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Adsorbate phonons on N{100)(1X1)-H
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We have investigated vibrational states of H on Ni(100¥()-H by means of electron energy loss spec-
troscopy(EELS). In addition to the symmetric stretch mode at 645 émwe detect an asymmetric stretch
mode at~700 cn ! near thel” point. This mode is found to be collective and exhibits a dispersion up to
850 cni ! at theX point. It is characterized by an anomalously large linewidtHl60 cr t) whose origin is
discussed on the basis of the experimental results.
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. INTRODUCTION asymmetric stretch mode at700 cni ! near thel' point,

which disperses up to 850 ¢ at the X point. It is found

~ Hydrogen on metal surfaces is a prototype of the adsorpgat the linewidth of the asymmetric mode is markedly large
tion system and attracts much attention because of the funp-_15¢ cn ) in contrast to that of the symmetric mode

damental as well as technological interest. The vibrationaj_30 cmi 1), the origin of which is discussed in terms of
property, in particular, has been a central issue because of iggantum delocalization, vibrational damping and surface in-
relevance to the dynamical processes such as diffusion alfbmogeneity.
reaction, and has been investigated on a variety of surfaces.

A wealth of vibrational spectra have been accumulated to

date by using electron energy loss spectrosd®&@BLS).

For the threefold coordinated H adatoms on face- The experiments were carried out using an ultrahigh
centered-cubic(fcc) (111) surfaces, the two fundamental vacuum chamber equipped with a high-resolution electron
modes have been readily observed in the vibrational spectranergy loss spectrometérK-5000, LK Technologies, Ing,
corresponding to the symmetriezd) and asymmetric#,)  a four-grid retarding-field analyzer for LEED, and a quadru-
stretch moded? On the other hand, there exist only two pole mass spectrometer for thermal desorption measure-
studies to our knowledge which could determine thefor ~ ments. AN{100 sample was cleaned by cycles of 500 eV Ar
the fourfold coordinated H adatoms on (60 probably 10N sputtering and 1100 K annealing. For the clean surface, a
due to the sensitivity problem; the primary energy should beésharp (1X1) LEED pattern was obtained. We prepared the
carefully optimized to detect the asymmetric modes of the(D)-covered sample by exposing the clean surface at 90 K
fourfold coordinated HPA100) (Ref. 3 and RIf100) (Ref. 1@ Ha(D2) via a tube doser. The exposure is given by the
4] background H(D,) pressure multiplied by time in units of L

The adsorbed state of H on (4D0) has been studied by (1 L=1x10 © Torrs). The surface is saturated with H Qda-
means of low-energy electron diffractidhEED), EELSS® ~ toms at 10 L of H(Dy), where the (% 1)-H(D) structure is
and He diffractior. In the earlier LEED study at 200 Ka formed. All measurements were conducted at thg s_ample
quasiordereg(2x 2) pattern was observed at medium cov- €mperature of 90 K. The primary electron enefgy, inci-
erages. In the following LEED study at 100 *Ksimilar dence angley;, and emission angle59 (with respect tq the
streaky features with significant background intensity wereurface normalwere varied depending on the experiments.
observed, but no well-defined extra spot was observed. Witd Ne electrons were scattered along {iod1] direction of
increasing exposure, the background intensity decreases ahti(100. The energy resolution of 1624 crth (2-3 meV
a (1x1) pattern with a sharp contrafas for the clean Was used.

Ni(100] was observed, which was confirmed by the He dif-

fraction experiment$.The vibrational states were investi- IIl. RESULTS

gated by EELS, and a single dipole-active loss was observed ) .

at 78 meV (630 cm?) at the saturation coverage which was ~ Figure 1 shows a series of EELS spectra for Ni(100)(1
assigned as the symmetric stretch mode of H adatoms ad1)-H measured along theX direction of the surface Bril-
sorbed in the fourfold hollow sites of Ki00).>6 Thus, it was  louin zone. The spectra are shown as a function of the par-
suggested that H adatoms are disorderedly arranged at loglel momentum transfe@; which is varied by rotating the
coverages and a well-defined X1L)-H structure is formed analyzer towards the off-specular direction. The momentum
at the saturation. The adsorption states were also studied Wsansfer is represented by{=Q|/Kx, where Kx

the first-principles density-functional calculatiohdwhich ~ =1.261 A% The E, is 20 eV, andg; is 80° for the upper
were in reasonable agreement with the experimental resultsvo spectra and 70° for the others. Two dispersing features

