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Temperature dependence of the resistivity of a dilute two-dimensional electron system in high
parallel magnetic field
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We report measurements of the resistance of silicon metal-oxide-semiconductor field-effect transistors as a
function of temperature in high parallel magnetic fields where the two-dimensional system of electrons has
been shown to be fully spin polarized. In a field of 10.8 T, insulating behavior is found for densities up to
ng~1.35x 10' cm~2~1.5n. ; above this density the resistance is a very weak function of temperature, vary-
ing less than 10% between 0.25 and 1.90 K. At low densitiese more rapidly as the temperature is reduced
than in zero field and the magnetoresistangép diverges asi—0.

DOI: 10.1103/PhysRevB.63.041101 PACS nuniber72.15.Gd, 73.25ki, 73.40.Qv, 73.50.Jt

A great deal of interest is currently focused on the behavimagnetic fields to 10.8 T. A rotator was used to align the
ior of dilute strongly interacting two-dimensioné2D) sys-  plane of the sample parallel to the magnetic field6.2°
tems of electrons and holes. The resistance of these materidlg minimizing the transverse Hall voltage. The resistance
displays strongly insulating behavior below some criticalwas found to be independent of the angle between the cur-
density,n., above which metallic temperature dependence igent and the magnetic field.
observed, suggesting that there is a metal-insulator transition The resistance aT=0.25 K of a silicon MOSFET is
and an unexpected metallic phase in two dimensfo@8e  shown in the inset to Fig. 1 for various electron densities as
of the most interesting properties of these dilute 2D systemg nction of magnetic field applied parallel to the plane of
is their enormous positive magnetoresistance in response fRe electrons. In agreement with earlier findings, the resis-

magnetic fields applied parallel to the plane of the electrons.fance increases with magnetic field and levels off to a con-

As the field is raised the_ resistivity increases dramatlca!ly bystant value above a magnetic fiekl ,, which increases with
several orders of magnitude, the total change depending o

density and temperature, and then saturates to a new ﬁelé]_yectron density. An analysis similar to that recently applied

independent plateau value above a density-dependent fie Vitkalov et 9"9 |r_1d|cates that af|e|_d 0f10.8 Tis suff|C|er_1t_
He.r.2-8 From an analysis of the positions of Shubnikov—det© reach the hlg?-flelid2 saturated regime for electron densities
Haas oscillations in tilted magnetic fields, Okametpal! ~ UP t0~2.4x 10" cm 2 . _
have argued that the magnetic field above which the resistiv- 1he main part of Fig. 1 shows the resistance in a parallel
ity saturates is the field required to fully polarize the electronmagnetic fieldH;=10.8 T as a function of temperature
spins. A more direct demonstration of the onset of completdor nine different electron densities ranging from 0.92
spin alignment forH = H,,, has recently been provided by X 10"t cm™2 to 2.03< 10! cm™2. For low electron densities
small-angle Shubnikov—de Haas measurements of Vitkalothe resistance increases with decreasing temperature, and the
et al® Thus, the value of the resistance appears to be detesystem is insulating, while for higher densities the resistance
mined by the degree of spin polarization of the 2D electronis nearly independent of temperature. The change from
system. strongly insulating to weak temperature dependence occurs
The temperature dependence of the resistance of dilute 28t an electron density-1.35x< 10" cm™2? or ~1.5n, (n, is
systems has been measured in the absence of a magnetic fighe critical density in zero fie)d We note that the resistance
in a number of different materials. In this paper, we reportis still in the saturated regime &t=10.8 T at this density.
measurements of the temperature dependence of the resistiv-We now examine the insulating behavior in high fields in
ity of high-mobility silicon MOSFET’s in a high magnetic more detail. For low electron densities, Fig. 2 shows the
field of 10.8 T applied parallel to the plane of the electrons.logarithm of the resistance measured in an in-plane magnetic
Measurements were made on two silicon MOSFET’s offield of 10.8 T plotted as a function af °’. The data are
mobility approximately 20 000 V/chat 4.2 K using a gate consistent with straight lines; the resistance in high mag-
to control electron densities between 06U cm~2 and  netic field can thus be approximated by the expression
3.60x 101 cm™2. Contact resistances were minimized by us-p(Hsat, T) <exp(To/T)%". In contrast, the resistance of low-
ing a split-gate geometry that allows a higher electron dendensity silicon MOSFET's in the absence of a magnetic field
sity in the vicinity of the contacts than in the 2D system has been found to obey Efros-Shklovskii variable-range hop-
under investigation. dc four-probe methods were used, anging, p(H=0,T) exp(To/T)¥210 To illustrate the differ-
excitation currents were kept to a minimum to avoid heatingence, the inset to Fig. 2 shows that the high field data do not
of the electrons and insure that measurements were taken fall on straight lines when plotted as a function Bf 2,
the linear!-V regime. Data were taken in 3He Oxford Instead, the resistance deviates progressively upward as the
Heliox system for temperatures between 0.25 and 1.90 K itemperature is reducege., asT~ 2 increasek indicating
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o . FIG. 2. Resistivity on a log scale verstis 7 for electron den-
FIG. 1. Resistivity in a parallel field of 10.8 T plotted sjties (from the top: 0.817,0.831,0.845,0.859,0.873,0.887,0.914
on a logarithmic scale as a function of temperature for electrons 10! cm~2, The inset shows curves far;=0.817 and 0.845

