
PHYSICAL REVIEW B VOLUME 26, NUMBER 12

Brief Reports

15 DECEMBER 1982

Brief Reports are short papers which report on completed research which, while meeting the usual Physical Review standards of

are included in Brief Reports. ) A Brief Report may be no longer than 3/~ printed pages and must be accompanied by an abstract. The

same publication schedule as for regular articles is followed, and page proofs are sent to authors.

Calculation of electronic structure of Pd on Nb(110) interface

Vijay Kumar
Institut fiir Theoretische Physik, Freie Universitat Berlin, Arnimallee 14, D-1000 Berlin 33, Germany

K. H. Bennemann
Institut fiir Theoretische Physik, Eidgenossische Technische Hochschule, Ziirich, Switzerland

(Received 20 August 1982)

A theoretical study of the atomic and electronic structure of the Pd on Nb(110) interface is
presented. In the commensurate (C) phase the interaction of Pd with Nb is strong and the Pd d

band shows two resonant d states. The density of states at the Fermi energy is small but in-

creases in the incommensurate (IC) structure. The C-IC transformation is predicted to occur

when some Pd atoms occupy sites in the second layer.

Recent observations' of high hydrogen-uptake rate
into Nb and Ta upon deposition of thin Pd layers
aroused considerable interest in the detailed investi-
gation of the atomic and the electronic structure'
of this interface. An interesting result of these ex-
periments was the occurrence of structural transfor-
mation from commensurate (C) Pd'(110) to incom-
mensurate (IC) Pd(ill) overlayer for about a mono-
layer coverage and a simultaneous increase in the
H-uptake rate. Low-energy electron diffraction
(LEED) and angle-resolved (AR) photoemission en-

ergy distribution (PED) measurements revealed that
at submonolayer coverages Pd occupies Nb sites.
However, it was not clear how the Pd(111) structure
was completed at about 1.3—1.4 monolayer coverage.
Angle-integrated (AI) PED showed' two resonant d
states at submonolayer coverages and for more than
three Pd(111) overlayers the PED was similar to the
one observed on a Pd(111) surface. ' But it could not
reveal any information about the structure of the in-

terface. We present calculations of the electronic lo-
cal density of states (LDOS) p(E) of the Pd on
Nb(110) interface and of the interface energies in the
C and IC structures. It is shown that from the
behavior of p(E) in the two structures one can learn

interesting facts about the C-IC transformation.
First, in the C structure one notes an increase of

about 4% in the nearest-neighbor distance as com-
pared to the bulk for Pd atoms deposited on
Nb(110). The coordination is lower than in any low

index plane of Pd. In the Pd(111) configuration the
Pd overlayer can accomodate about 15% more atoms
as compared to the Nb layer. Though the possibility

of small contractions cannot be ruled out, we con-
clude in accordance with LEED' that the Pd'(110)
structure transforms into Pd(111) structure in islands
which grow with the addition of Pd. However, it
seems likely that by the time the first Pd(111) layer
is completed some Pd occupies sites in the second
layer. Results of our LDOS calculations also support
this possibility.

As the photoemission data' suggest, we consider
for the determination of the electronic structure only
the 4d electrons. These are treated in the tight-
binding approximation. To calculate p(E) the recur-
sion method is then best suited since the structural
changes can be easily incorporated. The occupancy
of the bulk d bands is taken to be 3.6 for Nb and 9.5
for Pd. The hopping integrals between Nb and Pd
are taken equal to the mean of those of pure Nb and
Pd and their distance dependence is assumed to fol-
low R 5 law. 7 For Nb(110) and Pd(111) surfaces the
center of gravity of the surface band is determined
self-consistently from e= e + U(n —n ) Uis the.
intra-atomic Coulomb interaction taken to be 3.0 eV
and n(nc) is the charge per atom per spin in the sur-

face (bulk). In the occupied band the Nb LDOS
shows (inset Fig. 1) a main peak at —0.037 Ry as also
observed. s For Pd(ill), p(E) shows (inset Fig. 2)
peaks just below the Fermi energy EF and at energies
—0.037, —0.074, —0.136, and —0.194 Ry. Photoemis-
sion results ' also show peaks around —0.05 and
—0.177 Ry.

