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Adsorbate phonons on Ni„100…„1Ã1…-H

H. Okuyama, M. Z. Hossain, T. Aruga, and M. Nishijima*
Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

~Received 13 June 2002; published 17 December 2002!

We have investigated vibrational states of H on Ni(100)(131)-H by means of electron energy loss spec-
troscopy~EELS!. In addition to the symmetric stretch mode at 645 cm21, we detect an asymmetric stretch

mode at;700 cm21 near theḠ point. This mode is found to be collective and exhibits a dispersion up to

850 cm21 at theX̄ point. It is characterized by an anomalously large linewidth (;150 cm21) whose origin is
discussed on the basis of the experimental results.

DOI: 10.1103/PhysRevB.66.235411 PACS number~s!: 68.35.Ja, 68.43.Pq

I. INTRODUCTION

Hydrogen on metal surfaces is a prototype of the adsorp-
tion system and attracts much attention because of the fun-
damental as well as technological interest. The vibrational
property, in particular, has been a central issue because of its
relevance to the dynamical processes such as diffusion and
reaction, and has been investigated on a variety of surfaces.1

A wealth of vibrational spectra have been accumulated to
date by using electron energy loss spectroscopy~EELS!.

For the threefold coordinated H adatoms on face-
centered-cubic~fcc! ~111! surfaces, the two fundamental
modes have been readily observed in the vibrational spectra,
corresponding to the symmetric (ns) and asymmetric (nas)
stretch modes.1,2 On the other hand, there exist only two
studies to our knowledge which could determine thenas for
the fourfold coordinated H adatoms on fcc~100! probably
due to the sensitivity problem; the primary energy should be
carefully optimized to detect the asymmetric modes of the
fourfold coordinated H@Pd~100! ~Ref. 3! and Rh~100! ~Ref.
4#.

The adsorbed state of H on Ni~100! has been studied by
means of low-energy electron diffraction~LEED!, EELS,5,6

and He diffraction.7 In the earlier LEED study at 200 K,5 a
quasiorderedp(232) pattern was observed at medium cov-
erages. In the following LEED study at 100 K,6 similar
streaky features with significant background intensity were
observed, but no well-defined extra spot was observed. With
increasing exposure, the background intensity decreases and
a (131) pattern with a sharp contrast@as for the clean
Ni~100!# was observed, which was confirmed by the He dif-
fraction experiments.7 The vibrational states were investi-
gated by EELS, and a single dipole-active loss was observed
at 78 meV (630 cm21) at the saturation coverage which was
assigned as the symmetric stretch mode of H adatoms ad-
sorbed in the fourfold hollow sites of Ni~100!.5,6 Thus, it was
suggested that H adatoms are disorderedly arranged at low
coverages and a well-defined (131)-H structure is formed
at the saturation. The adsorption states were also studied by
the first-principles density-functional calculations,8,9 which
were in reasonable agreement with the experimental results.

In this study, we investigate the vibrational states of H on
Ni~100! mainly at the saturation coverage. In addition to the
symmetric stretch mode previously observed,5,6 we detect an

asymmetric stretch mode at;700 cm21 near theḠ point,
which disperses up to 850 cm21 at theX̄ point. It is found
that the linewidth of the asymmetric mode is markedly large
(;150 cm21) in contrast to that of the symmetric mode
(;30 cm21), the origin of which is discussed in terms of
quantum delocalization, vibrational damping and surface in-
homogeneity.

II. EXPERIMENTAL

The experiments were carried out using an ultrahigh
vacuum chamber equipped with a high-resolution electron
energy loss spectrometer~LK-5000, LK Technologies, Inc.!,
a four-grid retarding-field analyzer for LEED, and a quadru-
pole mass spectrometer for thermal desorption measure-
ments. A Ni~100! sample was cleaned by cycles of 500 eV Ar
ion sputtering and 1100 K annealing. For the clean surface, a
sharp (131) LEED pattern was obtained. We prepared the
H~D!-covered sample by exposing the clean surface at 90 K
to H2(D2) via a tube doser. The exposure is given by the
background H2(D2) pressure multiplied by time in units of L
(1 L5131026 Torr s). The surface is saturated with H ada-
toms at 10 L of H2(D2), where the (131)-H(D) structure is
formed. All measurements were conducted at the sample
temperature of 90 K. The primary electron energyEp , inci-
dence angleu i , and emission angleue ~with respect to the
surface normal! were varied depending on the experiments.
The electrons were scattered along the@011# direction of
Ni~100!. The energy resolution of 16–24 cm21 ~2–3 meV!
was used.

