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We have used angle-resolved photoemission and k-resolved inverse photoemission to determine
the electronic structure of a monolayer of Ni atoms grown epitaxially on Cu(111). At the center of
the surface Brillouin zone (SBZ), the Ni-derived two-dimensional electronic structure exhibits three
occupied bands and one empty band. This finding is consistent with a tight-binding calculation by
Tersoff and Falicov, with the exception that the film is not magnetically “dead.” The A, intrinsic
surface-state band of Cu(111) is found to persist in the presence of the Ni overlayer without chang-
ing its binding energy or dispersion. The high density of Nid —derived holes at E is responsible for
the ability of the 1-ML Ni(1X1)/Cu(111) surface to dissociate molecular hydrogen, which is
prevented by a dissociation barrier on the bare Cu(111) surface (ML denotes monolayer). In addi-
tion, we show that molecular hydrogen does not dissociate upon contact with an epitaxially grown
monolayer of Cu atoms on Ni(111). In this case the Ni d holes are still existent but do not interact
with the oncoming H, molecules because they are covered by the Cu overlayer. This proves the
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highly localized character of the hydrogen-dissociation process on transition-metal surfaces.

I. INTRODUCTION

Bimetallic transition-metal—overlayer systems present
a scientific challenge in basic research as well as technolo-
gy with respect to understanding both their catalytic and
magnetic properties. The formation of the two-
dimensional electronic structure of epitaxial monolayers,
the development of bulk properties with increasing film
thickness, the creation of electronic interface states, and
the interaction with the wunderlying substrates are
different aspects in studies of these epitaxial films.
Among the large manifold of these systems the electron-
ic, magnetic, and chemisorption properties of thin Ni
overlayers on Cu surfaces have been of increasing interest
in the past few years. The experimental work in this
area'? has been stimulated by extensive theoretical stud-
ies of the electronic structure or ordered overlayers.**
With respect to chemisorption, the question has also been
addressed how the surface magnetism is influenced by
chemisorption® and how, on the other hand, the surface
modification in the overlayer system might influence the
chemisorption properties.®

The interaction of H, with transition-metal surfaces
has been viewed as a prototypical system for the under-
standing of chemisorption. Moreover, this system is not
only relevant for catalysis but also in materials science
with respect to hydrogen storage or embrittlement. Two
basic steps are involved in the hydrogen chemisorption
process. First, the hydrogen molecule has to be dissociat-
ed and then atomic hydrogen is bound to the surface or
may penetrate into the bulk of the metal depending on
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the heat of solution. Several theoretical and experimental
studies have dealt with these phenomena on bare
transition-metal surfaces previously.” On Ni surfaces H,
spontaneously dissociates,® whereas on Cu surfaces H
atoms are bound only after dissociating the molecule pri-
or to adsorption.” The desorption temperature and the
binding energy of H atoms on both these surfaces are ac-
tually quite similar.° The difference is in the existence
of a dissociation barrier on Cu surfaces. The height of
this dissociation barrier on low-index Cu surfaces has
been experimentally determined to be 3-5 kcal/mol by
H, scattering experiments.!® Measuring the desorption
velocity and angular profile of hydrogen after bulk per-
meation, Comsa and David!! find an even larger barrier,
which might be due to a subsurface state leading directly
to desorption.

The binding of hydrogen atoms to transition-metal sur-
faces is theoretically quite well understood.'>” " The na-
ture of the dissociation mechanism, on the other hand, is
not quite as clear, especially with respect to the involve-
ment of the substrate d electrons.'® 2! The picture
presented by Melius et al.'® involves symmetry changes
in the total wave function between s and d electrons, but
leaves the total occupation of the d levels unchanged.
Siegbahn et al.'® calculate that the dissociation barrier is
increased by 50 kcal/mol if the d electrons at the dissoci-
ation site are not included in the interaction. On the oth-
er hand, Harris and Andersson?® propose a model where
the interaction between H, molecule and the surface is
through the sp electrons, but this interaction is facilitated
by a change in sd hybridization at the surface, which
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changes the nominal d occupancy. This picture is con-
sistent with the “‘chemical approach” presented by Up-
ton.2! Here a large density of unoccupied states immedi-
ately near E allows the substrate orbitals to adjust to the
approaching molecule and maximize bonding interaction,
while minimizing repulsion due to Pauli exclusion.

