes w
photoexcited electrons bound to donors will reflect the
ergy spectrum of the holes, nevertheless, it should be p
sible to distinguish between different quantum states of
holes and to measure the splitting between them. Howe
to do this we will need quantitative comparison with theor
ical calculation, which will include comparison of intensitie
polarization, and the energy splittings between differe
lines.
7541 © 1997 The American Physical Society
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In the present paper we investigated specially desig
p-type GaAs/AlGaAs single heterojunctions with a mon
layer of donors, located at a well defined distance in
GaAs buffer layer. Radiative recombination of 2D holes w
photoexcited electrons bound to donors is studied with
analysis of circular polarization. To derive the energy sp
trum of 2D holes from the luminescence spectrum we co
pare the experimental data with the results of calculati
performed with the use of a 434 Luttingerk•p Hamiltonian
with the potential well found self-consistently in the Hartr
approximation by solving Poisson’s equation numerically
complex structure of Landau levels of both heavy and li
holes is established in luminescence spectra and the m
netic field dependencies of the energy splittings between
ferent quantum states is measured. The magnetic field de
dencies of the intensity, polarization, and energy splitting
different lines are compared with the results of calculatio
and a reasonable agreement is established.

II. EXPERIMENTAL TECHNIQUE

We studied severalp-type GaAs/AlxGa12xAs single het-
erojunctions with a d-doped monolayer of Si donor
(nD5231010 cm22) located in a wide~1 mm! GaAs buffer
layer at a well-defined distanceZ0 from the interface. We
studied the samples in whichZ0 was equal to 25, 30, 35, 40
45, and 55 nm. Structures were grown on the~100! surface
of GaAs substrates with the use of carbon (1018 cm23) as ap
dopant of the AlGaAs layer~the width of the spacer laye
was 20 nm!. The concentration and the mobility of 2D
holes were in the range of (2.5– 5)31011 cm22 and
(50290)3103 cm2/V s, respectively. For photoexcitation
we used a tunable Ti-sapphire laser (wavelength;800 nm)
with a power density of about 1022 W/cm2. Luminescence
spectra were detected by CCD camera and double spect
eter Ramanor U-1000~spectral resolution was about 0.0
meV!. To analyze circular polarization of the luminescen
we used an optical fiber system with quarter-wave plate
a linear polarizer located just above the sample~the s1 and
s2 components of luminescence were obtained with diff
d
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ent orientations of the perpendicular magnetic field!. The
2D-hole concentration was determined using magnetotra
port measurements on the same samples with and wit
laser illumination.

III. COMPUTATIONAL DETAILS

In order to understand which states of 2D holes are
sponsible for the observed optical transitions we perform
calculations of the energy spectrum of 2D holes in a perp
dicular magnetic field which also allowed us to know t
magnetic field dependence of the recombination inten
and of the degree of circular polarization. The energy sp
trum of 2D holes in perpendicular magnetic field was calc
lated by many authors.4–6 Usually all calculations were per
formed by the matrix method, which is based on t
Hamiltonian diagonalization on the limited basis functio
set. The precision of such methods is strongly dependen
the choice of the basic functions set and there is a prob
with its estimation. The task becomes especially complica
in the case of self-consistent calculation of the electrost
potential screened by the hole gas itself due to the fact
holes wave functions are not separable in the direction n
mal to the well and that they are strongly affected by t
external magnetic field. In contrast to the matrix method
have developed another technique which is based on
Hamiltonian transformation into the system of first ord
nonlinear differential equations. This procedure allows us
obtain holes wave functions, energy eigenvalues, and po
tial slope simultaneously without additional iterations. F
solving a total system of first order differential equatio
including Schro¨dinger and Poisson equations we perfo
spatial discretization with variable step. The system of n
linear final difference equations then can be easily sol
using relaxation method16 which is a realization of Newton
iterations for such a system.

Following Ref. 6 we consider a 434 Luttinger Hamil-
tonian in the cylindrical approximation in which lineark
terms are neglected:
H5*
P1Q2

3

2

e

c
KB S1 R1 0

S P2Q2
1

2

e
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KB 0 R1
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2
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where

P5
g1

2
~kz

21k2!, k65kx6 iky ,

Q5
g2

2
~22kz

21k2!, k25kx
21ky

2,

R52
)

2
ḡk2

2 1
)

2
mk1

2 , ḡ5
1

2
~g31g2!,

S5)g3kzk2 , m5
1

2
~g32g2!.

