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Miniband effects on hot-electron photoluminescence polarization in GaAs/AlAs superlattices
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We have studied the polarization properties of the hot electron photoluminesgéBte in GaAs/AlAs
superlatticegSL’s) and found that they are strongly affected by electron miniband formation. The quasi-three-
dimensional motion of the SL electrons results in a dependence of the HEL polarization on their ratio of lateral
and miniband kinetic energy. We discuss the effect of a magnetic field on the linear HEL polarization in the
Faraday and Voigt geometries. Measurements in the Voigt geometry clearly demonstrate that the momentum
distribution of photogenerated electrons is strongly anisotropic. The photogenerated electrons propagate pre-
dominantly along the SL growth direction when their kinetic energy is smaller than the electron miniband
width or comparable to it. However, when their kinetic energy exceeds the miniband width electrons with
lateral momenta dominate in the momentum distribution function. We present a theory of the HEL polarization
in SL's and its magnetic field dependence which explains these observat®i63-18207)04935-1

[. INTRODUCTION cordance with Eq(2), leads to the linear polarization of the
HEL. The initial angular dependence of the momentum dis-
The absorption of linearly polarized light in GaAs-type tribution functionF(K) of electrons excited by linearly po-
semiconductors leads to the alignment of the crystal momenrarized light from the heavy-hole subband to the conduction
tum of photogenerated electrons while excitation by circu-band can be given in a form analogous to EL.if g, is
larly polarized light results in a spin orientation of the ex- substituted bye,,:
cited electrons. Thus the hot electron luminescefttEL)
can be(partially) linearly or circularly polarizeti3when ori-

. . . e 2 2
ented carriers recombine with equilibrium holes. F(K) y T Kz 3)
This effect results from the selection rules for optical in- K2+ k2 4+ k2
terband transitions. The radiative recombination of electrons oy
with wave vectorK = (k,,ky ,k,) is linearly polarized. The
intensity of the radiation with polarizatios,,, emitted by The properties of the HEL polarization have been studied
the electron when recombining with a heavy hole can bén detail for bulk GaAs and InP-3 It was demonstrated that
represented By the linear polarization has only a weak dependence on the
electron kinetic energy. Similar effects have been observed
(8um- K) recently in GaAs/AlAs-type multiple quantum wéf€
| (&um.K)=1o(|K])| 1— Wz , (1)  (MQWr’s) and were considered theoretically in Ref. 10. The

main feature of the HEL polarization in the 2D case, as com-

where the polarization vect@,, is a unit vector parallel to Pared to the bulk, is its strong dependence on the initial
the electric field of the light. The degree of linear polariza-€lectron kinetic energy. The linear polarization in a QW var-

tion of radiation propagating along tfzedirection is defined i€s fromp, =0 at zero lateral kinetic energy up to @f~0.5
as at kinetic energies exceeding the confinement energy.

The dependence of the polarization on the kinetic energy
p1= (=1 )/(I+1y), in a QW can be qualitatively obtained from E¢8) and(3).

In order to apply these relations to the 1-hfi e transition
wherel, andl, refer to the intensities of the light with po- petween the first holél hh and electror(1 e) subbands it is
larization vectore,y, along thex andy axes, respectively. necessary to substitute by the mean square df, in the
Using Eq.(1) one can obtain the degree of HEL polarization fi;st confined state(k§)~(w/L)2~2mCEl/h2, wherel is
for electrons with wave vectdk recombining with a heavy o QW width,m, the electron effective mass, afig| the

hole: electron confinement energy. After this substitution E).

22 becomes
. 2
Ky + Ky + 2k; F(k)xFo[1l+a cog2¢)],

Under excitation with linearly polarized light the momentum
distribution function becomes anisotropic. This fact, in ac-where

PIk=
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K2 TABLE I. Parameters of the GaAs/AlAs SL and MQW samples
=——, used in the HEL experiments.
ke+2(k%)
4 Sample GaAgA) AlAs (A) Doping (10*8 cm™3)
40/6 39 6 1.0
c k2+2(k2) 40/14 38 14 1.3

In these equationk= (k, k) is the lateral(2D) wave vec- Il. EXPERIMENT

tor, ¢ the angle betweek and &, and « the so-called The SL and MQW samples investigated were grown by
alignment factof. We assume here and below that thaxis ~ molecular-beam epitaxy o0f001-oriented undoped semi-
as well as the propagation direction of the exciting and phoinsulating GaAs substrates. The central regions of the GaAs
toluminescence light are perpendicular to the QW plane. Itvells (=15 A thick) were doped with Be, while the sides of
can be seen from Eqé2) and (4) that pjx=a=0 atk=0. these layers£12 A thickl were left undoped. The sample
Thus the polarization of the HEL is absent if the lateral en-parameters, listed in Table |, were determined by double-
ergy is zero and increases as the latter increases, as expeHystal x-ray diffraction, using CiKa; radiation, and by
mentally observed A rigorous theoretical studytaking into ~ Hall-effect measurements. The samples consist of 60 peri-
account the heavy- and light-hole mixing, slightly modifies 0dS.

