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Quantum delocalization of H on Pd110): A vibrational study
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The vibrational spectra of H on PHLO) at 90 K have been measured in the low-H-coverage region, by using
high-resolution electron-energy-loss spectroscopy. Three dipole-active loss peaks associated with H adatoms
were observed at 87—-89, 96—100, and 121-122 meV. A model calculation based on the delocalization of H
was made, which gives the energy positions and relative intensity variation of the two loss peaks in the range
of 87—100 meV for different H coverages. There is a reasonable agreement between the calculated and
experimental results. It is concluded that vibrationally excited H atoms qalPdare described by the
delocalized model.

I. INTRODUCTION 127° cylindrical deflectors each for the monochromator and
analyzer® For EELS measurements, a primary enekgyof
The transition-metal/H system is of great interest, not4d eV, an energy resolution of 4.5 me§ull width at half
only from the scientific viewpoint, but also from the techno- maximum, FWHM, and an incidence angle of 60°, with
logical applications in connection with heterogeneous catalyrespect to the surface normal, were used. The electron beam
sis. Christmanret al* suggested the H-band model, in which was scattered along tfié 10] azimuth. The acceptance angle
H is delocalized on the transition-metal surfgddéi(111)]  of the analyzer was 1.5°. The off-specular measurements
and is described in terms of the two-dimensional atomic enwere made by rotating the analyzer around the axis, which is
ergy bands. Puska and co-worketshave calculated the perpendicular to the incidence plane of the electron beam.
energy-band structures of (Bl) chemisorbed on N100,  The EELS measurements were made at 90 K.
(111), and (110 surfaces by using the effective-medium  The Pd110) clean surface was carefully prepared by
theory. This theoretical calculation showed that H is delocalAr*-ion bombardment650 eV, 4uA/cm?, 30 min), oxida-
ized in both ground and excited states, especially dd™)  tion, and annealing(20 min cycles. Cleanness of the
and Ni(110, the bandwidth of the ground state being a fewpPd110) clean surface was carefully checked by EELS, TDS,
meV and those of the excited states of the order of severalnd AES. No peaks associated with, e.g., Pd-C, CO, etc.,
tens of meV. were observed in the EELS spectrum. Small amounts of CO
Experimental studies have been made that support the cadnd CO, desorption corresponding to the coverage(num-
culation of Puska and co-workérsby the use of high- per of C adatoms per surface Pd ajobelow 0.01 were
resolution electron-energy-loss spectrosc@BELS). For H  observed in the TDS measurements after the sample oxida-
on RH111), Mate and Somorjéihave reported that broad- tion. These originate from “bulk” C, and not from the sur-
ened energy-loss peaks are observed, due to the delocalizggte C, because no loss peaks related to Pd-C were detected.
nature of hydrogen, and that the loss energies are in reasopELS measurements were made for samples with different
able agreement with the calculation of Pugkal. For Hon  amounts of the residual bulk C, and it was confirmed that the
Cu(110, Astaldi etal® have shown that the measured experimental results discussed below are not influenced by
H-coverage-dependent EELS spectra are explained by e residual bulk C.
simple one-dimensional model based on the delocalization of Research-grade Hand D, (99.5-mol % purity were
H. used. Hydrogen gases were introduced into the vacuum
We have made a detailed study of H on(Pi) in the  chamber through a gas doser, which produced a flux at the
low-coverage region, using EELS. The results are comparegample surface about 100 times the background hydrogen
with the model calculation based on the delocalization of Hiflux. The fractional H coveragé,, was determined by com-
paring the area intensity of the corresponding tHermal-
Il. EXPERIMENT desorption pgalli with that of the Ad.0)(2X 1)-H surface in
which 64=1.""
The experiments were carried out using an ultrahigh-
vacuum chamber, which housed a high-resolution electron . RESULTS
spectrometer for EELS, a four-grid retarding-field analyzer
with a normal-incidence electron gun for low-energy elec- Figure 1 shows EELS spectra in the specular mode of H
tron diffraction (LEED), a cylindrical mirror analyzer for on Pd110 for various 6. The loss-peak intensities were
Auger electron spectrosco@pES), and a quadrupole mass normalized by the elastic peak intensities. Loss peaks are
spectrometer for thermal-desorption spectroscdppS).  observed at 87—89, 96—100, and 121-122 meV. The 87-89-
The base pressure of the vacuum system wad@ ! Torr.  meV peak is observed in the H-coverage region, witkres
The high-resolution electron-energy-loss spectrometebelow 0.3. The 96—100-meV peak is observed at 100 meV
used for the present study is a double-pass spectrometer withr 6,,=0.04. The 100-meV peak monotonically shifts to-
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FIG. 1. EELS spectra in the specular mode of H orfi1R@) at 90 K in

