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The effects of two-dimensional electron loca1ization have been studied by measuring
thermopower and resistivity of thin (18-26 A) films of palladium. "Metallic" samples
have a small thermopower which tends to zero as 7.'- 0. Insulating samples have large
thermopower which increases as T—0. The metal-insulator transition in Pd films thus
involves the opening of a gap at the Fermi energy. With use of the thermopower to define
the metal-insulator transition a critical resistivity of - 30 kQ/2 is found.

PACS numbers: 73.60.-n, 71.30.+h, 72.15.Jf, 72.20.Pa

There has been renewed interest in the problem
of electron localization in two dimensions due to
a number of recent theoretical advances' ' and
considerable experimental work. ' ' Rather than
a minimum metallic conductivity of R,D

' ~(30000
0/ ) ', single-parameter scaling theories pre-
dict that all states are localized in two dimen-
sions. ' A logarithmic temperature increase in
the resistivity for low-A~ samples crosses over
smoothly to an exponential increase (with de-
creasing temperature) for Ro &R,D.

' Another
picture suggests that the logarithmic behavior for
Az&B,D may be understood in terms of electron-
electron interactions. ' Experiments on thin met-
al films have been interpreted as evidence for
either localization or interaction effects" while
recent experiments on electron inversion layers
tend to support the interaction picture. '

In this Letter we present thermopower meas-
urements which clearly indicate the opening of an
energy gap as Ro(T) increases above R». In
terms of the thermopower there is a sharp dis-
tinction between the metallic and instxlating states.
We find that this metal-insulator transition oc-
curs quite rapidly in the resistance region of

8». Since the temperature dependence of the
resistance of these films is virtually indistin-
guishable from that in previous studies of thin
films we believe our results are quite general.
While resistance (and magnetoresistance) meas-
urements probe the density and mobility of the
carriers, the thermoelectric power (S) probes
their energy distribution. If the energy distri-
bution falls to zero width about the Fermi energy
as T-0 we will have S-0. Such is the usual case
for metals as well as for variable-range hopping
in three and two dimensions. ' If S increases as
T -0 there is evidence for the existence of an en-
ergy gap.

We find a striking qualitative change in the
thermopower as the thickness of our films is
lowered so that the resistivity crosses B». For
films with 8~& R» the thermopower is approxi-
mately independent of 8& and decreases with de-
creasing temperature. For films with R~&R,D

the low-temperature thermopower increases with
decreasing temperature, with higher-resistivity
films showing a larger thermopower. The ther-
mopower measurements therefore indicate that
the density of states at the Fermi level vanishes
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and an energy gap opens up as A~ passes through
R,D for our samples.

The samoles were prepared by electron-beam
deposition of Marz-grade palladium at 0.1-1 A/
sec onto a glass substrate at room temperature.
Pressure in the evaporator was 10 '-10 ' Torr
during evaporation and thickness was measured
with a quartz-crystal deposition controller. Elec-
tron micrographs taken of similar films deposit-
ed on a quartz film (in turn evaporated on a car-
bon film grid) show continuous palladium films of
fairly uniform thickness with a great deal of non-
percolating cracks (typically 20 x 100 A') for
nominal 18-25-A thicknesses. The samples were
therefore highly inhomogeneous on a scale of
-100 A but appeared quite homogeneous on a 1-
p, m scale. Electron diffraction shows crystalline
grains of -25 A thickness.

The experiments were performed in a sealed,
temperature-controlled copper sample holder
placed in an exchange-gas can and submerged in
liquid helium. Contacts to the palladium films
were made with -3000 A of evaporated silver
pads. The sample was mounted so that one of
the silver pads rested over a copper block heat
sink to which the glass slide was attached. The
remainder of the slide was cantilevered into the
vacuum. A single-crystal quartz block with a
heater attached was then glued on top of the other
silver pad to provide the temperature gradient to
the heat sink. Lead (Pb) wires were then indium
soldered or silver painted to the silver pads and

a 25- p,m Chromel-Constantan differential thermo-
couple was placed in close proximity to monitor
the temperature gradient. The accuracy of our
thermopower measurement is -20/g, +0.5 pV/K.

