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Compton profiles of vanadium and palladium hydrides
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Compton profiles for polycrystalline PdH, ;,, VDg;7, VHj5;, Pd, and V have been determined by Compton
scattering of 159-keV photons from a '2Te™ source. The difference profiles before and after hydrogen loading
are compared to different models for the electronic structure of the hydrides. It is shown that the Compton
profile is a sensitive test of the accuracy of various model wave functions for the hydrides. In both palladium
and vanadium hydride (deuteride) the anionic model (where it is assumed that the hydrogen forms a negative
ion H™ in the hydride) does not describe the experimental results. The best agreement with the experimental
data for PdH, ,, VDg4;, and VH,,, is obtained for a model which is based on band-structure calculations for
these hydrides and which takes into account that hydrogen-palladium or hydrogen-vanadium bonding states
are created below the Fermi level by the introduction of hydrogen in the host lattice.

I. INTRODUCTION

Metal-hydrogen systems are of great techno-
logical and scientific interest. For a basic un-
derstanding of the different properties of these
systems the electronic structure of the dissolved
hydrogen must be known. Band-structure calcula-
tions of hydrides have greatly helped to elucidate
this problem. Most calculations have been done
for Pd hydrides.!”® These calculations show that
the electrons introduced into the lattice by the hy-
drogen do not fill up the palladium bands according
to a rigid-band model. Rather, by the formation
of hydrogen-palladium bonding hybrids, states
which are filled in pure Pd are lowered in energy
and shifted below the Pd d states and some other
-states which are empty in pure Pd are shifted be-
low the Fermi level.” The former have been ob-
served by Eastman et al.* and Antonangeli et al.?
in photoemission experiments. Furthermore, by
the introduction of hydrogen, the Fermi level is
moved to higher energies and is above the d bands
in the compound PdH. A similar behavior in V
hydrides has been found in band-structure calcula-
tions® and observed experimentally by soft-x-ray
emission spectroscopy.”’

An experimental technique which is especially
suited for the determination of the electronic
structure of metal hydrides is the Compton scat-
tering of high-energy photons.® It is the electron
momentum distribution rather than the electron
energy spectrum which is measured by this tech-
nique. It will be shown below that the electron
momentum distribution is a very sensitive function
of the way in which the hydrogen is dissolved in the
lattice. Therefore, a determination of the electron
momentum distribution in a hydride by means of
Compton scattering allows one to discriminate be-
tween different models for the hydride structure.
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Metal-hydrogen systems are especially suited to
be investigated by Compton scattering. Indeed, by
measuring the Compton profiles on the same sam-
ple before and after hydrogen loading, the con-
tribution of the core electrons can be easily sep-
arated from that of the valence electrons, which
are the only ones affected by the dissolution of
hydrogen.

Compton profiles of metal hydrides have been
previously measured on polycrystalline VH,_,;,°
on single-crystal NbD,, ¢, NbH,, 6" and NbH,, ,.'2

" In this paper, we report Compton profiles mea-

sured on PdH,, ,,, VD, ,,, and VH, ,,. Section II is
a description of the experimental setup. Section
III gives the experimental results. In Sec. IV the
results of the measurements are compared with
different model calculations of the momentum dis-
tribution of the conduction electrons in the hy-
drides investigated.

II. EXPERIMENTAL

Our experimental setup is similar to that used
by Eisenberger and Reed.* A 1-Ci'®*Te™ source
provides 159-keV vy rays. At a mean scattering
angle of 171° the average energy transfer to the
electrons is 61 keV, so that the impulse approxi-
mation' is quite well satisfied even for the strong-
ly bound inner electrons of Pd. A unique feature
of the present setup is the use of rectangular beam
channels (Fig. 1). The height of the channels was
kept constant but their width increased linearly
from the source to the sample and from the de-
tector to the sample. This allowed a substantial
increase in the counting rate. Since the scattering
angle is near to 180° this arrangement does not
lead to a significant loss in energy resolution but
it does lead to a large spread in the direction of
the photon momentum transfer relative to the
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FIG. 1. Top view and side view of the experimental arrangement showing the rectangular beam channels between
source, sample, and detector. In order to obtain a scattering angle as near as possible to 180° without increasing too
much the direct radiation from the source to the detector, the source is housed in a gold block.

crystallographic axes of the sample. This type of
channel is therefore only appropriate for poly-
crystalline samples. In order to reduce the back-
ground scattering, the samples were attached by
needles to a goniometer head and located in an
evacuated chamber.

