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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 photoluminescence~HEL! in GaAs/AlAs
superlattices~SL’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 observations.@S0163-1829~97!04935-7#
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I. INTRODUCTION

The absorption of linearly polarized light in GaAs-typ
semiconductors leads to the alignment of the crystal mom
tum of photogenerated electrons while excitation by cir
larly polarized light results in a spin orientation of the e
cited electrons. Thus the hot electron luminescence~HEL!
can be~partially! linearly or circularly polarized1–3 when ori-
ented carriers recombine with equilibrium holes.

This effect results from the selection rules for optical
terband transitions. The radiative recombination of electr
with wave vectorK5(kx ,ky ,kz) is linearly polarized. The
intensity of the radiation with polarizationelum emitted by
the electron when recombining with a heavy hole can
represented by1

I ~elum ,K !5I 0~ uK u!F12
~elum•K !

uK u2
2G , ~1!

where the polarization vectorelum is a unit vector parallel to
the electric field of the light. The degree of linear polariz
tion of radiation propagating along thez direction is defined
as

r l5~ I x2I y!/~ I x1I y!,

whereI x and I y refer to the intensities of the light with po
larization vectorelum along thex and y axes, respectively
Using Eq.~1! one can obtain the degree of HEL polarizati
for electrons with wave vectorK recombining with a heavy
hole:

r lK5
ky

22kx
2

kx
21ky

212kz
2

. ~2!

Under excitation with linearly polarized light the momentu
distribution function becomes anisotropic. This fact, in a
560163-1829/97/56~11!/6871~9!/$10.00
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cordance with Eq.~2!, leads to the linear polarization of th
HEL. The initial angular dependence of the momentum d
tribution functionF(K ) of electrons excited by linearly po
larized light from the heavy-hole subband to the conduct
band can be given in a form analogous to Eq.~1! if elum is
substituted byeexc:

F(K …}
ky

21kz
2

kx
21ky

21kz
2

. ~3!

The properties of the HEL polarization have been stud
in detail for bulk GaAs and InP.1–3 It was demonstrated tha
the linear polarization has only a weak dependence on
electron kinetic energy. Similar effects have been obser
recently in GaAs/AlAs-type multiple quantum wells4–9

~MQW’s! and were considered theoretically in Ref. 10. T
main feature of the HEL polarization in the 2D case, as co
pared to the bulk, is its strong dependence on the ini
electron kinetic energy. The linear polarization in a QW va
ies fromr l50 at zero lateral kinetic energy up to ofr l;0.5
at kinetic energies exceeding the confinement energy.

The dependence of the polarization on the kinetic ene
in a QW can be qualitatively obtained from Eqs.~2! and~3!.
In order to apply these relations to the 1 hh→1 e transition
between the first hole~1 hh! and electron~1 e) subbands it is
necessary to substitutekz

2 by the mean square ofkz in the
first confined state:̂kz

2&;(p/L)2;2mcE1 /\2, whereL is
the QW width,mc the electron effective mass, andE1 the
electron confinement energy. After this substitution Eq.~3!
becomes

F~k!}F0@11a cos~2w!#,

where
6871 © 1997 The American Physical Society
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a52
k2

k212^kz
2&

,

~4!

F05
k212^kz

2&

2~k21^kz
2&!

.

In these equationsk5(kx ,ky) is the lateral~2D! wave vec-
tor, w the angle betweenk and eexc, and a the so-called
alignment factor.4 We assume here and below that thez axis
as well as the propagation direction of the exciting and p
toluminescence light are perpendicular to the QW plane
can be seen from Eqs.~2! and ~4! that r lK5a50 at k50.
Thus the polarization of the HEL is absent if the lateral e
ergy is zero and increases as the latter increases, as ex
mentally observed.9 A rigorous theoretical study,4 taking into
account the heavy- and light-hole mixing, slightly modifi
the dependence of the linear polarization on the electron
ergy expressed in Eqs.~2! and ~4!.

