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Deuterium occupation of tetrahedral sites in palladium
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The long-standing controversy over the occupation by hydrogen of tetrahedral interstices in palladium has
been addressed experimentally and theoretically. Using the highest resolution neutron powder diffractometer
available, diffraction profiles were recorded from single-phase samples obtained by loading Pd with deuterium
in situ at 310 °C, at D, pressures up to 90 bar. Rietveld profile analysis showed that a model including
tetrahedral occupancy was necessary to properly fit the experimental diffraction profiles. The maximum abso-
lute tetrahedral occupancy was found at a deuterium-to-metal atomic ratio of 0.6, where about one-third of all
D atoms were in tetrahedral sites. At the lowest and highest D concentration, the tetrahedral fraction ap-
proached zero. The energy of formation was calculated, based on density-functional theory, for numerous
configurations of octahedral and tetrahedral interstitials in a supercell, which modeled stoichiometries PdgH,,
such that n=1,2,...8. For PdgH3, the minimum formation energy was found with 1-2 tetrahedral atoms. For
all other stoichiometries, the minimum formation energy was 0-1 tetrahedral atoms. Thus, the calculations are

in excellent qualitative agreement with experiment and support the reality of tetrahedral occupancy.
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I. INTRODUCTION

Palladium is the best-known metallic absorber of
hydrogen.! When it is exposed to hydrogen gas at suitable
temperature and pressure, the hydrogen molecule dissociates
at the Pd surface and hydrogen atoms are chemisorbed, dif-
fusing into the metal via interstices in the metal crystal lat-
tice and occupy these interstices up to a hydrogen-to-metal
atomic ratio, H/ M, approaching one at high pressure and low
temperature.” As the hydrogen pressure over the metal in-
creases, the dilute solid-solution phase (@) becomes unstable
and the concentrated hydride phase (8) forms. Ordering of
hydrogen in the B phase occurs at cryogenic temperatures.
This miscibility-gap system has a thermodynamic critical
point that is reported to be at 283 °C and 39 bar D,
pressure.’ The supercritical phase may be best described as
concentrated a.

There are two interstitial sites in the fcc Pd lattice: the
octahedral (0) site at (0,0,0), (%,%,O) ..., and the tetrahedral
(T) site at (i,i,i), (i,i,f—t) ..., relative to the center of the
Pd unit cell. The equilibrium site occupancy has been a long-
standing controversy, with the prevailing view being that
only the O site is occupied. The latest experimental work,*
however, produced diffraction evidence that the 7 site is par-
tially occupied when the deuteride PdD, is formed above the
thermodynamic critical point.

The earliest diffraction with x rays® confirmed the exis-
tence of the a and S phases and that these phases retain the
basic structure of the metal. In situ x-ray diffraction also
revealed the single-phase nature of palladium hydride above
the thermodynamic critical point.® These experiments could
not give information about interstitial site occupancy owing
to the insensitivity of x-ray diffraction to the low charge
density of hydrogen.

The first neutron diffraction experiment,” on PdH,,, and
PdD 46, concluded that both H and D occupied octahedral
positions only. The first single-crystal neutron-diffraction
study® did not consider tetrahedral occupation in the PdH, g3
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sample, but did confirm that the method of loading the hy-
drogen, from the gas phase or electrochemically, produced
no structural differences.

The reader is referred to the previous paper* from this
group for a brief critical review of the most relevant of the
numerous neutron-diffraction studies’2> that have been
made by both diffraction and inelastic neutron techniques.
The consensus has been that the O site only is occupied, with
evidence for T-site occupancy being regarded as controver-
sial. With one exception,'® only models based on O-only or
T-only occupancy were considered in the reported data
analyses.

