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Low-temperature resistance and its temperature dependence in nanostructured silver
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The dc resistance and the temperature coefficient of resistance~TCR! of bulk nanostructured silver~n-Ag!,
synthesized by inert gas condensation andin situ vacuum compaction as well as by the sol-gel method, was
investigated in the temperature range from 4.2 to 300 K. The results indicated that for all of then-Ag
specimens with larger grain sizes (d.20 nm) and higher densities~relative densityD.88%! investigated,
their resistivity decreased with decreasing temperature, showing metallic behavior; however, it was found that
for then-Ag with smaller grain sizes and lower density (D545– 50 %), the resistance increased with decreas-
ing temperature~negative TCR! as its mean sized,9 nm, exhibiting nonmetallic behavior. Furthermore, it
was found that generally at a certain~fixed! temperature~at 280 K, for instance!, there were approximately
linear relations~with negative slope! between its TCR and reciprocals of both grain size and density. In
addition, the absolute magnitudes of the resistivity ofn-Ag were higher than that of polycrystalline silver
~poly-Ag!, and increased with decreasing both grain size and density. With the model of grain boundary
reflection, it was evaluated that the electron mean free path at room temperature was 44 and 33 nm for the
n-Ag with grain size 38.5 and 25 nm, respectively, both of which are smaller than that of poly-Ag~51 nm!. It
was also evaluated that the electron transmission coefficient through boundaries decreased monotonically from
0.83 to 0.42 asn-Ag density decreased from 98.5 to 88%, suggesting greater boundary barriers in then-Ag’s
with lower densities. The fact that transition of TCR sign from positive to negative can be attributed mainly to
the dominant scattering caused by interfaces as compared to that caused by intragranular phonons inn-Ag with
extremely fine grain sizes and low densities.@S0163-1829~97!07936-8#
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I. INTRODUCTION

Nanostructured materials~n-materials! are artificial syn-
thesized polycrystalline materials whose grain sizes are
the order of several to dozens of nanometers.1 Since the frac-
tion of interfacial component inn-materials is comparable t
that of the intragranular component~for instance, the fraction
of interfaces is;50% for then-materials with grain size 5
nm!, the influence of the interfaces on the electron transp
property cannot be neglected, as has been done in con
tional polycrystalline material~polymaterial!. Therefore,
some features involving electrical conduction may app
that are closely associated with its structural characterist

The dc resistivity and its temperature behavior has b
widely investigated in metallic glass2,3 and solid films,4–7

and some important results related to their structure h
been obtained. Inn-materials, however, this investigation
in its preliminary stage. Wuet al.8 investigated the ionic
conductivity ofn-Ca12xLaxF21x (x50,0.25) and found tha
it is one to two orders higher than that of polycrystalli
counterparts. The low-temperature resistivity ofn-Pd was
studied by Krag,1,9 who found that the temperature coef
cient of resistivity ~TCR! decreases with decreasing gra
size. Recently, a negative TCR was found in bulkn-NiAl
with lower densities (D&68%) by the present authors.10 At
present, however, we are far from a full understanding of
characters and mechanism of the electron transport prop
in n-materials. In this paper, we report the investigations
the low-temperature resistance and TCR of nanostructu
560163-1829/97/56~16!/10596~9!/$10.00
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Ag~n-Ag!, laying emphasis on the effects of both grain si
and specimen density on the resistance and its tempera
dependence.

II. EXPERIMENT

The n-Ag used was synthesized by two methods. T
specimens with higher densities (D.88%) and relative
larger sizes (d>20 nm) was prepared by inert-gas conde
sation andin situ vacuum compaction as described in Ref.
The raw material was 99.99% pure conventional polycrys
line Ag ~poly-Ag!. After the vacuum chamber was evacuat
to the vacuum of 531026 Pa, it was filled with helium gas
to the pressure 0.1–0.3 kPa. Then nanoparticles were ev
rated by a tungsten heater and collected in a cold finger fi
with liquid nitrogen. Different heating currents were used
alter the grain size of nanoparticles obtained. After a cert
amount of this nanopowder was collected, it was compac
in situ in high vacuum at different pressures~0.6–1.8 GPa!
to alter the density of bulkn-Ag specimens. The obtaine
specimens were disk shaped 6 mm in diameter, and 0.2
mm thick. Although there are difficulties in controlling mac
roscopic density and mean grain size accurately, we did
utmost to ensure that the relative density differences am
the specimens used to investigate size effects quantitati
were smaller than 3%; the size differences among those u
to investigate density effects quantitatively were smaller th
6 nm.

