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The circular polarization of cw photoluminescence as a function of applied magnetic field has been
measured at 1.8 K for excitons in a series of GaAs/Al„Ga& As and GaAs/AlAs type-I quantum wells

having well widths between 2.5 and 8.0 nm. The results show evidence of level crossings, which have
been analyzed to give the short-range, spin-dependent exchange interaction. The associated experimen-
tal exchange splittings between optically allowed and nonallowed exciton states are of the order of 0.15
meV for the narrowest wells and fall monotonically with increasing width. Simulations of the data using

solutions of rate equations for the exciton-level populations show that the optically nonallowed exciton
states lie below the allowed states and give insight into the field dependence of the spin-relaxation rates
of excitons and of holes and electrons in an exciton. Calculations of the enhancement of exchange in-

teraction due to carrier confinement relative to the bulk value give agreement between the quantum-well

and bulk-exchange values, and confirm that exchange is particularly sensitive to barrier height and other
details of the structure. The data also show evidence for eigenstate-polarization changes, which indicate
a much smaller zero-field splitting due to departure of the quantum-well symmetry from the ideal D&d.

The simulation indicates that only a fraction (up to 20%) of excitons in these samples actually experi-
ences a nonideal, distorted environment.

I. INTRODUCTION

The exchange interaction for excitons in GaAs hetero-
structures has received considerable theoretical attention,
both from the fundamental point of view' and because
of the influence it may have on spin relaxation of exci-
tons. It is composed of short-range (so-called analytical}
and long-range (nonanalytical) parts. The short-range
part gives splittings of the exciton states at k =0 corre-
sponding to different orientations of the spins of the par-
ticles. The long-range part produces the longitudina1-
transverse splitting of the optically allowed exciton states.
In three dimensions (3D) the nonretarded longitudinal-
transverse splitting is finite as k approaches zero. For a
quantum well, however, dimensional arguments show
that the splitting must vanish linearly as k becomes small,
and is very small for k «L, ', where L, is the quantum-
well width. The interaction is expected to be a sensitive
function of the electron-ho1e overlap and so to vary
strongly with well width and with other factors such as
barrier height. In simple type-I quantum wells it should
be enhanced compared with the value in bulk material,
whereas in type-II systems it may be reduced since elec-
trons and holes are confined in spatially separated parts
of the structure.

In this paper we are concerned with the short-range ex-
change interaction in a variety of structures and the asso-

ciated splitting of the n =1 1s heavy-hole-electron exci-
ton into optically allowed J =1 and nonallowed J=2
components. Good experimental values already exist for
type-II GaAs/A1As quantum wells from optically detect-
ed magnetic resonance (ODMR}. The exchange split-
tings increase rapidly as well and barrier widths are re-
duced and are close to that for bulk GaAs for the nar-
rowest wells and barriers investigated. In type-I quan-
tum wells, however, the exciton lifetimes are too short for
ODMR, so that other techniques must be used. We re-

port here measurements of the circular polarization of
photoluminescence at 1.8 K in applied magnetic Selds in
a series of type-I GaAs/Al„Ga& „As and GaAs/A1As
quantum-well samples. This reveals level crossing (or
anticrossing) efFects ' and enables the exchange energy
of the exciton to be obtained as a function of well width

I, For this we rely on our previous investigations of
magnetic g factors of electrons, " heavy holes, and exci-
tons' in similar samples. Our interpretation of the level
crossing signals is confirmed by model calculations based
on solution of the rate equations for transitions between
the excitonic levels and radiative decay. The choice of
parameters required in these calculations to simulate the
measurements strongly suggests that the J= 1 states are
higher in energy than the J=2 (in our notation a positive
sign for the exchange parameter), and also gives insight
into the relative strengths of spin-relaxation processes
within the exciton and their magnetic-Seld dependence.
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There is also evidence for removal of the degeneracy of
the J=1 component for about 10—20% of excitons in

the inhomogeneous distribution in these samples, similar
to that observed in type-II quantum wells, and con-
sistent with reduction of the symmetry below the ideal

D2d, for example, near growth steps in the interfaces.
Our experimental values of exchange are much lower

than those previously deduced from splittings of the
heavy-hole luminescence line in GaAs/Al„Ga& „As
multiple-quantum-well samples. ' The interpretation of
those splittings as due to exchange is questionable since
they are incompatible with the measured bulk exchange
interaction and the calculated enhancement factors in
type-I quantum wells. It seems likely that they were ac-
tually caused by well-width fluctuations in the samples.

