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Angle-resolved photoemission study of the Ni(110)(1 X 2)-H reconstructed surface at 80 K
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Angle-resolved photoemission spectroscopy utilizing synchrotron radiation has been used to study
the electronic states of the Ni(110)(1 X 2)-H reconstructed surface at 80 K. An H-induced state, split
off from the Ni bulk bands, is found at 9.0 eV below the Fermi energy at T. This H split-off state
disperses upwards by 3.1 eV with k in the [110] (T X) azimuth whereas it exhibits no measurable
dispersion in the [001] (T ¥') azimuth. The intrinsic Ni(110) surface states were not identified along
the line in k space from T to X. It was found that the 3d-like 2 ,-symmetry bulk states at ~2—-3 eV
at T are markedly reduced by H adsorption, indicating that the Ni 3d (=) states participate in the
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bonding.

I. INTRODUCTION

In recent years, the dissociative adsorption of hydrogen
on a Ni(110) surface at below ~ 180 K has been a subject
of many experimental' ~® and theoretical’~'® investiga-
tions. He diffraction! and low-energy electron diffrac-
tion?>* (LEED) experiments have shown the formation of
a sequence of hydrogen ordered phases for coverages (O)
below one monolayer (ML), which are completed by a
(2X1)-H phase at ©=1 ML. There is general agreement
about the nature of these phases and their associated cov-
erages;' ~3 the basic configuration is a zigzag [110] row
with H atoms in basically threefold sites on the embryonic
(111). Above ©=1 ML, a reconstructed (1X2) phase
grows continuously at the expense of the (2X 1) phase un-
til saturation is reached at ©=1.5 ML. For the (1Xx2)
phase, possible structural models assuming the row-
pairing type reconstruction of the substrate have been pro-
posed [parts (a)-(c) of Fig. 1(A)]. The 1-ML H atoms
still sit in the threefold-coordinated sites, and the addi-
tional +-ML H atoms are adsorbed on the second Ni layer
[on-top sites (a) (Ref. 1), bridge sites (b) (Refs. 1, 4, and 5)
or buried in the fourfold-coordinated hollows with the
(100) character (c) (Refs. 1-3)]. However, with the effort
of several attempts,"6 no conclusive structural model has
been derived for the (1< 2) phase.

Previous theoretical workers have discussed the relative
importance of the Ni sp and d orbitals in H chemisorp-
tion. However, there is still a controversy regarding this
problem. Some concluded that the role of sp bonding is
important (a minor role for d electrons),” ~!? and others
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concluded that d bonding rather than sp bonding is impor-
tant.!3—16

The use of angle-resolved ultraviolet photoemission
spectroscopy (ARUPS) can give valuable information
about the nature of the chemisorption bond of H. Several
ARUPS studies have been reported for H/Ti(0001),"
H/Pd(111),"* H/Pt(111),’* H/Ni(111),'"* H/Ni(100),"
H/W(110),”® H/Cu(111),>' and H/Ru(0001)?? and the
two-dimensional band structure of the H-induced state
(split-off state) was measured except for H/Ni(100) where
such a split-off state failed to be observed!® (also see Refs.
23 and 24). Detailed measurement for H/Pd(111) (Ref.
18) showed that the bonding 1is predominantly
H 1s-Pd 4d character. For H/Ni(110) a preliminary UPS
study has been reported.® In this paper, we report a de-
tailed ARUPS study of the electronic states of the
Ni(110)(1x 2)-H surface at 80 K.

II. EXPERIMENTAL PROCEDURE

The Ni(110) single crystal was the same one used in our
earlier experiments.’>2® The clean surface, showing the
sharp p (1 X 1) LEED pattern with a low background, was
prepared by repeated Art-ion sputtering and annealing
cycles. The amounts of impurities were reduced less than
the detection limit of Auger spectroscopy [e.g., the Auger
peak-height ratio, I(O(KLL, 510 eV))/I(Ni(LVV, 848
eV)), was less than ;L and this corresponds to a coverage
of 0.003 ML or less*»2]. With liquid-N, cooling, the
crystal could be cooled to ~80 K. The (1X2)-H recon-

structed surface was prepared by exposing the clean
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Ni(110) to hydrogen at ~5x10~% Torr and at 80 K.
The (1X2)-H structure was verified by LEED.

