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Epitaxial Pd(111) layers on Fe(110) and Co(0001) thick-film substrates atop W(110) are studied using
low-energy electron diffraction (LEED), Auger electron spectroscopy, and angle-resolved photoemission
with He I, Ne I, and synchrotron-radiation photon sources. Clear LEED patterns obtained for Pd cover-
ages between 0 and 10 atomic layers (AL's) indicate commensurate Pd(111) overlayer structures in both
systems. Satellite reflexes for films in the monolayer coverage range indicate long-range coincidences of
10 Pd atoms on 11 substrate atoms along specific directions. Auger peak intensities of overlayer and
substrate as a function of film thickness show straight-line segments separated by breaks at the com-
pletion of full atomic layers, suggesting layer-by-layer growth up to a Pd coverage of at least 2 AL and
no interdiffusion with the substrates. Interface states are identified for monolayer coverages in both sys-
tems by observing a saturation of their intensity as a function of film thickness near 1 AL and a vanish-
ing dispersion with the electronic wave-vector component perpendicular to the surface (k& ). In contrast
to bulklike features at higher Pd coverage, the interface states are insensitive to the incident-light polar-
ization (s or p), possibly because of the almost incommensurate structure of the Pd overlayer. The total
Pd-induced 4d bandwidth of the monolayer seen in photoemission spectra taken at photon energies near
60—90 eV is approximately 3.5 eV and exhibits noble-metal character, i.e., little intensity near the Fermi
level Ez. Monolayer spectral features in both systems show considerable ( 1 eV) dispersion with the
electronic-wave-vector component parallel to the surface, k~~, indicating interactions within the over-
layer. All Pd-induced features have mainly overlayer character, i.e., all exhibit a Pd-like photon-energy
dependence in the region of the Pd 4d Cooper minimum. The transition to a bulklike Pd{111)electronic
structure is virtually complete at a Pd coverage of 5 AL, although dispersion with k& starts at 3 AL and
a final-state resonance typical of the bulk is even discernible at 1.5 AL. A "second-layer" interface state
for Pd coverages between 1.5 and 2.5 AL probably arises through the changed potential caused by the
second Pd layer.

I. INTRODUCTION

Many of the magnetic properties of three-dimensional
solids change intriguingly upon transforming to two-
dimensional structures such as surfaces or ultrathin films.
Examples include the following:

(i) strongly enhanced magnetic moments predicted near
a ferromagnetic surface

(ii) a drastically reduced Curie temperature in thin fer-
romagnetic films, which depends sensitively on film thick-
ness and on the presence of adsorbate layers;

(iii) induced "artificial" ferromagnetic order due to
metastabile, strained superstructures in epitaxial thin
films of (normally) nonmagnetic metals; and

(iv) changed magnetic anisotropies in multilayer struc-
tures consisting of alternating ferromagnetic and nonfer-
romagnetic layers.

This last property, in particular, has helped to spur the
recent interest in multilayer systems such as Co/Pd and
Co/Pt, which are promising candidates for high-density
perpendicular magneto-optic recording media. The per-

pendicular anisotropy in such systems can be controlled
through variation of the Co layer thickness and film
orientation, and a large Kerr rotation at short photon
wavelengths has been demonstrated. Empirically, a
correlation between the magnetic properties and interface
roughness has been noted and this, plus the fact that the
relevant layer thicknesses in such structures are often
only a few atomic layers (AL's), suggests that the elec-
tronic structure right at the interface plays an important
role.

Despite this, there were until recently relatively few
spectroscopic studies addressing the spin-resolved elec-
tronic structure of such interfaces, for example, using
spin-polarized, angle-resolved photoemission (ARUPS),
the most powerful technique for investigating surface
electronic structure. " This prompted us to begin a de-
tailed study of interfaces of nonferromagnetic metals with
ferromagnetic substrates from the point of view of their
electronic band structure, using both spin-polarized and
spin-integrated ARUPS. Our goal was first to character-
ize the film systems as well as possible, e.g. , as to the
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growth mode and overlayer structure, before studying
their electronic structure as a function of film thickness
with photoemission. Here, the topics that arise include
the possible existence of interface states at low coverages,
the nature of the observed spectral features (i.e., whether
they arise mainly from overlayer or from substrate
states), the interactions within the overlayer (e.g. , devel-
opment of a dispersion relation parallel to the interface),
the possible existence of spin splittings in the overlayer-
induced features (indicating magnetic polarization
effects), and, finally, the development of bulklike electron-
ic structure with increasing overlayer thickness. For the
first study we chose thin films of Pd and Pt on ferromag-
netic Fe(110) and Co(0001) substrates. We recently re-
ported spin-polarized ARUPS results for these systems '

in which we find spin splitting of interface states, indicat-
ing a magnetic polarization of the first atomic layer in
contact with the substrate. The present paper focuses on
the more general questions of overlayer electronic struc-
ture as revealed by spin-integrated ARUPS measure-
ments using conventional as well as synchrotron-
radiation excitation sources. It concentrates on Pd over-
layers on Fe(110) and Co(0001) substrates. After a brief
description of the experimental apparatus used, we begin
with a discussion of the film structure and growth mode
as determined using low-energy electron diffraction
(LEED) and Auger electron spectroscopy (AES). The re-
sults for the electronic structure obtained with ARUPS
then follow.

II. EXPERIMENTAL DETAILS

Two different experimental setups for angle-resolved
photoernisison were used in the work. Use of the first
system was kindly provided to us by Professor H.
Neddermeyer of the Ruhr-Universitat Bochum. It con-
sists of an ultrahigh-vacuum chamber divided into sam-
ple preparation and measurement areas; the sample,
mounted on a long-travel manipulator, can be moved be-
tween these areas. In the measurement part of the
chamber, a 50-mm mean radius hemispherical electron
energy analyzer (VSW Ltd. , Model HA-50) is installed on
a goniometer allowing rotation about two independent
axes. The angular acceptance is +1. The photon source
is the toroidal-grating monochromator beamline "TCxM-
3" at the BESSY synchrotron radiation facility in Berlin.
It delivers photon energies h v in the range 10—200 eV. A
combined energy resolution (photon plus electrons) of
AE-250 meV for hv-14 eV up to -30 eV, and
AE —500—700 me V for photon energies above, was
achieved in the experiments described here, the lower
limit being set by the energy analyzer. The W(110) sub-
strate was mounted such that photons were incident in
the plane containing the surface normal and the [0,0, 1]
crystal direction, and were polarized in this plane. The
angle between the surface normal and the incidence
direction of the light was set at either 37' (i.e., mainly s
polarized) or 65' (mainly p polarized). A LEED optics
for sample characterization was also installed in the mea-
surement section of the apparatus. In the preparation
section, which can be isolated from the measurement sec-

tion below by a gate valve, custom-built, water-cooled,
electron-bombardment evaporators were installed, which
allow the growth of thin metal films by sublimation from
high-purity ()99.9%) pellets. After thorough degass-
ing, operation at a pressure of -4X10 ' mbar, only
slightly higher than the chamber base pressure of
—1 X 10 ' mbar, was possible. The metals were simul-
taneously sublimated onto the substrate and onto a near-
by quartz microbalance, giving a relative film thickness
measurement.