the low-coverage region. Primary electron enefgy-4 eV. states can be measured. The direct transitichg=0,q:

wave vector parallel to the surfgcat anyq within the sur-

wards lower energy with increasing coverage, and is Obface Brillouin zone are predominantly observable in the

served at 96 meV fod,=0.23. The 96-meV peak shifts specular modé Thus, for H on P¢L10) at 90 K in which all

towards higher energy for higher H coverages ForStateS within the ground-state band are considered to be

. lated, the loss intensity measured in the specular mode
0,=0.63, the peak is observed at 100 meV. In the low-POPY ] ’ .
cgverage regioFr)16(H=O.04—0.O7 the 121-meV peak may ' proportional to the density of stat¢BOS) of H in the

consist of two subpeaks. F@L,=’1 loss peaks are observed excited-state energy bands on the basis of the assumption

at 100 and 122 meV, in good agreement with the previouéhat the energy band of the ground state is nearly flat and the
results® 1! The intensities of the 87- and 100-meV loss SXcitation cross section is independentopfit is noted that

peaks are almost the same fey=0.04. It is emphasized the assumption of the flat band for the ground state is correct

. ’3 .
that very careful and detailed measurements were made, at%%r H on Ni surfaces:® The bandwidth of the ground state

hence the losses are not associated with the impurities, fop. H on Ni(100) is experimentally estimated to be about 0.8

eV Moreover, as H on RA10 is a quasi-one-
example, CO, HO, etc. Angle-dependent measurements. . '
have shown that intensities of all the observed loss peaks adlmensmnal systemapparently two peaks are expected to

[t)e observed, which are associated with the excitation from

decreased in intensity, as the off-specular angle is increas ; .
Y . ) . P e ground state to an excited-state band, because the density
similarly to the elastic peak intensity. This indicates that all
of states are generally large near the band edgésor

the observed loss peaks are excited mainly by the dipolﬁ. h-H coverages, Puska and co-workéréave reported

i o312 19
mechanisri that the H-H interaction leads to H blocking at the adsorption

EELS measurements for D on @40 were also per- _. ) )
formed. The spectra are shown in Fig. 2. Only two peaks arg'teS already occupied by other H atoms and that the band

: Width is decreased.
observed at 66 and 88 meV, fep, belqw 0.34. For higher From the above discussion, tidg-dependent variation of
coverages, the loss at 66 meV shifts gradually toward?h

