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The response to a parallel magnetic field of the very dilute insulating two-dimensional system of electrons
in silicon metal-oxide-semiconductor field-effect transistors is dramatic and similar to that found on the con-
ducting side of the metal-insulator transition: there is a large initial increase in resistivity with increasing field,
followed by saturation to a value that is approximately constant above a characteristic magnetic field of about
1 T. This is unexpected behavior in an insulator that exhibits Efros-Shklovskii variable-range hopping in zero
field, and appears to be a general feature of very dilute electron sy§®ai63-18209)50932-6

Until quite recently, it was believed that all two-  One of the most interesting characteristics of the conduct-
dimensional systems of electrofsr holes are necessarily ing phase is its dramatic response to a magnetic field applied
localized in the absence of a magnetic field in the limit of parallel to the plane of the two-dimensional system. For ex-
zero temperature. This conclusion was based on the scalingmple, the resistivity of very high-mobility silicon MOS-
theory for noninteracting electrons of Abrahaetsal." was  FET's increases by almost three orders of magnitude with
further confirmed theoretically for weakly interacting jncreasing field, saturating to a new value in fields above
electrons’® and received experimental confirmation in a_p_3 T415 A gimilar effect was observed in
number of materials, including thin filfignd (high-density p-GaAs/ALGa_,As heterostructuréd confirming that this

silicon metal-oxide-semiconductor field-effect transistors,.. S - . .
(MOSFET’9.>® In the last several years, however measure—glant posmv_e magnetpress_tance is a general property of di-
' ’ ’ lute conducting two-dimension&2D) systems? In Ref. 17,

ments in very dilute two-dimensional systems have provideclit was reported that the metal-insulator transition in Si
evidence of a transition from insulating to conducting behav-, P

ior with increasing electroithole) density above some low MOSFET's S.’h'f.ts toward higher electron densmes In a par-
critical value on the order of P10t cm 2713 At these allel mqgngtlc field of the order of a few T, while at higher
very low densities the energy of electron-electron interacMagnetic fields, the effect saturates. We note that a parallel
tions exceeds the Fermi energy by an order of magnitude dPagnetic field couples only to the spins of the electrons and
more, and correlations thus provide the dominant energy ROt to their orbital motion. Spins are thus known to play a
the problem. Dilute, strongly interacting two-dimensional crucial role, and it has been suggested that full alignment of
systems are currently the focus of intense theoretical interesfie electrons results in the complete suppression of the
and have elicited a spate of theoretical attempts to accou@nomalous conducting phase.

for the presence and nature of the unexpected conducting In this paper we report that the response of the very dilute
phase. 2D system of electrons in high-mobility silicon MOSFET'’s
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FIG. 1. Resistivity in zero field as a function of temperature for ]
several electron densities, as labeled. The critical density for the 1 (10° cni?)
conductor-insulator transition is 7.870' cm 2. For electron g0 L
densitiesng<n., the inset shows the log of the resistivity versus 0 1 2 3 4 5 6
T~Y2, demonstrating that Efros-Shklovskii variable-range hopping
is obeyed for low densities. MAGNETIC FIELD H” (Tesla)

to a parallel magnetic field is qualitatively the same in the
|nsulat_|ng phase, varying Cor_ltlnuoqsly for electron denSItIe?ield for different electron densities spanning the conductor-
spanning the transition from insulating to conducting t)(ah‘f’w'insulator transition. The inset shows the resistivity at saturation,

lor. This implies that Spins play as cruqlal arole inthe msu'psat, versus electron density; the vertical line denotes the critical
lating phase as they do in the conducting phase. density

The silicon MOSFET's used in these studies were
samples with split gates especially designed for measure- N ) N .
ments at low electron densities and low temperatures simi- For electron densities spanning the transition, Fig. 2
lar to those used previously in Ref. 18. The split gates alshows the resistivity at 300 mK as a function of magnetic
lowed independent control of the electron density in thefield applied parallel to the plane of the electrons; the top
main channel and in the contact region, allowing a highthree curves are insulating in zero field while the remaining
(~10% cm?) electron density to be maintained near thecurves are in the conducting phase. Again, a low-frequency/
contacts to minimize contact resistance. Sample mobilities dow-current ac technique was used at the higher densities
T=4.2 K were close to 25000 c@tVs. (three lower curvgsand a low-current dc technique was used

The resistivity is shown in Fig. 1 on a logarithmic scale asat lower ng. Measurements have indicated that the overall
a function of temperature for different electron densitigs size of the magnetoresistance is larger at low temperatures
(determined by the voltage applied between the gate and trend for samples of higher mobility. As reported earlfet?
2D layep spanning the metal-insulator transition. The datathe resistivity remains approximately constant at small fields,
were taken using low-frequendiypically 0.5 H2 and low-  then rises steeply with increasing field by more than an order
current ac techniques at higher densitisix lower curvey  of magnitude(depending on the electron dengignd satu-
and low-current dc techniques at lower, (two upper ratesto a new value for fields above about 2 or 3 T, depend-
curves; the latter resulted in noisier data. In all cases, cardng again on electron density. The inset shog(H)) as a
was taken to ensure linearity. The resistivity increagls  function ofng; the vertical line denotes our estimate for the
creasepwith decreasing temperature for laivigh) electron  critical densityn.. The surprise here is that the behavior of
densities, signaling a transition from insulating to conductingthe magnetoresistance is essentially the same in the insulat-
behavior at a critical electron density.=(7.87+0.10) ing phase as in the conducting phase. The response of the
X 10'° cm™2. The upper two curves in the main figure areresistivity to parallel field evolves continuously and
clearly in the insulating phase and the third curve from thesmoothly, with no indication that a transition has been
top is barely insulating. crossed. A similar giant increase of the resistivity in response