The ARUPS measurements using synchrotron radia-
tion were performed at the sample temperature of 80 K
using a 150° spherical-sector-type analyzer with an accep-
tance angle of +1° as described elsewhere.”>~2® The total
experimental resolution was ~0.3 eV. The radiation was
linearly polarized in the horizontal plane of incidence, and
the sample was mounted onto a manipulator with one
axis rotation and x,y,z translation such that the [110]
crystal azimuth was oriented horizontally. Therefore,
throughout all the experiments, the surface component of
the vector potential ( A) of the light was in the [110] az-
imuth (A, along [110]). The electron energy analyzer
was capable of angular motion in the (001) and (110) mir-
ror planes, i.e., along the [110] (T X) and [001] (T Y ")
azimuths of the surface Brillouin zone (SBZ) for
Ni(110)(1x2)-H [Fig. 1(B)]. The angle of light incidence,
0;, from the surface normal could be varied independent-
ly. The base pressure in the system was 1x10~'° Torr.
The parallel component of the detected electron momen-
tum (k) can be obtained directly from the measured ki-
netic energy (E, ) and its direction

ky=[(2m /#)E;]1'*sin6, , (1)

where 0, is the emission angle in the collection plane
measured from the surface normal.
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FIG. 1. (A) Structural models for Ni(110)(1x2)-H (Refs.
1-5). (B) Surface Brillouin zones for clean Ni(110) (dashed

lines) and Ni(110)(1X2)-H (solid lines). The coordinate system
is chosen such that the z axis is normal to the surface, and the x
and y axes coincide with crystallographic [110] and [001] direc-
tions, respectively.

III. RESULTS AND DISCUSSION

Figure 2 shows (a) normal-emission (k;=0 or T) and
(b) off-normal-emission spectra of the Ni(110)(1x2)-H
surface measured at 6, =60° (A along [110]) and at vari-
ous photon energies (Av). Binding energy is referred to
Er. All spectra in Fig. 2(b) were recorded at a fixed value

of k;=0.126 A~ in the [1T0] (TX) azimuth [ie.,
ky=21d (T X) where d(T X) is the distance between T
and X] for an initial energy of 8.5 eV. In this way two-
dimensional states can be identified; their energies in a
spectrum should be independent of hv if k| is held fixed.
We find a new H-induced state, not present in the clean-
surface spectra,?>2® at binding energies of 9.0 eV at k,=0
(T') and ~8.5 eV at khz%d(l_“i_’), as indicated by solid
circles. The feature at ~6 eV is ascribed to the valence-
band satellite in Ni which has been well investigated in
Refs. 25 and 26. The centroid of this satellite shifts to
~7 eV at the Ni3p-resonance (hv~68 eV) as reported
previously.?>26

