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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 mobility
silicon inversion layer which shows the metal-insulator transition. Increase in the resistivity in a parallel
magnetic field reaches saturation at the critical field for the full polarization evaluated from an analysis
of low-field Shubnikov—de Haas oscillations. By rotating the sample at various total strength of the
magnetic field, we found that the normal component of the magnetic field at minima in the diagonal
resistivity increases linearly with the concentration of “spin-up” electrons. [S0031-9007(99)09119-X]

PACS numbers: 71.30.+h, 73.40.Hm, 73.40.Qv

A metal-insulator transition (MIT) observed in Si netic field. HereN; and N, are the concentrations of
metal-oxide-semiconductor field-effect transistors [1,2]electrons having an up spin and a down spin, respec-
(Si-MOSFET'’s) and other systems [3—6] attracts a greatively (N, = N; + Nj). In the present work, we inves-
deal of attention since it seems to contradict an importantigate the low temperature conduction in a high mobility
result of the scaling theory by Abraharesal. [7] that the  SI-MOSFET for various values gf.
conductance of a disordered two-dimensional (2D) system The Si-MOSFET sample used has a peak electron
at zero magnetic field goes to zero for— 0. In the  mobility of wpeax = 2.4 m?/Vs atN, = 4 X 105 m 2
metallic phase in Si-MOSFET’s with high peak electronand T = 0.3 K. It has a Hall-bar geometry of total
mobilities of ppeax = 2 m?/Vs, the diagonal resistivity length 3 mm and width 0.3 mm. The estimated SiO
pxx Shows a sharp drop with decreasing temperaturéayer thickness is 98 nm. The diagonal resistiviy,
from about2 K [1]. Recent experiments [8,9] show as well as the Hall resistivity,, were obtained from
that magnetic fields applied parallel to the 2D planethe linear relationship in thd-V characteristics using
suppress the low temperature metallic conduction in Sia four-probe dc method. The source-drain current and
MOSFET'’s. Since the parallel magnetic field does notthe potential difference across the two potential probes
couple the orbital motion of electrons, this fact suggestseparated by 1.5 mm were limited below 10 nA and
an important role of the spin of electrons. However, the0.4 mV, respectively. The sample was mounted on a
mechanism of the conduction in the anomalous metallicotatory thermal stage in a dilution refrigerator together
phase is not clear yet. with a GaAs Hall generator and a RwpQesistance

The 2D systems that show the MIT [1-6] are char-thermometer calibrated in magnetic fields [13].
acterized by strong Coulomb interaction between elec- As shown in Fig. 1, the MIT is clearly observed in a
trons. The mean Coulomb energy per electtdn=  zero magnetic field. The critical value pf, at the MIT is
(wN,)2e? /4mreok is larger than the mean kinetic energy 55 kQ. Itis close top, ~ 2h/e? reported by Kravchenko
K = wmh*N,/m* by an order of the magnitude around theet al. [1]. A high magnetic field of 9 T parallel to the 2D
critical point for the MIT. Here)N, is the electron concen- plane drastically increasgs., and eliminates the positive
tration, « is the relative dielectric constant at the interface temperature dependence even in the jow-+region [14].
andm™ is the effective mass of electron. Itis estimated thafThe disappearance of the MIT due to the parallel magnetic
U = 120K, K = 14 K, and the ratior; = U/K = 83 field seems to resemble that induced by increasing disorder
for k = 7.7 andm* = 0.19m, atN, = 1 X 10° m~2in  reported by Popoviet al. [2].

