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Abstract

The effect of the alloying elements on the distribution of deuterium in Pd–Au has been investigated by total neutron scattering. The
data are analyzed by Reverse Monte Carlo modeling in order to assess the type of interstitial sites occupied with deuterium and how this
is correlated with the distribution of the Pd and Au atoms on the host metal lattice. The results show that in Pd–Au alloys deuterium
occupies both octahedral and tetrahedral interstitial sites: the overall occupancy of tetrahedral sites increases with increasing Au content
and decreasing overall D content. Short-range ordering (SRO) is identified in the D occupancy of interstitial sites in the sample with
higher Au content. Indications of SRO and D-induced reorganization in the metal lattice are discussed.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Supported dense Pd-based membranes with a thickness
of several micrometers are considered to be the most suit-
able option for the production of high-purity hydrogen at
reduced costs [1]. Experimental and theoretical studies sug-
gest that addition of specific alloying elements to palladium
provides several beneficial effects that lead to Pd-based
membranes of higher efficiency and longer operation life-
time. Such beneficial effects are: a reduction of the critical
temperature for the transition from the a-metal solid solu-
tion to the b-hydride phase, a smaller unit cell volume dif-
ference between a and b phase, improved mechanical
properties, and an enhanced resistance to surface poison-
ing, e.g. by sulphur compounds [1,2]. Furthermore, higher

hydrogen solubility and diffusivity for many Pd alloys (e.g.
alloys with Ag, Au or Cu) results in higher hydrogen per-
meability than in Pd itself [2]. The hydrogen solubility
and the diffusion mechanism of hydrogen through these
membranes are determined by the nature of the specific
alloying elements, their concentration and distribution in
the metal lattice, through the (local) interaction of the
hydrogen atoms with the alloying elements. Information
regarding the atomic distribution in the phases formed dur-
ing hydrogen absorption/desorption in Pd alloys is there-
fore crucial for understanding and predicting the effect of
alloying on the macroscopic hydrogen permeation behav-
ior. These considerations formed our main motivation to
investigate the crystal structure of hydrogenated (deuter-
ated) Pd alloys and its relation with the hydrogen desorp-
tion characteristics. In a recent paper [3] we discuss
desorption characteristics of deuterium from Pd–Au–D
alloys in relation with the deuterium site occupancy in
the phases formed during deuterium absorption/desorption
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in the alloys. The crystal structure information is obtained
by neutron diffraction (ND) measurements and analyzed
by Rietveld refinement of the Bragg diffraction profiles.
The analysis of the ND data showed that the same types
of interstitial sites are occupied in the (subcritical) b-
hydride phases, as well as in the (supercritical) solid solu-
tion phases. Only Rietveld refinements including deuterium
occupancy of both octahedral (O) and tetrahedral (T)
interstitial sites could describe the neutron diffraction data
adequately. It was found that with increasing the Au con-
tent the occupancy of the O sites decreases while that of the
T sites increases [3]. Our results regarding the simultaneous
occupation of O and T sites are in agreement with those
from theoretical studies on hydrogen in Pd alloys which
infer that the occupation of tetrahedral sites may occur
depending on the alloying element and its concentration.
For example, first-principles studies on hydrogen in Pd–
Ag [4–6] and Pd–Au alloys [4,5] suggest that the O site is
preferred when most of the neighbors are palladium atoms,
while the T site is preferred when the alloying element dom-
inates. First-principles calculations also show that the site
occupancy and stability is actually determined by the local
atomic arrangement of metal atoms in the nearest neigh-
borhood of the interstitial site [4–8].

Experimental studies supporting the simultaneous occu-
pation of O and T sites and its correlation with the local
atomic arrangement on the metal host lattice are, however,
not available. Insight into the crystal structure of intersti-
tial alloys can be gained by neutron total scattering mea-
surements, which provide simultaneous information
about the average long-range order through the Bragg
peaks and the short-range order through the diffuse scatter-
ing. The analysis of total scattering data enables one to
identify whether deuterium occupancy of the interstitial
sites is correlated with the occupancy of the metal host lat-
tice, thereby providing a better understanding of the alloy-
ing effect on macroscopic properties such as hydrogen
solubility and diffusivity.

This paper presents a detailed analysis of neutron total
scattering data measured for Pd–Au–D alloys with different
Au and D contents. Deuterium is used instead of hydrogen
to avoid a high background due to the incoherent scattering
of hydrogen. The system Pd–Au–D is very well suited for
neutron diffraction studies since the constituent elements
have sufficiently different cross-sections for coherent neu-
tron scattering (i.e. bPd = 0.591 barn, bAu = 0.763 barn,
bD = 0.6674 barn). The data analysis discussed here is based
on Reverse Monte Carlo (RMC) modeling, a method that
allows to generate structural models consistent with experi-
mental data (i.e. “snap-shots” of the most probable atomic
configurations with total scattering characteristics fitting
those determined by neutron scattering measurements) and
thereby to analyze correlations in the local atomic arrange-
ment. The capability of RMC modeling to reveal informa-
tion on the local atomic structure and how deviations of
the local structure from the average structure given by Riet-
veld analysis of the Bragg diffraction profiles could explain

changes in materials properties has been demonstrated in
recent literature [9–12].

