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The energy spectrum of two-dimension@D) 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 44 Luttinger k- p Hamiltonian and a reasonable
agreement is establishd$0163-18207)04536-0

I. INTRODUCTION faces such as the811) surfacé®] and almost all intriguing
phenomena found for the 2D electron system were also ob-
During the last few decades the fundamental physicaserved in 2D hole channet '3 These observations stimu-
phenomena found in two-dimensior(@D) systems have at- late further investigations of the energy spectrum of 2D holes
tracted considerable interest. Integral and the fractional quann a perpendicular magnetic field. One of the most powerful
tum Hall effects and Wigner crystallization were observed inmethods to study the energy spectrum of 2D electrons is
these systems® and stimulated intensive experimental andbased on the investigation of radiative recombination of two-
theoretical activities. Different experimental techniquesdimensional electrons with photoexcited holes bound to ac-
(such as magnetotransport, FIR spectroscopy, Raman speageptors. This technique was used to study the energy spec-
troscopy, microwave spectroscopy, magneto-optics, and othrym of electrons under the conditions of the integer and
erg were used to study the energy spectrum of the 2D Sysfractional quantum Hall effedFQHE)!* and is based on the
tem in a perpendicular magnetic field. While the propertiesact that the recombination probability of electrons is inde-

of 2D electrons were intensively studieq and rqther well unyandent of the energy of electrons associated with in-plane
derstood by these methods, much less information was estth-

. S ; otion and therefore, the intensity of luminescence directl
lished for 2D hole systems. This is mainly due to the fact tha? y y

the hole mass is much heavier than the electron mass ar)ﬁﬂeCts the single particle density of states of 2D electrons.
s a result, the shape of the luminescence line, measured at

because the nonparabolicity and valence band anisotropy re-

sult in a much more complicated energy spectrum for the >rfero magnetic field has a rectangular form with a width equal

holes in comparison with the 2D electron spectrum. It Wast0 the Fermi energy of the 2D electrons. In a perpendicular

demonstrated by several theoretical calculafichthat the magnetic field the splitting of the dens?ty of states_into Lan-
Landau levels of the holes are not equidistant and ardau Ie\zels was directly observed in the luminescence
strongly nonlinear as a function of the magnetic field. How-SPeCtra_l' and this method was also very effective for the
ever, this complicated behavior was never directly observedetermination of the spin splitting and of the energy gaps
experimentally. Moreover, a trivial, electronlike energy spec-under the conditions of the FQHE.The key point which
trum (with equidistant spin split Landau levélwas used for ~ distinguishes the cases of 2D electrons and of 2D holes is
an explanation of the transport results in most publications.that the in-plane motion of 2D electrons can be separated in
Magneto-optical investigations of the energy spectrum of 20the Hamiltonian from the motion in the perpendicular direc-
holes performed previously deal either with extreme magtion (also in a perpendicular magnetic figlvhereas it is not
netic field limi€ or with 2D electron—free-hole recombina- valid for 2D holes. Therefore, there is no reason to expect
tion in n-type doped quantum well structurésn the latter  that the spectra of radiative recombination of 2D holes with
case an optical method is usually used to study properties gfhotoexcited electrons bound to donors will reflect the en-
2D electrons and of empty 2D hole levels. However, theergy spectrum of the holes, nevertheless, it should be pos-
analysis of such experimental data is rather difficult becauseible to distinguish between different quantum states of 2D
of strong Coulomb interaction between electrons and holeboles and to measure the splitting between them. However,
confined in the same potential well. to do this we will need quantitative comparison with theoret-

The progress in technology substantially improves thdcal calculation, which will include comparison of intensities,
quality of thep channels in GaAs/AlGaAs heterojunctions polarization, and the energy splittings between different
[especially for the structures grown on nonconventional surknes.
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In the present paper we investigated specially designednt orientations of the perpendicular magnetic fiel@he

p-type GaAs/AlGaAs single heterojunctions with a mono-2D-hole concentration was determined using magnetotrans-
layer of donors, located at a well defined distance in thgort measurements on the same samples with and without
GaAs buffer layer. Radiative recombination of 2D holes withlaser illumination.