X 10 cm™2. The critical densityn~0.84x 10" cm™2. The inset o not fit a straight line corresponding to Efros-Shklovskii variable-
shows the resistivity as a function of magnetic field applied parallekange hopping.

to the electron plane of a silicon MOSFET with different electron

densities, as labeled. Except for the top curve, all densities shown in )

the inset are aboven,~0.84x10'cm 2. The temperatureT  Sity of states is zero over some range of energy rigar

=0.25 K. Kurobe and Kamimurd pointed out that by aligning the
spins of the electrons, a magnetic field suppresses hops be-

that it diverges more rapidly in high field than it does in zerot\’.veen singly ocqupled stateégs .weII as fro”.‘ doubly occu-
field. Very similar behavior was found by Shlimak al* in pied to u.noccupled statesThis is reflected in the shape of
delta-doped GaAs/AlGaAs heterostructures, where the residl® density of states near the Fermi energy, with consequent
tance in high fields was fitted to exponentially activated vari-changes in the exponertand the temperature dependence.
able range hopping with an exponent of approximately 0.gThis possibility _could be tested through transp_ort and 3|_mul-
As was noted by these authors, the experimentally observé@neous tunneling measurements to determine the single-
resistivity can be fitted to the variable-range hopping form byParticle density of states ne&: .
increasing the value of the exponent above 1/2 or, alterna- The magnetoresistance is larger for higher mobility
tively, by using a prefactor that depends on temperature. Samples, it is known to be bigger for lower electron densi-
The temperature dependence of the system containindes, and it increases with decreasing temperature. Through
equal numbers of spin-up and spin-down electrons is thuseasurements at 35 mK in high-mobility silicon MOSFET's
clearly different from the behavior observed when the spinwith electron densities near the zero-field metal-insulator
are fully polarized. Although a number of explanations havetransition, Kravchenko and Klapwik have recently demon-
been proposed to account for the strong magnetoresistans&ated an increase in the resistivity of more than four orders
observed for electron densities on both sides of the zero-fieldf magnitude in response to an in-plane magnetic field; the
metal-insulator transitiof?1° few of these theories have magnetoresistance is expected to be even larger at still lower
considered the effect of a magnetic field on the temperatureemperatures. The results reported in the present paper imply
dependence of the resistivity. The value of the expomént  that the magnetoresistance actually diverges in the limit
the exponentially activated hopping resistivityp of zero temperature. Since the resistance in high fields,
xexp(To/T)%, is known to depend on the form of the density p(Hga) <exp(To/T)’, diverges more strongly than in
of states near the Fermi energy. Specifically, a constant dezero field, p(H=0)x exp(T,/T)*? the magnetoresistance,
sity of states yields Mott hoppingx&1/4 in 3D,x=1/3 in  [R(Hgz) —R(H=0)]/R(H=0), goes to infinity ag —0.
2D), a soft parabolic Coulomb gap gives=1/2 in any di- We now briefly consider the behavior of the resistance in
mension, anck=1 obtains for a “hard” gap where the den- high fields for electron densities above 1350 cm™2. As