The specimens with smaller grain sizes and lower de
10 596 © 1997 The American Physical Society
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56 10 597LOW-TEMPERATURE RESISTANCE AND ITS . . .
ties (D545– 50 %) were synthesized by the sol-g
method.1 The nanoparticles of silver were obtained from r
action of tannic acid (C76H52O46) ~purity: 99.9%! with silver
nitrate solution~purity: 99.9%! at room temperature. By al
tering the concentration of silver nitrate solution, nanop
ticles with different mean grain sizes were obtained. B
n-Ag was obtained by compacting the nanopowder w
lower uniaxial pressure (;0.5 GPa) at room temperature.

The chemical components of the synthesized nano
ticles with different grain sizes were analyzed by x-ra
photoelectron spectroscopy~XPS! ~model: VG ESCALAB
MK II electron spectrometer!. The results revealed that th
samples contained trace oxygen and carbon; no obv
change of chemical components was observed in the sp
mens with different grain sizes. The crystalline structure a
mean grain size~based on Scherrer method! of n-Ag speci-
mens was analyzed by using x-ray diffraction on a Phil
PW1700 type x-ray diffractometer~XRD! and confirmed by
transmission electron microscopy~TEM!. The specimen den
sities were measured, based on the Archimedes princ
within an accuracy of60.5%.

The measurement of dc resistance was carried out, in
temperature range from 4.2 to 300 K, by using the conv
tional four-probe method. The voltages were recorded b
nanovoltmeter~model 182, Keithley Inc.! and the tempera
ture was controlled within an accuracy of60.5 K.

III. RESULTS

A. Effects of grain size on the resistance

The resistivity of poly-Ag andn-Ag ~relative densityD
594– 96.5 %! with different grain size was measured. Tab
I gives the residual resistivity at 5 K and that at 300 K for
poly-Ag andn-Ag with different grain sizes. It shows clearl
that, whether the absolute magnitude of resistivity ofn-Ag is
at 5 K or at 300 K, it is greater than the corresponding val
for poly-Ag, and increases with decreasing grain size. T
resistivity ratio of the resistivity at different temperatures
that at 5 K was plotted as a function of temperature in Fig.
Comparing with poly-Ag, some features about the resistiv
of n-Ag can be seen from this figure:~1! Similar to poly-Ag,
the resistivity of n-Ag decreases linearly with decreasin
temperature at temperatures above;40 K, showing metallic
behavior.~2! The slope of the linear part (T.40 K) of the
curver/r5 versusT of poly-Ag is much greater than those o
all the n-Ag specimens investigated, and among the
n-Ag’s, the slope decreases with decreasing grain size.
ure 2 shows the TCR@defined asa5(1/r)dr/dT# of
poly-Ag ~curve a! and threen-Ag specimens~curvesb, c,
andd! as a function of temperature. The temperature dep

TABLE I. List of the resistivity at 5 and 300 K for poly-Ag and
n-Ag (d594– 96.5 %) of different grain sizes.

Specimen poly-Ag
n-Ag

~47 nm!
n-Ag

~30 nm!
n-Ag

~20 nm!

r5 ~mV cm! 0.04 0.49 1.90 2.69
r300 ~mV cm! 1.64 2.47 3.98 5.02
l
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dences of TCR ofn-Ag’s with different grain sizes differ
greatly from those of poly-Ag; with decreasing temperatu
the TCR of poly-Ag rises more rapidly than those ofn-Ag’s,
indicating that the reduction of the resistance of poly-Ag

FIG. 1. Variation of resistivity ratior(T)/r5 of p-Ag (a) and
n-Ag (b,c,d) with different grain sizes on temperature.

FIG. 2. Variation of TCR of poly-Ag (a) andn-Ag ~b, c, and
d! with different grain sizes on temperature.
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TABLE II. List of the resistivity at 5 and 300 K for poly-Ag andn-Ag (d525– 30 nm) of different
densities.