the dependence of the linear polarization on the electron en- For HEL excitation we used different dye lasers pumped
ergy expressed in Eq&2) and (4). by an Ar-ion laser as well as He-Ne and Kr-ion lasers. The

Circularly polarized excitation in GaAs-type semiconduc-las?g power density focused on the sample was 10 — 15 W
tors results in an optical orientation of the electron spins an§M - The samples were mounted in an optical exchange-
circularly polarized recombination radiatidr® In bulk ~ 92s cryostat and kept at a temperature of 6 K. The HEL was
GaAs the circular polarizatiop, of the HEL, defined analo- @nalyzed by a SPEX 1404 or a DFS-24 double monochro-

gously top, , depends weakly on the electron kinetic energy.Mater, equipped with a cooled GaAs photomultiplier and
In QWS the circular polarizatiop, depends strongly on the conventional photon-counting electronics. The experiments

lateral wave vector varying from the maximum valudato ~ Were carried out in magnetic fields up 7 T in theback-
down 10 7610 ak= /L 10 scattering Faraday or Voigt geometries with the propagation

In a magnetic field the Lorentz force rotates the elec- direction of incident and scattered light normal to {081

tron momenta. In the Faraday geometry, i.e., Boand the plane of the sample, i.e., parallel to the growth direction.
propagation direction of the exciting light parallel to each
other and to the QW growth direction, the effects of the  Ill. EXPERIMENTAL RESULTS AND DISCUSSION
magnetic field on the linear polarization are similar in bulk
semiconductors and QW's: The magnetic field leads to the
depolarization of the HEL. However, in the Voigt geometry ~ HEL spectra inp-doped SL'’s at low temperatures are due
(direction of the exciting light perpendicular Bwhich is in ~ to recombination of hot electrons with acceptor-bound holes
the QW plang the magnetic field effect on the linear polar- (i.e., 1 hh—»1e—A?° type transitions Under excitation of
ization differs drastically for bulk materials and QW’s: In the moderate intensityin our experiment the density of photo-
bulk the HEL is depolarized by a magnetic field whereas in zcreated carriers was about 16m~?) the main mechanism
QW the polarization does not depend Bnas long as the of electron energy relaxation is the emission of LO phonons.
confinement energy exceeds the cyclotron energy of thdhus the spectra of all samples show oscillations with a well
electrong resolved zero-phonon peak which reveals the initial energy
In this work we investigate the effect of miniband forma- distribution of photocreated electrons and LO-phonon repli-
tion, i.e., the intermediate region between the two limits re€as corresponding to energy relaxation via subsequent LO-
alized in the bulk and in QWSs, on the HEL polarization phonon emission.
properties of GaAs/AlAs superlatticéSL's), both with and All spectra were excited with either linearly or circularly
without a magnetic field. Preliminary results have been repolarized light. The electric field vector of the exciting laser
ported in Refs. 12 and 13. In a SL, constituting a quasi-threegexc Was parallel to th¢110] axis of the sample. To describe
dimensional system, we find polarization properties whicrthe linear  polarizaton ~we use the notation
are different compared to those of QW2D casg¢ and the  p;=(lj—1.)/(lj+1,), wherel| andl, are the luminescence
bulk. We perform tight binding calculations which correctly intensities measured in the same polarization as the exciting
reproduce the experimental results. We demonstrate that ptight (&un/|€xd Or perpendicular to it é,mL €, respec-
larized HEL can be used to measure the SL miniband widttively. In the Voigt geometry we measured also linearly po-
and propose a method for the optical generation of electroni@rized HEL under circularly polarized excitation. In this
with a momentum distribution function elongated either incasel| andl, denote intensities measured for the polariza-
the SL growth direction or perpendicular to it, i.e., tion axis of the emitted light parallel or perpendicularBp
momentum-selective optical alignment, depending on excitarespectively. To express the degree of circular polarization
tion energy. This may be helpful for the study of hot electronwe use the similar expressiop.= (I —1_)/(1.+1_),
transport in SL'’s. wherel . and|_ are HEL intensities polarized like the ex-