) . e shape of the peaks observed in the 87-100-meV range
higher energy and is observed at 74 meV #g=0.8. The : . :
Iogs at arougn)(lj 120 meV is related to the residugl H (Fig. 1) can be interpreted as follows: for high coverages, H

in both the ground and excited states is localized in a well-
defined adsorption site, i.e., the quasi-three-coordinated site,
IV. DISCUSSION due to the H blocking, and a sharp loss peak is observed at
100 meV (Sec. IV Q. With decreasing H coverage, the H
blocking due to the H-H interaction decreases, and the band-
Puska and co-worket$ calculated the energy-band struc- width increases. A broadened bandwidth of the excited state
ture of H on Ni surfaces. According to their results onresults in two loss peaks at 87—-89 and 96—100 meV corre-
Ni(110, H is delocalized especially along the close-packedsponding to the band edges for low coverages. The separa-
Ni-atom rows in the[110] azimuth, and the energy band- tion of the two peaks reaches 13 meV #);=0.04. We do
width of the ground state is a few meV, and those of thenot understand why the broadening of the 121-122-meV
excited states of the order of several tens of meV. By the uspeaks is very small.
of EELS, the energy losses of electrons scattered by the ex- For the 66-meV peak of D on PHL0, we have not ob-
citations of H atoms from the ground state to the excitedserved two peaks which are associated with the band edges

A. Delocalized model
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of the excited-state band. This is understood as follows: aatom shares a site with another H atom in the ground state,
the mass of D is twice that of H, the bands are shifted toandV is the repulsive energy between the excited H atom
wards lower energies for D on PdL0), and thus the band- and the ground-state H atom in the N-N sites. The indexes 1,
width for D is smaller than that for &2 The bandwidth in 0, i, andj denote the excited state, the ground state, a site in
the tight-binding approximation is determined by the quan-the linear chain, and the nearest neighbor of the isitee-
tum hopping energyas discussed in Sec. IV)Bwhich is  spectively.c] (c;) is the creationannihilation operator for
related to the tunneling current between nearest-neighbqpe sitei and ni:CtTCi is the occupation number of the site
sites® It can be shown that, similarly to the tunneling cur- i, The details of this model and the physical meaning of the
rent across a one-dimensional rectangular barrier, the bandnrametersg, T, U, andV) are discussed in Ref. 5.
width is proportional to exptam®?) (m: particle masp The energy eigenvalues of this Hamiltonian for the linear
All the observed loss peaks are excited mainly by theshain composed of 20 sites were numerically calculated by

dipole mechanism. Thus, considering the surface—norme_ll didiagonalizing the 2820 matrix, the matrix elements of
pole selection rulé the losses correspond to the excita-\which are

tions from the ground-state bamxf, which is a totally sym-

metric A; band, to the excited-stai®, bands. According to Hi i =E+uUnl+Vv(n,  +nl ),
the calculation of Puska and Niemirtdor H on Ni(110), the
excited-statéA; bands are in the ranges between 15 and 30 Hii1=H i =T,

meV (A} band, between 45 and 90 me\Af), and between _ o
75 and 140 meVAD). It is considered that the losses in the With the others equal to zero. Applying the periodic-
87-100-meV range correspond to tA%—»Af band excita- boundary _cond|t|om+1=1 if i=20 andi—1=20ifi=1.
tions and the 120—121-meV peak to th—A3 band exci- The density of state¢$DOS) curves are averaged over the

. 0 1 o . . . various spatial distributions of H atoms in the ground state as
tation. TheA; —A; band excitation may be hidden in the tail diagonal terms depend on the distributions, and are con-
of the elastic peak.

In the past, two EELS experiments, which support the\mlmed with a GaussiaFWHM, I'=10 me) to fit them to

. . ) the EELS spectra.
dsilr?]%?!;e% :-Ingr?eFle'I“(hleiLVS gﬁgr}ﬁsrgtidefgt' Zg?a?étMa?ge ancP It is well established that the adsorption of H on the
for H an Cu110. In the former experiment ¥he evidencé for Pd110 surface induces the formation of the X2)-H
X b ' phase for6y<1. According to the LEED measurements of

the model is the absence of an isotope shift for the Iowestb ttania et al,’ the LEED spots corresponding to the

energy-band excitation, broadened energy-loss peaks, al i g !
reasonable agreement of the loss energies with the calcul%{— x1)-H phase are observed f6f,~0.3. Th!s suggests .that
atoms in the ground state are located in the quasi-three-

tion of Puska and co-workefs’ In addition, they reported a . . . .

