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Anomalous spin splitting of two-dimensional electrons in an AlAs quantum well
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We measure the effective Lande´ g-factor 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 thatugu59.0, 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 enhancedg-factor
appears to be constant.@S0163-1829~99!50120-3#
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The effective Lande´ g-factor and effective massm* are
two fundamental parameters that characterize the energy
els of two-dimensional electron systems~2DES’s! in semi-
conductors in the presence of a magnetic field (B). In a
simple, noninteracting picture, the cyclotron energy (\vc
[\eB' /m* ) associated with the electron’s orbital motio
determines the separation between the quantized energy
els ~Landau levels!, while the Zeeman energy (gmBB) gives
the ‘‘spin splitting’’ of the Landau levels (B' is the compo-
nent ofB perpendicular to the 2DES plane!. For 2DES’s in a
high B' it is well known that when there are unequal pop
lations of electrons with opposite spin, electron-electron
teraction can lead to a substantial enhancement of the s
splitting energy which can in turn be expressed as
enhancement of the effectiveg-factor.1–3 In GaAs 2DES’s,
for example, the exchange enhancement of theg-factor leads
to the energy gaps for the quantum Hall effect states at
Landau level fillings (n) being much larger than the bar
Zeeman energy.4 Moreover, the magnitude of theg-factor
enhancement oscillates withn as the spin population differ
ence does.3–8

We report here an experimental determination of the sp
splitting energy for 2DES’s confined to a modulation-dop
AlAs quantum well~QW!. In our measurements we utiliz
the ‘‘coincidence’’ method, a technique used to study
g-factor enhancement in other 2DES’s such as those
Si/SiO2,1 SiGe,7 and GaAs.4 The results are surprisingl
simple yet puzzling: in a large range ofn, we find a signifi-
cant enhancement of theg-factor with respect to the reporte
bulk value but, remarkably, the enhancement appears t
independent ofn. The 2DES behaves like a noninteractin
system of electrons but with a much-enhancedg-factor.

The experiment was done on four samples from two w
fers that were grown by molecular beam epitaxy on undo
GaAs ~100! substrates. In both wafers the 2DES is confin
to a 150-Å-wide AlAs QW which is separated from the
dopants by AlxGa12xAs barriers. For details see Ref.
Some of the samples had evaporated metal front gate
control the density. The 2DES’s we studied had carrier d
sities from 1.4 to 3.931011 cm22 and typical low-
temperature mobilities of around 6 m2/Vs. The experiments
were performed in a pumped3He system at a temperature
0.3 K, in magnetic fields up to 16 T. The samples we
mounted on a platform which could be rotatedin situ so that
the magnetic field could make an angleu with respect to the
normal to the 2DES plane.
PRB 590163-1829/99/59~20!/12743~4!/$15.00
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Before describing the experimental data, it is useful
summarize some characteristics of the 2DES in AlAs QW
The constant-energy surfaces for the conduction b
minima of bulk AlAs are six half ellipsoids~three full ellip-
soids! at theX-points of the Brillouin zone. For these ellip
soids, the longitudinal mass (ml) is 1.1me and the transverse
mass (mt) is 0.19me .10 Normally, the confinement potentia
created by the QW structure is expected to cause only
ellipsoid with the larger mass~in this caseml) perpendicular
to the plane to be occupied. However, experiments h
shown that for AlAs QW’s of width greater than;60 Å ,
the 2D electrons occupy the ellipsoids whose major axes
in the plane of the 2DES.9,11–15 In particular, for our
samples, measurements reveal a cyclotron resonance e
tive mass ofmCR50.46me , in excellent agreement with th
mass,Amlmt, expected for in-plane ellipsoids.9 Smith et al.
also observe a similarmCR. Presumably, this reversed ellip
soid occupancy is caused by biaxial strain in the AlAs lay
due to a lattice mismatch between the AlAs and t
Al xGa12xAs barriers. Additionally, several groups have o
served that only one of the two in-plane ellipsoids a
occupied.9,12,14–16Evidence for this includes magnetoresi
tance data that show minima at odd filling factors, an ani
tropic mobility that is consistent with an anisotropic Ferm
contour, and optical measurements that through symm
arguments conclude a nondegenerate ground state. A
Fourier transforms of magnetotransport oscillations rev
only one subband. We hypothesize that the lifting of t
degeneracy between the two in-plane ellipsoids is cause
a slight anisotropy in the strain, which could be caused b
slight deviation of the substrate surface from the ideal~100!
face.