In Fig. 1 we have plotted the logarithm of the
resistivity as a function of the square root of the
reciprocal temperature for six samples of nomi-
nal thicknesses 18-25 A. The resistive behavior
of these films is virtually indistinguishable from
the behavior reported for quench-condensed films
of copper and gold (compare with Fig. 2 of Ref.
5). For resistivities greater than A,D the tem-
perature dependence is reasonably well fitted by
an exponential with a fractional inverse power of
temperature. For resistivities less than B» the
exponential dependence is gone and the resistivi-
ties appear almost flat on the plot in Fig. 1.

However, as is now well known, even films
with resistivities considerably below A» show an
increase with decreasing temperature that varies
logarithmically. In Fig. 2 we have plotted the
change in resistivity divided by the square of the
resistivity as a function of logT. The inset in
Fig. 2 shows data taken on a similarly prepared
film of Pd of 2.5 kQ/CI measured in a dilution
refrigerator. There is a logarithmic behavior
from 0.1 to 4 K. For -20 samples with A&5 kQ
and +&4 K we find ~/P~' = [(2.0 +0.2) && 10 '
0 '] log T as compared to (2 —4) x 10 ' 0 ' found
for PdAu. ' We note that the value of this coeffi-
cient is close to what one expects from the inter-
action model' (2.8 x 10 ' 0 ') and about a factor
of 2 smaller than what one expects from the lo-
calization picture. "'
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FIG. 1. Logarithm of the resistivity {in &/0) as a
function of reciprocal square-root temperature for the
palladium films used in the thermopower study. %e
have used the same symbol for each film in all of the
figures.
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FIG. 2. Resistivity change divided by square of re-
sistivity as a function of 1ogT for three Pd film sam-
ples which show "metallic" thermopower. The inset
is a similarly prepared sample measured to lower
temperatures.
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FIG. 3. Absolute thermopower as a function of
temperature for Pd films. Samples with R ~ & 30 k&/
show "metallic' behavior. Samples with R& —30 k &/
show the presence of an energy gap.

For low-resistance films the resistance in-
creases with temperature above -4 K as for con-
ventional metals. ' For R~ &5 kQ the low-temper-
ature increase becomes more rapid as stronger
localization and interaction effects become im-
portant as R,D is approached.

The resistivity studies are primarily presented
to show that the Pd films have the same behavior,
at high and low R~, as thin metal films reported
by other groups where only resistivity measure-
ments were performed. We have also compared
Pd and PdAu films prepared under similar condi-
tions. They are indistinguishable in their resis-
tance, magnetoresistance, and thermopower.

The absolute thermoelectric power (corrected
for the leads) of the series of six films is shown
in Fig. 3. The thermopower of even the low-re-
sistivity samples differs significantly from the
published values for bulk palladium, ""but this
is to be expected. In pure metals the thermopow-
er at -10 K is dominated by phonon drag and en-
ergy-dependent scattering processes. These con-
tributions are largely reduced by the short mean
free pa.th in thin films.

From 77 to -20 K the thermopowers of all six
films used in this study are the same within the
accuracy of our measurement (-20%). Below 20
K there is a qualitative difference between the ex-
ponential and logarithmic films. The three films
with A~&A, D follow one curve which is monotoni-
cally decreasing as temperature is lowered. The
film which has a resistance of -26 kQ/D at 10 K

follows the same curve down to -8 K and then
shows a thermopower which increases dramati-
cally as temperature is lowered, reaching a value
at 1.2 K which is orders of magnitude larger than
for the logarithmic films. Higher-resistivity
films show larger low-temperature thermopowers
and deviate from metallic behavior at higher tem-
peratures.