2. Experimental

Total neutron scattering measurements were performed
on samples comprising pure and deuterated Pd–Au alloys
with 10 and 25 at.% Au. Each sample consists of alloy foils
100 lm thick cut as discs of 5 mm diameter and arranged in
a cylindrical stack of about 15 mm height with a mass of
ca. 3 g. The samples were prepared and handled as previ-
ously described [3]: chemical etching using a solution of
2:2:1 H2SO4:HNO3:H2O, annealing at 1073 K of the pure
alloy foils, activation in 0.4 MPa deuterium gas for
15 min at 575 K and degassing at room temperature. The
deuterium loading is performed at 303 K and 0.6 MPa
D2. The deuterated samples were placed in a ceramic con-
tainer sealed in a stainless steel can under deuterium gas at
the same pressure as used for deuterium loading. For the
neutron total scattering measurements, the specimens were
transferred from the ceramic container into a 6 mm thin-
walled vanadium can and sealed in air at atmospheric pres-
sure just before the start of each experiment. This was
mounted in the sample compartment of the GEM diffrac-
tometer at the ISIS spallation neutron source (Rutherford
Appleton Laboratory, UK) [13]. All samples were mea-
sured for ca. 8 h at room temperature, diffraction patterns
being recorded simultaneously by five detector banks posi-
tioned at 2h of 154.4�, 91.3�, 63.9�, 35� and 18�, respec-
tively. Background subtraction and data correction were
based on measurements of the empty can, empty instru-
ment, and an 8 mm diameter vanadium rod. The data were
normalized using standard methods [14] to produce total
scattering structure factors and data suitable for Rietveld
refinement.

The average structure was refined based on multi-bank
data using the Rietveld method as implemented in the
GSAS refinement program [15]. Details regarding the
refinement procedure are given elsewhere [3]. The average
structure determined from Rietveld refinement for each
sample was used as starting structure for the RMC
modeling.

In brief, RMC modeling (for details see Refs. [14,16,17])
consists of fitting a three-dimensional structural model to
experimental data (e.g. total neutron scattering data) via
random movements of atoms in the structure model. After
each random move a number of structural functions (e.g.
G(r), F(Q), defined as given in Ref. [18]) are recalculated
based on the new structural model. If the agreement
between these calculated functions and the equivalent ones
measured experimentally is improved, then the move is
accepted; if not, then the move is accepted only with a cer-
tain probability. Iterations are continued until the calcu-
lated functions agree with the data within certain pre-
defined limits, i.e. the agreement function v2

RMC (Eq. (1))
is minimized. As result, by the end of the calculation the
atomic configurations that are consistent with the experi-
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mental structure factor(s) are available. It should be noted
that in the present work the Bragg diffraction data is explic-
itly used in the RMC fit in addition to the total scattering
data and the radial distribution functions. Thus the agree-
ment functions used are defined as in Eq. (1), where the
total scattering structure factors, F(Q), and the total radial
distribution functions, G(r), are defined as in Ref. [18].

v2
RMC ¼ v2

F ðQÞ þ v2
GðrÞ þ v2

Bragg

¼
X

j

F calcðQjÞ � F expðQjÞ
� �2

r2ðQjÞ

þ
X

j

GcalcðrjÞ � GexpðrjÞ
� �2

r2ðrjÞ

þ
X

j

IcalcðtjÞ � IexpðtjÞ
� �2

r2
IðiÞ2ðtjÞ

ð1Þ

The RMC refinements were done with the RMCProfile
software [19] using structure models of 10 � 10 � 10 crys-
tallographic unit cells, with lattice parameters as obtained
by Rietveld refinements.

The unit cells of the initial configurations consist of face-
centered cubic (fcc) Pd–Au cells with a given Au content of
10 or 25 at.% and deuterium atoms distributed randomly
over the octahedral interstitial sites. The total amount of
deuterium in each sample is that determined by Rietveld
refinements [3] and confirmed by thermal desorption mea-
surements. The atomic ratios D/(Pd + Au) are 0.52 and
0.33 for Pd90Au10 and Pd75Au25 alloys, respectively.
Vacancies (Vac), i.e. weightless and non-scattering “atoms”

