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Electrical conductivity and thermopower of Cu–SiO 2 nanogranular films
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We have measured the thermopowerS and electrical conductivitys in a series of Cux(SiO2)12x

nanogranular films between 2 and 300 K with Cu volume fractionx varying from 0.43 up to 1.0. At
low temperatures, disorder-enhanced electron–electron interaction effects dictate the behavior ofs.
A crossover of the temperature dependence froms}AT to s}T1/3 is observed asx is lowered and
the metal–insulator transition is approached.S is small, shows linear temperature dependence, and
is rather insensitive to the change ofx. Effects of annealing are also discussed. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1493668#
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Metal–insulator composites have demonstrated inter
ing physics when their constituent grain size is reduced
only a few nanometers. Recently, the giant Hall effect h
been discovered in nonmagnetic Cux(SiO2)12x nanogranular
systems.1 Near 3 orders of magnitude enhancement in
Hall coefficient was observed when the Cu volume fractiox
was reduced down to 0.51. This effect disappeared after
nealing the samples that significantly enlarges the grain s
The giant Hall effect has been previously observed2–6 also in
magnetic (NiFe) – SiO2 and Fe–SiO2 nanogranular films.
However, its discovery in the nonmagnetic Cu–SiO2 films
shows that quantum-interference effects associated with
small grain size could be responsible for the apparent
crease in the effective charge carrier concentration. In
study7 of the electrical conductivity of Cu–SiO2 composites
with 0.17<x<0.33, a variable range hopping conduction
the form s}exp$2(T0 /T)1/2% was observed and explaine
through the Coulomb interaction and the presence of a la
random potential. Investigations of thermopower prov
complimentary information to what one obtains through
study of electrical conductivity. However, there exist a lim
ited number of experimental studies of thermopower
metal–insulator nanocomposites, especially at liquid-heli
temperatures where the signal is small and measureme
very difficult. Hurvitset al.8 measured the room-temperatu
thermopower of Al–Ge films and found it consistent with t
theoretical predictions given by Bergman and Levy.9 Jing
and Yan10 observed a small and temperature insensitive th
mopower for magnetic (NiFe) – SiO2 and Fe–SiO2 compos-
ites near the percolation threshold between 70 and 300
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In this letter, we present detailed studies of electri
conductivity s and thermopowerS of the nonmagnetic
Cu–SiO2 nanogranular films from 2 up to 300 K and wit
Cu volume fractionx from 1.0 down to 0.434, which is jus
above the classical percolation threshold1 xc'0.43. The ef-
fect of annealing is also discussed.

The films were prepared by co-sputtering the source m
terials onto glass substrates held at 50 °C. The base pres
of the sputtering chamber was below 231027 Torr. The Cu
volume fraction was determined from energy-dispers
x-ray spectroscopy analysis. All investigated films we
about 1mm thick. The annealing condition was 450 °C for
h. Resistivity was measured from 2 to 300 K using the st
dard four-probe ac technique with the aid of a 16 Hz exc
tion of a Linear Research bridge. Thermopower measu
ments were performed using a longitudinal steady-s
technique. At low temperatures, thermopower signals w
very small. Therefore, fine NbTi superconducting wires we
used as our voltage leads from 2 to 8 K to avoid the contri-
bution to the thermopower from the wires. Furthermore,
employed Ge thermometers, which have a resolution o
mK or better, to accurately determine the temperature gr
ent across the sample. From 8 to 300 K, we used copp
constantan thermocouples with the copper legs serving
as voltage leads. The thermopower was corrected for
contribution of the copper. A miniature strain gauge serv
as a heater in both cases.

The room-temperature value of electrical conductivitys
decreases by 4 orders of magnitude, from 33104 down to
about 4 S/cm, when the Cu volume fractionx is lowered
from 0.804 down to 0.434. Figure 1 shows the temperat
dependence of the normalized conductivities for four rep
sentative samples withx50.434, 0.510, 0.726, and 0.804
il:
© 2002 American Institute of Physics
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One general observation is that for a given sample,s has a
maximum value at a certain temperatureTmax, which can be
taken as a rough measure of the strength of disorder in
system.11 Tmax as a function ofx is depicted in the inset o
Fig. 1 where a rather abrupt change can be seen at the
volume fraction of about 0.47. Shown in Fig. 2 is the no
malized electrical conductivitys as a function of the squar
root of the temperatureAT from 2 to 10 K for 0.476<x
<0.613. A temperature dependence,s}AT, is unambigu-
ously demonstrated in the plot and can be well understoo
the result of electron–electron interactions in a thr
dimensional weakly disordered system.12 However, asx is
reduced below 0.47, the temperature dependence ofs devi-
ates fromAT and it is found thatT1/3 is in fact a better
description, as illustrated in the inset of Fig. 2. When t
system is close to the metal–insulator transition, the di
sion coefficientD can no longer be treated as a constant a
should be renormalized. One may take this into accoun
using the Einstein equations5N(EF)e2D, which leads to
the T1/3 dependence.13 HereN(EF) is the electronic density
of states at the Fermi level. The diffusion constantD enters
the problem because the motions of carriers are diffusiv

FIG. 1. Temperature dependence of normalized conductivity. The i
shows the temperaturesTmax, where s reaches a maximum for a give
sample, plotted againstx.

