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Spin polarization of strongly interacting two-dimensional electrons: The role of disorder
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In high-mobility silicon metal-oxide-semiconductor field-effect transistors, theg* m* inferred indirectly
from magnetoconductance and magnetoresistance measurements with the assumption thatg* mBHs52EF are
in surprisingly good agreement withg* m* obtained by direct measurement of Shubnikov–de Haas oscilla-
tions. The enhanced susceptibilityx* }(g* m* ) exhibits critical behavior of the formx* }(n2n0)2a. We
examine the significance of the field scaleHs derived from transport measurements, and show that this field
signals the onset of full spin polarization only in the absence of disorder. Our results suggest that disorder
becomes increasingly important as the electron density is reduced toward the transition.
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Two-dimensional ~2D! systems of electrons1–3 and
holes4–6 have attracted a great deal of attention during
last few years. In contrast to expectations for noninteracti7

or weakly interacting8 electrons in two dimensions, thes
strongly interacting systems exhibit metallic behavior in t
absence of a magnetic field: above some characteristic e
tron ~hole! density,nc , their resistivities decrease with de
creasing temperature. Whether there is a genuine met
phase and a true metal-insulator transition in these mate
continues to be the subject of lively debate.9

Experimental results have been obtained in the 2D sys
of electrons in silicon metal-oxide-semiconductor field-effe
transistors~MOSFET’s! that indicate that the response to
magnetic field applied in the plane of the electrons increa
dramatically as the electron density is decreased towardnc .
Based on a study of the scaled magnetoconductance
function of temperature and electron density, Vitkalovet al.10

have identified an energy scaleD that decreases with de
creasing density and extrapolates to zero in the limitT→0 at
a densityn0 in the vicinity of nc ; this was interpreted a
evidence of a quantum phase transition atn0. From studies at
very low temperatures of the magnetoresistance as a func
of electron density, Shashkinet al.11 inferred that the two-
dimensional system of electrons in silicon inversion lay
approaches a ferromagnetic instability at the critical den
nc for the zero-field metal-insulator transition. From a det
mination of the enhanced spin susceptibility derived fro
Shubnikov–de Haas measurements down to low densi
Pudalovet al.12 have claimed there is no spontaneous s
polarization for electron densities aboven58.3431010

cm22'nc , although they could not exclude this for lowe
densities. The possibility that a magnetically ordered ph
exists in the limitT→0 in dilute two-dimensional silicon
inversion layers is intriguing and bears further inve
tigation.

In this paper we show that there is very good agreem
between values reported forg* m* as a function of electron
density in high-mobility silicon MOSFET’s obtained direct
from measurements of the Shubnikov–de Haas oscillatio12

and those inferred indirectly from magnetoconductance
0163-1829/2002/65~20!/201106~4!/$20.00 65 2011
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magnetoresistance measurements by two different group
ing different methods of analysis and the assumption t
g* mBHs52EF .10,11,13Hereg* is the enhancedg factor,m*
is the enhanced electron mass,mB is Boltzmann’s factor,EF
is the Fermi energy, andHs is a characteristic field scal
determined by different methods from in-plane ma
netoconductance10 and magnetoresistance11 experiments. The
enhanced susceptibilityx* }(g* m* ) exhibits critical behav-
ior of the formx* }(n2n0)2a. Data from the three experi
mental groups yield exponentsa of 0.23, 0.24, and 0.27, an
critical densities between 0.8831011 and 1.0431011 cm22.
We examine the significance of the field scaleHs , and show
that this field signals the onset of full spin polarization on
in the absence of disorder. Our results suggest that diso
becomes increasingly important as the electron densit
reduced toward the transition.

Measurements were taken on three silicon MOSFET
two of which have mobilitiesm'25 000 V/(cm2 s) and the
third m'30 000 V/(cm2 s) at 0.3 K. Data were obtaine
using standard four-terminal ac techniques on samples
split-gate geometry to 12 T at City College and in fields up
20 T at the National Magnetic Field Laboratory. Data we
taken in the linear regime down to 100 mK using small c
rents on the order of 1–5 nA to prevent overheating
electrons. The Hall voltage was used to align the 2D elect
plane parallel to the external magnetic field with an accur
better than 1°. The change in longitudinal conductivity d
to an unintentional Hall component isds/s52rH

2 /r2.14 For
a 1° misalignment, the fractional change is less than 1024 at
electron densityn50.9431011 cm22, which is negligible.