Here we use slightly different consideration on energy a
wave function components then.6 The light emission we trea
as annihilation of the electron-hole pair which has the to
momentum equal to photon momentum~61 for circular po-
larized light!. Thus the energy of the holes states in our co
sideration has the opposite sign in comparison with Ref
where the electron transitions from hole- to electron-ty
states were considered. We also use a different order of
components which are more natural in our opinion:

FW 5Uf23/2

f21/2

f11/2

f13/2

U ,

where the index designates the spin projection on thez axis.
As usual, we introduce magnetic field in the Hamiltoni

by the substitution

ka5
1

i

]

]xa
1

e

\c
Aa ,

whereAa is the magnetic field vector potential. Then

@ka ,kb#5
1

i

e

\c S ]Ab

]xa
2

]Aa

]xb
D5

1

i

e

\c
~¹3A!g5

1

i

e

\c
Bg .

In our caseB is along thez direction, hence

@kx ,kz#5@ky ,kz#50@kx ,ky#5
1

i

eB

\c
5

1

i l 2 ,

where

l 5S \c

eBD 1/2

is the magnetic length.
Let us introduce ladder operators
d

l

-
,

e
in

a15
l

&
k1a5

l

&
k2N5a1a,

which satisfy the relation

@a,a1#5 i l 2@kx ,ky#51.

Hence theN operator has the eigenvalues 0,1,2, . . . . Let us
denote them by§0 ,§1 ,§2 ,..., then we can obtain the rela
tions

a1§n215An§na§n5An§n21 . ~2!

Now we can rewrite the Hamiltonian in terms of ladder o
erators, neglecting the anisotropy term inR ~containingm!,
that allow us to write the solution vector in a finite basis. W
have

N5a1a5
l 2

2
~kx1 iky!~kx2 iky!5

l 2

2
~k21 i @ky ,kx# !

5
l 2

2
k22

1

2
.

Hence,

P5
g1

2 Fkz
21

1

l 2 ~2N11!G , R52)ḡ
1

l 2 a2,

Q5
g2

2 F22kz
21

1

l 2 ~2N11!G , S5A6g3kz

1

l
a.

Then

P6Q5S g1

2
7g2D kz

21S g1

2
6

g2

2 D 1

l 2 ~2N11!.

Let us denote

mh5S g1

2
2g2D 21

, ml5S g1

2
1g2D 21

,

A5g11g2 , B5g12g2 ,

r 5)ḡ, s5A3

2
g3 ,

wheremh , ml represent two times the effective masses
heavy and light holes. Now we can write the Hamiltonian~1!
in the form
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H5U kz
2

mh
1

A

l 2 S N1
1

2D2
3

2

K

l 2

2s

l
kza

1 2
r

l 2 a12
0

2s

l
kza

kz
2

ml
1

B

l 2 S N1
1

2D2
1

2

K

l 2 0 2
r

l 2 a12

2
r

l 2 a2 0
kz

2

ml
1

B

l 2 S N1
1

2D1
1

2

K

l 2 2
2s

l
kza

1

0 2
r

l 2 a2 2
2s

l
kza

kz
2

mh
1

A

l 2 S N1
1

2D1
3

2

K

l 2

U . ~3!

We will find the solution in the form

FW 5U §n~x,y!* c1~z!

2 i §n21~x,y!* c2~z!

2§n22~x,y!* c3~z!

i §n23~x,y!* c4~z!

U ,

where,§n are the in-plane Landau leveln envelope functions and the eigenfunctions of theN operatorc i are z-dependent
envelope functions corresponding to different spin projections. Using relations~2! the Hamiltonian~3! can be rewritten as a
matrix acting uponc i(z) functions only:

H5U2
1

mh

]2

]z2 1E0 2
2Q

l

]

]z

N

l 2 0

2Q

l

]

]z
2

1

ml

]2

]z2 1E1 0
M

l 2

N

l 2 0 2
1

ml

]2

]z2 1E2

2P

l

]

]z

0
M

l 2 2
2P

l

]

]z
2

1

mh

]2

]z2 1E3

U , ~4!
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if-
where we have substitutedkz→1/i ]/]z and denoted

M5rA~n21!~n22!, N5rAn~n21!,

P5sAn22, Q5sAn,

E05
A

l 2 S n1
1

2D2
3

2

K

l 2 , E15
B

l 2 S n2
1

2D2
1

2

K

l 2 ,

E25
B

l 2 S n2
3

2D1
1

2

K

l 2 , E35
A

l 2 S n2
5

2D1
3

2

K

l 2 .