photoexcited electrons bound to donors is studied with the

analysis of circular polarization. To derive the energy spec-

trum of 2D holgs from the Ium!nescence spectrum we cpm- IIl. COMPUTATIONAL DETAILS
pare the experimental data with the results of calculations _
performed with the use of ax44 Luttingerk- p Hamiltonian In order to understand which states of 2D holes are re-

with the potential well found self-consistently in the Hartree sponsible for the observed optical transitions we performed
approximation by solving Poisson’s equation numerically. Acalculations of the energy spectrum of 2D holes in a perpen-
complex structure of Landau levels of both heavy and lightdicular magnetic field which also allowed us to know the
holes is established in luminescence spectra and the magragnetic field dependence of the recombination intensity
netic field dependencies of the energy splittings between difand of the degree of circular polarization. The energy spec-
ferent quantum states is measured. The magnetic field depefitm of 2D holes in perpendicular magnetic field was calcu-
dencies of the intensity, polarization, and energy splitting oflated by many author&.° Usually all calculations were per-
different lines are compared with the results of calculationdormed by the matrix method, which is based on the

and a reasonable agreement is established. Hamiltonian diagonalization on the limited basis functions
set. The precision of such methods is strongly dependent on
Il. EXPERIMENTAL TECHNIQUE the choice of the basic functions set and there is a problem

with its estimation. The task becomes especially complicated

We studied severgb-type GaAs/AlGa,_,As single het- in the case of self-consistent calculation of the electrostatic
erojunctions with a 5-doped monolayer of Si donors potential screened by the hole gas itself due to the fact that
(np=2x10"cm™?) located in a widg1 um) GaAs buffer  holes wave functions are not separable in the direction nor-
layer at a well-defined distancg, from the interface. We mal to the well and that they are strongly affected by the
studied the samples in whicy was equal to 25, 30, 35, 40, external magnetic field. In contrast to the matrix method we
45, and 55 nm. Structures were grown on th80 surface have developed another technique which is based on the
of GaAs substrates with the use of carbon'f1dn3) as ap Hamiltonian transformation into the system of first order
dopant of the AlGaAs layefthe width of the spacer layer nonlinear differential equations. This procedure allows us to
was 20 nm. The concentration and the mobility of 2D obtain holes wave functions, energy eigenvalues, and poten-
holes were in the range of (2.5-8)0"cm ™2 and tial slope simultaneously without additional iterations. For
(50—90)x 10° cn?/V s, respectively. For photoexcitation, solving a total system of first order differential equations
we used a tunable Ti-sapphire laser (wavelendt®0 nm)  including Schidinger and Poisson equations we perform
with a power density of about 16 W/cn?. Luminescence spatial discretization with variable step. The system of non-
spectra were detected by CCD camera and double spectroriinear final difference equations then can be easily solved
eter Ramanor U-100@spectral resolution was about 0.03 using relaxation methdfl which is a realization of Newton
meV). To analyze circular polarization of the luminescenceiterations for such a system.
we used an optical fiber system with quarter-wave plate and Following Ref. 6 we consider a4 Luttinger Hamil-
a linear polarizer located just above the sanftie ¢™ and  tonian in the cylindrical approximation in which line&r
o~ components of luminescence were obtained with differterms are neglected:
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Here we use slightly different consideration on energy anci1

wave function components th&he light emission we treat
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which satisfy the relation

[a,a*]=il 7k, k,]=1.

