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We report on detailed and systematic investigations of the structural properties of thin (¢ <32 nm)
granular Pd, C, _, films with 0.1 <x <0.5, where x is the metal volume fraction. The films are prepared
by coevaporation of palladium (Pd) and carbon (C) onto quartz- and NaCl-crystal substrates at room
temperature in an uhv system. Since carbon is known to be insoluble in palladium within the whole com-
position region, we obtain granular Pd,C,_, films retaining their typical granular structure upon large
variations of the metal volume fraction x. As revealed from transmission electron microscopic (TEM)
investigations, granular Pd,C,_, films with x <0.3 consist of mainly isolated small Pd clusters with
mean diameters ® of a few nanometers embedded in an amorphous carbon matrix. With increasing x
clusters progressively coagulate, until at a certain metal volume fraction x, =0.3—which is the so-called
percolation threshold—an infinite percolative network exists throughout the entire sample. From the
analysis of TEM micrographs, we obtain size distributions for both cluster diameter ® and cluster sepa-
ration s for various films with different x, from which we obtain mean values as well as typical values for
@ and s with respect to the metal volume fraction x. This offers a quantitative comparison of the
structural properties of a real granular system with that of a simple cubic model, often proposed being
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appropriate to describe the structural properties of granular systems.

I. INTRODUCTION

The electrical, optical, and magnetic properties of
granular thin films are of long-standing interest in solid-
state physics,! since—due to their inhomogeneous film
structure—granular films exhibit rather interesting and
different behavior as compared to structurally homogene-
ous bulk systems. Renewed interest in granular systems
has arisen from recent experimental findings that granu-
lar metallic systems—like Co/Cu or Co/Ag-have been
shown to also exhibit ‘“giant” magnetoresistance
effects’—similar to what is found for the case of magnet-
ic multilayer systems.’

In the past, most experimental work has been attribut-
ed to granular systems consisting of two insoluble com-
ponents, one of which being metallic the other insulating,
like Ni-SiO,, Pt-Si0,, Au-Al,0;, or W-Al,0;, which were
prepared by coevaporation as well as cosputtering.* In
general, the structural properties of various granular sys-
tems are rather similar, and their physical properties sys-
tematically depend on the metal volume fraction x, which
can be controlled experimentally by means of different
evaporation rates during sample preparation. For metal
volume fractions x <x,, where x, is the so-called per-
colation threshold, granular films are built up from most-
ly disconnected small metallic clusters with a rather nar-
row size distribution embedded in an electrically insulat-
ing matrix. Usually, mean cluster diameters are roughly
<10 nm. With increasing metal volume fraction, clus-
ters progressively coagulate, until at a certain metal
volume fraction x =x, an infinite percolative network ex-
ists throughout the entire sample. However, films with
x =~x, also consist of a certain amount of single clusters
being isolated within the matrix, the number of which de-
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creases with increasing x. Granular films with x >x,
then consist of metallic clusters that are connected by
small metallic bottlenecks, the number and lateral size of
which increases with increasing x.

Correspondingly, the physical properties of granular
systems strongly differ in varying the metal volume frac-
tion from below x, to above X, While, in general, films
with x >x, show bulklike behavior,’ on the other hand
single-particle effects show up in various physical proper-
ties for films with x <x,, resulting in, e.g., super-
paramagnetism for granular films consisting of mainly
isolated ferromagnetic clusters like Fe/SiO, (Refs. 5 and
6) and quantum-size effects due to the small size of single
clusters.” Although in the past most experimental as well
as theoretical work has been attributed to the electrical-
transport properties of granular systems, investigating
both the nature of the metal-insulator transition at x,
(Refs. 8—-13) and the temperature dependence of the dc
conductivity,*'*~?° within some generality it is found
from several other experimental investigations'> that
various physical quantities systematically depend on the
metal volume fraction x, because they are related to mean
values for both cluster diameter ® and cluster separation
s, which in turn strongly depend on the metal volume
fraction x. It is, therefore, desirable to know the detailed
variation of ®(x) and s(x). Indeed, ®(x) is well known
and in addition found to be similar in magnitude for vari-
ous granular systems.* On the other hand, to our
knowledge s (x) has not been investigated experimentally
from electron microscopy up to now. It is interesting to
note that s(x), in contrary to ®(x), should be consider-
ably different in magnitude for various granular systems.
This is apparent, since although ®(x) is nearly the same
in all cases, values for x, are rather different, ranging be-
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TABLE 1. Percolation threshold x, for various granular systems prepared by different experimental

methods.