Si-MOSFET’s. The ground state of the insulating phase of In noninteracting degenerate 2D Fermi gases, the spin
high mobility Si-MOSFET's is considered to be a pinnedpolarization p increases linearly with the total strength
Wigner solid (WS) [10,11]. Magnetic field dependence ofB; of the magnetic field fop < 1 and reachep = 1 at

the thermal activation energy observed for various anglethe critical magnetic field oB, = 27 AN,/ upg, g m*.

of the magnetic field was essentially explained by a modeHere, up is the Bohr magnetof=rie/2m.). The valley
based on magnetic interactions in the pinned WS [12,13]degeneracyg, is 2 on the (001) surface of silicon and
Although the quantum fluctuations change the 2D systerthe effectiveg factor ¢g* is 2.0 in the conduction band
into a liquid at higherNy, electron-electrone(-g interac- in silicon [15]. According to Landau’s Fermi liquid

tion is expected to be still important. theory, thee-e interaction changes the effectigefactor
In the conduction band of silicon, the spin-orbit inter- and mass of electrons (or quasiparticles) into enhanced
action is negligible and the spin polarizatipn= (N; —  values denoted byg. andmg;,, and reduces the critical

N)/N, can always be given in the direction to the mag-magnetic field.

0031-900799/82(19)/3875(4)$15.00  © 1999 The American Physical Society 3875



VOLUME 82, NUMBER 19

PHYSICAL REVIEW LETTERS

10 My 1999

10%¢

105 |

Pxx (Q)

10*

15
Ns(1015m-2)

FIG. 1. Diagonal resistivity as a function of electron con-

centration for different temperatures in a zero magnetic fieldyajieve that these values &,

(closed symbols) and in a parallel magnetic fielddf' (open
symbols).

The product ofgr. andmgy in (001) Si-MOSFET's can

levels having different Landau quantum numbers and
spin indexes. This energy gaPEcven = feB | /mp. —
grL BB decreases with,, and the minimainr,, /eN;
at even numbers of /2 fade away at higheB,, due to
the level broadening. On the other hand, the spin splitting
AEyqqa = grLMpBio INCreases withBy,, and the minima
in o,./eN, at odd numbers of /2 become clearer. We
have evaluated the critical angle of the magnetic field to
the 2D plane wherd E,qq becomes equal tAE.,, from
comparing the depth of the minimum im,,/eN; at an
odd-number ofv /2 with the average of those at/2 — 1
andv/2 + 1 for various values oB,,;. We assumed that
the level broadening is a smooth function or independent
of v. Thus we havegg mpL, = m.B | /By = m, Sinf,.

In Fig. 3, we show the ratio ofggppmp. to g*m*
in the noninteracting system. The enhancement factor
a = gromyp/0.38m, increases monotonically with the
strength of thee-e interaction. Results on much lower
mobility samples measured in higher magnetic fields by
Fang and Stiles [16] are also plotted. Mo dependence
is found between our results at8 and at1.2 T. We
are small enough and
grumpL, Was determined in the limit oB, = 0. While
B, may cause a small oscillation of the effectiydactor
with the maximaggy* at»/2 = odd and the minimgg; "
atv/2 = even [17],grLmgL determined from the critical

be determined from the Shubnikov—de Haas oscillations i@ngle for AE,qq = AE.., is related to the average of

tilted magnetic fields [16].
conductivity o, = p.c/(p2, + p2,) divided by eN; for

Figure 2 shows the diagonalg

max min

r.. and gg. . The present method cannot be used
in the larger, region whereggy mg /m,. exceeds unity

various angles of the magnetic field to the 2D plane. Thda > 2.63). We use a simple extrapolation function

normal componenB; of the magnetic field is fixed at

0.80 T. The upper abscissa is given by a half of the

Landau level filling factorv = Nydo/B1 (o = h/e)
taking into account the valley degeneragy = 2. We
ignore the valley splitting energy since no indication
is observed atr = odd. For By = 0.80 T, o, /eN;
takes minima at even numbers pf2 where the Fermi

energy is located at the middle of a gap between Landau
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FIG. 2. Shubnikov—de Haas oscillationsiat = 0.80 T and
T = 0.31 K for variousB,,.

