
PH YSICAL REVIEW 8 VOLUME 19, NUMBER 12 15 JUNE 1979

Ultraviolet photoemission from Pd(111)
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Angular-resolved photoemission from Pd(111) has been measured in the photon energy range of 12&1 eV.

The results have been analyzed in terms of direct optical transitions in the bulk band structure.

I. INTRODUCTION

The electronic structure of palladium has been
the subject of a number of recent papers. ' '
However, only a few detailed experimental studies
of the band structure of Pd throughout the entire
energy range of the valence band have so far been
published. Traum and Smith4 used an angle-in-
tegrated photoemission technique to study the
electronic structure of polycrystalline Pd films.
Smith' found agreement between observed fea-
tures in the energy distribution curves and cal-
culated features in the joint density of states.
More detailed information about the band struc-
ture is obtainable if angle-resolved photoemission
of single crystals can be measured. Such mea-
surements on Pd have recently been carried out

by Lloyd et al. ' Contrary to Smith, ' their inter-
pretation of the data was based solely upon a one-
dimensional density of occupied states which may
be too crude an approximation for understanding
the low-energy photoemission of palladium.

We have made an attempt to perform a syste-
matic analysis of angle-resolved photoemission
of a Pd(ill) single crystal. Results of our mea-
surements and an interpretation of the data are
presented in this paper.

II. EXPERIMENT

A palladium single crystal was cut along the
(111)face and was oriented to an accuracy of
better than 1', as deduced from Laue diffraction
patterns. Prior to introducing the sample into the
ultrahigh vacuum (UHV) chamber the surface was
polished mechanically and electrochemically. In
the UHV chamber the sample was further cleaned
by repeated cycles of 500-eV argon ion bombard-
ment and heating at 800 K. The azimuthal orien-
tation was checked by studying LEED patterns to
make sure that a, desired symmetry plane of the
crystal coincided with the plane defined by the

uv light beam, crystal, and the analyzer.
The light source was a gas-discharge lamp

which produced all the usual rare-gas resonance
lines between h&o = 11.85 eV (Ar I} and 40.8 (He II}.
The analyzer was a preretarding cylindrical con-
denser having an energy resolution of about 0.2
eV and an electron acceptance cone of 3' full
opening. The angle of incidence of the uv light
and the emission angle of electrons could be
varied independently. The base pressure in the
UHV chamber was 1& 10 ' Torr, and the working
pressure with the gas lamp on was 2 & 10 Torr.

III. THEORY

In the present calculation we have applied the
three-step model of photoemission which as-
sumes that three independent processes take
place. These are: (i) an excitation from an ini-
tial state to a final state through a direct optical
transition, (ii) an electron transport to the sur-
face, and (iii) an escape through the surface with
a probability which is dependent on kinetic energy
and the direction of propagation. This model has
been successfully used in the analysis of peak
positions in the energy distribution curves of
photoemission of, e.g. , noble metals. ' " Transi-
tion matrix elements are taken to be constant
throughout the valence band. This assumption is
a-crude approximation when peak intensitites are
considered but it does not in general influence
peak positions which are the prime interest for
our study of the electronic band structure. Addi-
tional structure, arising from surface states and
resonances, are observed for some materials'
and even dominate the spectra in some cases."
As will be seen here these effects are not ob-
served for palladium. Other mechanisms not in-
cluded here, such as surface-induced photoemis-
sion, have been suggested to be responsible for
the appearance of strong features in spectra of
transition' "and noble metals. "
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IV. RESULTS
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FIG. 1. Experimental configuration. S~: incident
photons, e: emitted electrons.

The incident angle of photons 4' and the electron
detection polar angle 0 are defined in Fig. 1.
Both of them are in the azimuthal plane (Orl)
which corresponds to the I' LUX plane in the
B 'll uin zone. For each photon energy two sets11 0 1

of energy distribution curves were recorde y
varying the emission angle, namely, one for
4' = 35' and another for 4 = 60'. In the former
case 0 varied between 0'and 45 and in the latter
case between -25' and +25 . Only the results for
tw h ton energies are presented here, v1z. ,0 p o

tsNe I (16.8 eV) and He I (21.2 eV). These resul s
are shown in Figs. 2-5. '

The energy-distribution curves are character-
ized by a strong emission region from the Fermi
level (E'=0) down to about 4 eV below the Fermi
level. The structure corresponds to emission
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FIG. 3. As for Fig. 2 but with other parameters.
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from the nearly filled 4d band. Another immed-
iate observation is that the overall profile of the
curves varies strongly as a function of emission
angle.

Comparison of our spectra with those obtained
by Lloyd et al. ' shows that an agreement is ob-
tained only for emission normal to the (ill) face
(I'-I, direction, 8=0, k~~=0), and appreciable
differences occur for off-normal emission. For
example, at a photon energy of 16.8 eV and
8 = -20' we observe a feature at -2.8 eV, Fig.
3, while Lloyd et al. find a structure around -4
eV.

As shown in Figs. 2-5, a change in 4 only
slightly modified the amplitudes of the peaks.
Perhaps the most pronounced effect occurs for
normal emission at hv= 16.8 eV; when 0 =35'
the intensity ratio of the two strong peaks is 2.6
while for 4 =60 the ratio is 2.0.

Strong variations in peak positions can be ob-
served as the photon energy is varied (Fig. 6),
This fact indicates that the k conserving selection
rule is important for the studied transitions.

FIG. 5. As for Fig. 2 but with other parameters.