System X, Author Ref. Prepared by
Sn-Ar 0.26 Rohde and Micklitz 10 gas aggregation
Pd-C 0.3 This work coevaporation
Bi-Kr 0.34 Weitzel, Schreyer, and Micklitz 11 gas aggregation
Au-Al)0, 0.4 Abeles and co-workers 4 cosputtering
Pt-SiO, 0.4 Abeles and co-workers 4 cosputtering
Pt-Al,0, 0.42 Gilabert et al. 19 cosputtering
W-ALO; 0.47 Abeles and co-workers 4 cosputtering
Al-Si 0.5 Inglis et al. 17 cosputtering
Al-Ge 0.55 Deutscher, Rappaport, and Ovadyahu 8 coevaporation
CoSiO, 0.5-0.6 Barzilai et al. 15 cosputtering
Au-SiO, 0.54-0.62 McAlister, Inglis, and Kayll 18 cosputtering
NiSiO, 0.6 Abeles and co-workers 4 cosputtering
Cu-SiO, 0.6-0.65 Savvides et al. 16 cosputtering

tween 0.26 <x, <0.65, as can be seen from Table I. Due
to the lack of knowing s(x), the structural properties of
real granular systems are, therefore, often modeled by,
e.g., a simple cubic arrangement of metallic clusters of
equal size embedded in an insulating matrix equidistant-
ly.?® The question is, whether this model is more than just
a first approximation, yielding reliable values for s (x).

We have investigated in detail the structural properties
of granular Pd,C,_, films with 0.1<x <1 using
transmission electron microscopy (TEM). In this paper
we will restrict ourselves on films with 0.1 <x <0.45,
close to the percolation threshold x,, but with both
x <x, and x >x,. From size distributions for cluster di-
ameter ® as well as cluster separation s, obtained from
electron micrographs for various films with different met-
al volume fractions x, we examine mean values (®,s) as
well as standard deviations (04,0,) with respect to x.
This allows us to compare the structural properties of our
real granular system with that of a simple cubic model.
Furthermore, it is shown that the behavior of standard
deviations (04,0 ) versus x provides information on the
position of the percolation threshold x, for the Pd,C,_,
system.

II. EXPERIMENT

Granular Pd,C,_, films with metal volume fraction
0.1<x <1 and thicknesses ¢t <32 nm have been prepared
by coevaporation of high-purity palladium (99.999%) and
high-purity carbon (less than 0.1-at. % impurity concen-
tration) simultaneously onto different substrates at room
temperature in an uhv system (p, <1077 Pa). Palladium
(Pd) is evaporated by means of an electron-beam source
and carbon (C) is sublimated from a resistively heated
thin carbon rod. By using different evaporation rates for
Pd and C, we are able to prepare Pd,C,_, films with
various compositions and film thicknesses. The deposi-
tion of Pd and C is independently monitored by two
separate quartz-oscillator balances, which are calibrated
by optical interferometry (Tolansky). From this, we ob-
tain the total film thickness t =¢p4 +¢ and metal volume
fraction x=tpy/(tp3t+tc) with an accuracy of

Ax=15X1073. In each run, Pd,C,_, films with fixed
composition are deposited onto NaCl and quartz sub-
strates. The films deposited onto a cleaved NaCl sub-
strate are removed afterwards in deionized water and
transferred onto a small Cu net for TEM investigations,
carried out with a Philips CM 12 (120 kV).

III. RESULTS AND ANALYSIS

As a typical example, Fig. 1 shows an electron micro-
graph of a granular Pd, C,_, film with x =0.22 and total
film thickness t =12.5 nm. Since Pd and C are complete-
ly insoluble into each other,?’ the film consists of small
spherical Pd clusters (dark areas), the mean diameter of
which is around ®~3 nm, embedded in an amorphous
carbon matrix (light areas). (Further on, mean values
are indicated with a dash on top.) Most of the Pd clus-
ters in Fig. 1 are disconnected by small carbon bridges,
resulting in that the film belongs to the region of below
the percolation threshold X, However, Fig. 1 also shows
a certain amount of clusters being structurally coupled by
small bottlenecklike connections.

