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Anisotropy of the electron g factor in lattice-matched and strained-layer 111-V quantum wells
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The influence of quantum confinement and built-in strain on conduction-elegfaartors in lattice-matched
GaAs/Al 1:Ga gsAs and strained-layer §n:Ga gAs/GaAs quantum wells is investigated for well widths
between 3 and 20 nm. The magnitude, sign, and anisotropy @f fidaetors were obtained from quantum beats
due to Larmor precession of electron spins in time-resolved, polarization-sensitive, pump-probe reflection at 10
K in magnetic fields applied along and at 45° to the growth axis. Slowly varying shifts of precession frequency,
due to buildup of nuclear polarization in the samples ovérh and equivalent to up to 0.5 T, occurred for
fixed circular pump polarization and oblique applied fields. These Overhauser shifts confirmed the sign of the
g factors and were eliminated by modulation of pump polarization to give prgdaetors. For both material
systems, variation of thg factor with well width followsqualitativelythe dependence on energy, determined
by quantum confinement, calculated from three-b&ngd theory in the bulk well material. For the lattice-
matched system there is excellepiantitativeagreement with a full three-band p calculation including
anisotropy effects of the quantum-well potential. For the strained-layer system, detailed quantum-well calcu-
lations do not exist but - p theory for epitaxial layers predicts 10 times greater anisotropy for wide wells than
we observe. This discrepancy is also apparent in previous, less complete, investigations of strained-layer
systems and highlights the need for further theoretical effort.

INTRODUCTION a lattice-matched system the anisotropy should vanish in the
limit of wide wells, whereas it should remain finite in a
The measurement of carrigy factors in bulk and low- strained-layer system. Detaildd p calculations including
dimensional semiconductor systems is an excellent tool tanisotropy have been carried out for lattice-matched
test the predictions of band-theory calculations giving insightGaAs/ALGa, _,As by Ivchenko and Kiselévand for the ef-
similar to that offered by determination of effective mass.fects of built-in strain as a function of in In,Ga,_,As ep-
The conduction-electrony factor, g, is determined by a ilayers on GaAs and InP substrates by Hendorfer and
balance between the bare-electron contributi2.0) and a  Schneidef. Calculations for quantum wells with built-in
lattice orbital contribution, which may vary considerably in strain have not been published but the calculations for epi-
both magnitude and sign for different structdfésand is  layers suggest that anisotropy induced by strain should be
expected to show anisotropy due both to quantum confineabout an order of magnitude greater than that from quantum
ment potential&® and to built-in strair?. It is also relevant to  confinement alone.
a variety of areas such as optically detected nuclear reso- In this paper we report precision determination of the
nance, spin electronics, and quantum béated has particu- electrong factor and its anisotropy and sign in both lattice-
lar significance in interpretation of the fractional and integermatched GaAs/A3Gay gAS and strained-layer
quantum Hall effects, where the predominance of skyrmiorin, ,,Ga, g/As/GaAs quantum wells for 8L,<20 nm by
effects in a system is strongly dependent on the ratio of Zeemeans of Larmor beat measurements in a pump-probe reflec-
man and Coulomb energiéSIn this context theg factor is  tion geometry. We take precautions to quantify and eliminate
frequently taken to be isotropic. nuclear spin polarizatiofOverhausereffects, well known in
In type-I quantum wells, systematic studies @f for  cw optical work*? but until recently neglected in time-
fields applied perpendicular to the growth axis have beemesolved experiments. This gives improved precision and
made in the lattice-matched systems GaAgBd _,As  allows determination of the sign of tleefactors. Our mea-
(Refs. 1-3 and Iy 56Ga 4As/INP (Ref. 4 and in strained- surements indicate that, in contrast to theoretical expecta-
layer InGa, _,As/GaAs(Refs. 5 and § showing significant tions, the anisotropy induced by built-in strain is small, not
variation with well widthL, and, in the former system, zero significantly greater than that due to quantum confinement in
crossing forl ,=5.5nm! In each case the gross features ofour samples. Measurements by Kowalskial* on 15-nm-
the variation can be assigned to the variationgefwith  wide InGa _,As/InP quantum wells for 0£x=<0.6, Iin
kinetic energy in the bulk well material(GaAs or  which built-in strain was incorporated in a controlled manner
In,Ga, _,As) due to conduction-band nonparabolicity that isby variation ofx about the lattice-matched value 0.53, also
“sampled” at different values determined by the quantum-indicate a much smaller effect than predicted.
well confinement energy®® Anisotropy ofg, (i.e., g, — g, Kalevich, Zakharchenya, and Fedor&tanade the first
#0, where the subscripts denaidactors for fields perpen- measurements  of  anisotropy in lattice-matched
dicular and parallel to the growth axis, respectiyeigduced  GaAs/ALGa, _,As wells withL,=8 and 4.5 nm and, more
by built-in biaxial strain and/or the quantum-well potential is recently, LeJeunet al.,®> measured both the magnitude and
expected to be small compared to this gross contribution; imnisotropy of the electrog factor, using time-resolved lumi-
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nescence to detect electron Larmor precession. Kie
calculation$ fitted their data quite satisfactorily but failed to
describe the observed lack of anisotropy for the widest well
studied (,=12 nm); although the anisotropy must vanish in
the limit of infinite well width, the theory appeared to over-
estimate it greatly for wide wells. We confirm this result and
discuss possible reasons for inaccuracy of the calculation.
Oestreich and co-workéthave investigated anisotropy in a
~5-nm GaAs/AlAs quantum-wire structure and found quali-
tative agreement with predictions based on Ref. 7. The only
previous measurements of anisotropy in the strained-layer
system InGa _,As/GaAs have been made by Kowalski
et al® for two samples with well width.,=14.3 and 14.7
nm andx=0.21; these also indicated a much reduced anisot-
ropy compared to that expected theoretically on the basis of
strained-epilayer calculatiors.