A more detailed picture of the electronic properties of
the surface-adsorbate complex—i.e., characterization of
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FIG. 2. hv dependence of angle-resolved photoemission spec-
tra for Ni(110)(1x2)-H taken at 6, =60 (A along [110]): (a)
normal emission; (b) off-normal emission [k;=2d (T X) at 8.5
eV]. The peaks due to the H-induced bonding state are indicated
by solid circles. The open circles indicate the position of the Ni
valence-band satellite.
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the adsorbate-substrate and adsorbate-adsorbate
interactions—can be obtained by evaluating the E versus
k dispersion [E (k)] of the H-induced states. We have
investigated the 6, and hv dependence of photoemission
spectra for the clean Ni(110) and the Ni(110)(1X2)-H in
the two symmetry directions of the SBZ’s (Figs. 3-5).
Before continuing with the discussion of the H-induced
features, it is important to understand the off-normal-
emission spectra for the clean surface. Figure 3 shows ex-
amples of such spectra for (a) 6; =60° and (b) 6, =25° (4,
along [110]), respectively, measured at Av=30 eV and at
emission angles 0°<6, <16.4° in the (001) mirror plane
([110] azimuth). The 6; =60° spectra for larger emission
angles are seen in Fig. 4 (left-hand side). The hv depen-
dence of the 0, =0° spectra have been reported earlier?>2°
and showed that at T (1) no features due to intrinsic sur-
face states are observed, (2) the s-band emissions are so
weak as to be detected for 25 <hv <120 eV, (3) the satel-
lite moves with Av as stated above, and (4) emissions from
the 3d-like 34 and =, bulk bands are observed, e.g., at
~0.5 and ~2.8 eV for Av=30 eV, which move with hv
and the resulting experimental dispersion as well as loca-
tions of the bands agree well with the empirically adjusted
band structure of Weling and Callaway.?’ Therefore, two
features at ~0.5 and ~2.8 eV seen in 6, =0° spectra of
Fig. 3 are due to emissions from the 3d-like £, and X,
bulk bands, respectively. These two peaks move in energy
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FIG. 3. Angle-resolved photoemission spectra of clean

Ni(110) in the T X ([110] azimuth) taken at hv=30 eV (4,
along [110]) and at 80 K: (a) 8, =60°; (b) 6, =25".
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FIG. 4. Left-hand side: Angle-resolved photoemission spec-
tra of Ni(110)(1x2)-H at 80 K along T X ([110]) measured at
hv=30 eV and 6,=60° (A4 along [110]). For comparison, the
clean-surface spectra measured at the same experimental
configuration are shown by solid lines. Right-hand side:
Difference curves corresponding to the left-hand curves. The po-
sition of the H 1s derived state is indicated by solid circles.

as 0, is changed. Note that the energy of the 6-eV satel-
lite is independent of 6, as expected. Figure 6(a) shows
the measured dispersion along the [110] (T X) azimuth.
The hv=30 and 40 eV data are indicated by solid circles
and triangles, respectively. The shaded regions in Fig. 6
are the calculated projection of the even-symmetry bulk
bands onto the (110) surface Brillouin zone.*® Clearly,
the dispersion of the two 3d-band emissions obtained for
hv=30 eV differs from the dispersion for Av=40 eV, in-
dicating that these features are due to bulk states.

The dispersion profiles of the 3d bands in the clean
Ni(110) surface taken at hv=30 eV [Fig. 6(a)] are some-
what similar to the profiles for Ni(110) (Ref. 31) and
Cu(110) (Ref. 32) obtained in the (001) mirror plane
([110] azimuth) at hv=21.2 eV. The higher-binding-
energy 3d-band peak starts to be split into two peaks at
0, ~20° for hv=30 eV [Figs. 4 (left-hand side) and 6(a)].
The occurrence of this splitting is connected with the so-
called appearance angle where the transition changes the
final band in crossing a Bragg plane. From inspection of
6,=25° spectra in Fig. 3(b) (predominantly A4, along
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FIG. 5. Angle-resolved photoemission spectra along T ¥’
([001] for Ni(110)(1<2)-H measured at Av=230 eV and 6, =60°
(A, along [110]). The position of the H 1s derived state is indi-
cated by solid circles. The open circles show the position of the
Ni valence-band satellite.

[170] (x axis) and small 4, along [110] (z axis)), we find
that at 6, ~0° the higher-binding-energy 3d-band peak is
reduced in intensity as compared with the lower-binding-
energy 3d-band peak, and at larger emission angles the
former is increased in intensity as compared with the
latter. According to the light polarization selection rules
for direct transition, at 6, ~0° the former is due to the
transition X(initial)—=X,(final) (allowed for z-polarized
light) and the latter is due to 24— 2, transition (allowed
for x-polarized light) as discussed in Refs. 25 and 26,
while at larger emission angles the former and latter
should be ascribed to the 2,—Z2, and £,— =, transitions,
respectively.