A. The linear polarization of the HEL
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FIG. 1. Dependence of the lineai (a) and circularp. (b) /
polarizations of the zero-phonon HEL peak maximum on the hot

electron kinetic energf in a (40/80 A GaAs/AlAs MQW (circles
and two SL’s with(40/14 A (squaresand(40/6) A (triangles well
and barrier widths, respectively. The lines are guides to the eye.  FIG. 2. Schematic representation of the optical transitions in-
volved in lhh— 1e—A° HEL in a SL. The arrow pointing upwards
citing light or opposite to it, respectively. The circular polar- (lengthfiwe,g) corresponds to the excitation of electrons from the
izations are defined with respect to a fixed laboratory coorheavy-hole subbanthh parabolato the electron miniband. Pos-

dinate system and do not depend on the propagatiofible transitions for different values of lateral momentknoccur
direction of the light. between point8 and C. The arrow pointing downwards corre-

sponds to the HEL recombination with &P acceptor state. See
text for details.

hh

1. Energy-dependence of the linear polarization
at the HEL zero-phonon peak maximum

The dependence of the HEL polarization on electron ki-APPendix Al. The photogenerated hot electrons recombine

netic energy was measured at the maximum of the zerg¥ith acceptor-bound holes ¢+-A%). The parabolas for
phonon peak. Figure(d) shows the dependence of the linear fixed miniband wave vector®= + 7r/a andQ=0 in Fig. 2
polarization p; on the hot electron kinetic energyed. represent the dependencetobn lateral momentgmforthe
[[110]) for three samples with barrier widths of 6 A, 14 A, UPper and lower edges of the electron miniband, respec-
and 80 A and a well width of. =40 A. To calculate the tively. A family of parabolas located between these two ex-
electron kinetic energy E we used the relation trema corresponds to intermediate points of the miniband
E=fhwym— (Eq—Ea), Where fiwy,, is the energy of the With 0<[Q[</a. o

HEL zero-phonon pealE, is the band gap energy of the SL, ~ The lowest-energy parabola in Fig. 2 shows the heavy-
andE,, is the acceptor binding energy. The valueggf-E, ~ hole dispersion, neglecting the valence band warping. The
is the experimentally measured energy of the edge lumineglashed parabola is obtained by adding the excitation energy

cence. The dependence mfon E for the (40/80 A sample i @exc 10 the hole dispersion. The region where the dashed
[circles in Fig. 1a)] coincides with that measured in a Curve crosses a band of electron stabetween point8 and

'\/K?W'9 i.e_, it approaches Zero Wh&]goes to zero. In the C) determines pOSSible electron states which can be excited

case of the(40/14 A and (40/6) A SL’s [squares and tri- by photonsfi w,,.. Every state of this band is characterized
angles in Fig. 1a), respectively p, depends on the barrier by the total kinetic energ¥ and the lateral momenturik.
width and tends to zero foE=27 meV and 100 meV, re- In the process of recombination an electron wii(k,Q)
spectively. Figure (b) displays the dependence of the circu- emits a photon with a polarizatigsP(k,Q) which strongly
lar polarizationp, on E in the same samples. depends on the value &t

These peculiarities of the energy dependence of the polar- We assume that the matrix elements of optical transitions
ization in SL's can be understood with the help of Fig. 2in a SL are the same as in a QWee Appendix A This
which shows schematically the relevant optical transitions irapproximation is valid as long as the miniband width is
a SL. The excitation of electrons in the first electron mini-smaller than the confinement energy. Thus the polarization in
band takes place from the first heavy-hole subbéhdih  a SL can be expressed pag-(k,Q) =prR(E,), the HEL po-
—1e). For the sake of simplicity we take the heavy-hole larization for electrons with lateral kinetic energy, in an
miniband width equal to zero. The total kinetic enefgpf isolated QW which increases with increasifig.® At the
these electrons is the sum of their lateral kinetic endtgy upper edge of the electron minibafgbint B in Fig. 2) the
and the miniband energio: E=E,+Eq [see Eq.(A2) in energy of lateral motion i€ ,=E—A. Thus the energy de-
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pendence of the linear polarization at poBitmay be ex-

ressed as 012
p 010 00009'6"”"”.. @
QW) = < 0.08 |
prHE)= pqlw(s) AO’ att E>i (5) _ o006 OO °o" N
P ( )! a . (% 0.04 E B o o
This expression explains the peculiarities in the energy de 0.02p- Ly
pendence op,(E) presented in Fig.(®). In accordance with 0.10 0.11 0.12 0.13 0.14 0.15
Eq. (5), p/(E) tends to zero at an energy which is approxi- .
mately equal to the miniband width af =100 meV for the 0.30 3 o
(40/6 A SL andA =30 meV for the(40/14 A SL. 025 F T 06 00 )
It follows from Eg. (5) that the electrons with minimad 0.20 _ RS %o o ™.
(point B in Fig. 2) make the main contribution to the inten- o~ —~ F 77 o ©0
sity of the zero-phonon HEL peak. This assumption is sup- 0.15 F o
. . . [ 0O .
ported by the following reasons. First of all, the matrix ele- 00 v v
ments of the &— A° transitions decrease with increasikg 0.18 0.19 0.20 0.21 0.22
because the wave function of the acceptor-bound hole in the 0.30 E 5 00
momentum representation drops very rapidly with increasing .9.0 o ©
lateral wave vector. Secondly, the matrix element of the 1 hf 025¢".. o o
—1e transition also decreases with increaskf Finally, 000 E o 000
the contribution of electrons with minimd&l is further en- o o°
hanced due to the singularity of the one dimensional density 015 OOO
of states atQ==*w/a. This creates the possibility of 010F20 @ o vy
momentum-selective optical alignment of photogeneratec 0.1 0.12 0.13 0.14 0.15 0.16
electrons. Electrons excited with an enerByA mainly Electron Energy (eV)

