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Spin polarization and metallic behavior in a silicon two-dimensional electron system
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We have studied the magnetic and transport properties of an ultralow-resistivity two-dimensional electron
system in a Si/SiGe quantum well. The spin polarization increases linearly with the in-plane magnetic field and
the enhancement of the spin susceptibility is consistent with that in Si-MOS structures. Temperature depen-
dence of resistivity remains metallic even in strong magnetic fields where the spin degree of freedom is frozen
out. We also found a magnetoresistance anisotropy with respect to an angle between the current and the
in-plane magnetic field.
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Strongly correlated two-dimensional~2D! systems have
attracted a great deal of attention in the last decade. Met
temperature dependence of resistivityr(T) has been ob-
served in a number of 2D systems wherer s ~the ratio of
Coulomb interaction energy to Fermi energy! is large.1 Al-
though various theories have been proposed to explain
metallic behavior, its origin is still a subject of great deba
Suppression of the metallic behavior by a strong magn
field applied parallel to the 2D plane has been reported
2D electron systems in silicon metal-oxide-semiconduc
~Si-MOS! structures2,3 and 2D hole systems in GaAs
AlGaAs heterostructures.4–6 Since the in-plane magneti
field Buu does not couple to the 2D motion of carriers, t
Buu-induced metal-insulator transition~MIT ! is related to the
spin of electrons~or holes!.

The spin polarization in 2D Fermi liquid is given byP
5mBgvgFLmFLBuu/2p\2Ns . Here,mB is the Bohr magneton
gv is the valley degeneracy, andNs is the carrier concentra
tion. The effectiveg-factor gFL and the effective massmFL
are expected to be enhanced because of the interaction e
and larger than the band values ofgb andmb . The enhance-
ment factor a5gFLmFL /gbmb determined from
Shubnikov-de Haas~SdH! oscillations was found to increas
with r s in 2D electron systems in Si-MOS structures7–10 and
a GaAs/AlGaAs heterostructure.11 The enhancement of th
spin susceptibility leads to the reduction of the critical ma
netic fieldBc for the full spin polarization (P→1). Satura-
tion of positive in-plane magnetoresistance~or sharp de-
crease indr/dBuu) was associated with the onset of the fu
spin polarization at the reduced critical magnetic field.5,7,12,13

Recently, Zhuet al.11 observed a nonlinearBuu-dependence
of P in a GaAs 2D electron system and explained the d
crepancy betweena determined fromBc and from SdH os-
cillations at low magnetic fields. It is not clear yet, howev
whether this nonlinearity arises from intrinsic properties
2D systems or material-dependent properties, such as
spin–orbit interaction.12 In silicon 2D electron systems, th
Bychkov-Rashba spin–orbit parameter14,15 is three orders of
magnitude smaller than in 2D systems based on III–V se
conductors and the bandg-factor gb is 2.00.16 In Si-MOS
structures, however, it is possible that disorder crucia
changes the spin state of 2D electrons. Pudalovet al. dem-
onstrated that the in-plane magnetic field, at which the m
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netoresistance saturates, depends on the peak mobility o
MOS samples.17

In this paper, we report magnetotransport measurem
on a silicon 2D electron system with a mobility two orde
higher than that of high-mobility Si-MOS samples. The i
plane magnetoresistance shows a kink corresponding to
onset of the spin polarization and an anisotropy with resp
to an angle between the current and the magnetic field.
obtain a linear relationship betweenP and Buu for Buu<Bc

and r s-dependence ofa consistent with the results on S
MOS samples. Metallic temperature dependence of resis
ity remains even in strong in-plane magnetic fields aboveBc

in contrast to other systems where it is suppressed before
full spin polarization.

We use a Si/SiGe double heterostructure sample wit
20-nm-thick strained Si channel sandwiched between rela
Si0.8Ge0.2 layers.18,19 The electrons are provided by a S
d-doped layer 20 nm above the channel. The 2D elect
concentrationNs can be controlled by varying bias voltage
a p-type Si ~001! substrate 2.1mm below the channel at 20
K and determined from the Hall coefficient at low temper
tures. The 2D electron system has a high mobility ofm
566 m2/V s at Ns52.231015 m22 ~at zero substrate bia
voltage! and T50.36 K. Standard four-probe resistivit
measurements were performed for a 600350 mm2 Hall bar
sample mounted on a rotatory stage in a pumped3He refrig-
erator together with a GaAs Hall generator and resista
thermometers.

