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We have studied the effects of two-dimensional electron localization on the temperature
dependence of the resistivity and thermoelectric power of palladium and palladium-gold al-
loy thin films. All “metallic”’ (R <30 kQ/0) samples have a small material specific ther-
mopower which tends to zero as T—0. Samples whose resistivity increases above 30000
Q /0 have thermopowers which increase as T—0. Thus the density of states for the elec-
tronic transport is zero at the Fermi energy for high-resistivity films.

I. INTRODUCTION

Several years ago Thouless and co-workers per-
formed calculations which suggested that there
might be a minimum metallic conductance in re-
duced dimensional electronic systems. This sugges-
tion has stimulated considerable theoretical'~'> and
experimental’*~2! work on electron localization in
two dimensions.> The possibility of a minimum me-
tallic conductivity is hinted at by the Ioffe-Regel
rule?? which states that for metallic conduction to
take place one must have krL >1 where L is the
electron mean free path and ky is the Fermi wave
number. For a two-dimensional (2D) metallic sys-
tem the conductivity is

o=(e*/2mh)kypL (1)

and conventional transport theory breaks down
when krzL =1, implying a universal minimum con-
ductivity of

o=(e?/2m#)=(30000 Q/00)" !, 2)

Scaling theories now predict that all electronic states
are localized in two dimensions rather than the ex-
istence of a minimum metallic conductivity of
R3p =(30000 Q/00)~!. Samples show a logarith-
mic temperature increase in resistivity for
R /0O0=Rp < R,p crossing over smoothly to an ex-
ponential increase (with decreasing temperature) for
Ro>R,p.} An interacting electron picture* can
also give rise to the logarithmic resistivity for
Rp <Rjyp. Resistivity measurements on thin metal-
lic films!*171920 and electron inversion layers'®!8
are consistent with both scaling and interaction pic-
tures. Magnetoresistance and Hall-effect measure-
ments show different relative importance for the
two pictures in different materials.

Resistance (and magnetoresistance) measurements

27

probe the carrier density and mobility but not the
carrier energy distribution. The thermoelectric
power (S) is an excellent probe of the carrier energy
distribution about the Fermi energy (Eg). If the en-
ergy distribution falls to zero about Ep as T—0
then S —0, which is the usual case for metals as well
as for variable range hopping. If S increases as
T—0 then the conducting electrons transport more
than thermal energy and there is evidence for the ex-
istence of an energy gap.

In this paper we present thermopower measure-
ments on films of Pd and Pd-Au alloys which clear-
ly indicate the opening of an energy gap as R(T)
crosses above R,p. A shorter study for the Pd films
has been published in Ref. 20. For films with
R < R,p the thermopower is material specific but
independent of Ry and decreases with decreasing
temperature. Films with Rg> R,p show the low-
temperature thermopower increasing with decreas-
ing temperature, with the higher resistivity films
showing a larger thermopower. The thermopower
measurements therefore indicate that the density of
states at the Fermi energy vanishes and an energy
gap opens up as R passes above R,p.

II. EXPERIMENT

The samples were prepared by electron beam
deposition of Marz-grade palladium and a
palladium-gold alloy ingot previously prepared in an
arc furnace from Marz-grade palladium and 6n gold
(58% gold, 42% palladium by weight) at 0.1-1.0
A/sec onto a glass substrate at room temperature.
Pressure in the evaporator was 10~°—10~7 Torr
during evaporation and thickness was measured
with a quartz-crystal deposition controller.

Since we were unable to take electron micrographs
of the actual samples used in our transport study
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due to the glass slide substrate, we took electron mi-
crographs of similarly prepared films deposited on
quartz and carbon film electron microscope grids
(the quartz film was ~500 A on top of the carbon
film grid). Figure 1 shows electron micrographs of
nominal 24-A-thick Pd and 25-A-thick Pd-Au films
deposited on a carbon film electron microscope grid.
This micrograph and others of similarly prepared
Pd and Pd-Au films of nominal thicknesses 18—30
A show continuous films of fairly uniform thickness
with a large number of nonpercolating cracks. The
samples are therefore highly inhomogeneous on a
scale of 100 A but appear quite homogeneous on a
l-um scale. Similar micrographs were obtained for

(a)

samples evaporated directly on the quartz-coated
carbon film grids.

