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Magnetophonon resonance in photoluminescence excitation spectra of magnetoexcitons
in GaAg/ Al sGag 7/As superlattice
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Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Moscow District, Russia

J. Zeman and G. Martinez
Grenoble High Magnetic Field Laboratory, MPI-FKF and CNRS, 38042 Grenoble, Cedex, France

J. M. Hvam
Microelectronic Centre, The Technical University of Denmark, DK 2800 Lyngby, Denmark
(Received 14 June 1999; revised manuscript received 28 January 2000

A strong increase in the intensity of the peaks of excited magnetoexgitBn states in the photolumines-
cence excitatiofPLE) spectra recorded for the ground heavy-hole magnetoexcitdrthe 1sHH type) has
been found in a GaAs/ fl:Ga, ;As superlattice in strong magnetic fidddapplied normal to the sample layers.
While varying B, the intensities of the PLE peaks have been measured as functions of energy sepdtation
between excited ME peaks and the ground state of the system. The resonance profiles have been found to have
maxima atAE,,,, close to the energy of the GaAs LO phonon. However, the valuakf,, depends on
guantum numbers of the excited ME state. The revealed very low quantum efficiency of the investigated
sample allows us to ascribe the observed resonance to the enhancement of the nonradiative magnetoexciton
relaxation rate arising due to LO-phonon emission. The presented theoretical model, being in a good agreement
with experimental observations, provides a method to extract 1sHH magnetoexciton “in-plane” dispersion
from the dependence &E,,,, on the excited ME state quantum numbers.

[. INTRODUCTION attracted large efforts ever since Gor’kov and Dzyaloshin-
skii's work devoted to three-dimensional ME Later, 2D

Optical transitions in semiconductor superlatti¢és’sy ~ME was studied in the paper by Lerner and Lozé%iand
have received great attention recently. In contrast to th@lSO gqotgse works concerning 2D excitons without magnetic
quasi-two-dimensional2D) case of quantum wellEQW's) field.”~*“’Exciton dispersion relations in SL’s presenting the
quasiparticles in SL'’s are not fully confined in the growth dependencies(k), wherek|z (i.e., minibands were calcu-

LA . C lated in Ref. 24. In parallel, the excitonic binding energy in
d|rect|_on z Morgover, periodicity in the d'St.“bUt'on of the L's were studied theoretically and experimentally in Ref.
materials with different band gaps and elastic constants lea (see also Refs. 26 and R&nd later the binding energies

to the fogr;watlon of minibands in the case'o.f free carriers angyy ground and excited states in SL's were calculated in mag-
excitons,” and the appearance of additional optical andnetic and electric field&?° It is worth noting that two di-
acoustic-phonon modés® Numerous investigations con- mensionality and strong magnetic fields are the features that
cerning optical observation of excitons and magnetoexcitongsually allow the separation of transverse variabendy
(ME’s) in QW's (e.g., see Refs. 9—12&nd in SI's(Refs.  from the longitudinal one (B|z) and in addition permit a
13-15 usually leave aside the questions related to the nonsimplification of the model for valence band due to the re-
radiative excitonic relaxation. At the same time, nonradiativemoval of degenerac’y.2

excitonic transitions such as phonon emission or absorption The present paper is the result of experimental and theo-
a.”OW one to probe indirectly the exciton_energy dispersionret|ca| StudIeS on the Observatlon Of a resonant behaV|Or n

&(k) (k is the exciton wave vectprFurthermore, studies of rgfiﬁfﬁ:?gﬂg&ﬂi% igetr):)%en-(ljic?uallg\ryt /gliﬁ??ﬁ :yl_e,fsinlnaour
these processes may provide the only way of the experimen- periments we detected only photoluminesc sig-

tal measurement of the excitonic dispersion. Indeed, such :3';' from the ground heavy-hole exciton staHH (we em-
powerful method as the hot-luminescence technidues g y

ported for the first time in Ref. 26which was widely used ploy the usual notation for 2D exciton states) while the

8 energy of the laser excitation was continuously varied in a
for measurements of the hole bandstructure in bulk Ga¥s gy y

