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Electrical conductivity and thermopower of Cu-SiO > hanogranular films
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We have measured the thermopov@&and electrical conductivityr in a series of CY(SiO,)1_«
nanogranular films between 2 and 300 K with Cu volume fractivarying from 0.43 up to 1.0. At

low temperatures, disorder-enhanced electron—electron interaction effects dictate the behavior of
A crossover of the temperature dependence foom/T to o= T3 is observed as is lowered and

the metal—insulator transition is approach8ds small, shows linear temperature dependence, and
is rather insensitive to the changeofeffects of annealing are also discussed. 2@02 American
Institute of Physics.[DOI: 10.1063/1.1493668

Metal—insulator composites have demonstrated interest- In this letter, we present detailed studies of electrical
ing physics when their constituent grain size is reduced ta@onductivity o and thermopowerS of the nonmagnetic
only a few nanometers. Recently, the giant Hall effect hasCu—SiGQ nanogranular films from 2 up to 300 K and with
been discovered in nonmagnetic,C8i0,), _, nanogranular Cu volume fractionx from 1.0 down to 0.434, which is just
systems. Near 3 orders of magnitude enhancement in theabove the classical percolation thresHolg~0.43. The ef-
Hall coefficient was observed when the Cu volume frackon fect of annealing is also discussed.
was reduced down to 0.51. This effect disappeared after an- The films were prepared by co-sputtering the source ma-
nealing the samples that significantly enlarges the grain sizeerials onto glass substrates held at 50 °C. The base pressure
The giant Hall effect has been previously obsefédlso in  of the sputtering chamber was belowk20~7 Torr. The Cu
magnetic (NiFe)-Si® and Fe-Si@ nanogranular films. volume fraction was determined from energy-dispersive
However, its discovery in the nonmagnetic Cu—sifdms  x-ray spectroscopy analysis. All investigated films were
shows that quantum-interference effects associated with thebout 1um thick. The annealing condition was 450 °C for 1
small grain size could be responsible for the apparent deh. Resistivity was measured from 2 to 300 K using the stan-
crease in the effective charge carrier concentration. In ondard four-probe ac technique with the aid of a 16 Hz excita-
study of the electrical conductivity of Cu—Sicomposites  tion of a Linear Research bridge. Thermopower measure-
with 0.17<x=0.33, a variable range hopping conduction of ments were performed using a longitudinal steady-state
the form oxexp{—(To/T)¥3 was observed and explained technique. At low temperatures, thermopower signals were
through the Coulomb interaction and the presence of a largeery small. Therefore, fine NbTi superconducting wires were
random potential. Investigations of thermopower provideused as our voltage leads from@8& K to avoid the contri-
complimentary information to what one obtains through thebution to the thermopower from the wires. Furthermore, we
study of electrical conductivity. However, there exist a lim- employed Ge thermometers, which have a resolution of 1
ited number of experimental studies of thermopower inmK or better, to accurately determine the temperature gradi-
metal—insulator nanocomposites, especially at liquid-heliunent across the sample. From 8 to 300 K, we used copper—
temperatures where the signal is small and measurement ¢onstantan thermocouples with the copper legs serving also
very difficult. Hurvitset al® measured the room-temperature as voltage leads. The thermopower was corrected for the
thermopower of Al-Ge films and found it consistent with the contribution of the copper. A miniature strain gauge served
theoretical predictions given by Bergman and L&wing as a heater in both cases.
and Yart® observed a small and temperature insensitive ther-  The room-temperature value of electrical conductivity
mopower for magnetic (NiFe)—SiCand Fe—-Si@ compos-  decreases by 4 orders of magnitude, from * down to
ites near the percolation threshold between 70 and 300 K. about 4 S/cm, when the Cu volume fracti@nis lowered
from 0.804 down to 0.434. Figure 1 shows the temperature
3Author to whom correspondence should be addressed; electronic maifiéPendence of the normalized conductivities for four repre-
chenw@umich.edu sentative samples witk=0.434, 0.510, 0.726, and 0.804.
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FIG. 1. Temperature dependence of normalized conductivity. The inse
shows the temperaturég,,,, where o reaches a maximum for a given
sample, plotted againgt

IEIG. 3. Temperature dependence of thermopo®8/&om 50 to 300 K. The
thermopower of a pure Cu film is also plottéiled circles for comparison.
The inset displays the room-temperature valu&afk a function ok.

