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Electronic structure and surface kinetics of palladium hydride studied
with x-ray photoelectron spectroscopy and electron-energy-loss spectroscopy
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X-ray photoelectron spectra and electron-energy-loss spectra {EELS)are presented and

interpreted for PdH 0 8 prepared by in situ loading and cleaning of a 10-pm foil cooled to
80 K. Hydrogenation induces new states with considerable d character 8 eV in the valence

band, a slight narrowing of the valence-band spectrum, and a shift of the Fermi level out of
the d manifold of states. In the core-line spectra a +0.17-eV binding-energy shift occurs,
the asymmetry is reduced, and a shake-up satellite at 6 eV essentially disappears. In the
EELS spectra a 7-eV plasmon loss is attenuated and shifted to 5 eV. During degassing ex-

periments, no significant surface depletion is found, and two different rates occur: For
concentrations H„)0.65 atomic fraction hydrogen (P phase) an activation energy of 8.1-
kcal/mole H& is found, while for H„&0.65 (two-phase region) the rate is 10' slower, but
has a similar activation energy of 9.0-kcal/mole H2. During this time the surface contains
both P and ct phases.

I. INTRODUCTION

In this paper we present and interpret x-ray
photoemission spectra (XPS) and electron-energy-
loss spectra (EELS) for palladium hydride, and in-

vestigate the role of the surface in the kinetics of
degassing. Photoemission and reflectivity experi-
ments combined with band-structure calculations
for several "high-temperature" materials such as

ThHz, Th4Hi5, ScH2, and LaH2 have demonstrated
the inadequacy of the early "rigid-band" models for
hydrides. ' The use of ultrahigh vacuum (UHV)

techniques to study palladium hydride, however,

has been hindered by the relatively high equilibrium

pressure of —10 Torr at room temperature. In the

present experiments we achieve a clean, well-

characterized surface by in situ loading and clean-

ing and by cooling of the sample.
In early uv photoemission experiments on palla-

dium hydride, hydrogen-induced states in the
valence-band spectrum were reported at 5.4 eV,
which agreed with band-structure calculations given
in the same publication. This was the first such
comparison for any metal hydride and was impor-
tant in signaling the inadequacy of the "rigid-band"
models. However, more recent calculations place
the hybridized bonding states near 8 eV, and the
early experimental results have been questioned.
The core-level spectra are of interest because one

has information (at least indirectly) regarding
charge transfer to or from the palladium site.
Valence-band information can also be inferred from
the core-level line shape since the incomplete occu-
pation of the d bands give rise to a discrete shake-

up satellite at 6 eV, analogous to the well-known
case of nickel, " ' and a continuous tail of intensi-

ty at lower kinetic energy. ' ' Core-level spectra
for a series of electrolytically charged samples
showed an apparently sudden broadening of the line
for hydrogen concentrations below H =0.7. This
was interpreted to result from the Fermi level enter-

ing the d bands at this concentration. ' There are
reflectivity and energy-loss data as well as calculat-
ed dielectric functions for palladium, but not for
the hydride.

The kinetics of hydrogen uptake and release are a
major factor in the utilization of hydrides as storage
materials, and this is known to vary greatly with
surface conditions. Palladium is unique in that its
surface remains relatively clean and permeable to
hydrogen. Indeed, it is sometimes used as a per-
meation coating for other materials which otherwise
form a "sealing oxide surface layer. " It also does
not decrepitate upon loading, as the commerically
important LaNi& or FeTi alloys do. For these
reasons it is an ideal system in which to study the
intrinsic kinetic behavior. Several experiments have
reported that the reaction 2H+-+H2 taking place at
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or near the surface with an activation energy of
-7-kcal/mole Hz is the rate-limiting step both for
the uptake and release of hydrogen, at least under
certain "typical" conditions. ' These experiments
were only for dilute concentrations. In the present
experiments, we can monitor the hydrogen concen-
tration near the surface and the rate of degassing as
the fully loaded sample is warmed. This technique
has the important advantages that it is steady state,
requiring no input regarding surface-site occupation
or its time variation, and it allows measurements
with concentrated samples.
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II. EXPERIMENTAL APPARATUS
AND TECHNIQUE 200

The XPS machine was a custom-built Kratos in-

strument modified by the addition of a large solid-

angle monochromator. For these experiments the
energy resolution was 0.6 eV full width at half max-
imum (FWHM). A special feature of the vacuum

apparatus was a Leybolt-Hereaus preparation
chamber which allowed exposure of the sample to
pressures up to 10 atm, control of temperatures
from 80 to 850 K, and transfer of the sample under
vacuum into the measuring chamber.

