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Direct evidence for the two-phonon bound states on the FNi(111) surface
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We have investigated multiple losses and overtones of H vibrationg Bt Niby using electron-energy-loss
spectroscopy. We mapped the energies alonmedirection of the surface Brillouin zone, and found two
branches outside the two-phonon continua. This gives direct evidence of the existence of two-phonon bound
states. Applying a one-dimensional model of coupled anharmonic oscillators, we derive the anharmonicity and
discuss the localized property of the bound states.

DOI: 10.1103/PhysRevB.63.233404 PACS nuner68.35.Ja, 68.43.Pq

. INTRODUCTION face was exposed to,Ho saturation at 90 K, which leads to
o ~ (1X1)-H structure formatiod.The scattering plane of elec-
__The overtone spectra for H vibrations at surfaces providg, s is aligned along211]. The primary energy of elec-
|nformat|on on the vibrational anharmonlcmes_, which are 'n'tronsEp and the incidence angle from the surface normal
dispensable for a knowledge of the potential shapes, andere varied from 9.5 to 25.5 eV and 60° to 80°, respec-

thereby for an understanding of the dynamical properties of. .

H on s)l/Jrfaces. For isolated gpecies in)c/Iuding gaps-pﬁlase ma vely. The momentum resolution was better than 0.02’A
ecules, the vibrational anharmonicities can be directly evalull the dispersion measurements. All measurements were con-
ated from the observed overtone energies, where the extradtcted at 90 K.

tion of physical parameters such as the dissociation energies

are straightforward through the use of the Birge-Sponer IIl. RESULTS

extrapolatiort: On the other hand, adsorbed H in the mono-

layer regime undergoes dynamic interactions between H ada- Figure 1 shows a typical EELS spectrum for Ni(111)(1

toms; thus we must describe the H vibrational states withx1)-H. E,=9.5 eV, #;=60°, and the emission angle,
phonon coordinates. In this scheme, the overtone is inter=50° were used (0.1IM). The inset shows a Ni(111)(1
preted as the two-phonon state, and, when the anharmonicity 1y strycture and the corresponding two-dimensional
Lﬁ;t{\?vgg_] ig?]g%hé;z%noaﬁgor;g ?;?:T? (;O?J\?oPeh gﬁg;ogofé?]gBrillouin zone. The dominant peaks at 954 and 1170 tm

P v P .~ “were previously assigned to the asymmetiig and sym-
state with the two quanta localized over only a few neigh- . . ;
boring H adatoms. Such a localization of the vibrationalmetrlc (U.S) stretchm_g m(_)floes of H ads_orbed In th_e threefold
quanta is closely related to, e.g., H desorption dynamics inhollow site, respgcuvel?. These assignments will later be

; i reconfirmed by dispersion measurements for these losses.Ac-

duced by multiphonon excitations using the scanning tunnel . o . .
ing microscopeSTM).2 cording to the transmission-channeling experiment, almost

The two-phonon bound states for H vibrations were ob-
served in a very few adsorbate systems, e.g., KH/BD ' 311

(Ref. 3 and H/S{111).% In both cases, however, the overtone - (@] @“_ﬂ P
[017)

spectra were recorded only near thepoint of the surface -

A, . ; >
Brillouin zone, which precluded a detailed analyses of the =t L+ i
two-phonon bound states. As for other adsorbate systems, < . 170

. . () | | | Niphonons i
the overtone of the C-O stretch was thoroughly investigated — 954

for CO/RU00]) by infrared-absorption spectroscopy, where -
the overtone was interpreted as the two-phonon boundtate.
The infrared technique, however, cannot determine the dis-
persions of the phonon states which provide information on
the lateral coupling of the bound states. ' . L

In the present study, we mainly investigate the double- 0 500 1000 1500 2000 2500
loss and overtone regions of H vibrations atNil) by using Energy loss (cm™)
high-resolution electron-energy-loss spectroscqpELS). _ _
We mapped the overtone energies alonglth direction of FIG. 1. Typical EELS spectra for the Ni(111)11)-H sur-
the surface Brillouin zone. The overtones were observed ouface-Ep=9-5 €V, 6;=60°, and the emission angl,=50°. The

side the two-phonon continua, which led to an interpretatiorfa@ are partly reproduced from Fig(ap of Ref. 6. The parallel
of the overtones as two-phonon bound states. momentum transfet (=Q) /Ky, whereK;=1.457 A)=0.11.
Another scan was made for the double-loss region with a longer

Il. EXPERIMENT d_ata-acquisitior_1 time, and the result i§ shown witl3 magnifica-
tion together with the calculated density of states for the free two-
The experiments were carried out using an ultrahighphonon bands. The inset shows thex(1l)-H structure and the
vacuum chamber described in the previous pApehte sur-  corresponding two-dimensional Brillouin zone.
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all (90%) of the H occupies face-centered-cukficc) sites!'  curves. The parameters, andx, are related to the interac-
The shoulder observed at the lower-energy side of théion strength between the first- and second-nearest neighbors,
1170-cm ! loss is due to the residue of theX2)-2H phase  respectively** Based on these curves, we calculated the free
on the surfacé® The peaks below 300 cnt are attributed to  two-phonon bands as shown in Fig. 3. We obtained six bands
the Ni phonons.