Measurements of Shubnikov–de Haas oscillations
high-mobility silicon MOSFET’s with high electron densitie
have shown that the magnetic field required to achieve c
plete polarization of the electron spins is approximately
same as that required to saturate the magnetoresistance
constant value.15–17 Similar results have been reported f
p-GaAs.18 For the relatively high densities used in these e
periments, the fieldHr correponding to saturation of th
magnetoresistance is approximately the same as the fieldHs

above which there is apparent saturation of the magneto
©2002 The American Physical Society06-1
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ductance. As we show below, this equivalence breaks d
at lower densities. A clear example is illustrated in Fig.
where the resistivity and conductivity are shown as a fu
tion of in-plane magnetic field for a silicon MOSFET wit
electron density near the critical density,nc , for the metal-
insulator transition. The saturation fieldHr derived from the
resistivity is considerably larger than the fieldHs above
which the conductivity saturates. This can be underst
with reference to the band diagrams shown as insets to
1. In the absence of disorder, all electron states are exten
band tailing plays a negligible role, and full spin polarizati
is achieved when the Zeeman energy is sufficient to co
pletely depopulate the minority spin band,

g* mBHband52EF , ~1!

whereg* is the enhancedg factor,mB is Boltzmann’s factor,
Hband is the magnetic field required to fully polarize th
system in the absence of disorder, andEF is the Fermi en-
ergy. Disorder is weak at high electron densities and
expectsHband'Hr'Hs .

As the density is decreased and disorder and the band
become more important, complete spin alignment requ
the application of a larger magnetic field to fully polarize t
tail states as well as the extended states,

g* mBHtail 1band52EF1d, ~2!

FIG. 1. For a silicon MOSFET with electron density 0.9
31011 cm22, the conductivity~left curve! and resistivity ~right
curve! are shown as a function of in-plane magnetic field at te
peratureT50.26 K. The saturation fields, labeledHr and Hs ,
were obtained from the intersection of a line drawn through the
field data and a line drawn through the high field data, as sho
The insets show schematic diagrams of the electron bands~see text
for discussion!.
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where we have assumed the band tail has an effective en
width d.19

Except very near the transition, the number of states in
band tails in the case of samples of reasonably high mob
is much smaller than the number of extended states; at
same time, the energy widthd becomes appreciable as th
density decreases and the disorder increases. The field
quired to align the electrons in the higher mobility ba
states can thus differ substantially from the magnetic fi
needed to polarizeall the electrons.20 While the~small num-
ber of! tail states make a minor contribution, the effect of t
tail states on the position of the intersection point is mu
less important for the conductivity than for the resistivi
when these are plotted as a function of magnetic field. C
sequently,Hr.Hs as is evident in Fig. 1. We suggest th
Hs'Hband andHr'Htail 1band.

The fractional difference betweenHr and Hs , DH/H
5(Hr2Hs)/Hs , is shown as a function of electron densi
in Fig. 2; DH/H increases rapidly with decreasing electr
density when disorder becomes more dominant. The quan
2/s is plotted for comparison through the following arg
ment. For weak scattering, the parameterd is of the order of
the scattering rate,d;\/t. With Eqs.~1! and~2!, this gives
DH/H5d/2EF5\/2(EFt). Using the expression for the
Drude conductivity s5ne2t/m* , and the Fermi energy
EF /\5(nh)/gvgsm* with a valley degeneracygv52 and
spin degeneracygs52, one obtainsDH/H5(e2/h)(2/s).
The correlation betweenDH/H and 2/s is evident in Fig. 2.

In an earlier paper,10 we showed that the magnetocondu
tance of silicon MOSFET’s can be scaled onto a single cu
by plotting @s(H)2s(0)#/@s(H5`)2s(0)# as a function
of H/Hs . The parameterHs obtained by this method is pro
portional toHs discussed above. For high densities whe
disorder plays a small role, the magnetic fieldHs needed to

-

n.

