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Localization in a IVondegenerate Two-Dimensional Electron Gas
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Magnetoresistance measurements of an electron gas formed on a solid-hydrogen substrate are report-
ed as a function of surface disorder. High-mobility surfaces display an essentially classical positive B2

field dependence. Lower-mobility surfaces, however, are characterized by the appearance of a negative
magnetoresistance for fields less than —0.2 T, in good agreement with present weak-localization
theories. On extremely disordered surfaces we find large increases in resistivity but a finite residual elec-
tron diff'usivity, D —6/m, ~.

PACS numbers: 73.20.Fz, 71.55.JV

Two-dimensional electron gases (2DECJ) formed on

cryogenic surfaces have been studied intensely in recent
years. ' These systems are not only attractive candi-
dates for investigating the various phases of a 2D
Coulomb gas, but they also provide a sensitive probe
of the electron-substrate interaction and its role in elec-
tron transport. In the present Letter we report the first
studies of localization in a nondegenerate 2DEG formed
on a solid hydrogen substrate. Electron mobilities were
varied over an order of magnitude, 6-0.2 m /V s, via

impurity adsorption and a systematic study of the 2DEG
magnetoresistance was made.

Electron transport in a disordered medium is generally
divided into weak and strong localization. In the weak-
localization regime, the scattering potential is treated
perturbatively in (kl) ' (( 1 where k is the electron
wave vector and I is the elastic mean free path. Weak-
localization theory predicts that the coherence among
multiple elastic-scattering paths of a single conduction
electron will lead to an enhanced backscattering proba-
bility and a corresponding small negative correction to
the conductance. The backscattering correction is limit-
ed by inelastic collisions and is of order Aol = —(e /
2n 6) ln(r;/ro) in a 2D degenerate system, where
and r; are the elastic- and inelastic-scattering times, re-
spectively. For the nondegenerate case the correction is

proportional to TF/T,

Acr~, =(—hnoe /2xkaTm, ~) ln(r;/ro),

where n 0 is the electron density, and Tq is the Fermi
temperature, Weak-localization theory is now on firm
ground and has been verified in both degenerate electron-
ic and electromagnetic systems. There are also con-
ductivity corrections due to interaction effects which in a
degenerate gas are of the same order as the single-
electron eAects. These, however, are proportional to
(TF/T) in a highly nondegenerate system and are
therefore completely negligible in the present study.

Strong-localization theory addresses the case in which
kl = l. In this regime, electron transport is believed to
be mediated either by thermally activated carriers in the

conduction band or by electron hopping. Several experi-
ments support the existence of these mechanisms but no
clear picture of how electrons go from being weakly lo-
calized to strongly localized has emerged.

There are several compelling advantages to the study
of localization in a nondegenerate system. In practice,
one would like to vary kl systematically from large
values to kl= 1 while investigating the temperature or
field dependence of the conductivity. Though this has
been done in experiments on the inversion layer of
metal-oxide-semiconductor field-eA'ect transistors, these
systems are generally limited to kl ~ 2 and for technical
reasons kl can only be varied by a factor of 5 or so for a
given sample. The situation is much worse in light-
scattering experiments where kI ~ 100. In a nondegen-
erate system, however, the electron energies have a
Boltzmann distribution, so that for a given energy-
independent ~0, there are always electrons with kl (1.
Furthermore, since the density of states is constant in

2D, a substantial fraction of the distribution consists of
low-energy electrons which can be easily localized. Fi-
nally, in contrast to a degenerate gas, k,h„,~

and no can
be varied independently, allowing one to study essentially
single-electron eAects.