propagate along the miniband axis, while electrons with
E>A move predominantly in the SL plane. In other words . . . o
. - . ' FIG. 3. Intensity (dotted line$ and linear polarizationp,
the hlgh_er the eI_eCtron energy the Clpser Is their momentgrf]circleg vs hot electron energy across the zero-phonon HEL peak of
distribution function to that observed in a QW. Note that this | (40/6 A SL (miniband width A—100 meV for two different

effect can also be used to determine the SL miniband W'dthexcitation energie wl,=1.833 eV E~A) (a) andhiw?, = 1.916

Figure Ab) shows the energy dependence of the Circulaley (£~24) (b) and for a(40/80 A MQW (c). The arrows labeled
polarizationp. measured in the same samples. Contrary 10, and3 in (a) mark the points where the effect of a magnetic field

the Iineagr polarizationp. decreases with increasing energy on the linear polarization was studiésee Figs. 5 and)6
in QW's® in accordance with theoretical predictioffsin

Sl’s one expectsp, to be constant and maximum broadening of the acceptor states. The heavy-hole subband

SLypEy QW - P :
[pc(E)=pc"(0)] for energiesE<A, while in @ QW it \-15ingin a QW produces a width in the initial energy dis-
should decrease with increasing kinetic energyiipution given by

[pSHE)=pSY(E—A) for E>A]. Such behavior is observed
for the (40/14 A and (40/6) A samples in Fig. (b).

Mr100;  Mr110]

AE~mC( )(ﬁwexc— Eg). (6)

2. Polarization distribution across the zero-phonon peak

Figure 3 displays the intensitgotted lineg and polariza-
tion (circles distribution across the zero-phonon peak of theHerem, is the electron effective massy;oq andm;,¢; are
(40/80 A MQW [Fig. 3(c)] and the(40/6) A SL (miniband  the heavy-hole masses in ti@00] and [110] directions,
width A=100 meVj for two different excitation energies respectively. We assume that<mp;og<My110;, consistent
[Fig. 3(@), 3(b)]. For the SL these energies were chosen towith known band structure parameters. The energy interval
excite electrons with kinetic energi&s~A [Fig. 3@] and AE determines the width of the zero-phonon peak if elec-
E~2A [Fig. 3(b)], respectively. If the electron kinetic en- trons recombine with monoenergetic acceptor states.
ergy substantially exceeds the SL electron miniband width Thus the low and high energy edges of the zero-phonon
(E~2A) the HEL polarization distributioriFig. 3(b)] be-  peak correspond to electrons excited with lateral wave vec-
comes very similar to that of a Q\\Fig. 3(c)]. The polar- torsk|{100 andk|{110}, respectively. If excitation of the
ization distribution changes strongly when the kinetic energyHEL takes place in the configuratiaa,J|[ 110] the electrons
of photogenerated electrons exceeds the miniband width onhyith k|{100 are not aligned and consequently the low fre-
slightly [E~A, Fig. 3a@)]. Figure 3a) shows that the polar- quency edge of the zero-phonon peak will be unpolarized.
ization of electrons at the high energy side of the peak ionversely, electrons witk||{110; contribute to the high
close to zero. With decreasirtg it reaches a maximum of energy edge of the zero-phonon peak and their recombina-
p;=0.11 and then drops again. tion should be polarized. Therefore one expects the polariza-

The width of the zero-phonon pedin the process hh tion to grow from the low frequency edge to the high fre-
—e—A% in bulk and QW samples is caused by the warpingquency one, as observed experimentally for ¢46/80 A
of the heavy-hole subband as well as by inhomogeneousIQW [see Fig. &)].
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40 A QW, taking into account the warping and the complex

020 ¢ structure of the valence band. The electron miniband was
calculated in the tight binding approximatigsee Appendix
0.15 |- A). In order to evaluate the matrix element of the—1A°
[ transition the wave function of the acceptor-bound hole was
assumed to be composed of heavy-hole Bloch states. The
_010F Bohr radius of the acceptor was set equal to 20 A. The re-
Q sults were smoothed by a Gaussian distribution with a width
0.05 F of 10 meV which simulates the spread of the acceptor levels.

