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Anomalous spin splitting of two-dimensional electrons in an AlAs quantum well
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We measure the effective Landdactor of two-dimensional electrons in a modulation-doped AlAs quantum
well by tilting the sample in a magnetic field and monitoring the evolution of the magnetoresistance oscilla-
tions. The data reveal thigg|=9.0, which is much enhanced with respect to the reported bulk value of 1.9.
Surprisingly, in a large range of magnetic field and Landau level fillings, the value of the entmfasdr
appears to be constafn80163-182€09)50120-3

The effective Landey-factor and effective mass’* are Before describing the experimental data, it is useful to
two fundamental parameters that characterize the energy legummarize some characteristics of the 2DES in AlAs QW’s.
els of two-dimensional electron systefDES'S in semi-  The constant-energy surfaces for the conduction band
conductors in the presence of a magnetic fiel).(In @  minima of bulk AlAs are six half ellipsoidgthree full ellip-
simple, noninteracting picture, the cyclotron energywl  goidg at the X-points of the Brillouin zone. For these ellip-

= * I I ! 1 1 . . . .
=heB, /m*) associated with the electron’s orbital motion q;4q the Jongitudinal massn) is 1.1m, and the transverse
determines the separation between the quantized energy ley-

els (Landau levels while the Zeeman energgf:sB) gives mass (n;) is 0.19n,. Normally, the confinement potential
the “spin splitting” of the Landau levelsE, is the compo- Cf?ateF’ by, the QW structurg 1S .expected to cause only the
nent of B perpendicular to the 2DES planéor 2DES’s in a ellipsoid with the larger ma_s(sn this casem,) perp(_andlcular
high B, it is well known that when there are unequal popu-t0 the plane to be occupied. However, experiments have
lations of electrons with opposite spin, electron-electron in-shown that for AIAs QW's of width greater thar60 A,
teraction can lead to a substantial enhancement of the spithe 2D electrons occupy the ellipsoids whose major axes lie
splitting energy which can in turn be expressed as ann the plane of the 2DE&~% In particular, for our
enhancement of the effectivgfactor’~® In GaAs 2DES’s, samples, measurements reveal a cyclotron resonance effec-
for example, the exchange enhancement oftfiector leads  tive mass ofmcg=0.46m,, in excellent agreement with the

to the energy gaps for the quantum Hall effect states at Odpnass,\/m, expected for in-plane ellipsoidsSmith et al.
Landau level fillings ¢) being much larger than the bare also observe a similancg. Presumably, this reversed ellip-

Zeeman energ$y.Moreover, the magnitude of thg-factor . . o o
enhancement oscillates withas the spin population differ- soid occupancy is caused by biaxial strain in the AlAs layer
due to a lattice mismatch between the AlAs and the

ence does™®
We report here an experimental determination of the spinflxGai—xAs barriers. Additionally, several groups have ob-
splitting energy for 2DES’s confined to a modulation-dopedserved that only one of the two in-plane ellipsoids are
AlAs quantum well(QW). In our measurements we utilize occupied”*>14~1Evidence for this includes magnetoresis-
the “coincidence” method, a technique used to study thetance data that show minima at odd filling factors, an aniso-
g-factor enhancement in other 2DES’s such as those itropic mobility that is consistent with an anisotropic Fermi
Si/Si0,,r SiGe! and GaAs' The results are surprisingly contour, and optical measurements that through symmetry
simple yet puzzling: in a large range of we find a signifi- arguments conclude a nondegenerate ground state. Also,
cant enhancement of tlgefactor with respect to the reported Fourier transforms of magnetotransport oscillations reveal
bulk value but, remarkably, the enhancement appears to b@nly one subband. We hypothesize that the lifting of the
independent ofy. The 2DES behaves like a noninteracting degeneracy between the two in-plane ellipsoids is caused by
system of electrons but with a much-enhangefdctor. a slight anisotropy in the strain, which could be caused by a
The experiment was done on four samples from two waslight deviation of the substrate surface from the ida@0)
fers that were grown by molecular beam epitaxy on undopedace.
GaAs (100 substrates. In both wafers the 2DES is confined We used the coincidence methdd determine the prod-
to a 150-A-wide AlAs QW which is separated from the Si uct of the Landeg-factor and the effective masgg(m*) of
dopants by AlGa _,As barriers. For details see Ref. 9. the electrons in the AlAs QW. Note that this method cannot
Some of the samples had evaporated metal front gates @etermine the sign af. When a 2DES is tilted in a magnetic
control the density. The 2DES’s we studied had carrier denfield, the Zeeman energgpin-splitting gugB changes rela-
sites from 1.4 to 3.810" cm 2 and typical low- tive to the cyclotron energylLandau level separatidr .
temperature mobilities of around 6 2fVs. The experiments =#eB, /m* because the former is proportional to the tdal
were performed in a pumpetHe system at a temperature of while the latter depends oB, . At the coincidence angles,
0.3 K, in magnetic fields up to 16 T. The samples werespin-up and spin-down levels of different Landau levels be-
mounted on a platform which could be rotaiedsitu so that come degenerate. In an ideal noninteracting system, this
the magnetic field could make an anglevith respect to the causes half of the longitudinal resistanég,{) minima, cor-
normal to the 2DES plane. responding to either the even or the odd integeto disap-
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(T periment in a noninteracting 2DES witlg|m* =4.1. The solid
(dashedl lines correspond to spin-updown energy levels.(b)