Now we turn to the two-dimensional dispersion of the
H-induced features which is illustrated in the spectra in
Figs. 4 and 5 and summarized in Fig. 6(b). Figures 4
(left-hand side) and 5 show off-normal-emission spectra of
Ni(110)(1x2)-H along the [110] (T X) and [001] (T ¥")
azimuths, respectively, taken at hv=30 eV and 0, =60°
(A, along [110]). Figure 4 (right-hand side) shows the
difference curves [(1X2)-H—clean] corresponding to the
curves on the left-hand side. In principle, this eliminates
the contribution from the underlying bulk interband tran-
sitions, and a positive peak in the difference curves indi-
cates an extrinsic H-induced surface state, while a nega-
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FIG. 6. Dispersion of the peaks in the photoemission spectra
for (a) clean Ni(110) and (b) Ni(110)(1x2)-H along T X and
T Y’ of the clean SBZ. The shaded regions are the calculated
projection of the Ni bulk bands onto the (110) surface (Ref. 30);
circles are for hv=30 eV and triangles are for h/v=40 eV. The
open symbols indicate negative peaks in the difference curves.

tive peak is an intrinsic Ni(110) surface state that has been
removed or shifted by H adsorption. The feature due to
the H 1s—Ni bonding state is indicated by solid circles.
Notice that at and near T the higher-binding-energy =,
symmetry 3d-band peak is reduced by H adsorption.
This phenomenon is independent of Av (see Fig. 2) and is
therefore not due to final-state effects. Peak positions
versus k, from series of off-normal-emission spectra for
hv=30 eV (circles) and hv=40 eV (triangles) in the two
symmetry directions T X and T Y’ of the SBZ are shown
in Fig. 6(b). There, the positions of peaks in the actual
energy distribution curves and of positive peaks in the
difference curves are indicated by solid symbols, while the
positions of negative peaks in the difference curves are in-
dicated by open symbols.

Here, it is important to note that H forms an ordered
(1X2) structure, and this fact makes the analysis of the
angle-resolved difference curves difficult, because surface
umklapp processes have been changed, and inelastic
scattering from adsorbate has filled in minimum part in
the clean-surface spectrum. Therefore, the difference
curves may lead to several systematic errors and, as a
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consequence, result in completely wrong interpretations.
Criteria for identifying intrinsic or extrinsic surface state
are (1) the structure is observed for several photon ener-
gies and (2) the structure is visible in the actual energy
distribution curves, as well as in the difference curves.
All the structures shown in Fig. 6(b) apparently satisfy the
above criteria. However, a detailed comparison between
Figs. 6(a) and 6(b) shows that, except for the H split-off
states, dispersions of all the structures for Ni(110)(1Xx2)-
H are almost identical with dispersions for clean Ni(110).
In other words, no features due to intrinsic surface states
are identified along T X, and the only extrinsic surface
state unambiguously identified is the H 1s—Ni bonding
split-off state. In the calculation of the clean surface,™
the surface states were predicted at ~1.5 eV near T and
at ~3 eV near X. However, these surface states are not
identified unambiguously in the present photoemission.
Further, we do not find an H-induced state at ~1.3 eV
below Ep as reported previously.®

Interestingly, the H split-off state does not exhibit
dispersion in the [001] (T Y ') azimuth, though it shows
considerable dispersion of ~3.1 eV in the [110] (T X) az-
imuth, i.e., parallel to the densely packed rows of the H
atoms [see Fig. 1(A)]. The dispersion along T X is
characteristic of an s-derived orbital and exhibits the
correct periodicity for the (1X2) structure. The lack of
dispersion in this state along T Y’ may be a consequence
of the complicated periodicity of the (1X2)-H structure in
the [001] azimuth. We think that the visible split-off state
is for H in a basically threefold-coordinated site and/or at
the second Ni layer for the following reason. No split-off
state was found!® for H adsorption on Ni(100) surface at
90 K, and therefore the visible split-off state is not expect-
ed for H in the fourfold-coordinated hollow with the (100)
character [part (c) of Fig. 1(A)]. It has been suggested
that the H—metal bonding is short-ranged and hardly ex-
tends beyond the nearest neighbors.!® These results show
that unfortunately it is impossible to decide which
structural model is correct from photoemission data
alone.