Given that the diffusion of hydrogen through palladium
occurs by interstitial hopping of the hydrogen from O site to
O site via T sites, occupancy becomes an issue of residence
time. A series of theoretical papers by Elsdsser and
co-workers,?®=3! reporting first-principles total-energy calcu-
lations of vibration states of hydrogen isotopes in stoichio-
metric PdH and (hypothetical) PdH,, sheds considerable
light here. The T-site potential energy was found to be a little
higher than that of the O site, but allowing the surrounding
Pd atoms to relax led to a very significant self-trapping effect
in which the T-site potential energy was lowered until it was
essentially equal to the O-site energy in PdH. The height of
the saddle separating the O and T sites in the (111) direction
fell from 300-500 meV to 150-200 meV when fully
relaxed.?! The accepted activation energy for dilute H diffus-
ing in Pd (230 meV) corresponds to this energy range when
added to its zero-point vibration energy in the O site, sug-
gesting that the predicted relaxed T-site energy is reasonable
and that, therefore, substantial 7T-site residence is thermody-
namically feasible.

It was found?” that the zero-point vibration energy of the
H isotope in the rather small 7 site was comparable to the
activation potential energy to the adjacent O sites via the
(111) saddles, meaning that this state would not be very
stably occupied. In the case of the D isotope, however, its
higher mass led to a zero-point energy less than the activa-
tion potential energy to jump from a 7 site, thus raising the
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possibility of stable 7-site occupancy. Further work by the
same group’! suggests that there are in fact real bound states
for all hydrogen isotopes at the 7T sites, but only virtual
bound states for muons and pions, which are much lighter
than H.

For the work reported here, a combined experimental and
theoretical approach was taken. In view of the controversy
surrounding interstitial occupancy by hydrogen in Pd, neu-
tron powder-diffraction measurements were made on two
diffractometers that work on different principles, one fixed
wavelength, the other time of flight. The experimental con-
ditions facilitated comparison with theoretical calculations of
the energetics of the Pd-hydrogen system. Principally, this
meant loading Pd with deuterium in situ at temperatures and
pressures where the system is single-phase and able to be
modeled by pseudostoichiometries such as Pd,D. Calcula-
tions of the formation energies of several pseudostoichiom-
etries were performed with the ADF BAND software,3> which
uses a density-functional-theory (DFT) approach.

II. METHODS
A. Experiment

Independent knowledge of the global D content of the
sample is of primary importance in crystallography-based
studies of hydrogen in materials, as it may be used to decide
between alternative structural models which are found to fit
the diffraction profile with equivalent quality-of-fit indices,
based on the fitted D occupancies.

1. Determining global hydrogen concentration

The Sieverts technique was used for this study. This in-
volves establishing a pressure of hydrogen gas in an accu-
rately known reference volume, admitting this gas to the
sample cell, and determining the amount absorbed by the
sample from the change in the pressure in the system. As the
calculation of the quantity of absorbed hydrogen involves
taking differences between the amounts of hydrogen gas
present before and after absorption, where the absorbed
amount may be rather small compared to the amount of gas
in the system, it is vital to calculate as accurately as possible
the number of moles of gas present under the experimental
conditions of temperature and pressure. Accurate knowledge

+k

h
A=32cos? 27

PHYSICAL REVIEW B 78, 014104 (2008)

of the compressibility, Z, defined by pV,,/RT=Z rather than
1 as in the ideal case, is essential. For this work, a recently
developed expression for deuterium gas® was used to obtain
compressibility values with accuracy better than =0.1%. The
temperatures of the gas in the hydrogenator manifold and the
sample cell were measured by platinum thermometers at-
tached to the outside of the volume and isolated from the
surroundings with insulation, with respective accuracies
*0.1 and =1.0 °C. The deuterium pressure was measured
with an accuracy of =7 kPa in the experimental pressure
range of 0—-10 MPa. The estimated accuracy with which the
D/M atomic ratio was determined was *0.01.

2. Determination of interstitial site occupancies

Neutron powder-diffraction patterns were collected on
two instruments, the time-of-flight (TOF) HRPD3® instru-
ment at the ISIS neutron spallation source, U.K., and the
fixed-wavelength HRPD?’ instrument at the HIFAR reactor
source, Australia. In every case, deuterium was loaded into
the sample in situ and the D/M ratio of the sample was
measured throughout the experiment, as detailed in §//.A.2.
Data from the backscattering detector bank of HRPD(ISIS)
were used for this work. The instrumental resolution in
d-spacing is approximately Ad/d=4X107* which is the
highest of any current neutron powder diffractometer. HRP-
D(HIFAR) was operated at a wavelength of 1.88504 A and
data were recorded at 26 intervals of 0.05°.