Note in Fig. 1 that the sample with R~ (10 K)
=14.5 kQ has R~(1.3 K)-20 kQ/Cl while the
R~(10 K) = 26 kQ/ sample has R~(5 K) -40 kQ/

The former sample shows metallic thermo-
power at all temperatures studied. The latter
sample shows metallic thermopower until its
resistance increases above 40 kQ/ at -5 K. We
therefore suggest that the metal-insulator transi-
tion defined by the thermopower occurs close to
R,D

= 30 kQ/
There are two prevalent pictures of the metal-

insulator transition in two dimensions. In the
scaling picture all states are localized. One goes
gradually from a metal with weakly localized
states that perturbatively give a logarithmic re-
sistivity increase to an insulator with strongly
localized states and variable-range hopping pro-
viding an exponential temperature dependence to
the resistivity. ' Although the thermopower has
not been treated theoretically in this model, the
limits are well known. In the weakly localized
regime the transport will proceed via the acces-
sible states within kT of the Fermi energy as is
typical for a metal. " The thermopower will de-
crease as temperature decreases and at low
enough temperature we should have S-(k/e)N(e~)
~AT.

The case of variable-range hopping is more in-
teresting and less obvious. For conduction be-
tween localized states, the width of energies used
by the carriers is determined by maximizing the
contribution to the conductivity. The problem has
been treated by Mott for the three-dimensional
case. ' He finds S -T' '. A simple extension of
his arguments leads to S-T' ' for the two-dimen-
sional case. The result is that the thermopower
decreases with decreasing temperature although
the conductivity is "activated" or exponential with
a fractional power of inverse temperature.

We therefore conclude that if the localization
picture is to describe the behavior of our films
we should have S-O as T-O, independent of the
resistivity and its temperature dependence. This
is the natural consequence of a theory which
treats the metal-insulator transition entirely as a
mobility effect.
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In the interaction picture the combined effects
of the elastic scattering and the electron-electron
interaction is to change the density of states in
the vicinity of the Fermi energy as well as cause
the logarithmic correction to the resistivity. '
While this change in the density of states should
show up in the thermopower (in a manner similar
to the way it should appear in the specific heat),
the thermopower mill still decrease as T-0 as
long as there is a finite density of states at EF.
At present we lack the sensitivity to test this
hypothesis. If Coulomb correlations are impor-
tant then one might expect the metal-insulator
transition to occur via the reduction of the density
of states at the Fermi energy until a gap opens, "
presumably at resistivities -A». With the pres-
ence of a gap the thermopower takes on a charac-
teristic semiconducting behavior with the S in-
creasing with decreasing T [S-(k/e)E&,p/2 kT for
E

gyp
))k T]

The increase in the thermopower in our high-
resistivity samples leads us to conclude that a
gap is appearing which favors the interaction
model. Previous tunneling measurements have
also shown an interaction gap. " We are never at
sufficiently low temperature in our thermopower
measurements to evaluate EgQp from the limiting
behavior of S. However, from the temperature at
which the thermopower of the high-A~ samples
deviates from the low-8 ~ samples we would esti-
mate E&,z- 2-5 K for the Ac, (10 K) =26 kQ/CI
film and E&,p -10-20 K for the B~(10 K) = 480
ka/a.

Another possibility which must be discussed in
light of the cracking observed in our films is that
the metal-insulator transition may be related to
the percolation between metal grains. If this is
the case then the resistivity just on the insulator
side is dominated by a few breaks in an otherwise
metallic chain from one side of the sample to
another. While these breaks may dominate the
resistivity they will only affect the thermopower
in proportion to the length of the breaks relative
to the length of the chain. Thermopower is a
zero-current measurement and one must merely
add the voltages of different segments in propor-
tion to their temperature drop in the temperature
gradient. Thus for a classical percolation prob-
lem we expect a smoothly varying thermopower
through the metal-insulator transition.