As mentioned in the beginning, our investigation is

FIG. 1. Electron micrograph of a Pd,C,_, film with x =0.22
and t=12.5 nm.
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aimed to determine (i) the percola_tion threshold Xp, as
well as (ii) mean cluster diameters ®, and (iii) mean clus-
ter separations § quantitatively with respect to the metal
volume fraction x. In a schematic representation, Fig. 2
shows the structural properties of our granular Pd,C, _,
films, revealing both disconnected as well as connected
Pd clusters, simply given as circles of equal size in Fig. 2.
As indicated in Fig. 2, we have measured from TEM mi-
crographs (i) the cluster diameter ® and (ii) the cluster
center-to-center (CTC) distance R, which is further on
denoted CTC distance R. From the corresponding mean
values (®,R ), we have then calculated the mean cluster
separation § for various films from §=R —®. This is
indeed justified as will be shown below.

As is obvious from Fig. 1, cluster diameters ® can easi-
ly be measured from TEM micrographs. On the other
hand, if we like to measure cluster separations, we have
to take into consideration that from TEM micrographs
we can only measure values for R that are projected onto
the “film surface.” Therefore, measured values for R may
be smaller as compared to real values for R if the film
thickness ¢ is larger than the mean cluster diameter .
In order to determine the magnitude of this discrepancy
SR, we have investigated various films with the same
metal volume fraction x but different total film
thicknesses ¢t > ® and t =®. We find mean values for R
being nearly independent on ¢ for films with ¢ >® and
t =®, which means that also 8R is independent on ¢.
Moreover, for films with ¢t =~®, we may then extrapolate
to the real two-dimensional case (®=t¢) in order to exam-
ine the magnitude of SR in absolute values. For this we
have measured the “real” and “projected” values of R,
using a simple model, where spheres of typical (measured)
diameters are arranged in different heights within a film
of t=~®. From this, we obtain the typical error 8R in ab-
solute magnitude with 0.5 nm <8R <0.8 nm. It turns

out that these values of 3R are smaller or at least equal as

compared to o, which is the standard deviation of R
within our analysis (see below), proving that we are able
to determine reliable data for R.

For each film, mean values for cluster diameter ® and
cluster CTC distance R are obtained from counting and
measuring up to N =1000 data for both ® and R from

S

FIG. 2. Schematic presentation of the structural properties
of granular Pd,C,_, films, revealing disconnected as well as
connected clusters within the carbon matrix. The indicated
quantities ® and R are measured from TEM micrographs with
® being the cluster diameter and R the cluster center-to-center
distance, where the cluster separation s is calculated from
s=R—®.
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TEM micrographs, using an electronic measuring device
providing a measuring accuracy of 0.05 nm. In order to
check whether mean values ® and R are identical with
most probable values for ® and R, respectively, we also
investigated the corresponding probability distributions
for cluster diameters N(®) and cluster CTC distances
N(R). For that we have divided the range within 0 < ®,
R <10 nm into 40 intervals of width A®=AR =0.2 nm,
into which data for ® and R were attached, correspond-
ing to their frequency [N(®), N(R)].

In Fig. 3, we present typical probability distributions
N(®) (@) and N(R) (0O) for a Pd,C, , film with
x=0.22, as shown in Fig. 1. The dot size signifies the
widths A® and AR of intervals. As one can see from Fig.
3, N(®) and N(R) are both symmetrical with respect to
their most probable values ® and R. Therefore, we have
fitted N(®) as well as N(R) by Gaussian distribution
functions N(<I>,$,U,b) and N(R,R—,O’R ). Obviously, this
provides an excellent fit to our data (solid lines in Fig. 3),
from which we obtain mean values (®,R ) along with cor-
responding standard deviations (04,0z). For the film
with x=0.22 shown in Fig. 1, the best fit gives
®=3.27+0.59 nm and R =4.77£0.83 nm. Also, for our
other films, both N(®) and N (R) nicely obey Gaussian
distribution functions similar to what is shown in Fig. 3.
The corresponding data for mean values (®,R ) and stan-
dard deviations (04,0 ;) are given in Table II for various
films with 0.1 =x =0.45 together with data for x and film
thickness ¢.