with 1.0 Å diameter, were placed in the remaining octahe-
dral and tetrahedral interstitial sites. The following con-
straints were put on minimum interatomic distances
between Pd and/or Au atoms (M) and interstitial (D or
Vac) atoms: M–M P 2.0 Å, M–D P 1.5 Å, M–
Vac P 1.0 Å, D–D P 2.3 Å, D–Vac P 1.0 Å, Vac–
Vac P 1.0 Å. The cut-off distance between D atoms was
taken as 2.3 Å based on the assumption that the generally
accepted Switendick criterium [20] regarding the minimum
separation distance of 2.1 Å between H atoms in metal
hydrides is also fulfilled in Pd–Au deuterides. In the case
of Pd–Au–D alloys this implies that the occupation of
nearest-neighboring octahedral–tetrahedral sites (at 1.7 Å
separation) and nearest-neighboring tetrahedral–tetrahe-
dral sites (at 2.0 Å separation), both smaller than 2.1 Å,
are excluded. The validity of this assumption was checked
using a cut-off value of 1.5 Å for D–D minimum distance in
some additional simulations.

For each investigated sample various initial configura-
tions for the RMC procedure were generated by random
swapping of the metal and/or interstitial atoms in the
10 � 10 � 10 supercell. Two types of atomic moves were
considered in the RMC fitting procedure, i.e. swap and dis-
placement. In a swap move two atoms (or an atom and a
vacancy) on the same sublattice (metal or interstitial)
exchange position; such moves allow substitutional disor-

der to be modeled. In a displacement move an atom is
translated by a small distance; such moves allow (thermal)
displacements to be modeled. Successive RMC steps of
swap moves and/or displacement moves were included in
the fit procedure, the typical total run time for minimizing
the v2

RMC function being of ca. 125 h for each initial config-
uration considered. The results presented in this paper are
from an average over eight or 10 final RMC configurations
independently obtained (by using different starting
configurations).

3. Results and discussion

A representative set of experimental and fitted total scat-
tering structure factors, F(Q), and total pair distribution
functions expressed as differential correlation functions,
D(r), defined as in Refs. [18,19], are shown in Figs. 1 and
2 respectively. Both figures include the data for a pure
Pd75Au25 alloy and for the deuterated alloy which was
loaded at room temperature under 6 bar deuterium gas.
The F(Q) and D(r) from RMC calculations are in excellent
agreement with the experimental data.

The F(Q) profiles of the D-free and D-containing alloys
are similar but the peaks of the deuterated sample are
slightly shifted to shorter Q values, consistent with the lat-
tice expansion that occurs upon deuterium loading. The
peak shift for the deuterated sample with respect to the
D-free sample is also visible in the D(r) profiles given in
Fig. 2. Moreover extra peaks appear at small r distances
in the D(r) profile of the deuterated sample. These are
due to pair correlations including deuterium. At large dis-
tances, however, both D-free and D-containing samples
have similar D(r) profiles, indicating that no long-range
order of D atoms occurs.

For a closer analysis of the nearest neighbors (nn) and
next-nearest neighbors (nnn) the total pair distribution
functions expressed as total correlation function, T(r), are

Fig. 1. Representative F(Q) data for Pd75Au25 alloy with and without
deuterium. The deuterated sample has a D content of 0.33 atomic ratio D/
(Pd + Au). Symbols: experimental data; Lines: RMC fit. Note: the F(Q)
data are convoluted with the size of the configuration box. The
experimental F(Q) data are given in the inset.
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used. The T(r) is defined as in Refs. [18,19]. The T(r) pro-
files of alloys with different Au content loaded with deute-
rium under the same conditions (i.e. 6 bar D2 at 298 K) are
compared in Fig. 3. The differences observable in the T(r)
profiles of the two alloys, especially at small r distances
(i.e. different shape of the “triple” peak centered at 2 Å
and of the peak around 3.5 Å) suggest differences in the
D occupancy in the two samples. The origin of these peaks
was established by analyzing the partial radial distribution
functions, gij(r).

The gij(r) for D–M pairs (with M being Pd or Au) and
D–D pairs calculated by RMC for the optimum configura-
tion for which the best fit of the data is achieved for each of
the two samples (i.e. Pd90Au10–D52Vac48 and Pd75Au25–
D33Vac67) are compared in Fig. 4. These gij(r) values are
averages over 10 RMC runs for each sample. The peak
positions corresponding to the different D-pairs in a ran-
dom Pd–Au alloy in which D occupies O and T interstitial
positions randomly are indicated by symbols in Fig. 4.