An electron-diffraction study shows crystalline
grains of approximately 50 A dimensions and fcc
structure. The diffraction study for the Pd-Au
films also indicates approximately 50- A crystallites
with fcc structure but with more disorder than simi-
lar Pd films.

In Fig. 2 we have plotted the thickness depen-
dence of the resistivity of a palladium film at room
temperature. The resistivity was monitored in situ
during the evaporation. The film was deposited
onto a glass slide at ~0.1 A/sec. An electrometer
first indicated an increased conductivity (~ 102

(b)

FIG. 1. Electron micrograph and electron diffraction pattern of (a) nominal 24- A-thick palladium film, (b) nominal 25-
A-thick palladium-gold film. Both films are deposed on carbon-coated grids.
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FIG. 2. Resistivity vs film thickness measured in situ
for a palladium film deposited on glass at room tempera-
ture.

0Q-1) at a nominal thickness of ~4 A. The resis-
tance then fell smoothly but rapidly and crossed the
interesting value of 30 kQ/0O at ~25 A. At
thicknesses greater than approximately 50—100 A
the resistivity goes as the inverse of the film thick-
ness indicating a mean free path of about 50—100 A
at room temperature.

The experiments were performed in a sealed
temperature-controlled copper sample holder placed
in an exchange-gas can and submerged in liquid
helium, Contact pads to the films were made with
3000 A of evaporated silver. The samples were
mounted so that one of the silver pads rested over a
copper step heat sink to which the glass slide was at-
tached (Fig. 3). The remainder of the slide was can-
tilevered into the vacuum. A single-crystal quartz
block with a heater attached was then glued on top
of the other silver pad. Thus the heat flow was
through the glass slide to the heat sink and the tem-
perature gradient was established in the substrate
supporting the thin metal films. Lead (Pb) wires
were then indium soldered or silver painted to the
silver pads and a 50-um Chromel-Constantan dif-
ferential thermocouple was placed in close proximity
to the Pd thin-film junction to monitor the tempera-
ture difference.

The Pb sample leads and the differential thermo-
couple were heat sunk to the copper sample holder
to avoid additional temperature gradients from the
room-temperature leads. Current was supplied to
the heater to establish a temperature difference of
~0.3 K and the voltage from the sample and dif-
ferential thermocouple were plotted on an x-y recor-
der. The current was then turned off and the gra-
dient diminished to check for temperature drifts.

Gradient heoter

Quartz block

Sample film
/ Silver pad

Glass - £

T

(b) Differential
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FIG. 3. Sample arrangement on copper holder; (a)
cross section, (b) offset view. Sample substrate was can-
tilevered on step on holder with heater placed on far end.
Holder was sealed in copper can which was placed in an
exchange-gas can and submerged in liquid helium. All
leads to samples and thermocouples were heat sunk to the
sample holder to avoid additional gradients from the
room-temperature leads.

The absolute accuracy of our thermopower measure-
ment is approximately 20%.

III. EXPERIMENTAL RESULTS

In Fig. 4 we have plotted the logarithm of the
resistivity as a function of the square root of the re-
ciprocal temperature for Pd and Pd-Au samples of
nominal thicknesses 18—25 A. The Pd data also ap-
peared in Ref. 20. The resistive behavior of these
films is indistinguishable from the behavior re 1ported
for quench-condensed copper and gold films.'* For
resistivities greater than R,p the temperature depen-
dence is approximately an exponential with a
square-root inverse power of temperature. For resis-
tivities less than R,p the temperature dependence of
the resistance is considerably less and the resistivi-
ties appear flat on these plots.