probe polarization rotation (arb. units)

EXPERIMENTAL DETAILS

Each of the samples used in our measurements was grown
by molecular beam epitaxfMBE) on a(100-oriented sub-
strate without deliberate doping of the wells or barriers. Two
GaAs/A 3:Ga gsAS single-quantum-well samples were ex-
amined. The first contained a set of single wells with 3
<L,<30nm separated by 15-nm barriers on a semi-
insulating substrate. The second contained a single quantum
well of width 9.6 nm on am™ substrate that could be biased
by means of a transparent top contact to inject a population
of 5x10cm? free heavy holes into the welf For each
well L, was determined from the low-temperature photolu-
minescence(PL) spectrum by comparison with similar
samples of known well width. Three JBa _,As/GaAs
samples withx=0.11+0.02 were studied. One contained
three single quantum wells with,=3, 6, and 10 nm, while
the other two contained 20-period multiple wells with
=3.8 and 20 nm, respectivell, was determined by trans-
mission electron microscopy and the indium concentration
from comparison of PL and photoluminescence excitation 0 200 400
(PLE) spectra with Kane model calculatiotsResults for pump-probe delay (ps)
In,Ga, _,As/GaAs in fields appliedperpendicularto the
arowth axis 0.) have b_een pubhshed elsewh%m‘ld are for magnetic fields applied at an anghe=90° (circles and 45°

ere combined with oblique field data to obtajpand the (squares to the sample growth axis in (3 a
anisotropy ofge . ) ) . 16.4-nm GaAs/A ;:Ga ¢As single quantum welltad T and(b) a

Larmor precession was detecteq at 10 K_usmg time»o_nm Iny 1:Ga seAS/GaAs multiple quantum well at 1 T. Solid
resolved pump-probe nonlinear optical reflection at neargynes are best fits to the data of the fors!'" cosQt+¢) for
normal incidence. The pump and probe beams, provided by @rcles andBe 71+ cos@Qt+¢)] for squares, respectively. The
mode-locked Ti-sapphire laser tuned to the 1 heavy-hole inset shows the experimental arrangement, allowing nearly normal
exciton absorption, consisted of 2-ps pulses with 80 MHzncidence over a wide range of field angles.
repetition frequency, had average powers of about 1.5 mW
and 200uW and were focused to spot sizes of 50 and 40of this spin polarization to be monitored via the induced
um, respectively. rotation of the plane of polarization on reflection. The rota-

The samples were mounted in the bore of a superconduction, being proportional to the difference of excited spin
ing magnet, as shown in the inset to Fig. 1. The sampl@opulations parallel and antiparralel with the growth axis,
holder S and stearing mirroM could be independently ro- showed oscillations at the Larmor frequency. In principle the
tated about a vertical axis, allowing the growth axis of thelatter is the Larmor frequency of excitons, but as discussed
sample to be oriented at any angle to the field while keepindpelow, under the conditions of these measurements, the spins
the angles of incidence of pump and probe beams on thef electrons and holes are uncorreldfednd the observed
sample fixed. The pump was circularly polarized to produceoscillations occur at the electron Larmor frequency, the pre-
a photoexcited carrier population with spins initially polar- cession of the holes being absdfdr perpendicular fields
ized along the growth direction. and/or damped out in the first few picoseconds.