Although the calculated peaks are rather broad, one can
clearly see, especially at small r values, that pairs involving
D occupying O sites as well as T sites (i.e. DO pairs and DT

pairs) occur in both samples. These results indicate the
simultaneous occupancy of O and T interstitial sites, which
was also evident from the Rietveld refinement of the dif-
fraction data [3]. Note that in each case the initial starting
configuration contained all D distributed only over the O
sites, thus the T occupancy is the result of RMC fitting
the experimental data. The ratio of the area under gij(r)
peaks for DT pairs with respect to the peaks for DO pairs
is quite different in the two samples considered, suggesting
different relative occupancy of T and O sites. In fact, the
peak area of DT pairs (i.e. DT–M pairs and DT–DO and
DT–DT pairs) is higher in the Pd75Au25–D33Vac67 sample
than in Pd90Au10–D52Vac48 (see Fig. 4). This indicates an
increase in the fraction of deuterium on T sites with
increasing Au content and/or with decreasing the overall
D content. Based on Rietveld refinement [3], it was also
found that �50% of D occupies the T sites for the
Pd75Au25–D33Vac67 sample while only �8% of D occupies
the T site in the case of Pd90Au10–D52Vac48 alloys. The
questions arising now concern the reason for the higher T
site occupancy in the Pd75Au25 alloy, which shows lower
deuterium solubility than the Pd90Au10 alloy. Is the T site
occupancy related to the relative D–Au or D–D interac-
tion? To answer such questions, the gij(r)s for the D-con-
taining pairs were analyzed in detail.

3.1. Analysis of D–M and D–D pair correlation functions

Fig. 4 shows that not all peaks expected for a random
distribution of D atoms (symbols) are observed experimen-
tally and vice versa. Analyzing the gij(r)s for the D–M pairs
in the first coordination shells (i.e. the first group of peaks
at r distances between 1.5 and 2.5 Å in Fig. 4A), it can be
observed that an extra peak centered at ca. 2.3 Å occurs
besides the peaks corresponding to DT–M (r = 1.74 Å)
and DO–M (r = 2 Å) pairs. This peak may be attributed
to a distorted octahedral occupation occurring as function
of the metal surrounding of the O site. In other words, due
to the preferential repulsion or attraction of the metal
atoms and the D atom, some of the DO–M bonds are
extended while others are shortened. The deformation of
the octahedral sites is expected to result in peaks placed
around the center of the M–DO peak (r = 2 Å). Depending
on how D is shifted from the center of the O site one might
expect that the peak at high r values (r � 2.3 Å) is bigger
than the peak at low r values (r � 1.7 Å); for example,
when deuterium is shifted towards one corner of the octa-
hedral it would result in one shorter and five longer D–M
distances. Nevertheless, the peak at r � 2.3 Å in Fig. 4A
does not have a larger area than the peak at r � 1.7 Å. This
is because the peak due to shorter DO–M pairs overlaps
with the peak of DT–M pairs located at ca. 1.74 Å. In order
to evaluate quantitatively the fraction of DT–M pairs, a
fraction of the area of the peak centered at 2.3 Å should

Fig. 2. Differential correlation function data for Pd75Au25 alloy with and
without deuterium. The deuterated sample has a D content of 0.33 atomic
ratio D/(Pd + Au). Symbols: experimental data; lines: RMC fit.

Fig. 3. Total correlation function data for Pd90Au10 and Pd75Au25 alloys
loaded with 6 bar deuterium at 298 K. The D contents correspond to 0.52
and 0.33 atomic ratio D/(Pd + Au) for Pd90Au10 and Pd75Au25 samples,
respectively. Symbols: experimental data; lines: RMC fit.

D.E. Nanu et al. / Acta Materialia 58 (2010) 5502–5510 5505



Author's personal copy

be subtracted from the area of the peak at 1.74 Å. Assum-
ing an equal number (upper limit) or five times more of the
larger M–DO distances does not significantly change the
results for the M–DT, as will be discussed later.

The number of Pd and Au atoms in the nearest- and
next-nearest-neighboring coordination shells of a D atom
occupying an O site and a T site (i.e. partial coordination
numbers defined as nijðrÞ ¼ 4pq0cj

R
r2gijðrÞdr) were deter-

mined based on curve fitting.1 The calculated average par-
tial coordination numbers in the nearest-neighboring (nn)
and next-nearest-neighboring (nnn) coordination shells
around an O and T interstitial site are summarized in Table
1 in comparison with those corresponding to random dis-
tributions. The partial coordination numbers for the ran-
dom distributions were calculated based on the

probability of combinations, Eq. (2), taking into account
the total coordination number in a given shell (Nc), the
number of j atoms in the shell (Nj) and the overall compo-
sition of the sublattice expressed in fraction yj of atom j.
The average partial coordination numbers corresponding
to a random configuration were obtained by summing
the probabilities of occurrence of each type of D–M pair.
For example, the average number of Pd atoms nearest-
neighbors to D on an O site are calculated by summing
up the number of D–Pd pairs occurring in each type of
octahedrons (i.e. containing 0, 1, 2 . . ., or six Pd, and thus
contributing with 0, 1, . . . and six D–Pd pairs, respectively)
multiplied with the probability of finding such type of octa-
hedron (via Eq. (2)). The results are given in Table 1. It
should be mentioned that similar occupations were also
obtained by integrating the gij(r)s profiles generated with
RMC for random configurations (note that these data
are not included in Table 1). This showed that the fitting
procedure results in reliable values for occupations.