To study the nature of the dissociation barrier for H,
chemisorption we have determined the electronic struc-
ture of epitaxially grown Ni overlayers on Cu as well as
ordered Cu films on Ni and then exposed these films to
hydrogen. In contrast to a bare Cu crystal, a monolayer
of epitaxially grown Ni on Cu exhibits unoccupied d
states at the Fermi level localized at the metal-vacuum
interface. Vice versa, a Cu monolayer (ML) on Ni “cov-
ers” the d holes of the Ni substrate. We have chosen the
Ni/Cu(111) system since nickel grows pseudomorphically
on the Cu(111) surface up to 7 ML.?»?3 This behavior
might be expected from the small lattice mismatch of
2.5% between Ni and Cu. Angle-resolved ultraviolet
photoemission spectroscopy (ARUPS) and k-resolved in-
verse photoemission spectroscopy (KRIPES) have been
applied to investigate the electronic structure of mono-
layer Ni films on Cu(111) and the changes upon hydrogen
adsorption. The bare Cu substrate has been extensively
studied by ARUPS (Ref. 24) and KRIPES (Ref. 25). Ob-
servation of the Ni-induced features is facilitated by a
projected bulk band gap at T of the surface Brillouin
zone of the Cu(111) substrate which includes the Fermi
level Ep. In this energy range near E. the two-
dimensional Ni bands might be expected from a tight-
binding calculation by Tersoff and Falicov® and a previ-
ous photoemission study by Kirstein et al.? on the
Ni/Cu(111) system. Only the sp-derived A, intrinsic
Cu(111) surface state 0.39 eV below Ep at T (Ref. 26)
might interfere with the Ni-overlayer bands.

In Sec. II we describe the experimental procedure,
while in Sec. III we report the experimental results. In
Sec. IIT A the electronic structure of the Ni/Cu(111) sys-
tem will be presented and discussed. In Sec. III B the
changes of the electronic structure upon hydrogen ad-
sorption will be demonstrated and compared to hydrogen
adsorption in the bare Ni(111) crystal. Conclusions will
be drawn in Sec. IV.

II. EXPERIMENT

The angle-resolved photoemission experiments were
carried out using a 50-mm hemispherical analyzer with
*1° angular acceptance (VSW) and synchrotron radiation
from the BESSY storage ring using the TGM-3 beamline.
The total-energy resolution was 200 meV (0.3 eV) at a
photon energy of 14 eV (40 eV), where most of our data
were taken. The experimental setup is described in more
detail in the literature.?’” The KRIPES experiments were
performed in a separate ultrahigh-vacuum chamber. The
inverse photoemission measurements were performed in
the isochromat mode, detecting 9.5-eV photons with a
Geiger-Miiller—type counter filled with iodine as a
detecting gas and a SrF, window. The photon accep-
tance angle was fixed at 70°+15°. The electrostatically fo-
cused electron gun with a BaO cathode was mounted on

a two-axis goniometer allowing for a change of electron
incidence angle. The eloectron-beam divergence was 3°,
resulting in Ak, =0.06 A~!. The overall energy resolu-
tion (electron source plus photon detector) was 350 meV.

The Cu(111) crystal was cleaned by argon-ion sputter-
ing and subsequent annealing. Cleanliness was checked
by Auger-electron-spectroscopy (AES), KRIPES, and
ARUPS measurements. Nickel has been evaporated
from a resistively heated W-filament wrapped with Ni
wire. Due to the careful out-gassing of the Ni oven and
the application of a water-cooled shield, the pressure in-
crease (base pressure 1X 107! mbar) during evaporation
could be limited to 3X 10 '° mbar. During deposition
the sample temperature was held at about 180°C. This
temperature is a compromise in order to obtain pseu-
domorphic well-ordered overlayers and to avoid
interdiffusion of nickel and copper.?? Using this evapora-
tion condition, Tear and Roll?® have observed no or very
little alloying of the surface layer from low-energy elec-
tron diffraction (LEED) (IV) studies. In fact, the order-
ing of the Ni surface layer could be verified by a perfect
(1X1) LEED pattern. Nickel evaporation onto the
Cu(111) substrate at room temperature exhibits relatively
diffuse LEED spots. However, a distinct improvement
could be achieved by subsequent annealing of the films
deposited at room temperature. Concomitantly, the am-
plitude of the n =1 image-potential surface-state feature
in the KRIPES spectra (see below) increased by a factor
of 2 and its width is narrowed by about 30%. We attri-
bute both observations to the ordering of the Ni over-
layer.

In the series of the KRIPES experiments the film
thickness was monitored by AES, which is complicated
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FIG. 1. Intensity of the Cu L; ¥V Auger transition at 920 eV
as a function of Ni evaporation time. This substrate transition
is not superimposed by a Ni emission line. The evaporation
source has been held at constant temperature. Completion of
the first and second Ni layer is indicated by the distinct changes
of slopes.
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due to the close similarity of the copper and nickel Auger
spectra. Following the procedure as outlined in Ref. 28,
we have compared the Cu L; V¥V Auger line with the in-
tensity of the superposed Ni L3 VV, Cu L3;M,,M, ; tran-
sitions. The Cu L;FV line at 920 eV does not overlap
with a Ni feature. If the Ni evaporation rate is constant,
its intensity-versus-evaporation time curve exhibits
straight lines with different slopes provided that the Ni
grows layer by layer on Cu(111). The bends are charac-
teristic for the completion of a monolayer in the layer-
by-layer growth of the Ni film.? This functional depen-
dence has been observed experimentally, as plotted in
Fig. 1. It clearly demonstrates the completion of the first
and second Ni layer, respectively. We have used these re-
sults to calibrate the Ni monolayer coverage. The es-
timated error is about 10% for the monolayer Ni cover-
ages presented in this paper. For the ARUPS experi-
ments, film thicknesses have been monitored by a micro-
balance which was checked against the intensity ratios of
the Ni and Cu 3p core levels excited with hv=150 eV
photon energy at the synchroton. Again, an error bar of
10% can be given.