We have made calculations of the electron-hole over-
lap, and hence the enhancement factor for the exchange
relative to the bulk value, for a variety of structures. The
enhancement for type-I GaAs/Al„Ga& „As and
GaAs/A1As quantum wells combined with the measured
short-range exchange splitting in bulk GaAs (20+10
peV) (Ref. 7) are in satisfactory agreement with the mea-
surements. Since exchange may influence the spin-lattice
relaxation of excitons, we have also calculated the
enhancement factors for In„Ga& „As/GaAs strained-
layer quantum wells and for a "stepped barrier"
quantum-well structure for which spin-lattice relaxation
data exist. '
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with applied field, the sign depend-
ing on the direction of the field, with a superimposed
peak at a field which varies with quantum-well width. To
obtain the positions of the peaks we have subtracted from
the raw data an empirically fitted second-order polynomi-
al background; an example of this is shown in Fig. 1(c).
The circular polarization of the background and of the
peaks was found to be independent of the orientation of
the linear polarization of the incident laser and of its pho-
ton energy provided that the latter remained within the
continuum. We also made subsidiary measurements' in
which the polarization was measured at difFerent energies
within the inhomogeneous luminescence-line profile.
This showed that the relative strength of the background
and of the peaks changed with the detection energy, the
background being relatively more prominent for detec-
tion on the low-energy side. Furthermore, when the exci-
tation photon energy was lowered below the continuum,

II. EXPERIMENTAL METHOD AND MEASUREMENTS -10-

Two series of samples were investigated. Each con-
tained 60 GaAs quantum wells separated by 13.6-nm-
wide barriers grown at Philips Research Laboratories by
molecular-beam epitaxy (MBE) on a semi-insulating
(001)-oriented GaAs substrate. One series had
Al„oa& „As barriers with Al fraction 0.36 and the
second had A1As barriers. The wells and barriers were
not intentionally doped and had low background p-type
doping of order 10' cm . They were mounted in
superfluid liquid helium at about 2 K and magnetic fields
were applied along the growth axis with a superconduct-
ing magnet. They were illuminated along the growth axis
with about 1 Wcm of linearly polarized light from a
dye or Ti-sapphire laser and the n =1 heavy-hole exciton
luminescence line was detected in a backward direction
with f /10 optics through a 0.5-m monochromator with
photon-counting detection.

Two types of measurements, A and 8, were made. In
the A measurements (Figs. 1 and 2) the laser was tuned to
an energy some tens of meV above the n =1 continuum
edge and the degree of circular polarization of the
wavelength-integrated luminescence was measured as a
function of applied field. The circular polarization
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was obtained using a 50-kHz photoelastic modulator and
linear polarizer in front of the monochromator slit in
conjunction with a two-channel photon counter gated in

FIG. 1. Circular polarization of integrated luminescence
with excitation in the continuum (type-A measurements) for
GaAs/Al„Ga& „As samples with well width (a) 2.57 nm, (b) 5.6
nm, and (c) 7.3 nm. In (c) an empirical background (dotted) is
subtracted from the raw data, as described in the text, to allow
accurate location of peaks.
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the peaks appearing in Figs. 1 and 2 became much less
prominent or disappeared completely, being replaced by
new peaks at lower field which were the subject of the
second type of measurement.

In the second type of measurement, 8 (Figs. 3 and 4),
the laser was tuned to the heavy-hole exciton absorption
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FIG. 2. A-type measurements on GaAs/AlAs samples of
well width (a) 4.96 nm and (b) 6.51 nm.