Fig. 4. RMC results of gij(r) for D–M pairs (A) and D–D pairs (B) for Pd90Au10–D52Vac48 (solid blue line) and Pd75Au25–D33Vac67 (dotted red line). The
gij(r) are concentration scaled partial radial distribution functions (cicjgijðrÞ). The gDAu(r) are scaled by a factor of five to facilitate comparison with
gDPd(r) on the same scale. Symbols indicate the expected peak position of DO–M (+), DT–M (x), DO–DO (h), DO–DT (s), and DT–DT (D) pairs for a
random alloy with D distributed randomly over O and T sites. The dotted gray line represents gDD(r) for Pd75Au25–D33Vac67 in the case when a closest
approach distance of 1.5 Å was allowed between D atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Average partial coordination numbers in the nearest-neighboring (nn) and next-nearest-neighboring (nnn) coordination shells around an interstitial site
calculated from RMC results in comparison with the average partial coordination numbers corresponding to a random distribution of metal atoms around
the interstitial sites.

Sample Coordination shells D on O site D on T site

RMC Random RMC Random

Pd90Au10–D52Vac48

ðnnDPd; nnDAuÞ (5.4, 0.6) (5.4, 0.6) (3.8, 0.2) (3.6, 0.4)
±0.3 ±0.1

ðnnnDPd; nnnDAuÞ (7.2, 0.8) (7.2, 0.8) (10.9, 1.1) (10.8, 1.2)
±0.5 ±0.4

Pd75Au25–D33Vac67

ðnnDPd; nnDAuÞ (4.0, 2.0) (4.5, 1.5) (3.4, 0.6) (3.0, 1.0)
±0.2 ±0.3

ðnnnDPd; nnnDAuÞ (0.0, 8.0) (6.0, 2.0) (10.3, 1.7) (9.0, 3.0)
±0.1 ±0.5

The numbers given in italics indicate the accuracy of determining the coordination numbers, which was estimated using the individual configurations.

1 Lorentzian functions were chosen to describe the peak profiles, the
expected peak positions for a random alloy being used as initial peak
position parameters. This enables the separation of the overlapping peaks.
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P NjðyjÞ ¼
N C

N j

� �
yNj

j ð1� yjÞ
ðNc�NjÞ ð2Þ

The data in Table 1 show that the distribution of Pd and
Au atoms in the nn and nnn coordination shells around O
and T sites occupied by D atoms is about random in the
Pd90Au10–D52Vac48 sample. Some short-range ordering
occurs in the occupancy of interstitial sites with D in
Pd75Au25–D33Vac67. Octahedral sites surrounded only by
Au atoms in the nnn coordination shell are most favorable
for D occupancy amongst the O sites. This is in contrast to
the random occupation, for which O sites are on average
surrounded by six Pd and two Au atoms in the nnn coordi-
nation. This suggests that the local Au concentration in the
nnn coordination shell of the O site has a determinant effect
on whether the site is favorable or unfavorable for D occu-
pation. In the Pd75Au25–D33Vac67 sample the O sites with
2 nn and 8 nnn Au atoms (RMC average configuration) are
more favorable for D than the O sites with 1.5 nn and 2 nnn

Au atoms (average for a random configuration). First-prin-
ciples calculations [4,5] of the hydrogen binding energy on
octahedral sites with different metal nn and nnn coordina-
tion shells support this statement. Hydrogen binding ener-
gies estimated based on Ref. [4] are indeed lower for the
observed RMC configurations than those corresponding
to the random configurations of nn and nnn Au atoms
around the O site. For the estimation of the binding energy,
equation (iii) and data from Table 4 of Ref. [4] are used
together with the number of Au atoms nn and nnn to an
O site from Table 1.

The distribution of Pd and Au atoms in the nn and nnn

coordination shells around the T sites depends on the
assumption made for the area of the overlapping peak per-
taining to the distorted M–DO occupation: 4.0 Pd and 0.2
Au when assuming equal amounts of r + dr and r� dr dis-
tances or 3.8 Pd and 0.2 Au when assuming five longer and
one smaller D–M distances in Pd10Au90–D52Vac48. Simi-
larly for Pd75Au25–D33Vac67, this results in 3.5 Pd and
0.5 Au or 3.4 Pd and 0.6 Au.

