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Spin Degree of Freedom in a Two-Dimensional Electron Liquid
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We have investigated correlation between spin polarization and magnetotransport in a high mob
silicon inversion layer which shows the metal-insulator transition. Increase in the resistivity in a para
magnetic field reaches saturation at the critical field for the full polarization evaluated from an analy
of low-field Shubnikov–de Haas oscillations. By rotating the sample at various total strength of
magnetic field, we found that the normal component of the magnetic field at minima in the diago
resistivity increases linearly with the concentration of “spin-up” electrons. [S0031-9007(99)09119-
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A metal-insulator transition (MIT) observed in S
metal-oxide-semiconductor field-effect transistors [1,
(Si-MOSFET’s) and other systems [3–6] attracts a gre
deal of attention since it seems to contradict an importa
result of the scaling theory by Abrahamset al. [7] that the
conductance of a disordered two-dimensional (2D) syst
at zero magnetic field goes to zero forT ! 0. In the
metallic phase in Si-MOSFET’s with high peak electro
mobilities of mpeak * 2 m2yV s, the diagonal resistivity
rxx shows a sharp drop with decreasing temperatu
from about 2 K [1]. Recent experiments [8,9] show
that magnetic fields applied parallel to the 2D plan
suppress the low temperature metallic conduction in
MOSFET’s. Since the parallel magnetic field does n
couple the orbital motion of electrons, this fact sugges
an important role of the spin of electrons. However, th
mechanism of the conduction in the anomalous meta
phase is not clear yet.

The 2D systems that show the MIT [1–6] are cha
acterized by strong Coulomb interaction between ele
trons. The mean Coulomb energy per electronU 
spNsd1y2e2y4p´0k is larger than the mean kinetic energ
K  p h̄2Nsymp by an order of the magnitude around th
critical point for the MIT. Here,Ns is the electron concen-
tration,k is the relative dielectric constant at the interfac
andmp is the effective mass of electron. It is estimated th
U  120 K, K  14 K, and the ratiors  UyK  8.3
for k  7.7 andmp  0.19me at Ns  1 3 1015 m22 in
Si-MOSFET’s. The ground state of the insulating phase
high mobility Si-MOSFET’s is considered to be a pinne
Wigner solid (WS) [10,11]. Magnetic field dependence
the thermal activation energy observed for various ang
of the magnetic field was essentially explained by a mod
based on magnetic interactions in the pinned WS [12,1
Although the quantum fluctuations change the 2D syst
into a liquid at higherNs, electron-electron (e-e) interac-
tion is expected to be still important.

In the conduction band of silicon, the spin-orbit inte
action is negligible and the spin polarizationp  sN" 2

N#dyNs can always be given in the direction to the ma
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netic field. HereN" and N# are the concentrations of
electrons having an up spin and a down spin, resp
tively sNs  N" 1 N#d. In the present work, we inves-
tigate the low temperature conduction in a high mobilit
Si-MOSFET for various values ofp.

The Si-MOSFET sample used has a peak electr
mobility of mpeak  2.4 m2yV s at Ns  4 3 1015 m22

and T  0.3 K. It has a Hall-bar geometry of total
length 3 mm and width 0.3 mm. The estimated SiO2
layer thickness is 98 nm. The diagonal resistivityrxx

as well as the Hall resistivityrxy were obtained from
the linear relationship in theI-V characteristics using
a four-probe dc method. The source-drain current a
the potential difference across the two potential prob
separated by 1.5 mm were limited below 10 nA an
0.4 mV, respectively. The sample was mounted on
rotatory thermal stage in a dilution refrigerator togeth
with a GaAs Hall generator and a RuO2 resistance
thermometer calibrated in magnetic fields [13].

As shown in Fig. 1, the MIT is clearly observed in a
zero magnetic field. The critical value ofrxx at the MIT is
55 kV. It is close torc , 2hye2 reported by Kravchenko
et al. [1]. A high magnetic field of 9 T parallel to the 2D
plane drastically increasesrxx and eliminates the positive
temperature dependence even in the low-rxx region [14].
The disappearance of the MIT due to the parallel magne
field seems to resemble that induced by increasing disor
reported by Popovic´ et al. [2].