Circularly polarized excitation in GaAs-type semicondu
tors results in an optical orientation of the electron spins
circularly polarized recombination radiation.1–3 In bulk
GaAs the circular polarizationrc of the HEL, defined analo-
gously tor l , depends weakly on the electron kinetic ener
In QWs the circular polarizationrc depends strongly on th
lateral wave vector varying from the maximum value atk50
down to zero atk>p/L.9,10

In a magnetic fieldB the Lorentz force rotates the ele
tron momenta. In the Faraday geometry, i.e., forB and the
propagation direction of the exciting light parallel to ea
other and to the QW growth direction, the effects of t
magnetic field on the linear polarization are similar in bu
semiconductors and QW’s: The magnetic field leads to
depolarization of the HEL. However, in the Voigt geomet
~direction of the exciting light perpendicular toB which is in
the QW plane! the magnetic field effect on the linear pola
ization differs drastically for bulk materials and QW’s: In th
bulk the HEL is depolarized by a magnetic field whereas i
QW the polarization does not depend onB as long as the
confinement energy exceeds the cyclotron energy of
electrons.6

In this work we investigate the effect of miniband form
tion, i.e., the intermediate region between the two limits
alized in the bulk and in QWs, on the HEL polarizatio
properties of GaAs/AlAs superlattices~SL’s!, both with and
without a magnetic field. Preliminary results have been
ported in Refs. 12 and 13. In a SL, constituting a quasi-thr
dimensional system, we find polarization properties wh
are different compared to those of QW’s~2D case! and the
bulk. We perform tight binding calculations which correct
reproduce the experimental results. We demonstrate tha
larized HEL can be used to measure the SL miniband w
and propose a method for the optical generation of electr
with a momentum distribution function elongated either
the SL growth direction or perpendicular to it, i.e
momentum-selective optical alignment, depending on exc
tion energy. This may be helpful for the study of hot electr
transport in SL’s.
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II. EXPERIMENT

The SL and MQW samples investigated were grown
molecular-beam epitaxy on~001!-oriented undoped semi
insulating GaAs substrates. The central regions of the G
wells ('15 Å thick! were doped with Be, while the sides o
these layers ('12 Å thick! were left undoped. The sampl
parameters, listed in Table I, were determined by doub
crystal x-ray diffraction, using CuKa1 radiation, and by
Hall-effect measurements. The samples consist of 60 p
ods.

For HEL excitation we used different dye lasers pump
by an Ar-ion laser as well as He-Ne and Kr-ion lasers. T
laser power density focused on the sample was 10 – 15
cm22. The samples were mounted in an optical exchan
gas cryostat and kept at a temperature of 6 K. The HEL w
analyzed by a SPEX 1404 or a DFS-24 double monoch
mator, equipped with a cooled GaAs photomultiplier a
conventional photon-counting electronics. The experime
were carried out in magnetic fields up to 7 T in theback-
scattering Faraday or Voigt geometries with the propaga
direction of incident and scattered light normal to the~001!
plane of the sample, i.e., parallel to the growth direction.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. The linear polarization of the HEL

HEL spectra inp-doped SL’s at low temperatures are d
to recombination of hot electrons with acceptor-bound ho
~i.e., 1 hh→1e→A0 type transitions!. Under excitation of
moderate intensity~in our experiment the density of photo
created carriers was about 109 cm22) the main mechanism
of electron energy relaxation is the emission of LO phono
Thus the spectra of all samples show oscillations with a w
resolved zero-phonon peak which reveals the initial ene
distribution of photocreated electrons and LO-phonon re
cas corresponding to energy relaxation via subsequent
phonon emission.

All spectra were excited with either linearly or circular
polarized light. The electric field vector of the exciting las
eexc was parallel to the@110# axis of the sample. To describ
the linear polarization we use the notatio
r l5(I i2I')/(I i1I'), whereI i andI' are the luminescence
intensities measured in the same polarization as the exc
light (elumieexc) or perpendicular to it (elum'eexc), respec-
tively. In the Voigt geometry we measured also linearly p
larized HEL under circularly polarized excitation. In th
caseI i and I' denote intensities measured for the polariz
tion axis of the emitted light parallel or perpendicular toB,
respectively. To express the degree of circular polarizat
we use the similar expressionrc5(I 12I 2)/(I 11I 2),
where I 1 and I 2 are HEL intensities polarized like the ex

TABLE I. Parameters of the GaAs/AlAs SL and MQW sampl
used in the HEL experiments.

Sample GaAs~Å! AlAs ~Å! Doping ~1018 cm23)

40/6 39 6 1.0
40/14 38 14 1.3
40/80 40 80 0.7
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56 6873MINIBAND EFFECTS ON HOT-ELECTRON . . .
citing light or opposite to it, respectively. The circular pola
izations are defined with respect to a fixed laboratory co
dinate system and do not depend on the propaga
direction of the light.