In this study, we investigate the vibrational states of H onare observed below 300 crh which are ascribed to Ni
Ni(100) mainly at the saturation coverage. In addition to thephonons'® At higher energy, we observe losses which are
symmetric stretch mode previously observ€dye detect an ascribed to H vibrations. In the specular directigi=Q), a

Il. EXPERIMENTAL
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FIG. 1. A series of EELS spectra of Ni(100)X11)-H as a

func_tion of the normalized. mqmenIUm transt_ealong_theﬁ di- function of the normalized momentum transfealong thel' X di-
rection of the surface Brillouin zongshown in the insgt (=1 rection of the surface Brillouin zone. Thg, is 20 eV and¥,
corresponds to th& point. The primary energ¥, is 20 eV, and =70°, and the elastic peak is shown 0 (intensity: 16 cps.

6;=80° for the upper two spectra aril=70° for the others. The  The two main features are due to D vibrations, which are fitted with
elastic peak is shown faf=0 (intensity: 16 cp9. The two main | grentzian functions and represented by solid curves.
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)X11)-D as a

served according to the selection rule of impact scattering of

) _ EELSM In addition to these fundamental losses, a small fea-
single loss is observed at 645 ch The loss was observed tyre is observed at-1100 cm which is ascribed to the

at 630 cn1 ! in the earlier studie$? which was assigned as gvertone of v, (the two-phonon excitation of). These
the symmetric stretch mode of H{) adsorbed at the four- H-derived peaks are fitted with three curves of Lorentzian
fold hollow site. The peak intensity decreases in the off-functions as shown in the figure to determine the energies
specular direction, which indicates that the mode is excitednd intrinsic widths of the two fundamental modes. Figure 2
with the dipole mechanisrit the 645 cm® mode is con- shows a series of EELS spectra for Ni(100)(1)-D. Iso-
firmed to be thevy. It disperses downwards with increasing tope shifts (-1.4) are obvious both fdP andL, confirming
the momentum transfer, and thus, it is a collective excitatiorH/D motions involved in these modes. Because we cannot
of the H adatomgphonon and assigned as a predominantly detect the overtone in this case, the spectra are fitted with
perpendicular-polarized transverse madenoted byP). two curves of Lorentzian functions as shown in the figure.
In the off-specular direction, we detect a distinct loss at Figure 3 shows a series of EELS spectra for Ni(100)(1
higher energy which is first observed in this study. We canX1)-H atE,=25 eV and¢; =75°, including the energy re-
straightforwardly assign the loss as an asymmetric stretcfion Of overtones. At thi&,, the intensity of thevs (P) is
mode of H (v, because it is detected only in the off- increased vv_h|Ie that of the,s (L) is not so much changed.
specular directiof It shows strong upward dispersion with Correspondingly, the overtone of (the two-phonon excita-
increasing the momentum transfer. While the, is doubly tion of P) is clearly observed at 1100 ¢rh. The mechanism

q HE ooint. th . . it the d of the enhancement is not investigated in this study, but it is
egenerate at the point, the H-H interactions lift the de- ,paply associated with the resonance scattering of inci-

generacy along th& X direction, generating two branches, dence electron$* The corresponding spectra for D on
i.e., the longitudinal and transverse modes predominantly paNi(100) are shown in Fig. 4, where the overtone is observed
larized along thgl011] and [011] directions, respectively. at 815 cm* around the zone edge. The loss~a800 cm !
The upward dispersion indicates that this is the longitudinabbserved in the spectra @&=0.12-0.30 is ascribed to H
mode (denoted byL), while the transverse mode is not ob- adsorbed from the background.
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=25eV and 6,=75°. The perpendicular-polarized mode at
FIG. 3. A series of EELS spectra of Ni(100)X1)-H at E, ~450 cm ! is intensified at thi€,, enabling the detection of the