The basis for distinguishing O-site and T-site occupation
is crucial to the experimental analysis and is therefore ex-
plained in some detail here. The O sites in Pd lie on a fcc
sublattice, so the stoichiometric deuteride, PdD, would have
the NaCl structure. The similarity of the neutron-scattering
lengths of deuterium (6.674 fm) and palladium (5.91 fm)3?
means that perfectly octahedral PdD would be almost simple
cubic with a halved lattice parameter compared to Pd, so
(111)pq would be nearly quenched. Hence D addition in O
sites lowers the (111) reflection strongly, as observed
experimentally.” In contrast, the T sites lie in (200) planes
and therefore contribute significantly to the (200) and (220)
reflections, but not to (111). Thus, the effects of adding D in
O or in T sites are in principle easy to distinguish in PdD,.

Using the structure factor rules for the Fm3m space
group,>* the real and imaginary parts of the structure factor
for the (hkl) reflection are

5, k1
cos” 2 2 {cos 2mhx[cos 2mky cos 2lz + cos 2mly cos 2mkz]

+ cos 2arhy[cos 2mkz cos 2lx + cos 2lz cos 2mkx] + cos 2ahz[ cos 2mkx cos 2mly + cos 2arlx cos 2mky]},

B=0 (1)

where the atom position (x,y,z) is relative to the center of
the unit cell. Table I shows the predicted effects on the inte-
grated intensities of some low-order peaks of adding an
equal amount of an interstitial element with scattering length
equal to that of the host material to either the O or the T site,

confirming the conclusions based on intuition. As Bragg in-
tensity depends on the square of the scattering length, the
error in assuming equal scattering lengths is quite small.
The key to the measurement of O-site and 7-site occupan-
cies by diffraction is therefore the use of an analysis tech-
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TABLE I. Effects on low-order peak intensities of adding one
interstitial atoms per Pd atom, with the same scattering length as
Pd, in O or T sites. A is the real part of the structure factor (see
text).

Bragg peak A (Pd) Octahedral site Tetrahedral site
(change in A) (change in A)
(111) 768  Decrease (—768) No effect (0)
(200) 768  Increase (+768) Decrease (—1536)
(220) 768  Increase (+768) Increase (+1536)

nique that fits the entire diffraction profile. Rietveld profile
refinement was appropriate for the powdered polycrystalline
sample used in this study. The Rietica computer code® was
used for all refinements. Figure 1 illustrates the expected
variation in low-order peak heights for varying D occupancy
of only O sites, using the actual scattering lengths for Pd and
D, obtained by calculating model diffraction patterns in Ri-
etica, for both of the diffractometers used in this study, using
real instrument parameters to model the effects of instrument
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FIG. 1. Calculated low-order peak height ratios for octahedral
PdD, on (a) a time-of-flight (HRPD at ISIS) and (b) a fixed-
wavelength (HRPD at HIFAR) neutron powder diffractometers.
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optics. The TOF instrument’s higher resolution and its con-
stancy with d spacing are the cause of the stronger depen-
dence of the (111)/(220) peak height ratio in this case.

Based on an independent determination of the global D
content of the sample (see Sec. I A 2), the following proce-
dure was used to adjust both the O and T occupancies sys-
tematically during Rietveld refinement. A Le Bail fit (inde-
pendent peak intensities) was used for the peaks from the
stainless-steel sample cell, which exhibited very strong pre-
ferred orientation. The PdD, structure was modeled in the
Fm3m space group. The thermal parameters of the D inter-
stitials were constrained such that the octahedral site thermal
parameter was 3.4 times the tetrahedral site thermal param-
eter, i.e., the square of the ratio of the octahedral and tetra-
hedral interstitial hole sizes.

First, the lattice parameter was refined. Next, the D occu-
pancy of the O site was refined with no D permitted on the T
site, until the best fit was achieved to the intensity of (111).
The corresponding value of D/M was then calculated as de-
scribed in Sec. II A 2 and compared to the manometric de-
termination. The balance of the D occupancy was then as-
signed to the T site. Then lattice parameter, scale factor,
background, thermal parameters, preferred orientation, and
sample dependent peak-shape parameters were refined sepa-
rately. We then returned to refine the O occupancy only, pay-
ing attention primarily to the height of the (111) peak, and
repeated the process until a stable fit to the overall pattern
was achieved, ensuring that any singly refined parameter im-
proved the goodness-of-fit indices.