The distribution of Pd and Au atoms in the nn and nnn

coordination shells around the T site occupied by D atoms
in Pd75Au25–D33Vac67 also shows some deviations from
the average random distribution (see Table 1). There may
be some preference for T sites with slightly less nn Au
atoms, i.e. 0.6 (or 0.5) Au and 3.4 (or 3.5) Pd instead of
the one Au and three Pd as expected for an average ran-
dom distribution, as well as for T sites with less Au as
nnn atoms, i.e. 1.7 Au instead of the three Au expected
on average for a random distribution. The distribution of
Au atoms in the nn and nnn coordination shells around
occupied T sites is about random in the Pd90Au10–
D52Vac48, although there may be some preference for T
sites with less Au, i.e. sites with 3.8 (or 4.0) Pd and 0.2
(or 0.0) Au as nn are preferred whereas on average 3.6
Pd and 0.4 Au is expected for a random distribution. Thus,
some preference for D occupying sites with less Au in nn or
nnn shells is found for both samples. Based on chemical

intuition, the fact that the T sites with less Au atoms in
the nn and nnn coordination shells are more favorable for
D occupancy is not surprising since it is well known that
hydrogen is less soluble in Au than in Pd. Also, Mössbauer
measurements on Pd–Au–H showed that H atoms did not
occupy nearest-neighboring sites of Au [21]. This is also
supported by results from first-principles calculations
[4,5], which show that, even at low H content, the T sites
with no Au atoms as nearest and next-nearest neighbors
are indeed more favorable for H binding in Pd–Au alloys
with more than 25% Au than the O sites with only Pd in
the nn and nnn surrounding (see Fig. 3b in Ref. [4]).
Though the results from these first-principles calculations
concern H and not D, it is likely that the T site occupancy
will be even more favorable for the heavier isotope because
of its lower vibrational energy.

Thus, the occupancy of O and T sites is correlated with
the Au concentration in the first and second coordination
shells. Moreover, the presence of more Pd and less Au in
the nearest and next-nearest coordination shells of a T site
makes the site more favorable for D occupation. Based on
this observation, one could presume that with increasing
Au content the relative occupancy of T sites would
decrease. This seems to contradict the previous conclusion
drawn based on the relative peak area corresponding to DO

and DT pairs and the results of the Rietveld refinements. It
should, however, be noted that the total D content in the
two alloys is also different: the sample with 10 at.%Au con-
tained a larger amount of D than the sample with
25 at.%Au. Due to D–D repulsion, the different D content
may also be responsible for the different relative occupancy
of the O and T sites in the two alloys. For fcc alloys, Swi-
tendick [20] proposed a minimum separation distance
between two hydrogen atoms in a metal hydride
(d0 = 2.1 Å). This implies that an H atom on an O site pre-
vents the occupancy of its eight first nn T sites by another H
atom, while an H atom located in a T site prevents the
occupancy of its four first nn O sites and six nnn T sites.
To check if indeed the assumed minimum separation dis-
tance also holds for both alloys investigated, a series of test
simulations was performed in which a value of 1.5 Å was
used for the minimum D–D interatomic distance. These
tests showed that in the case of the Pd75Au25–D33Vac67

alloy some D atoms may occupy sites at distances less than
2.1 Å (i.e. peaks at an r distance of ca. 2 Å in the gDD(r)
data represented by the gray line in Fig. 4B indicate the
occupancy of adjacent nn interstitial sites). Although allow-
ing short D–D correlations does slightly improve the qual-
ity of the fit, it is not clear if the initial discrepancy is real or
due to transform artifacts in the real space data. Clearly
more investigation of the local D–D environment is needed
if conclusive conclusion is to be drawn. Nevertheless, the
occupation of adjacent nn sites could be due to a favorable
metal surrounding of these sites, which makes D-occupa-
tion possible regardless the unfavorable D–D repulsion.
Our recent first-principles calculations [22] show that the
occupation of T sites does indeed become preferable (lower
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energy) over the occupation of O sites in Pd3Au alloys with
more than two H atoms per unit cell.

Based on the above discussion, one could conclude that
the higher T occupancy in the Pd75Au25–D33Vac67 sample
results from the combined effect of D–M and D–D interac-
tions, with the former being dependent on the local atomic
arrangement of the M atoms in the nearest and next-near-
est neighboring shells of the D atoms.