The sample was a (1)&1 cm &(10 p,m)-thick pal-
ladium foil of 99.99% purity from W. Hereaus.
After a washing in methanol and acetone, it was
mounted alongside a reference gold foil by screwing
its corners to the support stage. Surface contamina-
tion was monitored using XPS core-level intensities
and was removed by ion bombardment. This result-
ed in a valence-band spectrum characteristic of
clean palladium. After the initial surface clean-

ing, the sample was loaded under 2000-Torr pres-
sure for 20 min at 400 K, and then cooled under
pressure at —10'C/min to 80 K. The resulting
concentration can be estimated from the
palladium-hydrogen phase diagram which is shown
in Fig. 1. For temperatures above the "50-K
anomaly" there are only two phases, a and P, with
a cosolute temperature of 570 K corresponding to
20 atm pressure and H =0.25. The initial 20 min
of our loading allows for the slow transformation
through the two-phase region to a concentration of
H„-0.64. (Subsequent volumetric calibration
showed that 20 min was certainly enough to allow
P-phase formation since the same total hydrogen
uptake resulted with only 10 min waiting. ) As the
sample cools under pressure, the hydrogen concen-
tration increases, following the 2000-Torr isobar un-
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FIG. 1. Phase diagram of the palladium-hydrogen sys-
tem. The 2000-Torr isobar is shown as a dotted line and
indicates that a concentration of H -0.80 is achieved.

til the slowing kinetics prevent further uptake. Us-
ing our data on the kinetics for this sample, we
estimate the resulting concentration to be
H„=0.80+0.10. %e mention here in anticipation
of later discussion that during degassing one may
expect to find a changing behavior as H„ first de-
creases to the boundary of the two-phase region,
whose limits at 200 K are H~=0.64 and H„=O,
and subsequently crosses through the two-phase re-

gion, where particles of P-phase material convert to
the n phase.

The fully loaded sample was then introduced into
the measuring chamber where a background pres-
sure of -2&&10 ' Torr (principally atmospheric
gases leaking past the sliding seals) was obtained.
The XPS spectra of the loaded, cold sample showed
emission from oxygen and carbon core levels corre-
sponding to 0=0.16 and C=0.14 atomic fractions
relative to palladium. This was calculated using
atomic photoionization cross sections for the 02s,
C 1s, and Pd 3d levels. ' Attempts to remove these
contaminants by ion sputtering or scraping gave
levels of 0=0.13 and C=0.20, or 0.20 and 0.10,
respectively. It was found, however, that briefly
warming the sample to 100 K reduced these to
O(0.03 and C=0.14, which were the same as ob-
tained for the ion-sputtered pure palladium sample.
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The preferred treatment was therefore no cleaning
except for a series of "flashings" to remove weakly
adsorbed contaminants. Removal of these contam-
inants produced no noticeable change in the
valence-band, core-level, or EELS spectra. We also
measured these spectra after exposing the cleaned,
cold (120 K) sample to —1000 L of H2 or 1000 L (1
L= 1 langmuir = 10 Torr sec) of atmospheric
gases and again found no noticeable change. We
conclude that the presence of surface-adsorbed oxy-
gen or carbon (approximately less than one mono-
layer) had no significant effect on the spectra, and
presume this is due to the relatively long mean free
path for escaping electrons, which have therefore
little surface sensitivity. XPS investigations have
previously shown that a monolayer of chemisorbed
gas has little effect on the core-level and valence-
band spectra from metal substrates and that such
effects are only observed at grazing angles. Much
larger effects occur, however, if the contaminant
forms a true compound at the surface. The
spectra shown for the dehydrided sample were mea-
sured at 220 K, a temperature just sufficient to
desorb hydrogen from the bulk after several hours
waiting.

The Fermi level was located by positioning the
sample such that signals from palladium and gold
could both be recorded without moving the sample.
The measurements were then repeated after degass-
ing. This procedure for locating the Fermi level
was necessary to accommodate variations of the
analyzer work function found to occur with higher
hydrogen pressures in the measuring chamber.