Hence theN operator has the eigenvalues 0,1,2. . Let us
denote them byg,s1,55,..., then we can obtain the rela-
tions

a's, 1= \/ﬁgnagn: \/ﬁgnfl-

Now we can rewrite the Hamiltonian in terms of ladder op-
erators, neglecting the anisotropy termRn(containingw),
hat allow us to write the solution vector in a finite basis. We
ave

@

as annihilation of the electron-hole pair which has the total
momentum equal to photon momentym21 for circular po-

larized ligh). Thus the energy of the holes states in our con-
sideration has the opposite sign in comparison with Ref. 6,

2 - - |2 -
N=a*a= 5 (ketiky)(keiky) = 5 (k2+ilky k)

where the electron transitions from hole- to electron-type 12 1
states were considered. We also use a different order of spin = Ekz— X
components which are more natural in our opinion:
Hence,
b-312
2 ¢71/2
b= , 1 _1
b1 Pzg G+ (2N+1)|, R=—viy 52,
b3
where the index designates the spin projection orzthgis.
As usual, we introduce magnetic field in the Hamiltonian Vo , 1 1
by the substitution =5 | "2kt (2N+D)), S= \/673k2|_a-
Th
K 19 N e en
i gx, hc
h is th ic field ial. Th eSS I e
whereA,, is the magnetic field vector potential. Then P+Q= S5 F72 ks + 7i7 |—2(2N+1).
1e (dAg JA,| 1le 1 e Let us denote
T E‘Wﬁ)—m(v“)rr#v-
In our caseB is along thez direction, hence (7 - 71 -
My=|>5 72| ,» M=|5+7v2 ,
2 2
[ky Kk 1=[ky ,k,1=0[k, ,k ]—1 ¢B_1
R I T T A=y1ty, B=y1—7,

where

_ 3
|_( r=v3y, s= PRAL

he 1/2
¢
is the magnetic length.
Let us introduce ladder operators

wherem,,, m; represent two times the effective masses of
heavy and light holes. Now we can write the Hamiltonjan
in the form
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We will find the solution in the form

Sn(X,Y)* ¢1(2)
—isp_1(X,Y)* ¥p(2)
—sn_2(X,Y)*3(2) |’
iSn—3(X,Y)* h4(2)
where,s,, are the in-plane Landau leval envelope functions and the eigenfunctions of bheperatory;, are z-dependent
envelope functions corresponding to different spin projections. Using rela@riie Hamiltonian(3) can be rewritten as a
matrix acting upony;(z) functions only:

b=

1 92 e 2Q 9 N 0
Tm,Z2 T ez 12
2Q 4 1 9 B 0 M
1 oz m 922 Tt 12
H: ] 4
N 0 1 9 £ 2P 9 @
2 mZ 2 T
0 M 2P o 1 & LB
12 1 oz m, 922 8
|
where we have substitutdd— 1/i d/9z and denoted i J
v,=7 | 2A—+B. (5)

M=ry(n—=1)(n—2), N=ryn(n—1),
P=syn-2, Q=s\h,

The same result with slightly different argumentation was
obtained in Ref. 17. For our operat@¥), formula (5) gives

m,t 0 0 0

£ A(+1) 3K £ B( 1) 1K _ 0 m?* o 01 4
o=z | NT35|~ 572 1=\ NT 57572 = —
| 2] 21 | 2/ 21 ¥ 0 0 m'! o]z
0 0 0 m?
E B 3 1K E _A 5\ 3K
2=z | g) o BTN T 0 Q 0 0
1/-Q 0 0
Now we have to transform this second-order differential + Tlo o o -p . (6)
operator into the first order one. The simplest way is to treat o o P o

first derivativesy; as unknown functions. But they will not
be continuous during crossing the heterointerface. The more
convenient way is to build new unknown functions acting Now we can write the complete system of first order dif-
upon the wave function by the velocity operator ferential equations for they and ¢ functions. The first four
v,= ilh (Hz—zH). The continuity of function obtained is equations can be obtained from E§) directly, while the
the consequence of the number of particle conservation. Sultast four equations can be obtained by differentiating @&y.
stituting H=Ad?/ 9z>+ Bl 9z+ C we obtain and substituting the second derivatives into E:
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where u is the electrostatic potential aneis the energy
eigenvalue. Plzg:l PiXi
The numbem in this notation is slightly different, then

used in Refs. 4—6. The more convenient numeration in ouf, . . . - .
opinion was used in Ref. 18 and we also will follow this . ' is the charged impurities density in the depletion lajéy,