III. RESULTS

Figure 1 shows a series of EELS spectra for Ni(100)(1
31)-H measured along theḠX̄ direction of the surface Bril-
louin zone. The spectra are shown as a function of the par-
allel momentum transferQi which is varied by rotating the
analyzer towards the off-specular direction. The momentum
transfer is represented byz[Qi /KX̄ , where KX̄
51.261 Å21. The Ep is 20 eV, andu i is 80° for the upper
two spectra and 70° for the others. Two dispersing features
are observed below 300 cm21 which are ascribed to Ni
phonons.10 At higher energy, we observe losses which are
ascribed to H vibrations. In the specular direction (z50), a
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single loss is observed at 645 cm21. The loss was observed
at 630 cm21 in the earlier studies,5,6 which was assigned as
the symmetric stretch mode of H (ns) adsorbed at the four-
fold hollow site. The peak intensity decreases in the off-
specular direction, which indicates that the mode is excited
with the dipole mechanism;11 the 645 cm21 mode is con-
firmed to be thens . It disperses downwards with increasing
the momentum transfer, and thus, it is a collective excitation
of the H adatoms~phonon! and assigned as a predominantly
perpendicular-polarized transverse mode~denoted byP).

In the off-specular direction, we detect a distinct loss at
higher energy which is first observed in this study. We can
straightforwardly assign the loss as an asymmetric stretch
mode of H (nas) because it is detected only in the off-
specular direction.11 It shows strong upward dispersion with
increasing the momentum transfer. While thenas is doubly

degenerate at theḠ point, the H-H interactions lift the de-

generacy along theḠX̄ direction, generating two branches,
i.e., the longitudinal and transverse modes predominantly po-
larized along the@011# and @01̄1# directions, respectively.
The upward dispersion indicates that this is the longitudinal
mode~denoted byL), while the transverse mode is not ob-

served according to the selection rule of impact scattering of
EELS.11 In addition to these fundamental losses, a small fea-
ture is observed at;1100 cm21 which is ascribed to the
overtone of ns ~the two-phonon excitation ofP). These
H-derived peaks are fitted with three curves of Lorentzian
functions as shown in the figure to determine the energies
and intrinsic widths of the two fundamental modes. Figure 2
shows a series of EELS spectra for Ni(100)(131)-D. Iso-
tope shifts (;1.4) are obvious both forP andL, confirming
H/D motions involved in these modes. Because we cannot
detect the overtone in this case, the spectra are fitted with
two curves of Lorentzian functions as shown in the figure.

Figure 3 shows a series of EELS spectra for Ni(100)(1
31)-H at Ep525 eV andu i575°, including the energy re-
gion of overtones. At thisEp , the intensity of thens (P) is
increased while that of thenas (L) is not so much changed.
Correspondingly, the overtone ofns ~the two-phonon excita-
tion of P) is clearly observed at 1100 cm21. The mechanism
of the enhancement is not investigated in this study, but it is
probably associated with the resonance scattering of inci-
dence electrons.3,4 The corresponding spectra for D on
Ni~100! are shown in Fig. 4, where the overtone is observed
at 815 cm21 around the zone edge. The loss at;600 cm21

observed in the spectra ofz50.12–0.30 is ascribed to H
adsorbed from the background.

FIG. 1. A series of EELS spectra of Ni(100)(131)-H as a

function of the normalized momentum transferz along theḠX̄ di-
rection of the surface Brillouin zone~shown in the inset!. z51

corresponds to theX̄ point. The primary energyEp is 20 eV, and
u i580° for the upper two spectra andu i570° for the others. The
elastic peak is shown forz50 ~intensity: 105 cps!. The two main
features are due to H vibrations, which are fitted with Lorentzian
functions and represented by solid curves.