. b A7A9 s o e range of 80 meV above thestiH PL peak. At particular
and in GaAs/AIGaAs QW's/"?is inefficient for the study magnitudes of magnetic field we have observed very strong

of the excitonic dispersion. Although excited ME states Wergesonant increases of intensity of peaks corresponding to the

observed in hot magnetoluminescence mea_surerﬁ%sts;h excited ME states the in PLE spectra. We interpret this effect

experiments can hardly reveal any information on the funcus a manifestation of the magnetophonon resonance when

tion £(k). This is because hot-luminescence measurementgrong relaxation of the excited ME state takes place via

can only probe excitons in their radiative states, i.e., wkien |ongitudinal-opticéLO) phonon emission. This occurs when

is very small, so thag£(k)~&(0). frequencyw, o is equal to an approximate multiple of the
The theoretical investigations of excitonic dispersion haveexcitonic cyclotron frequency,. (a similar effect for free
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electrons in heterojunctions is reported in Refs. 3032

thO: Nh(l)c, N:1,2,3 e (11) B(T)

20

Herew.=eB/uc, whereu is the reduced excitonic mass for ‘ Wy
transverse motion in the layer plane. To our best knowledge, ) ‘ Y
this is the first observation of the magnetophonon resonance (TN
for excitons, and yet we think the similar phenomenon could N .
manifest not only in SL but in quantum wells and dots as & 8
well. I(1SHH) 1.

The effect has been found only in one SL sample of the 1SLH
investigated series of SL structures. Accprding to our mea- 156 158 160 162 164 166 °
surements, the quantum efficiency of this sample is about
two orders of magnitude less than that for the other investi-
gated structures. Th|S faCt a”OWS us to treat the COﬂSIdered FIG. 1. 0-Jr PLE Spectra recorded for a ground magnetoexciton
phenomenon as a feature of the enhanced relaxation of thgate for various magnetic fields. The excited magnetoexciton peaks
excited ME states rather than the peculiarity of light absorpare indicated by arrows.
tion.

The observed resonance profilge., integrated intensity Sample 8/3 beloywrecorded in magnetic field applied normal
of enhanced PLE peaks as a function of their energy separé0 the SL layers. We present here the datador polariza-
tion AE from the ground stajevere found to be rather broad tion only, since the observed behavior is very similar to that
(with half-widths above 5 meland have strong maxima at for o~ polarization. AtB=0, the most pronounced peaks in
AE .« dependent on the quantum numbers of excited MEthe spectrum are the direct heavy-holsHH exciton (its
states. These facts indicate that transitions to the ground MBOsition is not clearly resolved in the shown series of spectra
state occur via intermediate nonradiative states of the groun@ecause the laser wavelength was scanned from the high-
excitonic IsHH band. The theoretical treatment developed inénergy side of the dHH line), the indirect heavy-hole

our paper allows us to extract certain information about thd (1sHH) exciton at 1.586 e3\,(Ref. 13, and the light-hole
exciton-energy dependence on “in-plane” wave-vector com-1SLH exciton at 1.5955 eV® WhenB is increased to 6 T,

ponentq from the experimental data. new features become clearly resolved in the spectra above
After the description of the experimental results in Sec. lIithe 1sLH peak. Energies of these excited states rapidly in-
we present the theoretical study of the phenomenon in Se€rease withB. The origin of the new peaks can be revealed
lIl. Finally, in the discussion of Sec. IV we demonstrate thewith the help of an elaborate theoretical analysis of the mag-
comparison of the PLE data with the theoretical results andietoexciton band structure. However, this task lies beyond

present dispersion curves for the “transversesHH band the scope of our investigation. In order to understand the
e(q)=&(q,k,=0) extracted from our experiment. nature of the strongest PLE peaks, we carried out a simpli-