As shown in Fig. 2, the H 1s—Ni split-off state is most
visible at around Av=30 eV. This indicates a strong ad-
mixture of Ni 3d states into this split-off level, because the
photoionization cross section for atomic H 1ls slowly de-
creases as hv increases and the Hartree-Fock calculations
show that atomic Ni 3d cross-section peaks at 20—34 V.3
There seems to be more direct evidence for strong hybrid-
ization with Ni3d states. As stated above, we find that
2 ,-symmetry 3d bulk states are almost completely re-
moved by H adsorption, irrespective of hv (see Fig. 4).
The H s orbitals interact with Ni states which belong to
the same irreducible representations to form the split-off
bonding state. It has been pointed out®* that the contri-
butions of surface and bulk states to the chemisorption
bond are expected to be similar.

Figures 4 and 5 show that the H split-off state is more
pronounced away from I'. The same phenomenon has
also been observed on Ni(111) (Ref. 18) and Ru(0001)
(Ref. 22) and was explained by theoretical results'® that
the d character of the split-off state increases for the outer
part of the SBZ. However, contrary to what was tacitly

assumed, the atomic H 1s cross section is not much weak-
er than the Ni3d cross section per electron at Av~20-30
eV, but they are much the same.?*3%3% Therefore, there is
still a problem with the above explanation. Another ex-
planation, i.e., an Anderson-Newns type initial-state
broadening,'®* for this reduction in intensity of the H
split-off state around T was offered. At T" the H split-off
state is only 0.2 eV off from the Nis bulk bands, and this
state has the measured width [full width at half max-
imum] of ~1.5 eV near the zone boundary where it is
well separated from the bottom of the s bands [see Fig.
6(b)]. Since at T the split-off state is very close to the
bulk s-band edge and then almost overlaps the s band, it
can acquire an additional width, making it broader. We
cannot reject this explanation.

Finally, we want to discuss lateral interactions for hy-
drogen ordered overlayers. When the average H-H spac-
ing decreases, the magnitude of the dispersion is expected
to increase from a simple tight-binding-model argument
for an ‘‘isolated” monolayer. The implication of this
model is that the band dispersion is primarily a conse-
quence of direct (“through-space””) H-H interactions and
not due to indirect interactions through the substrate.
Within this simple picture the bandwidth (Egy ) depends
exponentially on the H-H nearest-neighbor distance (d).
Figure 7 shows a compilation of the available experimen-
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FIG. 7. Bandwidth of the H split-off state versus H nearest-

neighbor  distance on  Ni(110)(1x2)-H (this  work),
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Ru(0001)(1x 1)-H (Ref. 22) surfaces, in a semilog plot (see text).
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tal data for the H ls bandwidth as a function of the H-H
distance [for Ni(111) and Pd(111),'® the values in the T K
azimuths in the SBZ’s of hexagonal overlayers are plot-
ted]. The straight line (1) corresponds to an exponential
decay constant of ~0.8 A, i.e., the bandwidth Egy is ap-
proximately given by

EBW:75'8e —d /0.803 , (2)

where Egyw is in eV and d is in A. The additional sub-
strate interaction, which depends on the realistic bulk
band structure of the substrate, leads to a deviation from
the exponential relation between Egy and d. Although
the data in Fig. 7 are considerably scattered, the general
trend of the data indicates that, except for H/Cu(111),%’
the bandwidth of the H ls split-off state seems to be
roughly determined by the H-H distance.

