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Overtones of H vibrations at Ni(111): Formation of delocalized states
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Vibrational states of H adsorbed on (11 have been investigated by means of electron-energy-loss
spectroscopy. In addition to the symmetric and asymmetricy(,s) fundamental modes, the corresponding
overtone structures are clearly detected. The overtone,of the predominantly parallel-polarized mode,
exhibits a doublet structure, which is interpreted to result from the delocalization of the excited vibrational
states. It is shown that the doublet corresponds to the “bonding” and “antibonding” orbitals, analogous to the
linear combination of atomic orbitals for simple molecules.
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[. INTRODUCTION pattern was obtained, and the EELS showed no trace of im-
purity on the surface. The measurements were conducted at
Atomic H adsorbed on metal surfaces is one of the mos®0 K for the (2x2)-2H and (1x 1)-H phases, with cover-
fundamental systems for examining the quantum nature of ages of 0.5 and 1.0 ML, respectivélylhe primary electron
particle. A proper descriptionfaa H atom on a surface is energiesE,=9.5 and 17.5 eV, an incidence anglg=60°,
given by solving the Schrdinger equation with a two- an emission anglé.=50°, and a typical energy resolution
dimensional periodic potential. Thus the vibrational eigen-of 2 meV were used.
states of H may be delocalized beyond the local potential
well, giving rise to the “atomic band,” as predicted by
Christmannet al* Theoretical studies revealed that excited Il RESULTS
yibr_ational states foa H atom exhibit considerable delocal- Figure ¥a) [1(b)] shows the EELS spectra for (2
|zat|qn c;n3 meta[ surfaces yvh|le the ground _states arg<2)_2H (D) on Ni(111). The peaks at 732554 and 1094
localizeds~ Experimental studies have been carried out for,
e.g., H/RI111),* H/Cu(110),® and H/Pd110),° by means of
high-resolution electron-energy-loss spectroscdpfLS). L A
Typically, very low H coveragegbelow ~0.1 ML) were '
examined to realiz a H atom in the extended periodic po- .
tential. However the EELS signals in such a low-coverage 732 1
"\ 13!

region were not always sufficient for the crucial observations ; 90
of the delocalized states: the signal-to-noise ratio was small, I x5) 7]
and the effect of the surface contaminatesy., HO) was - - 17

not completely eliminated. Ni phonons 125045) |,
The picture of atomic bands is valid when the potential is —
periodic on the surface. If the H atom is allowed to be delo-
calized only within a finite region of the surface, the band
picture is no longer valid. Instead, we should consider the
vibrational states analogous to the electronic states of simple
molecules. In this paper, we present a study on the vibra-
tional states of H in two phases, i.e., X2)-2H and (1
X 1)-H, on N(111). In the former, a doublet was observed
for the overtone of the predominantly parallel-polarized
mode. We discuss the origin of the doublet, and attribute it to
the formation of delocalized vibrational states.
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The experiments were carried out in an ultrahigh-vacuum Energy loss (cm )

chamber equipped with a high-resolution electron-energy- g, 1. EELS spectra fota) (2x2)-2H and (b) (2x2)-2D

loss spectrometg K-5000, LK Technologies, Ing, a four- - phases on NIL11). The primary electron enerds,=9.5 eV, inci-

grid retarding-field analyzer for low-electron energy diffrac- dence angle;=60°, and emission anglé,=50° were used. The

tion (LEED), and a quadrupole mass spectrometer for gasigh-energy-loss regions are also showngEgr=17.5 eV. The inset
analysis. A N{111) sample was cleaned in the manner de-shows the emission-angle dependences of several loss intensities for
scribed elsewher&For a clean surface, a sharpx1 LEED (2x2)-2H, where each curve is vertically displaced for clarity.
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shifted in energy and appear at 95%06) and 1170
(834) cm %, respectively’'!° In addition to these dominant
losses, we observe a smaller peak at 1744 (1310)'cm
which is readily identified as 2. This is in contrast to the
case of the (X2)-2H phase, where complex features are
found. The broad structure ranging from 1900 to 2250 ¢m

in the H spectrum is interpreted as the two-phonon con-
tinuum of H overlayer* For D species, the small 550-crh
peak remains due to the imperfection of the 1 phase. The
v? loss is resolved at 1620 cm.

