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We report a comprehensive investigation of nanophase palladium by x-ray-absorption spectroscopy with the
aim of clarifying the issue of the structure of the grain boundaries in nanophase materials. In fact, since the
proposal that the grain boundaries in these materials are highly disordered, various techniques have obtained
conflicting results on this issue. Until two recent brief reports (one of which was our own) x-ray-absorption
spectroscopy investigations have supported the view of highly disordered grain boundary regions due to the
finding of greatly reduced average coordination numbers. Contrary to previous reports we find that the reduc-
tion in average coordination numbers is smaller than previously reported (at most 42 0.03% for the first shell)
and can be explained by a size effect due to the non-negligible interface-to-bulk ratio of the samples. The
analysis of the x-ray-absorption data has been extended up to the eighth coordination shell taking into account
the important multiple-scattering paths. [S0163-1829(98)10001-2]

I. INTRODUCTION

The interest in the structure of nanophase (n) materials’
originates from the high density of grain boundaries (GB’s)
present. Since GB’s alter important physical properties of n
materials,” knowledge of their local structure is clearly of
great importance. Due to their high volume density it 1s fea-
sible to investigate their properties with volume sensitive
methods, which is impossible in ordinary coarse-grained
samples. Also, investigation of GB’s in n materals might
provide insight on their structure in general, in n materials
and in coarse-grained ones, and on the possible modifications
with grain size.

An early x-ray-diffraction study® on nanophase Fe re-
ported a large diffuse scattering background that was inter-
preted as arising from a structure having no long-range or
short-range order in the GB; this was proposed to lead to a
GB radial distribution function (RDF) lacking either short-
range or long-range order and the term ‘‘gaslike’” was used
to describe the local atomic arrangement. However, the
quantification of this ‘‘disordered’’ state has remained elu-
sive. The fundamental feature of the proposed ‘‘disordered™
model is the presence of atoms whose average position does
not belong to the lattice of any of the adjacent crystallites
and that have a low average coordination and/or a high dis-
order, leading to significant excess volume. In the following,
for brevity, this type of arrangement wiil be described as
‘“*disordered.”” For the sake of clarity it must be noted that
the concepts of coordination number (CN) and disorder are
completely separate. The CN counts the number of atoms in
each coordination sphere, which is a well-defined concept
when there is no overlap between peaks of the RDF; disorder
can be quantified by the second and higher moments of each
peak of the RDF, the leading term being the mean-square
relative displacement (MSRD). Notwithstanding this, the
single term ‘‘disordered’” will be used 1n the tollowing to
describe the proposed structure for GB’s in n materials.
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The proposal of ‘‘disordered’” GB’s in n matenals has
been controversial with results from different techniques ei-
ther supporting or rejecting this model. We note that also in
studies rejecting ‘‘disordered’” models of GB structure the
conclusions are mainly qualitative, the principal conclusion
being that the GB’s are ‘‘ordered’ or ‘‘similar to those in
conventional coarse-grained materials;’” a quantification of
the degree of ‘‘order’’ i1s missing.

Among studies rejecting the ‘‘disordered’” GB model 1s
an x-ray-diffraction (XRD) study of n-Pd (Ref. 5) in which,
contrary to the case of n-Fe, no diffuse scattering back-
ground was observed and only a peak broadening due to
particle size and strain was detected. We note that the inter-
pretation of XRD data has subsequently been challenged;® it
was demonstrated that atomic correlations between atoms
belonging to different randomly arranged crystallites do not
give rise to diffuse scattering between the Bragg peaks as
observed by Zhu et al.* and subsequently refuted by Fitzsim-
mons et al.’ In this debate there have also been speculations
on the degree of oxidation of n-Fe and on the different struc-
ture of GB’s in fcc vs bee metals.

TEM investigations have supported the ‘‘ordered’ state
of GB’s.” We note, however, that TEM has limited atomic
scale resolution and requires sample preparation procedures
that may affect the GB structure itself. Also, the conclusion
of the quoted TEM study is that ‘‘any atomic displacement 1s
less than or equal to 12% of the nearest-neighbor (NN) dis-
tance’’; in fact, atomic displacements as large as 12% of the
NN distance can only be classified as exceedingly large and
such a situation could only be described as *‘disordered,”” a
fact that was apparently not recognized by the authors.

X-ray or neutron small-angle scattering measurements
have remained inconclusive. In fact, spectra by Jorra et al.®
have been fitted by a sum of contributions from ordered crys-
tallites and from ‘‘incoherent’’ interfaces, while Sanders
et al.” find no evidence at all of any signal originating from
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the GB’s and the excess small-angle signal is proposed to
originate from voids.

Mossbauer studies of n-Fe have detected a signal attrib-
uted to the grain-boundary component;'’ the assignment was
supported by the enhanced 1somer shift (indicating a reduced
atomic density) and by the enhanced width (indicating a
more disordered structure relative to the bulk). Recently,!
the same technique has provided evidence for enhanced
compressibility of the grain-boundary component of n-Fe.
Finally, positron lifetime measurements by Schafer'? provide
evidence for vacancylike free volume at GB’s and are thus in
support of the presence of ‘‘disordered’” GB’s.