FIG. 1. Magnetoresistance traces from a 2D@E®8nsity=1.4 AR,, data as a measure of the relative strengths oRaminima.
X 10 cm™?) in an AlAs QW at various tilt angles. The AR,, were calculated by subracting a linear background from
theR,, vs B, data.

pear. The other half reach a maximum strength. Once the
angle at which a coincidence occurs is foufglm* can be responding to the even but strong minima exist for the odd
determined from the equation v. This indicates that; is near 48°, in agreement with the
data of Smithet al1* However, Smithet al. reached the con-
(1)  clusion thatg|m* =1.52 using Eq(1) with |=1. This con-
clusion is inconsistent with the remainder of our datd. if
wherel is an integer index determined by both the relativetaken to be 1 for the first coincidence, thendat 0,
values of|g|ugB and 7w, at §=0 and the order of the
coincidence observed. For example,|di ugB=0.3 w, at |g|usB
0=0, then at the first coincidence anglé,] =1, at the h—wc:
second coincidence anglefy) =2, etc. However, if
lg|ugB=1.3kw, at =0, then ford,, 1=2; for 6,, |=3;  With this ratio, one would expect that ét=0 the odd» R,
and so on. For all of the coincidence measurements in otheninima would be stronger than the evemminima. Figure 1
materials that we citd,=1 for 64; i.e., the Zeeman energy is shows that the opposite is true. Moreover, the angles of sub-
smallerthan the cyclotron energy @=0.2® Our data show sequent coincidences are inconsistent Witt.. On the other
that this is not the case in the AIAs QW we have studied. hand,all of the coincidences that we observe are consistent
In our experiments, the sample was mounted on the tiltingvith | =3 for §,, | =4 for 6,, etc.(see below This yields
stage with the(011) axis parallel to the tilt axis. We deter- |g|m* =4.1. This value is consistent with the data of Smith
mined thed=0 position of the sample by fixinB at a small et al'* because observation of the first coincidence alone
value and maximizing the Hall resistance as a functiod.of cannot determingg|m* to better than the integer multiple
We made magnetoresistance measurements at vatjale We now elaborate on several features of our data which
termining 6 by comparing the Hall resistances and the posi-are all consistent with a largg|m* . Figure Za) is a plot of
tions of theR,, minima to those of th&@=0 trace. Figure 1 the energies of the spin-split Landau levels for a tilt experi-
showsR,, vs. B, data, at a density of 1:410'* cm 2, for  ment of an ideal, noninteracting 2DES witg|m* =4.11"
various angles, offset vertically for clarity. Concentrating onThe spin-up-down) levels are shown as solidashedllines.
v from 3 to 8, we see that in the=0 trace, there are nR,,  The coincidences are marked with vertical lines and labeled
minima corresponding to the odd while there are strong in order. When the Fermi energy lies halfway between two
evenv minima. As the sample is tilted, the situation slowly of the energy levels on the plot, the system is at an integer
reverses itself, so that &= 48.2°, there are no minima cor- and anR,, minimum is observed. At a given angle and fill-