The second apparatus for spin-polarized ARUPS has
been described elsewhere, ' so only a few relevant details
will be given here. Characterization of the sample with
LEED and AES is possible in this system, the latter
method employing a cylindrical mirror analyzer and data
collection in the analog dN/dE model. Thin films here
are also sublimated from high-purity ()99.9%) metal
pellets using two commercial electron-beam sources (Ley-
bold ESV-2) having added water-cooled shielding. A
pressure during deposition of -6X 10 ' mbar (at a
chamber base pressure of 1 —2 X 10 ' mbar) was
achieved after degassing of the sources. As in the other
apparatus, a relative measure of film thickness is acquired
by simultaneous deposition onto the substrate and onto a
quartz microbalance. A noble-gas resonance lamp is the
photon source; for the work described here it was operat-
ed unpolarized with either He or Ne gas, giving photon
energies of h v=21.2 eV (Hei) or 16.85 eV (Net). Pho-
tons are incident at an angle of 30' to the surface normal.
The 50-mm mean radius hemispherical analyzer is
backed by a 100-kV Mott detector to determine the spin
polarization of the emitted photoelectrons by scattering
from a thin (1500 A) Au foil; for the spin-integrated spec-
tra described below the unscattered transmitted beam
was used. The analyzer was operated at an energy resolu-
tion of 100 meV and at an angular acceptance of +3'.

III. RESULTS AND DISCUSSION

A. Film growth, characterization,
and thickness calibration: AES and LEED

A prerequisite for the study of the electronic structure
of the film systems is an understanding of the growth pro-
cess. This includes knowledge of the film thickness, of
the presence of possible defects such as islands, cluster-
ing, or interdiffusion with the substrate, and of the over-
layer structure (e.g. , whether the overlayer is crystalline
or not and whether an epitaxial relationship to the sub-
strate is present).

The "substrates" Fe(110) and Co(0001) used in this
work were, in fact, epitaxial films about 15-AL-thick
grown on a W(110) substrate. More details of these epi-
taxial systems can be found in the literature. ' Distor-
tions of the Fe or Co overlayers on W(110) due to misfit
to the substrate occur for the thinnest films. At least for
the first few layers, the growth mode is layer by layer.
For film thicknesses above 6 AL (for Fe) or 4 AL (for Co)
the structural distortions are no longer visible in LEED,
and a bulklike structure is assumed. For this work,
elevated substrate temperatures during overlayer growth
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of 150'C for Fe and 100'C for Co yielded films having
distinct LEED patterns comparable in intensity and
sharpness to those of the substrate. To within experimen-
tal accuracy, the LEED patterns of the 15-AL Fe or Co
films were characteristic of the primitive (1 X 1) surface
structure expected for bulk samples (see, however, the
discussion of Pd/Co below).

Pd deposition onto either Fe or Co substrate films was
always at room temperature and at low growth rates of
-0.2 AL/min in order to minimize any possible
interdiffusion. The growth mode was studied by measur-
ing the intensities of Auger signals of Pd and substrate as
a function of film thickness (as measured with the quartz
microbalance), and searching for break points separating
straight-line segments. These points indicate the corn-
pletion of full atomic monolayers, provided, of course,
the growth is actually layer by layer. ' Experimentally,
deposition of Pd was periodically interrupted and the
sample brought to the Auger analysis position by a rota-
tion. In this way the analysis position was very reprodu-
cible, and sufficiently many intensity measurements (ca.
15 per AL) could be made to ensure that the results were
statistically significant. An example for Pd growth on Fe
is in Fig. 1, showing the intensity of the Fe 47-eV, the Pd
330-eV, and the Fe 703-eV Auger lines as a function of
Pd film thickness. The intensity of the Fe 47-eV Auger
line has a distinct break point corresponding to com-
pletion of the first atomic layer, suggesting layer-by-layer
growth for at least the first two atomic layers in this sys-
tem. Assuming this is the case, the inelastic mean free
path (IMFP) of the Fe Auger electrons can be estimated
from the observed ratio of the slopes of neighboring
straight-line segments using the relation

m "+ I —(d /I, cosa)=e
m~

Here, m„ is the slope of the nth straight-line segment
of the Fe Auger signal, A, is the IMFP of the Auger elec-
trons, d is the thickness of one atomic layer of Pd, and a
is the emission angle of the Auger electrons (a=42' for
the experimental geometry used). Using d =2.25 A, the
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FIG. 1. The intensity of Auger lines (peak-to-peak heights) vs
film thickness for Pd growth on Fe(110).

in~terlayer spacing for bulk Pd(111) lattice planes, yields
A, =3 A, a reasonable value for this kinetic energy, when
compared to the data compilation and "universal curve"
for the IMFP given by Seah and Dench. ' In contrast to
the intensity of the Fe 47-eV Auger line, that of the Pd
330-eV Auger line has less distinct break points. Al-
though these data points in Fig. 1 are shown with a series
of fitted straight-line segments, the intensity can equally
well be fitted by an exponential curve of the form

I(pd 330 eP) cc 1 —e

with k=6 A. Note that this value of A, agrees with the
IMFP at this kinetic energy given by Seah and Dench. '

For a deviation from layer-by-layer growth (e.g., cluster-
ing), one expects a value of A, from such a fitting pro-
cedure that is significantly larger than the IMFP given by
the universal curve. Thus, the Pd 330-eV Auger intensity
is also consistent with layer-by-layer growth up to a Pd
coverage of 2 AL. Experimentally, of course, break
points become harder to discern as the change in slope
between neighboring straight-line segments decreases
with increasing IMFP. The intensity of the Fe 703-eV
Auger line is an extreme example: it has a much gentler
dependence on Pd overlayer thickness than that of either
of the other two lines, without discernible break points.
This is because of the significantly longer IMFP [ —11 A
(Ref. 15)) for these higher-energy electrons. Similar re-
sults obtained for the growth of Pd on Co also imply
layer-by-layer growth for up to two atomic layers in that
system.

These AES measurements thus give us, along with an
indication of the growth mode, an absolute measure of
the Pd film thickness. This allows a calibration of the
quartz microbalance results, which can then be used for
further thickness measurements. Because of the various
uncertainties involved, we estimate an error in such film
thickness measurements of at least +15 Jo.

Auger measurements were possible in the second ap-
paratus described above, but not in that at the synchro-
tron radiation source. There we relied on relative thick-
ness measurements from a quartz microbalance. The
calibration is in this case by reference to the photoemis-
sion results as a function of Pd film thickness d from both
apparatus at comparable photon energies. The valence-
band photoemission energy distribution curves (EDC's),
as we shall see below, depend sensitively on d.