Computer simulations of GB structure have the advantage
that the RDF can be extracted from the atomic positions,
which 1s 1mpossible for any experimental technique. Wolf
and Lutsko'” have studied a “‘GB superlattice’” of Cu that
consists of a regular array of twist boundaries, all of the same
type and perpendicular to the (001) planes. The RDF that
they calculate indicates that there are significant atomic re-
laxations at the GB. In fact, the RDF exhibits very broadened
peaks indicating considerable disorder. Wolf'*!° has studied
1n detail a number of GB’s on the four densest planes of fcc
metals 1in bicrystals. Also in this case the RDF of atoms at
the GB plane exhibit considerably broadened peaks. Results
of a computer simulation study of a model nanocrystalline
material substantiate this conclusion.'®

The latest study of local order in » materials by x-ray
diffraction'’ provides evidence that in most samples studied
a reduced CN 1n the first eight coordination shells 1s found
but that this 1s due to a size effect, i.e., to the high interface-
to-bulk ratio (IBR) of the sample with no evidence of further
reduction due to ‘‘disordered’’ GB’s; the GB’s are described
as nonreconstructed and incoherent, terms that will be better
defined 1n the following. In freshly prepared samples, how-
ever, the same study found approximately 10% of atoms in
positions that cannot be associated with any crystallite.

X-ray absorption spectroscopy (XAFS) (Ref. 18) has
played an important role in this debate.'” This is not surpris-
ing as XAFS 1s nondestructive, can directly measure local
order parameters such as CN and MSRD, and has a relatively
straightforward interpretation (at least as far as the dominant
low-frequency signal is concerned). All measurements pub-
lished before November 1995 have shown a large reduction
of average CN’s 1n the first few coordination shells; by using
order-of-magnitude estimates of the particle size from XRD
line broadening it was concluded that this reduction was
greater than that compatible with a simple estimate of the
IBR and most measurements were interpreted as compatible
with the disordered GB model or with the presence of a high
defect density.”’ The XAFS technique was therefore seen to
support the ‘‘disordered’”” GB model.

The last two XAFS papers published on n materials have,
however, completely changed this situation. Our group®
published high quality data on n-Pd and provided an analysis
of the first coordination shell demonstrating that only a
small, if any, reduction in CN’s is in fact observed and that
this reduction can be simply explained by a size effect due to
the high IBR; previous results were shown to be in error due
to sample thickness inhomogeneities (an experimental arti-
fact). At the same time Stern et al.** published a similar
study on n-Cu that concluded that the average first-shell CN
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was not significantly different from the value in the ideal fce
structure; grain boundaries in n materials were thus proposed
to be “‘ordered.”’

The purpose of the present paper is to describe in more
detail our work, discuss in more depth the possible models of
GB structure and how they could be observed in XAFS,
describe 1n some detail the determination of the errors on the
CN and extend the previous analysis to the higher coordina-
tion shells; in particular, we have performed a state-of-the-art
ab initio analysis of the spectra including the important
multiple-scattering (MS) contributions. This complete analy-
sis 18 shown to be in agreement with the previously pub-
lished first-shell analysis. We find no evidence of large re-
duction in CN’s and our data is demonstrated to be
compatible with the presence of a size effect, with nonrecon-
structed, incoherent, grain boundaries.

II. XAFS OF NANOPHASE MATERIALS

In this section we describe the effects on XAFS spectra of
various possible structural models for n materials. A similar
discussion relevant to XRD has been previously published
by Loffler and Weissmuller,!’ and we follow that discussion

closely, referring the reader to that paper for a complete jus-
tification of the formalism.

For the present discussion we neglect MS. The most gen-
eral expression for the XAFS signal is***

(k) :47Tfmdr rngz(r)A(k,r)sin{2kr+ Wk,r)},
0

(1)

where g,(r) 1s the two-body RDF, A(k,r) is the amplitude,
and (k,r) the phase shift. A(k,r) includes thermal and
structural damping terms, many-body correction factors and
the 1/r* term; the other symbols have their usual meaning. In
the important case in which the total RDF can be split in a
number of separate coordination shells then Eq. (1) becomes

X(k)= 2, NA(k,r))sin{2kr;+ y(k,r))}, (2)
J

where r; and N; are the average interatomic distance and the
CN of the jth shell, respectively.

For a nanostructured material (be it an array of isolated
clusters or a compacted nanophase) the RDF can be split in
two terms: the intragrain contribution, deriving from those
atomic correlations involving atoms belonging to the same
particle, and the intergrain one, which derives from the re-
maining atomic correlations. It is useful then to introduce the
intraparticle and interparticle correlation functions. The in-
traparticle correlation function H(r) is the fraction of space
contained within the same particle as the central atom in a
spherical shell of radius r, averaged out with respect to all
positions of the central atom inside the particle; the interpar-
ticle correlation function H'(r) is defined analogously. The
total RDF can then be written:

g:(r)=g3(r)H(r)+{(g,(r))'H' (r), (3)

where g5(r) is the RDF of an infinite ‘‘reference’’ crystal
with the same atomic correlations as each particle and in the
second term the average of the RDF over all particle orien-
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tations {(g,(r))" multiplies the intergrain correlation func-
tion; we note that the quantity {g,(r))" has no atomic-scale
structure.

