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We discuss the scattering theory of nanocrystalline solids, based on an evaluation of the intragrain and
intergrain parts of the atomic distribution function. The results are applied to experimental x-ray
scattering data obtained on a set of nanocrystalline Pd samples, prepared by inert-gas condensation, with
different consolidation, aging, and annealing parameters. The experimental results show that the num-
ber of atomic neighbors in the crystal lattice coordination shells of nanocrystalline Pd is substantially
lower than the one in the coarse-grained polycrystal lattice. The findings suggest that as a function of
their age and thermal treatment, the samples have two different atomic structures. In samples aged for
several months at room temperature, and in annealed samples, practically all atoms are located on crys-
tal lattice sites, and the reduction in nearest-neighbor coordination number is an effect of the finite size
of the crystallites. In fine-grained samples examined within 10 days of preparation, about 10% of the
atoms are located on nonlattice sites with little or no atomic short-range order. This corresponds to
about two atomic monolayers of atoms on nonlattice sites at the grain boundaries in as-prepared sam-
ples, as compared to about one-quarter of a monolayer in aged or annealed samples. The distribution of
nearest-neighbor interatomic spacings for atoms on crystal lattice sites in nanocrystalline Pd is not
measurably widened compared to the one of coarse-grained reference samples, indicating that disorder
in the crystal lattice, as probed by the x-ray Debye-Waller parameter, involves displacements correlated
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over several lattice parameters, rather than short-range, uncorrelated atomic displacements.

I. INTRODUCTION

Since the earliest studies of nanocrystalline pure met-
als,? the motivation for the work has been twofold.
First, one is interested in the novel overall properties of
these materials, which are determined by their high den-
sity of topological defects, specifically grain boundaries.
Second, because of this same important contribution of
the grain boundaries to the overall properties, nanocrys-
talline metals provide an opportunity to investigate the
grain boundaries themselves by volume-sensitive
methods. In contrast to the case of nanocrystals, the low
interface-to-bulk signal ratio prevents the application of
most volume-sensitive methods to coarse-grained metals.
Consequently, there is a considerable interest in the addi-
tional data on grain-boundary properties in metals that
may be obtained from investigations of nanocrystals.

On the other hand, the first x-ray-diffraction study of
nanocrystalline pure Fe (Ref. 3) indicates that the grain
boundaries in this material exhibit a strongly reduced lo-
cal atomic short-range order, suggesting that grain boun-
daries in nanocrystals may be of a different character
from those in conventional coarse-grained polycrystals.
A numer of experiments by diffraction,*> spectroscop-
ic, % and imaging techniques® ! provide contradicting
evidence on this issue. This has given rise to a controver-
sy in the literature,*!! which in a simplistic way may be
brought down to the question: Are pure nanocrystalline
metals just very fine-grained polycrystals, or is there a
qualitative change in the atomic configurations and in the
properties of the grain boundaries when the grain size is
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reduced to the nanometer region?

In the original study of inert-gas condensed nanocrys-
talline Fe by x-ray diffraction, Zhu and others? find an in-
creased diffuse background in the scattering intensity be-
tween the Bragg reflections. In a numerical simulation
matched to the experimental scattering data, the three
outer atomic layers of each crystallite are disordered,
with random atomic displacements of 50% of the
nearest-neighbor distance in the outermost layer. This
result does not seem very realistic in view of the immense
energies involved by the resulting overlap of atoms in
‘that layer, and may invite speculation as to the extent of
disordered oxide formation at the surfaces and grain
boundaries of the 70% (relative to bulk) dense samples
produced by early inert-gas methods. In fact, a current
high vacuum in situ x-ray study for nanocrystalline Fe
(Ref. 12) indicates much smaller diffuse intensity. In ad-
dition, an x-ray investigation of nanocrystalline Pd,
which is less prone to oxidation than Fe, does not reveal
an increase in diffuse background,* a finding which has
been interpreted in terms of an ordered grain-boundary
structure* in that material. On the other hand, the inter-
pretation of the scattering data has been disputed,'! and
the contrasting results have also been speculated to be
due to the different lattice symmetries, in analogy to the
different dislocation core structures in bcc and fcc met-
als.!! The interpretation of the Pd x-ray data in terms of
ordered grain boundaries is apparently supported by
high-resolution transmission electron microscopy
(HRTEM) data,’ displaying narrow and facetted grain
boundaries in n-Pd and n-Cu. However, such studies
have remained inconclusive because of the difficulties in
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estimating the influences of sample preparation on the
grain-boundary structure. Rigid body displacements of
the crystallites in and perpendicular to the grain-
boundary plane are essential for minimizing the grain-
boundary energy.!> In nanocrystalline solids, these dis-
placements are subject to constraints imposed by the sur-
rounding crystals. For observation by HRTEM, the sam-
ple is thinned to a thickness of the order of one grain di-
ameter. This process eliminates the constraints, and may
thereby induce a relaxation towards a more ordered
grain-boundary structure with lower energy. The pro-
posed ordered state of grain boundaries in n-Pd contrasts
with extended x-ray absorption fine-structure (EXAFS)
data which evidence a strong reduction in atomic
nearest-neighbor coordination number in that material®
as well as in other fcc (Ref. 6) and bce (Ref. 7) nanocrys-
talline metals.

The assessment of the results is complicated by two
factors: First, the characteristics of specimens prepared
under supposedly identical conditions vary markedly,
partly due to variations in the crystallite size distribution
achieved by the inert-gas condensation procedure, and
partly due to the recently found dependence of sample
properties, including the specific grain-boundary energy,
on consolidation parameters,’* room-temperature ag-
ing,'> and annealing.'® Recently, it was pointed out that
the single sample characteristic reported in many studies,
an average grain size value obtained from Bragg
reflection full width at half maximum (FWHM) based cri-
teria, does not adequately account for the distribution of
grain sizes and for the change of the distribution upon
aging or annealing.!”!® In addition, this sample charac-
teristic cannot account for changes of the energetics (and
therefore the atomic structure) of the grain boundaries
during annealing. Second, while some of the strongest ar-
guments rest on x-ray data or on EXAFS atomic distribu-
tion functions, little effort has been made at quantifying
the contribution of grain boundaries in polycrystals on
the x-ray interference function or on the atomic distribu-
tion function from a theoretical point of view. These fac-
tors may account for the controversy over the questions:
in how far is the grain-boundary structure of nanocrystal-
line solids different from the one in conventional poly-
crystals, to what extent can scattering experiments
characterize qualitative details of the grain-boundary
structure in nanocrystals, and what quantitative informa-
tion can be obtained?

In this paper, we address these open questions by dis-
cussing the relevant scattering theory, and by comparing
the results to experimental atomic distribution functions
obtained from a set of n-Pd samples with different grain
size, preparation, age, and annealing states. Increased in-
terest in this type of analysis arises from the fact that
atomic distribution functions are readily computed from
atomistic models of nanocrystalline solids generated by
molecular-dynamics simulations. Such calculations are
presently being carried out by several groups of scien-
tists.!® 2! Comparisons of the experimental data to those
obtained from computer-generated models may improve
the understanding of the atomic structure and physical
properties of nanocrystalline materials.
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II. SCATTERING BY SMALL PARTICLES
AND NANOCRYSTALS

A. General formalism

For spherically symmetric arrangements of identical
atoms, the atomic distribution function? p,) contains all
the information comprised in the scattering pattern. By
definition, p(,, is the spherical average of the denisty of
atoms surrounding an average central atom at a distance
r.2® For a single-component system, the kinematical
scattering theory relates the interference function P,
(Ref. 24) to p(,) by

1 po - .
P(k)=;fr=oG(r)f G, sin(kr)dr (1)
and its back transform

2 po i
G(r)z_; fk =0kP(k) sin(kr)dk . )

Here k is the scattering vector, which is related to the
scattering angle, 26, and to the wavelength A, by
k =4msin(6)/A, and G, is the reduced atomic distribu-
tion function:

Gny=4mr(p,)—<p)) 3)

with (p) the macroscopic atomic density of the sample.
The coherently scattered x-ray intensity is

Iy=V{p)ff*(P;y+1). 4)

V is the sample volume; f and f* denote the atomic form
factor and its complex conjugate. Except for the thermal
diffuse background (which is small at low k), P;,=—1
and I ;) =0 in coarse-grained polycrystalline, defect-free
matter in the k region between the Bragg reflections.