IV. DISCUSSION

Assignment of the two losses at 1250010 and 1390
(1080) cm ! asv(? andv’(?) is unacceptable due to the

FIG. 2. EELS spectra fdi) (1x1)-H and(b) (1x1)-D phases relative weakness of the, intensity. If one is assigned to
on Ni(111). E,=9.5 eV, 6;=60°, andf=50°. v{?, the other should be ascribed to another fundamental
mode. This is, however, inconsistent with ti@, H-Ni
(800 cm™! were previously observed, and assigned to theconfigurationt! Under this configuration, we expect only
asymmetric {,5) and symmetric ) stretching vibrational two modes, i.e., oné; mode (symmetrig¢ and one doubly
modes of H(D) adsorbed in the three fold hollow sites, degenerat& mode(asymmetri¢, to appear in EELS, which
respectively’ 1! Due to the advanced sensitivity of the EELS are already observed at 1094 and 732 énrespectively.
spectrometet’ we can resolve the fundamental mode fur- In some cases, however, the overtone of a fundamental
ther. Peaks appear for H species at 774 and 1054'émthe ~ loss may become a doublet. The 732 Cnioss is assigned
higher- and lower-energy sides of the dominant 10§82  as the doubly degeneratgs of E symmetry and, thus, its
and 1094 cm?), respectively. The assignments are straight-overtone exhibits the representatidp+ E. Hence the over-
forward: there exist two kinds of adsorption sites for H in thetone may be split into a nondegenerate mode and a dou-
(2x2)-2H phase, i.e., face-centered-cubidcc) and  bly degeneratée mode for oscillators with the potential for
hexagonal-close-packeticp hollow sites. The latter has a threefold symmetry. However, the angle-dependent measure-
Ni atom below the adsorption site in the second layerments show that both losses belong to the symmetry,
whereas the former does not. Although we cannot determinghich is inconsistent with this interpretation. Also, the re-
which loss pair is associated with the fcc or hcp sites, wesults for the (X 1)-H phase rule out this possibility: the
tentatively denote the dominant losses at 732 and 1094'cm degeneracy should be lifted even for thex(1)-H phase if
asv,s andvg, respectively, while the less intense losses athe threefold symmetry of the potential well is responsible
774 and 1054 cm' asv,s andv}, respectively. For D spe- for the splitting of the overtone. In addition, Fermi resonance
cies, the corresponding asymmetric modes appear at 554 andupling withvg (A;) may cause the splitting of the over-
584 cm !, whereas the symmetric modes were hardly retone (A;+E).%® This possibility is again ruled out by the
solved and only a single loss was observed at 800%cm angle-dependent measurements, as discussed above.

In addition to these fundamental losses, we observed Another idea explaining the doublet feature is the delocal-
peaks at 12501010, 1390 (1080 and 2180(1600 cm ! ization of the vibrational states. To illustrate this idea quali-
for H (D) species. The substantial isotope shifts rule out datively, we depict in Fig. @) [3(b)] the adsorption structure
contribution from the contaminatiomainly H,0) to these of (2X2)-2H[(1X1)-H], and in Fig. 3c), a one-
losses. The 2180 (1600) crh peak is readily attributed to dimensional cross section of the potential-energy surface of
the overtone of ¢ (U(SZ)), judging from the energy. The ori- H in the (2x2)-2H phase along the lowest-energy path of
gin of the two losses at 1250010 and 1390 (1080) cm' the surface diffusion in the direction represented by the ar-
will be discussed later. row in Fig. 3@). In the (2x2)-2H phas€Fig. 3a)], there

The emission angle dependences of the loss intensitiedye three vacant sitdglenoted as sitb) around the adsorp-
were examined to determine the vibrational modetion site(sitea). Thus we represent the potential-energy dia-
symmetry*® The results for H are shown in the inset of Fig. gram along the arrow by a double-minimum curve. This as-
1. The 1094-cmm? loss has a broad peak in the specularsumption will be discussed later. The activation energy of
direction, indicating a substantial contribution of the dipolesurface diffusion was investigated on (ML1) and deter-
scattering mechanism. This result reconfirms the previougiined to be~200 meV (1600 cm') at ~0.3 ML.*® The
assignments of the 1094 crh loss as the symmetric mode diffusion along the surface-parallel direction is related to the
of A; symmetry. The unidentified losses at 1250 andparallel-polarized vibrations, i.ey(Y. The second-excited
1390 cmi ! similarly exhibit maxima in the specular direc- state ()gzs)) lies in the range of 1150-1500 ¢rh and is
tion and, thus, belong to the modes/Af symmetry. comparable with the potential barrier, giving rise, possibly,

Figure 2a) [2(b)] shows the EELS spectra for XI1)-H  to delocalized vibrational states. The delocalization of vibra-
(D) on Ni(111). The asymmetric and symmetric modes aretional states within the multiple potential wells would result
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(a) (2x2)-2H (b)

—

1x1)-H nonbonding(E) states, respectively. Due to its nonbonding
character, the wave function of tliesymmetry states is lo-
calized at the siteb, and thus has little spatial overlap with
the ground-state wave functiofiocalized at sitea). This
indicates that the excitations from the ground state to these
nonbonding states are suppres¥edience the losses ob-
served at 1250 and 1390 crhare likely attributed to the
transitions to the bonding4(;) and antibonding4,) states,
respectively[see Fig. 8)], which is consistent with the
emission-angle dependencies of the loss intensities. We can
deduce|A| from the observed splitting energies to bet0

