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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, ghen* inferred indirectly
from magnetoconductance and magnetoresistance measurements with the assummfougtiat 2E; are
in surprisingly good agreement with* m* obtained by direct measurement of Shubnikov—de Haas oscilla-
tions. The enhanced susceptibiligy =< (g* m*) exhibits critical behavior of the forny* «(n—ng)~*. We
examine the significance of the field scélg 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 electrons® and  magnetoresistance measurements by two different groups us-
holed~% have attracted a great deal of attention during theng different methods of analysis and the assumption that
last few years. In contrast to expectations for noninteratingg* ugHs=2E¢ .****Hereg* is the enhanced factor,m*
or weakly interacting electrons in two dimensions, these is the enhanced electron mags, is Boltzmann’s factorEg
strongly interacting systems exhibit metallic behavior in theis the Fermi energy, an#lis is a characteristic field scale
absence of a magnetic field: above some characteristic eledetermined by different methods from in-plane mag-
tron (hole) density,n., their resistivities decrease with de- netoconductan¢€and magnetoresistariéexperiments. The
creasing temperature. Whether there is a genuine metallienhanced susceptibility* o« (g* m*) exhibits critical behav-
phase and a true metal-insulator transition in these materialsr of the form y* «c(n—ngy) ~“. Data from the three experi-
continues to be the subject of lively debate. mental groups yield exponenasof 0.23, 0.24, and 0.27, and

Experimental results have been obtained in the 2D systerritical densities between 0.880' and 1.04 10'* cm™2.
of electrons in silicon metal-oxide-semiconductor field-effectWe examine the significance of the field schlg, and show
transistors MOSFET'9 that indicate that the response to athat this field signals the onset of full spin polarization only
magnetic field applied in the plane of the electrons increaseis the absence of disorder. Our results suggest that disorder
dramatically as the electron density is decreased toward becomes increasingly important as the electron density is
Based on a study of the scaled magnetoconductance asreduced toward the transition.
function of temperature and electron density, Vitkaémal 1° Measurements were taken on three silicon MOSFET's,
have identified an energy scale that decreases with de- two of which have mobilitiegt~25000 V/(cnts) and the
creasing density and extrapolates to zero in the liit0 at  third ©~30000 V/(cnts) at 0.3 K. Data were obtained
a densityng in the vicinity of n;; this was interpreted as using standard four-terminal ac techniques on samples with
evidence of a quantum phase transitiom@tFrom studies at ~ split-gate geometry to 12 T at City College and in fields up to
very low temperatures of the magnetoresistance as a functid®20 T at the National Magnetic Field Laboratory. Data were
of electron density, Shashkiet al!! inferred that the two- taken in the linear regime down to 100 mK using small cur-
dimensional system of electrons in silicon inversion layersents on the order of 1-5 nA to prevent overheating the
approaches a ferromagnetic instability at the critical densityelectrons. The Hall voltage was used to align the 2D electron
n. for the zero-field metal-insulator transition. From a deter-plane parallel to the external magnetic field with an accuracy
mination of the enhanced spin susceptibility derived frombetter than 1°. The change in longitudinal conductivity due
Shubnikov—de Haas measurements down to low densitiesp an unintentional Hall component&r/zrz—pﬁ/pz.14 For
Pudalovet all? have claimed there is no spontaneous spina 1° misalignment, the fractional change is less thar*
polarization for electron densities above=8.34x 10"  electron density1=0.94x 10'* cm™2, which is negligible.
cm 2~n,, although they could not exclude this for lower — Measurements of Shubnikov—de Haas oscillations in
densities. The possibility that a magnetically ordered phashigh-mobility silicon MOSFET's with high electron densities
exists in the limitT—O0 in dilute two-dimensional silicon have shown that the magnetic field required to achieve com-
inversion layers is intriguing and bears further inves-plete polarization of the electron spins is approximately the
tigation. same as that required to saturate the magnetoresistance to a

In this paper we show that there is very good agreementonstant valué®>!’ Similar results have been reported for
between values reported fgk m* as a function of electron p-GaAs!® For the relatively high densities used in these ex-
density in high-mobility silicon MOSFET'’s obtained directly periments, the fieldH, correponding to saturation of the
from measurements of the Shubnikov—de Haas oscilldffons magnetoresistance is approximately the same as theHigld
and those inferred indirectly from magnetoconductance anebove which there is apparent saturation of the magnetocon-