In earlier experimental work Granqvist and
Buhrmann®® found that N(®) is always of log-normal
type for various granular systems, in what means that the
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FIG. 3. Probability distribution N(®) (@) and N(R) (O) for
cluster diameter and cluster center-to-center distance, respec-
tively, for the Pd, C,_, film with x =0.22, shown in Fig. 1. The
solid lines correspond to fits from a Gaussian distribution func-
tion to the data from which mean values (®,R) as well as stan-
dard deviations (o0 4,0 ¢ ) are obtained.
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TABLE II. x is the metal volume fraction, ¢ the total film thickness, ® the mean cluster diameler, oo
the standard variation of @, R the mean center-to-center distance, o the standard vari_ation of R, 5the
mean cluster separation obtained from =R —®, o, is the standard variation for S obtained from

o, =0¢tOpR.

x t [ toe R tog S tog
(nm) (nm) (nm) (nm) (nm) (nm) (nm)
0.450 25.70 5.50 1
0.400 26.60 3.87 0.73 4.10 0.70 0.23 143
0.350 11.20 4.75 0.58 5.37 0.72 0.62 1.30
0.340 21.20 3.93 0.60 4.54 0.65 0.61 1.25
0.333 27.00 3.02 0.58 4.03 0.74 1.01 1.32
0.320 28.10 2.82 0.40 3.84 0.60 1.02 1
0.315 21.60 3.13 0.57 4.49 0.73 1.36 1.30
0.310 5.80 3.35 0.65 4.59 1 1.24 1.65
0.304 27.29 3.94 0.64 5.03 0.92 1.09 1.56
0.303 8.90 3.83 0.80 5.24 1.15 1.41 1.95
0.220 12.50 3.27 0.59 4.77 0.83 1.50 1.42
0.200 13.80 1.71 0.35 3.21 0.49 1.50 0.84
0.190 18.50 3.45 0.60 5.17 0.79 1.72 1.39
0.180 7.70 1.73 0.30 3.27 0.40 1.54 0.70
0.100 22.40 2.69 0.78 4.99 1 2.30 1.78

logarithms of particle diameters reveal a Gaussian distri-
bution. We have no indication for that, except for films
with x =0.1, which may also be analyzed using log-
normal distributions (LND) for both N(®) and N(R).
However, here the standard deviation of the LND always
equals o =1 so that N(®) and N(R) for these films again
may likewise be analyzed by a normal Gaussian distribu-
tion function.

From all measured data (®;, R; where i=1,...,N) for
each film we have then calculated s; =R; —®;, which in
turn were attached to intervals of width As=0.375 nm
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FIG. 4. Probability distribution N (S) (@) for cluster separa-
tion for the Pd,C,_, film with x =0.22, shown in Fig. 1. The
solid line corresponds to a fit from a Gaussian distribution func-
tion to the data from which we obtain the mean cluster separa-
tion with standard deviation og.

within the range —5 nm <s <5 nm. From this, we ob-
tain the probability distribution N (s) for cluster separa-
tions s. A typical result is given in Fig. 4, which shows
N (s) for the same Pd,C,_, film with x =0.22 in Fig. 1.
As one can see from Fig. 4, N (s) is likewise symmetrical
with respect to the mean value 5, giving rise to an excel-
lent fit from a Gaussian distribution function N (s,5,0)
to the data (solid line in Fig. 4). From the best fit, we ob-
tain §=1.5%1 nm. It is important to note that we find
the result for N (s) in Fig. 4 being independent of any per-
mutation of the data (®;,R;). Thus, mean values ® and
R are statistically independent. This in turn then allows
us to calculate the mean cluster separation § from mean
values §=R —®. Indeed, using the corresponding mean
values ($=3.27+0.59 nm and R=4.77+0.83 nm)
for the film with x=0.22 in Fig. 3, we obtain
§S=R—®=1.5+1.42 nm, which is equal in magnitude
as compared to S=1.5£1 nm obtained from the max-
imum of N (s) in Fig. 4. However, the standard deviation
0,=%1.42 nm calculated from o, =04+o0y is slightly
larger than o ;=1 nm as obtained from a fit of a Gaussian
distribution function to N(s). In the following we there-
fore consider o0, =04+ 0z as being the maximum error
for 5 within our analysis, synonymous with the #ppical
range of cluster separations §to; within our films. For
all Pd,C,_, films within 0.1<x <0.45, the structural
properties were investigated in the same manner, as is
demonstrated for the film with x =0.22 above. Values
for §¥and o are given in Table II.