In noninteracting degenerate 2D Fermi gases, the s
polarizationp increases linearly with the total strength
Btot of the magnetic field forp , 1 and reachesp  1 at
the critical magnetic field ofBc  2p h̄2NsymBgygpmp.
Here,mB is the Bohr magnetonsh̄ey2med. The valley
degeneracygy is 2 on the (001) surface of silicon and
the effectiveg factor gp is 2.0 in the conduction band
in silicon [15]. According to Landau’s Fermi liquid
theory, thee-e interaction changes the effectiveg factor
and mass of electrons (or quasiparticles) into enhanc
values denoted bygFL and mFL, and reduces the critical
magnetic field.
© 1999 The American Physical Society 3875
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FIG. 1. Diagonal resistivity as a function of electron con
centration for different temperatures in a zero magnetic fie
(closed symbols) and in a parallel magnetic field of9 T (open
symbols).

The product ofgFL andmFL in (001) Si-MOSFET’s can
be determined from the Shubnikov–de Haas oscillations
tilted magnetic fields [16]. Figure 2 shows the diagon
conductivity sxx  rxxysr2

xx 1 r2
xyd divided by eNs for

various angles of the magnetic field to the 2D plane. Th
normal componentB' of the magnetic field is fixed at
0.80 T. The upper abscissa is given by a half of th
Landau level filling factorn  Nsf0yB' (f0  hye)
taking into account the valley degeneracygy  2. We
ignore the valley splitting energy since no indicatio
is observed atn  odd. For Btot  0.80 T, sxxyeNs

takes minima at even numbers ofny2 where the Fermi
energy is located at the middle of a gap between Land

FIG. 2. Shubnikov–de Haas oscillations atB'  0.80 T and
T  0.31 K for variousBtot.
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levels having different Landau quantum numbers a
spin indexes. This energy gapDEeven  h̄eB'ymFL 2

gFLmBBtot decreases withBtot, and the minima insxxyeNs

at even numbers ofny2 fade away at higherBtot due to
the level broadening. On the other hand, the spin splitti
DEodd  gFLmBBtot increases withBtot and the minima
in sxxyeNs at odd numbers ofny2 become clearer. We
have evaluated the critical angleuc of the magnetic field to
the 2D plane whereDEodd becomes equal toDEeven from
comparing the depth of the minimum insxxyeNs at an
odd-number ofny2 with the average of those atny2 2 1
andny2 1 1 for various values ofBtot. We assumed that
the level broadening is a smooth function or independe
of n. Thus we havegFLmFL  meB'yBtot  me sinuc.

In Fig. 3, we show the ratio ofgFLmFL to gpmp

in the noninteracting system. The enhancement fac
a  gFLmFLy0.38me increases monotonically with the
strength of thee-e interaction. Results on much lowe
mobility samples measured in higher magnetic fields
Fang and Stiles [16] are also plotted. NoB' dependence
is found between our results at0.8 and at 1.2 T. We
believe that these values ofB' are small enough and
gFLmFL was determined in the limit ofB'  0. While
B' may cause a small oscillation of the effectiveg factor
with the maximagmax

FL at ny2  odd and the minimagmin
FL

at ny2  even [17],gFLmFL determined from the critical
angle for DEodd  DEeven is related to the average o
gmax

FL and gmin
FL . The present method cannot be use

in the large-rs region wheregFLmFLyme exceeds unity
(a . 2.63). We use a simple extrapolation function

a 2 1  0.2212rs 1 0.003 973r2
s (1)

represented by the solid line in Fig. 3. The critica

FIG. 3. The enhancement factora  gFLmFLy0.38me vs the
strength of the electron-electron interaction. The inset sho
the critical magnetic fieldBc calculated using Eq. (1).
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magnetic fieldBc  2p h̄2NsymBgygFLmFL is calculated
using (1) as shown in the inset to Fig. 3.

In Fig. 4, rxx at T  0.21 K in the parallel magnetic
field (B'  0) is shown. The diagonal resistivityrxx

increases withBtot in the low-Btot region, but it takes
almost constant values in the high-Btot region. The
saturation ofrxx occurs aroundBtot  Bc at which the
spin polarization is expected to be completed. The res
indicates that the mixing of the different spin states caus
the reduction ofrxx in the low-Btot region. The dashed
line represents the critical value ofrxx at the MIT. It
was tentatively determined from the sign of the change
rxx from T  0.21 to 0.91 K. The positive temperature
dependence ofrxx below 1 K was not observed for
Btot . Bc. The positiveT dependence ofrxx in the low-
Btot region may arise from the scattering related to th
spin degree of freedom.