0163-1829/2002/620)/2011064)/$20.00 65201106-1 ©2002 The American Physical Society



RAPID COMMUNICATIONS

S. A. VITKALOV, M. P. SARACHIK, AND T. M. KLAPWIJK PHYSICAL REVIEW B 65 201106R)

1 60 _IIIIIIII'I""|""|""|""|""
£ H=0T ugH=2E_ F 1

[ 150 I
25 ] N
F

© O
—~ E 0.8 -
.S 4 40 v
N 2 &

S ~
£ 2 =
£ 130 =
‘a g 04
S

-
s x L
& 20

] 0 0.5 1 L5 2 2.5 3 3.
1 10 electron density (]0” cm'z)
FIG. 2. The fractional differenceH{,—H,)/H, (open symbols
0 and 2b (closed symbolsversus electron densityd, andH,, are
the saturation fields deduced from resistivity and conductivity
H (T) curves, respectively. The open circles and closed symbols refer to
data taken at 0.26 K. The open squares are data obtained at 0.1 K on
FIG. 1. For a silicon MOSFET with electron density 0.94 a different MOSFET.
X 10" cm2, the conductivity(left curve and resistivity (right
curvg are shown as a function of in-plane magnetic field at tem-where we have assumed the band tail has an effective energy
peratureT=0.26 K. The saturation fields, labeldd, and H,,, width 8.1°
were obtained from the intersection of a line drawn through the low  Except very near the transition, the number of states in the
field data and a line drawn through the high field data, as shownyand tails in the case of samples of reasonably high mobility
The insets show schematic diagrams of the electron beeestext s mych smaller than the number of extended states: at the
for discussio same time, the energy width becomes appreciable as the
. . density decreases and the disorder increases. The field re-
ductance. As we show below, this equivalence breaks dOWauired to align the electrons in the higher mobility band

at lower densities. A clear example is illustrated in Fig. 1,states can thus differ substantially from the magnetic field
where the resistivity and conductivity are shown as a funcneeded to polarizall the electrong® While the (small num-

tion of in-plane magnetic field for a silicon MOSFET with per of tail states make a minor contribution, the effect of the
electron density near the critical density,, for the metal-  taj| states on the position of the intersection point is much
insulator transition. The saturation fiett], derived from the  |ess important for the conductivity than for the resistivity

resistivity is considerably larger than the fiell, above \yhen these are plotted as a function of magnetic field. Con-

which the conductivity saturates. This can be understoodequentlyH,>H, as is evident in Fig. 1. We suggest that
with reference to the band diagrams shown as insets to Figy ~p, . gnd H,~Hail+ band-

1. In the absence of disorder, all electron states are extended, The fractional difference betweeH, and H,, AH/H
_band t_ailing plays a negligible role, and f_uII spir_l polarization =(H,—H,)/H,, is shown as a functign of electron density
is achieved when the Zeeman energy is sufficient to comp, Fig. 2; AH/H increases rapidly with decreasing electron
pletely depopulate the minority spin band, density when disorder becomes more dominant. The quantity
2/a is plotted for comparison through the following argu-
9* weHband= 2B, (1) ment. For weak scattering, the parametes of the order of

. . the scattering ratej~ /7. With Eqgs.(1) and(2), this gives
whereg* is the enhanced factor, ug is Boltzmann's factor, AH/H= §/2E.=#/2(E-7). Using the expression for the

Hpang is the magnetic field required to fully polarize the prude conductivity c=ne?*s/m*, and the Fermi energy
system in the absence of disorder, dhdis the Fermi en- Er /%= (nh)/g,gsm* with a valley degeneracg,=2 and
ergy. Disorder is weak at high electron densities and ongpin degeneracg=2, one obtainsAH/H= (e?/h)(2/s).
expectsHpang~H,~H,. . The correlation betweeaH/H and 24 is evident in Fig. 2.

