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Effective mass suppression upon complete spin-polarization in an isotropic two-dimensional
electron system
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We measure the effective mass (m™) of interacting two-dimensional electrons confined to a 4.5-nm-wide
AlAs quantum well. The electrons in this well occupy a single out-of-plane conduction-band valley with an
isotropic in-plane Fermi contour. When the electrons are partially spin polarized, m* is larger than its band
value and increases as the density is reduced. However, as the system is driven to full spin-polarization via the
application of a strong parallel magnetic field, m™ is suppressed down to values near or even below the band
mass. Our results are consistent with the previously reported measurements on wide AlAs quantum wells
where the electrons occupy an in-plane valley with an anisotropic Fermi contour and effective mass, and
suggest that the effective mass suppression upon complete spin-polarization is a genuine property of interacting

two-dimensional electrons.
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As the density of an interacting two-dimensional electron
system (2DES) is reduced, the interaction strength character-
ized by the ratio r, of the Coulomb energy to Fermi energy is
enhanced. In low disorder, dilute 2DESs the ground-state
properties are dominated by the electron-electron
interaction.! In the Fermi liquid theory, interactions modify
the Fermi liquid parameters’ and renormalize the effective
mass (m") and the spin susceptibility (x*ocg*“m") of the
2DES, where g* is the Lande g factor. In particular, x* and
m™ are expected to be larger than the band values (y;,, and m,,)
for large r,.3~' Indeed, enhancements of x* and m* at large r,
are observed in various 2DESs.! 2> However, in 2DESs oc-
cupying wide AlAs quantum wells (QWs) an unexpected
trend is observed as the system becomes fully spin polarized:
m” is suppressed and falls to values near or below m,, even
for r, values up to 21.2° A subsequent study in similar
samples?’ revealed that the mass suppression disappears
when the electrons occupy two conduction-band valleys sig-
naling that the mass suppression is unique to single-
component (fully spin and valley polarized) systems.

Here we report measurements of m™ in the partially and
fully spin-polarized regime as a function of density in a
2DES where the electrons are confined to a 4.5-nm-wide
AlAs QW. This 2DES is different from the 2DESs used in
Ref. 26 in two important aspects: it has a very small layer
thickness (<4.5 nm) and an isotropic effective mass. Bulk
AlAs has three equivalent, ellipsoidal conduction-band val-
leys at the X points of the Brillouin zone with longitudinal
and transverse effective masses, m;=1.05 and m,=0.205 (in
units of the free electron mass).?®3! In samples of Ref. 26,
the electrons are confined to either an 11 nm-, 12 nm- or
15-nm-wide AlAs QW and occupy one of the two in-plane
valleys with an anisotropic Fermi contour and anisotropic
band masses equal to 0.205 and 1.05, leading to m,=\mm,
=0.46. In contrast in the present 4.5-nm-wide AlAs QW, the
electrons occupy a single out-of-plane valley with an isotro-
pic Fermi contour and isotropic n,=m,=0.205.%? In spite of
these differences, our main findings summarized in Fig. 1 are
consistent with the study in Ref. 26: when the 2DES is par-
tially spin polarized (open symbols), m™ is larger than its
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band value and gradually increases with decreasing density.
But as we fully spin polarize the 2DES by subjecting it to
strong parallel magnetic fields,>* m* is suppressed down to
values near the band mass (closed symbols). The two colors
in Fig. 1 correspond to two different types of analyses used
for the m™* determination, which we will discuss later in the
paper. Given that this system is close to an ideal 2DES in the
sense that it has a very small layer thickness and an isotropic
Fermi contour, it appears that mass suppression upon full
spin-polarization is a genuine property of interacting 2DESs.