III. RESULTS AND DISCUSSIONS

A. Electronic structure of 1-Ni-ML Ni(1X1)/Cu(111)

Figure 2 shows the normal-incidence inverse photo-
emission spectra taken for clean Cu(111) and a 1-ML
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FIG. 2. Isochromat inverse photoemission spectra from

Cu(111) (bottom) and 1 ML of Ni(1X1)/Cu(111) (top) taken at
normal electron incidence. The solid lines are drawn to guide
the eye.

pseudomorphic Ni overlayer on Cu(111). Both curves in
Fig. 1 are normalized to the absorbed current and shown
on the same scale. The KRIPES spectrum from the bare
Cu(111) surface has been reported previously?® and our
spectrum shows the same structures as the published one.
It is dominated by a narrow peak [0.35 eV full width at
half maximum (FWHM)] at 4.25 eV above E,. This peak
is located 0.7 eV below the vacuum level E .
[dcui1)=4.-94 eV (Ref. 29)] and has been attributed to
the fundamental n =1 image-potential surface state.?
Higher series members (n =2,3,..., «) converge to-
wards the vacuum level, giving rise to the steplike feature
at 4.8 eV. We attribute the small peak at E. to the sp-
derived intrinsic surface state,?® 0.39 eV below Ep at T.
This feature is only visible due to the finite energy and
momentum resolution of the KRIPES spectrometer.

Deposition of 1 ML of Ni atoms gives rise to a large
peak at Ep in the IPES spectrum for normal-incidence
electrons. We ascribe this narrow feature to
Nid —derived holes in contrast to band-structure calcula-
tions by Tersoff and Falicov,® which predict holes in the
topmost d band of the Ni monolayer on Cu(111) only
near the boundary of the surface Brillouin zone (SBZ).
The image-potential states are still visible at Ep+4.15
eV, with the same line shape as on the bare Cu(111) sur-
face. As mentioned above, the narrow linewidth indi-
cates a highly ordered Ni overlayer giving rise to a well-
defined SBZ and T point, respectively. The n =1 binding
energy with respect to E,,. is very similar for both sys-
tems since the work function of the ML
Ni(1X1)/Cu(111) system is reduced by Adp—0.15 eV
with respect to the clean Cu(111) surface. This decrease
is rather unexpected since the work function of the bare
Ni(111) surface is larger than for the Cu(111) substrate.
The explanation for that observation is not yet clear. A
similar work-function reduction for Pd/Al(111) has been
related to the difference of the surface electronic struc-
ture of the Pd monolayer on Al(111) and the bare Pd(111)
surface.’® These are minor changes which have to be ex-
pected for this pseudomorphic metal-on-metal overlayer.
The extra atomic layer shifts the terminating plane of the
crystal as well as the image-potential reference plane out-
wards. The L-L, band gap and, therefore, the projected
bulk band gap at T should be mainly unaffected by the Ni
monolayer, even if the two-dimensional Ni-derived bands
near the Fermi level E modify the bottom of the project-
ed gap to some extent. Going from the 1-ML
Ni(1X1)/Cu(111) system to a bare Ni(111) surface, the
gap and the vacuum level change. The n =1 image-
potearlltial state would then be located at 4.6 eV above
E.

We have also measured the occupied electronic states
using angle-resolved photoemission. The normal-
emission spectra of clean Cu(111) and 1- and 1.5-ML
nickel on the Cu(111) substrate are shown in Fig. 3. The
energy-distribution curves (EDC’s) shown are taken at
two different photon energies: hv=14 and 40 eV. The
sp-derived A, intrinsic surface state —0.39 eV below E
in the L,,-L,; gap of Cu(111) (Ref. 26) exhibits a cross-
section minimum at about hv=40 eV.3? This is reflected
in the spectra in Fig. 3. We have used this cross-section
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FIG. 3. Normal-emission photoemission spectra from

Cu(111), 1 ML Ni(1X1)/Cu(111), and 1.5 ML Ni/Cu(111) at 14
eV (right-hand panel) and 40 eV (left-hand panel) photon ener-

gy-.

effect to separate the contributions from the remaining
part of the intrinsic A; Cu(l11) surface state and the
“new” Ni-induced bands. The peaks at binding energies
below 2 eV have been attributed to bulk transitions from
[,—A;—Ljand I, ,—A;—L, bands, respectively.* A
full Ni monolayer evaporated on Cu(l11) induces a
significant increase of emission in the binding-energy
range between E; and —2 eV. At Ez=—1.1¢eV a well-
pronounced peak shows up in the spectrum taken with
hv=40 eV. In addition, a weak shoulder has been discer-
nible at —0.3 eV. This band is clearly discernible at
—0.3 eV in the normal-emission spectrum excited by 14
eV photon energy. We will discuss below in more detail
this assignment and the relationship to the intrinsic A,
surface state on Cu(l11). The second band has been
identified again as the small feature at —1.1 eV binding
energy. Furthermore, a very weak feature can be
identified at — 1.4 eV binding energy in the 1.5-ML spec-
trum. The main features shifts slightly towards E, with
increasing Ni coverage (see Fig. 3). The intrinsic surface
state seems to persist through the deposition of a Ni
monolayer. In the 1-ML spectrum (14 eV) the A,
surface-state emission is still visible as a shoulder at the
high-energy side of the main feature at —0.3 eV.