In the C phase the work function $ of Nb is ob-
served to decrease linearly up to a Pd coverage
0 =0.9 by 0.2 eV and then it increases linearly with 0
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FIG. 1. LDOS for Pd and underlying Nb layers in (a) the
C structure and (b) the IC structure on a Pd site having
three equivalent Nb neighbors, (c) shows the same for two
Pd(111) overlayers. The inset shows the clean Nb(110) sur-
face LDOS.

to the value of Pd(111) surface. This suggests a very
small charge transfer from Pd to Nb in the C struc-
ture and the reverse in the IC structure. Note, upon
adsorption the d and s-p levels of Pd atoms will

broaden and may lead to a d-charge transfer to Nb as
well as a redistribution of the s-p and d charges. Fur-
ther some s-p charge may flow from Nb to Pd similar
to a situation encountered in alloys. " In the present
work where only the d bands are considered, we as-
sume the d charge on Pd atoms in the C phase to be
9.7e and no charge transfer at the interface. In the
IC phase the Pd atoms are expected to behave more
like those at the Pd(Ill) surface. A small charge
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FIG. 2. Surface LDOS for (a) two and (b) three Pd(111)
overlayers. The inset shows the Pd(111) surface LDOS.

transfer at the interface of order 0.026/atom to Pd is
determined" from the dipole layer formed by match-
ing the two Fermi energies.

For the C structure the LDOS are presented in Fig.
1(a). One obvious feature is that the Pd band is
quite narrow as compared to the Pd(111) surface. It
is because of the lower coordination and the in-
creased nearest-neighbor distance which results in a
decrease of the overlap integrals. The DOS at E~ is
very small and the band is relatively filled. This also
explains qualitatively why in this structure H2 is not
easily dissociated. A decrease in the d holes will de-
crease' the binding energy of atomic hydrogen and
thus increase the barrier for H2 dissociation.
A small p(EF) implies a small charge transfer to
the molecular antibonding state which would weaken
the H2 bond. Note that a large p(EF) for Pd also
favors' hydride formation. Thus we expect a low H
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uptake for the Pd'(110) structure. This result is in

complete agreement with the ARPED measure-
ments. Furthermore, there are three peaks" at en-
ergies —0.129, —0.181, and —0.224 Ry and a shoulder
at —0.06 Ry. These are in close agreement with the
AIPED data which also show similar three peaks at
—0.092, —0.176, and —0.228 Ry for 0 &1. Since
these features exist even for low coverages we con-
clude that there should be a tendency of Pd" (110) is-
land formation. ' The peak around —0.092 Ry in the
photoemission' should also have a contribution from
the underlying Nb as a similar feature is observed
even for a clean Nb surface. Further the main
features of the Pd LDOS are similar to that of an un-
supported Pd'(110) monolayer'7 except that the
peaks around —0.181 and —0.224 Ry are more prom-
inent. These have strong interactions with the states
of the underlying Nb. It can be noted that the Nb
LDOS has an appreciable number of states in this re-
gion whereas the clean Nb(110) has almost none.
The shoulder at —0.06 Ry in the Pd LDOS is at an
energy where the surface states (resonances) are ex-
pected to occur for the Pd(111) surface.

In Fig. 1(b) we present results for one Pd overlayer
in the closed packed fcc (111) structure. In this case
as the overlap with neighboring Nb layer changes, the
LDOS also vary from one site to another. The band
has broadened because the overlap and also the coor-
dination has increased. However, the latter is still
less than that for the Pd(111) surface and so the
band is expected to become still broader as more Pd
layers are added. An important feature of our Pd
LDOS is that we now get only one peak at —0.218 Ry
whereas in the C structure two distinct peaks were
obtained around —0.2 Ry. This peak is due to the
bulk Pd d bands but shifted slightly towards higher
energy because of the interaction with Nb. The peak
around —0.13 Ry and the shoulder at —0.06 Ry have
grown further. Absence of strong Nb interaction
peaks show that the interaction of Pd with Nb is
weaker. It is because of more participation of the d
electrons in the Pd-Pd binding. The Pd LDOS and
the d holes at E~ have increased but are still small.
This is again in agreement with the slight increase in
the H-uptake rate' as the structural transformation
takes place. e of the Pd band is shifted to lower
binding energy (—0.26 Ry). Quite similar features of
the Pd LDOS are obtained for the Pd atoms asymme-
trically placed (closer to the bridge site chemisorp-
tion) on three Nb atoms. Since in the AIPFD results
at 0 =1.2 peaks at —0.228 and —0.176 Ry and a
shoulder at —0.092 Ry are distinctly observed, we in-
terpret that around a monolayer coverage transforma-
tion from Pd'(110) to Pd(111) structure starts in the
form of islands. Consequently, we expect a change
in $ towards the pure Pd(111) value and furthermore
around the transition coverage @ may be different for
different observations. At O=1.4 only a peak at