fied analysis of PLE spectra recorded at high-magnetic fields.
As a result it has been found that the peaks plotted in Fig. 1
by thick lines, correspond to ME’s formed by electrons and
Samples used in our investigations are molecular-bearheavy holes from Landau levels with equiN=2,3
epitaxy grown type-l GaAs/Al,Ga, -As SL's. The struc- (2sHH,3sHH).'® In what follows we restrict our investiga-
tures are not intentionally doped and the flat band regime igon to the study of the resonant behavior of these ME states.
realized. All the samples hatg,=8-nm-wide GaAs QW's, As it is seen in Fig. 1, already starting froBhof several
while the width of the A} sGa, ;As barrier is varied from Teslas the energies ofsBiH and 3HH ME peaks increase
sample to sample d,=2, 3, 5, 10, and 20 nm. Allthe SL's quasilinearly withB. At B<6 T, the intensity of the &HH
consist of 20 periodd=L,+L,,. ME peak is weak. Then starting froB=12 T the intensity
The PLE experiments were performed in a He cryostapf the 2sHH peak grows rapidly, reaching its maximum at
with a superconducting magnet providing a magnetic field ul3=14 T and then decreases more slowly. A similar resonant
to 23 T normal to the SL layers. A technique based on embehavior is clearly observed for thesBH ME at B~9 T.
ploying optical fibers was used for the sample excitation andsimilar resonances have been also observed irpolariza-
collection of the PLE signal. In the geometry of our experi-tion, however they occur at slightly largBr atB=17 T for
ment the incident laser light propagates in the direction clos@sHH and atB=9.5T for 3sHH.
to the normal to the SL'’s layers. In order to measure the PLE To summarize the PLE data of Fig.(and of the similar
spectra we tuned a double 1-m monochromator slightlyseries foro™) the integrated intensities of thesldH and
lower or directly to the ground heavy-hole exciton PL peak3sHH ME’s are plotted in Figs. @ and 2b) (black and
and scanned the excitation energy of the"Awumped Ti-  open squares, respectivelipr both polarizations versus the
sapphire laser. The main features of the PLE spectra reenergy separatioAE between their positions and the loca-
mained unchanged when the detection position was movetibn of the 1sHH peak. The energy of sHH peak is ex-
in the limits of the linewidth around thesHH PL peak. PLE tracted from another series of PLE measuremé&hfBhe
of two different polarizationsy * ando~, was detected by a variation of AE with increasing magnetic field occurs due to
cooled GaAs detector in the photon counting regime. the stronger diamagnetic shifts of the excited ME peaks with
Figure 1 displays typical heavy-hole exciton PLE spectrarespect to that of thesHH line (see insets of Figs.(8) and
for the SL withL,=8 nm andL,=3 nm (referred to as 2(b), where it is seen thahE changes almost linearly with

Intensity (arb. units)

Energy (eV)

Il. EXPERIMENT
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about two orders of magnitude lower than those of all other
. SL samples investigated. Meanwhile, other features charac-
ﬁ __-' terizing the quality of the samples such as PL linewidths and
> Stokes shifts in PLE spectra are very similar for all samples
30 ./' (1.5-2 meV and 1-1.5 meV, respectiveloreover, the
heavy-hole exciton binding energy was found to decrease
T & continuously from the sample with,=20 nm to the sample
Magnetic field (T) with L,=2 nm without any peculiarity for the structure
----- = - 25-1S with L,=3 nm2® These two facts imply that the band struc-
----- o--3S-1S ture of sample 8/3 in the energy range close to the energy of
theory the superlattice ground state is as yet unperturbed. We can
suppose that strong nonradiative recombination channels are
most likely due to deep trapping centers, which originate
from native lattice defect¥: However, the nature of nonra-
diative centers that is caused by growth procedure details of
> a particular sample plays no significant role in our paper.
30 35 40 45 50 55 Closing this section we would like to note that the inten-
AE (meV) sity of PLE peaks would reflect the absorption efficiency
only in the case ofp=1. This condition together with the

_‘
o
T
AE (meV)

Integrated intensity (arb. units)
o
(4]

(b) 60 condition of carriers radiative lifetime being long compared
50 0 with their relaxation time would permit the excited ME’s to
- - dEln" relax into the ME ground state without scattering into other
= 10r [ i_.-“"““. states that relax later nonradiatively. On the other hand, in
3 G- By our case ofp<<1, the intensity of some peaks can be reso-
£ 20 nantly enhanced by the mechanism that strongly reduces the
g 0 15 % relaxation time of the ME transition from the excited state to
%‘ gMagnetie field (1 the radiative ground state and hence decreases to some extent
S the probability of nonradiative ME escape.
% .— theory . THEORY
5 A. Qualitative consideration of the transition
%’ . and the formulation of the problem
g™ First note that both states, namely, initi&}, which is
0.0 L— B 2sHH or 3sHH, and final|f,) = 1sHH have very small ex-
30 35 40 45 50 citon wave vectors, sincg) arises by virtue of direct light