The most important finding has been obtained b
rotating the sample in the magnetic field. Results
Ns  1.46 3 1015 m22 are shown in Fig. 5. We focus
on therxx oscillation that appears in the low-B' region,
while the rxxsB'd curves for differentBtot approach
each other in the higher-B' region (not shown in Fig. 5)
and converge on a single curve forB'yNsf0 . 0.5
with two deep minima atB'yNsf0  0.5 (n  2) and
B'yNsf0  1.0 (n  1) as reported by Kravchenkoet
al. [18]. Unlike ordinary Shubnikov–de Haas oscillation
that showrxx minima at fixed points withn  integer,
the rxx minima indicated by the black arrows and th
white arrows in Fig. 5 shift toward the high-B' side as
Btot increases. Such peculiar behavior was also observ
for lower Ns down to1.02 3 1015 m22.

FIG. 4. Resistivity vsBtotyBc at T  0.21 K andB'  0 for
variousNs. The dashed line represents the critical value ofrxx
at the MIT determined from temperature dependence betwe
0.21 and 0.91 K.
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In Fig. 6, the positions of therxx minima for various
Ns are shown. BothB' and Btot are normalized by
Nsf0 and Bc, respectively. The closed (open) symbols
correspond to the black (white) arrows in Fig. 5. The
value of B'yNsf0 increases linearly withBtotyBc for
BtotyBc , 1, but saturates forBtotyBc . 1 where the
spin polarization is expected to be completed. We link
this behavior to the concentrationN" of electrons having
an up spin. Assuming that a change inp by B'

is negligible in the low-B' region, we haveN"yNs 
s1 1 BtotyBcdy2 for BtotyBc , 1 and N"yNs  1 for
BtotyBc . 1. All the data are distributed along the solid
line or the dashed line on which the number of the flux
quantum per “spin-up” electron takes a constant value o
B'yN"f0  0.265 or 0.172.

One may attribute the observedrxx minima to the Shub-
nikov–de Haas oscillation produced by spin-up electrons
Actually, the effective Landau level filling factor of spin-
up electronsN"f0yB' at therxx minima is close to an even
number of 4 or 6. Note that we have the valley degenerac
gy  2 in this system. It is expected thatrxx also takes
minima at even numbers of the effective Landau level fill
ing factor of spin-down electrons. However, we observe
no feature even forN#f0yB'  2 represented by the dot-
ted line in Fig. 6. The disappearance ofrxx minima related
to spin-down electrons implies that spin-down electrons d
not contribute to the conduction owing to localization or
large scattering rate. If that is the case, one should acce
an unusual negative dependence of the mobility of spin-u
electrons on the carrier concentrationN" since the value
of rxx steeply increases with the spin polarization. The
rxx minimum atB'yN"f0 ø 0.265 appears even in the

FIG. 5. Diagonal resistivity vs normal component of the
magnetic field atT  0.31 K and Ns  1.46 3 1015 m22 for
several values ofBtot.
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FIG. 6. Positions of therxx minima for various Ns are
plotted. The solid and dashed lines representB'yN"f0 
0.265 and B'yN"f0  0.172, respectively. The dotted line
representsB'yN#f0  0.5.

insulating region withrxx , 106 V, where the Landau
level separation is considered to be entirely smeared o
by the level broadening. Further consideration is requir
to explain the results consistently.

Finally, we also propose a quite different interpretatio
of therxx minima. In previous work [12,13], we investi-
gated the activation energy in the insulating phase whi
depends onB' and Btot. Oscillatory behavior linked
with B'yNsf0 was explained using a model based o
the Aharonov-Bohm effect on the exchange of electro
localized in the pinned Wigner solid [19]. This mode
may be partly applied to the present case if one assum
that spin-up electrons are localized and form an order
state in the real space like a Wigner solid. Then, theBtot
dependence ofrxx can be understood as a result of th
change in the concentration of spin-down electrons whi
carry the charge. While we at this stage do not identi
the origin of therxx minima specifically, we consider that
the effect of the magnetic flux on the system of spin-u
electrons can cause an oscillatory perturbation in the m
bility of spin-down electrons through some interactions.

In summary, we have studied the magnetotransport
a high mobility Si-MOSFET at electron concentration
around the MIT. The relationship between the resistivi
and the spin polarization indicates that the mixing o
the different spin states is important for the metalli
conduction. We also found therxx minima in theB'

dependence, which should be related to the concentrat
of “spin-up” electrons.
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