In Fig. 5 we have plotted the change in resistivity
divided by the square of the resistivity as a function
of logT. The palladium [Fig. 5(a)] films show a
resistance minimum at 10—15 K which proceeds to
a logT dependence as the temperature is lowered and
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achieves a completely logarithmic dependence for rithmic temperature-dependent resistivity as the pal-
T <4 K. Similarly prepared Pd films show this log- ladium films with just a slightly lower slope. For
arithmic behavior down to 0.1 K.!° The palladium- palladium samples with Rg <5 kQ and T <4 K we
gold films in Fig. 5(b) display the same basic loga- find
|
[Ro(T)—Rg(10 K)]1/[Rg(10 K)?]1=[(2.6+0.1)x 107> Q~!log;o[ T /(10 K)] 3)
while for palladium-gold samples with Ry < 8 kQ and T'<4 K we find
[Ro(T)—Rg(10 K)]/[Ra(10 K)?]=[(2.3+0.1)Xx 107> @~ log;o[T/(10 K)] . 4)
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FIG. 4. Logarithm of the resistivity (in /00 as a function of reciprocal square-root temperature for (a) palladium, (b)
palladium-gold films used in the thermopower study. We have used the same symbol for each film (within a material type)
in all of the figures.
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FIG. 5. Resistivity change divided by square of resistivity as a function of log T for (a) three Pd and (b) two Pd-Au

film samples which show “metallic” thermopower.

These numbers are similar to what others have
found for Pd-Au,"” (2—4)x 107> Q~!. We note that
the values for this coefficient are close to what one
expects from the “early” interaction model*
(2.8%x107° Q') and about a factor of 2 smaller
than what one expects from the early localization
picture*>>!” with a two-dimensional phonon density
of states. They are consistent in the localization pic-
ture with an inelastic scattering mechanism with a
linear temperature dependence.

For Ry greater than approximately 10 kQ the
low-temperature increase becomes more rapid as
stronger localization and interaction effects become

important as R,p is approached. The resistivity
studies show that these Pd and Pd-Au films have
the same behavior, at high and low Rp, as thin met-
al films reported by other groups where only resis-
tivity measurements were performed. Our Pd and
Pd-Au films are largely indistinguishable in their
temperature-dependent resistance and magnetoresis-
tance.!”” Although the thermoelectric power is of
course material dependent, the low-temperature
behaviors are quite similar.

The absolute thermoelectric power (corrected for
the leads) of the series of Pd and Pd-Au films whose
resistivity characteristics were shown in Figs. 4 and
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FIG. 6. Absolute thermopower as a function of temperature for (a) Pd and (b) Pd-Au films. Samples with R5< 30
kQ/0 show “metallic” behavior. Samples with Rg> 30 k€/0 show the presence of an energy gap.

5 is shown in Fig. 6. Figure 7 shows the thermo-
power of several Pd and Pd-Au films up to 100 K
with resistivities above and below R ,p.

Above approximately 20 K the thermopowers of
all the films are independent of resistivity within the
accuracy of our measurements (approximately 20%)
and depend only upon the material. Note in Fig. 7
that above 20 K the Pd-Au films are quite distinct
from the Pd films which are similar to the published
values for bulk palladium.??

Below 20 K (Fig. 6) there is a qualitative differ-
ence between the exponential and logarithmic films.
The films with Rg <R,p follow one curve (specific

to each material) which is monotonically decreasing
as temperature is lowered. The palladium film
which has a resistivity of 26 kQ /0 at 10 K and the
Pd-Au film which has a resistivity of 22 kQ /O at
10 K follow their respective low resistance film ther-
mopower curves and then dramatically start increas-
ing (the Pd film at 6 K, the Pd-Au film at 3 K) as
temperature is lowered, reaching values at 1.2 K
which are 1—2 orders of magnitude larger than for
the logarithmic films. Films of both materials with
increasingly high resistance show larger low-
temperature thermopowers and deviate from metal-
lic behavior at higher temperatures.
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FIG. 7. Absolute thermopower as a function of temperature for each of two Pd and Pd-Au films. Notice at tempera-
tures above 20 K the thermopower is quite material specific although independent of resistivity.

Note in Fig. 6 that the Pd sample with R5(10
K)=26 kQ has its thermopower start climbing away
from the metallic films at 6 K and the Pd-Au sam-
ple with R5(10 K)=22 kQ has its start at 3 K. If
one examines Fig. 5 one will see that both of these
films have resistivities of approximately 30 kQ /(1 at
the temperature their thermopowers start deviating
from metallic behavior. Note also in Fig. 6 that the
Pd sample with R(10 K)=14.5 kQ has R(1.3
K)=20 kQ yet its thermopower is indistinguishable
from the more metallic samples [such as the R(10
K)=0.65 kQ sample] while the Rq(10 K)=26 kQ
sample has R (5 K)=40 kQ. We therefore suggest
that the metal-insulator transition defined by the
thermopower occurs close to R,p =30 kQ /0.