FIG. 2. A series of EELS spectra of Ni(100)(131)-D as a

function of the normalized momentum transferz along theḠX̄ di-
rection of the surface Brillouin zone. TheEp is 20 eV andu i

570°, and the elastic peak is shown forz50 ~intensity: 105 cps!.
The two main features are due to D vibrations, which are fitted with
Lorentzian functions and represented by solid curves.
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The loss energies and deduced intrinsic widths are shown
in Fig. 5 as a function ofz. If we consider one-dimensional
array of oscillators interacting between the first- and second-
nearest neighbors, the dispersions are simply fitted to cosine
curves with three parameters:e01e1cos(pz)1e2cos(2pz).
The results of the fittings are shown with the solid curves in
Fig. 5~a!. The parametere0 corresponds to the vibrational
energy of a decoupled oscillator, ande1 ande2 are related to
the interactions between the first- and second-nearest neigh-
bors in the array, respectively. The deduced parameters for
H~D! are e05619(451) cm21, e1517(2) cm21, and e2
58(9) cm21 for P, and e05762(523) cm21, e15287
(262) cm21, ande250(210) cm21 for L.

The intrinsic widths are determined from the full-widths
at half-maxima~FWHM! of the fitted Lorentzian curves after
deconvolution with the elastic peaks whose widths are be-
tween 16 and 24 cm21. The results are shown in Fig. 5~b!. It
is noted that the linewidths ofL are;150 and 100 cm21 for
H and D, respectively, which are anomalously large as com-
pared to those ofP (;30 cm21). The line-broadening
mechanism will be discussed later.

We take the EELS spectra at lower coverages to investi-
gate the vibrational states of more isolated H adatom species.

Figure 6 shows the coverage dependence of the EELS spec-
tra taken atEp59.5 eV andu i5ue570°. The widths of the
elastic peaks are;18 cm21. The spectra are similar to those
previously reported,6 and thus, we briefly describe the
coverage-dependent adsorbed states. Under this scattering
condition, only the dipole-active mode (ns) is observed. At
the initial stage of adsorption~0.02 L!, two peaks appear
which were ascribed to the isolated species~the lower-energy
mode at;550 cm21) and the (131)-H island species~the
higher-energy mode at;640 cm21) on the surface. The two
adsorbed states always coexist at medium coverages, which
indicates the existence of attractive interactions between H
adatoms to form the (131)-H structure, as predicted by the
recent density-functional study.9 The isolated species domi-
nates at 0.4 L. At the saturation~10 L!, the surface is fully
covered with the (131)-H structure and a single peak is
observed at 645 cm21 as described above. A small peak is
observed at;400 cm21 which has been ascribed to slight
trace of carbon.6 The inset shows the spectra for 0.4 L expo-
sure taken atEp520 eV. The spectra~a! and~b! were taken
with u i5ue570°, andu i570° andue540°, respectively. In
the off-specular direction@spectrum~b!#, a loss is observed at
;800 cm21 which is assigned as thenas of the isolated H
adatom species.

FIG. 3. A series of EELS spectra of Ni(100)(131)-H at Ep

525 eV and u i575°. The perpendicular-polarized mode at
;600 cm21 is intensified at thisEp , enabling the detection of the
corresponding overtone at 1100 cm21.

FIG. 4. A series of EELS spectra of Ni(100)(131)-D at Ep

525 eV and u i575°. The perpendicular-polarized mode at
;450 cm21 is intensified at thisEp , enabling the detection of the
corresponding overtone at 815 cm21 near the zone boundary.
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IV. DISCUSSION

A. Fundamental vibrations and lateral interactions

The vibrational energies of H have been investigated on a
variety of metal surfaces. We have determined theḠ-point
energies ofL andP (nas andns) of Ni(100)(131)-H to be
;700 and 645 cm21, respectively. Our results show that the
nas is higher in energy than thens for H on Ni~100!. For H
on Pd~100!, the nas and ns were observed at 76 meV
(610 cm21) and 63 meV (510 cm21), respectively,3,12 and
thus, this system also showsnas.ns . On the other hand, this
relation is not applicable to H on Rh~100!, where thenas and
ns were observed at 65 meV (525 cm21) and 82 meV
(660 cm21), respectively.4 Thus the vibrational energies of
the fourfold coordinated H are closely dependent on the
chemical details of the H-surface interactions. This is in con-
trast to the case of three-fold coordinated H, which was pro-
posed to show universallynas,ns .2 The first-principles
density-functional calculations predicted thens and nas for
the Ni(100)(131)-H at the Ḡ point to be 86 meV

(695 cm21) and 68 meV (550 cm21), respectively,8 which
are deviated from the experimental results in particular for
the nas .