Low-energy electron diffraction results for the two film
systems Pd/Fe(110) and Pd/Co(0001) revealed quite
different behaviors. The former has been studied exten-
sively in the past. ' The Pd layers grow in nearly undis-
torted epitaxial (111) planes on the Fe(110) substrate in
the so-called "Kurdjumov-Sachs" arrangement. ' Qne
can view this as follows. The starting point is a (111)
overlayer of Pd having the bulk Pd lattice constants and
oriented with its fcc [0, 1, 1, 1] crystal direction parallel to
the bcc [0,0, 1] direction of the Fe(110) substrate. This re-
sults in an incommensurate layer with relatively large
direction-dependent misfits. If the Pd(111) layers are dis-
torted from their bulk lattice constants only slightly (a
compression of —1 go and a change in the lattice angle of
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—1 ), and are rotated azimuthally on the substrate by
5.25, a commensurate overlayer results. This layer has a
1:1 coincidence along bcc (1,1,3) directions, and a 10:11
coincidence (i.e., 10 Pd on 11 Fe atoms) along bcc
(1,1, 1) directions. The resulting Pd overlayer structure
has a large rectangular unit cell containing 10 Pd atoms,
so that on average only one Pd atom in 10 is on an
Fe(110) lattice point. If one assumes that these Pd atoms
are in on-top sites, then the remaining nine atoms are in
various (distorted) bridge adsorption sites. Experimental-
ly, the 10:11 coincidence appears in LEED as satellite
reAexes along the appropriate reciprocal-lattice direc-
tions, beginning at the lowest Pd overlayer thicknesses.
These are shown in the photograph of the LEED pattern
in Fig. 2(a). Two domains are present, corresponding to
rotations of the Pd overlayer by +5.25'. The satellite
reflexes diminish with increasing Pd overlayer thickness;
at 5 AL's they are gone, but two fcc (111) domains
remain. Even for this relatively thick Pd overlayer, and
for even thicker layers up to —10 AL's the (1 X 1) LEED
reAexes are sharp and distinct.

Palladium overlayers on Co(0001) have a diFerent
structure. In this system the symmetry of the overlayer
matches that of the substrate, but the bulk lattice con-
stant misfit is relatively large (9.6%). At a coverage of
1 AL, a distinct (1 X 1) LEED pattern having additional
(11X 1) superlattice refiexes along the Co [1,2, 1,0] direc-
tion is observed [Fig. 2(b)]. This is consistent with a dis-
torted Pd(111) overlayer. A slight distortion in the Co
[1,2, 1,0] direction yields a 10:11 coincidence corre-
sponding to 10 Pd atoms on 11 Co atoms, while along the
Co [1,0, 1,0] direction a relatively large compression
(5%) of the bulk Pd(111) lattice constant is required to

O

FIG. 2. LEED patterns of (a) 1.5-AL Pd on Fe(110) (electron
energy: 170 eV) and (b) 1-AL Pd on Co(0001) (electron energy:
139 eV). Symmetry directions of the substrate are indicated to
the right of each pattern.

give a 1:1 coincidence. No superlattice reflexes appear in
the other two directions of the Co surface equivalent to
[1,2, 1,0]. This is an indication that the Co(0001) sub-
strate is not perfectly hexagonal, but rather retains a
slight bcc distortion induced by W(110). The Pd over-
layer thus exhibits the "Nishiyama-Wasserman" epitaxial
orientation normally observed for fcc (111) overlayer
films on bcc (110) substrates. ' As mentioned above, this
slight lattice distortion of Co is not visible in LEED, so
that we estimate it is under 1%. For Pd overlayer
thicknesses of 2 —3 AL's the LEED reAexes become some-
what unsharp and the superlattice reflexes gradually fade.
This is probably due to relaxation of the distortion along
the Co [1,0, 1,0] direction by incorporation of lattice de-
fects. At higher coverages of up to —10 AL's the super-
lattice reflexes disappear, and the remaining LEED
reflexes become sharper. Analysis of the pattern shows
that there is almost no compression in the Co [1,0, 1,0]
direction, so that the structure at this stage is nearly the
ideal fcc (111)with bulk Pd(111) lattice constants.

B. Thickness-dependent electronic structure:
interface states

To gain an overview of the electronic structure of the
film systems, we first measured photoemission EDC's of
the valence band at one photon energy as a function of
Pd overlayer thickness. Examples are in Fig. 3(a) for
Pd/Fe(110) and in Fig. 3(b) for Pd/Co(0001), both rnea-
sured with h v=21.2 eV. These data are from the second
apparatus with the resonance lamp run under identical
conditions for each EDC. This allows the comparison of
absolute intensities from one EDC to the next. The most
obvious result is that even a relatively small amount of
Pd, under 1 AL, induces clearly discernible structures in
the EDC's. This is understandable, since for this photon
energy the atomic photoionization cross section of the Pd
4d level is about five times larger than that of the 3d level
of either Fe or Co. ' For both systems the EDC's reach
an apparent saturation at Pd coverages above —5 AL's,
at which point they resemble the spectra of bulk Pd(111)
surfaces. ' ' Before this stage, the EDC's are dominated
by a structure at —1.5-eV binding energy [for
Pd/Fe(110)] or at —1.3 eV binding energy [for
Pd/Co(0001)]. These peaks are clearly separate from
those of the substrate and from the Pd(111) bulk struc-
tures that appear first at larger Pd coverage. Their inten-
sities increase in the submonolayer coverage region and
saturate near 1-AL Pd coverage (the EDC's for 1.5 AL's
are plotted with bold lines in Fig. 3). While the intensity
at the binding energy of the peak increases with higher
Pd coverage in both cases, this is rather due to an in-
crease in the bulklike features than to a continued growth
of the peak. This is the behavior expected for an inter-
face state, i.e., a state which exists by virtue of the inter-
face with no clear counterpart in the substrate or over-
layer bulk electronic structure. Similar reasoning has
been used to identify interface states for Cu/Ru(0001)
(Ref. 21) and for Pd/Nb(110).

For both film systems in the Pd coverage range up to-3 AL's there is no strong increase in the photoemission
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intensity at the Fermi level Ez as Pd coverage increases.
For Co(0001) there is only a small increase, and for
Fe(110) there is even a clear decrease. Palladium d bands
in the bulk are only partially occupied (effective 4d occu-
pation of 9.6), so that in the thin-film systems one might
expect an increase in intensity near EF with Pd coverage,
depending, of course, on the nature of the substrate elec-
tronic structure near EF. However, thin films of Pd on
metals often exhibit a closed-shell "noble-metal" elec-
tronic configuration which can even influence the chem-
isorption properties of the overlayer, e.g. , the H2 chem-
isorption properties of a pseudomorphic Pd monolayer
on Nb(110). This is especially the case for, e.g.,
Pd/Al(111), for which one finds for the monolayer only
a relatively deep Pd 4d level near —4-eV binding energy.
This resembles the level observed for Pd dispersed in a
Ne matrix, approximating atomic Pd. For Pd adsorbed
on transition metals, the levels are apparently more '

influenced by the hybridization with substrate d levels, so
that intensity appears also at lower binding energies.
This is the case for both film systems described here. For
film thickness around 4 to 5 AL we find a small but dis-
tinct Fermi edge in the EDC's, indicating the transition
to a bulklike Pd 4d occupation.