3. Sample preparation and environment

Pd powder from Goodfellow Metals with initial particle
sizes in the range of 45-400 um was used. This was the
same sample used in previous work by this group.*?3-2> The
sample was exposed in situ to 30 kPa of hydrogen at a
sample temperature of 500 °C to help reduce any oxide lay-
ers on the particle surfaces and then annealed at 500 °C
(roughly the Pd recovery temperature) for 12 h under
vacuum in order to anneal the dislocations generated by pre-
vious absorption-desorption cycling below the critical tem-
perature. The sample was contained in a stainless-steel cell
with inner diameter 10.0 mm and wall thickness 0.75 mm,
heated by a vanadium-element furnace under vacuum. Dif-
fraction profiles were recorded at 301-305 °C [HRPD(HI-
FAR)] and later at 310 °C [HRPD(ISIS)], with an estimated
accuracy in temperature readings of =1 °C. This increase in
temperature was mandated by our discovery that the sample
passed below the critical point at 305 °C.

A summary of the temperature profiles followed on each
diffractometer is presented in Table II.

B. Theory
1. Energetics and structural considerations

Calculations of the formation energy of the palladium-
hydrogen system in the pericritical region were performed
with the ADF-BAND?? software, based on DFT in the local
density approximation. Note that while absolute atomization
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TABLE II. Summary of sample temperatures and diffraction
instruments used to collect patterns.

Instrument Temperature profiles
HRPD(HIFAR) 25 °C 301-306 °C
MRPD(HIFAR) 309 °C
HRPD(ISIS) 25 °C 310 °C

(formation) energies might be improved substantially by go-
ing beyond the local density approximation for the
exchange-correlation energy, the energies of interest here are
differences taken between similar configurations of the ions,
involving relatively minor changes in the electronic orbitals.
For such cases (in contrast to the case of atomization where
orbital characters are greatly altered), experience suggests
that the LDA will be rather good. Indeed, the formation en-
ergies used here were only an intermediate step, and the
energy of the fully atomized configuration that appear im-
plicitly in these formation energies actually cancels out when
one forms the differences of formation energies between dif-
ferent solid configurations, as was done here.

As we used a zero-temperature LDA technique, the isoto-
pic identity of the interstitial is not accounted for. The ex-
perimental temperatures were well below 1000 K and thus
small compared to the Fermi temperature.

The calculations were performed for a range of pseudos-
toichiometries Pd, H,,: Pd, PdgH, Pd,H, PdgH;, Pd,H, PdgHs,
Pd H;, PdgH,, and PdH, corresponding to hydrogen-to-metal
atomic ratios 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875,
and 1.0. As the diffraction patterns were recorded above the
critical point, where the sample is single phase, the results of
the structural analysis were then able to be validly compared
to these calculations.

The modeled interstitial concentrations were realized in
three unit cells, generally adopting the cell of highest sym-
metry. For Pd and PdH, a primitive (thombohedral) fcc cell
was used and required least computing resources owing to its
highest-possible symmetry. A conventional (cubic) fcc cell
permitted Pd, Pd,H, Pd,H (as Pd,H,), Pd4H; and PdH (as
Pd,H,) to be modeled. A doubled unit cell can be used to
generate PdgH, (n=0,1,2,...,8), again using the highest-
symmetry cell according to needs.

In reality, hydrogen randomly occupies the interstitial
sites at temperatures of concern in this study, with ordering
occurring only below about 100 K. Given the relatively
small unit cells capable of calculation using ADF-BAND, a
pseudorandom configuration was created for the doubled unit
cell whereby for increasing hydrogen content each succes-
sively added hydrogen atom was placed into a different sub-
cell than the previous one. The octahedral sites were also
“paired” in constructing each octahedral-only configuration.
When increasing the hydrogen concentration, every second
hydrogen atom was added to the rightmost subcell of the
doubled unit cell in the same O site as the previous hydrogen
atom was placed in the leftmost subcell. Thus, PdgH had its
hydrogen atom located at the (a,/4,a,/2,a3/2) O site
(relative to a cell vertex, a;=2a, ay=az=a, a=lattice param-
eter of conventional fcc cell); in PdgH,, two atoms were
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located at O  sites  (a;/4,a,/2,a3/2)  and
(3a,/4,a,/2,a3/2) and so on, with a new O site added for
each pair of new increased concentrations.

