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Zero-Magnetic-Field Collective Insulator Phase in a Dilute 2D Electron System
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We report on a collective low temperature metal-insulator transition which develops in a dilute 2D
electron system in Si at zero magnetic field, below a critical carrier density n, c 10 cm . In the
insulator phase, the dc conduction is thermally activated and exhibits a sharp threshold as a function
of electric field. The collective insulator state at zero field shows many of the features attributed
to the pinned Wigner solid. We have also observed a trend from a collective to a single-particle
insulator state with decreasing electron density and/or increasing disorder.
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In the limit of zero temperature, the dilute two-
dirnensional electron (2DE) system is expected to be-
come an insulator in the presence of disorder [1]. Vari-
ous theoretical models for this insulating state have been
proposed ranging from Anderson's single-particle local-
ization (SPI ) [1] to collective phases like the pinned
Wigner solid (WS) [2], and the pinned charge density
wave (CDW) [3]. Pioneering work [4] on low mobility Si
samples revealed features indicative of a collective glassy
state in high magnetic fields. The search for an electron
ordered state in a quantizing magnetic field has recently
led to the experimental observation of metal-insulator
(MI) transitions in high mobility samples: GaAs-A1GaAs

[5] heterostructures and Si-MOSFET's [6—8]. In these
samples, reentrant MI transitions in a magnetic field were
observed around fractional (mainly 1/5 in GaAs) and in-

teger (1 and 2 in Si) filling factors. However, the real-
ization of the "true" Wigner solid at zero magnetic field
in GaAs would require an unrealistically dilute electron
system since the critical density for quantum melting at
T = 0 [9] (also known as "cold melting" ) is very low,
i.e. , n, 3 x 10 cm . In contrast, the cold melting
density in (100) Si should be at least 20x larger, due to
the larger effective mass (rn* = 0.19m, ) and lower di-
electric constant (rc = 7.7) which increases the ratio of
the electron-electron interaction energy [(rrn, ) ~ e /r] to
the kinetic energy (rrn, h /2m*) [8]. Therefore, a zero-
field collective electron solid (ES) is more likely to be
observed in high mobility Si inversion layers. There has
not been, to our knowledge, any observation of the collec-
tive ES (and, in particular, the pinned Wigner solid) and
its quantum melting at zero magnetic field in 2D. In our
earlier work [6, 8], there is an indication, however, that
the insulating phase does not disappear as H ~ 0 but
rather shifts to lower density and has features similar to
those of the reentrant MI transitions in a magnetic field.

In this Letter, we present experimental evidence for
the collective character of the low temperature metal-
insulator transition at zero field in Si MOSFET's with

weak disorder. The data show a trend from a collective
to a single-particle insulator state with decreasing den-
sity and/or increasing disorder. We compare our data on
nonlinear dc transport, activation energy, and threshold
electric field with the available theoretical models and
find best agreement with the pinned 2D Wigner solid.

Three samples with different peak mobilities, pp'
were measured: Si-5 with p~' = 4.3 x 104 cm2/Vs, Si-
11 with pt" k = 3.63 x 104 cm /Vs, and Si-2 with
pr' ~ = 2.42 x 104 cm2/Vs. The rectangular geome-
try of the samples is shown in the inset of Fig. 1(a) with
a source to drain length L = 5 mm, a width of m = 0.8
mm, and an intercontact distance of l = 1.25 mm. The
longitudinal resistance R was measured using a four-
probe technique with a differential electrometer and dc
currents as low as 1 pA. Measurements were done in a
dilution refrigerator in a temperature range 25—650 mK.
A magnetic field below = 100 G did not affect the results:
by "zero magnetic field" we mean H & 20 G where the
Landau levels are not resolved.

The experimental results are displayed in Figs. 1 and
2. Below a critical carrier density n„= 10 cm
the longitudinal resistivity p = R x ur/l exhibits in-
sulating behavior, characterized by an exponential rise
shown in Fig. 1(a) and a negative slope in the tempera-
ture dependence, OR /BT. In the temperature range
80—650 mK, the temperature dependence of R can be
described by R oc exp(A/kT) where the activation en-

ergy 6 drops linearly to zero at n„, as illustrated in Fig.
1(b). The critical carrier density is sample dependent,
decreasing from 1 x 10 cm for Si-2 to 8 x 10 cm
for Si-5 which is the highest mobility or least disordered
sample. Concomitant with the appearance of these fea-
tures in B, the current-voltage characteristics exhibit
a sharp drop in ctV/BI above a threshold electric field

&t as shown in Fig. 2(a). Over the entire range of den-
sities, the threshold field decreases as Eq cx bn, where
hn, = (n„—n, ) and k = 1.7—1.8 [see Fig. 1(b)]. The
dependencies of 4 and E~ on n, are quite similar for all
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FIG. l. (a) p as a function of electron density in the

activated regime. The inset shows the top view of the sample.
(b) Activation energy and threshold electric field vs electron
density.

three samples. The broad-band rms noise voltage (V~)
measured in a 1—300 kHz band using probes 1—3 exhibits
a sharp rise as a function of current, coincident with the
conduction threshold [see Fig. 2(b)].