We performed measurements on a sample grown on a
GaAs (001) substrate and consisting of a 4.5-nm-wide AlAs
QW, flanked by Al ,Ga, ¢As barriers.?*?%3* We patterned the
sample in a Hall bar configuration and made ohmic contacts
by depositing AuGeNi and alloying in a reducing environ-
ment. Metallic front and back gates were deposited to control
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FIG. 1. (Color online) Effective mass, normalized to the band
mass, measured as a function of density for a 2DES confined to a
4.5-nm-wide AlAs quantum well. Open and closed symbols repre-
sent m™ measured in partially and fully spin-polarized 2DESs, re-
spectively. Black squares and red circles correspond to m™ values
deduced either assuming a constant quantum lifetime 7, or that the
relative temperature dependence of 7, is half the size of the relative
temperature dependence of the background resistance, respectively.
Each data point represents m* averaged over different Landau level
filling factors, v, and the error bars include the variation of m* with
v. The dashed curves through the data points are guides to the eye.
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FIG. 2. (Color online) Magnetoresistance traces at a density of
3.93x 10" cm™2 and 6=53.0°. The traces were taken at 7=0.34,
0.71, 1.03, and 1.30 K. Insets show the energy level diagram at this
tilt angle (left) and the Dingle fit at =11 assuming a constant 7,
and R, (right).

the carrier density, n, which was determined from the fre-
quency of Shubnikov de Haas (SdH) oscillations and from
the Hall resistance. Values of n in our sample are in the range
of 1.07 to 4.9x10'"" cm™ with mobilities u=1.4 to
4.9 m?/Vs. Using the AlAs dielectric constant of 10 and the
band effective mass m;,=0.205, our density range corre-
sponds to 3.1 <<r;<<6.7, where r; is the ratio of the average
interelectron spacing measured in units of the effective Bohr
radius. The magnetoresistance measurements were per-
formed down to a temperature (7) of 0.3 K, and up to a
magnetic field of 31 T, using low-frequency lock-in tech-
niques. The sample was mounted on a tilting stage to allow
the angle, 6, between the normal to the sample and the mag-
netic field to be varied in situ.

To deduce m*, we analyzed the T dependence of the
strength (AR) of the SdH oscillations using the standard
Dingle expression:*> AR/R,=8 exp(—/ w.7,)€/sinh(§),
where the factor &/sinh(£) represents the 7T-induced damping
(é=27kzT/hw,) and w.=eB,/m* is the cyclotron fre-
quency, B is the perpendicular component of the magnetic
field, R, is the nonoscillatory component of the resistance
near a SdH oscillation, and 7, is the single-particle (quan-
tum) lifetime. We analyzed our data using two methods, each
based on a different set of assumptions. First, we assumed
that both R, and 7, are T independent. This is the usual
assumption commonly made when the 7 dependence of R,, is
small. For our sample the 7 dependence of R, is indeed weak
at high densities (see, e.g., Figs. 2 and 3). At low densities,
however, R, is T dependent and, for the lowest densities, R,
changes by as much as 60% in the temperature range of our
data (see, e.g., Figs. 4 and 5), implying that 7, can depend on
T. According to a theoretical study,*® for short-range scatter-
ers, the relative 7-dependent correction to 7 is half of the
relative correction to the transport scattering time 7, < 1/R,,.
For long-range scatterers, the T-dependent correction to 7, is
expected to be smaller.>” In our second analysis method, we
included the T dependence of R, and assumed that the rela-
tive T dependence of 7, is equal to half the relative T’ depen-
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FIG. 3. (Color online) Magnetoresistance traces at a density of
2.38%x 10" cm™2 and #=80.1°. The traces were taken at 7=0.35,
1.74, and 4.28 K. Insets show the energy level diagram at this tilt
angle (left) and the Dingle fit at v=3 assuming a constant 7, and R,
(right).

dence of R,.3® Note that these two methods should bound the
maximum error in m™ determination introduced by the T de-
pendence of 7,.%