Further analysis of the atomic configurations (Fig. 5)
confirms that O and T interstitial sites were simultaneously
occupied with D in both investigated alloys. The atomic
clouds representing the deuterium distributions in the
Pd90Au10–D52Vac48 sample are rather localized around
the center of the O and T sites. Those in the Pd75Au25–
D33Vac67 sample are well interconnected. This difference
in distribution may be taken as an indication of a higher
exchange rate of deuterium between adjacent sides, and
thus of a higher diffusivity, in the latter sample. The
increased exchange rate between adjacent sites in the sam-
ple with higher Au content could lead to the higher
observed occupancy of T sites. Furthermore, the increased
diffusion leads to a tetragonal distortion of the atomic
clouds for the sample with 25 at.%Au and could indicate
some elastic anisotropy. The higher hydrogen diffusion
observed for the sample with higher Au content seems still
to be in contradiction with the expected dependence of the
(macroscopic) hydrogen diffusivity with the Au content, i.e.
a decrease in hydrogen (deuterium) diffusivity is observed
experimentally when increasing the Au fraction above
10% [23] and confirmed by theoretical calculations [4,5].
However, both experiments and calculations concern
hydrogen diffusivity at very low hydrogen concentrations
(close to infinite dilution). At these concentrations, most
of the interstitial sites are available for H during diffusion
(the diffusion mechanism consists of hydrogen hopping
between adjacent interstitial sites, the T sites being consid-
ered as intermediary steps in the pathways between O sites
[24]). The D content of the samples investigated here is
quite high, thus the diffusivity of deuterium is expected to
be affected by the availability of unoccupied adjacent inter-
stitial sites. Since 52% of the interstitial sites are already
occupied in the Pd90Au10–D52Vac48 alloy, the probability
of finding an adjacent unoccupied site is lower than for
the Pd75Au25–D33Vac67 alloy, in which only 33% of the
sites are occupied. This could explain the differences
between shapes in the D distributions in Pd90Au10–
D52Vac48 alloy (Fig. 5A) and Pd75Au25–D33Vac67 alloy
(Fig. 5B).

3.2. Analysis of M–M pair correlation functions

The atom distribution on the metal lattice has also been
analyzed based on the partial radial distribution functions,
gij(r), for the M–M pairs, with M being Pd and/or Au. The
purpose of the analysis is to identify whether the distribu-
tion of the M atoms in these solid solution alloys is random
or not, and whether changes occur in the occupancy of the

metal host lattice due to the presence of D in the lattice.
The gMM(r)s calculated by RMC for the optimum configu-
ration for which the best fit of the data is achieved for each
of the samples (i.e. deuterium-free and deuterated alloys)
were analyzed in comparison with those corresponding to
a random alloy. Only peak positions corresponding to
those of random fcc alloys with the same composition are
present in the gij(r) profiles of M–M pairs for both pure
alloys and deuterated alloys. The analyzed gMM(r) profiles
are the average values of 10 RMC runs for each deuterated
sample (i.e. Pd90Au10–D52Vac48 and Pd75Au25–D33Vac67)
and the average values of eight RMC runs for each pure
alloy sample (i.e. Pd90Au10 and Pd75Au25). Regarding the
peak profiles, it should be remarked that the Au–Au peaks
are slightly narrower than the Pd–Pd and Pd–Au peaks in
both deuterated samples as well as in both D-free samples.
This indicates a narrower distribution of Au–Au bonds
close to the average Au–Au bond length due to less thermal
motion of Au atoms. The number of Pd and Au atoms in
the nearest- and next-nearest-neighboring coordination
shells of a given M atom were determined based on curve
fitting.2 The constitution of the coordination shells deter-
mined based on RMC results is compared with those cor-
responding to random alloys in Table 2. The average
partial coordination numbers around a metal atom in the
random alloys were calculated in a similar way as those
around interstitial atoms.

The data in Table 2 show that, while the number of Pd
and Au atoms in the nearest (nn) and next-nearest (nnn)
neighboring coordination shells around a Pd atom is ran-
dom for both the 10 at.%Au and 25 at.%Au alloys, with
and without deuterium in the lattice, some deviations from
the most probable atomic distribution occur regarding the
configuration of the nn and nnn coordination shells around
Au atoms. It seems that configurations in which Au is sur-
rounded by more Au atoms as nearest and next-nearest
neighbors occur preferentially in the investigated samples
(deuterated and pure alloys). This might suggest the pres-
ence of some degree of short-range ordering (SRO) in the
distribution of Au atoms (i.e. a tendency of Au atoms to
cluster). Knowing that RMC is a random method which
tend to give the most disordered configurations consistent
with the input data, one could conclude that the SRO
observed after RMC simulations results most probably
from the data. The data in Table 2 indicate that the SRO
in the distribution of Au atoms is more pronounced in
the sample with lower Au content. Nevertheless, to our
knowledge, there is no experimental or theoretical study
providing evidence for Au clustering in Pd alloys, such
alloys being homogeneous solid solutions at the composi-
tion and temperature conditions considered here [25].
There is, however, experimental evidence of ordering in

2 Gaussian functions were the most suitable to describe the peak profiles,
the expected peak positions for a random alloy being used as initial peak
position parameters.
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Pd–Au alloys upon hydrogen permeation and heat treat-
ment under hydrogen [26,27].

