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Relationship bete'een Electronic Structure and Hydrogen-Uptake Kinetics
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Striking changes have been observed in the photoemission energy-distribution curves
from two phases of Pd overlayers on (110) Nb surfaces. In the commensurate (110) phase
the Pd 4d band is found to have an edge about 1.5 eV below EF, similar to that of a noble
metal. When the transition to the incommensurate Pd(ill) phase occurs, the Pd 4d bands
broaden and cross the Fermi level. As the density of Pd 4d states increases near EF, a
dramatic increase in the hydrogen-uptake rate through the Pd is observed.

PACS numbers: 71.25.Pi, 79.60.Cn, 82.65.Jv

Recently it was reported that a few layers of Pd
dramatically increase the rate of uptake of hydro-
gen into bulk niobium' and, in fact, the process
of hydrogen dissociation becomes so efficient that
it is estimated that in the composite system every
hydrogen molecule that hits the surface dissoci-
ates and is absorbed in the bulk. Further work'
showed that up to about one monolayer, Pd on the
niobium (110) surface grows in a commensurate
lx 1 Pd structure which we call Pd*(110) and in
this structure no increase of hydrogen-uptake
rates above that seen in pure Nb was observed.
Additional deposition leads to the appearance of
low-energy electron-diffraction spots character-
istic of the Pd(111) fcc mesh, together with satel-
lite patterns which result from multiple scatter-
ing' between the underlying (110) structure and
the Pd(111) structure. We interpret this as evi-
dence for a structural phase transition in the Pd
overlayer after about one-monolayer coverage, '
or possibly the growth of the Pd(111) structure in
a second layer. The appearance of the Pd(111)
signature is accompanied by a dramatic increase
in the hydrogen-uptake rate' by the bulk sample,
which approaches unit sticking coefficient as the
Pd(ill) layer thickness increases to a few layers.

This system provides, then, an excellent proto-
type for studying how subtle changes in crystal
structure influence physical phenomena such as
hydrogen uptake, presumably through the changes
in electronic structure which can be crucial to
hydrogen dissociation and chemisorption. The
importance of electronic effects is demonstrated
by the simple result that the hydrogen-uptake
rate increases as the Pd structure becomes more
dense. To understand the electronic structure in

the two phases we have carried out angle-resolved
photoemission studies which we report here. The
photoemission measurements were done in ultra-
high vacuum (10 "Torr), with light from a gas-
discharge lamp [(He 1 21.2 eV) and (Ne1 16.8 eV)]
and from synchrotron radiation at the University
of Wisconsin storage ring. The analyzer used
was a Vacuum Generators spherical condenser
with energy resolution of 0.1 eV and an electron
acceptance cone of 4'. When the gas-discharge
lamp was used the working pressure was 2x 10 '
Torr. The substrate was a 0.001-in. Nb foil
which was cleaned by resistive heating to about
2100'C and was found to recrystallize with large
(110) crystallites. The sample-cleaning tech-
nique that was used prevented the incorporation
of azimuthal rotation. Auger -electron spectros-
copy was used to provide a reliable calibration
of coverage and thickness of Pd. Full details of
the sample preparation and characterization are
contained in Ref. 2.

In Fig. 1 we compare normally emitted photo-
electron energy-distribution curves (EDC's) for
a Pd(111) overlayer, curve A, and a Pd*(110)
overlayer, curve B. The spectra were taken at
a photon energy of 90 eV, where the Pd 4d cross
section is high relative to the Nb 4d cross sec-
tion. Curve C shows emission from a Nb (110)
surface normalized to curves A and B, which in-
dicates how weak the Nb 4d-band emission is,
relative to the Pd 4d-band emission at this photon
energy.

A comparison of curves A and B shows very
striking differences in the emission near the Fer-
mi level. The 4d-band emission in Pd*(110) is
narrower and deeper than that for Pd(111). The
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ton-energy dependence strongly follows that of
the Nb d band; (b) its angular dependence is sim-
ilar to that of a Nb(110) peak located also at —0.4
eV; and (c) it is attenuated as the Pd coverage is
increased in the first monolayer. Furthermore,
it is more strongly attenuated at Sw =50 eV,
where the mean free path is very short, than at
hm = 21.2 eV. Such a trend is consistent with sub-
surface emission.

Changes in work function are not revealed by
the spectra in Figs. 1 and 2. In fact, the growth
of the Pd*(110) overlayer does not significantly
change the work function from that of the Nb(110)
substrate. However, once the structural transi-
tion starts, the work function changes continuous-
ly upwards towards the value of 5.6 eV for pure
Pd. The effect of hydrogen exposure on the elec-
tronic structures of Pd*(110) and Pd(111) phases
is also different. In the Pd*(110) phase, no
change is observed in either the work function or
the photoemission intensity of the corresponding
EDC's when the surface is exposed to hydrogen.
On the other hand, exposure of the Pd(111) phase
to hydrogen leads to a noticeable reduction in the
photoemission intensity near EF together with a
decrease in the work function of about 0.2 eV.
This is somewhat surprising since hydrogen usu-
ally increases the Pd work function. ' However,
no characteristic hydrogen-induced peaks were
detected in the angle-resolved EDC's.