Due to the superposition of the Ni-derived features in
the ARUPS spectrum the existence of the A, state as an
interface state of the Ni(1X1)/Cu(111) system has to be
proven independently. This has been done by a KRIPES
study of the ML Ni(1X1)/Cu(111) system. In Fig. 4,
KRIPES spectra are shown taken as a function of elec-
tron incidence angle 6 along the T K azimuth of the SBZ.
On the top, near-normal-incidence spectra at —2.5° and
2.5° are plotted. Slight differences in relative peak inten-
sities with respect to the spectrum in Fig. 2 are mainly
caused by the small differences in the preparations of the

ML. Away from normal incidence the intensity of the
feature at the Fermi level increases by a factor of 2 for
0=0.75° and 2.2 for 6—12.5°. At 6=17.5° the spectrum
exhibits a double-peak structure at 0.3 and 0.7 eV above
E. Increasing the electron incidence angle further, the
higher-lying peak disperses to 1.5 and 2.2 eV, respective-
ly. In contrast, the Ni-derived band seems to cross below
Ep at 6222.5°. These measurements clearly demonstrate
the Fermi-level crossing of the A, surface state.

In Fig. 5 the two-dimensional dispersion relations
E (k) of the dispersing features of Fig. 4 have been plot-
ted measured along T K. For comparison, KRIPES re-
sults are shown for the bare Cu(111) surface along both
high symmetric azimuths. The dispersion of the A, sur-
face state on Cu(111) has been added as determined along
TM by high-resolution ARUPS measurements by
Kevan.?® He fits a parabola with an effective electron
mass of m*=0.46m, to the dispersion curve, which has
been extended above the Fermi level in Fig. 5. Thereis a
remarkably good correspondence with the KRIPES mea-
surements at the crossover point. Only at k;>0.5 A~
does a deviation become visible, where the unoccupied
surface state leaves the projected bulk band gap. It
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FIG. 4. Isochromat inverse photoemission spectra from 1
ML Ni(1X1)/Cu(111) for electrons incident at various polar an-
gles 6 in the T K azimuth of the SBZ. The marks indicate the
dispersion of the A, intrinsic surface state of the Cu(111) sub-
strate.
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Experimental E(k,;) dispersion relations of the
unoccupied states for clean Cu(111) and for 1 ML Ni(1X1) on
Cu(111). The electrons were incident along the T K and T M
azimuth, respectively. Unshaded areas indicate the gap of the
projected bulk band structure. Open squares represent our ex-
perimental results for the A, surface state dispersion, crosses
show the dispersion of the fundamental » =1 image state (IS),
and open triangles depict the measurements of Hulbert et al.
(Ref. 25) along T K for the bare Cu(111) surface. The image
state can be described by a free-electron (m *=m,) dispersion.
The A, surface state closely follows the m *=0.46m, parabola
(solid line) determined by Kevan (Ref. 26) from the occupied
part of the A, band. A and @ represent our experimental re-
sults for the A, surface state and the IS state, respectively, from
the 1-ML Ni(1X1)/Cu(111) sample. Note that both surface-
state bands are unaffected by the Ni adsorption.

should be noted here that our KRIPES results are in very
good agreement with previous inverse photoemission
studies.”” The data points at about 0.2 eV above Ej
around T are due to the limited energy and k resolution.
These features in the KRIPES spectra of the clean
Cu(111) surface are about a factor of 10 smaller than the
full A, signal at k;=0.3 A7l In spite of the fact that
Kevan’s measurements have been done along the I' M az-
imuth, we have used the same E (k) parabola for the
I' K direction as a reasonable approximation supported
by our KRIPES measurement (see Fig. 5) and by the re-
sults of Hulbert et al.?®> Concerning the pseudomorphic
Ni monolayer on Cu(111), the dispersion of the prom-
inent feature crossing the Fermi level at about 0.23 A ™!
fits the extended A, dispersion, very well demonstrating
the persistence of this intrinsic Cu(111) surface state as an
interlayer state. Since the dispersion is unchanged, the
A, state seems to be unaffected by the Ni overlayer, keep-
ing the band minimum at —0.4 eV below Ej.