IV. DISCUSSION

First, we like to analyze the behavior of 04 and oz —
given in Table II—with respect to the metal volume
fraction x. In doing so, we have to take into account that
both 04 and oz not only depend on x but predominantly
on the total number N of clusters counted. (It turns out
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that this is at least the case for N <500.) As mentioned
above, however, N differs in magnitude within our
analysis ranging between 100<N <1000 for various
films, thus making it inappropriate to study independent-
ly the behavior of oz and o4 with x. On the other hand,
since for each single film the total number of N(®) equals
the number of N(R), we may, therefore, investigate a
normalized quantity, like o g /0 4, with respect to x in or-
der to compare the data for all our films.

In Fig. 5 we have plotted o /o4 versus metal volume
fraction x within 0 <x <0.4. The error bars in Fig. 5 re-
sult from the possible variation for o4 and oy itself,
while fitting Gaussian distribution functions to N(®) and
N(R). The solid line may serve as a guide to the eye.
According to our interpretation, o /o reveals a max-
imum at around x =0.3, the exact position of which can-
not be determined accurately in our case, because of the
lack of experimental data in the range 0.22 <x <0.3.
However, with emphasis towards the “diverging” branch
of og /04 for x >0.3, we suggest that the maximum is
located close to x =0.3. It is now interesting to note that
we find from simple inspection of TEM micrographs—
taken for various films with different x —the position of
the percolation threshold indeed close to the maximum of
o g /04 within 0.3 <x, <0.315 as indicated in Fig. 5 by
the shaded area. This in turn means that the maximum
in o g /04 versus x marks the position of the percolation
threshold x, for our granular Pd,C,_, system, pointing
out that the analysis of probability distributions N (P)
and N (R) may provide a method to examine the percola-
tion threshold x, for granular systems. To prove this
suggestion, more experimental work for various other
granular systems and also theoretical work would be
beneficial.

In Fig. 6 we have plotted the mean cluster diameter ®
(full dots) with corresponding standard deviation o
(vertical lines) versus metal volume fraction x for various
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FIG. 5. The ratio oy /0 vs metal volume fraction x within
0.1 <x <0.4 for various granular Pd,C,_, films, exhibiting a
maximum at the percolation threshold x,, which is indicated by
an arrow at x, =0.3. The solid line only serves as a guide to the
eye. The shaded area within 0.3 <x <0.315 indicates the posi-
tion of the percolation threshold as obtained from comparing
TEM micrographs for various films with different x.

A. CARL, G. DUMPICH, AND E. F. WASSERMANN 50

0 02 , 04

FIG. 6. Mean cluster diameters ® vs metal volume fraction x
for various granular Pd,C,_, films within 0.1 <x <0.45 (full
dots). The vertical lines represent the corresponding standard
variation. The solid line indicates the average ®(x) behavior as
a guide to the eye.

Pd,C,_, films within 0.1 <x =0.45. The solid line in
Fig. 6 is a guide to the eye, representing the average ®(x)
behavior on which we will refer below. Additionally, the
position of the percolation threshold x, is marked with
an arrow at x, =0.3. It is striking that x, does not show
up from the experimental data in Fig. 6. Instead, ®(x)
simply decreases with decreasing x within roughly 2 nm
<® <6 nm for films with 0.1<x <0.45, as is indicated
by the solid line.

In Fig. 7 we present the data for mean cluster separa-
tions ¥ (full dots) versus metal volume fraction x for films
with 0.1<x <0.4. For each film, the vertical line indi-