In Fig. 1, we show the temperature dependence of re
tivity in the Si/SiGe sample and a Si-MOS sample. The lat
has a peak mobility ofmpeak52.4 m2/V s and exhibits an
apparent MIT.7 The Fermi temperature is given byTF
52p\2Ns /gsgvkBmFL , where we have the spin degenera
gs52 at B50 andgv52 for the ~001! silicon 2D electron
systems. The effective massmFL enhanced from the ban
mass ofmb50.19me ~Ref. 20! is obtained from Ref. 9. In the
Si/SiGe sample, the contribution of phonon scattering tor
~Ref. 21! is not negligible at high temperatures, but it is n
important in the low temperature region ofT&0.5TF where
the strong metallic temperature dependence is observed
though the resistivity drop at low temperatures in the Si/Si
sample is rather weaker than that in the Si-MOS sample
©2004 The American Physical Society02-1
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served in the vicinity of the MIT, the overall behavior of th
T-dependence curves~or T/TF-dependences! are similar. The
common feature ofT-dependence ofr suggests that the ori
gin of the metallic behavior is the same in these two types
silicon 2D electron systems having quite different structu
and mobilities.

Figure 2 shows the in-plane magnetoresistance in the
SiGe sample. We observe an abrupt change in the slop

FIG. 1. Temperature dependence of resistivity atB50. The
closed symbols are for the Si/SiGe sample and the open symbo
a Si-MOS sample used in Ref. 7. The dotted lines markT50.5TF

or T5TF . The contribution of phonon-scattering tor in the Si/
SiGe sample is calculated based on Ref. 21 and subtracted from
experimental data~dashed lines!.

FIG. 2. Resistivity at 0.36 K~except the dashed line at 3.6 K! as
a function of the in-plane magnetic field for different electron co
centrationsNs(1015 m22). The closed symbols are for the curre
orientation of j'B and the open symbols forj iB. The arrows in-
dicate the critical magnetic field for the full spin polarization.
04120
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the r vs Buu curve indicated by arrows. As will be discusse
later, it corresponds to the onset of the full spin polarizat
of the 2D electrons. This kink is smeared out at high te
peratures. The magnetoresistance depends on the curren
entation with respect to the in-plane magnetic field and i
larger for j iB than for j'B. A similar anisotropy was also
found in a Si-MOS sample17 although it was smaller than
that in the Si/SiGe sample. Besides the contribution of
spin polarization that makes the kink, we should take
count of the contribution of the orbital effect to the in-plan
magnetoresistance owing to the finite thickness of the
systems. The orbital effect is expected to be stronger in
wide quantum well (520 nm) in the Si/SiGe sample than i
the narrow channel (,10 nm) in Si-MOS structures. We
consider that the anisotropy arises from the orbital effect
the classical view, on the other hand, a magnetic field d
not affect the current flowing parallel to it and we simp
expect smaller magnetoresistance forj iB. The opposite an-
isotropy observed in silicon 2D systems is an open quest

The spin polarizationP is determined from SdH oscilla
tions as a function of the total strengthBtot of the magnetic
field.5,7,12,23 By rotating the sample in a constant magne
field, we introduce the perpendicular componentB' and ob-
serve an oscillation of the diagonal resistivityrxx as shown
in Fig. 3~a!. Therxx minima indicated by arrows shift towar
higher-B' side asBtot increases. This feature is associat
with the concentrationN↑ of spin-up electrons. The observe
rxx minima correspond toB'5N↑h/ igve with i 52 or 3. In
Fig. 3~b!, we show the spin polarizationP52N↑ /Ns21 as a
function of Btot . No systematic differences are found b
tween the data fori 52 and i 53. We believe thatB' used
here is small enough andP is determined in the limit of

for

the

-

FIG. 3. ~a! Shubnikov-de Haas oscillations atT50.36 K and
Ns51.0031015 m22 for different Btot . ~b! The spin polarization
obtained fromB' at therxx minima.
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B'50 (Btot5Buu). It is confirmed that the increase inP satu-
rates atBc determined from the magnetoresistance cu
shown in Fig. 2. The observed linear relationship ofP with
Buu for Buu<Bc demonstrates thata5gFLmFL /gbmb does not
depend onP in contrast to the case of a GaAs 2D electr
system.11