@ and 20 cm? for H and D, respectively, if we assumsg,
1390 . .
1250 \ ~¢gyp,. These values are comparable with those determined to
732 -0 be 73 and 20 cm! for H and D, respectively, on Qui10),°
g V Z and 40 cm* for H on Pd110).%

We will make a qualitative discussion on the potential
FIG. 3. Schematic adsorption geometries@r(2x2)-2H and ~ €nergy surface drawn in Fig.(@. Sitesa and b are not
(b) (1x1)-H phases on N111). The large open circles represent €quivalent because of the existence of the fcc and hcp sites
Ni atoms, and the small shaded circles H atoms. The dashed hegn the surface. However, the difference in the adsorgiion
agonals show the surface unit meshes. The potential-energy di@ero-poin} energies ba H atom between the fcc and hcp
gram for the (2¢2)-2H phase is represented (o) by the one- sites are predicted to be only 10 meV!® The adsorption
dimensional cross section along the arrow depictedain Two energies of H at sitea andb are affected by the H-H inter-
d_elogalized vibrationa! eigenfur_mtions are represented by the comyctions. The difference in the adsorption energies of a H
binations of the spherical functions. atom between (X1)-H and (2<2)-2H is ~50 meV’l,lg
and thus the energy difference due to the H-H interactions is
considered to be at most50 meV. Because these values
qare small as compared to the barrier energy-&00 meV,
d':[ is plausible to describe the potential energy of H for
the (2xX2)-2H phase with a double-minimum curve, as de-

in the formation of the “bonding” and “antibonding”
states. Hence we propose that the doublet observed3bis
ascribed to the transition of H from the localized groun
state to the delocalized excited states. The vibrational pro
erties of H in the (X 1)-H phase strongly support this pro-

posal, where only a single peak is observed ¢ . The Picted in Fig. Zc). Note that the population of the next-
corresponding adsorption structure is shown in Fig).3n nearest-neighbor sitdsite c) is significantly more unfavor-

this case, the nearest-neighbor site exhibits a steep barri@P!e dué to the strong repulsions by the neighboring H
due to the repulsive H-H interactiohéwhich promotes the ~2adatoms.
localization of the excited state. The perpendicular-polarizee” in the (2x2)-2H phase
To understand the vibrational delocalization in more de-exhibits only a single-loss peak and, thus, the excited state is
tail, we demonstrate a simple calculation. The Hamiltonianconsidered to be localized. It is notable that the vibrational
H, associated with the2) state, is given by delocalization is mode specific, and observed exclusively for
. the parallel-polarized mode, whose vibrational wave function
_S + D T is extended laterally on the surface. This indicates that a
H_i:1 &iCi Ci+i = AifCicy, @ considerable overlap of the wave functions is essential for a
] ' o . delocalization of the vibrational states.
where g, is the zTeroth-_order vibrational energy associated The delocalized nature of the vibrational states is closely
with theith site,c; (c;) is the creatior(annihilation) opera-  agsociated with the energy-level positions with respect to the
tor for the sitei, andA;; is the hopping matrix element be- payrier top. Indeed, typical vibrational energies of H on the
tween sites andj. The indexi =1 corresponds to the si®  ransition-metal surfaces are in the range from#50 to
aﬂd the otherS|(:.2—4) 1o S',teSb [Fig. 3(,3)]' The energy 1300 cm%,* and are comparable with the typical activation
eigenvalues of this Hamiltonian are obtained by d|agonaI|z—energy of surface diffusiot?° as noted above. Hence the

ing the 4x4 matrix, the matrix elements of which are vibrational delocalization is a general nature of H on transi-
_ _ -y — tion metal surfaces.

Hu=sa, Hi=ep, Hyi=Hii=4A, @ Finally, our results show that delocalization can be ob-
with i=2, 3, and 4, and the other matrix elements equal t&served even at a high covera@®5 ML), where it was be-
zero. We consider the interactiond() only between the lieved that the repulsive interactions between H adatoms pro-
nearest-neighbor sites. Analogously to the procedure of thaote the localization® Considering the difficulties of the
linear combination of atomic orbitals for simple molecules,low-coveraggbelow 0.1 ML) experiments due to, e.g., very
this is easily solved to give the eigenvalues ef € ¢y)/2 low signal intensities, more convincing experiments in the
= [(ea—&p)/2]°+3A% and &,,, which correspond to the submonolayer range will facilitate the understanding of the
antibonding A;), bonding @A;), and doubly degenerate delocalized nature of H vibrational states.
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V. SUMMARY mode specificity, strongly verify the quantum-delocalized
In summary, we observed a doublet structure for the overpICture of the vibrational states.

tone of the asymmetric stretching mo@tbe predominantly

parallel-polarized modeConsidering that the vibrational en- ACKNOWLEDGMENTS
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