The comparison, then, of the electronic struc-
tures of the Pd*(110) and Pd(111) phases reveals
the following. (1) In the Pd" (110) phase the Pd 4d
bands are -4-eV wide with an edge at —1.5 eV
and a low density of states near EF similar to
that of a noble metal. (2) The electronic struc-
ture of Pd(111) is similar to that of the normal
transition metal for which EF crosses the d-band
complex at a high density of d-derived states.
(3) The growth of the Pd*(110) phase does not
significantly change the work function from that
of a clean Nb value; however, once the structural
transition starts, the work function changes con-
tinuously towards a Pd value of about 5.6 eV.

The low hydrogen-uptake rate into the Nb sub-
strate bulk associated with the Pd*(110) surface
phase is believed to be a manifestation of the fail-
ure of this surface to dissociate hydrogen. This
view is motivated by the surprising similarity
between the electronic structure of Pd*(110) and
that of noble metals such as Cu, ' where the low-
lying d states are not capable of interacting ef-
fectively with the incoming hydrogen molecule to
completely remove the activation barrier, and

consequently, hydrogen does not dissociate at
room temperature. Further evidence for this
picture is the absence of any hydrogen-induced
changes in the electronic structure of Pd*(110)
(both in the density of states and work function),
as well as the absence of any evidence of the
presence of atomic hydrogen on that surface in
electron-stimulated desorption. ' On the other
hand, in the Pd(111) phase, where the relevant d
levels lie close to EF, their attractive interaction
with the hydrogen molecule is effective enough to
completely remove the activation barrier and hy-
drogen readily dissociates.

Thus, an explanation for the observed differ-
ences in hydrogen-uptake rates might be the fact
that the d band is shallower in Pd(111) than in
Pd*(110).

Note that on the clean Pd*(110) surface we
argue that the low hydrogen-uptake rate is due
to a low dissociation rate. In contrast, on the
clean Nb(110) surface we contend that dissocia-
tion is initially rapid until the strongly chemi-
sorbed hydrogen limits further dissociation of
the incoming H, molecules and slows up the up-
take process.

In summary, we have found that when Pd is ad-
sorbed on the Nb(110) surface it initially prefers
to assume a commensurate structure with the Nb

surface where the interaction between the Pd
overlayer and the neighboring Nb atoms tends to
push the bulk of the Pd 4d bands about 1.5 eVbe-
low EF. However, when coverages start to ex-
ceed a monolayer of this structure, the Pd over-
layer becomes unstable and transforms to its
more close-packed fcc (ill) mesh, thus increas-
ing the d-band width to about 4.5 eV. It was also
found that these changes in the electronic struc-
ture of the Pd overlayer have dramatic effects on
its interaction with hydrogen.

We are grateful for discussions of this work
with J. Davenport, M. Pick, R. J. Smith, and
S.-L. Weng. Special thanks are due to Professor
T. N. Rhodin and R. P. Merrill for the generous
use of their chamber at the Tantalus I storage
ring and to Eric Jensen for his expert help with
the measurements at the synchrotron facility.
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E. Rowe and the staff at the Synchrotron Radia-
tion Center at the University of Wisconsin. The
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Science Foundation Grant No. DMR-77-21888,
and the Cornell facility is supported under Nation-
al Science Foundation Grant Nos. DMR-77-05078-
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Graphite intercalation compounds have been studied by positron annihilation experi-
ments. In donor compounds, a highly inhomogeneous charge distribution is detected
by Coulomb repulsion of the positrons from the intercalant. In acceptor compounds,
however, quasifree positron-anion systems are formed within the intercalant. This is
used to identify the anionic species.

PACS numbers: 71.60.+ z, 78.70.Bj

Graphite intercalation compounds (GIC's) have
been studied for more than fifty years. ' It is
known that they form ordered sequences of graph-
ite and intercalated layers. ' In many cases, they
exist in different "stages, "where the stage n is
determined by the number of carbon planes be-
tween two successive intercalated layers. In the
past few years, GIC's have attracted increased
interest because of possible applications in elec-
trical conduction, catalysis, electrochemical
systems, and other fields. " Simultaneously,
scientific interest has been stimulated, particu-
larly in the field of electronic properties of these
compounds. ' One area of interest concerns the
local charge distribution in GIC's. Vfhereas
earlier experiments were interpreted by a homo-
geneous charge distribution, ' recently Pietronero
eI, al. ' have shown theoretically that the inter-
calant layer is screened nonhomogeneously ac-
cording to a power law. The experiments which
have been carried out so far have only revealed
a distinction between the bounding graphite layers
next to the intercalant and the other interior
graphite layers. ' ' Another area of interest deals

with the identification of the intercalant species
within the graphite sublattice. In particular, the
location and the amount of charge in the inter-
calant layers have been subject to discus-
sions. " "

In the present paper we report the first results
of positron annihilation experiments obtained
with donor- and acceptor-intercalated graphite.
The effects are much larger than those normally
encountered with use of the positron as a solid-
state probe and there is a pronounced difference
between the behavior of donor and acceptor com-
pounds. The probability for an annihilation pro-
cess with a pair momentum p, perpendicular to
the quanta emission is described by the 2y angu-
lar correlation distribution (ACD), N(0), where
0=p, /m, c. The quantity N(0) depends on the
Fourier transform of the electron-positron wave-
function product. " In most applications of ACD,
the primary aim is to investigate the electronic
structure of solids. In many cases it is sufficient
to approximate the positron wave function by a
plane wave with wave vector k, =-0. In the pres-
ent experiments, however, the surprisingly pro-
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