An 1mportant property of the intragrain correlation func-
tion H(r) is that independent of the shape of the particles it
has value unity at r=0 and an initial slope {for r<<D, with
D the particle size) proportional to the specific free-surface
area of the particle. For a compacted nanophase:

¥GB
H(r)=1 5 (r<D), (4)
where, assuming sperical particles,
XGR (D), (5)

agp 18 the specific GB area and (D), is the area-weighted
average particle size. In the case of isolated particles the
free-surface area is double so that the appropriate factor 1n
Eq. 4)is as=2agg. |

We now substitute Eq. (3) in Eq. (1) for the XAFS to
obtain

X(k):4wjmdr rng‘z’(r)H(r)A(k,r)Sin{2kr+ (k,r)}
0

+4fn'fmdr riplg,(r)YH' (r)A(k,r)
0

X sin{2kr+ (k,r)}. (6)

In this expression the second term does not contribute sig-
nificantly to the structural signal since (g,(r))" is essentially
a smooth, increasing function of r with no atomic-scale
structure. We conclude that XAFS, as wide-angle XRD, 1s
insensitive to the distribution of interatomic spacings be-
tween atoms located in different grains. In fact, 1t 1s easy to
see that an additional contribution to this insensitivity is the
fact that XAFS is considerably less sensitive to medium and
long-range correlations than XRD; this derives from the
core-hole lifetime and to the absence of low k-space infor-
mation. We now apply Eq. (6) to various limiting cases that
will be useful in the discussion of the results.

A. Isolated nanometer-sized particles

This 1s the case encountered, for example, in the study of
supported metal clusters:™ each particle is effectively at an
infinite distance from the others. The interparticie correlation
function is zero except for distances very large compared to
the interatomic distances and only the first term in Eq. (6)
contributes to y{(k). If we separate the total g(r) in coordi-
nation shells and analyze the first few, it 1s easy to see that,
using the limit for H(r) expressed by Eq. (4), each measured
CN will be reduced by a factor [ 1 — (ag/4)r;] with respect to
the infinite reference structure; r; is the interatomic distance
of the jth shell.

B. Nanophase materials with nonreconstructed GB’s

Upon compaction, isolated clusters will form a nanophase
material. Atoms on the surface of each particle will now

belong to the GB. If each atom in the neighborhood of the
GB still occupies the lattice position of its original particle,
1.e., if there are no atomic relaxations during the compaction
process we refer to the GB’s as ‘‘nonreconstructed,”’ a term
we borrow from surface science. Since, as explained above,
the second term in Eq. (6) does not give any contribution, it
is clear that in this case the first few coordination numbers
will be reduced by a factor [ 1 — (agg/2)r;].

C. Nanophase materials with disordered GB’s

Upon compaction of isolated clusters and formation of a
nanophase material the atoms in the GB’s may undergo re-
laxations. If there 1s a large number of ditferent local struc-
tures in which atoms are not on the lattice sites of the origi-
nal particle, so that on the average there is no short-range
order, we refer to the GB’s as ‘‘disordered.’’ It 1s easy to see
that in this case the CN of the first few shells will be reduced
by a factor of x;| 1 —(agp/2)r;], where x, is the fraction of
atoms on lattice sites of the reference crystal. Compared to
the case of nonreconstructed GB’s, CN’s are reduced by the
extra factor x; .

II1. SAMPLE PREPARATION AND EXPERIMENTAL

Six samples of n-Pd were prepared by inert gas conden-
sation with different treatments following the deposition.
One sample (n.1) was not consolidated, in order to serve as
a reference for an ensemble of clusters with a negligible
grain-boundary density. All other samples were consolidated
in situ under high vacuum for 5 to 10 min at 1-2 GPa; at this
stage samples have a density from 84% to 87% of coarse-
grained Pd. Following room-temperature consolidation, one
sample was kept at liquid-nitrogen temperature (LNT) up to
1 week before measurement in order to reduce room-
temperature (RT) grain growth. Two samples were stored at
RT for different periods of time and the remaining two
samples were subjected to annealing and hot-presstng proce-
dures. No metallic impurities were detected in a scanning
microprobe. Hot extraction on four samples yielded 0.6
+(0.2at. % 0O, 0.3£0.1at. % N, and 0.4x0.3 at. % H.

The size distribution of matenals prepared by inert gas
evaporation has been proposed to be a log-normal distribu-
tion function.”® For compacted materials, however, a bimo-
dal distribution provides a better description, due to the de-
tatls of the grain growth kinetics.”’” The particle size
distribution functions, n(D), for all our samples has been
determined by indirect deconvolution of Bragg peaks.”’ The
n(D) curve for all compacted samples are shown 1n kg. 1.
For the uncompacted sample the determination of n(D) was
found to be unreliable. The area-weighted average grain size
for each sample can be determined from these curves and it
1s listed in Table I, together with sample history. The rms
strain values lie between 0.03% and 0.3%.

In order to perform XAFS experiments a thin
(=~ 10 xm), homogeneous sample 1s required; inhomogene-
ity in the sample thickness distribution 1s a major source of
experimental artifact,28’29 which may artificially reduce the
measured coordination numbers; consequently, much care
was devoted to this aspect. Notice that all known experimen-
tal artifacts tend to reduce the measured coordination num-
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FIG. 1. Volume weighted particle size distributions for the com-
pacted samples.

bers, not to enhance them. The samples were hightly ball
milled at LNT in order to produce a powder that was then
dispersed in toluene using an ultrasound bath. Only the finest
particles (those forming a fine suspension at the top of the
test tube) were then deposited on a cellulose membrane
forming a homogeneous sample. Homogeneity at the submi-
cron level was checked optically and by measuring spectra
on samples of different thicknesses, from 1 to 15 wm, which
showed 1dentical values of the CN’s. We found that samples
prepared by using all particles produced by ball milling
(without dispersion in toluene and subsequent selection of
finest particles) exhibited artificially reduced coordination
numbers. In fact, samples of coarse-grained powder prepared
in the same way showed the same artificially low coordina-
tion numbers. This expenimental artifact might in part ex-
plain the previously reported low coordination numbers, at
least on materials produced by inert gas evaporation.