B. Atomic distribution and interference functions
of arrays of nm particles

In an array of isolated particles, or of crystal grains in
a polycrystal, the atomic distribution function can be ex-
pressed as the sum of an “intragrain” part, consisting of
contributions from pairs of atoms located in the same
particle, and of an ““intergrain” part, accounting for the
remaining interatomic spacings.!® These two parts can be
discussed in a relatively concise form, if the array of par-
ticles meets two conditions: first, there must be a spatial
arrangement of atoms, with a volume much larger than
the particle size, which is homogeneous and, except for
simple rigid-body translation and rotation, on a scale of
the particle size identical to the arrangement of atoms in
the particles. This implies that the intragrain part of the
atomic distribution function in the particulate system
contains only those interatomic spacings which occur
also in the extended structure; it is only the number of
the spacings which is reduced due to the finite size of the
particles (see Fig. 1). Second, the distribution of the
orientations of the crystal lattices (or of any distinguished
direction in a noncrystalline system) in different particles
must be random. In other words, it is required that all
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FIG. 1. Schematic illustration of the loss in lattice site atom-
ic neighbor coordination number due to size effect in small par-
ticles and nanocrystals. Atom 1, located far from a grain
boundary, retains full first- (light shaded circle), second- (dark
shaded), and third- (black) nearest-neighbor coordination.
Atoms closer to grain boundaries lose part of their third- (atom
2) or first-, second-, and third- (atom 3) nearest neighbors.

orientations occur with the same frequency, and that
neighboring particles have no systematic correlation with
respect to the relative orientation of their crystal lattices.
This condition will be seen to imply the absence of in-
terference related to atomic-scale structure in the inter-
grain part of the atomic distribution function.

A system which meets the above conditions can be
constructed in the following way: in a first step, define
geometrical objects, the location in space and the external
shape of which delimits the particles. In a second step,
inscribe a crystal lattice into each particle. To do so, su-
perimpose the extended lattice, rotated and displaced at
random, to the particle, and define the atomic positions
in the particle as those atomic positions of the extended
lattice which are located inside the particle. Because all
atoms, including those in the outer atomic layer of each
crystallite, occupy lattice positions, in other words the
surface or grain-boundary regions are not reconstructed,
the model will be referred to as the ‘“nonreconstructed
nanocrystal” model.

Due to the randomness of the construction of the mod-
el, the probability of finding a neighboring atom at a dis-
tance r from a central atom in the same particle is the
product of the probability of finding a neighbor at 7 in the
extended lattice, 47r%p(,)dr, and the probability that the
respective atom is located inside the particle. The latter
quantity is given by the intragrain correlation function of
the system. For each point R in a particle, there is a
quantity H g ,), which specifies the fraction contained
within the particle of a spherical shell of radius r centered
on a scatterer at R. The intragrain correlation function
H(,) is the average of Hg ,) over all R in all particles.
Hence, the intragrain part of the atomic distribution
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function is p{,,H , (Ref. 25) [see Figs. 1 and 2(a)-2(c)].
The intragrain correlation function is discussed in Refs.
23 and 26. A description of its application for sets of par-
ticles with a distribution of sizes is given in Ref. 18. The
formalism derived in Ref. 18 is generalized below to in-
clude the relation between the atomic short-range order
in the grain boundaries and the atomic distribution func-
tion.

With respect to the intergrain part of the atomic distri-
bution function, the following is noted: For any given
central atom, the a priori probability of finding an atom
in a small volume dV at a distance r in a neighboring par-
ticle has the same value, {p)"dV, everywhere in that par-
ticle. This results from the fact that the lattices of the
neighboring particles are rotated and displaced at ran-
dom, so that the positions of atoms in neighboring parti-
cles cannot be predicted. Consequently, the intergrain
part of the atomic distribution function exhibits no
atomic-scale structure, and can be expressed as the prod-
uct of the average density inside the particles, {p)", and
a function H(,). H|,, gives the probability that a volume
element located at a distance r from a randomly chosen
central atom inside a particle will be located inside a par-
ticle different from the one containing the central atom.
H |, is obtained in a way analogous to H ,,: for each point
R in a particle, the quantity H g ,, specifies the fraction
contained within different particles of a spherical shell of
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FIG. 2. Schematic illustration of the atomic distribution
function in a system of particles: (a) The atomic distribution
function of the extended crystal lattice, p”. (b) The intragrain
correlation function H for a spherical particle with diameter 20
A (Ref. 18). (c) The atomic distribution function of the isolated
particle is the intragrain part of the total atomic distribution
function: pi"rs=in=pF H ,. (d) The atomic distribution of the
nonreconstructed, dense polycrystal model, p™ (solid line; com-
pare Sec. II B) is the sum of p{2{™&in and of the intergrain part,
{p)"(1—H,)) (dashed line) of the atomic distribution function.
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radius r centered on a scatterer at R, and H |, is the aver-
age of H(y ,) over all R in all particles. Intergrain corre-
lation functions for a number of model microstructures
are given in Ref. 26.

The total atomic distribution function of the nonrecon-
structed nanocrystal model, p™", is the sum of intragrain
and intergrain parts [see the schematic illustration in Fig.
2(d)]:

pR=plyH,+{p) H{, . (5)

An important property of the intragrain correlation func-
tion is the following (see the Appendix): independent of
the shape of the particles, H decreases linearly from the
value unity at » =0, with an initial slope which is propor-
tional to the specific free surface area of the particle,
ag=A/Vp, with Vp the total volume occupied by all
particles, and A the total free surface area of a set of iso-
lated particles with the same size and shape as the parti-
cles in the actual system:?’

ag
H(,,=1——4—r (r<<D). (6)

If the particles in the set are geometrically similar, then
ag is proportional to the inverse of the area-weighted
average grain size, (D ),.,- For spherical particles,
as=6(D).L. The topic of weighted averages of the size
distribution is discussed in more detail in Refs. 17 and 18.
In polycrystals, as two particle surfaces combine to form
a single grain boundary, the specific grain-boundary area
is half the specific surface area: agg=3(D)_ L.

With Eq. (3), the reduced atomic distribution function
of the array of particles or grains is

Gy =amr(p{H,+<{p) H{,—{p))

. _fp)
H(r)+H(r)_TI;L)V' . (7)

Combining Egs. (1) and (7), the particle interference func-
tion is seen to be the sum of two terms:

?l'cl)=%fioG‘,;*H(’) sin(kr )dr

=G H,+4mr{p)¥

1 po ,
+7<‘fr=04‘m‘(p>V H(r)+H(r)
~—<B>—V sin(kr )dr .
{(p)

(8)

By straightforward application of the convolution
theorem of Fourier transform, the first term on the
right-hand side can be expressed as a convolution in-
tegral, and the result for P™ is'®

PIRy=Plin® Wy +S ©,
with

1 o
= 1
Wik fr OH(,) cos(kr)dr (10
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and

- ® , {p) |sin(kr)
S(k)—41r<p>Vfr=0r2 H(,)+H(r)_ <p)V Tdr

(11

That is, the first term on the right-hand side of the ex-
pression for the interference function, Eq. (9), is the
wide-angle scattering of the extended lattice, Pﬁd, convo-
luted with the cosine transform of the intragrain correla-
tion function. If size is the only cause of peak broaden-
ing, then W, gives the functional form of the profile of
each Bragg reflection.

As a result of the subtraction of {p) in Eq. (3), there is
no forward scattering in P;,.”> Hence, the first term on
the right-hand side in Eq. (9) does not contribute to
small-angle scattering. On the other hand, the second
term in (9) is the sine transform of the sum of functions
without atomic-scale structure. Therefore, this term does
not contribute to the interference function in the wide-
angle region of a scattering pattern. Instead, this term
descgibes the small-angle scattering of the array of parti-
cles.

C. Nonreconstructed nanocrystal versus isolated particles

Since W, depends only on the intragrain correlation
function, Eq. (9) has the important consequence that the
wide-angle interference function is independent of the rel-
ative positions of the particles or grains. Therefore, if the
lattice orientations are distributed at random, the wide-
angle interference functions are identical for an array of
isolated particles on the one hand and for a dense-packed
arrangement of crystal grains in a polycrystal on the oth-
er. Note that the total atomic distribution function of a
nanocrystalline solid contains a distribution (the inter-
grain contribution {p)"H{,)) of nonlattice interatomic
spacings which, similar to the one of a gas, has no
atomic-scale structure. In contrast to what intuition
might suggest, this broad distribution does not imply a
diffuse background in the interference function. Instead,
the considerations above demonstrate that the interfer-
ence function of a nonreconstructed nanocrystal differs
from the one of a coarse-grained polycrystal by the size-
induced peak broadening alone. This conclusion is in
agreement with the notion of the absence of intergrain in-
terference in polycrystals, i.e., of independent scattering
of the individual crystal grains, involved in the derivation
of formalism for Peak profile analysis,?®3* and explicitly
derived in Ref. 29. Since the difference between isolated
particles, on the one hand, and a dense-packed polycrys-
talline aggregate on the other is only visible in small-
angle scattering, experimental atomic distribution func-
tions (in general determined from wide-angle scattering
alone) cannot distinguish between the presence or ab-
sence of a “gaslike” intergrain contribution to the atomic
distribution function.