Calculations were made for two initial electron energies
- E~A [Fig. 4@] and E~2A [Fig. 4(b)], corresponding to
(10 ) Il EE S S B B S those used in the experimdmtigs. 3a) and 3b)]. The com-

105 110 115 120 125 130  1.35  parison of Figs. 3 and 4 shows that there is qualitative agree-
ment between the experimental and theoretical results. We
conjecture that the quantitative differences in the absolute
values ofp, are caused by inaccuracies of the model used for
the calculation of the acceptor states.

B. The HEL polarization in a magnetic field

We have investigated the dependence of the linear and
circular HEL polarization on magnetic field in the Faraday
[ (BJIn|jzl[001]) and Voigt B.Ln||z||[001]) geometries. In the
T T T Farady geometry the electric field of the ligtpropagation

1.80 1.85 1.90 1.95 2.00 2.05 directionn, SL growth directionz) was directed along the
[11Q] crystal axis and was thus perpendicular to the mag-
E/A netic field. In the Voigt geometry the electric field of the
FIG. 4. Calculated distribution of the intensitfashed linpand ~ 12S€7 field was either parallelB{e.,) or perpendicular
polarizationp, (solid line) across the zero-phonon HEL peak of a (BLego to the magnetic field, however, in both cases

(40/6p A SL for two different electron energiesE~A €exd[110]. o
(fiwl,=1.833 eV (8) andE~2A (hwd ~1.916 eV (b). In the Faraday geometry the magnetic field leads to a

decrease of the linear polarization. Similar to the bdland
t 5,6 1 1
In a SL the existence of a miniband causes an additiond®W'S:” this decrease op, in a SL follows the Lorentz

broadening of the peak. One can see in Fig. 2 that photorf&inction PI_(B)=PI(0_)/[1+(B/81/2)2]v where By, is the
with energywe,. generate electrons in the—C energy ~magnetic field at whiclp, decreases to one half of the initial

interval whose width is given by vtallég.dThe value oB,/, was about 3.5 — 4 T in all samples
studied.
m In the Faraday geometry no influence of the magnetic
AE~—A . (7)  field on the circular HEL polarization was detected. The
m, same behavior has been observed in Q¥hile in bulk

If the hole warping is neglected the high-energy edge of thesamples the circular polarization depends strongly on the

. . e magnetic field'! This fact demonstrates the absence of spin-
zero-phonon peak is formed by electrons with minimum lat- L o AR
: I S momentum correlation in a SL, similar to the situation in
eral energy(point B in Fig. 2) resulting in a low degree of

polarization. On the other hand, electrons with maximquWS'
lateral energy(point C) and high alignment contribute to the
low-energy edge. One should therefore expect the polariza-
tion to increase from the high energy edge to the low energy
one because of the increase in the lateral energy. Thus warp- In the Voigt geometry in a Sl(contrary to a QW the

ing and miniband width have opposite effects on the polarmagnetic field affects the linear polarization. Figures)5
ization distribution across the peak. The competition of thes@nd §b) show the magnetic field dependencegpffor the
two effects explains the nonmonotonic dependence of th&ero-phonon peak at electron energies'A (circles and
polarization across the zero-phonon peak displayed in Fige~2A (triangles in the (40/6) A SL. For E~A the mea-
3(a). Comparison of Eqs(6) and (7) shows that the mini- surements were made at two different points of the zero-
band effect dominates at low excitation energies and that thehonon peak marked in Fig.(@ as « (maximum of the
role of warping increases with increasinjgex.— Eg). The ~ peak and g (maximum of the polarization The data in Fig.
experimental results in Figs(&® and 3b) are in accordance 5(a) are for thea point, those in Fig. &) for the 8 point.

1. Magnetic field dependence of the linear HEL polarization
under linearly polarized excitation in the Voigt geometry

with these considerations. Open(filled) symbols in Figs. &) and 3b) are for the ex-
Figure 4 presents the calculated intenditiashed lings  citation polarized perpendiculgparalle) to B.
and polarization(solid lineg distribution across the zero- Let us first discuss the magnetic field effect on the polar-

phonon peak. In this model calculation we used the transitiofization in a SL when the kinetic energy of the photogener-
matrix elements and the heavy-hole dispersion for a singlated electrons is similar to the miniband width, i.Ex=A
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phonon peakpoint B in Fig. 2). The miniband kinetic en-