This important observation substantiates our interpre-
tation of the peak seen in the KRIPES spectrum at T.
This peak is due to d holes and not caused by the Cu sur-
face state shifted above E. Since the dispersion of the
A, interface state matches the dispersion of the intrinsic
surface state, the shift of the photoemission peak in Fig. 2
at hv=14 eV with Ni coverage has to be due to addition-

al emission from the Ni overlayer bands. Together with
the shoulder observed at hv=40 eV at 0.3 eV this sup-
ports the assignment of an occupied Ni band at —0.3 eV
at T. It is worthwhile to note at this point that the
Ni(111) surface exhibits the analogous A, surface state as
Cu(111) in the same region of energy-momentum space.>
However, this state disperses downwards from E and
does not cross the Fermi level. Judging from the calculat-
ed? dispersion for the highest-energy band of the Ni over-
layer and by analogy to bulk Ni, this band is of a symme-
try that does not interfere with the existence of a A, sur-
face state, whereas the band at —1.1 to — 1.4 eV should
have the same symmetry (dzw or sp,). In addition, the

latter bands are situated outside the projected bulk band
gap below the L, point at —0.9 eV binding energy.

As mentioned before, the n =1 image-potential surface
state is preserved on the ML Ni/Cu(l11) system.
Furthermore, its dispersion has not been influenced. In
Fig. 5 this experimental E (k) relation is compared to
the KRIPES results of Hulbert et al.?® for the clean
Cu(111) surface. Both dispersions can be well described
by the same free-electron parabola with an effective elec-
tron mass of m*=1m, (see Fig. 5), in excellent accord
with a recent two-photon photoemission study by Ku-
biak.>* Obviously, the modification of the Cu(111) sur-
face by a Ni monolayer neither changes the sp-inverted
L,-L, bulk band gap nor the surface barrier. Both the

width of the gap and the image-potential form of the bar-
rier potential have been successfully applied to describe
the intrinsic and image-potential surface states in a one-
dimensional multiple-reflection model.> =3’

At this point we will return to the Ni-induced electron-
ic structure and first try to reconcile our observations
with the calculated band structure for a monolayer Ni
film on Cu(111).* These calculations predict that the
monolayer Ni film on Cu(111) is magnetically ‘“‘dead,”
i.e., the magnetic exchange splitting of the bands is calcu-
lated to be 0.1 eV or less. This would result in only two
degenerate bands at the center of the SBZ, at —0.37 and
—1.41 eV.> As mentioned above, no hole states immedi-
ately above E should be observed at T either. Our data,
on the other hand, indicate that this film is magnetic and
that the exchange splitting pushes the minority band
above Ep near the T point of the SBZ, which accounts
for the hole states we see in the KRIPES spectra 0.1 eV
above E.. Obviously, this also explains the observation
of three different occupied bands at T, about where we
observe structures at —0.3, —1.1, and a very weak one
at —1.4 eV in the angle-resolved photoemission spectra.
This situation would be rather similar to bulk Ni, where
the A; minority band has a small hole pocket near the L
point.’*3* In summary, we attribute the Ni d states at
—0.3 and +0.1 eV to majority- and minority-spin bands,
respectively, separated by an exchange splitting of 0.4 eV,
while the lower bands exhibit an exchange splitting of 0.3
eV. This result is comparable to a magnetic monolayer of
nickel on Cu(100), where an exchange, splitting of 0.3 eV
has been found experimentally by ARUPS
measurements’ in accordance with slab calculations.>*

Earlier experimental results on the magnetism of thin
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Ni films either are in agreement’® or disagreement’® with
our results. However, in these early studies the films
were not well characterized with respect to their order.
Especially in the studies of Bergmann,*® the films were
evaporated onto a target held at a temperature of 10 K,
which does not yield an ordered film. However, a definite
determination of the spin character of the two-
dimensional bands of the Ni/Cu(111) system has to await
spin-resolved ARUPS and KRIPES measurements, re-
spectively.

B. H, chemisorption on a Ni monolayer on Cu(111)

Having established the details of the electronic struc-
ture of the Cu(111) surface modified by a monolayer of Ni
atoms, we now want to discuss hydrogen dissociation and
chemisorption. In Fig. 6 the ARUPS spectra of a com-
plete monolayer Ni and 1.5-ML Ni are shown at 40 and
14 eV photon energy, respectively. They are compared
with the spectra obtained after saturation of the surface
with hydrogen, which has been achieved by an exposure
of 10 L H, (1 L = langmuir =10 ° torrs) with the sam-
ple at a temperature of about 140 K. A slight increase of
the work function of A¢=50 meV has been measured
after hydrogen adsorption. This value, however, is just at
the detection limit of the diode method used to measure
the work-function changes in these experiments. Satura-
tion with hydrogen has very little effect on the 40-eV
spectrum. The intensity of the band directly below E is
reduced. This effect is much more evident in the 14-eV
spectrum in the right-hand panel of Fig. 6. Here the Ni-
derived band at —0.3 eV is almost completely quenched.
The A, surface state of the Cu(111) substrate (or interface
state) emerges again at —0.4 eV obviously not affected by
the hydrogen. In agreement with the 40-eV spectrum,
the transitions at —1.4 and — 1.1 eV are less influenced.