In addition to the fundamental losses, we observed a sharp 2400
peak at 1744 cm® and a broad structure ranging from
~1900 to 2300 cm?. It is apparent that the 1744-crh o
peak is attributed to the overtone wfs;. The corresponding 2300 |t
loss for D species was observed at 1310 émThe broad
structure is attributed to the free two-phonon band of the H
overlayer, as will be described below.

Figure 2 shows the EELS spectra as a function of the
reduced parallel momentum transf;. The momentum 2100
transfer is represented by/=Q/Ky, where Ky
=1.457 A~ E,=9.5¢eV, §,=70°, andE,=25.5 eV, 6;
=80° were used for Figs.(8 and 2b), respectively, and the 2000

2200

emission angle was varied. The dispersion relations for the H TE
vibrations are plotted in Fig. 3. First we mention the funda- S o0
mental losses which correspond to the one-phonon states of 3
H vibrations.v 5 exhibits an upward dispersion toward the o
M point, forming a longitudinal modédenoted byL). On w1800

the other hand, the downward dispersion was observewkfor
(denoted byP), which is due to the indiredthrough metal

dynamic interaction between H adatoMs? These disper- v
sion behaviors reinforce the assignments of the former to the
parallel-polarized mode and the latter to the perpendicular-
polarized one. We observed another branch below the longi-
tudinal mode, which is assigned as the transverse raale
noted byT). This mode is visible only when aB, above 1000
~15 eV is used, and becomes even dominant at higher
as shown in Fig. @). These two parallel-polarized modds (

andT) are degenerate at thé point. Though the transverse
mode is forbidden under the present scattering condisen
lection rule for impact scatterifg the finite acceptance
angle in the azimuthal direction may cause the appearance of g5 3 The dispersions of the one-phontiawen and two-
this mode at higher primary energies. The overton@ Qf  phonon(uppe) states. For the one-phonon states, the crosses rep-
(denoted byBS)) exhibits a small but significant upward resent the perpendicular-polarized mode) ( while squares and
dispersion. Another branch appears around 2250'c(de- circles show the longitudingl) and transverséT) modes, respec-
noted byBS, ), which is attributed to the overtone of. tively. The corresponding two-phonon bound states are represented
The data for the one-phonon states were fitted with théyy the same symbols. The free two-phonon bands are calculated
cosine functions, i.e.Xy+ x4 cos@d)+x,cos(27) (solid  from the one-phonon dispersion curves.
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which correspond to the double and combination losses sugbhonon system is represented by

asL+L andL+ P, respectively. In the calculations we con-

sidered one-phonon states only, with the wave vectors paral-

lel to the scattering plane, and neglected the interactions with H= En: easant nEm A"malam_FEr]: 2ndnan, (1
the overtone statesThe losses due to the free two-phonon '

stategdenoted byFS) are partly resolved: the losses aroundwith the zeroth-order “local” phonon energy, the “hop-
1950 and 2100 cm' in Fig. 2(a), where the excitation of the ping” matrix elementA,,, and the anharmonicitl (called
T mode is negligible, are contributed from therL andL % weye in general. al(a,) is the creationannihilation op-
+ P bands, respectively. Note that the adsorption of backerator for the oscillator at the site For the vibrationally
ground CO would cause a separate peak at 1900'after  decoupled oscillators,,=0), the eigenvalue for the over-
prolonged experiments. The calculated density of statefone is deduced to bee2-2I'. We can apply this simple
(DOS) for these bands dt=0.11 is shown in Fig. 1, with the  model toBS, . BS; is the combination of the two orthogo-
energy resolution (20 ciit) taken into account. Although nally polarized modes, as noted above; thus the simple 1D
the scattering cross sections are not known, the calculategiodel is inadequate for a quantitative analysis.

DOS reproduces the observed peak positions very well. One-phonon states are describedBas e+ 2A cos(my),