notation. We will treat ther. n—1. n—2. n—3 as the Lan- 'S the total charged impurities density in the depletion layer

dau level numbeN for holes states with spir-3/2, —1/2,  P€' unit aredNs=W¢N; , andWy is the depletion layer thick-
+1/2, +3/2, respectively. These numbers correspond to ing oS- Here_ we ”99'¢C‘ Fhe elgctrostatlc imaging because of
dex of s,(x.y) envelope function of the dominant in the the small dlfference_ in dielectric constants of GaAs :_;md Al-
B—0 limit wave function spin component. In this notation GaA’s. In th? condmons (.)f continuous photqexcnatlon the
all Landau levels have four spin sublevelsvo for the hole’s chemical potential lies roughly in the middle petween
heavy-hole and two for the light-hole solutionstowever, the top of the valence band and the acceptor level, i.e., at _the
this is not the case in the notation. Inn=0 case all com- energyl,~15 mev _above the top of.the valencg band. This
ponents except-3/2 one is zero. This level is a spin pure fact allows us to estimate the depletion layer thickness from

hole state. Fon= 1 we have two and fan=2 three nonzero the first equation in Eq8) if we disregard the hole’s charge

components. All other states are completely mixed and haydensity and assume(Ws) = Uy
four nonzero spin components. In tiBe=0 limit all hole
states are pure because only one wave function component _ Upe
differs from zero. Wa= 2me’N;’

Now we have to incorporate in our system the Poisson
equation on the potential in Hartree approximation. This For N;~10'® cm™2 this leads toW~150 nm.
can be done by integrating the Poisson second order differ- Before using a numerical method for solving systéh)
ential equation along thedirection. The wave function den- (8) we have to restrict ourselves to some finite region along
sity integral y can also be obtained as the solution of firstthe z direction. It is very convenient to choose the region
order differential equation. The last equation corresponds tQith width W, between the heterointerface and the boundary

the energy eigenvalue of the depletion region, where the potential becomes con-
stant. The potential outside the former boundary can also be
e? treated as constant because it's changing interval is much
u'+4m —[ng(px+p—1)+Nixz=Ns]=0, longer than wave function penetration length. In this ap-
P R R g2=0 (8)  proximation the hole’s wave functiofi={,} outside the
f,_ol 2 73 A boundary is the solution of linear differential equation

y'+Ay=0 with independent matrix A. This approxima-
tion can be used for building boundary conditions on the
wave function. The first condition is necessary to ensure that
the wave function vanishes outside the boundary. It can be
written as

whereng is the 2D-hole gas surface densityis the dielec-
tric constant] is the energy level index, is the hole den-
sity fraction, belonging to théth energy level Ep,=1),

x is the wave function density integralx(z— —)
=0,x(z— +»)=1], p, is the wave function density integral N B
averaged among all the rest of the energy levels, AoYo=0, A;y,=0,
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FIG. 1. Luminescence spectra, measured for two samles
and B in different perpendicular magnetic fieldsdén (solid lineg
and o~ (dashed lingscircular polarizations. The lines marked as
X, A%X, andD°X correspond to the recombination of the free and
bound excitons in the bulk GaAs. — 1 ' 1t T T T T 1

Relative energy [meV]

whereA, andA; are two projectors into the subspaces of B [T]

the A matrix with positive and negative eigenvalues real

parts calculated at the left and right boundaries, respectively. FIG. 2. (a) Magnetic field dependence of the spectral position of

The second boundary condition must represent the wavdifferent luminescence lines, measured for sample A in different

function density integral at the boundary. In the most gen- circular polarizations(b) A comparison of the measured and calcu-

eral case it would be written as lated magnetic field dependence of the energy splitting between
different quantum states of 2D holes.