It is noted that the absence of interference from the in-
tergrain part of the atomic distribution function is a re-
sult of the fact that the interference function of a poly-
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crystal is the average over a large number of grain boun-
daries with different lattice misorientations and grain-
boundary plane orientations. Contrary to the polycrystal
case, well-defined interference maxima arise in the
scattering pattern of a bicrystal, that is in the case where
the scattering volume contains only one single grain
boundary.’*~3? In the average over many different boun-
daries, the amplitudes of the interference maxima of the
individual boundaries add up to zero, therefore the
scattering intensity vanishes.

It is instructive to consider the small-angle scattering
for the limiting cases of a very dilute array of isolated
particles and of a dense-packed, polycrystalline arrange-
ment of grains. In the first case, with H(,,=0 and
(p)=0, Egs. (11) and (9) combine to the familiar equa-
tion for small-angle scattering of an array of isolated par-
ticles.?’ In the second case, if the geometrical objects
defining the external shape of the grains completely fill
space, then, as the probability that a random vector origi-
nating at a random origin ends either inside the grain
containing the origin or in one of the remaining grains is
unity, it follows that H,,+H{, =1. With {p)={(p)?,
the small-angle scattering interference function [Egs. (11)
and (9)] is seen to vanish identically.

D. Analysis of grain size distribution

The formalism which has been outlined above is a gen-
eralization of a similar formalism derived with the aim of
determining the crystallite size distribution from scatter-
ing data.!® Based upon the analogon to expression (9) for
a set of geometrically similar particles or grains with a
distribution of sizes, size distribution, and root-mean-
square lattice strain are obtained from experimental
scattering data by an indirect deconvolution of the Bragg
reflection profiles, similar to a technique used in the
analysis of small-angle scattering data.’> The validity of
area- and volume-weighted average grain sizes deter-
mined from those size distributions has been
confirmed!”!® by comparison with results from Warren-
Averbach analysis** and from TEM histograms. The
samples and scattering data considered in Ref. 18 are
part of those at the present work. Area-weighted average
grain sizes considered in the experimental part below
were obtained by the indirect deconvolution method.

E. Nanocrystal with a disordered grain-boundary component

In a real polycrystal, the atomic structure in the grain-
boundary region will be reconstructed, that is atoms will
be displaced from their lattice positions to new, nonlat-
tice equilibrium positions. The distribution of the intera-
tomic spacings involving these positions may display pre-
ferred distances, that is there may be short-range order.
On the other hand, it is conceivable that there is a large
number of different local atomic structures, correspond-
ing to different orientations of the neighboring crystal lat-
tices and of the grain-boundary planes, and that on aver-
age over all those configurations there is little atomic
short-range order. A simplistic description of this struc-
ture considers a grain-boundary layer in which the atom-
ic positions are completely random. For simplicity, it is
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assumed that the atomic density in the grain-boundary
layer is identical to the one in the crystallites, {p)".

The atomic distribution function of this ‘““disordered
nanocrystal model” contains contributions from central
atoms in the crystal grains and from central atoms in the
boundary layer. For the central atoms in the crystal
grains, the intragrain part of the atomic distribution
function is p{,,H ,,, and since the atoms surrounding each
crystal grain (layer plus remaining crystal grains) are ar-
ranged at random, with density {p )", the remaining dis-
tances contribute {p)"(1—H|,,) (compare Sec. IIC). As
the layer atoms are located randomly, the position of
each of them is not correlated to the positions of the
remaining layer atoms nor to those of the crystallite
atoms. Therefore, the atomic distribution function of the
layer atoms is a constant, (p)V. The total atomic distri-
bution function of the disordered nanocrystal, p{? is the
sum of crystallite and layer atomic distribution functions,
weighted by the fractions of atoms in the respective
phases, which is

pih=x Hplh+(1—x H,)){p)¥, (12)

where x; denotes the fraction of atoms on crystal lattice
sites (the ratio of the crystal site atoms over the total
number of atoms in the solid). The reduced atomic distri-
bution function has the simple form

G =x.H, G, (13)
and the interference function is
P@y=x,P{y® W, (14)

with W(k) given by Eq. (10).

Equation (14) implies the interference function of the
disordered grain-boundary layer model to be identical to
the one of the nonreconstructed nanocrystal and of isolat-
ed crystalline particles, except for multiplication with a
constant less than unity, the fraction of atoms in the crys-
talline particles. As a result, P =—x; in between
Bragg peaks, where P}, = —1 [compare Eq. (4) and Sec.
IT A], which results in a diffuse background intensity

I?E;diﬂusezy<p>ff*(l_xL) . (15)

If there is short-range order, as opposed to complete
randomness, in the grain-boundary layer, then the layer
contribution to the atomic distribution function is modu-
lated on an atomic scale, and consequently the scattering
intensity between the Bragg reflections is not a constant,
but oscillates as a function of k. If the atomic density in
the disordered layer is different from the one in the crys-
tallites, then the small-angle scattering intensity will not
vanish [as it does in Eq. (14)]; on the other hand, the
wide-angle part of the scattering pattern will not be
affected, and hence an experimental atomic distribution
function determined from wide-angle scattering alone
will be identical to the one obtained for the dense grain-
boundary layer. In summary, the considerations in this
section show that it is only in the case where a significant
fraction of atoms are located on nonlattice sites that t¥
wide-angle scattering by polycrystals with a random di.
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tribution of lattice orientations differs from the one of a
set of isolated particles with the same size and shape as
the grains in the polycrystal.

These results suggest two alternative ways to obtain
quantitative information on the atomic short-range order
(SRO) in the grain boundaries, characterized by the quan-
tity x;. First, x; can be determined from the diffuse
scattering intensity between the Bragg reflections. How-
ever, it is noted that the diffuse background may be hard
to detect in experimental diffraction data: only when the
nanocrystal is very fine grained will there be a significant
fraction of grain-boundary atoms (their number scales
with the total grain-boundary area). However, since the
profile of the Bragg reflections widens when the grain size
is reduced, there will also be appreciable overlap of the
tails of the reflections in the fine-grained case. As the
functional form of the reflection tails depend upon a
priori unknown details of the distribution of crystal size
and shape, as well as lattice strain, it will be problematic
to distinguish the reflection tail contribution from the
diffuse background indicative of nonlattice atoms at the
grain boundaries. It is therefore preferable to character-
ize the grain-boundary SRO on the basis of the atomic
distribution function. According to Eq. (12) that part of
the atomic distribution function which displays SRO is
x Hpl,. As pl, is known, the coefficient x; can be
determined from experimental atomic distribution func-
tions. To do so, the relative reduction in coordination
number, that is the ratio of the experimental number of
atoms in the respective coordination shell in the nano-
crystalline material, Z, over the coordination number of
the ideal crystal lattice, Z19?, is plotted versus the intera-
tomic distance, and the function x; H,, is determined as
the straight line of best fit to this data. As H =1 [com-
pare Eq. (6)], the value of the fit function at » =0 corre-
sponds to the fraction of atoms on crystal lattice sites,
x;. This analysis will be applied to experimental data in
Sec. V below.

III. PREPARATION, X-RAY SCATTERING,
AND DATA ANALYSIS

Samples of nanocrystalline Pd were prepared by the in-
ert gas condensation method, described in detail in Refs.
35 and 36. The inert-gas condensed Pd powder was con-
solidated in situ under high vacuum. This consolidation
was achieved at room temperature during a 5 (10) min
time interval at a pressue of 1 (2) GPa for a first (second)
set of samples; it yields samples with a density, as deter-
mined by Archimedes’ immersion method, of typically
849% (87%) of the coarse-grained Pd literature value.
Samples prepared in this way will be designated “RT
consolidated.” Some samples underwent an additional,
ex situ 48—-72 h densification step at 100°C and 3.2 GPa,
which increased the density to about 93-96 %; samples
in this state will be designated as “warm consolidated.”
The samples are disk-shaped with a diameter of 8 mm
and a thickness of 100-300 um. No metallic impurities
were detected in a scanning microprobe. Hot extraction
on four samples yielded 0.6+£0.2 at. % O, 0.3£0.1 at. %
N, 0.4+0.3 at. % H.
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Annealing at various temperatures was performed, at a
vacuum of <107 mbar, in an externally heated silica
tube furnace connected to a turbomolecular pump. Indi-
vidual anneals were for 24 h.