Where lattice relaxation was allowed, the following pro-
cedure was applied to each configuration of interstitial occu-
pancy. Using the same electronic starting configuration for
each structure, the total formation energy was calculated for
a range of lattice parameters about the experimentally deter-
mined (or interpolated) value. The formation energy was cal-
culated as the difference in energy between the starting elec-
tronic configuration for a collection of separate atoms and
the final configuration as defined by that collection of atoms
in the arrangement provided as input to the ADF-BAND pro-
gram. These results were then plotted, and a 2nd order poly-
nomial was fitted to the region around the estimated mini-
mum. The minimum of this polynomial was then taken as the
minimum-energy lattice parameter.

2. Orbital functions

The electronic configuration of the palladium atoms im-
pacts strongly on the width and position of the d band.*® This
fact, along with the enormous number of calculations re-
quired to cover all realistic hydrogen concentrations in
palladium-hydride, led us to consider only relative band-
structure changes, based on a free-atom palladium electronic
structure of 4d'°. Tt is also widely accepted*” that, although
the LDA can accurately predict lattice parameters (neverthe-
less often underestimating metallic elements by the order of
1%), DFT largely fails to accurately calculate absolute en-
ergy values, especially when applied to d-band metals. The
basis functions chosen for the palladium atoms were a mix-
ture of spherically-symmetric numerical (Herman-Skillman-
type) functions for the occupied electronic states, Slater-type
orbitals for the valence electronic states, and fit-functions for
available states.

The calculations were spin unrestricted and spin-orbit
coupling was ignored. The Pd subshells were frozen (were
not perturbed) up to and including 3s, but all states above
this, as well as the single H electron, were used for the cal-
culations. As numeric orbitals are spherically symmetric, the
squares of all s, p, and d orbitals were used as fitting func-
tions with /=0. The minimum and maximum range of atomic
radii employed were 107 up to 100 a.u., using 2000 grid
points. The local spin-density expression of Vosko, Wilk, and
Nusair was used to estimate exchange and correlation.

III. RESULTS AND DISCUSSION
A. Lattice parameters

Figure 2 compares the lattice parameters measured on the
same sample using two neutron powder diffractometers, at
slightly different temperatures, as noted on the figure. These
are the most basic and reliable crystallographic data obtain-
able by diffraction. Figure 2 reveals that the sample became
two phase in the middle range of D concentrations, meaning
that the isotherm was traversed slightly beneath the critical
point. This was surprising and indicates that the accepted
critical temperature of the Pd-D, system (283 °C)? is too
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FIG. 2. Comparison of calculated (O-only occupancy) and ex-
perimental lattice parameters. Filled symbols are two phase, unfilled
symbols are single-phase. The two experimental points with the
highest D/M values were obtained at room temperature, following
quenching through the pure SB-phase region.

low. At D/M =0.43, the splitting of the diffraction profile
into doublets belonging to distinguishable « and S phases
was just discernible by eye on HRPD (ISIS) in the back-
scattering detector bank, and so would not be readily re-
solved on an instrument with lower resolution. This indicates
that the isotherm passed very close to the true critical point
of our sample.

Given that the experimental values of the lattice param-
eter of pure Pd determined using the two diffractometers are
in good agreement (D/M=0 in Fig. 2), the discrepancies
between instruments with D loaded into the sample are sig-
nificant, and they are much larger than the uncertainty with
which lattice parameters can be measured using Rietveld
profile analysis on either diffractometer. The distinguishing
factor appears to be the temperature and therefore the dis-
tance below the critical point at which the isotherm was tra-
versed. We will return to this point in connection with the
discussion of Fig. 6.