AE (meV) absorption, whereak, relaxation directly provides the opti-
_ N cal PLE signal. More accurately ¢= (k, ,k,) andk, are the
FIG. 2. Integrated intensities of thesBH and 3HH PLE peaks  transverse and longitudinal components, then for these states

for the both pOlal’izationSé'(— (T+, b_(Ti) as a function of the we flnd for the used experlmental geometry that
peak positio/A E measured from thesHH peak energy. Black and

open squares show the experimental data. The insets present the qs10* em™t, k,=10° cm . (3.1

experimental dependencies AfE(B) for the 2sHH and 3HH o6 he right-hand sides are determined by the homogeneity
peaks. breakdown due to impurities or by momenta of absorbed and
emitted photons. Meanwhile the actual extent of the exciton

the magnetic field both forsHH and 3HH ME’s). Figures  wave functions is of the order of 10 nm, since, it is deter-

2(a) and 2b) show that a very strong increadey a factor of  mined by three values: the magnetic lentgh- (c/eB)*2,

10-20 of ME peak intensities arises whehE~35 and the effective exciton Bohr radiua,=#2so/ue?, and the

~40 meV for the 3HH and 3HH peaks, respectively. periodd. In the scale of inverse lengths this reads

These values are very close to the energy of optical phonons 1

in GaAs/ALGa,_,As.’ Note however that the resonance for ko~2mllg ~2mlag~2m/d~10°-10" em™*. (3.2

the 2sHH peak appears at smallexE than that for the The significant difference between the valyasl) and(3.2)

3sHH peak. At the same time the resonant enhancement fallows one to conclude that the considered resonant transi-

the 2s—1s transition naturally occurs in stronger magnetiction i — f is an indirect one. Indeed, due to momentum con-

field than the resonance for thes-3:1s one. servation, in a direct transition the emitted optical phonon
The following features of the resonances should be notedould have a negligibly small wave vect(8.1). As a result

as well: (i) their decay as a function afE is slower than the macroscopic LO polarization field applied to ME may be

their buildup; (i) a structure is observed &tE~37 meV  considered to be homogeneous, and in the lkfit— 0 the

for 2sHH ME and atAE~45 meV for the 3HH state. corresponding transition matrix element would be simply
As it is mentioned above, the precise comparative experiproportional to(i|r|fo)| (with r=r,—r, being the difference

ments showed that sample 8/3 had quantum efficiency between electron and hole positigna/hich turns out to be
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employed in our model. Later in Sec. IV we will briefly
discuss the role of the multimode spectrum in the context of
the phenomenon studied.

Thus our approach should be considered as a theoretical
model, which simplifies the analytical calculation of the re-
laxation rate as follows:

(i) results are obtained in the strong magnetic-field ap-
proximation, which enables us to separate the transverse and
longitudinal variables.

- (i) we consider only the heavy-hole band ignoring its
! k nonparabolicity and the difference in the effective hole

masses in GaAs and /dGa, /As layers, though we take into
FIG. 3. Diagram of possible transitions. LO-phonon-emission account the anisotropy of effective hole mass.

—f gives rise to the studied effect. Transitidns 1, i —2, andf (i) we also ignore the difference of the effective electron
—3, lead to nonradiative exciton annihilation. Transitians f masses in GaAs and MGa, -As layers.
—fo andi—f—v—f, are the examples of nonradiativéo? 3) (iv) we consider only one LO-phonon mode with the ef-

sHH— 1sHH relaxation yielding the measured luminescence sig-factive energyiwo=33 meV independent of phonon wave-
nal. vector direction(to avoid the possible misunderstandings we

replace everywhere below, o by wg). Besides, as in the
equal to zero because of the identical symmetry of the initiatase of bulk GaAS® we use only the Fidich-type Hamil-
and final states with respect to inversion. Thus we considetonian for electron-LO-phonon as well as for hole-LO-
the LO transition not right intdfy) but initially into |f),  phonon interactiongcf. Refs. 2 and 36

which is a IsHH exciton state with the wave vectér-Kk. (v) we ignore possible momentum conservation break-
Finally, the transitionf — f, is a nonradiative process, e.g., down and finite widths of the excitonic peaks that occur due
provided by acoustic-phonon emission. to random impurity potential or quantum well and interface