XAFS measurements were performed on the GILDA
CRG (D8) beamline of the European Synchrotron Radiation
Facility, Grenoble, France. A Si(311) independent crystal
monochromator with dynamical sagittal focusing™ was used.
Harmonics rejection was obtained by detuning the crystal
using a closed-loop feedback controller; the absence of har-
monics was checked with a hyperpure Ge solid-state detector
and multichannel analyzer by measuring the elastically scat-
tered radiation from the sample holder. XAFS spectra were
measured in the transmission mode with Ar filled ionization
chambers in the energy range 24-26 keV, with an energy
resolution of 1.5 eV approximately; all spectra were mea-

TABLE I. Sample history and characteristics. (D), is the area-
weighted average particle size.

Sample Preparation/Treatment (D)4

(nm)
! Not compacted 8.4
2 Stored at LNT 11.5
3 Stored at RT for 1 month 16.7
4 Stored at RT for 2 weeks 12.2
5 Hot pressed for 2 days 3.2 GPa, 100 °C 11.5
6 As No. 5, then annealed for 1 h at 160 °C 13.0

k (A™)

FIG. 2. Background subtracted XAFS functions for all samples
and the coarse-grained foil.

sured at 77 K in order to reduce thermal damping of the
signal and so increasing the available & space. For a few
samples temperature-dependent measurements were per-
formed and no vanation of the determined average CN’s was
found, but only an increase of the thermal disorder factor in
accordance to known vibrational behavior.’' A coarse-
grained Pd foil was measured as a reference sample.

The background subtracted, raw XAFS functions, reach-
ing 20 A !, are reported in Fig. 2. These functions were
Fourier transformed in the range 3—20 A~ ! and the magni-
tude of the Fourier transform is displayed in Fig. 3; no
phase-shift correction has been applied. From the figures it 1s
clear that the spectra show different amplitudes and can be
roughly grouped in three sets in order of decreasing ampli-
tude: the coarse-grained foil, samples 2 to 6 (i.e., all the
compacted samples), and sample 1 (the uncompacted
sample); clearly the analysis will have to reflect this qualita-
tive trend. We note that the amplitude 1s the only apparent
difference in the spectra; in particular there appear to be no
changes in the interatomic distances.

The peaks in Fig. 3 correspond to interatomic correlations
in the fcc structure of Pd. In a first approximation the major
peaks are due to successive coordination shells (the first five
are visible) with the interatomic distance scaling as the
square root of the coordination shell order (in fact, this rela-
tion is true up to the thirteenth shell). Due to the presence of

].4 TIII!IIITIIIl11‘llll]|lll]ll[l

12

10
3

I

lITlIllIliITIi!llIlll]Tl

ll]l][lllll_llllllilllllli

Mag. of Fourier Transf.

FIG. 3. Magnitude of the Fourier transform of the spectra pre-
sented in Fig. 2.
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multiple scattering of the photoelectron, however, it is well
known that atomic correlations of order higher than two con-
tribute to the XAFS y(k) function, the magnitude of the
higher-order corrections depending on the specific system.
This 1mplies that, for the second coordination shell and
above, a simple interpretation based on two-atom correlation
can be a bad approximation; on the other hand, the lowest
frequency signal due to the first coordination shell is only
due to the two-body atom correlations and the single scatter-
ing (SS) theory of XAFS is applicable. In the fcc structure it
is well known that the most important MS contribution arises
from the collinear configuration of the nearest-neighbors and
fourth shell atoms due to photoelectron focusing.>

IV. DATA ANALYSIS

The analysis of the spectra presented in the previous sec-
tion was performed in two, complementary, steps. In the first
step a conventional method based on Fourier filtering (FF)
was applied in order to obtain local order parameters for the
nearest neighbors (NN’s). This implies the SS approximation
which, as already noted, is valid for the lowest frequency
contribution due to the NN’s; moreover, the Fourier filtering
technique i1s well tested and reliable for a simple structure
such as the fcc and the extraction of local order parameters
implies a simple four parameter fit. In order to analyze the
higher-order shells the ab initio GNXAS program’* was
used; this program correctly treats the total contribution to
the XAFS signal due to atomic correlations of second and
third order using a method that is equivalent to including MS
to any order. Using GNXAS (or other similar programs) to
analyze the data 1s essential if one wants to correctly inter-

pret signals due to higher-order shells.