Specimen poly-Ag n-Ag (D598.8%) n-Ag (D594.7%) n-Ag (D591.7%)

r5 ~mV cm! 0.04 0.44 2.70 3.82
r300 ~mV cm! 1.64 2.48 5.00 6.06
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much faster than that ofn-Ag with decreasing temperature
In addition, at a fixed temperature the TCR ofn-Ag was
much smaller than that of poly-Ag, and decreased with
creasing grain size.

B. Effects of specimen density on the resistance

Table II gives the residual resistivity at 5 K and that at
300 K for poly-Ag andn-Ag ~grain sized525– 30 nm! with
different densities. It can be seen that, whether the resist
of n-Ag is at 5 K or at 300 K it isgreater than the corre
sponding values for poly-Ag, and increases with decreas
density. The resistivity ratio of the resistivity at differe
temperatures to that at 5 K was plotted as a function o
temperature in Fig. 3. It can be seen that the slope of
linear part (T.40 K) of the curver/r5 versusT of poly-Ag
~whose full curve is shown in the inset! is much greater than
those of all then-Ag specimens investigated. Among the
n-Ag’s the slope decreases with decreasing density. Figu
shows the TCR of poly-Ag~curvea! and threen-Ag speci-
mens~curvesb, c, andd!. This figure indicates that the TCR
of n-Ag was smaller than that of poly-Ag, and decreas
with decreasing density.

FIG. 3. Variation of resistivity ratior(T)/r5 of poly-Ag (a) and
n-Ag ~b, c, and d! with different densities on temperature. Th
inset shows the full curve ofr(T)/r5 of poly-Ag.
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C. Temperature dependence of resistance of then-Ag
with extremely fine grain sizes and low densities

To reveal the effects of grain size and density on tempe
ture dependence of resistance, then-Ag’s with smaller grain
sizes and lower densities~relative densityD545– 50 %!
were synthesized and their resistance were measured in
perature range 77–300 K. Figure 5 shows the XRD patt
of poly-Ag (a) and an-Ag sample (b) ~5.3 nm!. It can be
seen that, apart from broadening of all of the reflection pe
in curveb ~which was mainly caused by smaller grain size!,
the reflection peaks in the two curves correspond to one
other, indicating that the crystalline structure of then-Ag
sample is identical with that of poly-Ag. Moreover, no ev
dence of other phase, such as Ag2O, was detected in curveb,
which coincided with the results of XPS analysis. Figure
shows a typical TEM morphology of the grains of then-Ag
with mean grain size 6 nm determined by XRD. It can
seen that most grain sizes are around 6 nm with rather e
size distribution. The inset gives the electron diffraction p
tern of its structure, which is typical fcc structure—the sam
as that of poly-Ag.

Figure 7 gives the resistivity of thesen-Ag’s as a function
of temperature. It can be seen that forn-Ag’s with larger
grain sizes~d511 and 18 nm!, their resistance increase

FIG. 4. Variation of TCR of poly-Ag (a) andn-Ag ~b, c, and
d! with different densities on temperature.
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56 10 599LOW-TEMPERATURE RESISTANCE AND ITS . . .
with increasing temperature, showing normal behavior,
the n-Ag specimens~having the same density as that of t
specimens of larger grain sizes! with smaller mean grain
sizes ~d55.3 and 6.8 nm!; however, their resistance in
creased with decreasing temperature, exhibiting nonmet
behavior, which, to our knowledge, was first observed
bulk nanostructured pure metal. In order for us to confirm
observed results and exclude possible effects produce
other factors, such as chemical purity or contamination,
the temperature behavior of resistance for the finer grain
n-Ag specimens, after measurement of resistance the sp
men with grain size 5.3 nm was annealed at 643 K in
vacuums of 1023 Pa for 2 h, and its resistance was reme
sured. The result showed that as its grain size grew to 1
nm after annealing, its resistance decreased with decrea
temperature, showing normal behavior@see Figs. 8~a! and
8~b!#. In addition, the appearance of the nonmetallic beh
ior in the specimens with finer grain sizes (d&10 nm) was
of good reversibility, that is, the resistance-temperature cu
measured during cooling coincided well with that measu
during the heating process. To survey the transformation

FIG. 5. X-ray-diffraction pattern of poly-Ag standard (a) and a
n-Ag specimen (b) ~mean grain size: 5.3 nm! ~Cu Ka radiation!.