Thus the effect excludes a dominant contribution
of surface-induced emission. "

V. DISCUSSION

In the calculations the final-state band was rep-
resented by a free-electron parabola. Because' of
the damping effect the free-electron band may
sometimes be a better approximation" for an ex-
cited electron than an actual calculated bulk band
of the ground state. However, in our case the
assumption of a free-electron final state is hardly
critical since the actual bulk bands also have a
parabolic form in the energy range under study.
The bottom of the fitted parabola was found to
lie at 2.'l eV below the Fermi level.

For the initial states we have used the band
structure obtained by Pessa et al." They used
the Hodges-Ehrenreich-Lang interpolation scheme
in the form refined by Smith and Mattheiss" and
found a good agreement with relativistic aug-
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FIG. 7. Structure plot for A~=16.8 eV. The solid
lines are the theoretical peak positions shown as a func-
tion of 8 for different band pairs. The symbols X, 0, 0
show the energy positions of well-resolved structures in
experimental EDC's. Note that the experimental peak
can be a sum of bvo or more transitions. The dashed
lines show calculated peak positions for the second,
third, and fourth bands for the most probable secondary
cone emission.
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FIG. 6. Experimental KDC's for normal emission
(g = 0) for different photon energies. The angle p is de-
fined in Fig. 1.

mented plane wave bands calculated by Christen-
sen."

Experimental and theoretical results are sum-
marized in Figs. 7 and 8 where experimental peak
positions of the spectra in Figs. 2-5 are com-
pared with calculated peak positions as a, function
of 8. Since the final state is always the same band
the six calculated lines represent the six initial
states Here w.e have assumed (solid lines) that
the features arise mainly from "primary cone
emission, "i.e., only g =(111) is involved in ex-
citation and transport processes.

The calculated peak positions are also marked
on the mea, sured energy distribution curves in
Figs. 2-5. Some of the calculated peaks can be
clearly identified with structures in the measured
curves. All of the clearly resolved experimental
structures have been marked with their energy
positions in the structure plots. In this way it is
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FIG. 8. Structure plot for Ace=21.2 eV. Notations as
given in text of Fig. 7.

possible to verify parts of the calculated band
structure. By the present technique of varying
the detection angle for constant photon energy the
band structure is probed along certain curved
lines in k space. As can be observed, the agree-
ment lies within the experimental uncertainty.
Possibly the lowest calculated s-P-like band is a
few tenths of an eV too high in energy. In the
region from the Fermi level and I eV below it is
not possible to make a detailed comparison be-
cause the cutoff of the Fermi level distorts the
peaks. Transitions from some of the initial
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bands are very weak or are not seen at all. This
can be attributed to low transition probabilities
which are sometimes combined with overlapping
between two or several peaks.

For large positive values of 8 (&45') a band gap
opens up in the structure plots of Figs. 7 Bnd 8
so that no primary emission is expected to occur
between band 3 near the Fermi edge and bands 1
and 2 which are situated below -4 eV. However,
a weak structure appears around -2.5 eV. To
identify this structure we have considered the
possible occurrence of "secondary cone ernis-
sion'"' due to higher Fourier components of the
final Bloch function whose g vectors are not in-
volved in the optical transition. In Figs. 7 Bnd 8
the dotted lines indicate peak positions originating
from "secondary cone emission" from the bands
2, 3, and 4 with g =(200). According to this analy-
sis, the observed features around -2.5 eV result
from the (111)component of the Bloch wave.
Hence, when primary and secondary cone emis-
sion is taken into account all the main features
in the measured spectra can be related to prop-
erties of the bulk band structure.

Hermensson" has shown that strict selection
rules in the matrix element apply for certain
geometries of a photoemission experiment in
the nonrelativistic case. In particular, for emis-
sion normal to the surface, and also. for a mirror
plane, only certain initial symmetries are allowed
for a given polarization of the incident light. In
the present case we have performed a group theo-
retical analysis and have realized that, due to the
mixing of symmetries by the spin-orbit interac-
tion, no such rules are valid in the mirror plane.
For normal emission some selection rules do
exist but the required experimental configurations
could not be arranged. In the present set up it is
necessary to have light polarized perpendicular
to the mirror plane. Alternatively, unpolarized
light can be used if the angle of incidence is in a
plane perpendicular to the mirror plane. Our
finding of no selection rules in the matrix ele-

a

ment for the present experiment is supported by
the fact that, on varying the angle of light inci-
dence in the mirror plane, the observed intensity
variation of peaks is relatively small.

Recently, Louie" has presented calculations on
surface states on the Pd(111) face. From these
it can be found that, e.g., in normal emission,
three of the predicted surface states might be ob-
servable. One state should appear just below
the Fermi level, and the others Bt -2 and -4 eV,
respectively. However, from Fig. 6 we conclude
that no prominant features are observed in the
spectra at these energies. Also for non-normal
emission no clear evidence for surface states can
be found in the curves.

Photoemission from surface states of other
metals has been reported in literature. For in-
stance, for the noble metals strong emission from
a surface state just below the Fermi level is well
established. '~"'"" However, the corresponding
s-P-like state for Pd occurs 2 eV above the Fermi
level, and is thus not accessible with the photo-
emission technique.

It is not clear why the calculeted". d-like sur-
face states are not observed in the present data.
The analysis is complicated by the fact that strong
hole damping occurs giving rise to broad struc-
tures. Further the surface states are expected to
overlap with interband transitions.

It should also be mentioned that Lloyd et &l.'
did observe some surface sensitive structures,
which they tentatively associated with surface
resonances.
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