Figure 2 shows representative data for the partially
spin-polarized case at a relatively high density,
n=3.93x10"" cm™. The angle @ is set carefully so that the
opposite spin levels are at coincidence as shown in the left
inset of Fig. 2.40 Consistent with this energy level diagram,
in the magnetoresistance traces shown in Fig. 2 resistance
minima at odd v are strong while the minima at even v are
entirely absent. By fitting the amplitude of the SdH oscilla-
tions near v=11 to the Dingle expression and assuming 7
independent 7, and R,, we obtain m"=1.46m, (see Fig. 2
right inset). Moreover, as illustrated in the Dingle plot in Fig.
6(a), in the whole temperature and magnetic field range the
data set can be fit to the Dingle expression by assuming two

constants 7, and m". Since the background resistance in this
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FIG. 4. (Color online) Magnetoresistance traces at a density of
1.52x 10" ¢cm™ and #=31.8°. The traces were taken at 7=0.31,
0.49, 0.65, 0.83, 0.95, and 1.09 K. Insets show the energy level
diagram at this tilt angle (right) and the Dingle fit at ¥=5 using a
constant 7, and R, (left).
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FIG. 5. (Color online) Magnetoresistance traces for the same
density as in Fig. 4 at #=80.4°. The traces were taken at 7=0.43,
0.63, 0.78, 1.07, 1.15, and 1.30 K. Insets show the energy level
diagram for this tilt angle (left) and the Dingle fit at v=4 using a
constant 7, and R, (right).

case has a very small temperature dependence, our second
analysis method that assumes 7-dependent 7, and R, yields
essentially the same m”".

In Fig. 3 we show data at the density of
2.38 X 10" cm™2 at a very high tilt angle, #=80.1°. At this
0, the magnetoresistance traces initially show a rise with
magnetic field because of the loss of screening with increas-
ing spin-polarization.*! The 2DES becomes fully spin polar-
ized above B,=11 T and the resistance minima at
2=wy=35 are clearly observed. Note that at this angle, the
lowest five Landau levels are spin polarized as indicated by
the energy-level diagram shown in Fig. 3 left inset. To mea-
sure the fully spin polarized m* we fit the amplitude of the
SdH oscillations near v=3 to the Dingle expression by as-
suming 7-independent 7, and R,, and we deduce m"
=0.97m,, (see Fig. 3 right inset). As is apparent from the
magnetoresistance traces, although at zero field there is a
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FIG. 6. (Color online) Dingle plots of AR/[£/sinh(§)] vs 1/B
summarizing data taken for the partially spin-polarized case for: (a)
a density of 3.93X 10" ¢cm™2 in the range 0.3<T=<1.3 K and
11=v=25; and (b) a density of 1.52x10'"" cm™ in the range
03=T=<1.1 Kand 5=v=11.
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considerable change in resistance with temperature, the back-
ground resistance at the SdH oscillation near v=3 is small.
Therefore including the 7 dependence of R, in the analysis
does not make much difference and our first and second
analysis methods give essentially identical results.

Now we present data at a lower density
(n=1.52X10"" ¢cm™2) where temperature dependence of the
background is strong. Figure 4 shows data for the partially
spin-polarized case for this density. Consistent with the en-
ergy level diagram in the right inset of Fig. 4, 6 is set to the
coincidence angle so that the resistance minima at odd v are
strong while the minima at even v are either entirely absent
or are accompanied by a spike (e.g., at v=2).*? By fitting the
amplitude of the SdH oscillations near v=5 to the Dingle
expression and assuming 7-independent 7, and R,, we obtain
m*=1.56m,, (see Fig. 4 left inset). The Dingle plot for this
data set is also shown in Fig. 6(b). It is apparent from the
quality of the fit that single 7, and m" can explain the whole
data set in the given temperature and magnetic-field range.
However, as discussed before, the quality of the fit does not
justify the assumption of 7, being T independent. In addition,
as can be seen from the magnetoresistance traces in Fig. 4,
R, changes with T as much as 50% in the indicated tempera-
ture range, implying that 7, can also be T dependent. There-
fore, applying our second analysis method, i.e., including the
T dependence of R, and assuming a T-dependent 7, that
changes by 25% in the same temperature range, we deduce
m*=1.44m,,.