We used the coincidence method1 to determine the prod-
uct of the Lande´ g-factor and the effective mass (ugum* ) of
the electrons in the AlAs QW. Note that this method cann
determine the sign ofg. When a 2DES is tilted in a magneti
field, the Zeeman energy~spin-splitting! gmBB changes rela-
tive to the cyclotron energy~Landau level separation! \vc
[\eB' /m* because the former is proportional to the totaB
while the latter depends onB' . At the coincidence angles
spin-up and spin-down levels of different Landau levels b
come degenerate. In an ideal noninteracting system,
causes half of the longitudinal resistance (Rxx) minima, cor-
responding to either the even or the odd integern, to disap-
R12 743 ©1999 The American Physical Society
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pear. The other half reach a maximum strength. Once
angle at which a coincidence occurs is found,ugum* can be
determined from the equation

l\vc5ugumBB , ~1!

where l is an integer index determined by both the relat
values of ugumBB and \vc at u50 and the order of the
coincidence observed. For example, ifugumBB50.3\vc at
u50, then at the first coincidence angle (u1) l 51, at the
second coincidence angle (u2) l 52, etc. However, if
ugumBB51.3\vc at u50, then foru1 , l 52; for u2 , l 53;
and so on. For all of the coincidence measurements in o
materials that we cite,l 51 for u1; i.e., the Zeeman energy i
smallerthan the cyclotron energy atu50.3–8 Our data show
that this is not the case in the AlAs QW we have studied

In our experiments, the sample was mounted on the tilt
stage with the~011! axis parallel to the tilt axis. We deter
mined theu50 position of the sample by fixingB at a small
value and maximizing the Hall resistance as a function ou.
We made magnetoresistance measurements at variousu, de-
terminingu by comparing the Hall resistances and the po
tions of theRxx minima to those of theu50 trace. Figure 1
showsRxx vs. B' data, at a density of 1.431011 cm22, for
various angles, offset vertically for clarity. Concentrating
n from 3 to 8, we see that in theu50 trace, there are noRxx
minima corresponding to the oddn, while there are strong
even-n minima. As the sample is tilted, the situation slow
reverses itself, so that atu548.2°, there are no minima cor

FIG. 1. Magnetoresistance traces from a 2DES~density51.4
31011 cm22) in an AlAs QW at various tilt angles.
e
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responding to the evenn, but strong minima exist for the odd
n. This indicates thatu1 is near 48°, in agreement with th
data of Smithet al.14 However, Smithet al. reached the con-
clusion thatugum* 51.52 using Eq.~1! with l 51. This con-
clusion is inconsistent with the remainder of our data. Ifl is
taken to be 1 for the first coincidence, then atu50,

ugumBB

\vc
5 l cosu150.7. ~2!

With this ratio, one would expect that atu50 the odd-n Rxx
minima would be stronger than the even-n minima. Figure 1
shows that the opposite is true. Moreover, the angles of s
sequent coincidences are inconsistent withl 51. On the other
hand,all of the coincidences that we observe are consis
with l 53 for u1 , l 54 for u2, etc. ~see below!. This yields
ugum* 54.1. This value is consistent with the data of Sm
et al.14 because observation of the first coincidence alo
cannot determineugum* to better than the integer multiplel.