Fe(1 10) + x AL Pd
hv = 21.2 eV
normal emission

X

5.0
3.5
2.7
2.0
1.5
1.3
1.0
0.5
0.3
0.0

Co(0001) + x AL Pd
hv = 21 2 eV
normal emission

5.0
g 0
3.0
2.5
2.0
1.5
1.0
0.5
0.0

I I I I I I I I I I ~ I

—7 —6 —5 —4 —3 —2 —1 0
Binding energy (eV)

FIG. 3. Valence-band electron energy distribution curves
(EDC's) taken at normal emission and h v=21.2 eV for various
Pd overlayer thicknesses (indicated in atomic layers, AL s), plot-
ted on common y axes: (a) Pd/Fe(110), (b) Pd/Co(0001).

C. Monolayer electronic structure:
normal emission results with variable h v

The presence of interface states in these systems raises
further questions, especially in relation to our recent
spin-resolved photoemission results for these states. We
observed that the interface states are spin split, i.e., the
interface state peak is seen in both spin-up and spin-down
channels, with a peak separation between the channels of
about 200+50 meV. The spin splitting in both systems is
"inverted", i.e., opposite to the "normal" exchange split-
ting of the ferromagnetic substrate. Interface states,
similarly to surface states, can exhibit differing charac-
teristics. Calculations show, e.g., that the relative contri-
bution of overlayer versus substrate to the state can vary
and that the state can be more or less strongly confined to
the interface region. ' Such characteristics should
inhuence the magnetic properties of the interface. We set
out to address such questions by measuring the electronic
states of the monolayer and of thicker films, especially
their dispersion relation E(k), where the electronic wave
vector k consists of components parallel and perpendicu-
lar to the interface (k

ii
and ki, respectively).

A further test of the interface-state character of the
feature observed to saturate at 1-AL Pd coverage is pro-
vided by studies of its despersion with k~. An interface
state should be confined in the direction perpendicular to
the substrate, so that no dependence of k~ is expected.
For angle-resolved photoemission at normal emission, k~
is changed by varying the photon energy. Figure 4 shows
EDC's taken with synchrotron radiation in p polarization
for the Pd/Fe(110) system. For comparison, Fig. 4(a)
shows the uncovered Fe(110) substrate and Fig. 4(b) the
results after deposition of 1-AL Pd. Similar spectra for
the Pd/Co(0001) system are in Fig. 5, showing clean
Co(0001) and its coverage by 1.3-AL Pd. The individual
spectra in Figs. 4 and 5 are arbitrarily normalized to all
have the same maximum intensity. For clean Fe(110) the
results agree with those obtained in similar studies of
bulk Fe(110). A peak due to the crossing of two X,
bands appears at hv=16 eV. One component of this
peak disperses by -300 meV toward EF as the photon
energy increases, while the other component disperses
slightly toward higher binding energy and is visible as a
shoulder at h v=30 eV. The range of k~ represented by
the spectra in Fig. 4 is about half the Brillouin zone in
the I N direction of Fe. In contrast to this dependence
on ki, the interface state peak in Fig 4(b) shows almost
no dispersion ( ( 100 meV), and appears to be nearly un-
changed in shape and intensity over most of the photon-
energy range. A small dispersion can arise from the error
in the setting of the sample angle for normal emission,
about +3. Similar results obtain for the Pd/Co(0001)
system. The substrate EDC's agree with results in the
literature, except for the absence of a Co surface state at—0.3-eV binding energy, which, however, is very sensi-
tive to H2 adsorption. (Hydrogen is the major com-
ponent of the residual gas in the vacuum system. We,
nevertheless, were able to identify the surface state in
measurements of Co films made shortly after deposition. )

Again, the Pd interface state at —1.3-eV binding energy
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range. Such a comparison reveals a total Pd 4d band-
width of about 3.5 eV.

Results surprisingly similar to those for the Pd/Fe(110)
system are obtained in normal-emission EDC's for the
Pd/Co(0001) system in the photon-energy range from 40
to 80 eV (not shown). In comparison to the Pd/Fe(110)
data, only small differences in peak binding energies or in
the dependence of peak intensities on photon energy are
evident. For example, the second peak appears near a
—1.9-eV binding energy and has an appreciable intensity
first for photon energies above 40 eV; the third peak is,
again, at —4.5 eV, but is visible only for photon energies
above 63 eV. The very weak fourth peak is, however, not
discernible for Pd/Co(0001). The Pd 4d bandwidth is
thus also about 3.5 eV for monolayer Pd/Co(0001).

The overall features of the photoemission spectra in
Figs. 4—6 are in broad agreement with previous experi-
mental results and calculations for Pd monolayers on
transition metals. Angle-resolved photoemission results
obtained by El-Batanouny et al. showed up to five Pd-
induced states in the binding-energy range from —1.5 to—4. 1 eV for the commensurate Pd(110) monolayer on
Nb(110). In this system the maximum distortion of the
nearest-neighbor Pd-Pd distance relative to bulklike
Pd(111) planes is about 4%. The highest binding-energy
electronic state at —4. 1 eV had X& symmetry, while four
states having X&, X3, or X4 symmetry were found at
—1.5- to —2. 5-eV binding energy. Electronic structure
calculations by the same authors agreed well with their
observations. Since calculations for a Pd(110) monolayer
on Nb(110) did not differ significantly from those of a
free-standing bcc (110) Pd monolayer having the ap-
propriate lattice constants, they concluded that the in-
teraction between Pd adatoms and the Nb substrate was
relatively weak, probably because the Pd 4d states over-
lap mainly s-like Nb bands. Weak coupling to the sub-
strate was thought to be responsible for the relative
sharpness of the Pd spectral features. In comparing these
results with ours, we find agreement in the total Pd 4d
bandwidth of approximately 3.5 eV and in the existence
and symmetry (see Sec. III D) of the highest binding-
energy Pd state. The absence of significant Pd intensity
near EF and the consequent "noble-metal" character of
the Pd monolayer is present in both studies. However, in
both the Pd/Fe(110) and Pd/Co(0001) systems fewer
states are visible in the EDC's, and the lower binding-
energy states in the range between —1.3 and —2. 1 eV
show no clear dependence on light polarization (see Sec.
III D). There is also apparently a difference in the
photon-energy dependence of the various EDC peaks; all
the states of the Pd/Nb(110) system were visible at rela-
tively low photon energies. (El-Batanouny et aI. used
resonance lamp photon energies in their measurements. )

For monolayer Pd(100) on Fe(100), spin-resolved
density-of-states calculations by Huang et al. show a
large degree of 4d-3d hybridization, which was suspected
of causing a distorted spin-resolved electronic structure
for the Pd overlayer states in comparison to those of a
free-standing Pd(100) monolayer [in contrast to the calcu-
lations of Pd on Nb(110) (Ref. 28)]. A total Pd 4d band-
width of about 4 eV and a reduced Pd density of states

near EF are found in this system, in general agreement
with our results. However, only layer-resolved densities
of states and not k-resolved band structures were pub-
lished, and the Pd overlayer structures in the systems
Pd/Fe(100) and Pd/Fe(110) are rather different. [The
pseudomorphic Pd(100) monolayer on Fe(100) exhibits a
4.3% lattice expansion relative to bulk Pd(100)]. This
makes detailed comparisons with our results dif5cult.
Still, relatively large Pd state densities are predicted near
—1- to —2-eV binding energy, approximately where we
observe two Pd interface states. The increased hybridiza-
tion and consequent broadening of spectral features in
the EDC's might also be responsible for the inability to
observe more Pd-induced states in the Pd/Fe(110) and
Pd/Co(0001) systems, relative to Pd on Nb(110).