After measuring spectra for the fully hydrided
and degassed samples, a series of loading and de-

gassing runs were made in order to characterize the
kinetics and to determine the concentration of hy-
drogen in the surface region. "Surface region" in

this case means the escape depth for electrons of
0—1500-eV energy, which is -20 A. The hydrogen

concentration averaged over the bulk H""'" is moni-
tored by the time-integrated pressure of hydrogen
escaping into the pumped chamber, while the sur-
face concentration H„'" is monitored by the
behavior of the XPS and EELS spectra. Later we
will interpret the pressure. P to be proportional to
the rate of release of H2 molecules from the sample,
and interpret its normalized time integral,

I,P(t', T) Ck'
n(t)= I P(t', T) Ck'

to be the fraction of gas that has been desorbed

from the sample. Two observations substantiate
this procedure: The total gas pumped is indepen-
dent of the temperature (thus rate) of the degassing,
and the computed pumping speed assuming an ini-
tial bulk concentration of H =0.80 agrees within
our uncertainty (a factor 2)& ) with the
manufacturer's value. At the end of degassing runs,
a residual pressure of -3&(10 ' Torr remained
for long periods of time. This was presumably due
to wall-released gases or saturation of the pumps
and was subtracted out for the Arrhenius plots
shown later.

III. RESULTS AND INTERPRETATION

A. Electronic structure
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FIG. 2. XPS valence-band spectra for the fully hy-
drided and subsequently degassed samples. The Fermi
level is calibrated with a gold reference.

The valence-band spectra are shown in Fig. 2 for
the fully hydrided and degassed samples. The in-
tensity scale is arbitrary, while the energy scale is
determined using the gold reference. As discussed
later, we find that the hydrogen concentration in
the surface region is approximately equal to that in
the bulk, which is H„=0.80. The following
changes are observed upon hydrogenation: New
states appear around 8-eV binding energy (BE), the
Fermi level moves such that the half maximum
near the top of the valence band is at 0.16+0.05 eV
lower kinetic energy (KE), the total width of the C
bands is decreased -10%, and a small peak ap-
pears near the top of the band.

The spectra of the palladium 3d core levels are
shown in Fig. 3 again, for the fully hydrided and
dehydrided samples. The main peak heights have
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FIG. 3. Core-level spectra of the 3d&/2 and 3d3/2 lines

for the fully hydrided and degassed samples. The main

peaks have been aligned, so the + 0.17-eV chemical shift
for the hydride is not shown. Arrows mark the FWHM
which decreases from 1.45 to 1.20 eV (instrumental solu-

tion -0.6 eV). A dotted line marks a satellite of the

3d3/g line which disappears in the hydride.

been drawn equal and the energy scale has been ad-

justed to align the peaks. Upon hydrogenation, the
satellite feature present at 6 eV below each of the
spin-orbit-split lines is seen to essentially disappear,
and the lines become less asymmetric, which
reduces their measured FWHM from 145 to 1.20
eV. Not shown on the drawing is a 16% decrease
of the peak maximum corresponding to a 20%
reduction in integrated intensity. Also, the energy
of the half maximum on the high-KE side of the
line decreases 0.17+.05 eV with respect to the gold
reference lines.

The EELS data are shown in Fig. 4 for several
different primary beam energies. The vertical scale
has been normalized to the elastic peak intensity for
all traces. In pure palladium, a prominent peak is
present at 7-eV energy loss, followed by a weaker
and much broader peak around 25 eV. This struc-
ture does not change much at lower primary ener-

gies, except that a shoulder appears on the smaller
loss side of the 7-eV peak. In the hydride spectra
the 7-eV peak is shifted to -5.0 eV and reduced in
intensity by —,, and the broad structure near 25 eV

appears somewhat larger. Again, little variation is
seen with decreasing primary energy. The lack of
sensitivity to primary beam energy indicates that

FIG. 4. EELS spectra of nearly fully hydrided (the
surface cleaning reduced the hydrogen concentration to
H„-0.7 for these spectra) and depleted samples for
several different primary beam energies. The intensity
scale is normalized to the elastic peak in all cases. The
plasmon-loss feature, marked with a dotted line, is seen
to shift from 7.0 to 5.0 eV in the hydride.