We now elaborate on several features of our data wh
are all consistent with a largeugum* . Figure 2~a! is a plot of
the energies of the spin-split Landau levels for a tilt expe
ment of an ideal, noninteracting 2DES withugum* 54.1.17

The spin-up~-down! levels are shown as solid~dashed! lines.
The coincidences are marked with vertical lines and labe
in order. When the Fermi energy lies halfway between t
of the energy levels on the plot, the system is at an integen
and anRxx minimum is observed. At a given angle and fil

FIG. 2. ~a! Diagram of the Landau level energies for a tilt e
periment in a noninteracting 2DES withugum* 54.1. The solid
~dashed! lines correspond to spin-up~-down! energy levels.~b!
DRxx data as a measure of the relative strengths of theRxx minima.
The DRxx were calculated by subracting a linear background fr
the Rxx vs B' data.
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ing n, the vertical distance between the energy levels on
plot corresponds to the energy gap (Dn). Larger Dn are
manifested as strongerRxx minima. Qualitatively, all of the
Rxx minima in Fig. 1 have the behavior described in F
2~a!. For example, Fig. 2~a! predicts thatD4 ~shaded for
clarity! will be large atu50, disappear completely atu1,
reach a maximum again atu2, and remain constant throug
all higher angles. Then54 Rxx minimum in Fig. 1 indeed
shows this behavior.

We repeated the measurements at densities of 2.4,
and 3.931011 cm22, and with the tilt axis parallel to the
~001! direction at a density of 1.431011 cm22. In all cases,
the coincidences happen at the same angles. Since the q
is better at the higher densities, more minima are observe
highern, and they, too, follow the behavior predicted by F
2~a! in the manner described above. Data from the high
density are summarized in Fig. 2~b!, which shows the
strengths of variousRxx minima as they evolve withu. This
plot was made by subtracting a linear background from
Rxx vs. B' data, and plotting the newDRxx value for each
integern. Since a particularRxx minimum is strongest when
its correspondingDn is largest, it is theminima in Fig. 2~b!
that correspond to maxima inDn . At u1 andu3, the odd-n
curves in Fig. 2~b! show minima, and atu2 the even-n curves
show minima.18 The positions of the minima in Fig. 2~b!
allow us to calculate accurately the coincidence angles,
lead us to conclude thatugum* 54.1, to within 4%.

The coincidence data provide a value for the ratio of
Zeeman and cyclotron energies, i.e.,ugum* , but not for the
magnitude of these energies individually. Forn from 1 to 3,
at various densities and angles, we determine the magni
of theDn from measurements of the activated behavior of
relevant Rxx minima according toRxx}exp(2Dn/2kBT).
These measurements, too, are consistent with the Lan
level diagram in Fig. 2~a!, which indicates thatD1 and D2
should be\vc at any u, and thatD3 should be\vc for
anglesu1 and above. Shown in Fig. 3~a! are the measuredDn

at various densities forn51 and n52 at u50 and for n
53 at u1. The slope of the line fitted to the points in Fi
3~a! is 3.4 K/T, in reasonable agreement with\vc which is
expected to be 2.9 K/T. The approximately 15% discrepa
could come from the uncertainty in the mass measurem
and also from the fact that the measuredDn are reduced from
the trueDn by the disorder in the sample, which is expect
to have a smaller effect as the sample density is increa
Therefore, it is reasonable that the slope of the line should
somewhat greater than the expected slope for a system
no disorder. The negativey-intercept of the line in Fig. 3~a!
gives one estimate of the disorder in the sample: 14 K.
get another estimate of roughly 9 K by examining theB'

dependence of the Shubnikov–de Haas oscillations.19 The
observation that the magnitude of they-intercept~14 K! is
larger than 9 K is also consistent with the disorder becomi
less important at higher density. Finally, Fig. 3~b! shows
how some of theDn change as a function ofu. The fact that
D1 andD2 do not rapidly increase as the sample is tilted
strong evidence that neitherD1 nor D2 are gaps ofgmBB.
Together, all of these observations form a consistent pic
that shows reasonable agreement with the predictions of
2~a!, for ugum* 54.1.
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Usingm* 50.46me ,9 we conclude that the Lande´ g-factor
of electrons confined to this AlAs QW is69.0. This assumes
thatm* does not change appreciably as we tilt the sample
assumption we feel is reasonable since previous tilt exp
ments in Si/SiO2,20 and AlxGa12xAs/GaAs ~Ref. 21! struc-
tures using both electron tunneling and cyclotron resona
methods have shown that the change inm* is less than 5%
as the sample is tilted. This change is on the order of
error in our measurement ofugum* .