:: . o ° 1.04 o 4a S a4 ergy of these electrons is maximgm and inamagnetig field it
2 4 4M 4 o8k o © can onlydecrease At the same time the lateral kinetic en-
1og # o B %moaa | °© o . ergy (ockf) increasesbecause the total energy has to be
§&_ 08¢ © 2— 0.6 conserved. In other words, the magnetic field transforms the
s OoF . @12 . © miniband motion into lateral motion. If a magnetic field is
S 04f ° 5 parallel to the electric field vector of the exciting light
0.2f . 02p (Bllesxd|x) KZ in Eq. (2) may be substituted b? andkZ by
0.0 : b 0.0 —— . kﬁ. Thus, in accordance with ER), one should expegt;, to
0t ¢ ©° 2or . f increase as is experimentally observed for this configuration
osf ¢ 20r .o [see filled circles in Fig. @]. In the other caseBLe,,Jx)
s osh *8 2 151 ,° ki=ki, andki=k{ should be substituted in Eq2). The
%‘ i o | S 1ot . @ analysis of Eq(2) shows that in this configuratiop, drops
04T = o5k ©® with increasing magnetic field, in general agreement with the
02f oh a8 a2 experimen{open circles in Fig. &)].
ook . . L s . s e It was demonstrated in Sec. lll A 2 that the Igterfal kinetic
o 2 4 6 8 o 2 4 6 8 energy of the photogenerated electrons contributing to the
Magnetic Field (Tesla) Magnetic Field (Tesla) zero-phonon HEL peak differs substantially throughout the

peak, increasing from the higher- to the lower-energy edge.

FIG. 5. Magnetic field dependence of the linear polarizaipn A magnetic field can now either increase or decrelese
in the Voigt geometryi(a) for a (40/6) A SL at the zero-phonon Thus, in accordance with E¢R), the magnetic field depen-
HEL peak. The open and filled circles represent measurements at &ence ofp, can be steeper than that observed atdhgoint
electron energ\E~A [« point in Fig. 3a)], while the open and or even inverse. To check this prediction we measured the
filled triangles show data &=~ 2A; (b) p, for the same SL atth8  magnetic field dependence pf at the 8 point [open and
point in Fig. 3a) (electron energfE~A); (c) for bulk GaAs(open filled circles in Fig. %b)], which is mostly due to the lumi-
circles and a(40/80 A MQW (open triangle In (a), (b), and(c)  nescence of electrons with maximum lateral kinetic energy
the filled symbols correspond to ti e, configuration while the  (j.e. pointC in Fig. 2. The polarizatiorp, in the (Bllesyd
open ones are faB L ,; (d) magnetic field induced linear polar-  configurationffilled circles in Fig. %b)] decreases with mag-
ization under .circulallrly polarized excitation. in th@/@ AsL gt netic field contrary to the dependence at thgoint [filled
E~A (open circles in a bulk GaAs sampléilled circles, and in  ¢jrcles in Fig. %a)]. The magnetic field induced reduction of
the (40/80 A MQW (open triangleks p in the (BLe,,Jx) geometry[open circles in Fig. )] is

weaker at the8 point than at thex point[open circles in Fig.
[circles in Figs. %a) and §b)]. This effect can be understood 5(g)].
if one considers the change of wave vedtoin a SL with Figure 6 shows the magnetic field dependence,ofal-
magnetic field. In a QW a magnetic field applied in the planeculated for two points of the zero-phonon peak of the/6)
cannot change thke vector if the cyclotron radius is larger A SL of Figs. 3a) and 4a), corresponding to electron ener-
than the well width ancp, remains constarftData in Fig. gies of E=1.25\ [Fig. @] and 1.21 [Fig. &b)]. The de-
5(c) (open trianglesfor a (40/80 A MQW show that this is  pendence calculated for two polarization configurations
the case for the present experimental conditions wBet&  (solid line: B||e,., dashed lineBL e,,) at the maximum of
T. In a SL the electron kinetic energy depends on the the zero-phonon pedkey point of Fig. 3a)] is presented in
lateral wave vectok as well as the miniband wave vecQr  Fig. 6a), while similar curves for its low-energy tajl3
A magnetic field does not affegf, the projection ok on B. point of Fig. 3a)] are shown in Fig. @). The calculations
However, it changeg, , the projection ofk on the plane were made with the same model used for calculating the
perpendicular t@, andQ in such a way that the total energy polarization distribution across the zero-phonon peak in Fig.
E is conserved. 4(a) (see Appendix B Within this model the time depen-

It has been pointed out above that in the tight bindingdence of thek vector in a magnetic field follows EqéB1)
approximation(see Appendix Athe matrix elements of op- and(B2) of Appendix B. The intensity of radiation emitted
tical transitions in a SL do not depend on the miniband waveby an electron with wave vectdi(t) was averaged over time
vectorQ, and for a fixed laterak they are the same as in a with a statistical weight () exp(—t/7), where 1f is the rate
QW. This means that momentum alignment and linear polaref LO phonon emission. The experimental and calculated
ization in a SL are determined only by the electron lateraimagnetic field dependences presented in Figa),(6) and
momentum, like in a QW. Thus, the changes in the linearFigs. Ga),(b) agree well with each othdcompare the open
polarization are caused by the influence of a magnetic fieldind filled circles in Fig. &) with the solid and dashed lines
onk, . At the same time the changes®fin a magnetic field in Fig. 5a) as well as the open and filled circles of Figbb
do not affectp, . In other words, in a SL the valug?) in  with the solid and dashed lines in Fig(b).