surface states or possible surface contamination
contribute little to the spectra. Not shown in the
drawing is a 40% decrease of the elastic peak inten-

sity at 1500 eV for the hydrided sample. This may
result from a reduction in the mean free path of the

electrons. The same mechanism would also cause
the observed reduction of the photoemisson peaks,
but by only ——, of the 40%, since in the latter case

the distribution of "primary" electrons is uniform

over the range of the escape depth.
Our measured valence-band spectrum is in good

qualitative agreement with several recent bulk

band-structure calculations for the palladium-

hydrogen system. The new states at 8 eV are

strongly hybridized bonding orbitals between the
palladium and hydrogen atoms. The fact that they

are visible with x-ray excitation demonstrates that
considerable d character remains in these states,
since the photoemission cross section for the H ls
atomic orbital is 10 that of the palladium 4d orbi-

tals. The narrowing of total bandwidth may re-

sult from the 3% increase of the lattice parameter

upon hydrogenation, or from a reduction of lifetime

broadening due to filling of the d bands. The re-

duced density of states at the Fermi energy is con-

sistent with the changes in electronic specific heat
and magnetic susceptibility, as well as band-

structure calculations for nonstoichiometric concen-
trations. The increased intensity found near the

top of the bands is not present in the calculations,
but is presumed to result from an instrumental
broadening which obscures the peak in pure palladi-
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um and enhances the peak in the hydride, where it
is further below the Fermi cutoff. Our spectrum
appears different from early ultraviolet photoemis-
sion spectroscopy (UPS) spectra, which reported
new states at 5.4-eV BE. The discrepancy may re-
sult from surface contamination, an enhanced sensi-

tivity to true surface states, ' structure in the fi-
nal density of states (DOS), or matrix-element vari-
ations across the band. Presumably none of these
affect our XPS spectra appreciably.

We interpret the change in the core-level line
shape to result from a filling of the valence-band d
orbitals upon hydrogenation and the subsequent de-
crease to nearly zero of the DOS at EF. This fol-
lows since the satellite and shake-up tail are under-
stood to result from empty d states just above the
Fermi level, analogous to the case of nickel and its
alloys. ' ' [There is a possibility in the case of
pure palladium that some intensity in the region of
the satellite arises through inelastic scattering (see
next paragraph). ] The disappearance of the satel-
lite, however, does not necessarily indicate a charge
transfer to palladium sites as implied by the old
"protonic" model or the description of "band fil-
ling. " Similarly, the chemical shift of + 0.17+0.05
eV (increased BE) observed in the hydride suggests
that the hydrogen proton is "overscreened" in the
solid. However, in view of the difficulty of relating
BE shifts to ground-state properties, we caution
against a simplistic picture of charge transfer to the
proton, particularly for such a small shift.

Our interpretation of the energy-loss spectra is
guided by similarity of the pure metal spectra to the
reported energy-loss function for bulk palladi-
um. Thus we assign the 7-eV feature to a
plasmon loss (ei ——O, e2-2) and the 25-eV feature
to interband transitions. The shoulder on the
plasmon peak may be a surface plasmon, which

should occur at energies very near the bulk-plasmon
loss because e~ is changing rapidly here. It may be
possible to understand the shift of the plasmon to
lower energy by looking at changes in the band
structure. The positive potential of the hydrogen at
the interstitial sites causes a lowering from 14 to 7
eV of conduction-band states near the X point of
the Brillouin zone, and the appearance of a hybri-
dized band 8 eV below E~. Our data show the new
occupied states, while evidence for the empty states
comes from calculations as well as x-ray absorp-
tion and thermoreflectance measurements.
Transitions into the empty states and out of the
filled states and the disappearance of lower-lying
intra —d-band transitions would add oscillator

strength for energies & 8 eV, which would displace
the zero crossing of e~ to lower energy and dampen
the plasmon resonance.