— T
X= f y Dy dz, 3 1
I =p Z<¢1|9D>+Z<¢2|eg> :
whereD is a quadratic form matrix. So, we have to calculate _ 3 o1 _
I =pi| 7 (¥alep)+ 7(¥slep) |,
4 4
J ‘yTDy dz=yJl5(A,D)yo, where|ep) is the electron wave function in thedirection
0

with two different spin projections. Here we take into ac-
o ) . . count that the spin matrix element for heavy holes is 3 times
wherelg is an unknown matrix. Using a matrix exponent higher than for light hole&® The selection rule for allowed

representation for the wave function transitions is the difference in spin being equal*td. Ne-
glecting electron spin splitting and its polarization we can
y(z)=e "%y, approximate the wave function of the electron bound to the

donor by hydrogenlike function in the direction
and using the partial integration procedure we can obtain the -zl
following recurrent relation which can be used f§rmatrix |ep)=e” *770l%,

determination with arbitrary precision: wherezp, is the &layer position andag is the donor’s Bohr

radius. The matrix elements);|ey) then can be calculated
as integrals along the direction. The total luminescence
intensity and polarization degree can be expressed as

1

1
> DA 1+ EIZ;‘(A,D—ATDA’l).

I5(A,D)=

The luminescence intensity for thé hole level in thes+

o P
ando— polarization can be written as 7= [3Culeo) +(yaleo)+ (dslen) + 3(yuleo) .



56 MAGNETO-OPTICAL SPECTROSCOPY OF TWO. . 7547

1
c HO- Lo- 32
hel (a)
-.C-U' L,1-
H2- 30
_E‘ 04 L0+ ! |
©
6 ] H00+ o8 -
(a1 i
-1 4
M 1 ' ) d ) M ] M 1 26_
0 2 4 6 8 10 —_
% 24-
g
[
> 22
50
S
2
[} 2- o- 1
o
H2-
> o+ 1 H3-
2 s 07 = L 1
B 00 = - e
c o H 3-+ 4 L0 s pomest™te""
i) R -2+ o H LT e
c e
£ - L,1- e
'4- el woess” M\” g
LOO‘ 90g00000°
_6_
(a) H 0-
— ':.‘...M
_a sonee” H 0+
i s oo 2 4 & 5 w00 8 e 2
T T T T T T T T T T
B [T] 0 2 4 6 8 10

B [T]

FIG. 3. (a) Magnetic field dependence of the degree of circular
polarization calculated for different quantum states of 2D hdgl®s. i
A comparison of the magnetic field dependencies of the recombi- FIG. 4. A comparison of the measuréd) and calculatedb)

nation intensity measured and calculated for different quantun{n"j‘gnetiC field dependencies of the energy splitting between differ-
states of 2D holes ent quantum states of 2D holes in sample B.

=1 3 o)+ en)— e)—3 e difference in optimal values of, for n- and p-type GaAs/
= - (talep) + (valep) —(ysleo) — (v D>_ AlGaAs single heterojunctions is due to the considerably
PTITHIT T 3(ualen) + (voleo) +(vslen) + 3(vulen) - indi
I I 11=b 2I=D 3I=D 41=D smaller Bohr radiusdg=3 nm) and the larger binding en-
In our calculations we used the following Luttinger's param-€rgy (Ry=28 meV) of a neutral acceptor in comparison
eters of GaA<® with the respective values of the neutral doif@g=15 nm
andRy=5.7 me\j. In contrast to the case of recombination
v,=7152, y,=2.48, v3=3.23, k=1.7. of 2D electrons with holes bound to acceptors, the lineshape