A solid-state detector (intrinsic Ge) was used to
analyze the energy of the scattered photons. The
electronics [linear amplifier, linear gate stretcher,
analog-to-digital converter, and multichannel
analyzer (4096 channels)] was temperature and
voltage stabilized. The drift was restricted to
0.1 channel over a one-week run. At the position
of the Compton peak (98.24 keV for 171°), the res-
olution of the detector was 446 eV. The angular di-
vergence of the beam increased the overall energy
resolution at the Compton peak to 463 eV or 0.400
a.u.(1 a.u.=7%/a,, where a, is the Bohr radius).

The detector efficiency was measured by means
of calibrated radioactive standards'® (**!Am, 5Co,
133Ba, %?Fu, and '*2Ta). The energy calibration
of the multichannel analyzer was made by means
of the nuclides ?*!Am and *Co, by the position
of the Pb Ko, and Pb Ka, fluorescence lines from
the lead shielding, and from the position of the
Rayleigh peak. '
The samples used were high purity (99.99%)
polycrystalline palladium sheets (0.5 mm thick) and
vanadium sheets (1 and 2 mm thick). To avoid
passing through the two phase (a-8) regions, the
palladium samples were hydrogen loaded at 350°C
and a hydrogen pressure of 85 bars. The samples
were slowly cooled to room temperature over 3
days. Since Pd forms no oxide layer in air, the
samples were stored at 77 K to prevent the hydro-
gen from escaping. During the measurements of the
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Compton profiles, the hydrogen-loaded Pd samples
were kept at room temperature and at 1.2 bars hy-
drogen between two 25-um mylar windows. The
vanadium samples (purity 99.92%) were loaded with
hydrogen and deuterium at 550°C and 3000 Torr
and cooled to room temperature within 16 h., An
oxide layer which forms in air prevents the hy-
drogen from escaping the samples. Due to the
hydrogen loading, the sample lengths changed

by 3.6% to 4.5%. The hydrogen concentration was
determined by weighting and by heat extraction

and was found to be PdH, ,, for the 0.5-mm
palladium sheet. The corresponding values for
the 1- and 2-mm vanadium sheets are VD, ,, and
VH,,,;- The concentrations are accurate to +1%.
From the phase diagrams of PdH (Ref. 16) and of
VD, '8 our palladium hydride is in the fcc 8 phase
and our vanadium deuteride is in the bcc a’ phase.
The solutions are homogeneous with no change in
the host-lattice symmetry. On the other hand,
according to the phase diagram of VH by Schober
et al.,' VH, ,, is in the € phase. Here the host
lattice has changed its symmetry from bcc prob-
ably to body-centered-tetragonal (bct).2°

III. EXPERIMENTAL RESULTS

Figure 2 shows the energy distribution of the
photons scattered by polycrystalline PdH,_,,. Be-
sides the Compton profile centered at 98.24 keV,
one observes the Ka and KB fluorescence lines of
lead shielding, the K edge of Pd at 134.65 keV, and
the Rayleigh peak at 159.00 keV. The number of
photons counted at the peak of the Pd Compton
profiles was after 6 days of data coolection 74 000
counts per channel of width 84.3 eV (~0.07 a.u.).
The corresponding values for the 1- and 2-mm V
sheets were after 3 days of data collection 120000
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FIG. 2. Energy distribution of 159-keV photons scat-
tered at 171° by polycrystalline PdH, 7. The four lines
on the low-energy side of the Compton peak centered
around 98.24 keV are the PbKa and Pb K fluorescence
lines from the lead shielding.

and 220000 counts for a channel width of 62.6 eV
(~0.05 a.u.). The signal-to-noise ratio was re-
duced from 250 without mylar foils to 30 for the
palladium samples encapsulated in mylar foils.
The evaluation of the data was made according
to the following procedure. The-experimental
data were smoothed first by a nine-point least-
squares procedure.?* The smoothed data are
within twice the statistical error of the measured
data. The background scattering was measured by
removing the sample from the sample chamber.
For samples not encapsulated in mylar it turned
out to.be linear in energy. In the case of the Pd
hydride, the background contains an additional
contribution from the mylar window in front of
and behind the sample. The contribution from the
mylar behind the sample was corrected for the ab-
sorption of the photons in the sample. The next
step was to correct the data for the energy-de-
pendent detector efficiency.'® The finite energy-
resolution function of the detector system was
approximated by a Gaussian with energy-dependent
width.'® Using an iterative procedure, 2 the ex-
perimental data were deconvoluted, but we feel
that a convolution of the theoretical data with
the energy-resolution function gives a more re-
liable comparison between the experimental re-
sults and the theoretical models explained below.
The correction of the experimental results for
the energy-dependent photon absorption A(E) in
the sample was made by means of the following
expression