In Fig. 5 we show data at the same density as in Fig. 4 but
at a very high tilt angle, #=80.4°. Main features of the data
are the same as in Fig. 3: magnetoresistance traces show an
initial rise with magnetic field and the 2DES becomes fully
spin polarized above B,,,=7 T. Filling factors v=5 are in
the fully spin-polarized regime as indicated by the energy
level diagram shown in Fig. 5 left inset. To measure the fully
spin-polarized m* we fit the amplitude of the SAH oscilla-
tions near v=4 to the Dingle expression by assuming
T-independent 7, and R, and we deduce m*=0.98m,, (see
Fig. 3 right inset). As can be seen from the magnetoresis-
tance traces, the 2DES goes through a metal-insulator tran-
sition at B,,;=3.7 T before the electrons become fully spin
polarized.?? The background resistance around v=4 therefore
has an insulating behavior. Again using our second method,
i.e., including the 7 dependence of R, and assuming a
T-dependent 7, that is half as large as the 7 dependence of
R,, we deduce m*=1.11my,,.

We analyzed data at various v at several densities. Our
results are summarized in Fig. 1, where each data point rep-
resents m” averaged over different v, and the error bar in-
cludes the variation of m* with v. The results from the first
and second analysis methods are shown as black squares and
red circles in Fig. 1, respectively. At high densities where the
background is 7" independent, the two methods yield essen-
tially identical results. However, as the density of the 2DES
is lowered, the 7-dependent background becomes stronger
and the two methods give slightly different masses. Indepen-
dently of the method we use, our conclusions remain the
same: in the partially spin-polarized case** m* is enhanced
over m,, and increases with decreasing density, while for the
fully spin-polarized system m™ values are clearly suppressed
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FIG. 7. (Color online) Normalized effective mass and spin sus-
ceptibilities of both narrow and wide AlAs QWs as a function of the
interaction strength, r,. Black and red circles are g*m*/g,m, of 4.5
nm- and 15-nm-wide AlAs QWs taken from Refs. 23 and 10, re-
spectively. The thin curves through the data points are guides to the
eye. Open and closed red squares are m*/m,, for partially and fully
spin-polarized system, respectively, for 11 to 15-nm-wide AlAs
QWs from Ref. 26. Black squares are m*/m;, data measured in our
sample for a 4.5-nm-wide AlAs QW.

compared to the partially spin-polarized case and are very
close to my,.

As another summary plot, in Fig. 7 we show the normal-
ized effective mass and the spin susceptibilities of both nar-
row and wide AlAs QWs as a function of interaction
strength, r,. Black and red circles are the normalized spin
susceptibilities of 4.5 nm- and 15-nm-wide AlAs QWs, taken
from Refs. 23 and 10, respectively. Open and closed red
squares represent m*/m; for partially and fully spin-
polarized system, respectively, for the wide AlIAs QWs of
Ref. 26. Black squares are the measured m* data for our
sample that are shown in Fig. 1.