The response of the 2DEG was monitored in what is

commonly known as a Corbino geometry which consisted
of a 25-mm-diameter by 0.5-mm-thick sapphire plate
placed upon a concentric-ring parallel-plate capacitor.
Hydrogen crystals were grown on the sapphire at the
triple point (—14 K) and electrons were deposited on
the crystals via uv photoemission. The crystals were then
cooled to liquid-helium temperatures over a period of
several hours. All of the crystals were grown in —1 Torr
of helium to ensure good electron mobilities at 4.2 K.
The helium was subsequently pumped out before the be-
ginning of the measurements. The conductance of the
2DEG was monitored via its capacitive coupling to the
detector' and the electron density and average electron
mobility were determined by application of a perpendic-
ular magnetic field B. With neglect of localization
effects, the classical (i.e., Drude) conductivity in a Cor-
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where @ is the diagamma function, f(E) =(trt't np/ka—E/k BTx Tm, ~)e ', and E, is a lower-energy cutoA' ac-
counting for electrons with kl = 1 (or equivalently
Erp= —,

' h). Note that the requirement that

E, ) (he/2ttm, ~p) ln(r, /rp) (2)

bino geometry is ct „(B)= tTp/[1+ (pB) j where tTp

=npep is the zero-field conductivity and p =erp/m, l is
the average electron mobility.

Shown in Fig. 1 are the magnetoresistance measure-
ments for three difIerent intrinsic surface disorders of a
typical crystal with an initial electron density of np= 1.6 x 10' m and a corresponding Fermi tempera-
ture T~=5 mK. The uppermost plot was made immedi-
ately after the crystal was cooled to 4.2 K and the lower
two later, after the surface had degraded. '' The dashed
line in Fig. 1(a) represents the predicted classical mag-
netoresistance. The deviation from linearity is not quan-

titatively understood but does occur in the region of
pB =co rp —1 (pi —=cyclotron frequency), where one ex-
pects substantial modulation of the density of states due
to the formation of Landau levels.

Shown in Figs. 1(b) and 1(c) is the magnetoresistance
of the crystal after one and two days, respectively. Note
the substantial negative magnetoresistance at low fields
and the positive B dependence at higher fields. The
negative magnetoresistance represents a suppression of
the coherent backscattering by the magnetic field and
the tail is essentially the classical (pB) behavior. The

!
field dependence of the weak-localization correction for a
degenerate 2DEG is given by

' '
Am, )+- + (1)

2 4eBErp~; 2

!
is necessary to keep the integrand in Eq. (1) positive.
The dashed and solid lines in Fig. 2 are predictions of
Eq. (1) in which ctp, the first term in the integrand, has
been factored out. The absolute conductivity was taken
from the data and fits to the correction term were made
in which p and r;/rp were varied with E, given by Eq.
(2) (dashed line). Somewhat better fits were achieved
when E, was treated as a fitting parameter (solid line).

The measurements in Fig. 1 were performed with a
minimal amount of helium in the experiment cell. Elec-
tron scattering was, therefore, dominated by surface de-
fects. We have also studied the case where electron
scattering was dominated by He atoms, by introducing
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FIG. 2. Dashed line: Prediction of Eq. (1) in which p and
t;/to are varied for the best fit and E, is given by Eq. (2).
Solid line: Prediction of Eq. (l) in which p, r;/ro, and E, are
varied for the best fit.
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FIG. 1. Magnetoresistance of crystal No. 10 as a function of
time, tand increa, sing disorder at T=4 2K. (a) t =2 h; (b).
t =24 h; (c) t =48 h. The dashed line in (a) is the classical
(Drude) prediction.

2107



VOLUME 58, NUMBER 20 PHYSICAL REVIEW LETTERS 18 MAY 1987

1.0

0.8

C3

Cg
CO

O

\

b

45
T'—L=| .0?0

0.6

E
O

0.4
bo

0.2

0
0 0.2 0.4

+„, (42K)

0.8 1.0

~„„(~.4K)

p(~ /v s)

0 0.1 0.2
B2 ( T2)

0.3 0.4

FIG. 3. Upper plot: The magnetoresistance with only a re-

sidual amount of He in the cell. Lower plot: The magne-
toresistance with PH, =26 Torr of helium in the cell.

helium gas onto a clean crystal surface. In Fig. 3 we

have compared the magnetoresistances of two difterent
crystals with and without "He. In both cases the mobili-

ty, as determined from the high-field slope, are nearly
identical, but the negative magnetoresistance in the case
of He scattering is considerably less. We interpret this
as a reduction in the eAective inelastic-scattering time
due to both the recoil and the thermal motion of helium
atoms. ' These two eAects give rise to a dephasing time

rp(m HJm, i) ' (kl) ', which is generally small
enough to destroy the coherence of the multiple scatter-
ing except for kl=1.