3@ - (S |(ei) g

1 1
sin- 9 sin- 9

Here, u and p’ are the total absorption coefficients
for the incoming and scattered photon energies and
d is the sample thickness. The values of p and p’
for Pd and V were taken from Ref. 23. The cor-
responding data for the hydrides were calculated
according to the composition of the hydrides. The
mean scattering angle 9 was determined from the
position of the Compton peak. The correction for
the scattering cross section was made according to
Ref. 24. Finally, the energy scale was transformed
into the momentum scale and the profiles J(q)
normalized according to

j_”J<q>dq=z, @)

where Z is the number of electrons per atom in
the pure metals and per MH, in the hydrides. The
integration in Eq. (2) was limited to the high-ener-
gy side of the Compton profile and extended from
q=01to ¢g="7.0 a.u. Since the chemical environment
of an atom does not affect the electron momenta
above ¢ =7 a.u., and since the momentum of the
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FIG.3. Normalized nondeconvoluted Compton pro-
files for polycrystalline PdH, 7, and Pd vs electron mo-
mentum g (1 a.u.=%/ay; a, Bohr radius).

electron brought into the lattice by the hydrogen
atom is expected to be confined to 1 or 2 a.u., we
have used the atomic Compton profiles calculated
by Biggs et al.? to calculate '

N= f " ) dg . (3)

The values for N obtained are 18.513 for Pd and
10.301 for V. The corresponding values for the
hydrides are therefore 18.873 for PdH,, ,,, 10.686
for VD, ,,, and 10.656 for VH, ,,.

No correction has been made for multiple scat-
tering. Since we were primarily interested in the
difference profile of the hydrides and the corres-
ponding host metals, multiple scattering cancels
out in a first approximation. In addition, the
samples were thin compared to the mean free
path of the photons.

Figure 3 shows our experimental Compton pro-
files for polycrystalline Pd and PdH, ,,. The two
profiles differ only in the range between -2 and
2 a.u. which is the range of the momentum of the
hydrogen electron. The excellent agreement of
the profiles outside 2 a.u. shows that the core
electrons of the host atoms are not affected by the
hydride formation. The same behavior was also
observed in the vanadium hydrides and deuterides.
The difference profiles

AT@) =T e 100 (@) = Tnos @) @

are given in Table I and plotted in Figs. 4 and

5 for polycrystalline PdH, ,, and VD, ,,. The ex-
perimental profiles are indicated by asterisks.
The left-hand side of Fig. 4 shows the nondecon.-
voluted and the right-hand side the deconvoluted
results. The difference profiles for polycrystal-
line VD, ,, and VH, ., normalized to the same con-
centration agree within the error limits.

" IV. DISCUSSION

We have compared the difference profiles AJ(g)
which are attributed to the influence of dissolved
hydrogen with four different models for the wave
function of the hydrogen electron. Inthe “protonic”
model' it is assumed that the dissolved hydrogen
atom donates its electron to the conduction band
of the host lattice and that, in the case of PdH,_,,,
it enhances the momentum distribution of the ten
conduction electrons of Pd by the factor 10.72/10,
i.e., proportional to the increased number of con-
duction electrons. In the case of VD, ,, the mo-
mentum distribution of the five conduction electrons
of V is enhanced by the factor 5.77/5. It should be

TABLE 1. Difference Compton profiles for polycrys-
talline PdH, ¢, and Pd, for VD, ; and V, and for VH
and V. Any theoretical profile should be convoluted with
our Gaussian-resolution function of 0.40-a.u. full width
at half-maximum before comparison with the nondecon-
voluted data.