A. Fourier filtering analysis of the first shell

Spectra were treated according to standard procedures.
The pre-edge of the raw XAFS spectra was subtracted using
a linear interpolation. A cubic spline fitted to the data was
used 1n order to simulate the atomic cross section; the XAFS
oscillations were then extracted by dividing the difference
between the raw data and the spline by JX(1-—3(E
—Ey)/ Ey) with J the jump height.” y(k) functions were
Fourier transformed in the range 3—20 A "' an inverse Fou-
rier transform was performed in the range 1.8—3.2 A and the
result 1s thus the SS signal from the NN atoms. This function
was fitted to a model using the MINUIT (CERN) nonlinear
least-squares routine with the following four free param-
eters: relative coordination number (N'), interatomic dis-
tance (r;), vanation of mean-square-relative-displacement
(Ac?) and shift of threshold energy (AE,); k? weighting of
the data was used and the fitting range was 3.5-17 A~ L.
Experimental amplitudes and phases from the coarse-grained
Pd fo1l were used as reference. The function minmimized was

Z(Yi”ff)zkfz
R=

Syrki )

where y; are the data points and f; are the corresponding fit
points; typical values of R obtained were 5X 107°. We note
that the number of ‘‘independent data points’ as defined in
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FIG. 4. Contour plot of the function R as a function of relative
coordination number and variation of MSRD for sample 2, obtained
with Fourier filtering analysis for the first shell. The inner ellipse
encloses the 95% C.L. area; the first four contours are shown.

information theory™® is 2XARXAk/7=12, so that with
only four fitting parameters the fit is certainly significant.

Since an accurate determination of the NN coordination
number is of great importance, some care was devoted to the
correct determination of the parameter errors. The main
source of error in the determination of N’ comes from cor-
relation with A ¢”. Error estimation was performed by plot-
ting, as a function of A o’ and N', contours of the function R
at values R_;,+ U, where R is the minimum of the fitting
function and U determines the 95% confidence level for four
fitting parameters.”’ This method takes into account the cor-
relation between parameters and the area enclosed by the
curve R=R_;.+ U is interpreted as that in which the param-
eters N' and Ao’ lie with 95% level probability. Such a
contour 1s shown in Fig. 4 for sample 2. Contours of equal
value of R are inclined ellipses, which graphically depicts
the correlation between these two parameters. The error on
one particular parameter can be found by projecting the ex-
tremes of the 95% C.L. ellipse on the relevant axis. For all
samples these errors, which will be called 95% C.L. errors,
were found to be 0.036 on N’ and 0.16X 107* A% on Ao”.
We note that it is more common to quote single parameter,
one standard deviation errors (1o-error); the 1 — o error is
considerably smaller than the 95% C.L. error here adopted
(in the present case the 1o-error is 0.012 for N'); however,
since the correct determination of the NN CN is crucial in
this case, we adopt the conservative 95% C.L. error as the
best determination of the statistical uncertainty on the param-
eter. We found that variations in the determination of the
best value of each parameter due to different weightings and
to slightly different filtering windows were within the 95%
C.L. error.

Average NN CN’s (NI e=12XN', and Aojp values
relative to the foil determined 1n this way are reported in
Table II. An example of the fit for sample 2 is shown in Fig.
5. The interatomic distances in all nanophase samples were
found to be 1dentical to those of the coarse-grained reference.

The (N} and A 0% values found in this analysis bear
out the qualitative differences in the spectra referred to ear-
lier. Samples 2 to 6 have (N'')r values between 11.5 and
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TABLE 1I. First shell CN’s and MSRD. Second and third column: as determined from Fourier filtering analysis; third and fourth

column: as determined by GNXAS ab initio analysis; fourth and fifth column: estimates assuming nonreconstructed GB’s, as described in

the text. |

Sample Aoi (1073 A?) (N er o7 (1073 A?) (N s N NE:I(;)D)
(£0.15) (£0.4) (+0.40) (£1.0)

Foil (0, model 12, model 1.9 12, fixed

] 1.20 : 9.7 3.0 9.6 1141 11.33

2 0.80 11.7 2.4 11.4 11.57 11.50

3 0.90 11.5 3.1 11.0 11.70 11.60

4 1.00 12.0 2.4 11.5 11.59 11.52

5 0.70 11.8 2.4 11.3 £1.57 11.50

6 0.80 12.0 2.4 11.6 11.62 11.57

12 Aogp: ranging from 0.8 to 1.0X 1073 A ~2 while sample 1
has a significantly lower (N{)gs of 9.7 and slightly higher
Ao

B. Ab initio analysis

The GNXAS set of programs was used in order to perform
an ab initio analysis of the spectra. Theoretical phase shifts
were generated by using a nonoverlapping muffin-tin poten-
tial and a complex and energy-dependent Hedin-Lundquist
self-energy term. A muffin-tin radius of 1 A was used, but
the exact value was not found to affect the results critically.
By inspecting the fcc structure of Pd the interatomic corre-
lations of order two and three (pair and triplet correlations)
up to the eighth coordination shell were determined and ap-
propriate atomic clusters constructed with the crystallo-
graphic coordinates of Pd. Theoretical XAFS signals and
their denivatives with respect to the atomic coordinates due
to these atomic correlations were then calculated using the
continued fraction algorithm.”® These theoretical signals
were then used in a least-squares routine to fit the experimen-
tal spectra. Notice that the fitting 1s performed directly on the
raw absorption data, with no Fourier filtering.

In order to determine the correct analysis procedure the
spectrum of the coarse-grained foil was initially analyzed in
detail. This step is necessary in order to identify the impor-
tant contributions to the signal (and thus to avoid including
those with negligible amplitude) and also to independently
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determine the value of the many-body amplitude reduction
factor S; on a sample of known coordination number.