Experimental results for the Pd(100)/Fe(100) system
were also recently reported by Rader et al. " Spin-
resolved normal-emission EDC's of the Pd monolayer
taken at hv=21 eV show Pd-induced intensity from
severa1 states in the binding-energy range from —1.5 to—3 eV, which is in rough agreement with the binding en-
ergies of the states in this work. (Interface state charac-
ter, dispersion with kj, and hv dependence were not re-
ported. ) However, the quite different character of the
spin-resolved Pd-induced peaks in comparison to our
spin-resolved results (especially for the majority-spin
channel) raises doubts as to the similarity of the two sys-
tems. The amount of Pd character in the Pd-induced
structures (see Sec. III E) is also different in the two sys-
tems.

D. Light polarization dependence

Most of the measurements in the monolayer Pd cover-
age range in Figs. 4—6 were repeated for s- and p-
polarized light incidence conditions. Remarkably, the Pd
interface state peaks in the binding-energy range from
—1.3 to —2. 1 eV show no dependence on light polariza-
tion in either system (i.e., almost no change in peak bind-
ing energy, intensity, or width). Although the experimen-
tally realizable s and p polarizations are not pure, this
cannot explain the behavior, since the substrate states
and bulklike Pd(111) states both show clear changes in
peak intensities. Moreover, the intensity of the Pd-
induced peak near —4. 5 eV does depend on light polar-
ization, being enhanced in p polarization. According to
photoemission dipole selection rules for normal emis-
sion, this is consistent with an initial state having X&

[assuming a bcc (110) surface] or A, [assuming an fcc
(111)surface] symmetry.

Density-of-states calculations by Kumar and Ben-
nemann for the Pd/Nb(110) system suggest a possible ex-
planation for the insensitivity of the first and second Pd-
induced structures to the incident-light polarization. '

For Pd coverages above 1 AL on Nb(110) a transition
from the pseudomorphic Pd(110) structure to an incom-
mensurate Pd(111) overlayer occurs. These authors
used a self-consistent tight-binding scheme to calculate
the total and partial Pd 4d local density of states (LDOS)
for both structures. For the incommensurate structure,
of course, the local bonding geometry of Pd and Nb
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atoms varies continuously from site to site. For this case,
Kumar and Bennemann calculated site-resolved partial
LDOS for two representative adsorption geometries: an
on-top site and a bridge site. While the total Pd LDOS
for both adsorption sites of the incommensurate structure
were similar, the partial LDOS [i.e., the LDOS resolved
into contributions from the various Pd d orbitals: (xy),
(3z —r ), etc.] showed differences. This is reasonable,
since the local adsorption site geometry should influence
the relative contributions of the directed d orbitals to the
bonding. Although neither Pd/Fe(110) nor Pd/Co(0001)
are incommensurate, the coincidence lattices have rela-
tively large periodicities; the systems are "almost incom-
mensurate. " A large variation in bonding site geometry
is present locally, similar to an incommensurate struc-
ture. In their band-structure calculations for an isolated
Pd(110) monolayer having the appropriate lattice con-
stants for pseudomorphic Pd/Nb(110), El-Batanouny
et al. found that the low binding-energy Pd states of sym-
metry X&, X3, and X4 near —1.5- to —2. 5-eV binding en-

ergy had d orbital characters dominated by (x —y ),
(yz), and (xz), respectively. Such directed d orbitals
should be influenced by a continuously changing adsorp-
tion site geometry, so that in the resultant spectral
feature no pure X& or X3 symmetry, and, consequently, no
clear dependence on light polarization remains. This
would explain our observations. El-Batanouny et al.
found that the lowest-lying Pd band near —4.5 eV had
X, symmetry dominated by s character; this band might
thus be less inAuenced by the local adsorption site
geometry. In the calculations this state has a nearly par-
abolic, free-electron-like dispersion relation E(kii ), in
comparison to the Aatter dispersion relations of the states
at lower binding energy, which are probably more local-
ized. In the Pd systems studied here, this deep-lying state
is the only Pd monolayer feature for which we find a
dependence on light polarization.

Fe 110 + 1 AL Pd (a)

110 eV

of either 3d metal. Near hv=40 eV a decrease in all
cross sections sets in, which, however, is much stronger
for the Pd state as for Co or Fe. This is due to the pres-
ence of a Cooper minimum in the Pd cross section near
h v= 110 eV. At the Cooper minimum the 3d levels of Fe
and Co have a cross section about 20 times that of Pd;
the crossover point (corresponding to equal photoioniza-
tion probability) is near hv=60 eV. While these are
free-atom results, the effect is so large that we expect to
find at least the general trend mirrored in solid-state sys-
tems. For example, this method was used to determine
the relative contributions of individual constituents to the
valence-band electronic structure of multicomponent sys-
tems such as intermetallic alloys.

Figure 7(a) compares EDC's for 1-AL Pd on Fe(110)
measured at h v =60 eV and h v = 110 eV in p-polarized
incident-light geometry, both EDC's having been normal-
ized to have the same maximum intensity. In the EDC
for hv=60 eV the three Pd states are clearly visible at
—1.5-, —2. 1-, and —4. 5-eV binding energies, and the
substrate 3d peak is present only as a shoulder near—0.5-eV binding energy. At h v= 110eV there is no sign
of the Pd peaks. A comparison to analogous EDC's of
the clean Fe(110) substrate [Fig. 7(b)] shows that only
Fe-related features are present in Fig. 7(a) at h v=110 eV.
This shows that all three Pd-induced structures do pos-
sess Pd 4d character. For the pseudomorphic Pd(110)
monolayer on Nb(110), such hv-dependent measurements
in a lower photon-energy range (for which the Nb sub-

E. The electronic character of the
overlayer-induced states

Given the presence of interface states in the monolayer
electronic structure, we wish to determine to what extent
they are associated with substrate or overlayer. The ob-
servation of no energy dispersion with kz shows that the
interface states are two dimensional, but they could as
well be confined to the first few layers of the substrate as
to the Pd overlayer. The correlation with Pd coverage
could arise through a change in the electronic potential
in the substrate induced by the overlayer. In this case, of
course, the observation of magnetic polarization of the
states would be unsurprising. The photon-energy depen-
dence of the photoionization cross section for the various
states involved gives us the possibility to determine their
character, i.e., to decide if the states are assignable to Pd
or to the substrate, or if they are intrinsically of mixed
character.