One general observation is that for a given sampiéas a the presence of disorder, which results in multiple elastic

gig::n;g]avﬁéti;r?tr:ezesr:?énctfemzegrtg;%iﬁ \gfhldciZoCrzgrbﬁ] th(s‘?cattering. Note that the change of temperature dependence
. . . . : oincides with the sudden rise seen versusx (see the
systemt! T, s a function of is depicted in the inset of O (

Fig. 1 where a rather abrupt change can be seen at the dr&set of Fig. 1, indicating that stronger disorder indeed gives

it 1/3
volume fraction of about 0.47. Shown in Fig. 2 is the nor- fise to the transition to th& _dependence.
: : S . To study the effect of grain size, we annealed the sample
malized electrical conductivity as a function of the square

root of the temperature/T from 2 to 10 K for 0.476<x with x=0.510, which is at the quantum percolation

<0.613. A temperature dependenees T, is unambigu- threshold: After annealing, the sample shows a ten times

ously demonstrated in the plot and can be well understood ahs'.gher conductivity, still following the\/_T dependence but
with a much smaller slope, anfl,,, shifts from about 35
the result of electron—electron

interactions in a three- . . .
dimensional weakly disordered systé?‘nHowever, asx is down to 20 K. These results are consistent with the transmis-
reduced below 0.47, the temperature dependence devi-

sion electron microscopy analysis which shows that the av-
ates from\T and it is found thatT*® is in fact a better erage grain size grows from 3 to gbout 10:nm upon annea'l—
description, as illustrated in the inset of Fig. 2. When the!n9- The.cha.mce for a charge carrier to be s_cattered by grain
system is close to the metal—insulator transition, the diﬁu_boundarles is hence greatly reduced at a given temperature.
sion coefficientD can no longer be treated as a constant and

Figure 3 shows the thermopow8ias a function of tem-
should be renormalized. One may take this into account b erature for three representative samples vWth0.804,
using the Einstein equatiom=N(Eg)e’D, which leads to

.510, and 0.464 from 50 to 300 K. A pure Cu film is fabri-
the T3 dependenc® Here N(Eq) is the electronic density cated and measured in the same way, and the result is also
of states at the Fermi level. The diffusion constBnénters

plotted for comparison in Fig. 3. All samples have small
the problem because the motions of carriers are diffusive iﬁhermopower valuesS displays essentially linear tempera-

ture dependence and is rather insensitive to the amount of Cu
in the system, in sharp contrast to the very rapid decrease of

1.002 : l T l o with decreasing. The linear temperature dependence can
be understood as the behavior of the diffusive thermopower
1.000 - of the Cu matrix, where charge transport takes place. The
mean-free path of phonons is greatly limited by the small
< 0.998 |- [ grain size. Therefore, the phonon drag effect, otherwise no-
g 0.996 - . table on pure Cu with a large crystalline size at around 50 K,
b _ ~ does not seem to be present in these nanograin-size films.
© 0994 | g i The inset of Fig. 3 plots the room-temperature valuesS foir
£ | samples with different copper content. The insensitivitysof
0.992 - 0.476 to x is due to the fact that it is the thermopower of the Cu
0‘961 ' T"al(K”s) 2 ' matrix that we are essentially measuring. Unlikethe be-
0.990 : : : : : havior of Sin metal—insulator composites has not been much
15 2.0 25 3.0 35

-I-1/2 (K1/2)

explored. The slightly decreasing trend $fvith respect to
decreasing might be due to the disorder-induced modifica-
tion to the density of states around the Fermi energy. A slow

FIG. 2. Normalized conductivity as a function @ from 2 to 10 K for
x>0.47. The inset represents normalized conductivity as a functiai/df
for x<<0.47 over the same temperature range. All straight lines through th
data points are guides for the eye.

variation of S across the percolation threshold is also in line
with the prediction of Bergman and Levy.
Shown in Fig. 4 is the thermopower as a function of
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FIG. 4. Temperature dependence of thermopo@&édrom 2 to 8 K. The
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At low temperatures, disorder-enhanced electron—electron
interaction effect plays an important role in the charge trans-
port. A crossover fromyT to T® dependence o# is ob-
served as the system approaches the metal—insulator transi-
tion. Sis small and varies linearly with temperature at both
low and high temperatures. Annealing has considerable in-
fluence on the behavior af.
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straight lines are linear fits and error bars are included. The inset shows the

slopea of the lines plotted against

temperature for a representative sample with0.510 and
for a pure Cu film from 2 to 8 K. Error bars are indicated in
Fig. 4. One can see th&has very small values and varies

linearly with temperature. It is again believed to be the be-

havior of the diffusive thermopower of the Cu matrix. The
slopea=dS/dT is extracted and plotted againstas shown

in the inset of Fig. 4. It is clear th&becomes less sensitive
to temperature as is lowered, consistent with our observa-
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