IV. DISCUSSION

There are two prevalent pictures of the metal-
insulator transition in two dimensions which parallel
the single-particle (Anderson?*) picture as opposed
to the (Mott?®) Coulomb correlation picture in
three-dimensional systems. In the scaling picture
one goes gradually from a metal with weakly local-
ized states that perturbatively give a logarithmic
resistivity increase to an insulator with an exponen-

tial temperature dependence to the resistivity,> while
in the interacting electron picture the combined ef-
fects 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.*

The thermoelectric power in a Boltzmann equa-
tion treatment is often expressed in terms of a loga-
rithmic derivative with respect to energy of a band-
structure integral and a mean-free-path integral.2®
We expect the mean-free-path term or mobility term
to be small since the dominant scattering mechan-
ism in these films is the imperfection and boundary
scattering which contributes to the elastic mean free
path and the large temperature-independent part of
the resistivity of the metallic samples. In the fol-
lowing discussion we will therefore treat the thermo-
power as reflecting the energy distribution of the
states responsible for the conductivity.

The rigorous calculation of the thermopower is
difficult even in the noninteracting picture and we
will therefore be concerned mainly with its tempera-
ture dependence in the simplified derivations which
follow. It is often more instructive to look at the
Peltier coefficient, the coefficient which relates the
heat current (dU/dt) to the electrical current (j)
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which accompanies it,
IIj =dU /dz . (5)

The thermopower can be obtained from the Peltier
coefficient by an Onsager relation:

IM=ST. (6)

For a system with a finite density of states,
N(Ep), at the Fermi energy the average heat per
carrier is proportional to the specific heat, C, times
the temperature and the heat current is CTv, with v
the average electron velocity. The electrical current
is j =nev with n the electron density and the specific
heat is ~nkg[N(Er)kgT]. The Peltier heat and the
thermopower are then given by

M ~(kg/e)[N(Ep)T]T , (7a)
S=I/T~(kg/e)[N(ep)T], (7b)

which is the usual form for the thermopower of me-
tallic conductors. The thermopower goes to zero as
the temperature decreases due to the collapse of the
carrier distribution to the Fermi energy.

For insulators the characteristic heat of the car-
riers is the energy difference between the band edge
states and the chemical potential or ~Eg/2 where
E; is the energy gap. The heat current is (Eg /2)nv
and the thermopower is

which illustrates the typical behavior of semicon-
ductors at low temperature. The thermopower
diverges as the carriers remain at a fixed distance
from the Fermi energy as temperature is lowered.

There are several additional properties of the ther-
mopower which are worth pointing out. The ther-
mopower of any system with electron-hole symme-
try is identically zero, so that the equations above
assume that only one carrier is dominant. The third
law of thermodynamics requires that the product of
the thermopower times the conductivity approaches
zero as T—0. Thus materials which have finite
conductivity as T—0 must have vanishing thermo-
power. For systems with finite or diverging thermo-
powezg the conductivity must go to zero faster than
1/8.

In the weakly localized regime (R <<R,p), scal-
ing theory suggests that transport proceeds via the
accessible states within ~kzT of the Fermi energy
as is typical for a metal. The thermopower will de-
crease as temperature decreases and at low tempera-
ture will follow Eq. (7).

Within a single-particle picture, the exponential
temperature dependence of the conductivity for high
resistivity samples is the result of variable range

hopping. The thermoelectric power for the case of
variable range hopping is more interesting and less
obvious than for the simple metal. In the brief
derivation of Eq. (5) the implicit assumption was
that the conducting electrons had the same energy
distribution as the thermal distribution. As we shall
see the “transport weighted” average energy has a
different temperature dependence than simply kpT
since the higher energy carriers contribute more to
the conductivity in the strongly localized regime.
Following the elementary treatment of variable
range hopping, the conductivity is determined by
maximizing the distance that a localized electron
can traverse under the opposing conditions of ex-
ponential decrease of its wave function with distance
and exponential decrease of hopping probability for
nearby states with large energy differences as com-
pared to the thermal energy. For a d-dimensional
system the average energy spacing between a given
state and the closest energy state to it within a
hypersphere of radius r is proportional to

AE ~1/(dN /dE)r¢ . 9)