The thermopower is often thought of as the
"entropy per carrier" for a system. This has
led to some confusion as to the applicability of
the third law of thermodynamics. The actual

thermodynamic condition is that the product of
the thermopower and the conductivity must go to
zero as temperature goes to zero (oS-0 as T
-0)." From this requirement it appears that the
thermopower merely reflects the behavior of the
conductivity. A metal with finite conductivity at
T=O must have S-0 as T -0. However, for the
insulating case where 0-0 as T-O, we may have
S finite or diverging less rapidly than 1/o (as for
semiconductors) or S-0 (as for variable-range
hopping).

In conclusion we have found that the thermopow-
er reflects the change in behavior between films
with resistivity greater or less than 30 kQ/Cl
much more dramatically than does the tempera-
ture dependence of the restivity. For low-resis-
tivity films the thermopower shows metallic be-
havior with S-0 as T-0. High-resistivity films
have semiconductinglike thermopower with S in-
creasing as T decreases indicating the opening
of an energy gap. The sharpness of the transition
between these two behaviors as a function of film
resistivity suggests that the gap may be opening
at a well-defined value of A& and that electron-
electron correlations are important.
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Monte Carlo simulations show that for a system of Huderman-Kittel-Kasuya-Yosida-
coupled classical spins there exists an energy below which the system remains trapped
near a single energy minimum. Provided that a small amount of anisotropy is intro-
duced the system then exhibits, in the neighborhood of this energy, (a) a spin-glass-like
peak in the susceptibility g, (b) a well-marked maximum at d yldII', and (c) evidence
for spin freezing at lower energies. Without anisotropy these effects are absent.

PACS numbers: 75.10.Jm, 75.30.Kz

A satisf actory understanding of the spin-glass
state in disordered magnetic systems with com-
peting interactions remains elusive. ' In this note
we confine our attention to systems of isotropic,
Ruderman-Kittel-Kasuya- Yosida (RKKY) coupled
classical spins. For this case there exist a num-
ber of distinct spin configurations which minimize
the energy locally. ' These minima, almost de-
generate in energy, are separated by energy bar-
riers. At sufficiently low temperatures the
thermodynamics of the system must be "broken"
and controlled by the nature of the energy surface
around a particular minimum. Such regions have
very small curvature in certain directions, in-
dicating that the ground-state configuration may
be substantially distorted for a small cost in en-
ergy. If the barrier heights are widely distributed
the various energy wells will merge progressively
as the energy increases and the system will
steadily migrate over wider regions of phase
space. Alternatively, if the height distribution
is narrow, there should be an abrupt effect upon
the thermodynamics at a temperature where the
average energy equals the barrier height. It is
possible that this temperature marks the spin-
glass "transition. "

To examine these questions we have made
Monte Carlo studies of a classical spin system
with RKKY coupling for which ground-state can-
figurations are known. The Hamil. tonian is X
=QJ,.;S, S» where J,, =V, cos2krr„/r, „' We.
find that there is a well-defined energy below

which migration between energy wells ceases on
the time scale of the simulation. The suscepti-
bility in the neighborhood of this energy (temper-
ature) passes through a maximum provided that
a small amount of anisotropic interaction is in
trod'uced, but not otherwise. Spin freezing, as
indicated by a time-independent value of the
Edwards-Anderson parameter q, ' is found under
similar conditions. The temperature associated
with this critical energy is lower than the transi-
tion temperature estimated from experiment by
a factor of 3. This can be explained by the
severe low-temperature distortion of the true
energy-temperature relation by the use of Boltz-
mann statistics.

To examine the barriers separating energy
minima we study the microcanonical low-field
shattered susceptibilities X,h given by

X,h /P=((Z;n; n;.")'&„, (&)

where the unit vector spins ri,. are a classical rep-
resentation for a system of N spins S; randomly
sited on an fcc lattice. The vectors n.. . i =1,
. . . ,K, represent the ath ground state of the
system and (~ )„denotes a microcanonical aver-
age. In Fig. 1 we show a plot of X,z values for
all seven ground states of a system of ¹172
spins' versus the internal energy AE of the sys-
tem. The y, h values are seen to rise rapidly and

quite uniformly as the energy is lowered. Below
some point, however, the distribution of X»
values for different a's broadens rapidly. In this
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