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

The dependence of the HEL polarization on electron
netic energy was measured at the maximum of the z
phonon peak. Figure 1~a! shows the dependence of the line
polarization r l on the hot electron kinetic energy (eexc

i@110#) for three samples with barrier widths of 6 Å, 14 Å
and 80 Å and a well width ofL540 Å. To calculate the
electron kinetic energy E we used the relation
E5\v lum2(Eg2EA), where \v lum is the energy of the
HEL zero-phonon peak,Eg is the band gap energy of the SL
andEA is the acceptor binding energy. The value ofEg2EA
is the experimentally measured energy of the edge lumin
cence. The dependence ofr l on E for the ~40/80! Å sample
@circles in Fig. 1~a!# coincides with that measured in
MQW,9 i.e., it approaches zero whenE goes to zero. In the
case of the~40/14! Å and ~40/6! Å SL’s @squares and tri-
angles in Fig. 1~a!, respectively# r l depends on the barrie
width and tends to zero forE527 meV and 100 meV, re
spectively. Figure 1~b! displays the dependence of the circ
lar polarizationrc on E in the same samples.

These peculiarities of the energy dependence of the po
ization in SL’s can be understood with the help of Fig.
which shows schematically the relevant optical transitions
a SL. The excitation of electrons in the first electron mi
band takes place from the first heavy-hole subband~1 hh
→1e). For the sake of simplicity we take the heavy-ho
miniband width equal to zero. The total kinetic energyE of
these electrons is the sum of their lateral kinetic energyEk
and the miniband energyEQ : E5Ek1EQ @see Eq.~A2! in

FIG. 1. Dependence of the linearr l ~a! and circularrc ~b!
polarizations of the zero-phonon HEL peak maximum on the
electron kinetic energyE in a ~40/80! Å GaAs/AlAs MQW ~circles!
and two SL’s with~40/14! Å ~squares! and~40/6! Å ~triangles! well
and barrier widths, respectively. The lines are guides to the ey
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Appendix A#. The photogenerated hot electrons recomb
with acceptor-bound holes (1e→A0). The parabolas for
fixed miniband wave vectorsQ56p/a andQ50 in Fig. 2
represent the dependence ofE on lateral momentumk for the
upper and lower edges of the electron miniband, resp
tively. A family of parabolas located between these two e
trema corresponds to intermediate points of the miniba
with 0,uQu,p/a.

The lowest-energy parabola in Fig. 2 shows the hea
hole dispersion, neglecting the valence band warping.
dashed parabola is obtained by adding the excitation en
\vexc to the hole dispersion. The region where the dash
curve crosses a band of electron states~between pointsB and
C) determines possible electron states which can be exc
by photons\vexc. Every state of this band is characterize
by the total kinetic energyE and the lateral momentum\k.
In the process of recombination an electron withE(k,Q)
emits a photon with a polarizationr l

SL(k,Q) which strongly
depends on the value ofk.

We assume that the matrix elements of optical transiti
in a SL are the same as in a QW~see Appendix A!. This
approximation is valid as long as the miniband width
smaller than the confinement energy. Thus the polarizatio
a SL can be expressed asr l

SL(k,Q)5r l
QW(Ek), the HEL po-

larization for electrons with lateral kinetic energyEk in an
isolated QW which increases with increasingEk .9 At the
upper edge of the electron miniband~point B in Fig. 2! the
energy of lateral motion isEk5E2D. Thus the energy de

t

FIG. 2. Schematic representation of the optical transitions
volved in 1hh→1e→A0 HEL in a SL. The arrow pointing upwards
~length \vexc) corresponds to the excitation of electrons from t
heavy-hole subband~hh parabola! to the electron miniband. Pos
sible transitions for different values of lateral momentumk occur
between pointsB and C. The arrow pointing downwards corre
sponds to the HEL recombination with anA0 acceptor state. See
text for details.
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6874 56V. F. SAPEGAet al.
pendence of the linear polarization at pointB may be ex-
pressed as

r l
SL~E!5H r l

QW~0!50, at E,D

r l
QW~E2D!, at E.D.

~5!

This expression explains the peculiarities in the energy
pendence ofr l(E) presented in Fig. 1~a!. In accordance with
Eq. ~5!, r l(E) tends to zero at an energy which is appro
mately equal to the miniband width ofD 5100 meV for the
~40/6! Å SL andD530 meV for the~40/14! Å SL.