3876

a — 1 =02212r; + 0.003973r2 (1)
represented by the solid line in Fig. 3. The critical
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FIG. 3. The enhancement factar = gg.mg/0.38m, vs the
strength of the electron-electron interaction. The inset shows
the critical magnetic field, calculated using Eq. (1).
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magnetic fieldB. = 27 h>N,/upg,grLmey iS calculated In Fig. 6, the positions of the,, minima for various
using (1) as shown in the inset to Fig. 3. N, are shown. BothB, and B, are normalized by

In Fig. 4, p,, at T = 0.21 K in the parallel magnetic N;¢(, and B,, respectively. The closed (open) symbols
field (B, = 0) is shown. The diagonal resistivity,,  correspond to the black (white) arrows in Fig. 5. The
increases withB,, in the low-B,, region, but it takes value of B, /N;¢, increases linearly withB,/B. for
almost constant values in the highs region. The B.y/B. < 1, but saturates foB,,/B. > 1 where the
saturation ofp,, occurs around,,;, = B. at which the spin polarization is expected to be completed. We link
spin polarization is expected to be completed. The resulhis behavior to the concentratiav of electrons having
indicates that the mixing of the different spin states causean up spin. Assuming that a change m by B,
the reduction ofp,, in the low-B, region. The dashed is negligible in the lowB, region, we haven;/N; =
line represents the critical value @f,, at the MIT. It (1 + By /B.)/2 for Bi/B. <1 and N;/N, =1 for
was tentatively determined from the sign of the change iB../B. > 1. All the data are distributed along the solid
pxx from T = 0.21 t0 0.91 K. The positive temperature line or the dashed line on which the number of the flux
dependence ofp,, below 1 K was not observed for quantum per “spin-up” electron takes a constant value of
Bt > B.. The positiveT dependence gb,, in the low- B, /Ny¢o = 0.265 or 0.172.

B« region may arise from the scattering related to the One may attribute the observpgd, minima to the Shub-
spin degree of freedom. nikov—de Haas oscillation produced by spin-up electrons.
The most important finding has been obtained byActually, the effective Landau level filling factor of spin-

rotating the sample in the magnetic field. Results aup electronsVi¢,/B, atthep,, minimais close to an even
N, = 1.46 X 10> m~2 are shown in Fig. 5. We focus number of 4 or 6. Note that we have the valley degeneracy
on thep,, oscillation that appears in the lo®: region, g, = 2 in this system. It is expected that, also takes
while the p..(B.) curves for differentB,, approach minima at even numbers of the effective Landau level fill-
each other in the highe®- region (not shown in Fig. 5) ing factor of spin-down electrons. However, we observed
and converge on a single curve fdr,/N;¢o > 0.5 no feature even foN,¢,/B, = 2 represented by the dot-
with two deep minima a8, /N;¢o = 0.5 (v = 2) and tedlineinFig. 6. The disappearancesgf minima related

B, /Nsdy = 1.0 (v = 1) as reported by Kravchenket to spin-down electrons implies that spin-down electrons do
al. [18]. Unlike ordinary Shubnikov—de Haas oscillations not contribute to the conduction owing to localization or
that showp,, minima at fixed points withv = integer,  large scattering rate. If that is the case, one should accept
the p,, minima indicated by the black arrows and the an unusual negative dependence of the mobility of spin-up
white arrows in Fig. 5 shift toward the high; side as electrons on the carrier concentratid since the value
B increases. Such peculiar behavior was also observeaf p,, steeply increases with the spin polarization. The

for lower N, down to1.02 X 10" m 2. Py MiNimum atB, /Ny¢po = 0.265 appears even in the
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FIG. 4. Resistivity vsB,,/B. atT = 0.21 K andB, = 0 for

variousN,;. The dashed line represents the critical valugpgf  FIG. 5. Diagonal resistivity vs normal component of the
at the MIT determined from temperature dependence betweemagnetic field aff’ = 0.31 K and N, = 1.46 X 10> m~?2 for
0.21 and 0.91 K. several values oB,.
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