The dynamical lateral interactions cause the dispersions
of the fundamental modes at high coverage. The substantial
contribution of e2 as well ase1 is obvious for P, which
indicates a long-range nature of the interaction for this mo-
tion. This is consistent with the indirect mechanism of the
interaction mediated by the substrate electrons which was
predicted by the effective medium theory.13 The downward
dispersion ofP can be qualitatively explained as follows: the
upward displacement of H reduces the background charge
density at the position of coadsorbed H, which causes the
stiffening of the potential curve towards the vacuum.13 Thus
the in-phase motion along the surface normal (Ḡ point! is the
highest in energy as shown in Fig. 5~a!. Note that the local
minimum atz;0.5 of P @Fig. 5~a!# reflects the significance
of the interactions between the second-nearest neighbors. On
the other hand, the short-range interaction dominates theL as
deduced fromue1u@ue2u, and the upward dispersion indi-
cates repulsion between the first-nearest neighbors in the out-
of-phase motion.

B. Anharmonicity and two-phonon bound state

The observed energies of the overtone for Ni(100)(1
31)-H are shown in Fig. 7 as a function ofz. The energies

FIG. 5. ~a! Dispersions of the vibrational energies ofns(P) and
nas(L) for Ni(100)(131)-H(D) as a function ofz. The solid
curves are the results of fitting with cosine functions. Note that the
local minimum atz;0.5 of ns ~P! for D reflects the significance of
the interactions between the second-nearest neighbors.~b! The in-
trinsic widths of the corresponding loss peaks are shown as a func-
tion of z.

FIG. 6. Coverage-dependent EELS spectra for H on Ni~100! at
Ep59.5 eV andu i5ue570°. The inset shows the spectra for 0.4 L
exposure atEp520 eV. The spectra~a! and ~b! are taken withu i

5ue570°, andu i570° andue540°, respectively.
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are determined by fitting the peak shape to a curve of Lorent-
zian function. The free-two-phonon continuum generated
from the double excitation ofP is calculated, which is also
shown in the figure (P1P). It is obvious that the overtone is
split off from the two-phonon continuum due to the anhar-
monicity, and thus, it is interpreted to be a two-phonon
bound state with two quanta of vibrational excitations almost
localized.14 As shown in Fig. 3, the bound state is observed
as a broad feature near theḠ point but is clearly seen as a
sharp peak with increasing the momentum transfer. The ori-
gin of the broadening near theḠ point is not known yet. For
D on Ni~100!, the bound state is only seen near the zone
boundary as shown in Fig. 4.

The two-phonon bound state exhibits little dispersion due
to its localized character,15 and the overtone energy of a de-
coupled H adatom (ns

0→2) is estimated to be 1100 cm21. To
determine the anharmonicityG ~called \vexe in general!,
the fundamental vibrational energy of a decoupled H adatom
at the saturation coverage (ns

0→1) should be known. The
ns

0→1 was estimated in the previous study,6 where thens was
investigated as a function of the isotope concentration ratio.
In the limit of zero concentration of H, thens

0→1 was de-
duced from the extrapolation to be 580 cm21.6 Thus we can
determine the anharmonicityG5(2ns

0→1-ns
0→2)/2 to be

30 cm21.11

C. Line-broadening mechanisms

It is obvious that theL is characterized by an anomalously
large linewidth (;150 cm21) in contrast to the relatively
small width ofP (;30 cm21). The line-broadening mecha-
nisms of vibrations have been discussed mainly in terms of
quantum delocalization,16,17 lifetime broadening,18–20and in-
homogeneous broadening.21