—0.176 Ry is seen. ' %e believe that at this coverage
some Pd has occupied sites in the second layer in the
form of Pd(111) islands. It can be seen in Fig. 2(a)
that for two Pd(ill) overlayers p(E) shows a broad
peak at E = —0.18 Ry and a clear peak at —0.057 Ry.
The latter peak is also observed in AIPED at 0=2.2
and 2.8 and is interpreted to arise from surface states
(resonances). It was seen, 3 also in our calculations,
as a shoulder in the coverage range 1 & 0 & 2. The
LDOS at Eq has sharply increased and the d band is
less filled. e of the Pd band has shifted further to
lower binding energy (—0.23 Ry). One should there-
fore expect an increase in the H-binding energy and a
sharp increase in the H-uptake rate as observed. '
The bandwidth is now similar to the one of Pd(111)
surface. Shifts of e should also be reflected in the
core levels which can be accurately measured by x-
ray photoelectron spectroscopy.

p(E) of the underlying Pd and Nb layers are
shown in Fig. 1(c). The Pd LDOS shows peaks at
—0.228 and —0.062 Ry and a shoulder at —0.18 Ry.
The peak around —0.13 Ry observed for Pd'(110)
and Pd(111) overlayers is not present. The interac-
tion of Pd with Nb is further decreased and the Nb
LDOS looks closer to the clean Nb(110) LDOS.
Similar feature of the Nb LDOS is found when the
first layer is in the Pd'(110) and the second layer is
in the Pd(111) structure. However, we rule out this
possibility as in the surface LDOS the peak around
—0.13 Ry persists. %e think that after about 0.9 cov-
erage Pd occupies sites in the second layer and thus
weakens the interaction of Pd with Nb significantly.
The lateral interactions between Pd atoms then be-
come more important and causes the structural
transformation. This also explains completion of the
first Pd(111) layer at 8=1.3—1.4.

To confirm this we calculated the interface energies
U;„, using a bond model:

rr %' IJ V
~int ~ Kpd-Pd + 6Pd-Nd

l WJ

6pd pd is taken from the heat of vaporization of pure
Pd and e)q Nb= (E$g pgeNb Nb) . In the C phase, in-
teraction up to second neighbors is considered with
distance dependence as R . In the IC phase Cpd.Nb is
assumed to be 10% smaller as it is approximately the
difference in binding energies on different sites. The
number of Nb neighbors for each Pd is taken to be
2.5 on the average. For two overlayers e(& Nb is ex-
pected to be smaller (15—25'/o) as the bonds get sa-
turated. Our calculations show that two Pd(111)
overlayers are energetically more favorable than two
Pd'(110) overlayers whereas initially a Pd'(110)
overlayer is more stable thus justifying our con-
clusions drawn from p(E) results. More generally
we expect IC as compared to C interfaces when the
energy gain due to lateral interactions is more than
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the decrease in the heat of interface formation due to
AB interactions.

In a further study we took three Pd(111) over-
layers. The peaks at —0.046 and —0.181 Ry are fully
developed [Fig. 2(b)]. The LDOS looks much closer
to the Pd(111) surface, however, it still differs in de-
tails. For comparison note that for the Cu(100) sur-
face three layers were not sufficient" to get correct
surface LDOS.

Our calculations clearly illustrate that from such a
relatively simple calculation it is possible to accurately
reproduce details of the DOS and to learn about the

frequently encountered structural transformations at
metallic interfaces. These studies also show the im-
portance of specific geometries which can poison or
activate a particular reaction.
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