Some indication regarding deuterium-induced effects
could be obtained comparing the average configurations
of the coordination shells of the D-free and deuterated
samples with the same Au content. Since the D-free and
deuterated samples are made of alloy foils prepared in
the same conditions but in different production batches,
the interpretation is only qualitative. Nevertheless, some
information regarding D-induced effects could be obtained
from the data in Table 2, assuming that samples with and
without deuterium comprise alloy foils have the same char-
acteristics (i.e. homogeneous composition at microscopic
scale, uniform grain size distribution, etc.). For example,
regarding the most probable average configuration of the
nn and nnn coordination shells around an Au atom, the
data in Table 2 show quite different trends in going from
the D-free to the deuterated samples for the two alloy com-
positions. While in the 10 at.% Au samples the configura-
tion becomes closer to the average random configuration
in the presence of D in the lattice, the opposite seems to
occur for the 25 at.% Au alloys, i.e. the average configura-
tion of the coordination shells around an Au atom contains
more Au as nn and nnn atoms in the presence of D than in
the D-free sample. This different trend could be probably

understood if one considers the previous discussion regard-
ing the distribution of the metal atoms around the occupied
interstitial sites. For example, the fact that in the deuter-
ated Pd90Au10 sample the average configuration of the
metal atoms around the occupied O and T sites appear
to be random implies the requirement that the distribution
of the M atoms on the host lattice should be random. This
means that, even though in the pure alloy some clustering
of Au atoms occurs, this is not the case in the deuterated
sample (some reorganizing of the metal host lattice should
occur at atomic level). Such a reorganization of the metal
lattice under the experimental conditions (low T and P)
seems to be impossible, unless the lattice reorganisation
had occurred during the activation procedure, which took
place under deuterium at 573 K. Experimental evidence
[28] that grain boundary diffusion of Pd in Pd–Au alloys
is quite significant at temperatures above 500 K could sup-
port the above suggestion. Further investigations are
required to clarify these issues.

4. Conclusions

Total scattering ND data analyzed by RMC modeling
confirm that in Pd–Au alloys deuterium occupies octahe-
dral and tetrahedral interstitial sites, the overall occupancy

Table 2
Average partial coordination numbers in the nearest-neighboring (nn) and next-nearest-neighboring (nnn) coordination shells around a metal atom
calculated from RMC results in comparison with the average partial coordination numbers corresponding to a random distribution of metal atoms.

Pd90Au10 Pd75Au25

Coordination shells RMC Random RMC Random

Without D With D Alloy Without D With D Alloy

ðnnPdPd; nnPdAuÞ (10.9, 1.1) (10.9, 1.1) (10.8, 1.2) (9.6, 2.4) (9.6, 2.4) (9.0, 3.0)
±0.2 ±0.2 ±0.2 ±0.3

ðnnnPdPd; nnnPdAuÞ (5.5, 0.5) (5.4, 0.6) (5.4, 0.6) (4.5, 1.5) (4.8, 1.2) (4.5, 1.5)
±0.5 ±0.5 ±0.5 ±0.4

ðnnAuPd; nnAuAuÞ (8.4, 3.6) (9.9, 2.1) (10.8, 1.2) (8.8, 3.2) (7.2, 4.8) (9.0, 3.0)
±0.6 ±0.4 ±0.3 ±0.5

ðnnnAuPd; nnnAuAuÞ (4.3, 1.7) (5.1, 0.9) (5.4, 0.6) (4.2, 1.8) (3.7, 2.3) (4.5, 1.5)
±0.6 ±0.5 ±0.5 ±0.5

The numbers given in italics indicate the accuracy of determining the coordination numbers, which was estimated using the individual configurations.

Fig. 5. The distribution of D atoms in Pd-10%Au–D0.52 (A) and Pd-25%Au–D0.33 (B) as obtained by condensing the atoms of the 10 � 10 �10 supercell in
one unit cell. The view is from [1 1 1] direction.
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of tetrahedral sites increasing with increasing Au content
and decreasing the overall D content. Short-range ordering
is identified in the D occupancy of interstitial sites in the
sample with higher Au content (i.e. 25 at.% Au), the sites
that appear to be most probable for occupation having a
distribution of the metal atoms in the nearest and next-
nearest neighboring coordination shells different than the
random distribution. For the sample with lower Au con-
tent (i.e. 10 at.%) the occupied O and T sites have a random
distribution of the metal atoms in the nearest and next-
nearest neighboring coordination shells. The local concen-
tration of Au atoms in the nn and nnn coordination shells
of the octahedral site has a determinant effect on whether
the site is favorable or unfavorable for D binding, i.e. Au
repels D, making O sites with only Pd as nn atoms and only
Au as nnn atoms favorable. The higher tetrahedral site
occupancy in the deuterated Pd75Au25 sample results from
the combined effect of D–M and D–D interactions, with
the former being dependent on the local atomic arrange-
ment on the M atoms in the nearest and next-nearest neigh-
boring of the D atoms. A degree of short-range ordering is
identified in the distribution of the metal atoms coordinat-
ing Au atoms in both D-free and deuterated samples. The
presence of D appears to induce some lattice reorganisa-
tion; this, however, needs to be confirmed in a future study.
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