It follows from Eq. ~5! that the electrons with minimalk
~point B in Fig. 2! make the main contribution to the inten
sity of the zero-phonon HEL peak. This assumption is s
ported by the following reasons. First of all, the matrix e
ments of the 1e→A0 transitions decrease with increasingk
because the wave function of the acceptor-bound hole in
momentum representation drops very rapidly with increas
lateral wave vector. Secondly, the matrix element of the 1
→1e transition also decreases with increasingk.10 Finally,
the contribution of electrons with minimalk is further en-
hanced due to the singularity of the one dimensional den
of states atQ56p/a. This creates the possibility o
momentum-selective optical alignment of photogenera
electrons. Electrons excited with an energyE5D mainly
propagate along the miniband axis, while electrons w
E.D move predominantly in the SL plane. In other word
the higher the electron energy the closer is their momen
distribution function to that observed in a QW. Note that th
effect can also be used to determine the SL miniband wi

Figure 1~b! shows the energy dependence of the circu
polarizationrc measured in the same samples. Contrary
the linear polarization,rc decreases with increasing ener
in QW’s9 in accordance with theoretical predictions.10 In
SL’s one expectsrc to be constant and maximum
@rc

SL(E)5rc
QW(0)# for energiesE,D, while in a QW it

should decrease with increasing kinetic ener
@rc

SL(E)5rc
QW(E2D) for E.D#. Such behavior is observe

for the ~40/14! Å and ~40/6! Å samples in Fig. 1~b!.

2. Polarization distribution across the zero-phonon peak

Figure 3 displays the intensity~dotted lines! and polariza-
tion ~circles! distribution across the zero-phonon peak of t
~40/80! Å MQW @Fig. 3~c!# and the~40/6! Å SL ~miniband
width D5100 meV! for two different excitation energie
@Fig. 3~a!, 3~b!#. For the SL these energies were chosen
excite electrons with kinetic energiesE'D @Fig. 3~a!# and
E'2D @Fig. 3~b!#, respectively. If the electron kinetic en
ergy substantially exceeds the SL electron miniband wi
(E'2D) the HEL polarization distribution@Fig. 3~b!# be-
comes very similar to that of a QW@Fig. 3~c!#. The polar-
ization distribution changes strongly when the kinetic ene
of photogenerated electrons exceeds the miniband width
slightly @E'D, Fig. 3~a!#. Figure 3~a! shows that the polar
ization of electrons at the high energy side of the peak
close to zero. With decreasingE it reaches a maximum o
r l50.11 and then drops again.

The width of the zero-phonon peak~in the process hh
→e→A0) in bulk and QW samples is caused by the warp
of the heavy-hole subband as well as by inhomogene
e-
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broadening of the acceptor states. The heavy-hole subb
warping in a QW produces a width in the initial energy d
tribution given by

DE;mcS 1

m[100]
2

1

m[110]
D ~\vexc2Eg!. ~6!

Heremc is the electron effective mass,m[100] andm[110] are
the heavy-hole masses in the@100# and @110# directions,
respectively. We assume thatmc!m[100],m[110] , consistent
with known band structure parameters. The energy inte
DE determines the width of the zero-phonon peak if ele
trons recombine with monoenergetic acceptor states.

Thus the low and high energy edges of the zero-pho
peak correspond to electrons excited with lateral wave v
tors ki$100% and ki$110%, respectively. If excitation of the
HEL takes place in the configurationeexci@110# the electrons
with ki$100% are not aligned and consequently the low fr
quency edge of the zero-phonon peak will be unpolariz
Conversely, electrons withki$110% contribute to the high
energy edge of the zero-phonon peak and their recomb
tion should be polarized. Therefore one expects the polar
tion to grow from the low frequency edge to the high fr
quency one, as observed experimentally for the~40/80! Å
MQW @see Fig. 3~c!#.

FIG. 3. Intensity ~dotted lines! and linear polarizationr l

~circles! vs hot electron energy across the zero-phonon HEL pea
a ~40/6! Å SL ~miniband widthD5100 meV! for two different
excitation energies\vexc

1 51.833 eV (E'D) ~a! and\vexc
2 51.916

eV (E'2D) ~b! and for a~40/80! Å MQW ~c!. The arrows labeled
a andb in ~a! mark the points where the effect of a magnetic fie
on the linear polarization was studied~see Figs. 5 and 6!



n
o

th
t

m

iz
rg
a
a
s
th
i

th

-
io
g

ex
as

as
The
re-
dth
els.
ies

ree-
We

lute
for

and
ay

ag-
e

es

a

l
s

tic
he

the
in-
in

ro-

ar-
er-

a

56 6875MINIBAND EFFECTS ON HOT-ELECTRON . . .
In a SL the existence of a miniband causes an additio
broadening of the peak. One can see in Fig. 2 that phot
with energy\vexc generate electrons in theB2C energy
interval whose width is given by

DE;
mc

mv
D . ~7!