X-ray scattering data were recorded by a Siemens D-
5000 6-6 diffractometer with Mo Ka radiation mono-
chromatized by a Si(Li) solid-state detector. The instru-
ments 6-dependent, variable aperture slit system achieves
a constant irradiated sample area (6.6* 4 mm?). The an-
gular variation of the primary beam intensity due to the
variable aperture was experimentally determined and
corrected for during data evaluation. The intensity was
recorded in the angular range 5°-155° at intervals of
0.01°, with a total scan time of 90 h per sample. Standard
procedures®”3® were used to correct for the atomic form
factor, for polarization, absorption and for wave-vector-
dependent discrimination of incoherent (Compton)
scattering (see details in Ref. 39). Air scattering was
negligibly small (a maximum of 4% of the total intensity
at 260=>5°, and less than 1.5% for 26> 10°) at all angles.
The scattering intensity was normalized to absolute units
using the condition that the computed interference func-
tion must satisfy the relation [the limiting case of Eq. (2)
for r <<1/k .y (Ref. 39)]

' k
- 277'2/30z fo

The function G, was determined from the corrected
data by evaluating the integral in Eq. (2), with a linear ex-
trapolation to zero for the interference function at
k <0.77 A}, and a maximum wave vector k_, =17.3
A~ No artificial damping function was used.

A value for the average density (p), required in order
to consistently determine p,, from G, [compare Eq. (3)],
was obtained from the variation of G,, in the region be-
tween the origin and the first nearest-neighbor spacing,
where G,, oscillates around —4wr{p). In this region,
G, is sensitive to small errors in data correction, and
consequently the value for {p) could be determined with
an accuracy limited to about +5%. The result of an in-
correct choice of {p) is readily seen [compare Eq. (3)] to
be the erroneous addition of a constant background to
P The resulting uncertainty in the background be-
tween the crystalline coordination shell peaks in the ex-
per(im)ental atomic distribution function is therefore +5%
of (p).

max

k2P dk . (16)

max

IV. ANALYSIS OF THE ATOMIC
DISTRIBUTION FUNCTIONS

Our primary interest in analyzing the experimental
atomic distribution functions was to determine the coor-
dination numbers Z of the individual coordination shells
of the Pd crystal lattice. These quantities have been re-
lated, in Sec. IIE, to the atomic SRO of the grain boun-
daries. Coordination numbers were determined by fitting
sets of Gaussians to the experimental p(,,. If the contri-
bution of a peak “;”* to p(,, is given by

. (r ;)" (17
N = —eXp— —5
pj(f) 27Toexpt,j P 20t2:xpt,j
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then the coordination number is obtained, by integrating
the function 47r%p,), as®

Z;=4ma (ol ;+r]) . (18)

expt, j

In addition to the coordination numbers, it is of in-
terest to characterize the width of the distribution of in-
teratomic spacings, which is a measure for the atomic
SRO in the crystal lattice. Displacements of atoms from
the ideal lattice sites may be dynamic and related to the
phonon spectrum of the material, or else they may be

J

exp( —x2/20%,)exp( —y? /205, exp(—z%/20%,)
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static and related to the defect structure. In order to
determine the distribution of the interatomic spacings in
nanocrystalline Pd, it is necessary to discuss how the
atomic displacements are represented in the “true” atom-
ic distribution function, and how the ‘“true” function re-
lates to the one determined experimentally.

The consequences of the atomic displacements on the
atomic distribution function are treated in Ref. 40. Let
the atoms be displaced at random from their crystalline
lattice sites, with the probability c(, ,, of finding an
atom displaced by the vector (x,y,z) given by the nor-
malized, three-dimensional Gaussian of variance o,

Clx,p,2)
(270 ki)

Then the distribution of interatomic spacings in G, is
also a Gaussian. As the distribution of interatomic spac-
ings involves displacements of both the central atom and
its neighbors, the variance of the distribution of spacings
in the atomic distribution function, o zpg, is larger than
that relating to the displacement of the individual atoms:
oipr= 20§isp provided that the atomic positions are crys-
tallographically equivalent and that the individual dis-
placements are independent.’ If the distribution of in-
teratomic spacings in the jth shell was a  function at r;,
then the contribution of that shell to the reduced interfer-
ence function F,=kP,, is a sine wave
Fjo( % =erj_1 sin(kr;). For the Gaussian distribution of
spacings, the sine wave is multiplied by
exp(—0ApF, jk2/2).4° If the distributions of interatomic
spacings in all the coordination shells had the same vari-
ance, then this factor was identical to the Debye-Waller
factor of the crystal lattice, exp(—{u2)k?2),"" where
(u?) is the mean square of the projection of the atomic
displacements on the x axis,* and (u?) =035,

In order to determine the ‘“‘true” atomic distribution
function from experimental scattering data, one has to
measure the interference function in the k interval where
it displays significant structure, that is to a maximum
wave vector considerably larger than 2/0 spg. With lab-
oratory x-ray sources, the accessible k,_,, is generally
such that this condition is not satisfied. As a result of the
truncation of the interference function at k., the con-
tribution of shell “;” to the experimental atomic distribu-
tion function is not a Gaussian, but a function displaying
spurious oscillations on both sides of a broadened central
peak. The experimental reduced atomic distribution
function of shell “j,” G5F', is given by

2 ro .
Gip == fo F0 Vo sin(kr)dk (20)
with V¥, =exp(—ohpg k?/2) for k<kg,, and
Vii=0 for k > k... Applying the convolution theorem
of Fourier transform, and the relation between G(,) and

(19)

P> Eq. (3), the corresponding contribution to the experi-
mental atomic distribution function is found to be

Z. 1 k
expt — j max
Pj(r 5 exp
47 rp r-o

2 2
_ ‘TADF,jk
2

Xcos[k(r—r;)]dk (21)

which yields the Gaussian shape of the “true” atomic dis-
tribution function only in the limit kg, ; >>2/0 sppF,;-
For smaller k_,,, the integral has no analytic solution.

In the present work, the diffraction data were recorded
with Mo Kal/2 radiation. Hence, the data are a super-
position of two interference functions recorded with
different wavelengths, those of the Kal and Ka2 lines.
Consequently, the peaks in the experimental atomic dis-
tribution function are also the superposition of two peaks

0.134 A
0.12- A
0111 >< 1

0.10+ E

Oexp (Al

0.09- xT 1

0.083

4

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Strue [Al

FIG. 3. Variance 0., of the nearest-neighbor peak in the
atomic distribution function as determined from a fit of Gauss-
ians to the numerically simulated experimental peak shape vs
“true” coordination shell variance o ,pr for a Mo Ka2 /2 radia-
tion experinolePlt with a maximum experimental wave vector
Kmax=17.3 A . The dotted line is an empirical fit to the data
by the relation indicated in the text.



52 GRAIN-BOUNDARY ATOMIC STRUCTUREIN. ...

of the form given by Eq. (21), p;; and pj,, centered at
rin=r;{A)/A; and rp=r; (1) /A, respectively. A, Ay,
and (A) are the wavelengths of Mo Kal, Ka2, and their
weighted average, respectively. The peak in the experi-
mental atomic distribution function has the form
PSR 2=(p 1)+ Qpjxr)/(1+Q), with Q the intensity
ratio of the two wavelengths.

In order to relate the experimental variance of the first
nearest neighbor peak of Pd at r, =2.75 A, determined
by fitting Gaussians to the experimental atomic distribu-
tion function, to the ‘‘true” variance, we calculated
PS5ty X @172 numerically for a number of “true” variances,
and for k_, =17.3 A~!. The resulting numerical solu-
tions were fitted by Gaussians. The relation between
0 apr and 0 ., Obtained in this way is displayed in Fig. 3.
In the interval of interest, the data are interpolated by the
empirical function
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Oexpt=0.0811 A+2.23 A7 103 o
+60.5 A 304 oF .

This relation is used below to determine the “true” vari-
ance of the distribution of interatomic spacings in nano-
crystalline Pd from the variance of the Gaussian of best
fit to the experimental atomic distribution functions. A
comparison of the experimental atomic distribution func-
tion of nanocrystalline Pd to the peak shapes obtained in
this way and to that of the Gaussian of best fit is given in
Fig. 11 in Sec. VB.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Grain size, strain, and density

A total of 18 wide-angle x-ray scattering data sets were
recorded. Of those, 2 were for coarse-grained reference

TABLE I. Macroscopic sample density and comparative listing of different measures for grain size
and lattice strain: full width at half maximum (FWHM) based average grain size {D ) pwum and epwum
(determined in the {111) direction according to Ref. 44); area- and volume-weighted grain size (D ) ...,
(D )yorume and strain {e?)'/? (determined in the {(111) direction according to Ref. 18). The far left
column designates the sample and the treatment it underwent between the respective investigation and
the previous one. Densities denoted “n.d.” in the table were not determined.