The delocalized vibrational states were theoretically pre-
dicted by Puskaet al.16 In their model, an H atom is consid-
ered to be a quantum particle due to its small mass, and thus,
the vibrational excited states of H are delocalized along the
surface and the vibrational spectra reflect its band-structured
density of states~peak broadening!. The weak corrugation of

the potential is essential for the lateral tunneling and thus the
delocalization of an H adatom. The model Hamiltonian for
the excited states of H was proposed and represented as22

H5E(
i

ni
11T(

i , j
cj

†1ci
11U(

i
ni

1ni
01V(

i , j
ni

1nj
0 ,

~1!

whereE corresponds to the vibrational energy of the isolated
H adatoms,T is the hopping matrix element of the excited H
adatoms between the nearest-neighbor sites,U is the repul-
sive energy when the excited H adatom shares a site with
other H adatom in the ground state, andV is the repulsive
energy between the excited adatom and the ground-state H
adatom in the nearest-neighbor sites. The indices 1, 0,i, j
denote the excited state, the ground state, a certain site in the
system, and the nearest-neighbor sites of the sitei, respec-
tively. ci

†(ci) is the creation~annihilation! operator for the
site i and ni5ci

†ci is the occupation number of the sitei.
This Hamiltonian was solved for the systems of the one-
dimensional array of H adatoms on Cu~110! ~Ref. 22! and
Pd~110!.23 For qualitative discussion, we neglect the contri-
bution of V, and then, the Eq.~1! is represented as

H5(
i

~E1Uni
0!ni

11T(
i , j

cj
†1ci

1 . ~2!

We observe the transition of H from its ground state to the
excited state at the sitei 8, and thus, the Hamiltonian should
be solved withni 8

0
50. At first, we consider the case where

ni
0 is zero for the majority ofi ~low coverage!. Then, the

Hamiltonian yields delocalized states with the band-center
energyE and localized states with the energy (E1U). Ob-
viously, the delocalization is hindered by the coadsorbed H
adatoms, and thus, the broadening vanishes with increasing
the coverage as supported experimentally.22,23 On the other
hand, in the case of saturation coverage whereni

0 is one
except for ni 8

0 , the Hamiltonian yields delocalized states
with the band-center energy (E1U) and a localized state
with the energyE at the sitei 8. At high coverage, the inter-
actions between H adatoms cause a dispersion of the vibra-
tional energy, which is superimposed on the broadening due
to the delocalization.17 In the present study of Ni(100)(1
31)-H, the observed linewidth of;150 cm21 may be as-
cribed to the delocalization at the saturation coverage. We
can consider the band-center energy (E1U) to be equal to
the energy of another H atom adsorbed on the Ni(100)(1
31)-H with respect to the ground-state H adatom in the
Ni(100)(131)-H. The binding energy of the external H
atom in the bridge~on-top! site on the saturated Pd(100)(1
31)-H surface was calculated to be -0.39~-0.59! eV with
respect to1

2 H2.24 The binding energy for the fourfold coor-
dinated H adatom in the Pd~100!~131)-H is calculated to be
0.47 eV with respect to12 H2,24 and thus, the difference, i.e.,
(E1U), is ;1 eV (;8000 cm21). The observed energy of
L (;700–850 cm21) is far below the expected value; the
nas cannot be assigned to the delocalized state atE1U, but
it is the localized state atE. Thus, another mechanism con-

FIG. 7. Energies of the overtone ofns for Ni(100)(131)-H as
a function of z. The overtone is interpreted to be a two-phonon
bound state. Also shown is the corresponding free-two-phonon con-
tinuum (P1P) calculated from the dispersion curve ofP in Fig.
5~a!.
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tributes to the observed width of;150 cm21. Note that the
delocalized states with the band-center energy;1 eV may
exist and be observable with EELS, although the cross sec-
tion of the transition is expected to be quite small.

While we suggest that thenas is localized in the~1
31)-H, it may be delocalized at lower coverage. With re-
spect to this issue, we investigate thenas at low coverage and
determine the energy to be;800 cm21, as shown in the
inset of Fig. 6. If thenas is delocalized at low coverage, we
should observe a peak broadening with decreasing the cov-
erage. It is observed that thenas shows a peak width com-
parable to that at high coverage@spectrum~b!#. Unfortu-
nately, we cannot quantify the linewidth due to the
complexity of the spectra caused by the coexistence of the
two adsorbed states. The absence of measurable coverage-
dependence of the peak shape may suggest that thenas is
localized even at low coverage, i.e.,T'0 within our experi-
mental error.