If the hole warping is neglected the high-energy edge of
zero-phonon peak is formed by electrons with minimum la
eral energy~point B in Fig. 2! resulting in a low degree of
polarization. On the other hand, electrons with maximu
lateral energy~point C) and high alignment contribute to the
low-energy edge. One should therefore expect the polar
tion to increase from the high energy edge to the low ene
one because of the increase in the lateral energy. Thus w
ing and miniband width have opposite effects on the pol
ization distribution across the peak. The competition of the
two effects explains the nonmonotonic dependence of
polarization across the zero-phonon peak displayed in F
3~a!. Comparison of Eqs.~6! and ~7! shows that the mini-
band effect dominates at low excitation energies and that
role of warping increases with increasing (\vexc2Eg). The
experimental results in Figs. 3~a! and 3~b! are in accordance
with these considerations.

Figure 4 presents the calculated intensity~dashed lines!
and polarization~solid lines! distribution across the zero
phonon peak. In this model calculation we used the transit
matrix elements and the heavy-hole dispersion for a sin

FIG. 4. Calculated distribution of the intensity~dashed line! and
polarizationr l ~solid line! across the zero-phonon HEL peak of
~40/6! Å SL for two different electron energiesE'D
(\vexc

1 51.833 eV! ~a! andE'2D (\vexc
2 51.916 eV! ~b!.
al
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40 Å QW, taking into account the warping and the compl
structure of the valence band. The electron miniband w
calculated in the tight binding approximation~see Appendix
A!. In order to evaluate the matrix element of the 1e→A0

transition the wave function of the acceptor-bound hole w
assumed to be composed of heavy-hole Bloch states.
Bohr radius of the acceptor was set equal to 20 Å. The
sults were smoothed by a Gaussian distribution with a wi
of 10 meV which simulates the spread of the acceptor lev
Calculations were made for two initial electron energ
E'D @Fig. 4~a!# and E'2D @Fig. 4~b!#, corresponding to
those used in the experiment@Figs. 3~a! and 3~b!#. The com-
parison of Figs. 3 and 4 shows that there is qualitative ag
ment between the experimental and theoretical results.
conjecture that the quantitative differences in the abso
values ofr l are caused by inaccuracies of the model used
the calculation of the acceptor states.

B. The HEL polarization in a magnetic field

We have investigated the dependence of the linear
circular HEL polarization on magnetic field in the Farad
(Binizi@001#) and Voigt (B'nizi@001#) geometries. In the
Farady geometry the electric field of the light~propagation
direction n, SL growth directionz) was directed along the
@110# crystal axis and was thus perpendicular to the m
netic field. In the Voigt geometry the electric field of th
laser field was either parallel (Bieexc) or perpendicular
(B'eexc) to the magnetic field, however, in both cas
eexci@110#.

In the Faraday geometry the magnetic field leads to
decrease of the linear polarization. Similar to the bulk1,3 and
QW’s,5,6 this decrease ofr l in a SL follows the Lorentz
function r l(B)5r l(0)/@11(B/B1/2)

2#, where B1/2 is the
magnetic field at whichr l decreases to one half of the initia
value. The value ofB1/2 was about 3.5 – 4 T in all sample
studied.

In the Faraday geometry no influence of the magne
field on the circular HEL polarization was detected. T
same behavior has been observed in QW’s,5 while in bulk
samples the circular polarization depends strongly on
magnetic field.11 This fact demonstrates the absence of sp
momentum correlation in a SL, similar to the situation
QW’s.

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

In the Voigt geometry in a SL~contrary to a QW! the
magnetic field affects the linear polarization. Figures 5~a!
and 5~b! show the magnetic field dependence ofr l for the
zero-phonon peak at electron energiesE'D ~circles! and
E'2D ~triangles! in the ~40/6! Å SL. For E'D the mea-
surements were made at two different points of the ze
phonon peak marked in Fig. 3~a! as a ~maximum of the
peak! andb ~maximum of the polarization!. The data in Fig.
5~a! are for thea point, those in Fig. 5~b! for the b point.
Open~filled! symbols in Figs. 5~a! and 5~b! are for the ex-
citation polarized perpendicular~parallel! to B.

Let us first discuss the magnetic field effect on the pol
ization in a SL when the kinetic energy of the photogen
ated electrons is similar to the miniband width, i.e.,E'D
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6876 56V. F. SAPEGAet al.
@circles in Figs. 5~a! and 5~b!#. This effect can be understoo
if one considers the change of wave vectork in a SL with
magnetic field. In a QW a magnetic field applied in the pla
cannot change thek vector if the cyclotron radius is large
than the well width andr l remains constant.6 Data in Fig.
5~c! ~open triangles! for a ~40/80! Å MQW show that this is
the case for the present experimental conditions whereB<7
T. In a SL the electron kinetic energyE depends on the
lateral wave vectork as well as the miniband wave vectorQ.
A magnetic field does not affectki , the projection ofk on B.
However, it changesk' , the projection ofk on the plane
perpendicular toB, andQ in such a way that the total energ
E is conserved.