<€2)1/2

<D >volume < D >area <D >FWHM €FWHM Pgeo
(nm) (nm) (%) (nm) (%) (%)

Pdo1, 35 18 0.026 35 0.056 85
aged
Pdo1, 56 23 0.001 55 0.030 87
annealed 100°C
Pdo1, 63 34 0.081 76 0.132 93
warm compacted
Pdol, 68 39 0.060 76 0.093 94
annealed 160°C
Pdol1, 81 69 0.028 85 0.067 n.d.
annealed 300°C
Pdo2, 25 16 0.070 24 0.140 83
aged
Pdo2, 42 22 0.015 44 0.048 86
annealed 100°C
Pdo2, 32 23 0.107 37 0.188 93
warm compacted
Pdo2, 39 26 0.031 38 0.076 94
annealed 160°C
PdO5, aged, 40 23 0.103 37 0.137 94
warm compacted
Pdoe6, 31 19 0.108 29 0.126 84
aged
PdO7, aged, 17 11 0.155 18 0.277 93
warm compacted
Pd03, as prepared, 20 13 0.089 21 0.146 94
warm compacted
Pdo3, 35 15 0.052 36 0.085 n.d.
annealed 160°C
Pdo4, 24 11 0.093 26 0.206 87
as prepared
Pdo4, 63 17 0.019 80 0.038 n.d.

annealed 100°C
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samples (commerical polycrystalline powder and 700°C
vacuum-annealed nanocrystalline sample PdO1). The
remaining data were recorded on 7 nanocrystalline sam-
ples at various age and after different thermal and
mechanical treatments.

For samples Pd01, Pd02, Pd05, Pd06, Pd07 the first
scattering data with a quality sufficient for quantitative
analysis were recorded about 4 months after preparation.
The state of these samples will be referred to as ““aged.”
Shorter x-ray scans recorded during this interval evi-
dence significant room-temperature grain growth,** more
than doubling the average grain size as determined by the
method described in Ref. 44, assuming Gaussian strain
and Cauchy size broadening, and a decrease in the root-
mean-square (rms) lattice strain. For samples Pd03 and
Pdo4, the first high-quality x-ray data were recorded
within 10 days of the preparation; we shall designate this
state “as prepared.”

1000t | 1
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Table I lists the density, as well as the area and
volume-weighted averages of the grain-size (D ),,, and
(D )youme> and the rms strain (e2)!/? as determined by
the indirect deconvolution method (see Ref. 18 and Sec.
1ID), and from the Bragg peak FWHM, assuming Gauss-
ian strain and Cauchy size broadening.** It is seen that
the lattice strain is highest in the warm-consolidated sam-
ples, and that the as-prepared samples have the smallest
grain size.

B. Atomic distribution functions
1. General

For the example of nanocrystalline sample Pd02 in the
aged state, Fig. 4 displays the various functions involved
in the data evaluation procedure: scattering intensity, in-
terference function, reduced interference function kP,
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FIG. 4. Functions involved in the x-ray data evaluation, for the example nanocrystalline sample Pd02, aged 4 months at room tem-
perature: (a) scattering intensity I vs scattering angle 20; (b) interference function P+ 1 vs wave vector k; (c) reduced interference
function F=KkP vs k; (d) reduced atomic distribution function G vs interatomic spacing r; (e) atomic distribution function p vs . Ar-
rows in (e) denote those coordination shells which were used in the analysis of the coordination number (compare Fig. 6).
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reduced atomic distribution, and atomic distribution
function. Two more examples for interference and atom-
ic distribution functions are depicted in Fig. 5, one for
PdO03 as-prepared, and one for the coarse-grained powder
reference sample. In Fig. 4(e), the eight strongest peaks
in p(,, considered in the analysis of the coordination

14+ E
a
iof @ |
10 1
-~ gl
+
2 of
o
4l
oL
0

(b) 4

8 10 12 14 16 18 20

r Al
80 ——
(c)
60} ]
T 4o} |
0_3‘,
20} )
0 R .lh“nhxn I i
0 2 4 6 8 10 12 14 16
k [AT]
0.6 ——
(d)
o i
=<

10 12 14 16 18 20
r[A]

0 2 4 6 8

FIG. 5. Interference and atomic distribution functions for
sample Pd03 warm-consolidated, as-prepared (a) and (b) and for
coarse-grained powder reference sample (c) and (d).
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numbers below, are designated by arrows. The spurious
oscillations between the coordination peaks displace
when the upper limit of the integration in Eq. (2) is
varied. Hence, these oscillations are not related to atom-
ic structural features in the “true” atomic distribution
functions of the samples. Instead, they are artifacts due
to the truncation of the interference function at 17.3 A~
and due to experimental errors in the data reductlon
(compare also Secs. IV and V B 3). The small amplitude
of the oscillations at small r indicates a successful data
reduction.

The atomic distribution functions are seen to exhibit
sharp coordination shell peaks; no significant background
indicative of a disordered grain-boundary component is
detected. Qualitatively similar atomic distribution func-
tions were obtained for the reference samples and for all
nanocrystalline samples, independent of age or thermal
and mechanical treatment.

2. Coordination numbers

In order to compare the experimental atomic distribu-
tion functions to the predicted ones derived for the
different models of grain boundary structure (Sec. II E),
the coordination numbers of the eight strongest peaks in
the atomic distribution function were determined from
fits of Gaussian functions to the experimental atomic dis-
tribution function (see Sec. IV).

The ratio of the experimental coordination numbers,
Z;, over the coordination number of the ideal, infinite fcc
1att1ce, Z}%, corresponds to the product of the in-
tragrain correlatlon function H at interatomic distance 7
and the fraction of atoms on crystal lattice sites x; [com-
pare Eq. (12)]. As H should be a linear function at small
r [compare Eq. (6)], the function x; H,, was determined
as the straight line of least-squares deviation to the ratios
Z,/Z }de“l, that is to the relative coordination numbers at
interatomic distance r;. Figure 6 shows examples for this
type of plot for reference and nanocrystalline samples.
Errors in Z arise from the spurious oscillations in the ex-
perimental atomic distribution functions (compare Sec.
VB1). The error bars in the figure correspond to the
area under one such oscillation, their dependence on r
arises from the empirical finding that the amplitude of
the oscillations in the function G, is nearly independent
of r. The absolute error, AZ, increases with the intera-
tomic distance; however, the relative error, A(Z /Zd!),
is largest for the coordination shell with the smallest
Z'9eal that is the second-nearest-neighbor shell at 3.95 A.

As can be seen in Fig. 6, the relative coordination num-
bers are on average less than unity, and diminish with in-
creasing interatomic distance. This implies that the coor-
dination numbers on crystalline coordination shells in
nanocrystalline Pd are smaller than those in coarse-
grained Pd samples. For all samples, the relative coordi-
nation numbers decrease linearly with » within error bars.
This agrees with the predictions, in Sec. II, for the de-
crease in coordination number due to the size effect in
isolated particles and nanocrystals. The coordination
numbers of the two coarse-grained samples diminish
slightly with increasing interatomic distance. This is due
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to the instrumental broadening of the Bragg reflections.
The experimental interference function is the convolution
of the true interference function with the instrumental
resolution function. The effect of the instrumental
broadening on the atomic distribution function is there-
fore similar to the effect of grain-size-induced broaden-
ing, that is the multiplication with a function which di-
minishes with increasing interatomic distance. The re-
sulting reduction of the coordination numbers in the
higher-order coordination shells of the coarse-grained
samples is seen to be considerably smaller than the reduc-
tion in the nanocrystalline samples.