FIG. 4. B-type measurements for (a) 7.34-nm well-width

GaAs/Al„Ga& As sample and (b) 6.51-nm well-width

GaAs/AlAs sample.

peak and the degree of circular polarization P was mea-
sured at the peak of the Stokes-shifted luminescence line.
Again there is a monotonic increase of!P! with a super-
imposed anomaly in the form of a dip or a peak; the posi-
tion of the anomaly varies with well width and in each
sample is lower than that observed in the type-A mea-
surements. As before, in subsidiary measurements, ' the
relative magnitude of the peaks and the background was
found to vary with the detection energy, the background
being more prominent at low energies in the lumines-
cence profile. In contrast to the type-A measurements,
the polarization of the peaks in the 8 case depended
strongly on the orientation of the plane of polarization of
the exciting beam. The behavior is illustrated in Fig. 5;
the "phase" of the peaks relative to the background is re-
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FIG. 3. Circular polarization at peak of luminescence line for
linearly polarized excitation parallel to (110) at absorption peak
{type-8 measurements) for GaAs/Al„Gai As samples of well
width (a) 2.57 nm and {b) 5.6 nm.

FIG. 5. B-type measurement on 2.57-nm well-width

GaAs/Al„Gai „As sample for excitation linearly polarized
along orthogonal (110)-type axes. The zeros of the curves have
been arbitrarily shifted.
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versed when the exciting polarization is rotated from the
(110) to the (110}crystal axis [growth axis is (001)] and
the peaks disappear altogether for polarization along
(100}or (010}.

III. INTERPRETATION

We interpret the type-A measurements (excitation
above the continuum edge} to yield the exchange splitting
at zero field between the optically allowed and forbidden
exciton states. The type-B series indicate that for a frac-
tion of the excitons the two optically allowed states trans-
form as (110) and (110) vectors, respectively, and are
nondegenerate in zero field. This indicates distortion
from the ideal Dzd symmetry, with principal basal-plane
axes (110)and (110).

A. Exciton energy levels

The Hamiltonian representing the interaction of a 1s
exciton with a magnetic field B can be written as the sum
of three terms,

H,„=H,+Ha+H~ (2)

H,„= g [pz(g, ;S;—gs; X; )B;—2c;S,X;],
where S=

—,
' is the electron spin operator and X=

—,
' is an

effective spin operator representing the two heavy-hole
states J=+—,'. The parameters g, and gI„which are the
electron and effective heavy-hole magnetic g factors, and
c, which represents the short-range electron-hole ex-
change interaction, are functions of the quantum-well
width.

The energies of the four heavy-hole exciton states for
applied field parallel to z are

cz 1E, =—— &p&B,(gs, +g—„)+(c„+c )

cz 1E2=—+ Vp~Bz(gsz+g—„)+(c„+cy)

E3 = ——+ Qp&~B, (g&, —g„—} +(c„—c„)
(4)

representing, respectively, the Zeeman interactions for
the electron and the hole and the short-range spin-
dependent exchange interaction. We are interested here
in the n =1 heavy-hole exciton levels in a quantum well
grown on a (001) substrate. The Zeeman and exchange
splittings are small compared to the heavy- to light-hole
splitting and, in our temperature range, the population of
the light-hole states is negligible. It is therefore possible,
following Ref. 6, to use an effective spin Hamiltonian of
the form

FIG. 6. Exciton energy levels given by Eq. (4) for c„=—c„
(ideal D2& symmetry). E& and E2 are optically allowed with 0+
and 0 polarizations.

allowed and nonallowed states and the x and y com-
ponents cause small additional zero-field splittings. D2d
has a fourfold rotation-reflection axis along the growth
direction (z) which dictates c„=—c as well as g, „=g,r,

y so that E
&

and E2 are degenerate in zero
field. If this symmetry is broken a zero-field splitting
c +cy appears. Optical transitions to E