As a test of the computational approach, the lattice param-
eter of the “hydride” was measured from the position of the
minimum in the formation energy as a function of hydrogen
concentration, with hydrogen in O sites only, by the lattice
relaxation procedure outlined in §//.B.1. These data are in-
cluded in Fig. 2. Noting that the DFT calculations are for
zero temperature, the difference between the measured lattice
parameter of pure Pd at about 300 °C and the DFT predic-
tion agrees well with the measurements of the thermal-
expansion coefficient of pure Pd by Nix and MacNair.*! Not-
ing also that no allowance was made for T occupancy in this
calculation, the agreement with the trend of the experimental
lattice parameters with D loaded into the sample is satisfac-
tory. We will return to this point during the discussion of Fig.
7.

B. Interstitial occupancies

Figure 3 shows three sample diffraction profiles, mea-
sured on HRPD at ISIS at 7=310 °C with patterns collected
at D/Pd=0.22 [Fig. 3(a)], D/Pd=0.28 [Fig. 3(b)] and
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FIG. 3. Results of Rietveld profile analysis of TOF diffraction
pattern recorded at (a) T7=310 °C and D/M=0.22, (b) T=310 °C
and D/M=0.28, and (c) T=310 °C and D/M=0.63. The points are
experimental data and the solid line is the fit with a model of com-
bined octahedral and tetrahedral occupancy. The lower lines are
difference profiles. Note the misfit to (111) when the pattern is fitted
with the O-only model with interstitial occupancy fixed at the value
corresponding to D/M=0.28.

D/Pd=0.63 [Fig. 3(c)]. The fits to the model of simultaneous
O and T occupancy are also shown, along with the difference
profiles for fits to the O+7T model along with two separate
fits using the O-only model. In one O-only model, the D
occupancy was fixed to the value corresponding to the mano-
metrically determined value of D/M, while in the other, it
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TABLE III. Summary of fit models used on HRPD(ISIS)

data.

D/Pd
Manometric

O+T

Ofixed

D/Pd

X

D/Pd

0.22
0.28
0.63

0.22
0.28
0.63

1.269
4.586
2.688

0.22
0.28
0.63

1.384
7.172
7.878

Relative Peak Height

4
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111/200 calc
111/200 meas

was refined as a separate parameter. Including 7" occupancy
is clearly necessary to obtain an acceptable fit to the (111)
peak at the same time as agreement with the manometrically
determined D occupancy.

Table III summarizes the results of Fig. 3 including the
goodness-of-fit parameter (x?) resulting from each Reitfeld
refinement. The octahedral-only model fits, where the octa-
hedral occupation number is fixed at the manometrically
measured value, have substantially larger (worse) x> values
than either of the other two fits. Consistently, the X2 obtained
from the octahedral-only model where the octahedral occu-
pation number is refined are slightly better than those x*
obtained from the octahedral +tetrahedral model, but as they
present such a wildly different D/Pd concentration to that
measured manometrically they cannot be considered accu-
rate.

The relatively high x? values from the D/Pd=0.28 pattern
are possibly an indication that diffraction data present a very
slightly two phase pattern. The authors’ conclusions regard-
ing the true critical temperature of the palladium-deuterium
system will be discussed in a further paper.

Figures 4 and 5 compare the relative heights of low-order
peaks as measured from the diffraction profiles and as mod-
eled (Fig. 1). The (111) peak relative to (200) and (220) is
consistently higher than can be accounted for by O-only oc-
cupancy in the middle range of D concentrations. On the
other hand, T occupancy should strongly decrease the (200)/
(220) peak height ratio for the fraction of occupied T sites,
and the results do indeed show a minimum in this ratio in the
middle range of D concentrations. The trends are more ob-
vious on the instrument with superior resolution. As the chief
concern is with low-index peaks, the resolution function of a
fixed-wavelength powder diffractometer is not optimal, be-
ing best at high diffraction angles. In contrast, the TOF in-
strument has better resolution everywhere, especially at the
large d spacings of the low-index Bragg peaks.