B. Kinetics

IO-6 250
I

200
I

T (K)
I50

I

I25
I

IO 7—

I0-8
OI-

UJ
lL

U)
(ri
LU

~~IO-9-
P~a TRANSFOR

EH = 9.0 kcaI/
0 WARMIN

COO LIN
n (0.16-0

P—OEPLET
8.I kcal /

WARMIN

COOLIN

2NO WA
~ (O.OOI-

Io I0-

6.0 7.0 8.0 9.0
I 000/ T

FIG. 5. Degassing pressure in the pumped chamber
plotted vs reciprocal temperature. Lines are drawn
through two different reversible regions showing Ar-
rhenius behavior. The fraction n of hydrogen depleted is
shown for each segment.
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The temperature dependence of the degassing
pressure and hence rate of H2 leaving the sample
was found to vary with hydrogen concentration,
showing two distinct regions of reversible behavior.
This we will interpret to result from a depletion of
p-phase material for H„&0.65, followed by a con-
version of p- into a-phase material for H„&0.65.
In Fig. 5 we plot the hydrogen pressure on a log
scale against reciprocal temperature. For the fully
loaded sample, a completely reversible Arrhenius
behavior is found with the rate v"(T)
=3X10 exp( —4. 1X10 /T) mole H2sec '„corre-
sponding to an activation energy of S.l-kcal/mole
Hi. This P(T) relation holds provided the tempera-
ture is below 135 K and provided only a small total
amount of gas has been released, otherwise the rate
is considerably slower. After 15—20% of the gas
has been released, the rate slows by a factor -10'
and becomes again reversible, following an
Arrhenius behavior with the rate v ( T)= 1
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X10 'exp( —4.5X10 lT) mole Hzsec ', corre-
sponding to an activation energy of 9.0-kcal/mole
Hz. With continued degassing, the rate eventually
slows again, so that considerably higher tempera-
tures are required to degas the last 20%%uo or so of the
hydrogen in a reasonable time.

The change of the core-level spectrum during de-

gassing is shown in Fig. 6. The data were taken at
2-min intervals by repeatedly tracing the spectrum
as the sample was warmed, maintaining a pressure
of -5X10 Torr. We show both the FWHM and
integrated intensity of the Pd3ds~q line calculated
over an interval of 2.5 eV. The approximate hydro-

gen concentration in the surface region (inferred
later) is shown in the upper scale. No change larger
than the scatter of the data was found for a pure
palladium sample over the same range of tempera-
tures, -140—400 K. The FWHM of the core line
increases nearly linearly with the fraction of hydro-

gen degassed, while the data for the integrated in-

tensity show a break near 15% depletion, changing

at first rapidly and later more slowly with hydrogen
depletion.

The EELS spectra at 1500-eV primary energy for
several different bulk hydrogen concentrations are
shown in Fig. 7. The spectra were measured at 80
K after warming to change the average hydrogen
concentration to the value shown for each curve.
The intensity scale has been normalized to the elas-
tic peak in each case and does not reflect its change
as hydrogen is released. The dashed line is a lin-

ear combination of curves E and B given by
0.75(E) + 0.25(B). This sum matches very well the
shape of curve D, for which the fractional degassing
value n is 0.81.

We begin with a discussion of the core-level spec-
trum. Regardless of the detailed mechanism for
the change, one may conclude immediately that
since the spectrum continues to change appreciably
during the entire degassing, the hydrogen concen-

0
tration near the surface (20 A) is approximately
equal to that of the bulk. There is no appreciable
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width of the 3dq~2 core line as the sample is degassed.
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FIG. 7. EELS spectra at 1500-eV primary energy for
different average hydrogen concentrations as indicated
for each curve. The intensity has been normalized to the
elastic peak in each case. The dotted line is the linear
combination 0.75(E) + 0.25(8), and shows that the sur-
face contains two phases of high and low hydrogen con-
centrations.
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surface depletion or segregation of hydrogen, at
least under these conditions. This allows us to as-

sign the H'" values given in the figures equal to the
H„"'"value as monitored by the integrated hydrogen
pressure.

The break in the intensity versus concentration
data near H„-0.65 may result from the Fermi level

entering the d bands. If our suggestion that this
change is due to a change in mean free path of the
electron is correct, it may be puzzling to see a non-

linear dependence on hydrogen concentration. On
the other hand, this may be only an artifact of the
line-shape integration which was done over a limit-
ed energy range of 2.5 eV, and without deconvolu-
tion of the instrumental response. Regarding the
linewidth data, one expects the asymmetry of the
line to be very sensitive to the DOS near the Fermi
level. That we find no break in the data is
presumed due to three factors: the instrumental
resolution makes up approximately half of the total
width, the shakeup intensity in the asymmetric tail
of the core line is determined by an integration over
the joint DOS near E~ extending over a finite ener-

gy range, and thirdly, as explained later, the surface
was found to consist of patches of a- and P-phase
material for intermediate average concentrations.
Since the resulting spectrum is a linear combination
of signals from two phases, it would be incorrect to
interpret it directly in terms of the average hydro-

gen concentration, as has been done in the past. A
close examination of the figure shows there is possi-

bly a break in the linewidth data for a concentration
of H„-0.25, perhaps signifying a slight depletion
of the surface layers. This coincides with the in-

creased temperature necessary to degas the nearly

empty sample, and as described later, may result
from a bulk-diffusion limitation at higher tempera-
tures, or a changing morphology of the sample.