FIG. 2. Resistivity at 300 mK as a function of in-plane magnetic
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to an in-plane magnetic field has been observed recently biyon should vary smoothly across the transition. Others have
Khondakeret all® in insulating -doped GaAs/AlGa,_,As  suggesteth*?that the giant magnetoresistance is due to the
heterostructures. breaking of spin singlets in the insulating phase. It is impor-
In agreement with earlier report$,the inset to Fig. 1 tant to note that the similarity of the magnetoresistances
shows that in the absence of a magnetic field, the resistivityh the conducting and insulating phases indicates that they
of these high-mobility silicon MOSFET'’s fons<n. obeys  derive from the same or closely connected physics, suggest-

variable-range hopping of the Efros-ShklovsiiS) form*  ing a mechanism that is not specific to hopping o to insula-
p(T)=poexp(Ty/T)2 wherep, was found to be indepen- s

dent of temperature and close lée?. As expected, depar-
tures from this form are evident at higher temperatifes
T Y2<1.1) as well as for the densityns=7.72

Based on transport studies in exceptionally clean
p-GaAs/AlLGa, _,As heterostructures with “insulating”
. densities fi<n.), Yoon et al*® concluded that the insulat-
0 —2 S c/
;;]10.1 c:nt_ \iSe:jy Cl?%; t/hthranit'OE' tWe tnottta that ing phase is associated with the formation of a Wigner crys-
€ insuiating o-dope SIAlGa,_As heterostructures tal rather than with single-particle localization. The possibil-

. _ . 1
w;:esh;?gjv?éﬁnsércigg (;Eiporésse tﬁom ?rllanimr?]ag;eégnzf;dmity that the insulating state at low electr@mole) densities is
prefactor’? y pping due to the formation of a pinned Wigner glass was also sug-

. . - ested in Refs. 11 and 34. A very largmany orders of
h0;Qiﬁgmh?snﬁgﬁsfﬁﬁrﬁo Ogesr?etn;]aetgg?\l/sé Eﬁa;oz(gl%gsi agnitude_increase in th_e resistance of di_Iute Si MOSFET'’s
and positive in other&! A large, negative magnetoresistance " p_erpendlcular magnetic field observ_ed " Ref. 35 was also
that d ds strondl ’ nt m, rature has been attrised attributed to the formguon ofamagnepcally mt_juced Wigner

at depends strongly on temperature nas been a lass. A strong positive magnetoresistance is obtained by
to the effect of a magnetic field on the quantum interferenc

. . “Chakravartyet al 2 in a spin liquid phase, which freezes in a
between forward-scattering hoppmg pa?h.s. However, thi ontinuous phase transition to a Wigner glass; within this
process, as well as all others of orbital origin, is not relevan

to th nder consideration wher maanetic field }nodel, the magnetic properties are continuous across the
0 the case under consideration, where a magnetic Neld 15, \qition and the magnetoresistance remains positive in the
applied parallel to the two-dimensional plane of the elecnon?nsulating phase

anigrouubﬂe:ngnéyamimjéﬂg\s/é roposed that alianment of To summarize, the magnetoresistance of the 2D system of
prop 9 electrons in silicon MOSFET’s varies continuously across

the electrons SpIns can give rise o a positive magnetoresiy , o 5| insylator transition, exhibiting unexpected behav-
tance by'suppre'ssmg 'hops betvv'een smgly'occu'pled states & in the insulating phase. The response to a magnetic field
t_he Paull (_axclu5|on prl_nC|_pIe. Th'.s mgchanlsm yields a rEzs'sélpplied parallel to the plane of the electrons is dramatic and
tivity that increases with increasing field and saturates whe

the spins are fully aligned, consistent with the behavior%m'rely similar to that found earlier in the conducting phase,

P - ) : . indicating that the anomalous behavior associated with the
shown in Fig. 2.f0r silicon MOSFET's. Albeit cons@erably lectrons’ spins is a general feature of very dilute, strongly
smaller, a positive component of the magnetoresistance q teracting 2D electron systems
In,O5_, films has been attributed to this mechanihwe '
point out, however, that the theory of Korube and Kamimura We are grateful to S. Bakker and R. Heemskerk for their
assumes that the electron-electron interaction energy is cogontributions in developing and fabricating the MOSFET's.
siderably smaller than the disorder energy, a condition that i§Ve thank V. Dobrosavljevic and B. I. Shklovskii for useful
unlikely to be satisfied in these high-mobility, low-density suggestions. This work was supported by the U.S. Depart-
silicon MOSFET’s?® Based on their earlier pap&tSi and  ment of Energy under Grant No. DE-FG02-84ER45153. Par-
Varma have suggested that the positive magnetoresistantial support was also provided by NSF Grant No. DMR 98-
associated with suppression of the triplet channel contribu©3440.
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