FIG. 6. The typical morphology of grains, observed by TEM,
n-Ag with mean grain size 6 nm. The inset shows the elect
diffraction pattern of their structure.
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its TCR from positive to negative with grain size in mo
detail, we investigated the dependence of TCR on its gr
size of n-Ag, which is illustrated in Fig. 9. It can be see
clearly that with decreasing grain size the TCR whether
100 or at 250 K, all decreased slowly with decreasing gr
size; when grain size was reduced to;9 nm, they changed
sign from positive to negative, below which negative TC
appeared and dropped more steeply. The origin of this
normal phenomenon will be discussed further in the follo
ing section.

IV. DISCUSSION

A. Magnitude of resistivity and microparameters
of electron transport

The difference in resistivity and its temperature behav
between poly-Ag andn-Ag as well as amongn-Ag’s with
different grain size and/or densities must be associated
the differences between their microstructure characteris
The high resistivity ofn-Ag as compared to that of poly-Ag
~see Tables I and II! may originate from one of the following
two aspects.

(a) Macroscopic defect effects. Since the density ofn-Ag
(D'88– 99 %) was generally lower than that of poly-A
there is inevitably a lot of porosity~voids with sizes of the
order of;1 mm!; there are, as well, vacancy clusters~VC’s!
~with the size d.3 nm! residing in triple junctions of
n-Ag.11,12Even a great number of microcracks exist inn-Ag,
especially for those specimens with smaller densities. Th
existence will lead to the reduction of effective conducti
area, giving rise to extrinsic increase of its resistivity. B
cause the volume fractions of each type of defects, their
curate shape, their size distribution, and their spatial dis
bution in n-Ag are difficult to determine experimentally

n

FIG. 7. Variation of the resistivities ofn-Ag’s ~density D
545– 50 %! with different grain sizes on temperature.
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FIG. 8. The resistivity of an-Ag specimen as
a function of temperature. (a) Before annealing
(d55.3 nm), and (b) after annealing treatment a
643 K for 2 h (d511.7 nm).
sic
a
rt

r

re
d
y
s

a

,
e
ns
F
si
f

st

al
on
e

tiv
e

fie

-

t
ap

e
sity
is

a

there are difficulties in quantitative deduction of the extrin
resistivity caused by them. This should be kept in mind
we try to extract the microparameters of electron transpo

(b) Interfacial and microscopic defect effects.Due to the
small mean grain size~20–47 nm!, there is a greater numbe
of interfaces~interfacial fractionf '6 – 15 %, assuming the
thickness of the grain boundary is 1 nm! in n-Ag than in
poly-Ag (f ,0.1%). These interfaces, which are always
lated to random atomic arrangements and superimpose
vacancylike~VL ! defects,11,12 have strong scattering abilit
to conduction electrons and therefore cause additional re
tivity. For this reason, the ‘‘intrinsic resistivity’’ ofn-Ag is
different from that of poly-Ag. The normal Drude formul
s5n0e2l /mVF @herem is the mass of electron,VF the Fermi
velocity, e the electron charge,n0 the free electron density
andl the mean free path~MFP!# cannot be used to determin
the microparameters, which, by using the measured intri
resistivity, may lead to unphysical magnitude, such as a M
smaller than a lattice constant. The investigations on re
tivity of solid state films5 indicated that as the grain size o
polymaterial is comparable to the electron MFP, each cry
acts like a potential well with boundary~interface! as a bar-
rier. As a result, a fraction of conduction electrons is loc
ized within this well, and the effective conduction electr
density is limited to those which tunnel through all th
boundaries along the MFP, resulting in decrease of effec
density of conduction electrons. The relationship betwe
conductivity and microparameters is described by a modi
Drude formula, and has the form6,7

s5@~e2l /mvF!#n0G~ l ,d,T* !. ~1!

Here d the grain size,T* (,1) is the transmission coeffi
cient of the electron through a boundary, andG( l ,d,T* )
gives the correction of conduction electron density due
grain boundary scattering. Using the transfer matrix
proach, Reisset al.13 calculated the functionG, which in the
first approximation has the form

G~ l ,d,T* !5T* l /d. ~2!

or
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n[n0G~ l ,d,T* !5n0T* l /d. ~28!