We will now turn to the limit of extremely disordered
surfaces and strong-localization eAects in our data. We
have plotted in Fig. 4 the conductivity of several crystals,
normalized by the initial electron density, no, as a func-
tion of the effective mobility as determined from fits to
the high-field slope of the magnetoresistance. The solid
line displays the expected classical relation p =op/enp
with constant carrier density and zero intercept. The
data represented by the open circles were obtained by
our lowering the mobility with helium gas which, in

effect, introduces a large amount of inelastic scattering
and tends to suppress localization eA'ects. In contrast,
the dark symbols represent data in which there was little
helium in the system and substantially larger values of
r;/rp Note that, i.n this case, crp/enp vanishes at a
nonzero mobility and that this minimum mobility is

higher at lower temperatures.
The decrease of ao at a constant residual mobility,

p„„, can be interpreted as a decrease in the effective

FIG. 4. The conductivity of several crystals normalized by
the initial electron density as a function of mobility. Open cir-
cles: helium gas scattering, T=4.2 K; solid circles: without
helium, T=4.2 K; solid triangles: without helium, T=1.4 K.
The arrows are the prediction of Eq. (3). Inset: Diffusivity be-
havior, D(E), folded in with the Boltzmann distribution, f(E),
near E, . E, demarcates the strongly localized (SLR) and
weakly localized regimes (WLR).

mobile electron density, i.e. , no=en, ~p„,. By the as-
sumption that electrons below E, do not contribute
significantly to oo, the integration over the Boltzmann
distribution gives ,n=an eppx( —E,/k aT). So as the
crystal surface degrades E, increases and more and more
of the distribution freezes out. This is consistent with
the observed monotonic decrease in n, tr with time (n, tr

& 10 np on extremely disordered surfaces).
In the following we present a qualitative argument for

why op vanishes at a finite mobility and why Eq. (2) is

not a good measure of E, in the strongly disordered lim-
it. When the substrate is only moderately disordered
and the rms potential fluctuations, V„„are small with
respect to k ~ T then the weak-localization cutoff is
correct and E, is, in fact, given by Eq. (2). However,
when the surface becomes sufficiently rough so that
V, ,»kgT then E, = V, , and a large number of the
electrons become strongly localized, substantially reduc-
ing the efTective carrier density. In this limit, an electron
with energy E )E, will, in general, be mobile but with
an average kinetic energy measured relative to E, ,

Ek=(E —E,)=kaT If one assumes . that the surface
disorder varies rapidly on the scale of such an electron's
wavelength, X, then it is not unreasonable to believe that
the electron will scatter after traveling approximately
one or a few reduced wavelengths and, on the average,
not before. This is essentially the IoA'e-Regel condition.
Taking l=h=(A /m, lkaT) 'l and the thermal velocity
t = (kaT/m, i) 'l we find that the electron diA'usivity
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D=lt =h/m, 1. By the Einstein relation, the residual
mobility is

p «, =eD/k a T=e ft /m, 1
k a T (3)

at the threshold of conduction. This is surprisingly close
to the values shown in Fig. 4. The 1.4-K data are ap-
proximately 25% too low in mobility, but this is probably
a consequence of residual helium contamination. The
temperature dependence of p„, has been verified in a
striking experiment in which a relatively dirty crystal
with a mobility of —0.3 m /V s was cooled from 4.2 to
1.4 K. Though the conductance fell more than an order
of' magnitude, the mobility of the remaining conduction
electrons increased to -0.7 m /V s!

In summary, we have investigated the eAects of disor-
der on the transport properties of a Boltzmann distribu-
tion of electrons on hydrogen. We observe Drude behav-
ior on clean crystals and both weak and strong localiza-
tion on disordered surfaces. We find substantial evi-
dence for a lower nonzero limit on the mobility on ex-
tremely disordered surfaces that is consistent with the re-
quirement that kl —1 at the threshold of conduction.
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