Now we have to transform this second-order differen
operator into the first order one. The simplest way is to tr
first derivativesc i8 as unknown functions. But they will no
be continuous during crossing the heterointerface. The m
convenient way is to build new unknown functions acti
upon the wave function by the velocity operat
vz5 i /\ (Hz2zH). The continuity of function obtained is
the consequence of the number of particle conservation. S
stituting H5A]2/]z21B]/]z1C we obtain
l
t

re

b-

vz5
i

\ S 2A
]

]z
1BD . ~5!

The same result with slightly different argumentation w
obtained in Ref. 17. For our operator~4!, formula ~5! gives

c̃5S Umh
21 0 0 0

0 ml
21 0 0

0 0 ml
21 0

0 0 0 mh
21

U ]

]z

1
1

l U 0 Q 0 0

2Q 0 0 0

0 0 0 2P

0 0 P 0

U D c. ~6!

Now we can write the complete system of first order d
ferential equations for thec and c̃ functions. The first four
equations can be obtained from Eq.~6! directly, while the
last four equations can be obtained by differentiating Eq.~6!
and substituting the second derivatives into Eq.~4!:
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c182mhS c̃12
Q

l
c2D50,

c282ml S c̃21
Q

l
c1D50,

c382ml S c̃31
P

l
c4D50,

c482mhS c̃42
P

l
c3D50,

c̃182F S AS n1
1

2D2mlQ
22

3

2
K D 1

l 2 1u2eGc11ml

Q

l
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N

l 2 c350,
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K D 1

l 2 1u2eGc22mh
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where u is the electrostatic potential ande is the energy
eigenvalue.

The numbern in this notation is slightly different, then
used in Refs. 4–6. The more convenient numeration in
opinion was used in Ref. 18 and we also will follow th
notation. We will treat then, n21, n22, n23 as the Lan-
dau level numberN for holes states with spin23/2, 21/2,
11/2, 13/2, respectively. These numbers correspond to
dex of § i(x,y) envelope function of the dominant in th
B→0 limit wave function spin component. In this notatio
all Landau levels have four spin sublevels~two for the
heavy-hole and two for the light-hole solutions!. However,
this is not the case in then notation. Inn50 case all com-
ponents except23/2 one is zero. This level is a spin pu
hole state. Forn51 we have two and forn52 three nonzero
components. All other states are completely mixed and h
four nonzero spin components. In theB50 limit all hole
states are pure because only one wave function compo
differs from zero.

Now we have to incorporate in our system the Poiss
equation on the potentialu in Hartree approximation. This
can be done by integrating the Poisson second order di
ential equation along thez direction. The wave function den
sity integralx can also be obtained as the solution of fi
order differential equation. The last equation correspond
the energy eigenvaluee:

H u814p
e2

«
@ns~plx1r l21!1Ni3z2Ns#50,

x82c1
22c2

22c3
22c4

250,
e850,

~8!

wherens is the 2D-hole gas surface density,« is the dielec-
tric constant,l is the energy level index,pl is the hole den-
sity fraction, belonging to thel th energy level ((pl51),
x is the wave function density integral@x(z→2`)
50,x(z→1`)51], r l is the wave function density integra
averaged among all the rest of the energy levels,
r

-

ve

nt

n

r-

t
to

r l5(
iÞ l

pix i ,

Ni is the charged impurities density in the depletion layer,Ns
is the total charged impurities density in the depletion la
per unit areaNs5WdNi , andWd is the depletion layer thick-
ness. Here we neglect the electrostatic imaging becaus
the small difference in dielectric constants of GaAs and
GaAs. In the conditions of continuous photoexcitation t
hole’s chemical potential lies roughly in the middle betwe
the top of the valence band and the acceptor level, i.e., a
energyUh'15 meV above the top of the valence band. Th
fact allows us to estimate the depletion layer thickness fr
the first equation in Eq.~8! if we disregard the hole’s charg
density and assumeu(Wd)5Uh :

Wd5A Uh«

2pe2Ni
.