As the density is decreased and disorder and the band tails | an earlier pape’ we showed that the magnetoconduc-
become more important, complete spin alignment requiregance of silicon MOSFET's can be scaled onto a single curve
th_e application of a larger magnetic field to fully polarize the by plotting[ o(H) — o(0)]/[ o(H=%) — o(0)] as a function
tail states as well as the extended states, of H/Hs. The parameteH  obtained by this method is pro-

portional toH, discussed above. For high densities where
0* weHail+ bang= 2Eg + 6, (2 disorder plays a small role, the magnetic fielg needed to
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0.7 — T T T T T dure and the same assumption as above; the squares are from
[ ) direct Shubnikov—de Haas measurements of Pudetiat’?
0.6 | X/ Toc (n-no)u The data of Shashkiat al. decrease somewhat more rapidly
[ at low densities than the others. However, the three sets ob-
# 05 L tained by different groups using different measurements and
= i i , . X
S ; different methods of analysis agree surprisingly well. Again,
T 04 F this indicates that the small number of states in the band tails
"50 [ in high-mobility MOSFET's play a neglibible role. A fit to
S . the critical form
Se 03
sl Xo/x**(n=no)*, 3
; yields the following values for the three data sets considered:
o1k for the Shubnikov—de Haas data of Pudaleval® «
i =0.23,n,=0.96x 10" cm™?; for the magnetoconductance
P S I D D S I data of Shashkiret al! @#=0.27, ny=1.04<10"* cm ?;

o 1 2 3 4 5 6 1 8 andforour datf «=0.24,ny=0.88x 10" cm 2.
We have argued above that for high-mobility samples, the
difference H,—H,) is associated with the effect of a small
FIG. 3. The inverse of the enhanced susceptibifiyx* versus  fraction of the electrons in the band tails. The characteristic
electron density obtained by Vitkal@t al,’® Shashkiret al,'*and ~ field Hs obtained in our earlier work was determined from
Pudalovet al!2 Data are normalized to the Shubnikov—de Haasscaling the magnetoconductance, which is a measure of the
values at high densities. The curve is a fit to the critical formfield required to align the band states while leaving a few
Xo!/x* =A(n—ng)¢ for the data of Ref. 1Qexcluding the point electrons in the tail states unpolarized. Shasleiial. deter-
shown atyq/x* =0). mined a field scale by matching magnetoresistance data at
low magnetic fields; close examination shows that this pro-
saturate the conductivity is very nearly equal to the fieldcequre does not produce a mgtch_ at high f'dme that
their data are shown on a logarithmic scale, which deempha-

required to obtain full spin polarization. At lower densities, ".

the saturation fields deduced from the resistivity and the con2'#€S differences between the curves at high values of mag-

- .hetic field. Both methods are sensitive to the contribution of
ductivity are not the same, and we have argued that the dif€ N .
y g tge extended state and minimize the effect of the states in the

ference is associated with the effect of electrons in the stateb : ; .
in the band tails. We have suggested tHatis the magnetic and tails. These procedures yield reliable measures for the
havior of the system at high electron densities where dis-

field required to polarize the band states; the Zeeman ener ] )
q b rder does not play an important role. This accounts for the

andg*m* are then given by Eq.1) with H,,,s=H,. The - . )
tail states remain unpolarized HH=H_,. However, except surprisingly good agreement between tyem obyamed
from transport experiments and those found by direct mea-

perhaps very near the transitidor in samples of very low ; — -
mobility), they represent a small fraction of the electrons, Sosurement of the Shubnikov—de Haas oscillations. At densi

that the system is close to full spin polarization. ties yery near the tran5|t|o(|ar_1d for very low mobility MOS
. o . . FET’s) one should expect this correspondence to break down
Figure 3 shows f/m™g”=xo/x" as a function of as disorder becomes more dominant. We suggest that an un
electron densityng obtained from our dat¥, by Sashkin . " X ggest .
1 12 * ) derstanding of any phase transition that occurs in this regime
et al,” and Pudalovet al.*~ Here xy*/x is the enhanced : : .
- ; : must incorporate the effect of disorder in a central way.
susceptibility normalized to its free electron value, and

xolx* is its inverse. The closed circles denote values ob-

tained from scaling our data for the in-plane magnetoconduc- We thank M. Gershenson and S. V. Kravchenko for pro-
tance and the assumption thgt ugH,=2E¢; the open viding data for Fig. 3. This work was supported by the US
circles were obtained by Shashlkén al!! from magnetore- Department of Energy under Grant No. DE-FGO02-
sistance measurements using a different data-fitting proc&84ER45153.
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