The assumed transitions are schematically demonstratgdughness.
in Fig. 3. The transitions resulting in nonradiative exciton (vi) finally, any spin-orbit terms in the used Hamiltonians
relaxation are also shown in this diagram. One can see that iare disregarded, therefore the presented theory does not take
the assumed scheme the PLE signal is proportional to thimto consideration the effects of “fine structure” in the PLE
rate of the allowed LO-phonon emission. signal dependent on light polarizatigeuch effects can be
Among the others the diagram reflects one essential sintather peculiar, see, e.g., Ref.)12
plification used in our calculations presented below: we ig- In spite of these essential assumptions we believe that
nore the broadening of the exciton peaks, which naturallysuch a simplified approach accounts for the most important
occurs due to crystal and SL imperfectioftee curves in  aspects of the transition shown in Fig. 3 and yields reliable
Fig. 3 have zero widths The diagram implies thakE=E; information about the ME relaxation rate.
—Ey, should be larger thafiw o. However, in the experi- According to Fig 3 a considerable enhancement takes
ment the beginning of the enhanced relaxation foegciton ~ Place when the intermediate stdfg is a real(not virtua)
occurs even ahE~33 meV (see Fig. 2 which is lower State of the lowest excitonic band. The general formula for
than the LO-phonon energy in a bulk GaAs crystalthe total probability of the LO-phonon emission is
~36 meV. Here we should note that the valueAd (ex-
tracted from PLE spectfacorresponds to the separation of Wio=2, Wi, 3.3
the excited and ground-state exciton absorption maxima. f

Meanwhile the density-of-states in the vicinity of the groundwherewif is the probability of the transition into the state

state is prest_antgd by a rather wideband, and at low temper_ ). Meanwhile subsequent processes of relaxatierf , are
tures the emission comes mostly from the lower states. Thig,

. , ) t the matter of our interest here.
fact provides an effective Stokes shn‘t;_ so that the resonant Evidently the energy conservation leads to the equations
enhancement of the ground-state luminescence due to LO-

phonon mediated relaxation may startME~#w o— Ap. Ei(B)—Eg(B)=fiwg+&(k), E;j—Ey=&k). (3.4
—Ag;, where the PL linewidtiAp; ~2 meV and the Stokes ) ) ) . _
shift A_o~1 meV. Both values\p,_ andA g, are determined Here the intermediate exciton state energy is writterEas
by disorder effects. =Ey+&(K) where Eo=Es, Is the ground-state energy and
In order to describe the data presented in Fig. 2 in thé(k) is the excitonic kinetic energy. The left side in the first
approximation of zero exciton-level width we have to em-EQ. (3.4 depends quasilinearly oB [cf. the insets in Figs.
ploy an effective energy of LO phonon that is lower than the2(a) and 2b)] becauseE; — Eq=N#w .+ sU(B), wheresU,
tabulated bulk value. As it was described above this disbeing much less thafw,, is the difference of binding en-
agreement can be easily eliminated by the consideration argies in|i) and|f,) states.
the finite exciton peak widths. However, for the simplicity of At the same time we will see that in strong magnetic field
the model this procedure is omitted in our calculations. Theghe matrix element for the— f transition has a rather sharp
deviation of the LO-phonon energy from the bulk value canmaximum in the vicinity ofq=gn~Ig*, which provides
also be related to an inevitable effective averaging of the Slreally the resonant dependence of the PLE signal on the
multimode phonon spectrum in the single-mode approacimagnetic field.
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Let us employ the same material parameters as in Refs. 29 12

N!
and 24, i.e., for the transversim the layer of the we)l and INm )y =| plmlp g Imi=2
for the longitudinal hole masses we gef, =0.18m, and 2MTH(N+|m|)t
mp=0.34m,, respectively. The electron massng, =my; XLK,“'(rZIZIZB)e‘m‘P*rZ""é 3.8