glam.]  PdHy g, PdHyp,®  VDygn®  VHggp "
0 0.355 0.360 0.388 0.351
0.1 0.362 0.362 0.386 0.349
0.2 0.381 0.374 0.379 0.343
0.3 0.392 0.376 0.362 0.329
0.4 0.377 0.356 0.351 0.314
0.5 0.336 0.321 0.328 0.307
0.6 0.286 0.283 0.301 0.296
0.7 0.242 0.247 0.269 0.2569
0.8 0.208 0.213 0.231 0.213
0.9 0.180 0.179 0.192 0.178
1.0 0.146 0.147 0.156 0.153
1.1 0.109 0.115 0.129 0.117
1.2 0.076 0.084 0.110 0.088
1.3 0.055 0.064 0.086 0.072
1.4 0.045 0.053 0.061 0.054
1.5 0.040 . 0.043 0.045 0.044
1.6 0.033 0.033 ©0.029 0.032
1.7 0.025 0.025 0.016 0.023
1.8 0.017 0.019 0.014 0.020
1.9 0.014 0.015 0.013 0.018
2.0 0.011 0.011 0.012 0.017
2.1 0.008 0.007 0.012 0.016
2.2 0.006 0.004 0.010 0.015
2.3 0.002 0.001 0.010 0.014
2.4 0 0 0.009 0.013
2.5 (U 0 0.009 0.012
2.6 0.008 0.011
2.7 0.007 0.009
2.8 0.006 0.007
2.9 0.003 0.004
3.0 0.001 0.002

2Corrected for spectrometer resolution.
PNo resolution correction.
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FIG. 4. Difference Compton profiles for polycrystalline PdH, ¢, and Pd (*) compared with the profiles for four differ-
ent model wave functions describing the structure of the hydride. On the left-hand side the model profiles are convol-
uted with the energy-resolution function and the experimental data are not deconvoluted. On the right-hand side the

experimental data are deconvoluted.

emphasized that this is not a rigid-band model be-
cause the additional electrons do not shift the
Fermi level to higher energies. We have used for
PdH,_,, the Compton profile J&,(g) of the ten con-
duction electrons of polycrystalline Pd calculated
by Kanhere et al.?® and calculated the difference
profile AJ*(q) for the protonic model according to

A Tpan, (@) = (10.72/10 - 1)TE (q) . (5)

This profile is shown in Fig. 4. On the left-hand
side of the figure, AJ*(g) has been convoluted with
the energy-resolution function of the detector sys-
tem. For the protonic model of V deuteride we
have used the Compton profile J¥(¢) calculated by
Wakoh et al.?” for the five conduction electrons of
V and calculated the difference profiles in a simi-
lar way to Eq. (5). The result is shown in Fig. 5.
Our model makes no distinction between hydrides
and deuterides. The experimental difference pro-
files for VD, ,, and VH,_ ,, agree with one another
(if normalized to the same hydrogen or deuterium
concentration). In the following we confine our-
selves to the system VD, ,, since in this system
the host lattice undergoes no phase transition by
deuterium loading. ’

In the “anionic” model, we assume that the hy-
drogen removes an electron from the conduction
band of the host lattice and forms a negative ion
H”. Assuming for this ion a hydrogenlike wave
function®

¥ () =(a¥rad)' 2exp(-ar/a,), (6)

with @ =11/16 and calculating from this the cor-

responding momentum wave function by Fourier
transformation one can find in a straightforward
manner the Compton profile for the ion H-,

Jy-(g) = (16/3ra)[1+(g/@)?] ™. (7)
The difference profile for the “anionic” model of
PdH, ,, is, therefore

Adpgy 0.72(‘1):0'72‘]1-1' (ll)—/-\J; (@). (8)

dH 0,72

The negative term on the right-hand side of Eq. (8)
takes into account the electron removed from the
conduction band of Pd. The difference Compton
profiles for the anionic model of PdH,_ ,, and VD, .,
are shown in Figs. 4 and 5. The negative values
of the difference profile above 1 a.u. are an arti-
fact of the model without physical significance. It
is clearly seen from these figures that the anionic
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FIG. 5. Nondeconvoluted difference Compton profiles
for polycrystalline VD, ¢; and V (*¥) compared with the
convoluted profiles for four different model wave func-
tions describing the structure of the deuteride.

model is not appropriate to describe the structure
of vanadium and palladium hydrides.

In a third model it is assumed that the hydrogen
is dissolved as neutral hydrogen atoms. The
Compton profile of a hydrogen atom is given by

Tu(@) =2 Jy-(q; 2 =1). 9)

The difference profile for the “atomic” model of
PdH, ,, is, therefore, .