&
and E2 are

electric-dipole allowed whereas E3 and E4 are forbidden.
Independent of the actual symmetry we expect" on the

basis of k p theory that g, will be nearly isotropic
(g, „=g, =g„). In contrast, the efFective hole g factor
is related to the valence-band parameters a and q which
appear in the Luttinger Hamiltonian and which are
coeScients, respectively, of the linear Zeeman term J;B;
and of the higher-order term J; B;, where J; are the true
valence-band angular-momentum operators. This leads
to'

gI „=3q„, gj, „=—3q„, gI„=6~,+13.5q

and, since in general q &&~, we expect that gI, „and g/J y
will be small compared to gI, , Similarly c„and cy will be
small since they are coeScients of spin-spin terms of the
form J,-S; whereas the leading contribution to c, comes
from the linear term J,S,. We do not have direct experi-
mental evidence for the relative magnitudes of these
coefBcients in type-I GaAs quantum wells but ODMR
studies of type-II systems have confirmed that
gI, z &&g&t»g& y and also that cz cz cy.

B. Qualitative interpretation of experiments

The levels are plotted in Fig. 6 for field parallel to z for
the ideal Dzd symmetry and for c„,c~ ((c, (see below for
justification of this assumption). The z component of ex-
change causes a zero-field splitting between the optically

We have previously obtained values of the g factors as
functions of quantum-well width for type-I GaAs quan-
tum wells from measurements of the Hanle effect" and
Zeeman spectroscopy. ' These have shown that the mag-
netic splittings of the exciton are very small compared to
the inhomogeneous broadening due to well-width fluctua-
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tions. Consequently, the total luminescence intensity
measured with the spectral resolution used here is pro-
portional to the combined photoexcited population of the
dipole-allowed exciton levels. Similarly, the net polariza-
tion of the luminescence is given by the sum of popula-
tions of each level weighted by the polarization corre-
sponding to the appropriate eigenvector.

In the eff'ective spin notation IX„S,& the four basis
states are

where P, and Pb are optically allowed, transforming as
0 and cr+ polarizations, and P, and Pd are forbidden.
In the ideal D2d symmetry P, and P» are eigenstates for
all values of field giving purely circularly polarized transi-
tions. For lower symmetry, these states become approxi-
mate eigenstates of the Hamiltonian (2) for applied field
such that

I (g„+gl„)psa, I
&

I c„I, Ic, I

and the optical transitions then have close-to-circular po-
larization. However, at lower fields the transverse com-
ponents of the exchange mix the basis states and at zero
field the eigenstates transform as x and y, so that the al-
lowed optical transitions have linear polarization. In the
discussion which follows, the polarization anomaly found
in the type-8 measurements at low fields corresponds to
the transition from linear to circular polarized eigenstates
and indicates departure from D2d symmetry with x and y
corresponding to (110) and (110). The polarization
anomalies in the type- A measurements occur at consider-
ably higher fields and therefore in their interpretation we
take the optically active eigenstates to be circularly polar-
ized.

In the type-A measurements the electron-hole pairs are
photog enerated in the continuum. These will form
heavy-hole excitons in each of the four spin states with
equal probability and the relative populations of the
states under cw excitation will be determined by the bal-
ance of recombination processes and phonon-assisted re-
laxation between the levels. Thus populations of the two
optically allowed levels will tend towards the Boltzmann
thermal distribution, with the degree of thermalization
depending on the relaxation rates between levels. If these
rates vary smoothly the population difference of the opti-
cally allowed levels will increase steadily with applied
field. However, we expect that the transition rate be-
tween a pair of levels will increase sharply if their ener-
gies become equal, because the transition can then occur
without the intervention of a phonon. This will be
re6ected in an anomaly in the population difference of the
optically allowed levels and therefore in the degree of cir-
cular polarization P of the integrated luminescence.