Calculated atomic photoionization cross sections'
show that up to hv-40 eV the cross sections of the Pd
4d, Fe 3d, and Co 3d atomic states all increase, with the
Pd cross section being about 3 to 5 times larger than that

60 eV

110 eV

I I I I—8 —6 —4 —2 0
Binding energy (eV)

60 eV

FIG. 7. (a) Valence-band electron energy distribution curves
(EDC's) for 1-AL Pd on Fe(110), arbitrarily normalized, taken
with synchrotron radiation at normal emission and at hv=60
and 110 eV. The atomic photoionization cross section ratio
[o(Fe 3d )/o(Pd 4d)] is ca. 0.8 for h v=60 eV and ca. 20 for
hv=110 eV. (b) Similar to part (a), but for the clean Fe(110)
substrate.
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strate exhibits a strongly varying cross section) were also
used to determine the character of six structures in the
valence-band EDC's. Interestingly, in that system only
two of the peaks exhibited pure Pd character, two ap-
peared to be mainly Nb d-like, and two were of mixed
character.

For the Pd(100)/Fe(100) system ab initio band-
structure calculations for the monolayer by Rader et al.
predict a varying Pd character for the states observed in
spin-resolved EDC's at h v=21 eV." A single minority-
spin peak at a calculated binding energy of —1.57 eV is
predicted to have 87% Pd character, while in the
majority-spin channel several structures are found at cal-
culated binding energies between —2.68 and —0.45 eV,
all having reduced Pd characters ranging between 16%
and 52%. (These calculated peak binding energies agree
well with experimentally observed structures in the
EDC's if all calculated binding energies are shifted by 0.5
eV to higher binding energies. ) This is interpreted in
terms of a spreading of Pd 4d majority-spin character
among several states because of the increased Pd 4d-Fe
3d hybridization in this channel. Supporting this,
majority-spin states with the least calculated Pd content
are weak at the photon energy of 21 eV because of the
unfavorable photoionization cross section of Fe relative
to Pd." The hv-dependent EDC's reported here for
Pd(111) monolayers rule out this explanation in our case.
Although we report here only spin-integrated EDC's,
such a strong difference in Pd character of the various
states (e.g. , 16% versus 87%) would be visible even
without spin resolution. The EDC's taken in the vicinity
of the Cooper minimum (Fig. 7) give no sign of substrate
character in the Pd-induced features. This appears to be
a genuine diff'erence between the Pd(111)/Fe(110) and
Pd(100)/Fe(100) systems. Majority-spin EDC's in the
spin-resolved results are also different. Probably the
structure of the Pd overlayer plays a more important role
than believed in affecting the hybridization between over-
layer and substrate.

A further indication of the character of the interface
states comes from considering their intensities in the
photon-energy range near the photoexcitation threshold
of the 3p core level of the substrate. The spectra for
Pd/Fe(110) in Fig. 6 are in this region; photoexcitation of
the Fe 3p level to E~ occurs near h v=55 eV. For several
transition metals a resonant satellite structure at -6-eV
binding energy accompanies the 3p excitation thresh-
old. ' The satellite structure arises from a multielect-
ron effect in which the photoemission final state has two
3d holes bound on the same metal atom site: one 3d elec-
tron is photoemitted, while the second is promoted to a
low-lying excited state. In an atomic picture the two-hole
process can be described as

3p 3d 4$+hv~3p 3d 4snI+e

where nl designates the low-lying excited state. Reso-
nance corresponds to the photon energy being tuned to
the (3p~nl) excitation, followed by a super Coster-
Kronig decay,

3p 3d 4$+hv~3p53d "4snl~3p 3d 4$p1l+e

This leads to the same photoemission final state as the
first process. They thus interfere, and both the satellite
and the "main line, " i.e., the 3d states near EF, exhibit a
resonance line shape. The satellite is in most cases
enhanced, while the main line shows a dip in intensity or
"antiresonance. " Such photon-energy dependences were
used, e.g., to separate 0 2p and metal 3d contributions to
the valence-band spectra of transition-metal oxides. In
our case both the clean Fe(1 10) and Co(0001) surfaces ex-
hibit satellites that resonate near the 3p threshold, while
the 3d peaks near E~ decrease in intensity.

A Pd overlayer reduces the strength of these effects in
both systems, but they are still visible in Fig. 6. The sa-
tellite appears near resonance in the scans at h v= 55 and
56 eV. In the same region a decrease in the relative in-
tensity of the Fe 3d peak near EF sets in. In contrast,
there is no significant change in the intensity of the first
Pd interface state at —1.5-eV binding energy upon vary-
ing the photon energy through 55 eV. This is consistent
with our association of this state with mainly Pd charac-
ter. The second state at —2. 1-eV binding energy is, how-
ever, slightly affected. This is seen by comparing the rel-
ative peak heights of the first and second peak near reso-
nance: the second peak is enhanced in intensity, revers-
ing the intensity relationship between the two peaks. The
same effect is seen for the second Pd peak in the Co sys-
tem, but there it occurs near the resonance photon energy
for Co of h v=60 eV. This appearance of the effect in the
two systems at the resonance photon energy of the sub-
strate suggests a connection with the substrate rather
than with something intrinsic to the Pd electronic struc-
ture. In part, the relative enhancement of intensity of the
peak of Pd/Fe(110) at —2. 1eV is due to the broad back-
ground of the satellite peak at higher binding energy.
The effect is in any case small in comparison to, e.g., the
photon-energy dependence of the satellite intensity from
the clean substrate, and the change in relative intensities
of the two interface state peaks is much reduced when the
Pd coverage is increased from 0.5 to 1 AL. Thus the
second Pd-induced peak at monolayer coverage seems
also to possess mainly Pd character.

F. Monolayer electronic structure:
ofF-normal results for E(k

~~
)

The dispersion of the rnonolayer Pd-induced states
with k

~~

was studied in EDC's taken at varying photoelec-
tron emission angles relative to the surface normal along
the two symmetry azimuths of the W(110) substrate.
Coverages of 1 AL for Pd/Fe(110) and 0.8 AL for
Pd/Co(0001) were investigated at photon energies in the
range of 18 to 24 eV, for which both the first interface
state and the 3d states of the substrate are clearly visible.
The two-dimensional character of the interface state al-
lows the determination of k for the state by measurement
of the photoelectron kI~ in the usual manner. The
present study shows no evidence for a different E(k~~)
dispersion relation for s and p-polarized light incidence.
As with the normal-emission results discussed above,
Pd-induced features in off-normal EDC's were practically
identical for the two light polarizations.
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Results for 1-AL Pd on Fe(110) are given in Fig. 8: (a)
shows E versus k~~ for the Pd interface state measured in
analyzer scans along the [0,0, 1) azimuth, i.e., in the I H
direction of the Fe(110) surface Brillouin zone, and (b)
shows analogous results for the [1,1,0] azimuth, i.e., the
I N direction. The dispersion of the Fe 3d states is
confined to the range between EF and about —1-eV bind-
ing energy and does not interfere with the Pd-induced
structures. For the I N direction only a slight dispersion
of the interface peak, less than about 200 meV, is evident.
In the I H direction a total dispersion of about 1.5 eV
over the Brillouin zone is evident. The interface state
disperses toward higher binding energies, apparently
splitting into two branches in the middle of the zone,
which merge again near the zone boundary. Near the
zone boundary a parabolic dispersion relation symmetric
about k~~