1. Analysis of the coarse-grained Pd foil

The atomic correlations which were found to give signifi-
cant contributions to the XAFS signal and were included in
the htting were

(a) two-body correlations involving all coordination shells
up to the eighth;

(b) three-body correlations involving: (1) 60° triangles
linking NN’s; (i1) 120° triangles linking central atom, first
and third neighbors; (iii) collinear configurations of, on the
one hand, first and fourth shell atoms and, on the other, sec-
ond and eighth shell atoms.

Note that in the GNXAS methodology the third, fourth, and
eighth shell two-body signals are generated from the atomic
coordinates of the relevant three-body configurations.

Fitting of the spectrum was performed 1n the energy range
corresponding to k=3 to 20 A~ ! with k° weighting by vary-
ing twelve parameters that can be divided in three groups: (a)
interatomic distances: relative to the first, second, tifth, and
seventh coordination shells (r;); (b) damping terms: mean-
square relative displacements of the first and second shells, a
single MSRD value for the fifth, sixth, and seventh shells

(crf?‘), and bond-angle vanance for the 120° triangles and the
J
two collinear configurations (o%_); (c) nonstructural
J

parameters: many-body amplitude reduction factor (S (2])
and energy threshold (E,). The distance of the sixth shell
was kept fixed at its crystallographic value as 1t was found to
otherwise converge to an unphysical value, presumably due
to the weakness of the signal. Off-diagonal elements in the
matrix that describes damping of three-body contributions
were fixed equal to O as it was found that they were affected
by a very large error and that their exact value did not affect
critically the fit. Since tt is beyond the scope of this paper to
discuss the analysis method in detail the reader is referred to
the literature®>~* for a full justification of the choice of fitting
parameters and for a description of how they can be used to
calculate all the important signals. Let us only note that al-
though we are using a significant number of contributions
fitting is performed with a relatively limited number of pa-
rameters (twelve).

The result of the fit is shown in Fig. 6(a): it is apparent
that the experimental spectrum is reproduced very well by
the fit; in Fig. 6(b) we show the Fourier transform of the
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FIG. 6. (a) Fit of the full spectrum of the coarse-grained foil
with GNXAS; also shown is the residual. (b) Fourier transform of
the raw data, fit, and residual for the coarse-grained foil.

experiment, the fit, and the residual: in R space the compari-
son between fit and experiment is even more satisfying, with
excellent agreement up to the eighth coordination shell.
The important parameters obtained from the fit are re-
ported 1n Table HI. It can be verified that there is excellent
agreement between the crystallographic distances and those
found; the error on the first-shell distance is noted to be very
small. The value of § % has an 8% error, which is typical for

ab initio determination of CN’s. The values of o~ increase
J

with r;, indicating a gradual loss of correlation in atomic
vibration.”! Finally we note that bond-angle fluctuations are

characterized by very large errors, due to the weakness of the
associated signalis.

2. First shell ab initio analysis

As a first step tn the ab initio analysis of the nanophase
samples and in order to compare results with the Fourier
filtering technique the ab initio analysis was limited to the
first shell. The full spectrum was fitted as already described
for the toil but only the NN contribution was included; hence

only four fitting parameters were used: r,, (r,z_i, AE,, and

the average NN CN that we shall call (N'")_ ... to distin-

guish it from (N, The value of S was fixed to that
found for the foil.

No significant variation of r; with respect to the foil was
found for any of the samples. Values of (N'!) . and crf]

TABLE Ill. Results of the GNXAS analysis of the coarse-grained
Pd touil.

Parameter Value 95% C.L. error
Sa 0.766 +0.062
ry (A) 2.7452 +0.0030
ry (A) 3.872 +0.013
r3® (A) 4.755 +0.0056
ra (A) 5.490 +(.0060
rs (A) 6.136 +0.023
re (A) 6.725, const
ro (A) 7.312 +0.020
re® (A) 7.731 +0.026
ol (1073 A?) 1.92 +0.31
0',2,; (1073 A?) 3.1 +1.2
o, * (1077 A%) 3.4 +1.3
a; * (1077 A?) 3.8 +0.62
or  (107% A?) 4.4 +1.3

3,6,7 o
o, P (1077 A?) 6.3 +2.4
ay  (deg?) 0.91 +14
7o, (deg?) 1.6 + 1.6
oy, (deg?) 22 +29

*“Two-body parameter obtained from triplet correlations.

are reported in Table II. Errors were determined as 95% C.L.
errors, using the contour plot method. We note that errors
using the ab initio analysis are significantly higher than with
the Fourier filtering method. The numerical comparison with
the results of the Fournier filtering analysis is good, with
(N1 uxas being slightly lower than (N} e but within the

errors. Also, the variation of U‘E] in the nanophase samples

relative to the foil 1s found to be equal to the value of Acr,z,l
determined by Fourier filtering, within the errors.