Referring to Fig. 6, there are in general two fields at
which levels cross. If we assume c„and c to be small,
they are given by

B(II)
z

A, zPa

B(e)
z

ge, zPa

Well Width (nm)

200

FIG. 7. Zero-field splittings for heavy-hole excitons in
GaAs/Al„Gal „As (circles) and GaAs/AlAs (squares) quan-
tum wells. Filled symbols are values of short-range exchange
splitting (c, ) obtained from A-type measurements and open
symbols are splitting due to nonideality of exciton environment
(c„+e~ ) from type-8 measurements.

We expect to observe an anomaly in P superimposed on
the smooth background increase at each of these fields.
However, from our measurements of g factors, ""we
know that for the well widths investigated here

Igi...I
» Ig...I. ~e therefore associate the single observed

peak for each sample with 8,'"', in which case B,"would
be beyond the range of measurement. This identification
leads to the values of c, plotted in Fig. 7. The main
source of uncertainty in these values is associated with
that of gh, .' The full curves in Fig. 7 are the results of
calculations of the exchange enhancement described in
Sec. III D.

In the type-8 measurements excitons are generated by
resonant optical excitation with linearly polarized light
into the two optically allowed states (E, and Ez) only.
The rate of generation of excitons in each of the two lev-
els will depend on the eigenvector and on the orientation
of the polarization. Similarly, the degree of circular po-
larization of the luminescence will depend on the degree
of thermalization due to transitions between the levels
and on their eigenvectors. In the case of Dzd symmetry
the eigenvectors of the states are pure o+ and 0 for all
fields, and linearly polarized excitation will give equal
level populations for all fields. Therefore if we neglect
effects of transitions between the excitation levels the de-
gree of circular polarization P of the luminescence will be
zero for all fields. Inclusion of thermalization will lead to
a smooth increase of IPI with field. In the case of lower
symmetry the eigenvectors are linear in zero field, ellipti-
cal for intermediate fields, and become a+— at high field.
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The circular polarization of the luminescence P would
then be expected to be zero at zero field and, neglecting
thermalization, also zero at high field. However, at inter-
mediate field P will in general have a finite value with a
peak or a dip occurring at a value of field given by

cz +cy =I BBz(gh z+ge z )

(it can be shown using the formalism of Sec. IIIC that
this relationship is exact if thermalization among the lev-
els is neglected). The peak or dip will be greatest when
the exciting polarization coincides with the major or
minor axis of the ellipse of the eigenfunctions so that ex-
citons are formed as far as possible in just one of the opti-
cally allowed levels. For orientation at 45' to this there
will be no anomaly. Comparing these expectations with
the type-B measurements, we can deduce that for these
particular samples the symmetry is lower than D2d and
that the major and minor axes of the eigenfunction el-
lipses coincide with (110) and (110) axes of the sample.
From the fields at which peaks or dips occur in the data
we use Eq. (8) and our previously measured g factors"'
to obtain the values of zero-field splitting ( ~c„+c„~) plot-
ted in Fig. 7. Again the major uncertainty in these values

I

C. Rate equation calculations

To test this qualitative interpretation of the measure-
ments we have carried out simulations of the circular po-
larization P under different conditions of cw excitation.
P is given by

N, Nq
—P~Bz(gh z+g„}P=

N1+N2 E1 —E2
(9)

where N~ (i=1 to 4) are the steady-state populations of
the exciton energy levels [Eq. (4)] and we assume that the
total luminescence intensity is proportional to the com-
bined populations of the optically allowed levels, 1 and 2.
The second factor in Eq. (9) allows for the fact that when
(c„+c~)%0 (i.e., when the symmetry is distorted from

Dzz) the eigenstates 1 and 2 are not purely circularly po-
larized. This factor has a negligible effect at all but very
low values of magnetic field.

The populations are solutions of the equations

is from the g factors. We shall see that the magnitude of
the observed anomalies indicates that a minority of exci-
ton recombination comes from these distorted regions.