The probe was linearly polarized enabling the evolution Rotation of the probe polarization after reflection was

probe polarization rotation (arb. units)

FIG. 1. Pump-induced probe-polarization rotation signals at 10
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monitored using a Faraday modulator, driven at frequencyhat for the narrowest wells/5~9 ps. On the other hand,
forone: fOllowed by an analyzer crossed with the incidentspin relaxation of holes is inhibited compared to
polarization and detection withygi-n photodiode. By modu-  GaAs/ALGa,_,As due to strain-induced decoupling of light-
lation of the pump at frequenchp,m, €ither in intensity by  and heavy-hole bands; Daregs al® found 7,,~ 17 ps for
mechanical chopping with fixed circular polarization or be-| ,=7 nm for excitation density-10*°cm™2 at 1.7 K. This
tween left and right circular polarizations by means of a lin-would indicate correlation of electron and hole spins; how-
ear polarizer and rotating/4 plate, the pump-induced probe- ever, we expect that,, will be reduced in our experiment
polarization rotation was extracted via lock-in detection at ajue to the higher temperature and greater excitation déhsity
frequencyf yopet fpump, Usually about 2 kHz. so that the conditions for uncorrelated spins are still likely to
be fulfilled. The observed initial transients in the=45°
traces in Fig. 1 may then be assigned to effects of hole-spin
precession and rapid relaxation. Other possible transient ef-
Figure 1 shows typical data for the two material systemdects might arise due to nonideality of the pump
with fields applied at angle¥=90° (circles and 45° polarization:®?°but these have decay times much faster than
(squaresto the growth axis. In each trace there is an initialthe observed electronic spin relaxation. By beginning the fit-
transient lasting up to 20 ps followed by oscillations decay-ting of our oscillations from some sufficiently positive
ing over several hundred picoseconds. Ber90° the oscil- pump-probe delay, we ensure that we model only the longer-
lations are symmetrical about zero whereaséer45° they lived electron Larmor oscillations. This picture of uncorre-
are “one-sided,” between a finite value and zero. To inter-lated electron and hole spins is also supported by the fact that
pret this behavior we note that initially the pump-inducedour values ofg factor are clearly different from those ob-
spin polarization is along the growth direction. Thus a magtained from transient linear birefringerf@e and
netic field applied at 90° to the growth axis induces the elecZeeman®??2 measurements with much lower excitation
tron spins to precess on a disk between parallel and antipagensity and temperature, where excitonic effects dominate,
allel orientations with respect to the growth axis, givingand are close to previously obtained values for the elegron
probe-polarization rotations oscillating between positive andactor in GaAs/A}Ga, _,As and InGa _,As/GaAs QWA=°
negative values at the Larmor frequency. For fields appliedt should also be noted that for field applied perpendicular to
at 45° to the growth axis the electron spins precess on a coribe growth axis §=90°) the heavy holesJ¢=*3) will
of half-angle 45° and therefore become perpendiciither  show no linear Zeeman splitting so that at fields where the
than antiparallglto the growth axis at one extreme of the precession frequency exceed: the exciton Larmor fre-
precession. The parallel-spin state gives a finite rotation ofjuency would, in any case, be very close to that of a free
probe polarization, whereas the perpendicular orientatioelectron®®
corresponds to a coherent equal superposition of parallel- In some experiments, where a fixed circular polarization
and antiparallel-spin states, giving zero rotation. The ob-of pump and an oblique magnetic field were used, it was
served oscillationgsquares are thus at the electron Larmor found that the observed precession frequency changed over
frequency appropriate to the 45° field orientation, but nowtime periods of ordel h after the experiment was set up. We
one-sided, between a finite value and zéro. attribute this to buildup of nuclear polarization via contact
At 10 K, with resonant excitation, we expect the photo-hyperfine interaction. In an oblique field, where the electron
generated population of carriers to be dominated by excitonspins precess on a cone, a net electron spin polarization,
However, it does not follow that the observed precessiorparallel to the applied field, persists over the lifetime of the
frequency will be that of excitons, that is, of correlated elec-spin oscillations. The interaction of the resulting net electron
tron and hole spins. Amand and co-workérsave demon- spin with the nuclear spins of the lattice via the hyperfine
strated that the individual particle spins are uncorrelated ifnteractionAl - S builds up a nuclear spin alignmefit).'?
mw<h/ 8, wherer, is the single-particle hole-spin relaxation This, in turn, reacts back on the electron spins as an effective
time, andd is the exciton exchange energy; in this regime the(Overhausermagnetic fieldBy, given by
spins precess independently and the Larmor beats of the
electrons persist at times longer than,° decaying due to Al
population and spin relaxation of the electrons. For bulk N:@’ @
GaAs, 6 is approximately 12ueV (i/5=44 ps) and the
value is enhanced by quantum confinement in thewhich augments or reduces the total field experienced by the
GaAs/ALGa,_,As system to about 13peV (#/5=4ps) in  electron spins. The time scale and magnitude of the changes
the narrowest wells studied hef@ nm).!® Hole-spin relax- in precession frequency were consistent with buildup of
ation is very dependent on the kinetic energy of the holes anduclear polarization via spin diffusion that we have previ-
hencer, falls dramatically with increasing temperature andously investigated in detail in the 9.6-nm GaAs/&k, _,As
excitation density/ Under the conditons of our quantum-well sampl& For all isotopes of the -V ele-
measurements—excitation density greater thadn’d@?  ments the hyperfine coupling constaktis positive so that
and T=10K—we expectm,<4 ps in GaAs/AlGa,_,As the sign ofBy gives the sign oD.. The signs ofg factors
(Ref. 17 so that the beats observed at longer times can bebtained fromBy in this work confirmed previous determi-
unambiguously assigned to electron, and not exciton or holeations via oblique field Hanle measurements in similar
Larmor precession. In the case of Gy _,As/GaAs, the en- quantum wells:® The observed Overhauser shifts in preces-
hancement of due to confinement is expected to be some-sion frequency were substantial, correspondin@oof the
what smallert® favoring decoupling of the spins; we estimate order of 0.5 T, the neglect of which would seriously affect