=25eV and §,=75°. The perpendicular-polarized mode at corresponding overtone at 815 CThnear the zone boundary.
~600 cn ! is intensified at thi€,, enabling the detection of the
corresponding overtone at 1100 ch

Figure 6 shows the coverage dependence of the EELS spec-

The loss energies and deduced intrinsic widths are showt@ taken aE,=9.5 eV andf;= 6,=70°. The widths of the
in Fig. 5 as a function of. If we consider one-dimensional elastic peaks are-18 cm *. The spectra are similar to those
array of oscillators interacting between the first- and secondereviously reported, and thus, we briefly describe the
nearest neighbors, the dispersions are simply fitted to cosirgoverage-dependent adsorbed states. Under this scattering
curves with three parametersy+ e,cos@m)+e,cos(2rf).  condition, only the dipole-active mode/d) is observed. At
The results of the fittings are shown with the solid curves inthe initial stage of adsorptiof0.02 L), two peaks appear
Fig. 5a). The parametek, corresponds to the vibrational which were ascribed to the isolated spedibg lower-energy
energy of a decoupled oscillator, angdande, are related to mode at~550 cm 1) and the (X 1)-H island speciethe
the interactions between the first- and second-nearest neighigher-energy mode at 640 cni ') on the surface. The two
bors in the array, respectively. The deduced parameters f@dsorbed states always coexist at medium coverages, which
H(D) are €,=619(451) cm?, ¢,=17(2) cm!, and ¢, indicates the existence of attractive interactions between H
=8(9) cm! for P, and €,=762(523) cm?, ¢;=—87 adatoms to form the (X 1)-H structure, as predicted by the
(—62) cm'!, ande,=0(—10) cm ! for L. recent density-functional studyThe isolated species domi-

The intrinsic widths are determined from the full-widths nates at 0.4 L. At the saturatiddO L), the surface is fully
at half-maxima(FWHM) of the fitted Lorentzian curves after covered with the (X1)-H structure and a single peak is
deconvolution with the elastic peaks whose widths are beobserved at 645 ciit as described above. A small peak is
tween 16 and 24 cm!. The results are shown in Fig(5. It ~ observed at-400 cni* which has been ascribed to slight
is noted that the linewidths df are~150 and 100 cm! for  trace of carbofi.The inset shows the spectra for 0.4 L expo-
H and D, respectively, which are anomalously large as comsure taken aE,=20 eV. The spectréa) and(b) were taken
pared to those ofP (~30 cm!). The line-broadening with 6;=6.=70°, andd;=70° andf,=40°, respectively. In
mechanism will be discussed later. the off-specular directiofspectrumb)], a loss is observed at

We take the EELS spectra at lower coverages to investi=800 cm ! which is assigned as the, of the isolated H
gate the vibrational states of more isolated H adatom speciegdatom species.
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FIG. 6. Coverage-dependent EELS spectra for H of100) at
E,=9.5 eV andd;= 6,=70°. The inset shows the spectra for 0.4 L
exposure aE,=20 eV. The spectrga) and(b) are taken withd),

FIG. 5. (a) Dispersions of the vibrational energiesf{ P) and = 6e=70°, and¢;=70° andf.=40°, respectively.
vas(L) for Ni(100)(1x1)-H(D) as a function of{. The solid 1 . . .
curves are the results of fitting with cosine functions. Note that the(695 ¢m ) and 68 meV (550 cnr), respectively, which
local minimum atz~ 0.5 of v, (P) for D reflects the significance of are deviated from the experimental results in particular for
the interactions between the second-nearest neigh@®r¥he in- the v,s.
trinsic widths of the corresponding loss peaks are shown as a func- The dynamical lateral interactions cause the dispersions
tion of ¢. of the fundamental modes at high coverage. The substantial

contribution of e, as well ase; is obvious forP, which
IV. DISCUSSION 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