The data we have presented so far all support the idea
this AlAs 2DES behaves like thenoninteracting Landau
level diagram of Fig. 2~a!. There are some features, howeve
that are not explained by this picture. One is that at h
densities, theRxx minima for n from 3 to 6 are visible, al-
though very weak, at angles at which they are expected
disappear completely. In the same vein, Fig. 3~b! shows that
at u50, D3 is larger than expected. As Fig. 2~b! shows,
however, theRxx minima are at their weakest at the coinci
dence angles. The other is that, as the sample is tilted,D1
andD2 fall with increasingu, andD3 falls with increasingu
after the first coincidence@Fig. 3~b!#. Figure 2~a! indicates
that they are expected to stay constant at\vc . However, the
fact that bothD1 andD2, andD3 after the first coincidence
have qualitatively the same behavior with 1/cosu suggests
that the same mechanism is causing their decrease withu.

The most interesting features of this 2DES are its un
pectedly largeg-factor and its apparent noninteracting b
havior. The value of theg-factor for electrons in bulk AlAs
expected from theoretical calculations is 1.9,22 and the
g-factor of electrons in bulk Al0.8Ga0.2As has been measure
by electron paramagnetic resonance to be 1.96.23 Also, van
Kesterenet al.have reported a value of.1.9 for electrons in
AlAs QW’s based on optically detected magnetic resona
experiments on AlAs–GaAs superlattices.12 So clearly,ugu
59.0 is much enhanced compared to the value of appr

FIG. 3. ~a! Activation energies (Dn). D2 was measured at vari
ous densities.~b! Activation energies at variousu.
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mately 2, determined from zero-B or small-B measurements
What is the cause of such enhancement? It is known tha
the presence of a largeB and a spin-population difference
electron interaction can lead to a substantial enhanceme
the spin-splitting energy, which is manifested as an enhan
g-factor. However, this interaction mechanism leads to
enhacement of theg-factor that oscillates with filling factor
n,3–8 so a constantg-factor in our system is surprising. And
and Uemura proposed that the oscillatory enhancement
pends on the spin-population difference in the 2DES. Th
conclude that the enhancement ing for a given Landau leve
N goes as(N8JNN8

2 (q)(nN8↑2nN8↓), wherenN8↑ (nN8↓) is
the number of spin-up~-down! electrons in theN8 Landau
level.3 In the case of the Si metal-oxide-semiconductor str
ture,JNN8 is negligible forN8ÞN. Qualitatively, this is true
for all of the previously studied systems that we cited, b
cause of the common feature they share: for angles less
the first coincidence angle there is only a spin-populat
difference when the Fermi energy lies within one Land
level ~between the two spin-split levels!. In our AlAs QW
sample, we have a system in which the Fermi energy
never lie within one single Landau level@Fig 2~a!#. There-
fore, it is some different, and unknown, values ofJNN8 that
are relevant to our system. It is possible that the enhan
ments due to spin-population difference are not significa
so the 2DES can behave like a noninteracting system. In
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picture, however, the large magnitude of theg-factor remains
unexplained.

It could be that the enhancement over the bare value
1.9 is caused by some other, still unknown, electr
interaction-driven mechanism, or that the QW structure
some band structure effect is somehow responsible. If th
the case, a better understanding of the mechanism migh
low one to use it to control theg-factor independently of the
other system parameters. In either case, the origin of
unexpected behavior deserves further investigation. Fina
we would like to point out that in this system, the electro
are completely spin polarized for fillings up ton53 at u
50 ~and up to even highern at finite u). Therefore it pro-
vides a unique system in which one can study phenom
such as transitions between quantum Hall states, or quan
Hall and insulating states.24

In summary, we have magnetoresistance and activa
data revealing that 2D electrons in a 150-Å AlAs QW b
have as a noninteracting 2DES withugum* 54.1. This yields
a g-factor of 9.0, whose magnitude is surprising becaus
remains constant withn, and therefore appears to be e
hanced by some unknown mechanism other than the one
is observed in other 2DES’s.
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