It has been pointed out above that in the tight bind
approximation~see Appendix A! the matrix elements of op
tical transitions in a SL do not depend on the miniband wa
vectorQ, and for a fixed lateralk they are the same as in
QW. This means that momentum alignment and linear po
ization in a SL are determined only by the electron late
momentum, like in a QW. Thus, the changes in the lin
polarization are caused by the influence of a magnetic fi
onk' . At the same time the changes ofQ in a magnetic field
do not affectr l . In other words, in a SL the valuêkz

2& in
Eqs. ~2! and ~4! does not depend onQ and coincides with
that in a QW.

The experimental findings in Fig. 5~a! ~open and filled
circles! may be explained as follows. Electrons with the lo
estk make the main contribution to the intensity of the ze

FIG. 5. Magnetic field dependence of the linear polarizationr l

in the Voigt geometry:~a! for a ~40/6! Å SL at the zero-phonon
HEL peak. The open and filled circles represent measurements
electron energyE'D @a point in Fig. 3~a!#, while the open and
filled triangles show data atE'2D; ~b! r l for the same SL at theb
point in Fig. 3~a! ~electron energyE'D); ~c! for bulk GaAs~open
circles! and a~40/80! Å MQW ~open triangles!. In ~a!, ~b!, and~c!
the filled symbols correspond to theBieexc configuration while the
open ones are forB'eexc; ~d! magnetic field induced linear polar
ization under circularly polarized excitation in the~40/6! Å SL at
E'D ~open circles!, in a bulk GaAs sample~filled circles!, and in
the ~40/80! Å MQW ~open triangles!.
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phonon peak~point B in Fig. 2!. The miniband kinetic en-
ergy of these electrons is maximum and in a magnetic fiel
can onlydecrease. At the same time the lateral kinetic en
ergy (}k'

2 ) increasesbecause the total energy has to
conserved. In other words, the magnetic field transforms
miniband motion into lateral motion. If a magnetic field
parallel to the electric field vector of the exciting ligh
(Bieexcix) ky

2 in Eq. ~2! may be substituted byk'
2 andkx

2 by
ki

2 . Thus, in accordance with Eq.~2!, one should expectr l to
increase as is experimentally observed for this configura
@see filled circles in Fig. 5~a!#. In the other case (B'eexcix)
kx

25k'
2 , and ky

25ki
2 should be substituted in Eq.~2!. The

analysis of Eq.~2! shows that in this configurationr l drops
with increasing magnetic field, in general agreement with
experiment@open circles in Fig. 5~a!#.

It was demonstrated in Sec. III A 2 that the lateral kine
energy of the photogenerated electrons contributing to
zero-phonon HEL peak differs substantially throughout
peak, increasing from the higher- to the lower-energy ed
A magnetic field can now either increase or decreasek'

2 .
Thus, in accordance with Eq.~2!, the magnetic field depen
dence ofr l can be steeper than that observed at thea point
or even inverse. To check this prediction we measured
magnetic field dependence ofr l at the b point @open and
filled circles in Fig. 5~b!#, which is mostly due to the lumi-
nescence of electrons with maximum lateral kinetic ene
~i.e., pointC in Fig. 2!. The polarizationr l in the (Bieexc)
configuration@filled circles in Fig. 5~b!# decreases with mag
netic field contrary to the dependence at thea point @filled
circles in Fig. 5~a!#. The magnetic field induced reduction o
r l in the (B'eexcix) geometry@open circles in Fig. 5~b!# is
weaker at theb point than at thea point @open circles in Fig.
5~a!#.