-1

0

FIG. 7. Mean cluster separation § vs metal volume fraction x
for various granular Pd,C,_, films within 0.1 <x <0.4 (full
dots). The vertical lines represent the range of typical cluster
separations within §+o,, which are set off by the dashed lines.
The S-shaped solid line may serve as a guide to the eye, em-
phasizing the overall 5(x) behavior, whereas the dashed-dotted
line marks the position of §=0.
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cates the corresponding standard variation +o,. In the
following we will identify the range of $to as being the
regime of typical cluster separations, which is set off in
Fig. 7 by dashed lines. The S-shaped solid line in Fig. 7
may again serve as a guide to the eye, emphasizing the
overall 5(x) behavior. The dashed-dotted line marks the
position of §=0. As is demonstrated in Fig. 7 by the
solid line, 5(x) only decreases with increasing x. This
signifies that an increasing amount of Pd clusters grow
together. From our results, given above, we know that
the percolation threshold is located at x, =0.3. Howev-
er, as can be seen from Fig. 7 for films with x ~x, the
mean cluster separation is still §=~1.3 nm >0. Instead
we find §—0 only for x =0.4, which is definitely larger
than x,. This indicates that films with 0.3 <x <0.4 con-
sist of a large amount of single clusters—in addition to
the infinite percolative network—the number of which
goes to zero for x —0.4. On the other hand, we may
recognize two characteristic features in the vicinity of
x,=0.3 within Fig. 7. (i) For x > 0.3, 5 decreases more
rapidly with increasing x, resulting in the occurrence of
the inflection point in the S-shaped 5(x) behavior at
x ~0.3. (ii) For films with x =0.3 for the first time also
typical cluster separations within the region §—o be-
come smaller than §=0 with increasing x. This can be
seen in Fig. 7 from the crossover of the dashed line with
the dashed-dotted line at x ~0.3. These both may addi-
tionally indicate the position of the percolation threshold
at x,=0.3 in Fig. 7. _

In Fig. 8 we have plotted the ratio ® /5 (full dots)
versus metal volume fraction x for films with
0.1<x <0.4 from the experimental data for ® and §
given in Table II. The full line is only a guide to the eye,
however, consistent with the solid lines in Figs. 6 and 7,
respectively. As one can see from Fig. 8, ® /5 strongly in-
creases with increasing x. In the following, the behavior
of ® /5 in Fig. 8 is compared with a model, where spheres
of equal size ® are embedded in an arbitrary matrix
within a simple cubic arrangement. Such a model is often
proposed being reasonable to describe the structural
properties of real granular systems,?® where the ratio ® /s
only depends on x with

1/3 -1
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The dashed line in Fig. 8 is calculated from Eq. (1) and
shows substantially different behavior as compared to our
experimental data. (i) ®/s calculated from Eq. (1) partly
differs in as much as 100% in magnitude from what is
given from experiment (solid line) and (ii) Eq. (1) gives a
percolation threshold located at x,°~0.52 which is
roughly 70% larger than what is found from experiment
in our case. Thus, we state that the underlying simple
model yields only a rough approximation of the structur-
al properties of a real granular system, whereas our inves-
tigation provides a quantitative determination of 5(x). To
prove this, future experimental work investigating the
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FIG. 8. The ratio ®/5 vs metal volume fraction x within
0.1<x <0.4 The full dots are obtained from experimental data
for ® and ¥ given in Table II and the solid line is a guide to the
eye, consistent with the solid lines in Figs. 6 and 7, respectively.
The dashed line is calculated from Eq. (1) corresponding to the
behavior of ® /s for a model, where spheres of equal size are ar-
ranged with simple cubic symmetry.

structural properties of various other granular systems
and in particular the behavior of 5(x) would be beneficial.

V. SUMMARY

We have presented experimental results of a systematic
investigation of the structural properties of thin
granular Pd,C,_, films with metal volume fractions
0.1=<x =0.45, carried out with TEM. From the analysis
of TEM micrographs, we obtain size distributions for
cluster diameter N(®) and cluster separation N (s) for
various films with different x. From a fit of Gaussian dis-
tribution functions to both N(®) and N (s), we examine
mean values as well as typical values for ® and s with
respect to x. It is suggested that the behavior of standard
deviations for cluster diameters and distances with x pro-
vides information upon the position of the percolation
threshold at x,=~0.3 for our Pd,C,_, system. The
analysis of ®(x) and 5(x) allows us to compare the
structural properties of a real granular system with that
of a simple model often used to describe the structural
properties of granular systems, where spheres of equal
size are arranged with simple cubic symmetry. As is
shown from the experimental data, this model is at least
questionable in describing the structural properties of
real granular systems.
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FIG. 1. Electron micrograph of a Pd,C,_, film with x =0.22
and t=12.5 nm.