From formula~28! one knows thatn approachesn0 for con-
ventional polymaterial~d.1000 nm, l 520– 50 nm!, where
l /d,231022– 531022!1, which means that the influenc
of grain-boundary scattering on conduction-electron den
can be neglected. Inn-materials, however, the grain size
comparable to the MFP. Then the reduction ofn caused by
factor T* l /d cannot be neglected. Combining formulas~1!
and ~2!, we have

r5@mvF /n0e2l #T* 2 l /d. ~3!

Here r is the intrinsic resistivity ofn-Ag. We know from
formula ~3! that MFP l cannot be determined by using

FIG. 9. Variation of TCR at 100 K~d! and at 250 K~h! of
n-Ag ~of lower density! on its mean grain size.
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56 10 601LOW-TEMPERATURE RESISTANCE AND ITS . . .
single measuredr because there is another unknown para
eterT* in it. Since the electron transmission coefficientT*
reflects the energy barriers of grain boundaries, the dete
nation of it is beneficial to understanding the interfac
structures ofn-Ag. Here we evaluate the electron MFP a
transmission coefficient ofn-Ag based on the following
three assumptions.

~i! For then-Ag specimens with extremely high densitie
for instanceD.98%, the influence of macroscopic defec
on resistivity ofn-Ag can be neglected, i.e., extrinsic res
tivity caused by these defects can be neglected as comp
to that caused by boundaries scattering.~ii ! For the speci-
mens with identical or similar densities~for instanceDD
,2%!, their transmission coefficientT* is identical or simi-
lar. This assumption is based on the results of positron l
time spectrum~PLS! investigations,11 which showed that
density is a comprehensive index reflecting the states of
terfacial defects and interface formation.~iii ! The MFP is a
gradually changing function of grain size. This assumption
based on the results of investigations on the resistivity
solid films,14 which showed that the MFP is mainly dete
mined by background scattering within grains, i.e., by
deviation of atomic arrangements from periodicity with
grains.

Then for poly-Ag@hereG( l ,d,T* )51#, we have

rP5mVF /n0e2l 05A/ l 0 ~4!

with A5mVF /n0e2. Herel 0 is the MFP in poly-Ag. For the
two n-Ag specimens with similar densities, from formula~3!
we have@using assumption~ii !#

r15
A

l 1
T* ~2 l 1 /d1!, ~5!

r25
A

l 2
T* ~2 l 2 /d2!. ~6!

Here indexes 1 and 2 denote specimens 1 and 2, respect
On obtaining formulas~5! and ~6!, we have considered tha
~in the first approximation! the effective mass of electron
and Fermi velocity inn-Ag are same as those in poly-Ag. I
addition, since MFP is a gradually changing function
grain size@assumption~iii !#, we can divide the specimens o
different grain sizes into several sections according to th
grain size, so that in each section the grain size differenc
two specimens was smaller than 10 nm. Then the differe
between the MFP’s of the two specimens was small, and
approximation treatment, they were replaced by a m
value, i.e.,l 1' l 25 l̄ , and from formulas~5! and ~6! we ob-
tain

l̄ 5expF ln
A

r1
2

d2

d12d2
ln

r1

r2
G . ~7!

In the same way, from formulas~5! and ~6! we obtain

T* 5expF d1d2

l̄ ~d12d2!
ln

r1

r2
G . ~8!

Consequently, by using literature values15 ~at
300 K! of n055.8531022/cm3, VF51.393108 cm/s,
-

i-
l

red

-

n-

s
f

e

ly.

f

ir
of
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n

m59.1310231 kg, and e51.602310219 C, and by using
experimental resistivity data available for poly-Ag andn-Ag,
we obtained the MFP and transmission coefficient
poly-Ag andn-Ag, which are given in Table III and Fig. 10
respectively. It can be seen from Table III that the MFP
n-Ag is smaller than that in poly-Ag, and decreases w
decreasing grain size. It is worth noticing that the MFP
n-Ag are greater than the corresponding grain size const
ing the material. This fact suggests that the MFP is not
rectly determined by grain size, which agrees with the res
of other investigations.14 The decrease of MFP with decrea
ing grain size mainly originated from the enhanced dist
tions in smaller grains, for x-ray-diffraction investigations16

showed that the lattice microstrain in smaller nanograins w
generally a little larger than that in larger nanograins.