Egs. (2) and (4) does not depend o and coincides with With increasing electron energy, i.e., with an increase of
that in a QW. the ratioE/A, the magnetic field effect on the linear polar-

The experimental findings in Fig.(& (open and filled ization in Voigt geometry decreases and the situation be-
circles may be explained as follows. Electrons with the low- comes similar to that of an isolated QW. This is clearly dem-
estk make the main contribution to the intensity of the zero-onstrated in Fig. & which, in addition to data oE~A,
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circularly polarized excitation. Figure(® shows how linear
polarization appears in a magnetic field in this geometry.
Two components of the HEL intensity parallé|X and per-
pendicular (,) to B were measured. The linear polarization
was calculated as discussed abésee Sec. Il A. The open
circles in Fig. %d) show the magnetic field induced linear
polarization in a SL, while filled circles and open triangles
present the same dependence for bulk GaAs and a MQW,
respectively. The positive sign of the induced linear polar-
ization means that the electric field vector of the HEL is
predominantly parallel t®, i.e., the wave vector of the ex-
cited electrons is predominantly perpendiculaBtorhis re-
sult can be explained if one considers the dominant role
played by electrons from the upper edge of the SL miniband
in the formation of the zero-phonon peak. Circularly polar-
ized excitation generates electrons with an axially symmetric
momentum distribution. AB=0 the axis of symmetry in
this configuration is directed along the miniband direction.
Therefore the linear polarization in this geometry vanishes.
In a magnetic field the decrease of the miniband energy of
0.0 . . . . . . . electrons is accompanied by an increase of their lateral ki-
"0 1 2 3 4 5 6 7 8 netic energy, i.e., ok’ . As a result, the momentum distri-
bution function in a magnetic field is no longer axially sym-
metric and electrons with laterak, dominate. The
recombination of electrons with such a momentum distribu-

FIG. 6. Magnetic field dependence of the linear polarizagipn _. Lo . .
in the Voigt geometry calculated for two points of the zero-phonont[Ion function is partly linearly polarized, moreover the HEL

" is polarized predominantly parallel to the magnetic field.
HEL peak of the(40/6) A SL shown in Figs. &) and 4a). The . . .
electron kinetic energies &/A=1.25(a) andE/A=1.21(b) cor- . The _Sa”_‘e effect is observed in bulk GaEsee filled
respond to the HEL maximutw point in Fig. 3a)] and its low- qlrcles in Fig. 5d)1 where the momentum (_jlstrlbutlon fur_lc—
energy taill 8 point in Fig. 3a)]. The solid lines are for thB L e, tion of electrons in bulk samples under circularly polarized

configuration while the dashed ones corresponBl,.. exlcitation is axially symmetric with the axis perpendicular to
B.” The magnetic field rotates this distribution and produces

also depicts the magnetic field dependence,dbr the two  an anisotropy in the plane perpendicular to the propagation
polarization configurationsB1 e.,J|x (open triangles and  direction of the exciting lighth. The wave vectors are di-
Blleexd x (filled triangles at E~2A. The magnetic field ef-  rected predominantly perpendicular to the magnetic field.
fect onp, atE~2A is considerably weaker than Bt=A: It Thjs magnetic field induced anisotropy is responsible for the
is very close to the QW data given for comparison by theznnearance of the linear polarization. In a QW this effect
open triangles in Fig. ) for a (40/80 A system. This be- 30t be observed as long as the cyclotron radius is larger

hﬁvior is causedd tl)y the incrgﬁse of the lateral mo'r:entufm %han the well width. This is confirmed by the experimental
photogenerated electrons with increasing energy. Away fro P .
the miniband, i.e., for lateral energies larger tanchang- Pesults shown in Fig. ®) (open trianglek

ing the lateral momentum in a magnetic field by/2m.A is

p (B (0)

0.6

p(B)/p(0)

0.4

0.2

Magnetic Field (Tesla)

not important with respect to the total valuelaf Therefore IV. CONCLUSIONS
p) remains almost unaffected by a magnetic field, both in ) o
SL’s and QW's. We have studied the effect of SL minibands on the HEL

For comparison we also present in Figcfthe effect of a  Ppolarization and its dependence on magnetic field. The tran-
magnetic field onp in bulk GaAs (open circle for the ~ sition from a QW (2D system to a SL (quasi-three-
configuration withBLe.,Jx measured in the maximum of dimensional systeimis accompanied by drastic changes in
the zero-phonon HEL peak about 280 meV above the diredhe HEL polarization which arise from a different depen-
gap. As in a SLp, decreases with magnetic field due to thedence on the electron kinetic energy. The polarization in a
rotation of momentum aligned carriers under the LorentzSL tends to zero when the electron kinetic energy becomes
force. equal to the miniband width, whereas in a QW zero polar-