=1.7 A ' holds. This is not far from the value
for the Brillouin-zone boundary of bulk Fe(110) in the
I H direction, 1.65 A '. The difference of 0.05 A ' may
be due to a slight error in the setting of normal emission
(less that 2'). In any case, the value for the K point of
bulk Pd(111), 1.53 A, is evidently inappropriate. [The
5 azimuthal rotation of the Pd(111) plane relative to the
substrate in the Kurdjumov-Sachs structure changes the
value of kI at the zone boundary by less than 1%]. Thus
the overall symmetry of the Pd monolayer on Fe(110), at
least that as "seen" by photoemission, is that of a
bcc(110) surface.

Figure 9 shows results for 0.8-AL Pd on Co(0001). In
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this case scanning the analyzer along the [0,0,1] azimuth
of W(110) corresponds to the I K direction of the Pd(111)
surface Brillouin zone [Fig. 9(a)], while scanning along
the [1,1,0] azimuth of W(110) probes the I M direction
of the Pd(111) surface Brillouin zone [Fig. 9(b)]. Unfor-
tunately, experimental constraints prevented the mea-
surement of E(kI) out to the zone boundary for the
Co(0001) system; the largest value of kI attainable was
approximately 1 A '. Figure 9 shows results for two
photon energies, 18 and 24 eV.

The first observation is that the data points of the in-
terface state (the lowest branch in each azimuth) for the
two photon energies fall very nearly on each other. This
is an additional test of the nondispersion of the Pd inter-
face state with k~ and contrasts with the behavior of the
Co substrate peaks (the upper branches), whose disper-
sion with k~~ is quite dependent on photon energy. The
interface state on Co(0001) shows dispersion in both az-
imuthes of 1 eV or more. In the I K direction the state
first disperses upward toward lower binding energy be-
fore turning downward at about 0.3 A '. In the I M
direction the peak disperses continually downward, while
a second peak is visible only off normal for k~~ & 0.2 A
Off-normal scans for the clean Co substrate show a weak
structure somewhat above the region of this second peak,
suggesting that it may be due to a state having mixed
Pd-Co character. A slight photon-energy dependence
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strengthens this suspicion.
Results for Pd/Co(0001) are qualitatively similar to