Figure 7 depicts the specific grain boundary area as
determined by two different methods. The quantity
agp apr is inferred from the slope of the straight line of
best fit to the relative coordination numbers [compare
Eq. (6)]; in order to correct for the instrumental effects
mentioned above, the slope of the fit for the coarse-
grained reference powder was subtracted in each case.
The quantity agp p is determined from the area-weighted
average grain size, determined by the indirect deconvolu-
tion method:"® agpp=3/(D )., As other evidence
(see below) suggests that the fit function for samples Pd03
and PdO4 in the as-prepared state must not be identified
with the intragrain correlation function of the crystal-
lites, the corresponding results are not included in the di-
agram. It is seen that most data points lie, within error
bars, on a straight line through the origin, with slope uni-

1.10
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ty. This correlation indicates that for the samples listed
in the figure, the observed reduction in coordination
number can be attributed to the particle size effect, de-
scribed by Egs. (5) and (6). The quantitative agreement of
the reduction deduced from the atomic distribution func-
tions with the one predicted from the specific grain-
boundary area evidences that grain boundaries as op-
posed to free surfaces of pores in the 84—96 % dense sam-
ples are responsible for the reduced coordination number.

As indicated above, the value at r =0 of the straight
line of best fit to the relative coordination numbers
represents the fraction of atoms on crystal lattice sites.
Figure 8 depicts the value of x; obtained in this way as a
function of the specific grain-boundary area agg p- The
squares refer to the reference samples and to all samples
aged at RT for at least 4 months or annealed. The
crosses refer to samples PdO3 and Pd04 investigated
within 1C days after preparation. For the first set of sam-
ples, the average value of x; is 0.99. Within error bars of
about 4%, x; is seen to be unity. This confirms the valid-
ity of Egs. (5) and (6) for the aged and annealed samples,
and implies that, within error bars, all atoms are located
on lattice sites. On the other hand, for the as-prepared
samples (aged for less than 10 days), x; is significantly
less than unity. This indicates that for the as-prepared
samples a significant fraction of atoms (8 and 14 %) are
not located on lattice sites. After annealing to 160°C
(Pd03) and 100°C (Pd04), the parameters x; for those
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FIG. 6. Ratio Z;/Z[%* of the experimental number of atoms in coordination shell i, Z;, over the ideal single-crystal value for that
shell, Zj%*2! vs interatomic spacing 7;. (a) coarse-grained Pd powder reference; (b) reference PdO1 annealed at 700°C; (c) PdO1 cold-
consolidated, aged; (d) PdO1 annealed 100°C; (e) Pd03 warm-consolidated, as-prepared; (f) Pd03, annealed 160°C. Solid lines: x; H,
obtained by linear least-squares fit to the data; the numbers in the figures indicate the fit parameters.
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FIG. 7. The specific grain-boundary area agp apr determined

from the atomic distribution function (vertical axis) vs the

specific grain-boundary area agp p from the grain size distribu-

tion determined by the indirect deconvolution technique (hor-

izontal axis). The linear least-squares fit to the data in the figure
(solid line) is close to a straight line through the origin.

two samples increased to 0.99 and 0.95, respectively, that
is to values inside the range found for the aged or an-
nealed samples. Figure 9 shows x; as a function of sam-
ple age for cold-compacted and warm-compacted sam-
ples. Data from annealed samples are not shown in this
figure. The data indicate that a change in atomic SRO
takes place on a time scale of several weeks. Apart from
this apparent influence of aging no other systematic
correlation could be found between x; and the prepara-
tion or annealing conditions.

Atoms on nonlattice sites have been considered in the
model of the disordered grain-boundary layer, Sec. IIE.
In order to examine whether the data for the as-prepared
samples match the reduced atomic distribution function

<D>area [nm]
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FIG. 8. Fraction of atoms on crystal lattice sites x; as a
function of the specific grain-boundary area agg, p. The corre-
sponding area-averaged grain size (D ),., is indicated on the
top horizontal axis. Squares, samples aged for at least four
months or annealed and reference samples; crosses, as-prepared
samples, i.e., aged for less than 10 days. The solid line
represents the average value of x; for the aged, annealed, and
reference groups of samples.
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FIG. 9. Fraction of atoms on crystal lattice sites x; as a
function of aging time at room temperature for samples consoli-
dated at room temperature (squares) and for warm-consolidated
samples (crosses).

predicted by the disordered grain-boundary model, Eq.
(13), the experimental reduced atomic distribution func-
tions of the nanocrystalline samples, G™*"°, are fitted by
the expression

ag
1— Trj

nano —
(r;) =Xr

Gitl+qr,) » 2.5<r;<20A  (22)

with G™ the experimental reduced atomic distribution
function of the commerical coarse-grained powder, and
with the fraction of atoms on lattice sites x;, the specific
surface area ag, and the difference in lattice constant
q =Aa /a as adjustable parameters. The quality of the fit
is illustrated in Fig. 10. The values of x; obtained in this
way agree well with those obtained from the fits to the
coordination shells, see Table II. This confirms the
finding that a significant fraction of atoms are not located
on lattice sites for the as-prepared samples. As the atom-
ic distribution function of those samples contains no oth-
er peaks except for the crystalline ones [see Fig. 5(b)],
there appears to be very little atomic short-range order
near the nonlattice atoms.

If the number of atoms on nonlattice positions per unit

10} 1

1l0 1‘2 1‘4 1l6 1l8 20
r Al

FIG. 10. Experimental reduced atomic distribution function
(solid circles) for nanocrystalline sample Pd03 as prepared, and
fit by Eq. (22) with coarse-grained Pd powder as the reference
sample (solid line).
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TABLE II. Comparative listing of the fraction of atoms on
crystal lattice sites, x;, determined by two alternative methods,
for a number of samples.

x; determined
according to

x; determined
according to

Sample +state Eq. (22) Eq. (12)
Pdo1, 1.00 1.01
aged
Pdo2, 0.99 1.01
aged
Pd03, as prepared, 0.86 0.86
warm compacted
Pdo3, 0.96 0.99
annealed 160°C
Pdo4, 0.93 0.92
as prepared
Pdo4, 0.95 0.95

annealed 100°C

area of grain boundary was the same for all samples, in-
dependent of grain size, then the fraction of nonlattice
atoms would be proportional to the specific grain-
boundary area. Hence, the fraction of lattice atoms, x;,
would be x; =1—aggt, with ¢ the thickness of a hy-
pothetical disordered GB layer of the same density as the
crystal lattice. Fits of this relation to the data in Fig. 8,
with ¢ as the variable, yield ¢t =0.06+0.05 nm for the
combined set of aged, annealed, and reference samples
and ¢t =0.4110.09 nm for the as-prepared samples. With
a literature value of 68.0 nm 2 for the atomic density of
Pd, this corresponds to 4+3 atoms per nm? on nonlattice
sites for the first-mentioned group and 28+6 atoms/nm?
on nonlattice sites for the second group. Another way to
express the result is in terms of atomic monolayers: with
15.3 atoms/nm? in a dense-packed crystal plane of Pd
corresponding to one monolayer, we obtain 0.26+0.2
monolayers and 1.8+0.4 monolayers of atoms on nonlat-
tice sites at the grain boundaries. If the “grain-boundary
region” was defined as the outer atomic monolayer in
each of the two crystals adjacent to a grain boundary,
then in the aged or annealed samples about 1/8 of the
atoms in the grain-boundary region were located on non-
lattice sites, whereas all the grain-boundary atoms were
located on nonlattice sites in the as-prepared samples.

For the aged and annealed samples, since essentially all
atoms are located on lattice sites, the model of the non-
reconstructed grain boundary appears to be a reasonably
good approximation. Therefore the intergrain part of the
atomic distribution function, which accounts for the in-
teratomic spacings across the grain boundary, that is for
the atomic short-range order in the grain-boundary
plane, should be comparable in magnitude to the inter-
grain part derived for the nonreconstructed grain-
boundary model. This part of the atomic distribution
function is given by the second term of the sum on the
right-hand side of Eq. (5). For a grain size of 10 nm, its
magnitude is estimated [making use of Egs. (5) and (6)
with H{,,=1—H |, as discussed in Sec. IIC] to be 4.5%
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of {p) at an interatomic distance of 3 A, that is in be-
tween the first- and second-nearest-neighbor coordination
shells, where a slowly varying background should be easi-
est to detect. The magnitude of the background arising
from the intergrain part of p is therefore comparable to
the experimental error in {p) (compare Sec. ITI). Hence,
the background is below experimental resolution. How-
ever, if there was a short-range-order peak in this com-
ponent of p, a peak should be observable in the experi-
mental atomic distribution functions. The fact that no
such peak is observed indicates that for the aged and an-
nealed samples there is, on the average over all grain
boundaries in a sample, no preferred interatomic distance
between atoms separated by a grain-boundary plane.