In conclusion, the effect of a magnetic field on the linearization occurs at zero kinetic energy. This allows us to de-
polarization in a SL is similar to that in a bulk sample whentermine the SL miniband width by optical means. The linear
the electron kinetic energy is close to the miniband widthpolarization behavior in SL’s is reproduced by tight binding
E~A. It tends to that observed in QW's at higher electroncalculations. Peculiarities of the quasi-three-dimensional
kinetic energies. electron motion, as compared to the 2D case, are most pro-
nounced for a magnetic field in the Voigt geometry which
transforms the miniband motion of electrons into motion in
the SL plane. The shape of the momentum distribution func-

To demonstrate more clearly the peculiarities of hot election in a SL depends strongly on excitation energy and po-
tron alignment in SL’s we used the Voigt configuration andlarization. This property of the optical excitation in a SL can

2. The linear HEL polarization induced by a magnetic field
in the Voigt geometry for circularly polarized excitation
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be used for the generation of electrons with an anisotropidifferent QWSs. In the tight binding approximation the terms
momentum distribution either along the miniband axis or inof the second type cause only small corrections to the matrix
the SL plane, thus varying the propagation direction of pho€lements. These modifications result from the overlap of the
togenerated electrons. This nontrivial optical property ofelectron and hole wave functions in neighboring wells. If
SL’s may be useful for the design of new optoelectronicthese corrections are neglected, the matrix elements of inter-
devices such as wavelength sensitive photodetectors. band transitions do not depend on the miniband wave vector
Q and for a fixed lateral wave vectérthey are the same as
for the isolated QW. However, the existence of minibands
can strongly affect the HEL polarization because electrons
We thank I. I. Reshina and B. P. Zakharchenya for usefuvith a fixed total kinetic energ§ can have very different
discussions and a critical reading of the manuscript. V.F.Slateral kinetic energies. This is especially important when the
D.N.M., V.I.P., and A.Yu.D. acknowledge financial support total kinetic energyE is close to or smaller than the mini-
from the Russian Fund of Basic Resea(@nant Nos. 96-02- band width.
16895 and 95-02-040%%and the Volkswagen Foundation
(Grant No. |/70958 V.F.S thanks the Max-Planck- APPENDIX B: ELECTRON MOTION IN k SPACE
Gesellschaft for financial support and the Max-Planck- IN A MAGNETIC FIELD
Institut fur Festkoperforschung for hospitality. Thanks are
due to B. Koopmans for a critical reading of the manuscript. A magnetic field applied along the growth direction of a
SL rotates the lateral vectdr as in an isolated QW but it

does not affect the miniband wave vec€@r The effects of a
magnetic field on electron momentum in a SL and a QW
differ drastically when the magnetic field is applied in the
plane of the SL(QW). In this geometry the lateral compo-
In order to describe electron states in the conduction banfientk (along B) does not depend on the magnetic field,
of a SL we use the tight binding approximation with the while k, (perpendicular t@) and the miniband wave vector
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APPENDIX A: MATRIX ELEMENTS OF OPTICAL
TRANSITIONS IN THE TIGHT BINDING
APPROXIMATION

wave functions: Q change in time in such a way that the total energy is
conserved. From the usual equations of motion
1 .
Vo(pz)= —e*PD e%ny(z—2z,), Al dp e JE
(P D)= e d¥y(z=z),  (AD P _Clvxel, =2, po(ikiQ)
p
wherep andz are the coordinates_ in and perpendicular _to theyne can obtain using EGA2)
QW planesz,=na are the coordinates of well centeesjs
the SL periody/(z) is the wave function in a single QW, and dQ dk, n’w,
N is the number of wells in a SL. The electron energy in this g ook g T3 Sima, (B1)

state is represented by _
wheren?=Am.a%/24?, o.=|e|B/m.. These equations can

Rk A be converted into the pendulum equation
E(k,Q=—5—+ 5(1-coRa), (A2)
2m, 2 420
whereA is the miniband width. The hole wave function can I _w§7723i”97 (B2

2
be expressed in a way similar to Al. Two types of terms dt
appear in the calculation of the matrix elements of the opticalvhered= Qa is the angle of deviation of the pendulum from
transitions. The first term corresponds to the recombinatiothe vertical direction. The transverse component of wave
(or generation of an electron and a hole localized in the vector,k, , can be obtained from the angular velocity of the
same well, the second term to hole and electron localized ipendulum ak, = w_ 'a”1d6/dt.
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