lhwe=|g|ugsB

| cosf;=0.7. (2



RAPID COMMUNICATIONS

PRB 59 ANOMALOUS SPIN SPLITTING OF TWO-DIMENSIONA . .. R12 745

[

¢ B >
>

S
-0
T

o
L ./ V=3\’\’

n=39x10" cm®
a1 a1 o 1 L 1 " L n 1 " L
8 10 12 1.00 125 150 1.75 2.00

1/cos 6

ing v, the vertical distance between the energy levels on the 25 @ ; )
plot corresponds to the energy gap,j. Larger A, are ;
manifested as strong®,, minima. Qualitatively, all of the i /
Ryx minima in Fig. 1 have the behavior described in Fig.
2(a). For example, Fig. @ predicts thatA, (shaded for s ; v=1
clarity) will be large at8=0, disappear completely at;, | N | ., n=24x10"cm?
. . . A
reach a maximum again &, and remain constant through ; A
all higher angles. The=4 R,, minimum in Fig. 1 indeed 15| ye L A\A
shows this behavior. = g .
We repeated the measurements at densities of 2.4, 3.6, < | 0
and 3.9<10'* cm2, and with the tilt axis parallel to the < e v=2 .N.
(001) direction at a density of 1410 cm™2. In all cases, 10| ] - M=89x10 em
the coincidences happen at the same angles. Since the quality ;
is better at the higher densities, more minima are observed at I ;
higherv, and they, too, follow the behavior predicted by Fig. J
2(a) in the manner described above. Data from the highest
density are summarized in Fig.(2, which shows the
strengths of variou®,, minima as they evolve witl#. This | ;
plot was made by subtracting a linear background from the N
R,, vs. B, data, and plotting the neWR,, value for each 0 2 4 8
integerv. Since a particulaR,, minimum is strongest when B (T
its corresponding\ , is largest, it is theminimain Fig. 2(b)
that correspond to maxima i, . At 6, and 65, the oddw FIG. 3_. _(a) Activa_tion. energies_AV). A, was measured at vari-
curves in Fig. 2) show minima, and a, the eveny curves ~ 0US densities(b) Activation energies at varioug.
show minimat® The positions of the minima in Fig.(B)
allow us to calculate accurately the coincidence angles, and Usingm* = 0.46m,,° we conclude that the Landgfactor
lead us to conclude thag|m* =4.1, to within 4%. of electrons confined to this AIAs QW is9.0. This assumes
The coincidence data provide a value for the ratio of thethatm* does not change appreciably as we tilt the sample, an
Zeeman and cyclotron energies, i.@|m*, but not for the assumption we feel is reasonable since previous tilt experi-
magnitude of these energies individually. Rofrom 1t0 3, ments in Si/SiQ,?° and ALGa,_,As/GaAs(Ref. 21) struc-
at various densities and angles, we determine the magnitudares using both electron tunneling and cyclotron resonance
of the A, from measurements of the activated behavior of themethods have shown that the changenih is less than 5%
relevant R,, minima according toR,,xexp(—A,/2kgT). as the sample is tilted. This change is on the order of the
These measurements, too, are consistent with the Landauror in our measurement ¢f|m*.
level diagram in Fig. @), which indicates that\; and A, The data we have presented so far all support the idea that
should befw. at any 6§, and thatA; should befw. for  this AlAs 2DES behaves like thaoninteractingLandau
anglesd; and above. Shown in Fig(& are the measurefl,  level diagram of Fig. &). There are some features, however,
at various densities for=1 andv=2 at 6=0 and forr  that are not explained by this picture. One is that at high
=3 at ;. The slope of the line fitted to the points in Fig. densities, ther,, minima for v from 3 to 6 are visible, al-
3(a) is 3.4 K/T, in reasonable agreement witho, which is  though very weak, at angles at which they are expected to
expected to be 2.9 K/T. The approximately 15% discrepancylisappear completely. In the same vein, Figh) 3hows that
could come from the uncertainty in the mass measuremer@t =0, A3 is larger than expected. As Fig(l® shows,
and also from the fact that the measutedare reduced from however, theR,, minimaare at their weakest at the coinci-
the trueA , by the disorder in the sample, which is expecteddence angles. The other is that, as the sample is tilted,
to have a smaller effect as the sample density is increasedndA, fall with increasingd, andA; falls with increasingd
Therefore, it is reasonable that the slope of the line should bafter the first coincidencgFig. 3b)]. Figure Za) indicates
somewhat greater than the expected slope for a system withat they are expected to stay constartat . However, the
no disorder. The negatiweintercept of the line in Fig. @  fact that bothA; andA,, and A after the first coincidence,
gives one estimate of the disorder in the sample: 14 K. Wéiave qualitatively the same behavior with 1/@osuggests
get another estimate of rough® K by examining theB, that the same mechanism is causing their decrease6with
dependence of the Shubnikov—de Haas oscillattdriEhe The most interesting features of this 2DES are its unex-
observation that the magnitude of tigentercept(14 K) is  pectedly largeg-factor and its apparent noninteracting be-
larger tha 9 K is also consistent with the disorder becoming havior. The value of thg-factor for electrons in bulk AlAs
less important at higher density. Finally, Fig(bB shows expected from theoretical calculations is #29and the
how some of the\ , change as a function af. The fact that g-factor of electrons in bulk AlGa, »As has been measured
A, andA, do not rapidly increase as the sample is tilted isby electron paramagnetic resonance to be £9so, van
strong evidence that neithér; nor A, are gaps ofgugB. Kestereret al. have reported a value ef1.9 for electrons in
Together, all of these observations form a consistent picturdlAs QW'’s based on optically detected magnetic resonance
that shows reasonable agreement with the predictions of Figxperiments on AlAs—GaAs superlatticésSo clearly,|g|
2(a), for |g|m* =4.1. =9.0 is much enhanced compared to the value of approxi-
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mately 2, determined from ze®-or smallB measurements. picture, however, the large magnitude of théactor remains
What is the cause of such enhancement? It is known that innexplained.