=0.06M,, and the dielectric constast, is equal to 12.5.
Then the “transverse” excitonic Bohr radiusa, (LN are Laguerre polynomialsThe energies corresponding
=h2sq/ne? is 14 nm, and for the actual magnetic fields we o these functions are

obtainlg=<L,,<ay. This fact justifies the employment of the )

strong magnetic-field approximatiohs<a=min(a, L,) (a Enm=flo[N+1/2(|m[+ym+1)],

is the characteristic distance between an electron and a ho\lﬁherey—(m* —m*)/(mE, +m?*)
- hl e hl e/

in the z direction. In the next approximation Coulomb interaction can be

The spec_ific dependen&k) _is un_known. Nevertheles_s, taken into account with the use of the operator
the calculations for “free” excitoftt in a strong magnetic

field and for the exciton in SL witth.,,=L, andB=0 (Ref. Hi=€leg\(r+ro)>+w?, where w=2z,—2,
24) make it possible to estimate this value and to find that (3.9

412 222 H
9€19q~ 1”150/ £oh "> €l Ik, . Indeed according to Ref. 24 i pertyrbation theor§22 Coulomb interaction in function

the miniband width for a SL with ,=Lp=3 nmis approxi- £(z, 7.) should be included from the very first step. The

mately 6 meV. Consequently for our SL with the salie  pjoch theorem for this function takes place if one changes
and withL,, =8 nm, the miniband width should be smaller he yariables: namely, if

than 1 meV¥’ In a strong perpendicular magnetic field this

value is to be even more strongly reduced and thus it be- Fi (Z,W)=F(Z+yW,Z—y,W), Where
comes negligible in comparison with the expected character-
istic energy of dependencgq). yi=mp/M,  y,=mg/M, (3.10

Further, the summation in E¢3.3) leads to the result that
contains the density of allowed statds. This value is in-
versely proportional to the Jacobian of the change from vari- 7, (z,w)= ., Y%y, (zZ,w), where v, (Z+d,w)
ables of integration over phase space to the integration over ° ‘ ‘

then

f-exciton energy and oves, wave-vector component: =vy (Z,W). (3.1
AEK,) (L, is the sample size alorm). We restrict ourselves to the
2K, ~de/dq. (3.5  one-band approximation assuming for akndf states that

1Rz

ka(Z,w) presents the ground-state function of the two-

particle motion in thez direction. This function can evidently

The transition probabilities in Eq3.3) are expressed in be normalized so that

terms of the relevant matrix elemeMt; ¢,

+% (Zg+d
o J f v (Z,w)[*dZdw=d.
Wif:7|Mi—>f|25(Ei_Ef_hwo)a (3.6 B

C. Matrix element calculation and inverse transition time
which in their turn is calculated using the wave functions of

the excitonic states. Optical phonons in SL’s have considerable energy depen-

dence on their wave-vector direction. Moreover, for arbitrary
direction the classification of the optical phonon branches as
B. Excitonic wave functions longitudinal and transverse is impossible due to the inhomo-
geneity of the superlattice medium along theaxis. We
choose the simplified model and calculat¢ _.; employing

the Hamiltonian of exciton-LO-phonon interaction in the fol-
lowing form:®

We can write the excitonic wave functions in the follow-
ing manner(cf. Refs. 21 and 22

i
W(ry,rp,21,2)=L"1 expg iRg+—[ryXr,]B/B 1(n\¥2 _— o
(ry,r2,21,25) F{ q 2|é[1 2] ) Opt:Z([:_Z) e_'“’ot; Uopt(k)(e|qr1+lkzzl_elqr2+|k222)
XP(r—ro)F(z1,2,). 3.7 YHec. (3.12

Herej=1, 2 denotes electron and hote= (x;,y;) isthe 2D  Final results include only the squared modulus of the vertex,
vector,r=r,—r,, R=(r;+r,)/2, ro=BXqlg/B, and£  Whichis

is the sample size in the plan&,{). ®(r) obeys the two- )

dimensional Schidinger equation in the main approximation U 42:2779 wo (3.13

of which the Coulomb interaction can be neglectetf In op ok? '

this case®(r)~|N,m,r) (N is the Landau-level numbem .

is the magnetic quantum numbewhere Heres‘1=s;1—s(§l (the standard notatiofsare usedl



2748

Note that the calculation dfi|H,p{ f) with the functions

(3.8) without Coulomb interaction gives exactly zero in the ing rules: Brackets ( . . .,