The left-hand panel of Fig. 7 shows the isochromat
spectrum of the clean ML Ni/Cu(111) sample as well as
the spectrum after 10 L H, exposure. The n =1 image-
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FIG. 6. Normal-emission photoemission spectra (14 and 40
eV photon energy) from 1 and 1.5 ML Ni(1X1)Cu(11) and after
exposure of both samples to 10 L H, at about 140 K.
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FIG. 7. Isochromat inverse photoemission spectra taken at
normal electron incidence. In the right-hand panel the spec-
trum of clean Ni(111) is compared to the spectrum after expo-
sure to 10 L H, at 140 K. Note the antibonding split-off state at
1.7 eV above E; (see text). In the left-hand panel the spectrum
from the 1-ML Ni(1X1)/Cu(111) surface is compared with the
spectra of this composite surface exposed to 10 L H, (T ~140
K). Hydrogen desorption after a short flash to about 150°C is
indicated by the recovered KRIPES spectrum on the top left-
hand side of the figure.

potential surface state is reduced in intensity and slightly
shifted by 0.1 eV towards the Fermi level. The Ni-
derived peak at E, however, exhibits a substantial reduc-
tion. A short flash to about 150°C desorbs the hydrogen
again, as deduced from the restored KRIPES spectrum
(see Fig. 7). The analogous behavior has been observed
for the hydrogen chemisorption on a bare Ni(111) sur-
face. In the right-hand panel of Fig. 7 the KRIPES spec-
trum of the clean Ni(111) surface is plotted. Note the
n =1 image-potential surface state at 4.6 eV and the Ni d
holes directly at the Fermi level. An exposure of 10 L
hydrogen at about 140 K induces a similar reduction of
the amplitudes of the Ni d holes as well as the image
state. Yet at Ep+ 1.7 eV a new state has been developed
clearly visible in the KRIPES spectrum in Fig. 7. We at-
tribute this feature on the Ni(111) surface to the unoccu-
pied antibonding counterpart of the bonding hydrogen
level split off from the Ni d bands. Saturation coverage
on Ni(111) has been checked by changing the hydrogen
exposure between 5, 10, and 20 L. No changes have been
observed either in the amplitude of the hydrogen-induced
state nor in its energy position. For a complete (1X1)
overlayer of atomic hydrogen on Ni(l111), the bonding
split-off band has been previously found at —9.0 eV at T
by ARUPS.® A bandwidth of 3.2 eV along T M and
4.2 eV along K, respectively, has been determined?® for
this two-dimensional state in a gap of the projected bulk
band structure. The antibonding H 1s— Ni d band 1.7 eV
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above Ep at T is also located within a projected bulk
band gap of the Ni(111) surface. Therefore, it is clearly
separated from Ni bulk band features in the KRIPES
spectrum of Fig. 7.

The energy of the antibonding hydrogen-induced state
is in reasonable correspondence with cluster calcula-
tions'**° which predict a Ni d state shifted above E,. due
to interaction with the H 1s orbital. Good agreement has
been found with calculations of Newns,*' who used the
Anderson formalism in a Hartree-Fock approximation
neglecting the H 1s interaction with the Ni sp band. He
finds the antibonding H 1s —Ni state at 2 eV above Ep, in
agreement with Anderson-model calculations by
Schénhammer, who included the Ni sp bands.*> Howev-
er, both calculations are based on an incorrect experi-
mental binding energy of —5.8 eV for the bonding state
(see Ref. 8). Considering the actual energy of the split-off
band,? corrections for the antibonding level have to be ex-
pected. In addition, the H ls—derived resonance of the
negative-ion final state has been determined at 2 eV above
E using a modified Anderson mode.* It should be add-
ed here that Reimer et al.* have observed an unoccupied
H-induced level 1.3 eV above E, from angle-integrated
inverse photoemission studies on the H/Ni(100) system.
The energy difference might be caused by the method
they used to identify the antibonding state, namely sub-
traction of the clean IPE spectrum from the hydrogen-
covered one.

Preliminary results on the angular dependence of the
antibonding band of H/Ni(111) exhibit a Onegligible
dispersion up to a wave vector of k;;=0.2 A taken
along the T' M azimuth. Simultaneously, a decrease of
the H-induced signal in the KRIPES spectra has been
found. Due to the limited data set, we have to attribute
this observation either to considerable disorder and/or
the merging of the empty split-off state into the bulk
bands at higher k,; values. However, further experi-
ments are necessary since we expect a similar dispersion
of the empty band as has been measured for the bonding
split-off band of H/Ni(111) as well as H/Pd(111).8

Having discussed the hydrogen adsorption on the bare
Ni(111) surface, we return to the interaction of H, with
the pseudomorphic Ni(1X1)/Cu(111) substrate. In addi-
tion to the reduction of the amplitude of the Ni-induced
features in the KRIPES spectrum of the hydrogen-
covered system (see Fig. 7, left-hand panel), a small struc-
ture can be identified at 2 eV above E;. By comparison
to the H/Ni(111) system, we attribute this weak feature
to the antibonding split-off state. The small amplitude
might be explained by a lower sticking coefficient of hy-
drogen on the Ni(1X1)/Cu(111) system at 140 K, result-
ing in a smaller hydrogen coverage.