It is apparent from Fig. 3 that the overtone branches lievhere the H-H interaction parameters are neglected except
outside the two-phonon bands, which leads to an interpret&or the nearest neighborg\j. Although this assumption is
tion of the overtones as two-phonon bound staBS. and  valid for the bound state due to its localized character, nei-
BS, represent the parallel- and perpendicular-polarizedher of the observed one-phonon branches are well repro-
bound states, respectively. Here we describe the two-phonatuced by this simple function, indicating the coupling to the
state extremely in a localized basi4) the two vibrational ~second-nearest neighbdfsNevertheless, the zeroth-order
quanta are completely localized in a single H adatom, correenergye (=x,) and the interaction energy between the near-
sponding to the overtones for isolated species; @)dhe  est neighborsA (=x,/2) are determined to be 1162 and
two quanta are distributed in two different H adatoms. Weg c¢m™ ! by the above fit for thé® mode, respectively.
differentiate the two cases because of the anharmonicity, The eigenvalues for the two-phonon bound states were

which lowers the former energy. Upon the lateral couplingderived from Eq(1) and are representedﬁy
being incorporated, the latter forms a free two-phonon band,

whereas the former behaves like an impurity state, depending Eg=2e—2\I'?+[2A cog 7{/2)]°. 2
on the anharmonicity. When the anharmonicity is large
enough, it is split off from the band, giving rise to a two- The dispersion width of the bound state is/T2+4A2
phonon bound state. The bound state is only weakly couplee- 2I". In this model, the bound state is formed unlésss
to the neighbors or, in other words, to the free two-phonoreero, and, with increasing, the bound-state width is re-
states, which results in small dispersions compared with thduced and the localization is promoted. We chdse
corresponding one-phonon states, as shown in Fig. 3. =32 cm ! to reproduceBS, , and the calculated dispersion
In the dispersion curve foBS; (Fig. 3), the squares and curve is shown in Fig. 3 by a solid curve. It should be noted
circles represent the energies®§ when thel andT modes  that we consider only one-dimensional coupling in both the
dominate in the one-phonon loss regifsorresponding to  experiments and calculations, and the isotope-dilution ex-
Figs. 2a) and 2b)], respectively. Interestingly, both symbols periments may be applicable to realize the strictly isolated
fall in the same curve, which indicates that they are ascribedwo-dimensional decoupledd adatoms.
to an identical bound statéNote that the corresponding one-  Now that the anharmonicity is derived, we can determine
phonon states are differenEor a localized oscillator ot 5, the excitation energies for the decoupled H adatoms;,
symmetry, the overtone of th&symmetry fundamental =1162 cm® andv, .,=2vo .;-2'=2260 cm 1. We ap-
mode exhibits the representation Af+E. The double de- ply the Birge-Sponer extrapolatibrto these values, and
generacy of thé& states is lifted when the localization of the roughly estimate the binding energy of H at the surface along
bound states is incomplete. Thus the parallel-polarizedhe surface normal direction to be 1.4 eV. The binding
bound states should exhibit three branches, though we coukhergy of H with respect to the vacuum-i2.8 eV (Ref. 16
observe only one(One of the three is forbidden by the se- (half of the dissociation energy of ;Hplus the adsorption
lection rule of impact scattering. These arguments lead us energy, which is much larger than that estimated. On the
to suggest that the bound state originates fromAhenode,  other hand, the estimated energy is comparable to the barrier
because it appears irrespective of the polarizatianer(T) of hydrogenation{absorption with respect to the chemisorp-
of the one-phonon states. It is not understood why the othetion state] ~1 eV (Ref. 17]. Thus the estimated energy can
branch is not observed. be attributed to the H migration barrier to the subsurface
octahedral site just beneath the fcc surface site. The barrier
energy was theoretically predicted to bel eV.'®1° The
direct measurement was conducted by Comisal.,”® who
The anharmonicities and localized properties of the two-determined the barrier with the permeation method to be
phonon bound states are discussed with the one-dimensional0.3 eV with respect to the vacuum. For comparison, the
(1D) model of coupled anharmonic oscillators proposed byadsorption energy of-0.5 eV (Ref. 16 should be added,
Kimball et all® The model HamiltonianH for the two-  resulting in a barrier energy of 0.8 eV. Thus, although the

IV. DISCUSSION
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potential shape of H at the surface is quite different from that V. SUMMARY
of diatomic molecules, we can obtain insight into the absorp- .
tion barrier by the overtone analyses. In summary, we have meas@ the muluple losses and
We can evaluate the localization of the two vibrationalOvertones of H/NiL11) along thel'M direction of the sur-
quanta from the eigenstates of the bound state deduced frof@ce Brillouin zone, and found that two branches exist out-
the model calculation§ For the perpendicular-polarized Side the free two-phonon bands. This is direct evidence of
bound state af’, the probabilities of the two quanta sepa- the existence of two-phonon bound states. _Apply|_ng the one-
rated by zero, one, and two sites are 0.94, 0.05, and 0.00 imensional model of coupled, anharmonic oscillators, the

respectively. At a highly excited state of H, the bound state isdca}hzed properties of the two-phonon bound state were
expected to lie far below the corresponding free multiphononeva uated.
band, promoting the localization of the vibrational quanta, as
observed for the C-H vibrational system in molecular
benzené?2Such a localized property of quanta, in particu-
lar for the perpendicular-polarized vibration, is closely re- This work was supported in part by a Grant-in-Aid from
lated to the absorptidnand desorptichdynamics of H at the Ministry of Education, Science, Sports and Cult(ifa-
surfaces from the viewpoint of energy dissipation. pan.
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