In an ideal 2DES, the normalized values of the spin sus-
ceptibility and effective mass each should follow a universal
curve as a function of r,.>* However nonideal factors such as
finite layer thickness, anisotropy of the Fermi contour, and
disorder give nonuniversal corrections. Although for high
quality samples the effect of disorder is small,*> finite layer
thickness, and anisotropy of the Fermi contour modify the
interaction significantly>®!%#* and change the spin suscepti-
bility and the effective mass renormalization. Because of the
small layer thickness and isotropic Fermi contour of the elec-
trons in narrow AlAs samples, the spin susceptibility follows
very closely the predictions of quantum Monte Carlo calcu-
lations for an ideal 2D system (not shown).>>2328 However,
for wide AlAs samples the measured susceptibilities are con-
siderably lower than narrow AlAs samples because the
strength of the Coulomb interaction is reduced by the finite
layer thickness effect>® and the anisotropy of the Fermi
contour.'” It is clear from the data that the partially spin-
polarized masses for wide AIAs QWs are also smaller than
for narrow AlAs QWs even though the r, values are larger.
Similar to the spin-susceptibility case,!? the corrections to m*
due to the layer thickness and the anisotropic effective mass
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are expected to give smaller m™ values in the partially spin-
polarized case,®? consistent with our data. In addition, we
emphasize that the mobility of the electrons in narrow quan-
tum wells are much lower compared to wide quantum wells
because of the prevalence of the interface roughness scatter-
ing. Therefore, it is also possible that the higher disorder in
narrow quantum wells is responsible for m* being larger.* We
point out that in the partially polarized case there are also
some quantitative differences between our results on narrow
AlAs QWs and the previous studies done on Si metal-oxide-
semiconductor field-effect transistors (MOSFETs)'®!? and
GaAs 2DESs.?* It has been reported that in GaAs 2DESs m*
has a strong r, dependence although m* values are much
smaller compared to narrow AlAs QWs for the similar 7,
range. It is likely that this discrepancy is because of the
larger finite layer thickness and less disorder in 2DESs in
GaAs samples. On the other hand, because of the valley de-
generacy of Si-MOSFET samples, such a comparison is not
valid: as shown in Ref. 27, the valley degeneracy affects the
mass renormalization considerably.

In the fully polarized regime, it is natural to also expect
some dependence of m* on the layer thickness, Fermi con-
tour anisotropy, and disorder. However, it is not clear from
the data whether m* are lower for wide AlAs samples be-
cause of nonideal factors or because these masses are mea-
sured at larger r, values. We conclude that the mass suppres-
sion is very robust and is observed in a very wide range of r;
values and independent of sample and system parameters
such as disorder, layer thickness, and anisotropy.

It is intuitively clear that the spin-polarization of the
2DES should affect the m™ renormalization since it modifies
the exchange interaction. Naively, one might think that for a
fully spin-polarized system the Fermi energy is doubled so
the interaction is weaker compared to the spin-unpolarized
case, and hence the mass for the spin-polarized case would
be smaller. Although this argument gives the correct qualita-
tive behavior of m™ for a fixed density, it does not explain
why m* for the fully polarized system stays small (near or
below m;) even at very high r, values. Recent theoretical
work”® has addressed the role of spin-polarization on m*
renormalization. It is reported in Ref. 7 that m* very weakly
depends on the spin-polarization for valley degenerate sys-
tems. Since in our case the 2D electrons occupy a single
valley, this is not relevant to our data. The more relevant
study,® which deals with a single-valley system, reports a
rather strong dependence of m" on the degree of spin-
polarization. Although it is predicted in Ref. 8 that for a fully
spin-polarized 2DES m™ is smaller compared to the spin-
unpolarized case, there remains major qualitative discrepan-
cies with our data. For example, m* for a fully spin-polarized
system is predicted to increase with increasing r, and be-
come smaller than m; only for r,<2. In contrast, our data
suggest that m" stays very close to m,, even in the range
4 <r;<6. Including the data from Ref. 26, which extends up
to ry=21, the discrepancy becomes even more serious. An
understanding of the magnitude and density dependence of
m”* for a single component (single valley and fully spin po-
larized) 2DES awaits future theoretical developments.

In summary, we confirmed the observation of m™ suppres-

195311-4



EFFECTIVE MASS SUPPRESSION UPON COMPLETE...

sion upon full spin-polarization in a system with a very small
layer thickness and isotropic Fermi contour. Since this sys-
tem is very close to an ideal 2DES, our data suggest that
mass suppression for a single-component system is a general
property of an interacting 2DES.
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