The small feature 2 eV above E in the KRIPES spec-
trum of Fig. 7 is so far the only hydrogen-induced state
we could identify on the composite surface, yet hydrogen
absorption is clearly evident by the considerable decrease
of spectral intensities of the Ni derived d holes and the
occupied state at —0.3 eV below E (see Figs. 6 and 7).
Part of that decrease might be explained by inelastic
scattering at the adsorbed hydrogen species. However,
we attribute these changes mainly to a real reduction of

the surface density of states of the two-dimensional Ni-
derived d states upon bonding to hydrogen. A similar re-
moval of intrinsic surface states or resonances from the
energy region at E, has been previously detected by an
ARUPS experiment on H/Ni(111).54°

In conclusion, ARUPS and KRIPES measurements
demonstrate that molecular hydrogen dissociates at the
I-ML Ni(1X1)/Cu(111) surface, while it does not on
bare Cu(111).” The main difference between the clean
Cu(111) surface and the modified surface is the existence
of d states directly at the Fermi level, especially a small
pocket of d holes located at T in the SBZ. Intuitively,
this observation seems like a direct confirmation of the
model presented by Harris and Andersson.’® However,
we have to add here that we do not “‘see” the actual dis-
sociation process. We only observe that the chemical
bonding of hydrogen atoms changes the d holes. On the
other hand, without the d holes the dissociation does not
occur.

Even though the peak in the IPES spectrum showing
the d holes is quite large, the total density of states near
the Fermi level is not changed by a large amount on the
modified surface. The d holes only occupy a very small
portion of momentum space. Therefore we believe that
the reduction of the dissociation barrier is not due to a
general increase in the density of states at E, but rather
to the specific quality of d holes. This allows the sp elec-
trons to be more flexible and to react to the approaching
H, molecule by changing the degree of s-d hybridization.

Finally, we are able to demonstrate experimentally that
the empty d states have to be located directly at the sur-
face to dissociate the H, molecule. In Fig. 8 the normal-
incidence KRIPES spectra have been displayed for clean
Ni(111) and a monolayer of Cu on Ni(111). Like nickel
on Cu(l11), copper grows pseudomorphically on a
Ni(111) substrate. The monolayer coverage has been con-
trolled by AES and a good (1X1) LEED pattern has
been observed. The work function decreases by
A¢p=—0.2 eV. The spectrum of Fig. 8 exhibits no extra
unoccupied features at T. The intensity of the d-hole
feature of the underlying Ni(111) surface is slightly de-
creased due to the finite mean free path of the impinging
electrons. The n =1 image-potential surface state shifts
to lower energies since it is fixed to the vacuum level. Ex-
posure of the 1-ML Cu(1X1)/Ni(111) surface at 140 K to
10 L H, does not change the KRIPES spectrum on the
top of Fig. 8. The slight decrease in intensity of less than
10% is within the experimental error bar. Therefore we
conclude that one layer of pseudomorphically grown Cu
atoms on the Ni(111) surface “‘covers” the Ni d holes.
They are localized below the topmost Cu-vacuum inter-
face. Therefore they are not available for the dissocia-
tion. In this process the Pauli repulsion is reduced by
s —d transfer of metal s electrons to avoid the energy
cost of penetrating the H, 1o, bonding orbital.?*® Obvi-
ously, the function of the metal d holes as a sink for the s
electrons is confined to the outermost metal layer. On
the 1-ML Cu(1X1)/Ni(111) surface, Cu d-states are oc-
cupied. Accordingly, the entrance-channel activation
barrier cannot be lowered by s-—d charge transfer and
H, is not dissociated.
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FIG. 8. Normal-incidence isochromat inverse photoemission
spectra of Ni(111) and 1 ML Cu(1X1)Ni/(111). On the top the
spectrum after exposure of the 1 ML of Cu atoms adsorbed on
Ni(111) to 10 L molecular hydrogen at about 140 K.

IV. CONCLUSIONS

By angle-resolved inverse photoemission and photo-
emission spectroscopy we have studied the electronic
structure of a pseudomorphic monolayer of Ni atoms on
a Cu(111) surface. At the T point of the SBZ three
different Ni-derived bands have been found at 0.1 eV
above the Fermi level and at —0.3 eV, as well as —1.1
eV below the Fermi level. In addition, we observe a weak
fourth band at —1.4 eV. These findings are in contrast
to a tight-binding band-structure calculation® for a nickel
monolayer on Cu(l11) which predicts majority-spin
bands at —0.37 and —1.41 eV below Er at T. The
minority bands are found at about 0.1 eV less binding en-
ergies.’ However, we attribute the Nid —derived bands
at 0.1 and —0.3 eV to minority- and majority-spin bands
separated by an exchange splitting of 0.4 eV. The low-
lying bands at —1.1 and —1.4 eV exhibit an exchange
splitting of 0.3 eV. Therefore the Ni monolayer on
Cu(111) is magnetic, in contradiction to the above-
mentioned calculations which predict a magnetically
“dead” layer. Spin-resolved ARUPS and KRIPES mea-
surements on that system are clearly necessary to clarify
the spin character of the various observed bands.