In principle, the intergrain part of the atomic distribu-
tion function in the aged or annealed samples could peak
at the same interatomic distance, ryy, as the intragrain
part. In other words, the distribution of the nearest-
neighbor spacings crossing a grain-boundary plane could
be similar to the distribution of the nearest-neighbor
spacings in the crystal lattice. In this case, the experi-
mental nearest-neighbor coordination number Z; would
be systematically larger than predicted by Egs. (5) and
(6). However, Z, was found to vary in agreement with
Egs. (5) and (6) [compare Figs. 6(c)—-6(f)], indicating that
the intergrain part of p does not peak at ryy. In addi-
tion, such a high degree of short-range order requires
atomic reconstruction of the grain-boundary regions,
displacing atoms from their ideal lattice positions and
widening the distribution of interatomic spacings. The
analysis of the distribution of interatomic spacings in the
nearest-neighbor coordination shells (Sec. VB3) evi-
dences against this possibility.

In the case of the as-prepared samples, of the order of
10% of the atoms are located on nonlattice sites. If, on
the average over all grain boundaries in a sample, there
existed preferred interatomic spacings, then this would
result in an observable variation in the experimental
atomic distribution function of those samples, that is an
additional, larger than error bar peak in the atomic dis-
tribution function should occur. The absence of such a
peak [compare Fig. 5(b)] evidences that SRO (in the
above sense, that is on the average over all boundaries) is
weak or absent for the nonlattice component in the as-
prepared samples. On the other hand, the results do not
exclude the existence of a variety of different grain-
boundary structures, each having its own, characteristic
local atomic configuration.

3. Distribution of lattice interatomic spacings

It is of interest to examine whether a modification of
the local order in the crystal lattice as a function of grain
size can be detected in the atomic distribution functions.
Displacements of atoms from the ideal lattice sites widen
the distribution of interatomic spacings for the crystal
lattice coordination shells, as discussed in Sec. IV. Fig-
ure 11 shows a fit of Gaussians to the first 4 coordination
shells in the experimental atomic distribution function,
for the example of sample PdO1 in the aged state. Also

shown is the function p{eiX*!/2 for the nearest-neighbor
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FIG. 11. Fit by Gaussians (dotted line) to the experimental
atomic distribution function (solid circles). Sample PdO01, cold-
consolidated, aged. The solid line is the experimental peak
shape p§{5-%%1/2 (compare Sec. IV) corresponding to the Gauss-
ian fit to the first-nearest-neighbor peak.

peak (compare Sec. 1V), with the “true” variance o ,pg
determined from the variance of the Gaussian of best fit
to that peak, 0y, via the empirical relation derived in
Sec. IV and Fig. 3. The numerical model is seen to be in
excellent agreement with the experimental data in the
main peak, and to reproduce fairly accurately the posi-
tion and the amplitude of the spurious oscillations. Simi-
lar fits to atomic distribution functions from reference
and as-prepared samples are of identical quality. This in-
dicates that the coordination shells in the “true” atomic
distribution function of the samples are well approximat-
ed by Gaussians, and that their ‘“true” variance is
correctly determined from the empirical relation derived
in Sec. IV.

Figure 12 displays the values of the experimental and
true variances for the nearest-neighbor coordination shell
as a function of the grain size. No systematic correlation
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FIG. 12. Variance o of the nearest-neighbor coordination
shell peaks in the experimental atomic distribution functions
plotted vs grain size (D ),qume- Solid squares, reference sam-
ples; open circles, as-prepared samples; open diamonds, aged
samples; open squares, annealed samples.
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between variance and grain size is found. As in the case
of the value x;, there is also no measurable systematic
correlation of o to the preparation or annealing condi-
tions. The data indicate identical “true” variances of
0.074+0.005 A and 0.0741+0.01 A for reference and
nanocrystalline samples, respectively, corresponding to
about 2.7% of the nearest-neighbor interatomic spacing.
Within error bars the distribution of interatomic spacings
in nanocrystalline Pd is not wider than the one in coarse-
grained polycrystalline Pd. If the displacements of neigh-
boring atoms were independent of each other, then the
results would correspond to rms displacements from the
lattice sites smaller by I/VE, that is the values for
(u2)'”? would be 0.05210.004 and 0.052%0.007 A, re-
spectively.

As no significant deviation from the peak shape pre-
dicted for a Gaussian distribution of nearest-neighbor
spacings is observed in Fig. 11, it is concluded that the
peaks in the experimental atomic distribution function
are related to the intragrain part of the total atomic dis-
tribution function, and that the distribution of nearest-
neighbor interatomic spacings for the intergrain part of
the atomic distribution function has a considerably larger
width than the one of the intragrain part. In this case,
the intergrain part of the atomic distribution function is a
broad and shallow signal similar to a constant back-
ground, and the functional form of the peaks represent-
ing the lattice interatomic spacings (the intragrain part of
the atomic distribution function) is unchanged. Due to
the limited accuracy in the determination of {p) (com-
pare Sec. III), the unstructured intergrain signal is not
resolved in the experimental data. The qualitative
difference between the narrow, Gaussian distributions of
lattice interatomic spacings and the apparently much
broader distribution of the nonlattice interatomic spac-
ings is the reason why the two can be separated in the ex-
perimental analysis.

VI. CONCLUSIONS

A. Short-range order in the grain boundaries

The analysis of our atomic distribution function data
for nanocrystalline Pd suggests the conclusion that there
are two types of samples with a markedly different atomic
structure, viz. those aged for more than 4 months or an-
nealed, and those investigated within 10 days after
preparation.

For aged or annealed samples, we find no indication for
atoms on nonlattice sites. Our results suggest 413
atoms/nm?, or 0.26+0.2 monolayers of atoms, on nonlat-
tice grain-boundary sites, that is displaced by consider-
ably more than 2.7% of the nearest-neighbor spacing.
For interatomic spacings between atoms located in the
same crystal, the root-mean-square deviation from the
average nearest-neighbor interatomic spacing is not
measurably increased as compared to the one of coarse-
grained Pd. We have argued that the absence of a SRO
peak in the intergrain part of the experimental atomic
distribution functions indicates that on average over all
grain boundaries, there is no preferred interatomic spac-
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ing between atoms separated by a grain-boundary plane.
Instead, the results suggest that the grain boundaries in
the aged and annealed samples are similar to those of a
simplistic nonreconstructed model of the grain boundary.
In this model, highly ordered crystal lattices extend from
both sides all the way to the mathematical plane of the
grain boundary, where the defect is localized in an essen-
tially two-dimensional manner, with a wide distribution
of interatomic spacings across the plane.

This state of the grain boundaries appears to be
different from the one implied by computer simulations
of grain boundaries in conventional polycrystals. The
simulations indicate that at least a fraction of an atomic
monolayer of atoms in those grain boundaries is dis-
placed sufficiently from their lattice positions to either be
located outside of the coordination shell peaks (so that
they would be detected as nonlattice atoms in the in-
tragrain correlation function analysis) or else to induce a
marked broadening of the coordination shell peaks. This
is evident in the in-plane atomic distribution functions of
the grain-boundary regions determined from computer
simulation results.*>!> No broadening of the peaks is
detected in our experimental data, and the number of
atoms on nonlattice positions is very small for the aged or
annealed samples. Hence, it is questionable whether the
atomic SRO in the grain boundaries in aged or annealed
nanocrystalline Pd is the same as that in coarse-grained
polycrystalline Pd. Future, detailed comparisons of the
experimental data to computer simulations of the atomic
structure of nanocrystalline materials, which are present-
ly under way, are required in order to substantiate the
presumed difference between the grain-boundary struc-
tures in aged and annealed nanocrystalline Pd on the one
hand and in conventional polycrystalline materials on the
other.

For as-prepared samples, the results indicate two clear-
ly distinguished types of sites: lattice and nonlattice ones.
At a grain size of the order of 10 nm, we find that about
10% of all atoms occupy nonlattice sites. For the lattice
sites, the finding is again that the distribution of intera-
tomic spacings is not measurably broadened as compared
to that of the reference samples. In contrast to the case
of the lattice sites, for which the rms deviation from the
nearest-1.2:ghbor distance is small and similar to coarse-
grained poiycrystalline Pd, our results indicate that, on
average over all grain boundaries in a sample, there is lit-
tle or no atomic short-range order for the nonlattice sites.
This finding may result from an extensive reconstruction
of the atomic positions in the grain boundaries, which ac-
cording to our results affects 1.8+0.4 atomic monolayers.