RESULTS AND DISCUSSION
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FIG. 3. (a) Measured values aj, (filled circles andg, (open
well width (nm) circles for Ing 1,Ga, g/AS/GaAs quantum wells. The solid curve is a
three-band - p approximation tay, (see texk (b) Measured anisot-
FIG. 2. (a) Measured values df, (filled circles andg, (open  ropy (g, —g,) compared with predicted anisotropy for infinite well
circles against well width for GaAs/Al;Ga esAs quantum wells  width, from Ref. 9, indicated by the arrofmote the broken vertical
compared withk-p calculations from Ref. @curves using the  scals.
heavy-hole effective-mass ratio 0.h) Measured anisotropyg(
—g;) (pointg compared with calculations from Ref. 7 as(@ with 2Q
hole mass ratio 0.4solid curve and with infinite hole mass ratio |gel = IB—B

(dotted curve
where B is the Bohr magneton a8 the applied field. Fig-

polarization of the pump at 85 Hz by the rotating plate, a  Ures 2a and 3a) show the measured values @f and aiso
time scale that is fast compared to the observed accumulatiofflues 0fg; given by gij=2gss—g; (Ref. 3 in the two
of nuclear polarization, completely eliminated the drifts of Material systems, while Figs(i) and 3b) show the anisot-
precession frequency with time, and data taken in this mod&opy (9. —g;) as a function of well width. In the narrower
were used to measure the magnitude ofgdHactors. GaAs/ALGa _,As wells (Fig. 2) the precision is limited by