of the luminescence associated with the recombination of 2D
holes does not reflect the density of states, but its width at
B=0 T approximately corresponds to the value of the Fermi
In Fig. 1 we show the luminescence spectra, measured &nergy of the 2D holes.
B=0 for two differentp-type single heterojunctions with a In a perpendicular magnetic field these luminescence lines
monolayer of donors located at different distances from thesplit into several spectral componertsee Fig. 1 which
interface(Zo=55 nm andZ,=45 nm in samples A and B, show very different behaviors of the intensity, circular polar-
respectively. One can see from this figure thatB=0 T, in  ization, and energy position as a function of the magnetic
addition to the well-known bulk lines of GaAs, new lines in field. The magnetic field dependencies of the spectral posi-
the range of 1.503-1.508 eV appear in the luminescencton, measured for different luminescence linessin and
spectra measured for these structures. As was experimentally” polarizations for sample A with,=2.6x 10'* cm™2 are
established that the intensities of these lines considerablghown in Fig. 2a). The linesX, D%X, andA®X shown in this
drop both forZ,>60 nm andZ,<30 nm. These observa- figure correspond to the recombination of the free excitons,
tions are very similar to the results previously obtained inof the excitons bound to donors, and of the excitons bound to
n-type GaAs/AlGaAs single heterojunctions with a mono-acceptors in the bulk GaAs. All other lines are due to the
layer of acceptoré! however, the optimalmaximal intensity  recombination of 2D hole¢from different quantum statgs
of luminescencedistanceZ, found in these structures was with photoexcited electrons bound to donors from the
considerably smaller and close to 25 nm. The establishethyer.

IV. RESULTS AND DISCUSSION
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In Fig. 2(b) we compare the magnetic field dependenciesvas also found for the magnetic field dependencies of the
of the energy levels, measured experimentally from differentntensity calculated and measured for different transitions
optical transitions, with the calculated energy spectrum ofsee Fig. 3. For the sample with a higher concentration of
2D holes(experimental results are presented here as an er2D holes we observed an even more complicated structure of
ergy shift from theD°X state, in order to extract the diamag- the luminescence lines. The spectrum of 2D holes, measured
netic shift of the neutral donprin this figure we show only for sampleB with n,=3.5x 10" cm™2, is presented in Fig.
the most intensive transitions, which are enhanced due to 4@). One can see in this figure the crossing and the anticross-
strong overlap of the wave functions of 2D holes and of aning of 2D-hole energy levels, the change of the sign of cir-
electron bound to the donor, located at the distance of 55 nroular polarization and the appearance of additional quantum
from the interface. These transitions correspond to a reconstates of the holes. In spite of the very complicated measured
bination from the light-hole subbanfinarked asL,0—, magnetic field behavior of the energy levels, their polariza-
Lo0+, andLyl— in Fig. 1(b)] and from the second excited tions, and intensities, a rather good agreement with the cal-
heavy-hole subbandH;2—). In spite of the fact that these culated spectrum of 2D holdshown in Fig. 4b)] was es-
subbands are not occupied under the equilibrium conditiongablished.
in optics experiments, such a hot luminescence is usually
very intensive since the intersubband relaxation and recom- V. SUMMARY
bination processes have comparable time scales. Therefore, a . .

We have investigated the energy spectrum of two-

decrease in the population of the excited subbands can b imensional holes in a perpendicular magnetic field-type

compensated by a strong enhancement in recombination ef: : ; . o
ficiency due to a stronger overlap of the wave functions. In 2’3‘%’3"%2’:‘2 dSIonngiﬁeh(sa:S(rjojLcl)rll(i:?j?astisg :Zﬁonr]n%gir?::i%r?gg‘g%
the ground heavy holes subband we resolved only two line oles V\;ith hotoexcited elgctrons bound to donors. A com-
associated wittHo0— andHo0+ transitions, lex structuee of both equilibrium populated heav h.oles and
An assignment of the experimental lines was made by % nequilibrium po ulatgd light holzspener IeveI)s/ is directl
comparison of the magnetic field dependence of the Spec”%@seﬁved in theplur?"nnescengce spectra ang)g reasonable a )r/ee-
position, intensity and polarization of the lines. Such a com- : P 9
. . L ment with the calculated energy spectra of 2D holes and an
parison is presented in Fig. 3 for th0—, Hy0+, L0—, : o X ] )
. ) O . optical transition matrix element is established.
andH,2— lines. It is clear from this figure that the transi-
tions H,0— and L,0— are fully polarized ino™ circular
polarization, whereas all other transitiof0+, Ly0+,
Lol—, andH.2— are only partially polarized. A similar This work was supported by DFG-grant and Russian Fund
behavior of circular polarization was established for the ob-of Fundamental Research. The authors thank V. E. Bisty for
served luminescence lines. A rather good correspondenasseful discussions.
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