There are several possible explanations for the different
grain-boundary structures in the two types of samples. It
is noted that the samples investigated immediately after
preparation were also those with the smallest grain size.
One may speculate upon a potential dependence of
grain-boundary structure on grain size. As the lateral di-
mension of a grain boundary is reduced to a scale compa-
rable to its structural units (e.g., the distance between in-
trinsic grain-boundary dislocations), it is not unreason-
able to expect a qualitative change in the properties and
in the structure of the grain boundary. However, as two
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samples, PdO3 and Pd07, with very similar fine grain size
of {D),..,=13 and 12 nm, respectively, but different age
(<10 days and >4 months, respectively), have different
fractions of nonlattice atoms, the data appear in favor of
age and thermal treatment, rather than grain size, as the
factor responsible for the observed difference in atomic
structure. Important grain growth was observed both
during room-temperature aging and on annealing (com-
pare Table I and Ref. 43). The atomic mobility required
for grain growth to occur is expected to also allow for re-
laxation of the grain-boundary atomic structure. If relax-
ations upon aging (as opposed to grain size) are the de-
cisive factor in determining the grain-boundary structure,
then nanocrystalline palladium appears to be in a disor-
dered state immediately after preparation, which then re-
laxes on a time scale of a few weeks towards the more or-
dered state observed in the aged or annealed samples.
This would imply that the thermodynamic state of a
nanocrystalline material is not uniquely determined by
the microscopic variable grain size (or grain size distribu-
tion), but that there are additional degrees of freedom,
similar to those which are responsible for the different
thermodynamic states observed in glasses as a function of
the quench rate, as opposed to the unique state of the un-
dercooled melt. A recent calorimetric study of nanocrys-
talline platinum'® arrives at the same conclusion.

The conclusion, in the present work, of scattering data
as indicating “nonreconstructed” grain boundaries for
aged or annealed, and highly disordered grain boundaries
for as-prepared nanocrystalline Pd, compares to the in-
terpretation of nanocrystalline Pd x-ray scattering data in
terms of “ordered” grain boundaries in Ref. 4. In agree-
ment with the conclusion in Ref. 4, the considerations in
Sec. II1 C of the present study show that the absence of an
observable diffuse background in the scattering pattern in
Ref. 4 (indicating that the samples in the study may have
been in the aged state) does indicate an ordered structure.
We show that what is implied is specifically order in the
sense that the outer atomic layers of each crystallite ex-
hibit little or no reconstruction. On the other hand, we
show that this quality and the absence of a diffuse back-
ground are compatible with a completely random distri-
bution of interatomic spacings across the grain-boundary
planes, implying the absence of correlations between the
atomic positions on opposite sites of a grain-boundary
plane. We have argued that the comparatively high per-
fection of the crystal lattice in nanocrystalline Pd is indi-
cative of such a state of the grain boundaries.

The study demonstrates that the reduction in nearest-
neighbor coordination number observed in EXAFS of
nanocrystalline fcc and bcc metals is in at least qualita-
tive agreement with x-ray scattering results. A compara-
tive investigation applying both techniques to identical
samples is in progress.

B. Short-range order in the crystal lattice

An experimental finding which deserves discussion is
the unexpected result that coordination shells are not
significantly broadened in nanocrystalline Pd as com-
pared to those of the coarse-grained polycrystalline ma-
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terial. The result is in apparent contradiction with data in
the literature,” which show a temperature-independent
additive contribution to the x-ray Debye-Waller parame-
ter in nanocrystalline Pd, suggesting a contribution from
static displacements to the rms distribution of displace-
ments from the crystal lattice sites, {x2)!/2, in this ma-
terial. At room temperature, the values for (u,f)‘/ 2 dis-
placements determined in this way are 0.084 and 0.063 A
(3.1 and 2.3 % of the nearest neighbor spacing), respec-
tively, in nanocrystalline Pd and coarse-grained polycrys-
talline Pd.> This is significantly larger than the value for
(u?2)!? determined from the atomic distribution func-
tions in the present study, 0.052% for both nanocrystal-
line Pd and coarse-grained polycrystalline Pd. In agree-
ment with our finding, a recent comparison of the EX-
AFS Debye-Waller parameters of n-Pd and coarse-
grained Pd,* indicates a considerably smaller difference
than the one implied by the x-ray Debye-Waller parame-
ter. The different results reflect the fact that the x-ray
atomic distribution and EXAFS results are sensitive to
the SRO alone whereas the x-ray Debye-Waller parame-
ter probes displacements from lattice sites on a scale of
the grain size. Correlated atomic displacements, with
neighboring atoms moving in the same direction, imply
comparatively small deviations from the ideal nearest-
neighbor distance, but significant displacements from the
crystal lattice sites.**~*® Therefore, the combined results
of the different techniques indicate that the increased
static part of the interference function Debye-Waller pa-
rameter observed in nanocrystalline Pd (Ref. 5) is due to
displacement fields with a range of several interatomic
spacings. Independent of the nature of the displace-
ments, the experimental results suggest that the atomic
SRO in the crystal lattice is affected little by the nm-scale
structuring, whereas the SRO in the grain-boundary re-
gion may be strongly reduced.

C. Summary

In summary, we have presented a combined theoretical
and experimental study of wide-angle scattering by nano-
crystalline solids. From theoretical considerations, we
conclude that for crystallites with a random distribution
of lattice orientation, unless a significant fraction of
atoms are displaced from their lattice sites, the wide-
angle interference function of a poly- or nanocrystalline
solids is identical to that of an arrangement of isolated
particles with the same size or size distribution as those
of the poly- or nanocrystalline solid. Our experimental
data confirm the theoretical prediction that in nanocrys-
talline solids the relative reduction in crystal lattice coor-
dination number increases linearly with interatomic dis-
tance. The experimental results show that, as a function
of sample age and/or grain size, different types of reduc-
tion in coordination number are observed in nanocrystal-
line Pd: for aged or annealed samples the relative reduc-
tion in coordination numbers vanishes upon extrapola-
tion to zero interatomic distance, indicating that essen-
tially all atoms are located on crystal lattice sites, and
that the topological defect is localized in the two-
dimensional grain-boundary plane, similar to a simplistic
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nonreconstructed grain-boundary model. For samples in-
vestigated immediately after preparation, the extrapolat-
ed relative reduction in coordination number is finite, in-
dicating a significant fraction of atoms on nonlattice sites.
The results imply that there is little short-range order for
the nonlattice atoms. Therefore, the results suggest that
the grain-boundary atomic structure in as-prepared nano-
crystalline Pd differs qualitatively from the more ordered
one of coarse-grained polycrystalline material. In con-
trast to the disordered grain-boundary component, no
reduction in short-range order is observed in the atomic
distribution function of the crystal lattice component, in-
dicating that disorder in the crystal lattice involves dis-
placements correlated over several lattice parameters,
rather than short-range, uncorrelated atomic displace-
ments.
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APPENDIX:
RELATING THE INTRAGRAIN CORRELATION
FUNCTION TO THE PARTICLE SURFACE

The correlation function H at small interatomic dis-
tance r is expected to be related to the particle surface 4,
because for small r only atoms located in volume ele-
ments closer than r to a surface experience a reduction in
coordination number. The number of those volume ele-
ments increases with r and with 4. In the limit »r —0, r is
much smaller than the radius of curvature of the particle
surface practically everywhere, so the surface can be as-
sumed plane. In this case, it is advantageous to express H
as the sum of two functions H,, and H,,), where H
is the contribution of those volume elements which are
not affected by the presence of the surface (i.e., those
which are farther away from the surface than r, the
hatched region labeled ¥V, in Fig. 13), with a total

sphere with radius r

FIG. 13. Schematic illustration of the geometrical construc-
tion used to evaluate the relative reduction in nearest-neighbor
coordination number at interatomic distance » for an atom lo-
cated C below a plane surface. Hatched regions, particle
volume; atoms located in ¥, have full coordination numbers,
atoms located in ¥, have reduced coordination numbers.
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volume V,=V¥— Ar, and H 2(» is the contribution of the
remaining elements, occupying a volume V,= Ar (the
hatched region labeled V, in Fig. 13). For both regions,
H,, can be determined as the average, over all points in-
side the particle, of that fraction of a spherical shell of ra-
dius 7, centered at the point, which is contained inside the
particle (see Sec. II B).

Since the whole shell is contained inside the particle for
each point in ¥, we have simply

Vi Ar
Hl(r):—V_P-zl_? .

On the other hand, a shell centered around a point in ¥V,

(A1)
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will only in part be contained inside the particle. For an
atom located at a depth C below the surface, the fraction
of the shell (radius 7) outside the particle is M, ¢, /4mr?,
where M, ¢, is the area of a spherical cap with radius »
and height » — C (see Fig. 13). Hence,

M
2

_ 3Ar

1_
4yP

(A2)
47r

A4 rr
H2(r)—FfC=O

and, since H=H | + H,, the required result for the varia-
tion of H at small r is

Hy=1--2 (0. (A3)
av
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