The vibrational energies of H have been investigated on @redicted by the effective medium thediyThe downward
variety of metal surfaces. We have determined lthpoint  dispersion of can be qualitatively explained as follows: the
energies oL andP (v, andv) of Ni(100)(1x1)-H to be ~ upward displacement of H reduces the background charge
~700 and 645 cmt, respectively. Our results show that the de_nS|t_y at the posmon_ of coadsorbed H, which causes the
V4 is higher in energy than the for H on Ni(100). For H stiffening of the potential curve towards the_vaculﬁ”rT.hus
on Pd100, the v, and v, were observed at 76 meV the in-phase motion along the surface norniappint) is the
(610 cm 1) and 63 meV (510 cm'), respectively’? and  highest in energy as shown in Figiah Note that the local
thus, this system also showgs> v. On the other hand, this minimum at{~0.5 of P [Fig. 5a)] reflects the significance
relation is not applicable to H on RI00), where thev,,and  of the interactions between the second-nearest neighbors. On
vs were observed at 65 meV (525ch) and 82 meV the other hand, the short-range interaction dominatek tee
(660 cni 1), respectively. Thus the vibrational energies of deduced from|e;|>|e,|, and the upward dispersion indi-
the fourfold coordinated H are closely dependent on thecates repulsion between the first-nearest neighbors in the out-
chemical details of the H-surface interactions. This is in con0f-phase motion.
trast to the case of three-fold coordinated H, which was pro-
posed to show universally,<v..? The first-principles B. Anharmonicity and two-phonon bound state

density-functional calculations_predicted the and v, for The observed energies of the overtone for Ni(100)(1
the Ni(100)(2x1)-H at the I' point to be 86 meV Xx1)-H are shown in Fig. 7 as a function 6f The energies

A. Fundamental vibrations and lateral interactions
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1300 ——— T T . the potential is essential for the lateral tunneling and thus the
1250 i ] delocalization of an H adatom. The model Hamiltonian for
- ; the excited states of H was proposed and representéd as
‘TE 1200 | .
% 1150 | ] H=EX nl+T> c/*c/+UX nin+V2 nin?,
o [ 1 I 1) I 1)
E 10 Do o g o o O O (1)
w 1050 | . whereE corresponds to the vibrational energy of the isolated
s . . . | ] H adatoms is the hopping matrix element of the excited H
10000 oz o4 o6 o8 1 adatoms between the nearest-neighbor siteis the repul-
¢ sive energy when the excited H adatom shares a site with

other H adatom in the ground state, avids the repulsive
FIG. 7. Energies of the overtone og for N|(100)(1X 1)_H as energy betWeen the eXC'ted adatom and the grOUﬂd-State H
a function ofZ. The overtone is interpreted to be a two-phononadatom in the nearest-neighbor sites. The indices 1, |0,
bound state. Also shown is the corresponding free-two-phonon corlenote the excited state, the ground state, a certain site in the
tinuum (P+ P) calculated from the dispersion curve Bfin Fig.  system, and the nearest-neighbor sites of theisitespec-
5(a). tively. ciT(ci) is the creation(annihilation operator for the
. o site i andnj=c/c; is the occupation number of the site
are determined by fitting the peak shape to a curve of Lorentrhjs Hamiltonian was solved for the systems of the one-
Zian funCtion. The fI’ee-tWO-phonon Continuum generateqjimensiona| array of H adatoms on @mo) (Ref 22 and
from the double excitation of is calculated, which is also  pg110).2% For qualitative discussion, we neglect the contri-

shown in the figureR + P). It is obvious that the overtone is pytion of v, and then, the Eq) is represented as
split off from the two-phonon continuum due to the anhar-

monicity, and thus, it is interpreted to be a two-phonon o1 .
bound state with two quanta of vibrational excitations almost H= E (E+Uny)n; +TZ Cj ¢ . 2
localized'* As shown in Fig. 3, the bound state is observed ' b

aﬁ a broac|i( fei\rt]u're near tIFetE]omt but 'St cle?rly sfeenTr;\]s a  We observe the transition of H from its ground state to the
sharp peak with increasing the momentum transier. 1he orly, 1o g state at the sifé, and thus, the Hamiltonian should

gin of the broadening near tépoint is not known yet. For - pe golved withn®,=0. At first, we consider the case where

. . |
D on Ni(100, the bqund_ state Is only seen near the Zoneni0 is zero for the majority ofi (low coverage Then, the
boundary as shown in Fig. 4.