Figure 6 shows the magnetic field dependence ofr l cal-
culated for two points of the zero-phonon peak of the~40/6!
Å SL of Figs. 3~a! and 4~a!, corresponding to electron ene
gies ofE51.25D @Fig. 6~a!# and 1.21D @Fig. 6~b!#. The de-
pendence calculated for two polarization configuratio
~solid line: Bieexc, dashed line:B'eexc) at the maximum of
the zero-phonon peak@a point of Fig. 3~a!# is presented in
Fig. 6~a!, while similar curves for its low-energy tail@b
point of Fig. 3~a!# are shown in Fig. 6~b!. The calculations
were made with the same model used for calculating
polarization distribution across the zero-phonon peak in F
4~a! ~see Appendix B!. Within this model the time depen
dence of thek vector in a magnetic field follows Eqs.~B1!
and ~B2! of Appendix B. The intensity of radiation emitte
by an electron with wave vectork(t) was averaged over time
with a statistical weight (1/t)exp(2t/t), where 1/t is the rate
of LO phonon emission. The experimental and calcula
magnetic field dependences presented in Figs. 5~a!,~b! and
Figs. 6~a!,~b! agree well with each other@compare the open
and filled circles in Fig. 5~a! with the solid and dashed line
in Fig. 5~a! as well as the open and filled circles of Fig. 5~b!
with the solid and dashed lines in Fig. 6~b!#.

With increasing electron energy, i.e., with an increase
the ratioE/D, the magnetic field effect on the linear pola
ization in Voigt geometry decreases and the situation
comes similar to that of an isolated QW. This is clearly de
onstrated in Fig. 5~a! which, in addition to data ofE'D,
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also depicts the magnetic field dependence ofr l for the two
polarization configurationsB'eexcix ~open triangles! and
Bieexcix ~filled triangles! at E'2D. The magnetic field ef-
fect onr l at E'2D is considerably weaker than atE'D: It
is very close to the QW data given for comparison by
open triangles in Fig. 5~c! for a ~40/80! Å system. This be-
havior is caused by the increase of the lateral momentum
photogenerated electrons with increasing energy. Away fr
the miniband, i.e., for lateral energies larger thanD, chang-
ing the lateral momentum in a magnetic field by;A2mcD is
not important with respect to the total value ofk. Therefore
r l remains almost unaffected by a magnetic field, both
SL’s and QW’s.

For comparison we also present in Fig. 5~c! the effect of a
magnetic field onr l in bulk GaAs ~open circles! for the
configuration withB'eexcix measured in the maximum o
the zero-phonon HEL peak about 280 meV above the di
gap. As in a SL,r l decreases with magnetic field due to t
rotation of momentum aligned carriers under the Lore
force.

In conclusion, the effect of a magnetic field on the line
polarization in a SL is similar to that in a bulk sample wh
the electron kinetic energy is close to the miniband wid
E'D. It tends to that observed in QW’s at higher electr
kinetic energies.

2. The linear HEL polarization induced by a magnetic field
in the Voigt geometry for circularly polarized excitation

To demonstrate more clearly the peculiarities of hot el
tron alignment in SL’s we used the Voigt configuration a

FIG. 6. Magnetic field dependence of the linear polarizationr l

in the Voigt geometry calculated for two points of the zero-phon
HEL peak of the~40/6! Å SL shown in Figs. 3~a! and 4~a!. The
electron kinetic energies ofE/D51.25 ~a! andE/D51.21 ~b! cor-
respond to the HEL maximum@a point in Fig. 3~a!# and its low-
energy tail@b point in Fig. 3~a!#. The solid lines are for theB'eexc

configuration while the dashed ones correspond toBieexc.
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circularly polarized excitation. Figure 5~d! shows how linear
polarization appears in a magnetic field in this geome
Two components of the HEL intensity parallel (I i) and per-
pendicular (I') to B were measured. The linear polarizatio
was calculated as discussed above~see Sec. III A!. The open
circles in Fig. 5~d! show the magnetic field induced linea
polarization in a SL, while filled circles and open triangl
present the same dependence for bulk GaAs and a MQ
respectively. The positive sign of the induced linear pol
ization means that the electric field vector of the HEL
predominantly parallel toB, i.e., the wave vector of the ex
cited electrons is predominantly perpendicular toB. This re-
sult can be explained if one considers the dominant r
played by electrons from the upper edge of the SL miniba
in the formation of the zero-phonon peak. Circularly pola
ized excitation generates electrons with an axially symme
momentum distribution. AtB50 the axis of symmetry in
this configuration is directed along the miniband directio
Therefore the linear polarization in this geometry vanish
In a magnetic field the decrease of the miniband energy
electrons is accompanied by an increase of their lateral
netic energy, i.e., ofk'

2 . As a result, the momentum distr
bution function in a magnetic field is no longer axially sym
metric and electrons with lateralk' dominate. The
recombination of electrons with such a momentum distrib
tion function is partly linearly polarized, moreover the HE
is polarized predominantly parallel to the magnetic field.