3. Ab initio multishell analysis

As described above, for an ensemble of randomly ori-
ented particles and in the limit that the particle diameter is
large with respect to the interatomic distance, the CN of each

shell scales linearly with the interatomic distance of that
shell:

N;=Nigea(1 —0.5ar;), (8)

where N; is the CN of the jth shell, N4, 1s the CN of the
same shell 1n the coarse-grained fcc foil, r j 1s the interatomic
distance for the jth shell and o depends on the IBR ratio of
the sample. For a two-body signal Eq. (8) directly gives the
reduction of the XAFS amplitude associated with each shell.
For three-body signals one must consider the modification 1n
the multiplicity, that i1s, the number of identical triangular
configurations involving the excited atom and other two at-
oms in {possibly equal) given coordination shells. For a con-
figuration with atoms in shells i and j the reduced multiplic-
ity 1S

Ml'j:MidEﬂI(] _05(11’[)(1_05&7’}) (9)

If a fraction x; of nonlattice atoms are present Eqs. (8) and
(9) are modified by an additional factor x; or xi, respec-



3372 F. BOSCHERINI, S. de PANFILIS, AND J. WEISSMULLER 57

15 _YIII lllI]‘lllllllll[IIIlllI“l[‘ll]llll_

i Sample 2 ]

L 10 - ]

g C Expt.;

X5 F Fit ]
H L
B r

! P

0
. Residual
o~ AN A A AN
__5 _Llll|llIIIIlll!llll]lllllllllllllllllJ—
012 3 4,56 7 8
() R (A)
15 ANBREARAY RRARE AR RELAN RRRRN ARLAS RRRMN
: Sample 5 ]
—10 [ _
v i Expt. ]
& | . Fit ]
RO b

0
%
_5 ’_Il‘lllllllllllllllllllillllll|lll|l]|ll-
01 23 456 7 8
(b) R (A)

FI1G. 7. Fourier transform of the raw data, of the fit with GNXAS,
and of the residual for (a) sample 2 and (b) sample 5.

tively; for the moment this possibility will not be considered.
The fitting routine was modified so that each two-body or
three-body atomic correlation was weighed according to its
expected reduced CN using the above equations.

We assumed nonreconstructed GB’s and used « as a free
parameter in fits of all the nanophase samples; together with
a the other fitting parameters were those already described
for the foil. The assumption of nonreconstructed GB’s will
be discussed in the next section. Examples of the fits thus
obtained are shown, for samples 2 and 5, in Fig. 7: clearly
this procedure reproduces extremely well the experiment.
For all samples the values found for a are compatible with
those obtained from the first-shell CN’s listed in Table II by
inverting Eq. (8) and with those found by analysis of the
grain-size distribution (Table I). However, the determination
of « is affected by a large error (as much as = 60%); it was
verified that this is due to the high correlation of these pa-
rameters with the damping terms and to the relative weak-
ness of the contributions coming from the higher shells. The
values of 0'3 are plotted in Fig. 8 as a function of interatomic

distance. For all samples they show the same (very reason-
able) qualitative behavior as for the foil, i.e., a gradual in-
crease with r;; all the nanophase samples show, however,
higher values with respect to the foil, this difference also
increasing with ;.

The multishell analysis presented in this section demon-
strates that-the full XAFS spectrum can be reproduced very
well assuming a nonreconstructed GB structure and is com-
patible with the NN CN’s previously determined.
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FIG. 8. Values of MSRD as a function of interatomic distance
for all samples.

V. DISCUSSION

In this section we discuss the experimental evidence de-
scribed above with particular reference to recent XRD
measurements'’ and to the determination of the particle size
distribution. We first of all concentrate on the NN data and
then discuss the results on the higher shells.

The values of NN CN obtained by the two described
analysis methods are listed in Table II and all the values lie
between 11 and 12; if the more reliable Fourier filtering
method is used the values lie between 11.5 and 12. We now
compare this finding with two different methods to estimate
the NN CN given the experimental particle size distribution
and assuming nonreconstructed GB’s. First of all, we have
used Eq. (8) with a=3/(D), and (D), taken from Table 1.
The result is listed in Table I as N{’. As an alternative
estimate we have explicitly built a model of the fcc structure
based on cubo-octahedrons; atoms on the surface have re-
duced coordination with respect to those in the bulk and the
average coordination of a single particle constituted by n
atomic layers around the central atom, N(n), can be
calculated® as

40n>—96n*+80n —24

N = Ao = Tsn+ [in—3)

(10)

The size D of the particle is taken to be twice the edge
length, so that D=2r;(n—1), where r is the NN distance.
The average coordination number for the ensemble was cal-
culated as the volume weighted average of the particle size
distribution n(D) as determined by XRD:

N%)ZFN(D)Xn(D)XDMD/ fwn(D)XD3dD‘
0 0
(11)

Also in this second estimate the assumption is that the GB’s
are nonreconstructed; values of Nﬁll()m are reported in Table
1L

Experimental NN CN values for samples 2 to 6 are all
quite close to both estimates. Clearly, the magnitude of the
error puts some limits on what can be deduced from XAFS
measurements alone. Specifically, the 95% C.L. error implies
we can exclude neither the presence of 4% atoms off
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lattice sites (on top of the decrease due to particle size) nor
the case of full fcc coordination. We note that the case of full
fcc coordination in the GB appears unreasonable as in this
case the GB structure would only be a distorted version of
the bulk. Notwithstanding the (small) uncertainties what the
present analysis does demonstrate is that highly disordered
GB’s are not present. The reduction of NN CN for com-
pacted materials can be simply explained by a size effect
with no evidence of further reduction. Note that for the non-
reconstructed case the reduction in CN for the atoms at the
GB’s 15 the same as that free surfaces. In terms of the con-
cepts of order/disorder, that we adopted for the ease of dis-
cussion, this loss of coordination does not qualify as disor-
der. However, it does represent a quite dramatic change in
local atomic short-range order relative to known homoge-
neously ordered (crystalline) or disordered (glassy) phases.
The difference between nonreconstructed grain boundaries
and free surfaces rests in the existence of intergrain atomic
spacings at the former, but not at the latter. In an array of
grains with random relative orientations the intergrain atomic
spacings have a continuous distribution without peaks that
cannot be resolved 1n the experiment. Compared to the crys-
tal and to the relatively well-defined short- and medium-
range order of most glasses this wide distribution constitutes
a substantial loss of atomic positional correlation, hence of
order.