—W —Wr 12 13 14

W12
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r 21 23 24
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W24

W31

W32

—W —W31 32

W41

W42

0 N3
—W„—W„.N4.

P1

+ =0,P2
P3
P4

(10)

where ~„ is the rate for exciton recombination out of
levels 1 and 2. The transition rate W;, from state i to
state j, has the form

W~
= +, (11)

a;, [EJ E;(—p Jl'J
~exp[(E. E)/kT] ——1

~ (E.—E. ) +I'. .

where a; =aj, and p; =p; are adjustable parameters
representing the strengths of different relaxation process-
es, and I;J=I; is a width which may be related to the
exciton momentum relaxation time ~ by I -fi/~ . TheP P
first term is the standard form for direct-process spin-
lattice relaxation involving absorption or emission of a
phonon, ' and the second term describes transitions be-
tween quasidegenerate states, for example, at level cross-
ing fields or at zero field. Transitions between the opti-
cally allowed states (1 and 2) correspond to simultaneous
spin flips of electron and hole and may be regarded as ex-
citon spin flips. Transitions between levels 1 and 3 and
between 2 and 4 correspond to hole spin flips only, while
transitions between 2 and 3 and between 1 and 4 corre-
spond to electron spin flips only. Thus the simulation
contains three independent values each of a;J and p;J

11=72=5'3 =14=1 (12}

and for B with linear polarization along a (110}-type axis

c~ +cy
F12 1— ~ 134 0 ~

2 1

(13)

which correspond to exciton, hole, and electron spin-flip
transitions. Maialle, Andrada e Silva, and Sham, show
that at zero field the dominant contribution to these mu-
tual electron-hole spin flips is from exchange interaction
and also find it to be the dominant relaxation process in
analysis of the zero-field data of Bar-Ad and Bar-
Joseph. ' We expect the hole flip rate to be considerably
greater than the electron flip rate due to the strong spin-
orbit interaction in the valence band. We set the transi-
tion rate between the two optically nonallowed states (3
and 4) to zero since the transition cannot occur through
the exchange mechanism which dominates the 1-to-2
transitions. For this steady-state calculation the W," are
specified in units of ~, '.

The quantities p,. represent the rates of excitation of
the levels and have different values to describe the A and
B measurements; for A we have
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flip time ~&2 but its shape does not then agree with the ex-

periment, suggesting that this is not the origin of the
discrepancy. Instead we suggest that the small anomaly
in the B-type measurements indicates that only a frac-
tion, about 10-20%, of the luminescence is due to decay
of excitons in an environment of lower than the ideal Dzd
symmetry and the remainder are in ideal environments so
do not contribute.

D. Calculation of exchange enhancement

100

10

8 12

Well width (nm}

16

FIG. 10. Calculated enhancement of exchange interaction for
1s n =1 heavy-hole excitons in various heterostructures. Points
and lines are for regular type-I excitons and the cross is for an
exciton in a "stepped-barrier" quantum well, as described in the
text.

We have calculated the enhancement of the exchange
interaction F,„ in type-I GaAs/Alo 3Gao 7As,
GaAs/A1As, and Ino»GaQ tt9As/GaAs quantum wells

compared to bulk well material from the changes of
electron-hole overlap in quantum-confined excitons. The
results are shown in Fig. 10. The z components of the
electron and hole wave functions [g,(z, ) and gs(zl, ), re-
spectively] were first obtained from solution of the
separated Schrodinger equation under appropriate
boundary conditions. In the case of In„Gal „As ac-
count was taken of the effect of lattice strain on the
valence-band structure following the treatment of Huang
et al. ' These wave functions were then used in a varia-
tional calculation in which the exciton wave function was
described by

4,„(r)=a(A,, 5)4,(z, )qig(z„)exp( —
A, '+x'+y +5 z')

(15)

where x, y, and z are relative coordinates of the electron
and hole and a(A, ,5) is the normalization constant. In
this method there are two variational parameters (A, and
5) which are varied to minimize the exciton energy. The
effective dielectric constant and in-plane masses were de-
scribed by weighted averages of the well and barrier
values with weights proportional to the probability of the
carriers being in well or barrier. The wave function Eq.
(15) gives the correct limiting behavior of exciton binding
energy and of exchange enhancement as the well width
becomes very small or very large. The exchange
enhancement is taken as