The same effect is observed in bulk GaAs@see filled
circles in Fig. 5~d!# where the momentum distribution func
tion of electrons in bulk samples under circularly polariz
excitation is axially symmetric with the axis perpendicular
B.1 The magnetic field rotates this distribution and produc
an anisotropy in the plane perpendicular to the propaga
direction of the exciting lightn. The wave vectors are di
rected predominantly perpendicular to the magnetic fie
This magnetic field induced anisotropy is responsible for
appearance of the linear polarization. In a QW this eff
cannot be observed as long as the cyclotron radius is la
than the well width. This is confirmed by the experimen
results shown in Fig. 5~d! ~open triangles!.

IV. CONCLUSIONS

We have studied the effect of SL minibands on the H
polarization and its dependence on magnetic field. The tr
sition from a QW ~2D system! to a SL ~quasi-three-
dimensional system! is accompanied by drastic changes
the HEL polarization which arise from a different depe
dence on the electron kinetic energy. The polarization i
SL tends to zero when the electron kinetic energy becom
equal to the miniband width, whereas in a QW zero pol
ization occurs at zero kinetic energy. This allows us to d
termine the SL miniband width by optical means. The line
polarization behavior in SL’s is reproduced by tight bindin
calculations. Peculiarities of the quasi-three-dimensio
electron motion, as compared to the 2D case, are most
nounced for a magnetic field in the Voigt geometry whi
transforms the miniband motion of electrons into motion
the SL plane. The shape of the momentum distribution fu
tion in a SL depends strongly on excitation energy and
larization. This property of the optical excitation in a SL ca
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be used for the generation of electrons with an anisotro
momentum distribution either along the miniband axis or
the SL plane, thus varying the propagation direction of p
togenerated electrons. This nontrivial optical property
SL’s may be useful for the design of new optoelectro
devices such as wavelength sensitive photodetectors.
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APPENDIX A: MATRIX ELEMENTS OF OPTICAL
TRANSITIONS IN THE TIGHT BINDING

APPROXIMATION

In order to describe electron states in the conduction b
of a SL we use the tight binding approximation with th
wave functions:

CkQ~r,z!5
1

AN
eikr(

n
eiQznc~z2zn!, ~A1!

wherer andz are the coordinates in and perpendicular to
QW planes,zn5na are the coordinates of well centers,a is
the SL period,c(z) is the wave function in a single QW, an
N is the number of wells in a SL. The electron energy in t
state is represented by

E~k,Q!5
\2k2

2mc
1

D

2
~12cosQa!, ~A2!

whereD is the miniband width. The hole wave function ca
be expressed in a way similar to A1. Two types of ter
appear in the calculation of the matrix elements of the opt
transitions. The first term corresponds to the recombina
~or generation! of an electron and a hole localized in th
same well, the second term to hole and electron localize
a,

,
.

v,
m

.

ic

-
f

l
.,

-

t.

d

e

s

s
l
n

in

different QWs. In the tight binding approximation the term
of the second type cause only small corrections to the ma
elements. These modifications result from the overlap of
electron and hole wave functions in neighboring wells.
these corrections are neglected, the matrix elements of in
band transitions do not depend on the miniband wave ve
Q and for a fixed lateral wave vectork they are the same a
for the isolated QW. However, the existence of miniban
can strongly affect the HEL polarization because electr
with a fixed total kinetic energyE can have very different
lateral kinetic energies. This is especially important when
total kinetic energyE is close to or smaller than the min
band width.

APPENDIX B: ELECTRON MOTION IN k SPACE
IN A MAGNETIC FIELD

A magnetic field applied along the growth direction of
SL rotates the lateral vectork as in an isolated QW but i
does not affect the miniband wave vectorQ. The effects of a
magnetic field on electron momentum in a SL and a Q
differ drastically when the magnetic field is applied in th
plane of the SL~QW!. In this geometry the lateral compo
nent ki ~along B) does not depend on the magnetic fie
while k' ~perpendicular toB) and the miniband wave vecto
Q change in time in such a way that the total energy
conserved. From the usual equations of motion

dp

dt
5

e

c
@v3B#, v5

]E

]p
; p5~\k,\Q!,

one can obtain using Eq.~A2!

dQ

dt
5vck' ,

dk'

dt
52

h2vc

a
sinQa, ~B1!

whereh25Dmca
2/2\2, vc5ueuB/mcc. These equations ca

be converted into the pendulum equation

d2u

dt2
52vc

2h2sinu, ~B2!

whereu5Qa is the angle of deviation of the pendulum fro
the vertical direction. The transverse component of wa
vector,k' , can be obtained from the angular velocity of th
pendulum ask'5vc

21a21du/dt.
ys.
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