Temperature (K)
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1 1 1 1 0.88 =10.8 T for comparable values of resistariReThe electron den-
r 345 ] sities for curvesa through d are 1.58,2.06,2.34, and 2.75
052] WM R x 101 cm2,
L H=10.8T | havior. In contrast, one would expect localization to be well
0.461 w established in zero field d&gl~1/5. This suggests that the
0 1 2 process leading to localization is different in the two cases.
Temperature (K) It is important to note that the value of the resistance does

not by itself determine the size of the temperature
FIG. 3. Resistivity in a field of 10.8 T as a function of tempera- dependencé! This is illustrated in Fig. 4, where the resistiv-
ture for high electron densities, as label@u units 16* cm™?). ity in zero field at one specific density is compared with the
temperature dependence of the resistivity in high field at
shown in Figs. 1 and 3, the resistance for high densitiegompz_irable values of resistance. In contrast with the strong
depends very weakly on temperature, varying by less thaff€tellic temperature dependence found in the absence of a
10% between 0.25 and 1.90 K. As the electron density i agnetic field, the resistance varies only m|'n|mally W'th
raised, the resistance first decreases with decreasing tempe g[lrgjperagur(fa_ at high Ie_zlec;_rog_ gﬁns't'ej n hr:gh r?]agnetw
ture (ns=2.15< 10" cm2), then increases with decreasing o> ~OMMINg earlier findings,our ata show that a

temperature (2.5610' cm™?), and then again decreases magnetic field suppresses the strong metallic behavior ob-

with decreasing temperature at very high density Thesgerved in Z€ero field. .
) To summarize, we report measurements of the resistance

changes are all quite small, however, and the main feature Bf silicon MOSFET’s for electron densities between 0.64

the absence of strongly localized behavior at these densitie 1. > 1y
The magnitude of the temperature dependence is comparabifs-lo1 cm * and 3.60¢ 10" cm* at temperatures between

with that expected for quantum corrections to the Drude con- 25 gnd L9Kina p?fa”e' magnetic field of 10.8field
ductivity. sufficient to fully polarize the spins of the electrons for den-

.y 1 _2 .y
Perhaps not surprising is that localization occurs for ansr[Ies up to 2.4 10" cm ). For low electron densities, the

electron density where the resistivity is on the ordeh. resistance diverges more rapidly with decreasing temperature

Note, however, that entry into the strongly localized regimethan it does in zero field: in contrast with Efros-Shklovskii

o : . variable-range hoppingpe exp(To/T)*, with the exponent

takes place ap~0.6 to 0.h/e? in high field, while the - . : . .
metal-insulator transition in zero field occurs at a resistivityx._ll2 found in Zerf field, it can be fit to the same form but
on the order of 2 or B/e?. Using the expression for the with an exponenk=0.7. The magnetoresstan@EE(Hsat)
Drude conductivity p=h/e?x 2/(g,gsK¢!), (hereg, andgs :?g;;fgl]lm(ﬁzzo)d thqts fdlverhgers] 13381—-?'0' mbot\)/e
are the valley and the spin degeneracies, respecliviege "> cm -, a density for whic -0 1 IS well above
resistivities correspond tEgl~1.4 to 1.7 in high field and the_ﬂeld necessary to fully polarize the electron spins, the
Kl ~0.18 to 0.25 in zero field. Although the critical resis- resistance depends very weakly on temperature, varying less

. . . 0 X
tivity and K¢l differ for different material systemssilicon than 10% betweep 0.25 and 1.'90 K The temperature depen
versus GaAs/AlGaAs heterostructures, for exampbnd dence_ of the resistance in high field thus_qllffer_s fro_r_n Its
some variation is known to occur for a given material de-2ero-field behavior for all electron densities in silicon
pending on mobility, our data are obtained for one and th OSFET's.
same sample so that the change is solely due to the applica- We thank S. V. Kravchenko, Q. Si, and E. Abrahams for
tion of a parallel magnetic field. Localization is expected atvaluable comments on the manuscript. This work was sup-
Kel~1, which is roughly consistent with the high field be- ported by DOE Grant No. DOE-FG02-84-ER45153.
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