Theoretically, a few calculations of the band structure
for a hydrogen monolayer have been reported.’®* For an
isolated monolayer of hydrogen with lattice spacing corre-
sponding to the p(1X1) overlayer on Pd(111) (©6=1
ML), the H 1s bandwidth in the T M and T K azimuth are
calculated to be ~3.4 and 4.2 eV, respectively:® the
values are indicated by A4 and B in Fig. 7. Similar calcu-
lation for an isolated hydrogen monolayer with lattice
spacing corresponding to the p(1X 1) overlayer on
W (100) (©=2 ML) gives the H 1s bandwidth of ~3.2 eV
in the T X azimuth.* This dispersion is half magnitude
of the dispersion in a hexagonal layer along T M for the
same H-H spacing (see Ref. 40). Therefore, in this case,
the corrected value is indicated in Fig. 7 by A4’. The
straight line (2) connecting A with A’ has nearly the same
slope as the line (1). The line (3) is a straight line passing
through B which has the same slope as the line (2). We
assume that the lines (2) and (3) can give the bandwidths
in the T M and T K azimuths, respectively, for an isolated
hexagonal hydrogen monolayer. Note that the experi-
mental H ls bandwidth is smaller than the theoretical
bandwidth obtained for the isolated hydrogen monolayer.
This fact as well as the above-mentioned certain devia-
tions of the experimental data from the simple exponential
relation between Egw and d indicate that the additional
through-substrate interaction is also operative.

The avoided-level-crossing mechanism has been pro-
posed!®3® to explain the small bandwidth observed in
photoemission from the Pd(111)(1X1)-H surface. This
mechanism could be qualitatively possible for the
Pd(111)(1Xx 1)-H system, since the energy difference (AE)
between the bottom of the substrate d-like bulk bands at
M or K and the H 1s level at T is below the line (2) or (3).
However, we cannot predict easily the bandwidth by this
idea without realistic band-structure calculation, and it is
unknown whether this mechanism is operative for the oth-
er adsorption systems. For example, in the case of the

Ni(111)(1x 1)-H system, the AE values are estimated to
be ~5.9 eV at K and ~5.4 eV at M from the results of
Refs. 18 and 41, and they are above the respective lines
(2) and (3). Therefore, we can expect to observe the full
bandwidths given by the lines (2) and (3) contrary to ex-
periment [the observed Egw in the T M azimuth is ~3.2
eV (Ref. 18)]. Similar argument holds for the
Ti(0001)(1x 1)-H system [AE~5.5 eV (Ref. 17)]. At
best, the avoided level crossing model can give only a pos-
sible upper limit of bandwidth. We can expect the H 1s
bandwidth using the empirical formula (2) within an error
of ~0.5 eV for d 2.5 A. Of course, this does not ex-
clude the indirect interaction, as discussed above. The
underlying physics of the avoided-level-crossing model is
that the hydrogen-substrate hybridization can be an im-
portant factor responsible for the observed bandwidth.
Another essential parameter characterizing the bandwidth
is the H-H distance. The problem is attributed to the
chnice of the wave function of adsorbed hydrogen includ-
ing hybridization. We can say that hydrogen-substrate
hybriaization makes the hydrogen bandwidth decrease.
This poiat requires further study.

IV. CONCLUDING REMARKS

Angle-resolved photoemission measurements have been
made on clean Ni(110) and Ni(110)(1x2)-H surfaces at
80 K. No features due to the intrinsic surface states were
identified along T X, while the H 1s derived bonding level
split off from the bulk bands was found (9.0 eV at T).
This split-off state shows no measurable dispersion along
T Y’ ([001]), whereas it exhibits considerable dispersion of
~3.1 eV along TX ([110]). These results reflect the
highly anisotropic structure of the (1x2)-H. We found
evidence for participation of the Ni X ,-symmetry 3d-like
bulk bands in the H-Ni bonding.

We did not study the low-coverage phases [i.e., (2X6),
c(2X4), and (2Xx1)], since postadsorption of hydrogen
from the background can change a particular phase to an-
other phase during the period of ~1 h for carrying out a
series of measurements. Further experiments will have to
be carried out.
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