The analysis of the higher coordination shells, performed
with state-of-the-art methods, is compatible with the pres-
ence of nonreconstructed GB’s. Justification for the use of
this hypothesis in the multishell fits comes from the analysis
of the first-shell data and also from XRD.!” The fact that the
full XAFS spectrum of all the samples can be fitted very well
with this hypothesis provides further evidence for its validity
and supports our previous first-shell report.”!

The experimental evidence against the presence of a ‘‘dis-
ordered”” GB component, already reported by us*' and also
by Stern et al. on n-Cu (Ref. 22) contradicts all previously
published XAFS studies. The main difference of the work of
Stern ef al. with the present study is that surface sensitive
electron yield detection was used; the near-surface grain-size
distribution was not, however, determined and this may be
different from that of the bulk. Common to the present work
1s the conclusion that ‘‘disordered’’ GB’s are not present.
The CN and MSRD for the sample kept at LNT were found
to be 1dentical, within the errors, with the values for the
samples stored at room temperature. This indicates that ei-
ther the low T storage was insufficient to prevent relaxation
of the disordered as-prepared GB structure detected by x
rays,'’ or that the preparation process specific to the XAFS
experiment promoted relaxation, e.g., by removing micro-
structural mechanic constraints from the consolidation pro-
Cess.

Since previous XAFS work provided important support
for the presence of a ‘‘disordered”” GB component the
present results must be considered in future models of GB
structure. We have already discussed that for the samples
deposited by inert gas evaporation at least a partial contribu-
tion to the enhanced reduction found in previous work may
lie 1n sample thickness inhomogeneity. An XAFS study on
n-Fe prepared by ball milling® has also found a very big (30
to 50%) reduction in NN CN; the particle size distribution

was not, however, determined and the authors rely on an
average value of the particle size, which might be mislead-
ing. Finally, we note that the improvements of sample prepa-
ration procedures over the last few years now provide well-
characterized samples with regard to impurity content and
particle size distribution.

The slight enhancement of all the ¢

. values with respect
/

to the coarse-grained foil (as illustrated in Fig. 8) indicates

that the process of evaporation and compaction produces a

shight distortion of all the coordination shells. It is interesting

to compare the present result with the determination of dis-

order by XRD, which is possible for the first shell. In the
real-space analysis of XRD data'’ the slight increase of ¢
was not resolved. However, we believe that the present re-
sults are more reliable as a greater portion of reciprocal space
is probed by XAFS (6-40A"') than by XRD
(0.3-17.3 A~y and because the present analysis avoids the
approximations involved in fitting the truncation-broadened
peaks 1n the x-ray atomic distribution function by Gaussians;
note also that the temperatures of the experiments are differ-
ent, so that the absolute values of ¢ are not directly compa-
rable. In a k-space analysis of XRD (Ref. 40) an (isotropic)
increase of 3X107° A? in the mean-square displacement
(MSD) was found, to be compared with the 0.8X 10 3 A2
we find for the increase in MSRD: in this case the two tech-
niques measure different quantities, XAFS being sensitive to
the relative atomic displacements (hence only to uncorrelated
atomic displacements) while XRD measures the atomic dis-
placements from the lattice positions. By comparing the nu-
merical results of the two technigques we conclude that the
increase in MSD is due in the most part to atomic displace-
ments which are correlated in first coordination shell. The

slight increase in crf may have both a structural and a dy-
/

namic component,”’ which cannot be decoupled from the
present measurements alone. The small reduction of o} upon
compaction indicates that atoms in the outermost layer of
each crystallite have greater constraints of motion in grain
boundaries than on a free cluster surfaces and/or reduced
static disorder.

Sample 1 (with a negligible grain-boundary density)
shows greatly reduced CN’s for all shells. Since this sample
has not been compacted the only possible origin for this is
the high IBR; we note that a reduction of CN’s has been
previously reported in XAFS studies of metallic clusters.*'
The fact that all CN’s increase upon compaction is clear
evidence for particle aggregation. Unfortunately, the particle
size distribution for sample 1 1s not reliable so it is not pos-
sible to determine whether compaction is also accompanied
by a change in particle size distribution that justifies the
variation of CN’s within the model of nonreconstructed
GB’s; this would be important in order to assess whether
compaction produces structural rearrangement for the atoms
in the near surface or GB regions. A result similar to the one
reported here has been previously published** but no analysis
or explanation had been given; also, different detection tech-
niques were used for the uncompacted and the compacted
samples, possibly causing systematic errors.

In conclusion, we have reported a comprehensive investi-
gation of nanophase palladium by x-ray-absorption spectros-
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copy with the aim of clarifying the issue of the structure of

the grain boundaries in nanophase materials. Contrary to pre-
vious reports we find that the reduction in average coordina-
tion numbers 1s smaller than previously reported (at most 4
+0.03% for the first shell) and can be explained by a size
effect due to the non-negligible interface-to-bulk ratio of the
samples. The analysis of the x-ray-absorption data has been
extended up to the eighth coordination shell taking into ac-
count the important multiple-scattering paths.
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