Let us first consider the experimental results in the
framework of single-particle localization. At the onset of
the insulating phase, the longitudinal resistivity p (n„)
is of order = 6/e2 = 3 x 104 0 which agrees qualitatively
with the Anderson insulator [1] picture. Other results,
however, suggest that the exponential growth of R is
not associated with single-particle localization in an elec-
tron gas: the capacitive measurements on Si-ll [7] do
not show a decrease in the effective conducting area of
the sample for n, & n„, and the variable range hopping
model [10] characteristic of SPI does not fit the conduc-
tivity above and below the threshold. In the SPL model,
the conduction threshold is associated with a breakdown
of localized states [11]which occurs when eEq(o is compa-
rable to the Fermi energy ep. An unreasonably high lo-
calization length (o= 6 mm is required to account for the
low threshold field at bn, =0.1 x 10 cm and e~ 6
K. A more accurate estimation on the basis of Ref. [11]
yields a value of E~sp" = 2.9 x10s V/cm which is 4 orders
of magnitude higher than observed.

It is reasonable therefore to consider the transport
data in the framework of the pinned WS or pinned

CDW model. A detailed study of the activation en-
ergy shows that, at electric fields below threshold, the
transport remains activated with 6 oc (Eq —E)~, where

1. Hence, both the temperature and the electric
Beld affect one and the same transport mechanism and
)M, (E)/c)E( A(0)/Ez. The derivative M, /e )Ec= (
represents then a characteristic length scale. If transport
below threshold is provided by point defect motion in
the WS then ( = a = 200 A [12], where the lattice pa-
rameter a = (7m, ) i~2. The experimental values of ( are

103 times larger and, therefore, subthreshold transport
is more likely provided by the motion of extended defects
[»]

In the high electric field limit, the transport above
threshold in the pinned WS or pinned CDW may be pro-
vided by the motion of depinned domains [14—16). The
evanescent threshold field at n„shown in Fig. 1(b) in-
dicates that the transition at n„ is not first order and
is dificult to explain in the framework of strong pin-
ning [14, 15], when both the pinning force and correlation
length are given by the impurities. In the weak pinning
regime, the elastic theory of the CDW [16] predicts that
Eq ——KT a/2nen, L& ——0.19 x 10 /I D (V/cm) where
r = 7.7, KT is the transverse shear modulus, and L D
is the correlation length (domain size) [3, 15, 16]. Us-
ing that formula and the experimental Eq(n, ) data, we
find that L~ diverges as oc (6n, ) as plotted in Fig.
3. In the derivation of the formula for Eq, it was as-
sumed [16] that the amplitude of the CDW, the pinning
energy (1/2)KTa, and the elastic modulus are fixed. In
the vicinity of the second-order transition, all these pa-
rameters may, however, vanish. The critical exponent for
L~ would then be 0.4 rather than 0.9 (see Fig. 3) if the
pinning energy decays linearly like A(n, ).

The generated broad-band noise shown in Fig. 2(b) is
appropriate for depinning of the CDW. For sliding do-
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FIG. 3. Length scale in the vicinity of n,„: ( = M, /eBE
for the subthreshold transport, and domain length LD for the
transport above threshold. Error bars when not shown are
represented by the dot size.

mains, one might expect narrow-band noise with fre-
quency peaks related to the principal lattice parame-
ters, or, at least, peaks on a broad-band background.
In fact, preliminary data do show the presence of weak
narrow-band noise with a current-dependent frequency
spectrum.