the presence of a largg and a spin-population difference, It could be that the enhancement over the bare value of
electron interaction can lead to a substantial enhancement &9 is caused by some other, still unknown, electron
the spin-splitting energy, which is manifested as an enhanceteraction-driven mechanism, or that the QW structure or
g-factor. However, this interaction mechanism leads to arfome band structure effect is somehow responsible. If this is

enhacement of thg-factor that oscillates with filling factor the case, a better understanding of the mechanism might al-
3 low one to use it to control thg-factor independently of the

v,3850 a constang-factor in our system is surprising. Ando i Y )
and Uemura proposed that the oscillatory enhancement d@iher system parameters. In either case, the origin of this

pends on the spin-population difference in the 2DES. The)pnexpected behavior deserves further investigation. Finally,
conclude that the enhancemengifior a given Landau level W€ would like to point out that in this system, the electrons
- letely spin polarized for fillings up =3 at ¢
N goes as¥ \J2 Q) (N —Nyry), Whereny:: (Nyrg) IS are comp . . .
the numberNof ggin—up—goI/vn) gléctrons in tEdT\I’ I:qaildau =0 (and up to even higher at finite 6). Therefore it pro-
3 : P . vides a unique system in which one can study phenomena
!ti\r/slll,::,t?se ;:SI?g?l;Iteh?oﬁllr’njﬁ.l gﬂgﬁt:t?vne"l;o?&g?so:jterucsuch as transitions between quantum Hall states, or quantum

. . ) Hall and insulating state¥.

for all of the previously studied systems that we cited, be- In summary V\?e have magnetoresistance and activation
cause of the common feature they share: for angles less th%{gﬂa revealing 'that 2D electrons in a 150-A AlAs QW be-
the first coincidence angle there is only a _spin—populatior]qave as a noninteracting 2DES w|tiym* =4.1. This yields
difference when the Fermi energy lies within one Landaua g-factor of 9.0, whose magnitude is surprising because it
level (between the two spin-split levelsin our AlAs QW

sample. we have a svstem in which the Eermi ener Caremains constant withy, and therefore appears to be en-
pie, we T Y i 9Y €A anced by some unknown mechanism other than the one that
neverlie within one single Landau levgFig 2(a)]. There- . ; ,
o . is observed in other 2DES's.
fore, it is some different, and unknown, valuesJgfys that
are relevant to our system. It is possible that the enhance- We would like to thank J. P. Lu, S. A. Lyon, and D. C.
ments due to spin-population difference are not significantTsui for useful discussions and insights. This work was
so the 2DES can behave like a noninteracting system. In thifunded by the NSF.
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