In Fig. 1 the fitted curves have the fore Y"cos@t  the electron-spin relaxation rate, which reduces the number
+¢) andBe Y1+ cost+¢)] for 6=90° and 45° respec- Of observable oscillations for a given applied field, and
tively, allowing accurate determination of the frequendiles Whereg was close to zero it was not possible to observe
Measurements of) were made at several values of field for enough oscillations with the maximum available fi¢&iT)
6=90° andf#=45° in each of the quantum wells and it was to determineg. In the wide wells, with long electron-spin
found to be linear in applied fields up to 6°Eonsistent with  lifetimes, the estimated errors are of orde0.001 forg,

free-electron precession. The magnitude of théactor is and =0.004 forg, . For InGa _,As/GaAs(Fig. 3 the error
given by bars arex0.01 forg, andg, for most of the wells, again

@)

the accuracy ofg-factor measurements. Modulation of the
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limited by the electron-spin lifetime. The differencedriac-  resents an adequate first approximation for ghiactor in
tors between the 3.0- and 3.8-nm @y, _,As/GaAs wells is  these wells. Figure (8) shows the anisotropy; as expected
consistent with the uncertainty for a strained-layer system, it tends to a finite value in wide
In Fig. 2(a the curves are thek-p calculations of wells but the limiting anisotropy for wide wells is about 10
lvchenko and Kisile{ for GaAs/Al 3Ga, ¢As. The calcula- times less than that predicted for an epitaxiaj #6a, gAS
tion assumes a heavy-hole effective mass ratio of 0.4, whickayer on a GaAs substrdtas indicated by the arrow in Fig.
affects the curve fog, but notg, . The agreement with the 3(b). In contrast to GaAs/AlGa_,As, the anisotropy is
measurements is remarkably good except that the measuretlich reduced in narrow wells, which suggests a partial can-
anisotropy tends to zero more rapidly with increasing wellcellation of effects of the quantum-well potential and built-in
width than calculated. This is indicated directly in Figbg  strain in this system.
where the curve is the difference between the two calculated
curves in Fig._ ?a) LeJeuneet al2 found no evidenc_e of an- CONCLUSIONS
isotropy ofge in a 12-nm GaAs/AlGa, _,As QW; with bet-
ter precision, we find that anisotropy within their uncertainty  In conclusion, we have presented precision measurements
does exist for our 11.5-, 13-, and 16.5-nm QW'’s but be-of the conduction-electrog factor, sign, and anisotropy in
comes unmeasurable for our widest 20.6-nm well. For narlattice-matched GaAs/AGa ,As and in strained-layer
row wells there is some discrepancy between our measurén, 1/G& gAS/GaAs quantum wells. Thqualitative depen-
ments of g, and those of LeJeunet al, which may be dence on well width of both magnitude and anisotropy are as
associated with uncertainties in the well widths. A possibleexpected. The lattice-matched systemqgisantitatively de-
explanation of the discrepancy between the calculations anscribed by k-p theory, including anisotropy due to the
experiments for wide wells is suggested by the dotted curveiuantum-well potential,except for well widths greater than
in Fig. 2(b), which shows the anisotropy calculated for infi- 12 nm where the anisotropy is overestimated. This discrep-
nite heavy-hole massThis clearly worsens the discrepancy ancy may be removed by use of a more realistic value of
for wide wells, suggesting that a reduction of hole mass ratidieavy-hole effective mass in the calculation. Although we
from 0.4 might improve the accuracy of the calculation inhave no detailed theory for comparison with our data for the
this region. Such a change would be justified by magnetoopstrained-layer system, it appears that the effects of built-in
tical measurements that have shown hole mass ratios of strain are far less than expected theoreticatlyp calcula-
order 0.14. Unfortunately Ref. 7 contains insufficient detailtions of theg-factor anisotropy in strained epilay@mxceed
to allow this modification to be made to the calculation but,our limiting value for wide wells by an order of magnitude.
in any case, we conclude that tkep theory gives an ex- Measurements by Kowalsket al. on In, »,Ga, ;6AS/GaAs
tremely good account of the electrgrfactor and its anisot- wells® and on slightly strained IGa,_,As/InP wellé also
ropy in this lattice-matched system. support the conclusion that existing theory greatly overesti-
The curve in Fig. &) is the result of a three-barkl- p mates the effect of strain. Renewed theoretical investigation
model® of the energy dependence of tigefactor in bulk  of this problem is therefore desirable. Our experiments have
In,Ga, _,As but neglects effects of strain, anisotropy due toalso highlighted the importance of taking account of nuclear
the quantum-well potential, and penetration of the electrorpolarization effects in time-resolved polarization-sensitive
wave function into the barriers. It can be seen that this repmeasurements.
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