Figure 10 illustrated that with decreasing density fro
99% to 88% the transmission coefficient decreases mo
tonically from 0.83 to 0.42. This result indicates that wi
decreasing density, the interfacial barriers become gre
and greater, that is, the amount of interfacial defects and
random degree in grain boundaries increase with decrea
density, which agrees with the results of PL
investigations.11 Figure 11 gives the plot of lnT* versus the
reciprocal of the density. The straight line is the fit to expe
mental data. It can be seen that a good proportional rela
between lnT* and 1/D exists. Its implication will be dis-
cussed in the following section.

B. Grain size and density effects on resistivity

As mentioned above, the conduction process of electr
in n-materials can be described by a modified Drude form
@see formula~3!# within which factorT* 2 l /d gives the cor-

TABLE III. List of evaluated mean free path (l ) ~at 300 K! and
grain size (d) of n-Ag and poly-Ag.

Specimen Poly-Ag n-Ag n-Ag

d ~nm! .1000 38.5 25
l ~nm! 5161 4464 3363

FIG. 10. Variation of transmission coefficient~at room tempera-
ture! of n-Ag on its density.
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10 602 56QIN, ZHANG, ZHANG, JIANG, LIU, AND JIN
rection of the conduction-electron density. With decreas
grain size, the number of interfaces~boundaries! in n-Ag
increases, with its volume fraction being related to grain s
by the relation off '3D/d ~here f is the volume fraction of
interfaces andD the thickness of grain boundaries!.17 This
results in intensification of electron scattering inn-Ag
~which is reflected by the increase of factorl /d in T* 2 l /d!,
leading to an increase of its resistivity. In fact, by usi
relation f '3D/d, from formula ~3! one has r
5(mvF /n0e2l )T* 2( f l /3D), which shows explicitly the rela-
tion between resistivity and number of interfaces. In ad
tion, smaller nanograin sizes are often accompanied
greater lattice distortions,16 which leads to reduction of the
MFP ~see Table III!. This also causes the resistivity to in
crease. However, the MFP influence on resistivity is re
tively weaker because of the ‘‘counteracting effect.’’ That
on one hand, reduction of the MFP will give rise to increa
of intragranular resistance. On the other hand, however
reduction will lead to a decrease of the number of interfa
along one MFP, resulting in an increase of effective elect
density and therefore a decrease of its resistivity@see formu-
las ~28! and ~3!#.

The density influence on resistivity can be divided in
two aspects.~a! Macroscopic defect effects.As mentioned
above, the existence of these defects, such as porosity o
defects, will give rise to extrinsic resistance. Obviously, t
amount of these defects will increase as dens
decreases,11,12 leading to an increase of total resistance
n-Ag. In the high-density range, their influence can be
glected. In relatively lower densities~such asD,90%!,
however, their influence will become important gradual
Although we cannot experimentally separate it from to
resistivity accurately, the microparameters obtained h
~Table III and Fig. 10! are reliable for the following reasons
~i! the densities ofn-Ag specimens investigated here we
generally greater than 90%~apart from one specimen wit
the density of 88%!; ~ii ! the influence of extrinsic resistivity
were removed to a considerable degree on obtaining the

FIG. 11. Variation of transmission coefficient (lnT* ) of n-Ag
on reciprocal of its density. The solid straight line is the fit
evaluated values from experimental data~m!.
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rameters because of the existence of the term ln(r1 /r2) @see
formulas~7! and ~8!# ~as r1 /r2'r1i /r2i , herer1i and r2i
denote intrinsic resistivity of specimens 1 and 2, resp
tively!. ~b! Influences of interfacial barriers.High resolution
electron microscopy~HREM! ~Ref. 18! and PLS~Ref. 11!
investigations showed that grain boundaries inn-materials
often existed in the form of ‘‘extended states,’’ i.e., they a
always related to random atomic arrangements and cont
VL interfacial defects. Obviously, this kind of nonequilib
rium interface has stronger scattering capacity to conduc
electrons than normal equilibrium boundaries ha
Experiments11,12 showed that with decreasing density th
amount of VL defects increased. It can be conceivable t
the interfaces containing more VL defects will have strong
scattering ability than the one with fewer VL defects. Th
would be manifested by the decrease of the electron tra
mission coefficient with decreasing density as present exp
ments shown in Fig. 10. Obviously, as transmission coe
cient decrease, the resistivity increases@see formula~3!#,
which contributes partly to the variation of resistivity o
n-Ag on density~see Table II!.