In Fig. 4,a determined fromBc is shown as a function o
r s5p1/2(e/h)2(mb /ke0)Ns

21/2. The relative dielectric con-
stantk511.5 is used for the silicon quantum well.24 In Refs.
7 and 9,a in Si-MOS structures was obtained from Sd
oscillations andr s was calculated fromNs using k57.7,
average relative dielectric constant of silicon and SiO2.22

a(r s) in this work is almost consistent with Refs. 7 and 9 b
slightly (;10%) higher. This difference may arise from a
overestimation ofr s in Si-MOS structures. The average di
tance of electrons from the Si/SiO2 interface is calculated to
be z0'3 nm in the range ofNs52 –431015 m22.22 It is
smaller than, but comparable to the average distance betw
electrons (pNs)

21/2;10 nm. Thus the relative dielectri
constant should be effectively larger than 7.7. We estim
the effective value ofk from the calculation of the Coulomb
force between electrons located at the distancez0 away from
the interface and separated each other by (pNs)

21/2. This
correction leads to smallerr s and better agreement ofa(r s)
with the present data for the Si/SiGe sample.

Figure 5 shows the dependence ofr on T/TF in strong
in-plane magnetic fields aboveBc . TF is given for the full
spin polarization (gs51) andP is calculated from the Ferm
distribution function. The apparent metallic behavior is o
served at low temperatures, where the spin of electron
almost polarized. It is in contrast to the results on Si-MO

FIG. 4. r s dependence ofa5gFLmFL /gbmb . The closed and
open circles are determined fromBc in the magnetoresistanc
shown in Fig. 2 usingBc52p\2Ns /mBgvgFLmFL . The solid line
shows the experimental data on Si-MOS structures withk57.7.
~Refs. 7 and 9! Ns is also indicated for the silicon quantum we
(k511.5) and for Si-MOS structures (k57.7). The dashed line is
after the correction ofk ~see text!.
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structures2,3 and p-type GaAs/AlGaAs heterostructures4–6

where the metallic behavior disappears before the full s
polarization even for resistivity much lower than the critic
resistivity (;h/e2) at the MIT in the absence of a magnet
field. In Fig. 6, we propose a schematic phase diagram
T-dependence ofr in low-resistivity (r&h/e2) and strongly-
correlated (r s@1) 2D systems. We consider that the intern
degree of freedom is essential for the metallic behavior.
the case of Si-MOS structures, the metallic behavior is
served atB50 in samples having a high peak mobilit
(mpeak*2 m2/V s).1 The strong in-plane magnetic fiel
changes the degeneracy factorgsgv from 4 to 2 and sup-
presses the metallic behavior. This indicates that the crit
level of disorder is lower forgsgv52 than that forgsgv
54. The metallic behavior withgsgv52 can be observed in
the heterostructure systems with much higher mobility th
that of Si-MOS samples. We havegs52 andgv51 in GaAs
2D hole systems atB50, andgs51 andgv52 in silicon 2D
electron systems atBuu.Bc .25 Since theBuu-induced MIT is

FIG. 5. r vs T/TF in in-plane magnetic fields aboveBc :Buu
59 T for Ns51.00 and 1.0331015 m22, and Buu511 T for Ns

51.34 and 1.6931015 m22. The spin polarizationP is indicated for
eachNs . The contribution of phonon-scattering is calculated bas
on Ref. 21 and subtracted from the experimental data~dashed
lines!.

FIG. 6. Schematic phase diagram forT-dependence ofr in low-
resistivity and strongly-correlated 2D systems.
2-3
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observed even in high-mobility GaAs 2D hole systems,5 the
critical level of disorder, if exists, is expected to be very lo
for gsgv51.

In summary, we have studied the spin polarization a
T-dependence of resistivity in an ultrahigh-mobility Si/SiG
heterostructure sample. The spin polarization increases
early with the in-plane magnetic field in contrast to the ca
of a GaAs 2D electrons system and ther s-dependence of the
spin susceptibility is consistent with the previous measu
ments on Si-MOS samples. We observed apparent met
to
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T-dependence ofr for Bi.Bc in contrast to other system
where it disappears before the full spin polarization. We c
sider that this is owing to high mobility~low disorder! and
the valley degree of freedom in the Si/SiGe sample. A re
tance anisotropy with respect to an angle between the cur
and the in-plane magnetic field is also found.

We thank Professor Y. Shiraki for providing us with th
Si/SiGe sample. This work is supported in part by Grants-
Aid for Scientific Research from the Ministry of Educatio
Science, Sports, and Culture, Japan.
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