those for Pd/Fe(110) insofar as both systems exhibit simi-
lar maximum dispersions over the surface Brillouin zone
of approximately 1 eV. This indicates the development of
a two-dimensional E(k

~~~

) dispersion due to Pd-Pd interac-
tions within the layer. In systems for which little interac-
tion within the adsorbate layer is present, e.g. , the ran-
dom lattice gas previously reported for Pd/Cu(111) at
submonolayer Pd coverages, there is almost no disper-
sion with k~~. The maximum amount of dispersion we
find here agrees well with that observed for Pd/Ag(100)
(Ref. 40) or for Pd/Nb(110). In detail, of course, the k~~

dispersions in the systems Pd/Fe(110) and Pd/Co(0001)
discussed here differ both from each other as well as from
other Pd overlayer systems previously reported. Prob-
ably the structure of the overlayer influences strongly the
off-normal dispersion, in spite of the similarities between
Pd/Fe(110) and Pd/Co(0001) EDC's at normal emission
and higher photon energies that were noted above.

The only extant calculations of E(k~~ ) for Pd overlayers
reported are for the Pd/Nb(110) system. In addition,
Noffke and Fritsche have reported spin-polarized calcula-
tions of free-standing Pd(100) layers. ' Both also agree
qualitatively with our results concerning the amount of
dispersion, but the band structures differ, of course, in de-
tail. The relatively complex surface structures for the
Pd/Fe(110) and Pd/Co(0001) systems present a challenge
for electronic structure calculations.
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G. Development of bulk electronic structure

To study the transition from the interface-state regime
to a bulk Pd(111) electronic structure, we measured
normal-emission EDC's in both overlayer systems for h v
between 16 and 30 eV as the Pd film thickness increased.
While similar results hold for both substrates, more Pd
thicknesses were measured for the Fe(110) system, so that
we show in Figs. 10 and 11 results only for this system.
Figure 10 shows spectra for Pd coverages of 1.5 and 2
AL's [parts (a) and (b), respectively], and Fig. 11 shows
those for 3 and 5 AL's [parts (a) and (b), respectively].
The photon incidence angle was in all cases 65' to the
surface normal, i.e., mainly p-polarized light.

At the lower Pd coverages (Fig. 10) the interface state
at —1.5-eV binding energy is still visible, although it is
becom. ing less distinct due to the growth of additional
Pd-induced features on either side of it [cf. Fig. 4(b)].
The interface state remains visible even for higher cover-
ages [e.g. , it is still discernible as a shoulder in the EDC
for 3.5-AL coverage in Fig. 3(a)]. This suggests that it
may retain its character as the film thickness increases,
instead of rehybridizing with new Pd states. One of the
new states seen as the Pd film thickness increases is a
broad structure near —2.5-eV binding energy, especially
for hv=20 or 22 eV and for the larger Pd thicknesses.
We assign this to a bulklike Pd(111) feature. Measure-
ments on bulk Pd(111) surfaces have revealed a structure
at this binding energy in normal-emission EDC's; it is
resonantly enhanced at hv=21 eV. ' ' The enhance-
ment is believed to be due to a final-state effect: transi-

FIG. 10. Valence-band electron energy distribution curves
(EDC's), arbitrarily normalized, taken with synchrotron radia-
tion at normal emission and at various h v for (a) 1.5-AL Pd on
Fe(110) and (b) 2-AL Pd on Fe(110).

tions occur from the initial A3 band into a high density-
of-states region 18.8 eV above EI; associated with a Hat
f-like Ai final band. In our data this structure is fully
developed for Pd coverages of 3 AL's or more, including
its resonant behavior at hv=21 eV. Remarkably, this
resonant character is discernible even at Pd coverages as
low as 1.5 AL's [Fig. 10(a)]. Since the final-state band
structure of the Fe(110) substrate has no comparable
density-of-states feature, this must be due to the develop-
ment of the bulk Pd band structure perpendicular to the
(111)surface, E (ki ). Apparently the final-state electron-
ic band structure high (i.e., —19 eV) above EF ap-
proaches its bulk form even for very thin Pd overlayers.

A peak is visible near —0.6-eV binding energy for all
photon energies at the Pd coverage of 2 AL shown in Fig.
10(b). This structure appears first in the Pd coverage
range above 1.5 AL. At a Pd coverage of 1.5 AL [Fig.
10(a)] it is not yet clearly discernible from the Fe 3d peak
at —0.6 eV. It is seen for coverages up to 2.5 AL; above
this coverage range other structures override it. In this
regard its behavior as a function of Pd coverage is similar
to the saturation of intensity of the interface state at—1.5-eV binding energy with Pd coverage, except that
here the peak saturates for a Pd coverage near 2 AL in-
stead of near 1 AL. The spectra in Fig. 10(b) clearly
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FIG. 11. Similar to Fig. 10, but for (a) 3-AL Pd on Fe(110)
and (1) 5-AL Pd on Fe(110).

demonstrate that this peak, like the interface state at—1.5-eV binding energy, shows no significant dispersion
with k~.

Such a feature was already noted in our previous re-
port of spin-polarized photoemission measurements on
the Pd/Fe(110), Pd/Co(0001), and Pt/Co(0001) systems,
all three of which exhibit it. In contrast to the spin split-
ting observed for the interface state of Pd/Fe(110) at—1.5-eV binding energy, one finds for this "second lay-
er" state no shift between the two spin-resolved com-
ponents of the peak. We believe the most likely explana-
tion of this state is that it is also primarily confined to the
interface, consistent with the data in Fig. 10(b), but that
the deposition of the second Pd layer leads to a change of
the electronic potential, so that the peak appears at a
different binding energy. Similar states were seen by
Brookes et al. in the system Ag/Fe(100), for which inter-
face states were found having discrete binding energies
dependent on the number of Ag overlayers. ' Electronic
structure calculations by the same authors support this
interpretation, reproducing qualitatively the layer-
dependent binding energies for Ag coverages on Fe(100)
of 1, 2, and 3 AL. Similar to our data, the interface state
for 2 AL appears at lower binding energy relative to that
for 1 AL; the 3-AL state is at still lower binding energy.
The calculations also show that the 2-AL interface state,
while being predominantly centered at the interface, is

still slightly less localized than the 1-AL interface state,
in that some of its charge density extends into the second
Ag layer. If this holds as well for the Pd interface states
in our systems, it helps to explain our observation of no
splitting for the 2-AL interface state. The magnetic po-
larization (and, thus, the spin splitting of the photoemis-
sion peaks) might be confined to the immediate region of
the interface, disappearing for overlayer states that are
more delocalized.

The first clear indications of a k~-dispersion in the Pd-
induced states appear at a Pd coverage of 3 AL [Fig.
11(a)]. At a coverage of 2.5 AL (not shown) the main
difference to 2 AL is that the second-layer interface state
at —0.6-eV binding energy begins to outweigh that at—1.5-eV; the spectra are still dominated by these two
states and by the bulklike resonant peak at —2.5 eV men-
tioned above. At a coverage of 3 AL the bulk Pd struc-
tures begin to dominate the EDC's, although the elec-
tronic structure is still not yet that of the bulk Pd(111)
surface. At a Pd coverage of 5 AL [Fig. 11(b)] the spec-
tra resemble those of the bulk Pd(111) surface, ' ' in-
cluding the k~ dispersion of the peak near E~, although
minor changes are present upon further Pd deposition up
to thicknesses of 10 AL. The 5-AL Pd coverage is also
the first for which the EDC's indicate a Fermi edge, e.g. ,
in the scans for h v=16 to 22 eV. This is a photon-energy
range for which the substrates [e.g., Fe(110), Fig. 4(a)]
show little intensity at EF. One expects the appearance
of a Fermi edge as the Pd overlayer changes from its
noble-metal electronic configuration to a more bulklike
electronic structure.

The convergence to the bulk electronic structure begin-
ning near an overlayer coverage of 3 AL is in reasonable
agreement with theoretical calculations that predict a
transition at a coverage of 3—4 AL. The electronic
structure for Pd on Fe(110) and Co(0001) appears to con-
verge to the bulk Pd(111) structure more slowly than for
Pd on Cu(111). Experiments on the latter system
showed the beginning of kj dispersion already at 2.2-AL
coverage, at which point a Pd(111) surface resonance also
is visible, and the work function of bulk Pd(111) was
reached at a coverage of 3 AL. For this system the
LEED patterns show pseudomorphic growth up to Pd
coverages of 4 AL. Possibly the very different, relatively
complex structures observed for Pd overlayers on Fe(110)
and Co(0001) affect the transition to a bulklike electronic
structure.

IV. SUMMARY

Epitaxial Pd films on Fe(110) and Co(0001) substrates
probably grow layer by layer up to film thicknesses of at
least 2 AL's. Palladium grows in (111)layers in both sys-
tems, but the overlayer structure in both is distorted,
with a Kurdjumov-Sachs —type structure holding for
Pd/Fe(110) and a Nishiyama-Wasserman structure for
Pd/Co(0001). We assume the latter substrate possesses a
slight bcc(110) distortion (less than —1% ) induced by the
underlying W(110) substrate.

Two interface states in the binding-energy range be-
tween —1 and —2 eV and a third structure near —4. 5
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eV (all measured at normal emission) dominate the elec-
tronic structure of the Pd monolayer in both systems. In-
terface states are identified through the saturation of
their intensity near monolayer coverage and through the
observation of vanishingly small dispersion with k~.
These various structures have photon-energy-d. ependent
cross sections, so that not all peaks appear at a given
photon energy. The total Pd-induced bandwidth for the
monolayer appears to be about 3.5 eV, with little intensi-
ty near E„,as expected for a noble-metal electronic
configuration. Only the Pd peak near —4. 5-eV binding
energy exhibits a dependence on incident light polariza-
tion, which may be related to the complex ("almost in-
commensurate") overlayer structure in both systems. All
Pd-induced structures can be shown to have mainly Pd
character through the dependence of their intensities on
photon energy in the region of the Pd 4d Copper
minimum. This observation lends support to the inter-
pretation of spin-resolved experiments ' in terms of an
induced polarization of the Pd, and not simply the obser-
vation of spin-polarized, hybridized electronic states of
the ferromagnetic substrates. Palladium overlayers near
the monolayer already exhibit a clearly developed disper-
sion relation with k~~, indicating interactions within the
film. Such spin-polarized interface states should
inAuence magnetic properties such as the interface mag-
netic anisotropy.

The transition to a bulklike Pd(111) electronic struc-

ture is practically complete for Pd overlayer thicknesses
of 5 AL. At this thickness the main EDC peaks resemble
those of bulk Pd(ill) and a Fermi edge is discernible.
However, different features of the electronic structure ap-
proach their bulklike state much sooner, e.g. , the final-
state band structure that causes a resonant structure near
h v=21 eV. Dispersion with k~ sets in near a coverage of
3 AL. A second-layer interface state appears at Pd cov-
erages between 1.5 and 2.5 AL, and probably arises from
the changed potential in the film upon adding an addi-
tional Pd layer.
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