The two-phonon bound state exhibits little dispersion dueHamlltonlan yields delocalized states with the band-center

to its localized characté?,and the overtone energy of a de- Sirg)irsglyEtr?gd dL?gsgﬁggtiztr?tgshﬁgheﬁgs Eni;\ffolgj'scc))rtl:e dH
coupled H adatomu?~?) is estimated to be 1100 cm. To Y. y

. - . adatoms, and thus, the broadening vanishes with increasin
determine the anharmonicity (called Zwex. in general, 9 9

the fundamental vibrational energy of a decoupled H adato the coverage as supported experimentaiy. On the other

: and, in the case of saturation coverage whetes one
at the saturation coverage’Y"') should be known. The 0 L ge whe
0—1 except forn;,, the Hamiltonian yields delocalized states

v was estimated in the previous stifdyhere thevs was . .

insvestigated as a function of the isotope cogc?ntration ratiomm tt;': ebnaenrg;igegttet;]:gﬁ;gﬁit%)igﬁngojerlggghztﬁcej i?]ttaetre
:jnuct:zed }Lrgrlwtw ?rflezgi?r;sglgfigtrﬁtologe05f8|E|)'?:t?:f? Erhugvv?/z g:l-’n gctions between _H adatoms cause a dispersion of th.e vibra-
. - 0—1 0-2 tional energy, which is superimposed on the broadening due

detern_ulni the anharmonicity’ = (2vs "-vs "9)/2 10 be ;' yhe qelocalization” In the present study of Ni(100)(1

30 cm - X 1)-H, the observed linewidth of 150 cm * may be as-
) ] _ cribed to the delocalization at the saturation coverage. We

C. Line-broadening mechanisms can consider the band-center ener@HU) to be equal to

It is obvious that the. is characterized by an anomalously the energy of another H atom adsorbed on the Ni(100)(1
large linewidth (~150 cm ) in contrast to the relatively *1)-H with respect to the ground-state H adatom in the
small width of P (~30 cm1). The line-broadening mecha- Ni(100)(1x1)-H. The binding energy of the external H
nisms of vibrations have been discussed mainly in terms oftom in the bridggon-top site on the saturated Pd(100)(1
quantum delocalizatiotf,* lifetime broadening®=*°and in- X 1)-H surface was calculated to be -0.89.59 eV with
homogeneous broadenifd. respect tosH,.2* The binding energy for the fourfold coor-

The delocalized vibrational states were theoretically predinated H adatom in the PHD0)(1x 1)-H is calculated to be
dicted by Puskat al® In their model, an H atom is consid- 0.47 eV with respect tg H,,%* and thus, the difference, i.e.,
ered to be a quantum particle due to its small mass, and thuéE+U), is ~1 eV (~8000 cm ). The observed energy of
the vibrational excited states of H are delocalized along thé (~700-850 cm?) is far below the expected value; the
surface and the vibrational spectra reflect its band-structured,s cannot be assigned to the delocalized state-atJ, but
density of stategpeak broadening The weak corrugation of it is the localized state &. Thus, another mechanism con-
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tributes to the observed width ef150 cm *. Note that the Sion of two substrate phonodenoted byl'; (Ref. 20] is
delocalized states with the band-center energy eV may  not energetically allowed in the present case. It is obvious
exist and be observable with EELS, although the cross sedhat the damping vid', is fast as compared to that vig
tion of the transition is expected to be quite small. because the number of the substrate phonon is close to zero
While we suggest that the, is localized in the(1  at 90 K. This leads to the dominant contributionldf over
% 1)-H, it may be delocalized at lower coverage. With re-I's, and thus, only the higher-energy mode is effectively
spect to this issue, we investigate thg at low coverage and damped via this mechanism. In the theoretical prediction, the
determine the energy to be 800 cm' %, as shown in the line broadening due to dampigog vig is ~20 Cm__l at90 K
inset of Fig. 6. If thev, is delocalized at low coverage, we for the case of O on N100.” The anharmonic damping
should observe a peak broadening with decreasing the cogffect is larger for the vibrations with larger amplitudesth
erage. It is observed that thg shows a peak width com- smaller mass ar11d is plroplortlonal to the inverse of the re-
parable to that at high coveragspectrum(b)]. Unfortu-  duced mass,h™~+M ")~ 7, wheremandM are the masses
nately, we cannot quantify the linewidth due to the Of the adatoms and Ni, respectivélZ°Thus considering the
complexity of the spectra caused by the coexistence of theredicted width of-20 cn* for O on Ni(100), the width of
two adsorbed states. The absence of measurable coveragel50 cnm ! may be reasonable for H on (4D0).