Figure 6 shows the interstitial occupancies obtained by
Rietveld profile analysis using the O+ 7 model. At the lowest
and highest D concentrations, only O sites are occupied. In
the middle range of concentrations, however, there is strong
evidence for T-site occupancy comparable to the O-site oc-
cupancy in the results from the very-high-resolution TOF
instrument obtained at the higher temperature of 310 °C.
The highest D/M values were achieved by quenching the
sample to room temperature under deuterium pressure after
reaching the highest achievable D/M at 310 °C. The sample
remained single-phase throughout this procedure. The inter-
stitial site occupancies for the quenched samples were ob-
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FIG. 4. Relative peak height comparisons for time-of-flight neu-
tron diffractometer. Solid line is calculated for O-only interstitial
occupancy model. Points are experimental results from HRPD at
ISIS. (a) (111)/(200); (b) (111)/(220); (c) (200)/(220). Note the sig-
nificant disagreement between the model and experiment in the
middle range of D concentrations.

tained by exactly the same analysis procedure as was applied
to the diffraction patterns obtained at 310 °C, demonstrating
that the much higher tetrahedral occupancy found at high
temperatures and lower D concentrations is not an artifact.
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pancy model. Points are experimental results from HRPD at HI-
FAR. (a) (111)/(200); (b) (111)/(220); (c) (200)/(220). Note the sig-
nificant disagreement between the model and experiment in the
middle range of D concentrations.

Given that diffusion between O sites occurs via T sites,
T-site occupancy is a question of residence time relative to
the time of passage of a neutron, ~10~'" s for a 1-A neu-
tron transiting a 1000-A crystallite of sample. What is sur-
prising is the significantly higher T occupancy at the slightly
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FIG. 6. Deuterium occupancy factors, n, (filled symbols) and
N (open symbols) for O and T sites from Rietveld refinement of
TOF and fixed-wavelength diffraction profiles. nyy+n ., gives the
total number of D atoms per metal atom. The highest D concentra-
tions were achieved by quenching the sample to room temperature
through the single-phase (pure B) region. Included for comparison
are the data from Ref. 4 (HIFAR MRPD), reanalyzed using the
same methodology applied to the data from the two higher-
resolution instruments.

higher experimental temperature of 310 °C. This point re-
quires confirmation by measurements in the pericritical re-
gion on a single instrument, but is a consistent trend in all the
data sets represented in Fig. 6. Longer residence of D in the
T site at higher temperature is counterintuitive unless the
occupancy modifies the site by causing the surrounding Pd
atoms to relax, as suggested previously?' and by our calcu-
lations presented below.

The trend to maximum 7" occupancy in the middle range
of concentrations is understandable in terms of the flux of
diffusing atoms, all of which must pass through 7 sites. At
low concentrations, there is little diffusive flux, so both the O
and T occupancies are low. At high concentrations, the O
sites are nearly filled, thus blocking the diffusion pathways.
In the middle range of concentrations, therefore, the diffusive
flux and potential for 7" occupancy are greatest. There is no
evidence to suggest that T sites are likely to be occupied
when all the O sites are filled.

C. Energies of formation

A series of calculations, designed to ascertain the optimal
amount of hydrogen in T sites, was performed using the
doubled unit cell detailed in Sec. II B 1, with all the hydro-
gen atoms initially in O sites. For each hydrogen concentra-
tion, theoretical lattice parameters calculated using O-only
occupancy were used. Owing to the large number of calcu-
lations required, the lattice was not relaxed for the reposi-
tioning of hydrogen atoms to the tetrahedral positions. A
further calculation to validate this constraint is detailed be-
low.

For each concentration, the total energy was calculated as
each new configuration replaced O with T occupancy, one
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FIG. 7. Calculated energy of formation of PdH, as a function of
T-site occupancy, obtained by starting with pure O occupancy and
progressively moving H to T sites. n(tetr) is the number of hydro-
gen atoms out of the total in each configuration occupying 7 sites.

atom at a time, until all O sites were converted to 7T sites.
Owing to the large number of cases to be computed (44),
these calculations were performed using only three wave
vectors, a relatively low accuracy though accurate enough to
indicate general trends. The doubled unit cell containing
eight Pd atoms was used for all calculations. Figure 7 shows
the results. It is apparent that there is a preference for one
hydrogen atom to occupy a T site, except in the cases of
PdgH, where the hydrogen atom prefers the O position, and
PdgH;, where two hydrogen atoms preferentially occupy T
sites.