In Fig. 3, the correlation length LD drops with decreas-
ing density [or increasing b(n, )] thus driving the 2DE
system towards single-particle localization. The SPL de-
scription is more appropriate when LD is = a. We probed
the role of disorder quantitatively by using Gold's calcu-
lation [17] for the mobility of Si(100) inversion layers. It
yields a satisfactory description of p,p' k vs n, for our
samples. The results of Ref. [17] are used to relate pr"
to the density of impurities n, , which is a more appro-
priate measure of disorder since the impurities are the
major source of electron scattering at low n, [1] (below
2 x 10rr cm 2 for our samples). The long dashed line
in Fig. 4 shows n, vs pP' . The empty squares depict
the experimental data [18] for the Anderson transition.
The boundary for SPL, denoted n,pi, is estimated from
n, and depicted by a short dashed line. Theoretical cal-
culations of n, and n, ~i [17] have been done specifically
to Gt the data for low mobility samples assuming an aver-
age magnitude of the surface roughness 6 = 3.7 A and a
correlation length A = 15 A.. For our high mobility sarn-
ples where b ( 3.7 A. and A )) 15 A [19], we conclude
that the interface roughness scattering is lower and that
the calculated short-dashed line is the highest estimate of
n, pi in our samples. The n„values for the three sam-
ples, indicated by the full circles in Fig. 4, are at least
2x higher than the n, pi values. This agrees with the
collective character of the transition at n„.

We were unable to make direct R measurements
down to n, n»i —1 x 10~ cm due to a rapid in-
crease in the probe resistance, but, in order to examine

P eak mobility (em /Vs)

FIG. 4. Critical density vs sample peak mobility. The
full circles designate the measured n„values; the hatched re-
gions, n, calculated from Ref. [9] and Refs. [9, 21]. The full
line represents n, (n, ) calculated on the basis of Ref. [2]; the
dashed lines, n, and n, ~i vs p~' [l7]. The full triangles indi-
cate the n, ~& evaluated from our data. The empty circle and
triangle are taken from Ref. [4]. The empty squares denote
the onset of activated transport from Ref. [18].

the validity of our interpretation, we extrapolated the do-
main length L~ to lower n, . The resulting estimates of
n p& corresponding to the criterion L& = 20 are indicated
by full t;riangles in Fig. 4. The "WAT" empty circle and
the triangle designate respect;ively the onset of the insu-
lating phase and the estimated n, ~i (using the same cri-
terion), from cyclotron resonance data by Wilson, Allen,
and Tsui [4]. We interpret the lower dashed region as
the estimated crossover to SPL and obtain reasonable
agreement with all the data plotted in Fig. 4. The verti-
cally dashed region designates then a collective insulator
phase, conBned between the metallic state above the n,
boundary and presumably the Anderson insulator below
the n, pi line.

The plot includes an estimated quantum melting den-
sity for the ideal WS: nTc = (0.43—0.7) x 10ro cm
from Ref. [9] using the appropriate m* and K for the Si-
Si02 interface. It is lower than the critical carrier density
data plotted in Fig. 4. Models which can remove t, his
discrepancy include the paired electron crystal [20] with
a lower ground-state energy than the regular monoelec-
tronic WS [9], and the enhanced WS in coupled electron
layers [21] with n„7 x n, [if it can be extended to
the two valley system in (100) Si [8] ]. This latter estima-
tion nT~ sNs = (2.9—4.8) x 10ro cm ~ is plotted in Fig.
4 and agrees with our data.

It is known t;hat weak disorder can stabilize the WS
due to the creation of a gap in the phonon spectrum and
hence a limited zero point displacement [2]. We calcu-
lated the mean square displacernent (MSD) of the pinned
WS at T = 0 for given n, values as the area under the
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phonon spectral density of the pinned WS for the rela-
tive strength of the pinning potential A = 1 [2]. From the
MSD as a function of the density of impurities, we ob-
tain the cold melting density dependence on n, assuming
hat~ for the ideal WS& nc~ tends to n, ' as n

The result has no fitting parameters and is shown in Fig.
4 as a full line n, M; the agreement with the data seems
quite good. The full line merges with the dashed SPL
boundary at p,

' k = 12 x 10 cm /Vs which accounts
for the lack of collective MI transitions in poorer mobility
Si samples.

In summary, our data on nonlinear dc transport in the
vicinity of the low temperature metal-insulator transition
at H = 0 in high mobility Si MOSFET's strongly support
the collective character of that transition. As the elec-
tron density is decreased or the disorder is increased, the
collective insulator state is driven into a single-particle
one. The collective insulator state at H = 0 shares many
of the features of the pinned Wigner solid. The measured
critical density of the MI transition as a function of dis-
order is consistent with quantum melting of the pinned
Wigner solid.

After the completion of this work we learned that a
transition from a polarized WS to a partially polarized
liquid was recently calculated at r, = 10 (i.e. , at n„=
13.7 x n, o) taking into account numerically the disorder
in our Si samples [22]. This agrees within 15' accuracy
with the data shown in Fig. 4.
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