remarkable dependence of the width of the EELS peaks Oﬁoordmatgj sites to form zigzag chains along the c_Iosed-
the electron energf0.5-8 eVj. We measured the width of Packed[110] rows, even for lowsy by the H-H attractive
loss peaks for various electron energis4 eV). But we did interaction; H atoms in one side of the row are located with
not observe the electron energy dependence of the width. i€ penodlcnl twice that of the substrate. Thus, the DOS
the latter experiment, the evidence is the broadened energ§lrves for6y=0.2 were evaluated for this distribution. For
loss peaks and coverage-dependent shift of the loss energié&@mple, the DOS curve fof,=0.3 is calculated for the
the coverage dependence was analyzed by a one-dimensiofitriPution of ABABABABABAAAAAAAAAAvhere A

model. Qualitatively speaking, the present results for H orfdB denote empty and occupied sites of the H atoms in the
Pd(110 are similar to those for H on QL10). ground state, respectively. On the othgr hanql, the DOS
curves for6,<0.2 are averaged over the distributions, where
the H atoms in the ground state are randomly located.

Figure 3a shows the DOS curves calculated for
0,=0.05-0.4, withE=94, T=5, U=80, andV=1 meV.

As mentioned above, EELS spectra, in particular, the enThe calculated peak energies corresponding to the two exci-
ergy positions and the relative intensities of thA§&—A? tations from the ground state to the excited stseband are
band excitations in the range of 87—-100 meV show the deplotted as a function o) in Fig. 3b), together with the
pendence orgy. We made a model calculation for the ex- experimental results. There is a reasonable agreement be-
cited H atom on the RA10 surface, in order to discuss tween the model calculation and the experimental results.
these results quantitatively. This is based on one-dimensiongi/hen the DOS curves were averaged over the random dis-
Hubbard-like Hamiltonian used to explain the delocalizedtribution for ,=0.2, the agreement between the calculation
nature of the excited H atom adsorbed on the(110)  and the experimental results was not good. In the calculation

B. Model calculation

that for H on C@110. This is consistent with the difference
of the lattice constants; the lattice constant of1Ad)(0.389
whereE corresponds to the band center of tkﬁeband,T is  nm) is larger than that of Q110 (0.361 nm).
the quantum hoppingnot thermal overbarrier hoppingn- It is interesting to compare the bandwidth for the excited
ergy for the excited H atom between the nearest-neighbastate of H on PAL10) with those on(100 and(111). In the
(N-N) sites,U is the repulsive energy when the excited H vibrational study for H on PA00),° only a single loss peak

surface> The HamiltonianH, is written as of Astaldi etal® for the excited H atom on Gu10),
E=74, T=9, U>70, andV=2.75 meV were used. The
H= EZ nil+TZ c]-TlcilJrUE nilni0+VZ niln?, guantum hopping energy for H on @d.0 is about a half of
i ij i ij
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C. Localized model

The results obtained in this work might be interpreted by
the localized model. The 97—-100- and 122-meV peaks ob-
served forf,=0.30—1 are ascribed to the localized vibra-
tions of H atoms located in the quasi-three-coordinated sites

oy of the (111]) facets of the unreconstructed(Rd0) surface, as
® 0.4 supported by experimerits! and theories®° Applying the
surface-normal-dipole selection rufe,the 97-100-meV
peak is ascribed to the hindered translation parallel to the
(111) facet and along thf100] azimuth; the 122-meV peak
is attributed to the hindered translation of H atoms perpen-
dicular to the(111) facets>'! It is noted that the energy
(a) 0.05 ratios vy /vp of the 100¢74-) and 122¢88-) meV peaks are
T PP PP P P T 1.35 and 1.39, respectively, which are smaller than the mass

(d) 0.25
(c) 0.15

Density of states (arb.units)