O and T site occupation in PdgH; was also studied with
lattice relaxation permitted. The total energy of formation
was calculated for each hydrogen configuration [(00O0),
(TOO), (TTO), (TTT)] for a range of lattice constants about
the experimental value. These results are shown in Fig. 8.

In Fig. 8, the unit-cell volume is adjusted to minimize the
energy at each configuration of the hydrogen. Possible fur-
ther distortions of the Pd lattice within the unit cell are not
considered here. Neither is the change in hydrogen vibra-
tional zero-point energy at the 7 site compared to that at the
O site. In fact, the work of Elsisser et al.?’3! shows, in a
determination of the energy cost to have a H atom at the T
site rather than the O site, that these effects tend to cancel.
Specifically, the energy cost of moving H from an O site to a
T site is lowered by static Pd lattice distortion.?! On the other
hand, the H zero-point vibrational energy is increased at the
T site, compared with the O site, which raises the energy cost
of moving from O to T. We therefore expect that the present
calculations of the energy as a function of the occupation of
the T site (Fig. 7) will be at least qualitatively correct.

There is a clear preference for one or two hydrogen atoms
in tetrahedral sites, consistent with the unrelaxed calculation
of this stoichiometry (Fig. 7). The small variation of the
minimum-energy lattice parameter over the four interstitial
configurations in Fig. 8 relative to the scatter in the forma-
tion energy suggests that the calculations performed without
lattice relaxation are valid, at least as far as estimating the
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FIG. 8. Energy of formation of PdgHj, calculated with lattice
relaxation, for the possible interstitial configurations. Note the
lower formation energy with one or two occupied 7 sites.

optimal mix of O-site and 7-site occupancy is concerned.

Figure 8 shows that the formation energy rises more
steeply with lattice compression as the fraction of 7 sites
occupied in PdgH; rises. This is consistent with the closer
proximity of Pd atoms surrounding the 7 sites relative to the
O sites.

While the DFT calculations predict T occupancy at zero
temperature in a single-phase sample, this condition is never
realized, except at very low and very high concentrations of
H, as the system becomes two phase in the miscibility gap
below its critical point at around 300 °C.

Returning to the dependency of the lattice parameter on
the detailed interstitial site occupancy, Fig. 8 reveals a slight
displacement to lower values with 1 or 2 D in T sites,
amounting to around 0.01 A. This feature requires confirma-
tion by more detailed calculations, but is consistent with the
trend in Fig. 6 to lower lattice parameter in the measure-
ments that revealed higher T occupancy, for those performed
at 310 °C. The interesting possibility is thus raised that T
occupancy actually lowers the lattice parameter. The rapid
dependence of both lattice parameter (Fig. 2) and site occu-
pancy (Fig. 6) on temperature just below the critical point
suggests that 7" occupancy is an important feature of the peri-
critical region itself, whether as a determining factor or a
consequence we cannot yet say.

IV. CONCLUSIONS

Occupation by deuterium of the interstitial sites in palla-
dium has been studied by the neutron powder diffraction at
the highest available resolution on single-phase samples, and
by DFT-based calculations of formation energies. Both ap-
proaches indicate significant 7-site occupancy in the middle
range of D concentrations.

The experimental evidence was gained from Rietveld pro-
file analysis of diffraction patterns from two diffractometers,
based on independent knowledge of the deuterium concen-
tration in the sample. The (111) Bragg peak could not be
fitted with an octahedral-only occupancy model. Further-
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more, the measured relative intensities of the three lowest-
order Bragg peaks [(111), (200), and (220)] as functions of D
concentration did not agree with the calculated effects of
octahedral-only occupancy.

Calculations of the formation energy of numerous Pd, D,
pseudostoichiometries showed that hydrogen prefers to oc-
cupy some of the available tetrahedral sites, particularly in
the middle range of concentrations around PdgH,. Our com-
putational technique was tested by calculating the single-
phase lattice parameter/concentration relationship, with

PHYSICAL REVIEW B 78, 014104 (2008)

results that agreed with experiment to within the uncertainty
of the calculation.
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symbol T). Where necessary we refer explicitly to the isotope by
its name or symbol.
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