S. M. DICKMANN et al.
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Here to calculate the expectations one should use the follow-

k| ...| ... k), meanthe integra-

result. Indeed the factorization in the form of the product oftion over the transverse variables of Coulomb energy with
one-particleN-Landau-level functions is always possible for the functions(3.7); if g=0 then in Eq.(3.9): ry=0. Usual

these functions. Therefore if we are interested in the transibrackets( . . .
ri,Z1,r2,Z»). Denominators in Eq(3.14 contain the energy

tion between the different levels; andN,, then the matrix

» mean full expectatiorithe integration over

element of a one-particle operator always includes the convalues in zero-order approximation in the interaction and

volution over the transverse variablgsof one of the par-
ticles (N;,m|m,N,) which is zero becausdl;#N,. Thus
M;_;+ is defined by Coulomb corrections ®(r), which

were discussed above. Taking into account this comment, thirst sum are K,+m) or [s,+(N—s)] with s=0,1, . ..

final expression for the matrix element is

hence one should assume tE&? — E{®=N#w.~% w,. In-
diciesi, v, andf are two dimensionaleach of them is a pair
N,m). In our casd =(N,0), f=(0,0). The allowed in the
N
—1; and in the second sum=(0,0). Note also that fog
=0 the value(3.14) becomes zero.

Kl K Hind v, K i,0 _ _
M = (v,K|( (OleJ(g) ). | Hopdi,0) After all the integrals are calculated, the matrix element to
v Ei hwg the first order inlg/a takes the form
<ka|Hopt| (0,0 Hindi,0), |0, 0> n\2 g?
1D - Oar= Ty Mii=|g] fas:YonT(k)G(le). (319
(3.14  whereV=_L2?L,,
|
. Zptd 1
T(ky)=(Fi(Z,0]€"| Fo(2,0))=d f vk (Z,0vo(Z,0 dZ~—, (316
z Z z
* —3p?/4 m 2
Yy 5 ye mpPM(m+1—p?)
G =_ e P74 1—e P2y ¢ , 3.1
)= ae 2, 2M(m+DI[(1+m/2)?—m?y*/4] =
_ 1— 2
gz(p): ’y(—zp)e*pzm[l_e*pzlz(l_i_p 2(1+p2/4)e*3p2/4
= yme P74 (p2/2)™(m+1— p?/2)[ m2+ 3(1— p2/2)(m—p?) + 2
S (p12)™( p/2)[ (1-p*2)(m—p?) ] (3.18

m=1

Now we have to substitute the expressi@nl5 into Eq.
(3.6). Then in Eq.(3.3) with the help of Eq(3.5 we change
from the summation over statdsto the integration over
phase space and further to the integration avandk,. We
find then that thes function in Eq.(3.6) removes the inte-
gration overe. Finally, the result for the total probability of

2(m+2)1[(2+m/2)>—m

24214]

tion of magnetic field that may be converted to the function
of (N+1)sHH-exciton peak positiofisee insets in Figs.(d)
and 2b)].

Note also that the maximum of functio@, is shifted
substantially to higheq than that of functionG,. This fact
accounts for the smaller experimentally observdd,,,, for

the transition from the excited ME state to some state of thehe 2s— 1s transition with respect to that of thes3-1s one.

ground ME band is
B e®woA(q)Gn(als)

O (hwe)2eZedeldq (319
where
A(q)= qf_medk ) (3.20
2+ k2
and the functions
Gn(p)=7GR(p) (323

are plotted in Fig. 4. One should bear in mind thah Eq.
(3.19 is not an independent value byt q(B) is the root of
first Eq. (3.4) with £(k)=~e€(q). ThereforeW, o is the func-

G, (arb. units)

FIG. 4. FunctionsGy versus the dimensionless “in plane”
wave-vector component. Landau level numhérs 1,2 correspond
to 2s—1s and 3— 1s transitions, respectively.
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— or all transitions of a) and b) polarizations.
when §=5 meV; gi =0.338, g} =0.019, gi =0.0561, fora* @o o (@ ando (b) p
polarization(a), andg; = —0.054,9, =0.108,95 =0.0459, foro™ . .
polarization(b). Egs. (3.4 as functions ofAE [see Figs. @) and Gb)].