The EELS spectra in Fig. 7 are particularly in-

teresting since they show that for intermediate hy-

drogen concentration the surface consists of patches
of a- (or pure palladium) and P-phase material

present in a ratio approximately given by applica-
tion of the lever rule between the limits of the two-

phase region of the bulk-phase diagram. Qn the
other hand, the curves for intermediate H are not
obtainable by mixing curve E with curve A. This
would give, for example, a very flat spectrum!n the
region of 7 eV which was never observed.

Knowing something about the surface hydrogen
concentration, we can return to explain the P(T)
degassing behavior of Fig. 5. We first notice that
the equilibrium pressure of H2 over the hydride is

always much larger than the actual pressure, so the
reentry of hydrogen into the sample can be ignored.
For the fully loaded sample we found a reversible
Arrhenius behavior with a degassing rate v"(T)=3
X10 exp( —4. 1X10 /T) mole Hqsec '. From Fig.
6 we know that H„'" =H„""'", indicating a surface
rate-limiting step in the degassing as opposed to a
bulk-diffusion-limited process. Such a step has
been previously identified in a-phase (dilute) ab-

sorption studies as being due to the 2H~H2 reac-
tion with an activation energy of -7 kcal/mole.
In our experiments, H2 is desorbing from a po-
lycrystalline surface of P-phase material, and we
find an activation energy of similar size: U=8. 1

kcal/mole. We can go further and at least formally
determine an absolute rate constant. If we assume
every surface palladium atom is an active site (i.e., a
density of sites of -10"/cm ) we obtain
a rate constant of k-1X10' exp( —4. 1X10 /T)
sec ' for the presumed 2H —+H2 surface reaction.

For lower concentrations, the bulk average hy-
drogen concentration is within the two-phase region
of the phase diagram, and the degassing rate is
given by v (T)=IX10 'exp( —4.5X10 /T) mole
H2sec '. Since this is 10 ' slower than in the
high-concentration region, we believe it reflects a
different rate-limiting mechanism and presume this
to be the conversion of P-phase into a-phase materi-
al. The rate would then be proportional to an
"internal pressure" whose temperature dependence
is given by the heat of formation of the P phase.
This is EH=9.8 kcal/mole above room temperature
and somewhat smaller at lower temperatures.
This is in striking agreement with the "activation
energy" we find: U=9.0 kcal/mole, measured near
200 K. Presumably the effective prefactor in the
degassing rate v (T) is determined by the morphol-

ogy of particles of P-phase material which would

vary with the sample and its loading and, to a lesser
extent, also the degassing conditions. A changing
morphology may then explain the reduced pressure
for a nearly empty sample.

It was mentioned that the degassing rate for a
fully loaded sample falls below the v"(T) relation
for temperatures above j.35 K. This probably re-
sults from a diffusion-limited transport of hydrogen
to the surface. One can estimate the rate of de-

pletion of the sample from an approximate one-
dimensional solution of the diffusion equations,

where zo is the depth at which the hydrogen con-
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centration is an average of its boundary values, and
D(T) is the diffusion constant. The degassing
rate then is roughly proportional to
dzo/dt = , D (—T)/zo(t). At a temperature of 180 K
and a concentration of n-0.70, we found a pres-
sure of 1X10 Torr. Assuming that under these
conditions zo ——5)(10 cm (half of the total sam-

ple thickness), and D —10 cm sec ', we calculate
P-10 Torr for the diffusion process, which is
the right order of magnitude to account for the ex-
perimental result.

IV. SUMMARY AND CONCLUSION

%e have shown that it is possible to produce a
clean palladium hydride sample with hydrogen con-

centration H„-0.80 by in situ loading and cleaning
and cooling to liquid-nitrogen temperature. A good
qualitative agreement between the valence-band

spectrum and the DOS from recent band-structure

calculations is found. The d bands "sink" in energy
and narrow slightly, and a new band of states with

substantial d character appears around 8 eV. A
discrepancy with earlier UPS spectra presumably
results from the greater influence of contamination
in those experiments. In fact, a recent photoemis-
sion study on samples prepared similar to ours re-

ports hydrogen-induced states at 8 eV in UPS spec-

tra, as well as complete agreement in their XPS
valence-band spectra and core-level shifts. '

Changes in the valence-band structure are reflect-
ed in the core-level line shape of the hydride by a
suppression of the asymmetric tail and shake-up sa-
tellite due to a filling of the d bands. In this con-

text, palladium is an interesting intermediate case
between nickel and copper, which show, respective-

ly, very large and nearly zero shake-up features.
The disappearance of these features in the hydride,
where the Fermi level is only -0.1 eV above the
top of the d bands is dramatic evidence of the im-

portance in the shake-up process of the unoccupied
d levels in the ground state of the system.