dependence of the peak shape may suggest that thes This interpretation of the linewidth is consistent with the
localized even at low coverage, i.@+=0 within our experi- case of H on Nil1l) (Ref. 14 and H on N{110.* For
mental error. Ni(111)(1x1)-H, the L and P were observed at

Although our study is focused on a well-defined overlayer920—1020 cm* and 1170-1140 cm' depending on the
of Ni(100)(1x1)-H, the inhomogeneous broadening maymomentum transfer, and the higher-energy m@deexhibits
contribute to the observed width. The domain size of thean intrinsic width of ~70 cm 't in contrast to thel
(1x1)-H structure is finite on the real surface, which can(~30 cm*). For Ni(110)(2x<1)-H, the adsorbate modes
cause the inhomogeneous broadening. Assuming the domaiere observed at-640, ~870, and~1065 cm * with the
length of Ax ~100 A, the uncertainty of the momentum width of 75, 100, and 150 ciit, respectively.”*’ The dif-
AQ is roughly estimated fromAQ~1/Ax to be ference of the two adsorbate modes is within the maximum
~0.01 AL, From the dispersion curve in Fig. AE phonon energy of Ni for both cases, and the damping of the
<3 cm tis deduced fot of H, indicating that the domain- higher-energy mode Vif; is possible.
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- V. CONCLUSION
ening. Although the contribution from the surface defects is e investigate the vibrational states for Ni(100)(1

undoubtedly present, it iS_?Ot compatible with the observed, 1)_14 by means of EELS. We detect an asymmetric stretch
width as large as-150 cm . Furthermore, this mechanism ,5qe of H, which is interpreted to be a predominantly

cannot explain the mode-specific broadening. Thus, we sUgsaa|lel-polarized longitudinal mode dispersing frer700
gest that the surface inhomogeneity contributes little to th 850 cni® alona thel'X direction. The loss peak is char-
width and another mechanism dominates the observed broagd- 9 ’ P

ening. acterized by an apomalously Iarg_e width {50 cm %) in

We discuss a lifetime broadening via phonon dampin contrast. to relatl\(ely small W|dthilobserved for the
process including another adsorbate mode, which has n erpe_nd|cular-polar|zed m_odevGO cm .).' Based on the_
received much attention except for a theoretical sttidye _experlmental r esu_lts, we dlscus_s the origin Of the broade_nlng
to the experimental difficulty of detecting all the modes as-N terms of vllbratlonal dr—.\_locallzatlon, v!bratlonal da_mpmg
sociated with the adsorbate. In this process, the highel"Zlnd surface inhomogeneity. As a possible mechanism, we

. _propose the vibrational-damping via two-phonon emission
ﬁgﬁrgﬁ da ?ﬁgrgﬁt:rrzggs:b?g (rjnecf;%;/ [\an%?gdsgsrsu?;f efp ho where the longitudinal mode decays with the excitation of a
2 .

20)] due to the anharmonic coupling. On the other hand, thgubstrate phonon and the perpendicular-polarized mode of H.

lower-energy adsorbate mode can decay via an absorption of
one substrate phonon and an emission of the other adsorbate
phonon[denoted byl'; (Ref. 20]. Note that these processes
are possible only in the case where the difference of the two This work was supported in part by a Grant-in-Aid from
adsorbate modes is within the maximum energy of the Nihe Ministry of Education, Science, Sports and Culture
substrate phonon (295 crh).?® The damping via an emis- (Japan.
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