F,„= f ~%,(z, /PI, (zl, )~ dz .[Pqw(0) ~

t)I'b.tk(0) ' (16)

IV. SUMMARY AND CONCLUSIONS

We have used measurements of the degree of circular
polarization vs magnetic field of photoexcited lumines-
cence in a series of type-I GaAs quantum wells to obtain
values of the short-range electron-hole exchange interac-
tion (type-A measurements) and to demonstrate the ex-
istence of distortions from the ideal D2d symmetry of the
wells (type-B measurements). The precision of the results
is limited by our knowledge of the electron and hole g
factors in these systems, which have been obtained in ear-
lier studies. "' Nonetheless, the exchange interaction in-
creases rapidly as the well width decreases and as the bar-
rier height increases. The values are in satisfactory
agreement with calculations of the enhancement of the
exchange relative to the bulk value due to enhanced
electron-hole overlap. This resolves a long-standing con-
troversy caused by the fact that previous experimental
values of exchange, ' obtained by a less reliable method,
were too large to be compatible with the bulk value and
the calculated enhancement factors. ' '

Simulations of the A-type data, based on steady-state
solutions of the rate equations for relaxation among the

In calculating F,„we have used a conduction- to
valence-band offset ratio of 0.6 and a chosen set of bulk
and quantum-well z-axis effective masses. ' The xy-plane
hole masses were calculated from these using the Kohn-
Luttinger formalism.

The additional enhancement for A1As compared to
Al„Ga, „As barriers (see Fig. 10) is due primarily to the
increased confinement resulting from greater barrier
height. The calculations for In„Ga& „As wells show a
very much smaller enhancement than for GaAs wells.
This is due to the fact that the barriers in this system are
much lower, giving less efFective carrier confinement.
The exchange enhancement in all three cases tends to sat-
urate for narrow wells because as the confinement energy
increases towards the barrier height the wave functions
tend to spread into the barriers. The effect is particularly
marked for In Ga& „As, the heavy-hole valence-band
well in this case being particularly shallow. A similar sat-
uration occurs for the exciton binding energy.

The calculations for GaAs quantum wells from Fig. 10,
are superposed on the experimental data in Fig. 7. The
theoretical curves give a satisfactory representation of the
measurements. They have been normalized to c,=6 peV
at infinite well thickness which agrees with the measured
exchange interaction in bulk GaAs [10+5peV (Ref. 7)].

The exchange enhancement for a 3-nm GaAs quantum
well bounded by 10-nm layers of Alo tGao 9As which are
in turn bounded by thick Ala 3GaQ 7As barriers, as used in
the spin-relaxation measurements of Bar-Ad and Bar-
Joseph, ' is calculated using the same method to be 5.6
relative to bulk GaAs and is plotted in Fig. 10 as a single
cross. This enhancement is about a factor of 3 less than
for regular Al„Ga& „As barriers due to the much weaker
confinement of carriers by the stepped barriers.
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exciton levels and recombination, indicate that at zero
magnetic field the exciton spin flip is the dominant relax-
ation rate but that this falls rapidly as the field is in-
creased. For fields above a fraction of a tesla the hole
spin-flip transitions become of comparable strength.
Simulation of the 8 measurements suggests that a distort-
ed environment is experienced by about 10—20%%uo of exci-
tons, the majority being in the ideal D2d environment.
These distortions have (110) and (110) as principal axes
and are likely to be associated with growth steps in the
interfaces.

%e have carried out calculations of the ex-
change enhancement for two systems which we have

not studied experimentally, namely, strained-layer
In Ga, „As/GaAs quantum wells and a stepped-barner
GaAs/Al Ga& As quantum-well structure. ' These
show, as would be expected, that the enhancement is a
strong function of the degree of quantum confinement.
These calculations are interesting because the exchange
interaction is important for spin relaxation of excitons at
zero magnetic field.
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