The probability of making a hop to a state a dis-
tance r is then reduced by e ~% from the tunneling
matrix elements, while it is enhanced by the factor
e 27 from the Boltzmann statistics. According
to Mott the jump rate and the conductivity are
determined by maximizing the exponent of the prod-
uct of these two factors. The result for the charac-
teristic distance and the characteristic energy of a
hop are then

r ~(dN /dE)~\/dT—1/d+D (10a)

AE ~T4/d+1 (10b)

and the temperature dependence of the conductivity
is
_ 1/(d+1)

o~eAE/T_ o= To/D . (11)
The distribution of electrons responsible for the con-
ductivity therefore has a width of AE rather than
kpT. The expression for the Peltier heat in Eq. (5a)
is then modified to

and the thermopower has the form
S~(AE?/T ~T@-D/d+D (13)

Thus for three dimensions the thermopower tends to
zero with a square-root dependence and for the
two-dimensional case of present interest it ap-
proaches zero as cube root of temperature. It is in-
teresting to note that if variable range hopping were
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ever applicable to one dimension the thermopower
would be temperature independent.

This problem was first treated by Mott and
Davis?® for the three-dimensional case. He found
S~T'2 If d>1, S—0 as T—0, the thermopower
decreases with decreasing temperature although the
conductivity is ‘“activated” or exponential with a
fractional power of inverse temperature.

It might be expected that the presence of a disor-
der induced mobility gap could explain our results in
a single-particle picture. However, since the samples
are metallic for R < R,p, the Fermi energy is far
from any band edges. This precludes the possibility
of a mobility gap opening about the Fermi energy
similar to that in a semiconductor with band tailing.
The density of states is continuous and nonzero at
the Fermi energy when Ry <R,p and the thermo-
power reflects this by displaying metallic behavior.
If a mobility gap were to open up with decreasing
temperature as R crosses above R,p, the mobility
edges would approach the Fermi energy rather than
recede from it and if the mobility edges did reach
the Fermi energy then the system would be dominat-
ed by variable range hopping.

We therefore conclude that if the single-particle
localization picture is to describe the behavior of our
films we should have S —0 as T—0, 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.

In the interaction picture the combined effects of
the elastic scattering and the electron-electron in-
teraction is to change the density of states in the vi-
cinity of the Fermi energy as well as cause the loga-
rithmic correction to the resistivity. This change in
the density of states should show up in the thermo-
power as a logarithmic correction to the otherwise
metallic behavior!? of the system. The thermopower
will still decrease as T—0 as long as there is a finite
density of states at Er. At present we lack the sensi-
tivity to test this prediction. If Coulomb correla-
tions are important 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,’ !0 presumably at resistivities ~R,p.
With the presence of a gap the thermopower takes
on a characteristic semiconducting behavior with
the thermopower increasing with decreasing 7T
[S~(kB /G)Egap/ZkBT for Egap >>kB ﬂ.

The increase in the thermopower in our high-
resistivity samples leads us to conclude that a gap is
appearing. This favors an interpretation in terms of
the interaction model. Previous tunneling measure-
ments have also shown an interaction gap.!"!? We
are never at sufficiently low temperature in our ther-
mopower measurements to evaluate Eg,, from the
limiting behavior of S. However, from the tempera-
ture at which the thermopower of the high-R sam-
ples deviates from the low-R samples we would es-
timate E,,,/kp ~2—5 K for the R5(10 K)=26 kQ
Pd film, E,, ~10—20 K for the R;=480 kQ Pd
film, Eg,p ~1-3 K for the Ry ~22 kQ Pd-Au film,
and E,,,~10—20 K for the R;~230 kQ Pd-Au
film.

gap

V. CONCLUSION

We have found that the thermopower reflects the
change in behavior between films with resistivities
greater or less than 30000 /0 much more dramat-
ically than does the temperature dependence of the
resistivity. For low-resistivity films the thermo-
power shows a material specific but metallic
behavior 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 as a
function of film resistivity suggests that the gap
may be opening at a well-defined value of R and
that electron-electron correlations are important.
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, FIG. 1. Electron micrograph and electron diffraction pattern of (a) nominal 24-A-thick palladium film, (b) nominal 25-
A-thick palladium-gold film. Both films are deposed on carbon-coated grids.