For Ni'1015 cm23 this leads toWd'150 nm.
Before using a numerical method for solving system~7!,

~8! we have to restrict ourselves to some finite region alo
the z direction. It is very convenient to choose the regi
with width Wd between the heterointerface and the bound
of the depletion region, where the potential becomes c
stant. The potential outside the former boundary can also
treated as constant because it’s changing interval is m
longer than wave function penetration length. In this a
proximation the hole’s wave functionyW5$c,c̃% outside the
boundary is the solution of linear differential equatio
yW 81AyW50W with independentz matrix A. This approxima-
tion can be used for building boundary conditions on t
wave function. The first condition is necessary to ensure
the wave function vanishes outside the boundary. It can
written as

A0
1y050, A1

2y150,



o
a
e
a
-

te

nt

th

c-
es

an
the

e

s
nd

of
ent
u-
een

7546 56O. V. VOLKOV et al.
whereA0
1 and A1

2 are two projectors into the subspaces
the A matrix with positive and negative eigenvalues re
parts calculated at the left and right boundaries, respectiv
The second boundary condition must represent the w
function density integralx at the boundary. In the most gen
eral case it would be written as

x5E yTDy dz,

whereD is a quadratic form matrix. So, we have to calcula

E
0

`

yTDy dz5y0
TI0

`~A,D!y0 ,

where I0
` is an unknown matrix. Using a matrix expone

representation for the wave function

y~z!5e2Azy0

and using the partial integration procedure we can obtain
following recurrent relation which can be used forI0

` matrix
determination with arbitrary precision:

I0
`~A,D!5

1

2
DA211

1

2
I0
`~A,D2ATDA21!.

The luminescence intensity for thel th hole level in thes1
ands2 polarization can be written as

FIG. 1. Luminescence spectra, measured for two samples~A
and B! in different perpendicular magnetic fields ins1 ~solid lines!
and s2 ~dashed lines! circular polarizations. The lines marked a
X, A0X, andD0X correspond to the recombination of the free a
bound excitons in the bulk GaAs.
f
l
ly.
ve

e

H I l
15plF3

4
^c1ueD

2&1
1

4
^c2ueD

1&G ,
I l

25plF3

4
^c4ueD

1&1
1

4
^c3ueD

2&G ,
where ueD

6& is the electron wave function in thez direction
with two different spin projections. Here we take into a
count that the spin matrix element for heavy holes is 3 tim
higher than for light holes.19 The selection rule for allowed
transitions is the difference in spin being equal to61. Ne-
glecting electron spin splitting and its polarization we c
approximate the wave function of the electron bound to
donor by hydrogenlike function in thez direction

ueD&5e2 uz2zDu/aB,

wherezD is thed-layer position andaB is the donor’s Bohr
radius. The matrix elementŝc i ueD

6& then can be calculated
as integrals along thez direction. The total luminescenc
intensity and polarization degree can be expressed as

I l
s5

pl

4
@3^c1ueD&1^c2ueD&1^c3ueD&13^c4ueD&#,

FIG. 2. ~a! Magnetic field dependence of the spectral position
different luminescence lines, measured for sample A in differ
circular polarizations.~b! A comparison of the measured and calc
lated magnetic field dependence of the energy splitting betw
different quantum states of 2D holes.
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r l5
I l

12I l
2

I l
11I l

2 5
3^c1ueD&1^c2ueD&2^c3ueD&23^c4ueD&
3^c1ueD&1^c2ueD&1^c3ueD&13^c4ueD&

.

In our calculations we used the following Luttinger’s para
eters of GaAs:20

g157.52, g252.48, g353.23, k51.7.

IV. RESULTS AND DISCUSSION

In Fig. 1 we show the luminescence spectra, measure
B50 for two differentp-type single heterojunctions with
monolayer of donors located at different distances from
interface~Z0555 nm andZ0545 nm in samples A and B
respectively!. One can see from this figure that atB50 T, in
addition to the well-known bulk lines of GaAs, new lines
the range of 1.503–1.508 eV appear in the luminesce
spectra measured for these structures. As was experimen
established that the intensities of these lines consider
drop both forZ0.60 nm andZ0,30 nm. These observa
tions are very similar to the results previously obtained
n-type GaAs/AlGaAs single heterojunctions with a mon
layer of acceptors,21 however, the optimal~maximal intensity
of luminescence! distanceZ0 found in these structures wa
considerably smaller and close to 25 nm. The establis