In the EELS spectrum a 7-eV plasmon-loss
feature is damped and shifted to 5 eV, possibly due

to enhanced interband transitions involving the
hydrogen-induced levels. This case differs from ti-
tanium where the plasmon energy and its change in
the hydride are approximately given by the simple
free-electron relation fiat 4m.ne /m. In th—e—case
of palladium, this calculation gives free-electron

1 1

densities of ——, and —, electrons per Pd atom for
the metal and hydride, respectively. A straightfor-

ward calculation of e2 from the band structure and
of Im(1/e) would be useful in interpreting the re-
sults. The problem is interesting since the addition
of hydrogen may be viewed as a perturbation to the
complicated dielectric response of a narrow-band
metal. In this context, a range of hydrogen concen-
trations would be desirable. This could be measured

perhaps in reflectivity or ellipsometry experiments
which could be done below 11 eV in a windowed

system under pressure sufficient to avoid the two-

phase region of the phase diagram.
Regarding the kinetics, we find that the behavior

varies with temperature and hydrogen concentra-
tion. For temperatures below 135 K and a fully
loaded sample (P-phase material), the degassing rate
is limited by a surface reaction, presumably
2H~H2, with an activation energy of 8.1-

kcal/mole Hq. This energy is somewhat larger than
the -7-kcal/mole H2 found with other techniques
for n-phase samples. A rate constant of
k =1X10' exp( —4. 1&(10 /T) sec ' is found, as-

suming every surface atom is active and assuming a
negligible entropy term. A prefactor in the range of
phonon frequencies is considered reasonable. At
temperatures above 135 K, the rate is much slower,
presumably limited by diffusion through the bulk.
The dominance of the bulk diffusion process at
higher temperatures even though it is unimportant
at lower temperatures is possible because the activa-
tion energy for diffusion is only -5-kcal/mole H, 9

thus it changes much more slowly with temperature
than the surface reaction rate.

After degassing —15%%uo of the hydrogen, the sam-

ple enters the two-phase region of the composition
phase diagram, and the degassing rate is 10 slower.
The pressure now is determined by the rate of con-
version of P-phase into a-phase material, which is
slower than either the bulk diffusion or the surface
reaction. During this time, the surface (as well as
the bulk) consists of regions of both phases. This is
an interesting result since it shows that the free sur-

face does not nucleate the formation of e-phase ma-
terial. Similar behavior is found in the oxidation of
metals and in titanium deuteride, but is surprising
here in view of the high mobility of hydrogen in
palladium. ' Perhaps the degassing begins at
grain boundaries or other extended defects in the
bulk.

Further study of both the electronic structure and
kinetics on single-crystal samples would be
worthwhile. Angle-resolved photoemission allows a
stringent comparison of experiment with band-
structure calculations, giving information that com-
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plements de Haas —van Alphen and specific-heat
data which only probe states at the Fermi energy.
The disorder broadening of electronic states due to
random occupation of the interstitial sites would

also be interesting to characterize. A study of the
kinetic behavior on a single-crystal surface would

allow connection with calculations and modeling of
the detailed mechanism of the H2+-+2H reaction and
the trajectory of hydrogen atoms in going from the

gas phase into the solid solution. The preparation
of single-crystal, concentrated (i.e., P-phasej PdH„
samples for study with UHV techniques is difficult,
however, because the strain induced by the 10%
volume mismatch between P and a phases can
crack or deform the sample. One can load a sample
proceeding around the two-phase region if 20-atm
pressure is available, but any subsequent release of
gas at low temperatures will induce damage. The

problem can perhaps be avoided using thin films
where strain is more easily relieved, and also be-
cause a depression of the critical pressure has been
reported for thin films. Evaporated films on a
metallic substrate are particularly interesting in
view of their use as a hydrogen permeation coating.
Here, the role of intermetallic compound formation
at the surface could prove important.
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