C. Grain size and density effects
on the temperature dependence of resistivity

As mentioned above, there are~other than grain bound
aries! three types of defects inn-materials, i.e., porosity and
VC and VL defects.11,12 Among them, porosity only affects
the absolute value of resistance and residual resistivity du
its macroscopic character; i.e., it does not influence the T
of n-Ag. So do the VC defects, for VC defects reside main
in triple junctions and are also of macroscopic character
to their greater scale~10–15 monovacancies11!. On the other
hand, inn-materials the interfaces combining with VL de
fects~having smallT* ! and possessing great volume fractio
~large f ! have strong scattering capacity. Therefore the
sistivity temperature behavior ofn-materials is controlled by
both phonon scattering within nanograins and interfac
scattering. As the temperature decreases, the MFP incre
which indicates that the resistivity caused by backgrou
scattering within grains decreases. On the other hand, h
ever, the increase of the MFP will lead to a further descen
effective electron density@see formula~2!# because the num
ber of grain boundaries encountered by conduction electr
along one MFP increases. In addition, as temperature
creases, thermal activation declines, which leads to des
of electron transmission coefficientT* . All these will give
rise to additional resistivity caused by boundary scatteri
This would explain why the decrease of resistivity ofn-Ag
with decreasing temperature become slow, i.e., the incre
of TCR of n-Ag with decreasing temperature becom
slower than that of poly-Ag~see Figs. 2 and 4!.

According to the definition used here,

a[~1/r!dr/dT52~1/s!ds/dT. ~9!

Substituting formulas~1! and ~2! into ~9!, one obtains

a52@~1/l !1~1/d!ln T* #
] l

]T
. ~10!



ut

e-
2

w

o

vio
in
ca
,
ot
-

ca

b

in

ga-
mal
s

a-
x-

f a

and

k-
r
ong
, for
re-
n:

By

K

on-

ght

at

56 10 603LOW-TEMPERATURE RESISTANCE AND ITS . . .
In high temperaturesT.0.5QD @hereQD (;225 K) is the
Debye temperature of silver#, there is a relation 1/l}T, and
therefore

] l

]T
52Bl2. ~11!

HereB(.0) is a constant related to the material. Substit
ing Eq. ~11! into formula ~10!, one has

a5Bl@12~1/d!l ln~1/T* !#. ~12!

Formula ~12! indicates qualitatively that as grain size d
creases~1/d increases!, the TCR decreases as seen in Fig.
In addition, it also indicates that as grain sized→` ~the case
in conventional polymaterials! a→Bl, which is the TCR of
polymaterial. Hence if one plots the TCR~at a temperature!
versus the reciprocal of grain size ofn-Ag, he will obtain a
straight line with negative slope and by extrapolatingl /d to
zero, it passes through the TCR of poly-Ag. Figure 12 sho
the plot ofa280 ~the TCR at 280 K! versus 1/d. It can be seen
that a straight line exists indeed, and within the scope
experimental error it pass through thea280 of poly-Ag.

As mentioned above, the resistivity temperature beha
of n-materials is controlled by both phonon scattering with
nanograins and interfacial scattering, and the interfacial s
tering enhances with decreasing temperature. Obviously
the interfacial scattering becomes dominant, then the t
resistance of then-materials will possibly increases with de
creasing temperature, showing nonmetallic behavior. It
be known from formula~12! that the requirement for this
transformation of the TCR from positive to negative can
realized as the term in the bracket of formula~12! is smaller
than zero, that is, as the condition

~ l /d!ln~1/T* !.1 ~13!

or

T* ,exp~2d/ l ! ~138!

FIG. 12. Variation of TCR at 280 K (a280) on reciprocal of
grain size. The solid straight line is the fit to the experimental d
~j!.
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is satisfied, the TCR becomes negative. Formula~138! indi-
cates that exp(2d/l) decreases rapidly with increasing gra
size. For conventional polymaterial~d.1000 nm, l
520– 50 nm! where d/ l .0.53102– 53102@1,
exp(2d/l)→0, while theirT*→1. Hence, formula~13’! usu-
ally cannot be satisfied there, which explains why few ne
tive temperature coefficients of resistance appear in nor
metals. Clearly, for a givenn-material, only those specimen
with smaller grain sizesd and smaller densities@T* de-
creases with decreasing density~see Fig. 10!, or, increasing
height or/and width of boundary barrier19# can possibly sat-
isfy formula ~138!. Hence, it is understandable that a neg
tive TCR only appeared in the specimens with both e
tremely fine grain size and low density as observed inn-Ag’s
by the present authors~see Figs. 7–9!.