FIG. 2. Normalized conductivity as a function ofAT from 2 to 10 K for
x.0.47. The inset represents normalized conductivity as a function ofT1/3

for x,0.47 over the same temperature range. All straight lines through
data points are guides for the eye.
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the presence of disorder, which results in multiple elas
scattering. Note that the change of temperature depend
coincides with the sudden rise seen onTmax versusx ~see the
inset of Fig. 1!, indicating that stronger disorder indeed giv
rise to the transition to theT1/3 dependence.

To study the effect of grain size, we annealed the sam
with x50.510, which is at the quantum percolatio
threshold.1 After annealing, the sample shows a ten tim
higher conductivity, still following theAT dependence bu
with a much smaller slope, andTmax shifts from about 35
down to 20 K. These results are consistent with the transm
sion electron microscopy analysis which shows that the
erage grain size grows from 3 to about 10 nm upon ann
ing. The chance for a charge carrier to be scattered by g
boundaries is hence greatly reduced at a given temperat

Figure 3 shows the thermopowerSas a function of tem-
perature for three representative samples withx50.804,
0.510, and 0.464 from 50 to 300 K. A pure Cu film is fab
cated and measured in the same way, and the result is
plotted for comparison in Fig. 3. All samples have sm
thermopower values.S displays essentially linear tempera
ture dependence and is rather insensitive to the amount o
in the system, in sharp contrast to the very rapid decreas
s with decreasingx. The linear temperature dependence c
be understood as the behavior of the diffusive thermopo
of the Cu matrix, where charge transport takes place.
mean-free path of phonons is greatly limited by the sm
grain size. Therefore, the phonon drag effect, otherwise
table on pure Cu with a large crystalline size at around 50
does not seem to be present in these nanograin-size fi
The inset of Fig. 3 plots the room-temperature values ofS for
samples with different copper content. The insensitivity oS
to x is due to the fact that it is the thermopower of the C
matrix that we are essentially measuring. Unlikes, the be-
havior ofS in metal–insulator composites has not been mu
explored. The slightly decreasing trend ofS with respect to
decreasingx might be due to the disorder-induced modific
tion to the density of states around the Fermi energy. A s
variation ofS across the percolation threshold is also in li
with the prediction of Bergman and Levy.9

Shown in Fig. 4 is the thermopower as a function

et

e

FIG. 3. Temperature dependence of thermopowerS from 50 to 300 K. The
thermopower of a pure Cu film is also plotted~filled circles! for comparison.
The inset displays the room-temperature value ofS as a function ofx.
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temperature for a representative sample withx50.510 and
for a pure Cu film from 2 to 8 K. Error bars are indicated
Fig. 4. One can see thatS has very small values and varie
linearly with temperature. It is again believed to be the b
havior of the diffusive thermopower of the Cu matrix. Th
slopea5dS/dT is extracted and plotted againstx, as shown
in the inset of Fig. 4. It is clear thatSbecomes less sensitiv
to temperature asx is lowered, consistent with our observ
tion at higher temperatures. Annealing introduces lit
change to the magnitude and temperature dependenceS,
in sharp contrast to what it does to the electrical conductiv
Considering thatS is shown to be rather insensitive to th
strength of disorder in the system, this pronounced differe
in the behavior ofS ands is perhaps not surprising.

In conclusion, the electrical conductivitys and ther-
mopowerSare studied for Cux(SiO2)12x nanogranular films
from 2 to 300 K with the Cu content between 0.43 and 1

FIG. 4. Temperature dependence of thermopowerS from 2 to 8 K. The
straight lines are linear fits and error bars are included. The inset show
slopea of the lines plotted againstx.
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At low temperatures, disorder-enhanced electron–elec
interaction effect plays an important role in the charge tra
port. A crossover fromAT to T1/3 dependence ofs is ob-
served as the system approaches the metal–insulator tr
tion. S is small and varies linearly with temperature at bo
low and high temperatures. Annealing has considerable
fluence on the behavior ofs.
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