Meanwhile the dependen®(AE) for magnetic field enter-
; . : ing Eg. (4.1 (and also indirectly throughg) is extracted
Finally one can estimate with the help of E§.19 the "9 i
inverse time of relaxatiom— f in the vicinity of the reso- from the experiment. Therefore, qu'A.)’ (3'1.9).’ ?nd(d"l)
nance whenq=qy,. If B=10T, de/dg~10"5 meVcm lead to the formula of relevant PLE intensitieg<W, o,

and|T|~10F cm 1, then this time is namely, in arbitrary unitg¢arb. unitg of Figs. 2a) and 2h):
N~Wo~0.01 ns, 3.2 + C.&A+(92) .
Wi L GRS CRIG VR
where the superscript or — labels exciton spin quantum ( o) 4.2
numbersS,= + 1, which associated witlr™ luminescence '

polarizations. Generally, the considerable spin-orbit couplingHere the additional paramete@s. arise, which are required
manifests itself in the experimental data, and accordingly weor fitting the experimental data presented in arbitrary units.

should label by “+” or “ —" all the quantitiesT, A, €, and  Besides, one should specify the functiohis . We do it with
g (considered in their turn as the functions of eitBeor the  the help of Eq.(3.20 and two-harmonic expansion for the
peak positiomMAE=E;—E). periodic functionsT - (k,),

V. DISCUSSION T.x1+h; cogk,d)+h; cog2k,d). 4.3

The intensity of the PLE signal under the resonant condi-T Qﬁ dsec::gelg(ljsz)lnv\',:ilgs'? )jgdlz(;?bczrr:ﬁ;p_?gzd :;;]éh?: de
tions should be proportional to the inverse tif3e22. Nev- 810 6 arb un.'ﬂ; T2 IrT ou.r calc.ulations we usehi
ertheless, an immediate comparison with experimental data + - - L
of Figs. 2a) and 2b) is impossible as long as the functions — 1-68, N2 =0.902, h; =1.79, h, =1.34, and the sets of
€. (q) are unknown. The alternative approach is to find thesdunctionsg;”, which are presented in Fig. 5. These param-
functions being guided by this comparison. Note that theeters are found during the fitting of the experimental points
following results fore.. obtained below are rather qualitative ©f 2(&) and 2b). Meanwhile the picture of such a comparison
and should be considered as an estimate of the energy de&mains qualitatively the same even in the case when

pendence on the componemt =h, =0. It is also important that all the optimum param-
Let us specify the form of energy dispersion phenomenoetersC., g;", andh;” turn out to be of the order of 0.1-1.
logically as This confirms the validity of the estimai®.22 and indi-
* L aEBY2) (g2 rectly the choice of the functiong.1) and(4.3.
E+(Q):(€b(gl 92B")(qle) , @.1) Summarizing the results of the paper we see that our

1+9;(qlg)? theory is in satisfactory agreement with the experimental

data. Comparison with experiment leads to reasonable de-

where¢,, is a parameter of the order of the exciton binding pendencies(q) which are presented in Fig. 5. At the same
energy”>“®andB is measured in Teslas. Naturally the param-time, a more detailed theory taking into account real multi-
etersg;” should be the same for both resonant pe@ikat is  mode phonon spectrum in SiRefs. 2,6 has yet to be de-
they are independent of excited exciton quantum nurher  veloped. In the real situation we can expect that with chang-
but the set of these parameters varies with the spin quantuing AE ME relaxation mediated by different dominant optic-
number. phonon modes should occur. We think that this change to

The functiong4.1) with £,=5 meV are presented in Fig. another type of optic phonons explains the appearance of the
5 for the specific sets @f;” (indicated in the captiorand for  shoulders in resonance profiles mentioned in Sec. Il. Also
various magnetic fields. Now we can find the valgesfrom  one can expect a quasicontinuous increase of the frequency
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of emitted phonons in comparison with the employed paramband edge. However, all these opportunities cannot lead to
eterwy=33 meV with increasing\E. This implies that the the observed increase in the intensity by a factor of more
real bandss(q) are more narrow than those calculated in thethan 20 times. Moreover, in these cases similar resonances
frame of our model. Actually only the initial portions of the also should be observed in the samples Witk-2 and 5 nm
Fig. 5 curvedit seems fore(q) <10 meV] should reflect a (of course at different magnetic fie)dsvhich does not oc-
real exciton dispersion. cur.

Finally, note that there are other hypothetical ways for the
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