The A, intrinsic surface state of the Cu(111) substrate
persists during the Ni-monolayer adsorption and remains
localized at the Cu-Ni interface. Neither the bottom of

this two-dimensional band —0.4 eV below Ep at T nor
its dispersion along T K of the SBZ has been affected by
the Ni overlayer. As judged from the calculations of Ter-
soff and Falicov,® the symmetry of the highest Ni-derived
bands does not interfere with the A, surface-state band.
The lower bands at —1.1 and —1.4 eV have the same
symmetry (d_, or sp,), yet they are located below the

L,.-L, bulk band gap of the Cu(111) substrate. We attri-
bute these reasons to be responsible that the projected
bulk band gap and necessarily the A, surface state is not
distorted by the Ni monolayer on the Cu(l11) crystal.
Furthermore, the surface barrier of the composite
Ni/Cu(111) system has not been changed. Only the refer-
ence plane of the image potential is displaced outwards
by the addition of the metallic Ni layer on the Cu(111)
metal, yet the binding energy and the dispersion of the
fundamental n =1 image-potential surface state are
unaffected. A binding energy of 0.7 eV with respect to
the vacuum level and a free-electron-like dispersion
(m*=m,) has been observed for the bare and the Ni-
covered Cu(111) surface.

The main difference of the electronic structure between
the Cu(111) substrate and the composite monolayer
Ni(1X1)/Cu(111) system is the existence of a local densi-
ty of d-derived states at the Fermi level. This seems to be
the most crucial parameter that governs the dissociation
process of molecular hydrogen at transition-metal sur-
faces.’® Therefore we have exposed the Ni/Cu(111) sys-
tem, the bare Ni(111) surface, and the pseudomorphically
grown 1-ML Cu(1X1)/Ni(111) surface to molecular hy-
drogen at sample temperatures of about 140 K. The
normal-incidence KRIPES spectrum of a 10-L H, dosage
on Ni(111) exhibits a well-pronounced antibonding split-
off state at 1.7 eV above Ep. This is the first unique
determination of the counterpart of the bonding hydro-
gen level split off from the Ni d bands.® The energy of
this unoccupied (H ls—Nid)-derived state is in good
agreement with various calculations using the Anderson-
Newns formalism*"*? as well as cluster models.'>*® The
direct confirmation of the atomic hydrogen chemisorp-
tion is accompanied by a considerable reduction of the in-
tensity of the d-hole feature in the KRIPES spectrum.
ARUPS as well as KRIPES spectra of the hydrogen-
exposed Ni/Cu(111) surface clearly prove the adsorption
of hydrogen. The Nid —derived band at —0.3 eV as well
as the d holes 0.1 eV above E show a considerable de-
crease in spectral intensity. The antibonding split-off
band is also visible in the KRIPES spectrum at about 2
eV, yet its intensity is very small and is attributed to a
small hydrogen sticking coefficient on the Ni/Cu(111)
surface. In contrast to this, hydrogen is not dissociated
on the 1-ML Cu(1X1)/Ni(111) surface. The KRIPES
spectrum of this system exhibits no change upon hydro-
gen exposure. From our photoemissions studies we also
conclude that molecular hydrogen is dissociated on a
monolayer of Ni/Cu(111), while it does not dissociate on
1-ML Cu/Ni(111), just as on a bare Cu(111) surface.” We
have to add that photoemission is not able to ‘“‘see” the
dynamical dissociation process, yet we observe its results,
namely whether hydrogen is adsorbed or not.

Our experiments support the model presented by
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Harris and Andersson.”® Here the d holes at the Fermi
level serve as sinks for the transition-metal s electrons
spilling out into vacuum. These s electrons must orthog-
onalize with respect to the bonding o, orbital of the ap-
proaching H, molecule, shifting these s electrons up in
energy, leading to a considerable activation barrier. If d
holes are available at E, an s —d charge transfer avoids
the energy increase. As a result, the activation barrier is
practically zero for transition metals such as Ni, Pt, and
Nd. However, this process is highly localized at the
outermost layer, as deduced from the Cu/Ni(111) system.
We ascribe the nondissociative property of a monolayer
of Cu/Ni(111) to the covering of the underlying Ni d
holes at E by the Cu overlayer.

In summary, our angle-resolved photoemission and in-
verse photoemission experiments demonstrate how the
modification of the surface electronic structure of

Cu(111) by a monolayer of pseudomorphically grown
nickel, and, vice versa, of Ni(111) by a pseudomorphic
monolayer of copper, influences the hydrogen chemisorp-
tion properties of the bare transition-metal surfaces.
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