Adpan (@) =0.124(q). (10)

This type of model must be excluded for V and Pd
hydrides according to NMR measurements which
did not show the strong Knight shift to be expected
from the bound 1s hydrogen electron in the proton
resonance.?3° Nevertheless, the model is shown
in Figs. 4 and 5 because it shows, in connection
with the other models, the sensitivity of the mo-
mentum distribution and Compton profiles for
various models describing the structure of metal
hydrides. It is not expected that the crude models
used here can explain the experimental data cor-
rectly. Nevertheless, the anionic modelcanclear-
ly be ruled oyt for Pd and V hydrides. This is in
agreement with the band-structure calculations for
the Pdand V hydrides mentioned above.™>¢ Pattison
et al.’® come to the same conclusion in the
analysis of their niobium hydride data which

they have explained by models similar to the ones
used here.

A more appropriate way to calculate the Compton
profile of a hydride is to derive it from the wave
functions obtained from a band-structure calcula-
tion of the hydride. Unfortunately, in the band-
structure calculations published so far, only the
energies were given but not the wave functions or
even the Compton profiles. Nevertheless, some
information can be obtained from the currently
available band structures. Indeed, the calculations
by both Switendick' and Papaconstantopoulos et al.?
show that the newly created hydrogen-palladium
bonding states appearing below the Fermi level
can accomodate 0.5 electrons per hydrogen atom.
The bonding states have s character about the
octahedral hydrogen sites and p character about
the Pd sites. In addition, 0.36 electrons per
palladium atom are needed to fill up the palladium
4d band. Therefore, we assume in our fourth
model for PdH,_,, that among the 0.72 electrons
added per Pd atom, 0.36 electrons are accomo-
dated by the bonding states. Their wave functions
are approximated by a free hydrogen atom wave
function. This wave function is s-like about the
proton and p-like about the Pd for octahedrally
located hydrogen. The remaining 0.36 electrons
are added to the palladium 4d-5s states. For lack
of better wave functions their Compton profile is
approximated by that of the conduction electrons of
metallic palladium calculated by Kanhere ef al.®
The difference profile AJ?%(g) for this fourth
model is

AR, @) =0.72[% TE(q) +0.5T5(a)],  (11)

with J,(g) taken from Eq. (9). It turns out to be
the mean of the atomic and protonic model for the
present hydrogen concentration. The correspond-
ing Compton profile is shown in Fig. 4 and labeled
“pband structure.” Although it is based on approxi-
mate wave functions, it takes into account the basic
features of the band-structure calculations of Pd
hydride. It is therefore not surprising that it fits
the experimental results the best. Band-structure
calculations by Switendick® show also for V hydride
that new bonding vanadium-hydrogen hybrids are
formed below the Fermi level. They canaccommo-
date about 0.25 electrons per H atom. The re-
maining electrons shift the Fermi level to higher
energies. So the difference profile for the band-
structure model of VD, ,, is

ATGR, (@) =0. T2 T5(q) +0.254(q)] . (12)

This result is shown in Fig. 5 and labeled “band
structure.” Again it gives the best agreement
with the experimental results.

An interesting aspect of the band-structure cal-
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culations by Switendick on metal hydrides is that
in niobium nearly no states which are empty in
the pure metal are shifted below the Fermi level
by the introduction of hydrogen.?! This is in con-
trast to Pd and V hydrides. Consequently, prac-
tically no additional electrons can be accommodated
below the Fermi level in niobium hydride in con-
trast to palladium and vanadium hydride. There-
fore, in NbH the protonic model is expected to be
fulfilled much better than in the case of PdH and
VH. This is indeed what Pattison ef al.'® have
observed. These authors were able to explain
their experimental difference profile in a satis-
factory way by the “protonic” model explained
above.

V. CONCLUSION

Compton-profile measurements are a sensitive
test for the accuracy of various model wave func-
tions of the conduction electrons in a metal. Since
single-crystal samples are not needed, the tech-
nique can be applied in those cases where difficult
sample preparation makes other techniques un-
suitable. Metal-hydrogen systems are especially

appropriate for this technique since the core-
electron contribution to the Compton profiles is
easily eliminated by measuring the profiles before
and after hydrogen loading. In both Pd and V hy-
dride, the anionic model which assumes the struc-
ture of the hydrogen to be an anion H™ does not fit
the experimental data. Rather these hydrides must
be treated in a band-structure approach. Indeed,
the palladium- and vanadium-hydride data are ex-
plained satisfactory in a model which is based on
band structure calculations by Switendick® and
Papaconstantopoulos ef al.® and which takes into
account the metal-hydrogen bonding hybrids formed
below the Fermi level. If, in addition to the ener-
gies, the wave functions were evaluated from these
band structures our data could provide a sensitive
check for the accuracy of these calculations.
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