Although our study is focused on a well-defined overlayer
of Ni(100)(131)-H, the inhomogeneous broadening may
contribute to the observed width. The domain size of the
(131)-H structure is finite on the real surface, which can
cause the inhomogeneous broadening. Assuming the domain
length of Dx ;100 Å, the uncertainty of the momentum
DQi is roughly estimated from DQi;1/Dx to be
;0.01 Å21. From the dispersion curve in Fig. 5,DE
,3 cm21 is deduced forL of H, indicating that the domain-
size effect on the linewidth is negligible.

A minority species of H adatoms may exist around the
defect sites, which can also cause the inhomogeneous broad-
ening. Although the contribution from the surface defects is
undoubtedly present, it is not compatible with the observed
width as large as;150 cm21. Furthermore, this mechanism
cannot explain the mode-specific broadening. Thus, we sug-
gest that the surface inhomogeneity contributes little to the
width and another mechanism dominates the observed broad-
ening.

We discuss a lifetime broadening via phonon damping
process including another adsorbate mode, which has not
received much attention except for a theoretical study20 due
to the experimental difficulty of detecting all the modes as-
sociated with the adsorbate. In this process, the higher-
energy adsorbate mode~L! can decay via one substrate pho-
non and the other adsorbate mode~P! @denoted byG2 ~Ref.
20!# due to the anharmonic coupling. On the other hand, the
lower-energy adsorbate mode can decay via an absorption of
one substrate phonon and an emission of the other adsorbate
phonon@denoted byG3 ~Ref. 20!#. Note that these processes
are possible only in the case where the difference of the two
adsorbate modes is within the maximum energy of the Ni
substrate phonon (295 cm21).25 The damping via an emis-

sion of two substrate phonons@denoted byG1 ~Ref. 20!# is
not energetically allowed in the present case. It is obvious
that the damping viaG2 is fast as compared to that viaG3
because the number of the substrate phonon is close to zero
at 90 K. This leads to the dominant contribution ofG2 over
G3, and thus, only the higher-energy mode is effectively
damped via this mechanism. In the theoretical prediction, the
line broadening due to damping viaG2 is ;20 cm21 at 90 K
for the case of O on Ni~100!.20 The anharmonic damping
effect is larger for the vibrations with larger amplitudes~with
smaller mass!, and is proportional to the inverse of the re-
duced mass, (m211M 21)21, wherem andM are the masses
of the adatoms and Ni, respectively.19,26Thus considering the
predicted width of;20 cm21 for O on Ni~100!, the width of
;150 cm21 may be reasonable for H on Ni~100!.

This interpretation of the linewidth is consistent with the
case of H on Ni~111! ~Ref. 14! and H on Ni~110!.27 For
Ni(111)(131)-H, the L and P were observed at
920–1020 cm21 and 1170–1140 cm21 depending on the
momentum transfer, and the higher-energy mode~P! exhibits
an intrinsic width of ;70 cm21 in contrast to theL
(;30 cm21). For Ni(110)(231)-H, the adsorbate modes
were observed at;640, ;870, and;1065 cm21 with the
width of 75, 100, and 150 cm21, respectively.17,27 The dif-
ference of the two adsorbate modes is within the maximum
phonon energy of Ni for both cases, and the damping of the
higher-energy mode viaG2 is possible.

V. CONCLUSION

We investigate the vibrational states for Ni(100)(1
31)-H by means of EELS. We detect an asymmetric stretch
mode of H, which is interpreted to be a predominantly
parallel-polarized longitudinal mode dispersing from;700
to 850 cm21 along theḠX̄ direction. The loss peak is char-
acterized by an anomalously large width (;150 cm21) in
contrast to relatively small width observed for the
perpendicular-polarized mode (;30 cm21). Based on the
experimental results, we discuss the origin of the broadening
in terms of vibrational delocalization, vibrational damping
and surface inhomogeneity. As a possible mechanism, we
propose the vibrational-damping via two-phonon emission
where the longitudinal mode decays with the excitation of a
substrate phonon and the perpendicular-polarized mode of H.
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