FIG. 3. ~a! Magnetic field dependence of the degree of circu
polarization calculated for different quantum states of 2D holes.~b!
A comparison of the magnetic field dependencies of the recom
nation intensity measured and calculated for different quan
states of 2D holes.
-

at

e

ce
lly
ly

-

d

difference in optimal values ofZ0 for n- and p-type GaAs/
AlGaAs single heterojunctions is due to the considera
smaller Bohr radius (aB53 nm) and the larger binding en
ergy (Ry528 meV) of a neutral acceptor in compariso
with the respective values of the neutral donor~aB515 nm
andRy55.7 meV!. In contrast to the case of recombinatio
of 2D electrons with holes bound to acceptors, the linesh
of the luminescence associated with the recombination of
holes does not reflect the density of states, but its width
B50 T approximately corresponds to the value of the Fe
energy of the 2D holes.

In a perpendicular magnetic field these luminescence li
split into several spectral components~see Fig. 1! which
show very different behaviors of the intensity, circular pola
ization, and energy position as a function of the magne
field. The magnetic field dependencies of the spectral p
tion, measured for different luminescence lines ins2 and
s1 polarizations for sample A withnh52.631011 cm22 are
shown in Fig. 2~a!. The linesX, D0X, andA0X shown in this
figure correspond to the recombination of the free excito
of the excitons bound to donors, and of the excitons boun
acceptors in the bulk GaAs. All other lines are due to t
recombination of 2D holes~from different quantum states!
with photoexcited electrons bound to donors from thed
layer.

r

i-
m

FIG. 4. A comparison of the measured~a! and calculated~b!
magnetic field dependencies of the energy splitting between dif
ent quantum states of 2D holes in sample B.
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In Fig. 2~b! we compare the magnetic field dependenc
of the energy levels, measured experimentally from differ
optical transitions, with the calculated energy spectrum
2D holes~experimental results are presented here as an
ergy shift from theD0X state, in order to extract the diama
netic shift of the neutral donor!. In this figure we show only
the most intensive transitions, which are enhanced due
strong overlap of the wave functions of 2D holes and of
electron bound to the donor, located at the distance of 55
from the interface. These transitions correspond to a rec
bination from the light-hole subband@marked asL002,
L001, andL012 in Fig. 1~b!# and from the second excite
heavy-hole subband (H122). In spite of the fact that thes
subbands are not occupied under the equilibrium conditio
in optics experiments, such a hot luminescence is usu
very intensive since the intersubband relaxation and rec
bination processes have comparable time scales. Therefo
decrease in the population of the excited subbands ca
compensated by a strong enhancement in recombinatio
ficiency due to a stronger overlap of the wave functions.
the ground heavy holes subband we resolved only two li
associated withH002 andH001 transitions.

An assignment of the experimental lines was made b
comparison of the magnetic field dependence of the spe
position, intensity and polarization of the lines. Such a co
parison is presented in Fig. 3 for theH002, H001, L002,
and H122 lines. It is clear from this figure that the trans
tions H002 and L002 are fully polarized ins1 circular
polarization, whereas all other transitionsH001, L001,
L012, and H122 are only partially polarized. A similar
behavior of circular polarization was established for the
served luminescence lines. A rather good corresponde
s
t
f
n-

a
n
m
-

s,
lly

-
, a

be
ef-
n
s

a
ral
-

-
ce

was also found for the magnetic field dependencies of
intensity calculated and measured for different transitio
~see Fig. 3!. For the sample with a higher concentration
2D holes we observed an even more complicated structur
the luminescence lines. The spectrum of 2D holes, meas
for sampleB with nh53.531011 cm22, is presented in Fig.
4~a!. One can see in this figure the crossing and the anticr
ing of 2D-hole energy levels, the change of the sign of c
cular polarization and the appearance of additional quan
states of the holes. In spite of the very complicated measu
magnetic field behavior of the energy levels, their polariz
tions, and intensities, a rather good agreement with the
culated spectrum of 2D holes@shown in Fig. 4~b!# was es-
tablished.

V. SUMMARY

We have investigated the energy spectrum of tw
dimensional holes in a perpendicular magnetic field inp-type
GaAs/AlGaAs single heterojunctions by the magneto-opti
method, based on the study of radiative recombination of
holes with photoexcited electrons bound to donors. A co
plex structure of both equilibrium populated heavy holes a
nonequilibrium populated light holes energy levels is direc
observed in the luminescence spectra and a reasonable a
ment with the calculated energy spectra of 2D holes and
optical transition matrix element is established.
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