For the case of high boundary barrier~as inn-materials!
and weak field, the transmission coefficientT* , according to
quantum mechanics theory, is the tunneling probability o
electron through a boundary barrier, and has the relation19

T* 'exp~22bW! ~14!

with

b5A~2m/\!~U2E!.

HereW is the width of the boundary barrier,U the height of
the barrier,E the kinetic energy of electrons, and\ the
Planck constant. In the case of high boundary barrier
weak field, the relationE/U!1 holds approximately. Hence

b5A~2m/\!~U2E!'U1/2~2m/\!1/2.

Consequently one has the relation@see formula~14!#

lnT* 5~22bW!'2aWU1/2 ~15!

with a @52(2m/\)1/2.0# being a constant. Roughly spea
ing, the macroscopic density ofn-materials is a paramete
which reflects, to a certain degree, the coupling state am
grains, and we assumes that in a certain density range
instance in the relative density 88–99 %, the density is
lated to the grain boundary barrier by the following relatio

D}~WU1/2!21 or 1/D}~WU1/2!. ~16!

The assumption of the relation 1/D}(WU1/2) actually as-
sumes that2 lnT* is proportional to 1/D @see formula~15!#.
While this proportional relation between2 lnT* and 1/D has
been verified by experiments as illustrated in Fig. 11.
substituting formulas~15! and ~16! into ~12!, we obtain the
relation

a5BlF ~11C!2
1

D S al

bdD G . ~17!

Here, b(.0) and C are constant. Formula~17! indicates
qualitatively that at a certain~fixed! temperature, there is a
linear relation between 1/D and the TCR~with a negative
slope! for ann-material. Figure 13 plotted the TCR at 280
as a function of reciprocal of density ofn-Ag. It can been
seen that approximately a linear relation betweena280 and
1/D exists indeed, which also implies that the assumed c
dition U.E holds for n-Ag in present experiments. It is
worthwhile to point out that because the slope of the strai

a
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line is inversely proportional to grain sized @see formula
~17!#, it is usually about three orders greater inn-materials
(d;1 nm) than in corresponding polymaterials (d;1 mm).
Hence, the fact that obvious changes of the TCR with den
can only be observed inn-materials is reasonable.

FIG. 13. The plot of TCR at 280 K vs reciprocal of densi
(1/D) of n-Ag. The solid straight line is the fit to the experiment
data~d!.
e

.
2

ty

V. SUMMARY AND CONCLUSIONS

The dc resistivity and its temperature dependence was
perimentally investigated and following conclusions can
drawn.

~1! For all the n-Ag specimens with larger grain size
(d.20 nm) and higher densities (D.88%) investigated,
their resistivity decreased with decreasing temperatu
showing metallic behavior. For then-Ag with smaller grain
sizes and lower density (D545– 50 %), however, its resis
tance increased with decreasing temperature as its grain
d,9 nm, exhibiting nonmetallic behavior. Generally, line
relations between the TCR at a~fixed! temperature and re
ciprocals of both grain size and density existed, which can
interpreted well based on an interfacial reflection model.

~2! All their magnitudes ofn-Ag’s with different sizes
and density were higher than that of poly-Ag at correspo
ing temperatures, and increased with decreasing both g
size and density. In addition to the extrinsic resistiv
caused by macroscopic defects, this high resistivity
n-Ag’s can be attributed to intense scattering by interfa
and interfacial defects. With the model of grain bounda
reflection, it was evaluated that the electron MFP at ro
temperature was 44 and 33 nm for then-Ag with grain sizes
38.5 and 25 nm, respectively, both of which are smaller th
that of poly-Ag~51 nm!. It was also evaluated that the ele
tron transmission coefficient decreased monotonically fr
0.83 to 0.42 asn-Ag density decreased from 98.5 to 88%
suggesting greater grain-boundary barriers in then-Ag’s
with lower densities.
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