FIG. 2. The fractional difference (Hr2Hs)/Hs ~open symbols!
and 2/s ~closed symbols! versus electron density;Hr and Hs are
the saturation fields deduced from resistivity and conductiv
curves, respectively. The open circles and closed symbols refe
data taken at 0.26 K. The open squares are data obtained at 0.1
a different MOSFET.
6-2
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saturate the conductivity is very nearly equal to the fi
required to obtain full spin polarization. At lower densitie
the saturation fields deduced from the resistivity and the c
ductivity are not the same, and we have argued that the
ference is associated with the effect of electrons in the st
in the band tails. We have suggested thatHs is the magnetic
field required to polarize the band states; the Zeeman en
andg* m* are then given by Eq.~1! with Hband5Hs . The
tail states remain unpolarized inH5Hs . However, except
perhaps very near the transition~or in samples of very low
mobility!, they represent a small fraction of the electrons,
that the system is close to full spin polarization.

Figure 3 shows 2m0 /m* g* 5x0 /x* as a function of
electron densityns obtained from our data,10 by Sashkin
et al.,11 and Pudalovet al.12 Here x* /x0 is the enhanced
susceptibility normalized to its free electron value, a
x0 /x* is its inverse. The closed circles denote values
tained from scaling our data for the in-plane magnetocond
tance and the assumption thatg* mBHs52EF ; the open
circles were obtained by Shashkinet al.11 from magnetore-
sistance measurements using a different data-fitting pr

FIG. 3. The inverse of the enhanced susceptibilityx0 /x* versus
electron density obtained by Vitkalovet al.,10 Shashkinet al.,11 and
Pudalovet al.12 Data are normalized to the Shubnikov–de Ha
values at high densities. The curve is a fit to the critical fo
x0 /x* 5A(n2n0)a for the data of Ref. 10~excluding the point
shown atx0 /x* 50).
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dure and the same assumption as above; the squares are
direct Shubnikov–de Haas measurements of Pudalovet al.12

The data of Shashkinet al. decrease somewhat more rapid
at low densities than the others. However, the three sets
tained by different groups using different measurements
different methods of analysis agree surprisingly well. Aga
this indicates that the small number of states in the band
in high-mobility MOSFET’s play a neglibible role. A fit to
the critical form

x0 /x* }~n2n0!a, ~3!

yields the following values for the three data sets conside
for the Shubnikov–de Haas data of Pudalovet al.12 a
50.23, n050.9631011 cm22; for the magnetoconductanc
data of Shashkinet al.11 a50.27, n051.0431011 cm22;
and for our data10 a50.24, n050.8831011 cm22.

We have argued above that for high-mobility samples,
difference (Hr2Hs) is associated with the effect of a sma
fraction of the electrons in the band tails. The characteri
field Hs obtained in our earlier work was determined fro
scaling the magnetoconductance, which is a measure o
field required to align the band states while leaving a f
electrons in the tail states unpolarized. Shashkinet al. deter-
mined a field scale by matching magnetoresistance dat
low magnetic fields; close examination shows that this p
cedure does not produce a match at high fields~note that
their data are shown on a logarithmic scale, which deemp
sizes differences between the curves at high values of m
netic field!. Both methods are sensitive to the contribution
the extended state and minimize the effect of the states in
band tails. These procedures yield reliable measures for
behavior of the system at high electron densities where
order does not play an important role. This accounts for
surprisingly good agreement between theg* m* obtained
from transport experiments and those found by direct m
surement of the Shubnikov–de Haas oscillations. At den
ties very near the transition~and for very low mobility MOS-
FET’s! one should expect this correspondence to break do
as disorder becomes more dominant. We suggest that an
derstanding of any phase transition that occurs in this reg
must incorporate the effect of disorder in a central way.

We thank M. Gershenson and S. V. Kravchenko for p
viding data for Fig. 3. This work was supported by the U
Department of Energy under Grant No. DE-FG0
84ER45153.
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