60 70 80 90 100110120130 dependence for a harmonic oscillator, respectively. The
(@ Energy (meV) 3-meV increase in energy of the hindered translation parallel
to the (112 facets fromd,=0.30—1 may be associated with
102 ¢ the through-Pd-substrate H-H interactdn.
100 Fo ) For 6,<0.3, the loss peaks are observed at 87-89, 96—
sk = ¢ 100, and 121 meV. Similar to the identifications for
: e+ + o0 6,>0.3, the 96—100- and 121-meV peaks may be attributed
% I ¢ g to H atoms in the(111) facets. The 87—89-meV peak is
94 [ observed only for low H coverages. Thus, it may be associ-

ated with the defects on the Ad.0) clean surface. Accord-

Loss energy (meV)

921 ing to the high-resolution LEED measurements ofrike

90 | et al.,?! clean P@110 consists of semiordered 10) islands

ss b+ * . +° .o (terrace} separated by steps. The steps h&lgl) facets,
foe and thus, the 87—-89-meV peak may be ascribed to the hin-

86 0 01 02 03 04 05 0.6 0.7 dered translation of H atoms parallel to tfELD) facets of
) Fractional H coverage the steps. The corresponding peak associated with the hin-

dered translation perpendicular to tigll) facets of the
FIG. 3. (a) Calculated density of states of tiAg band for variousdy steps is not resolved. It may be embedded in the 121-meV
(fractional H coverage (b) The 6y dependence of the energy positions of peak.
the loss peaks. The experimental and calculated results are shown by filled However, the number of step sites is much smaller than
circles and crosses, respectively. The parameters use&afsh, T=5,  that of the terrace sites. The ratio of the number of step sites
U=80,V=1, andl'=10 meV (see text for more explanatipn to the number of the terrace sites is of the order of 1%. Thus,
it is difficult to explain the(relatively) strong intensity of the
is observed at 60 meV, with the FWHM almost the same a87—89-meV peak by the localized model.
that of the elastic peakd meV). Thus, the bandwidth for It is well known that the subsurface sites are occupied by
(100 is considered to be narrow. The same experimentail on the Pd110) surface’*! Therefore, the subsurface H
result is also obtained in our laboratory. According to theMight have some contribution to the losses in the range of
calculation of Rick and Dolf for H on Pd111), the band- 87—100 meV observed for the lod, region (Fig. 1). This
width corresponding to, e.g., th} band, is estimated to be p055|b|!|ty can be ruled out for the followmg two reasoft:
2.17 meV. The bandwidths faf100) and (111) are much According to the neutron-scattering measurements for Pd

X L owders, vibrational modes of the bulk hydrides are ob-
narrower than the bandwidth f¢t10), which is roughly es- P ' oo
timated to be~20 meV (4T). The distances between the served at 59 and 69 me¥?,and the vibrational mode of H

i f ites i Hieth
N-N sites on(100), (110, and (111) are 0.275, 0.275, and occupying subsurface sites is observed at 58 methese

. . energy values are far from the energy region of 87-100
0.159 nm, respectively.The fourfold hollow, quasi-three- ey "Thys, it is considered that the subsurface H does not

coordinated, and threefold hollow sites are assumed for thgyist in the lows,, region.(2) The EELS spectra for RH10)

N-N sites of the(100), (110, and (111 surfaces, respec- (1x2)-H with the subsurface H were compared to those
tively.] Thus, there is no simple correlation between theyithout the subsurface B! No significant difference was
bandWidthS and the N-N Site diStanceS. Therefore, |t iS interfound between the two cases. Th|s indicates that EELS iS not
preted that the difference of the bandwidth reflects the difsensitive to the subsurface H for @d0) even if it exists,
ference of the shape of the adiabatic potential-energy surfacgnd that of the existence of the subsurface H has no signifi-
for H. More detailed theoretical and experimental analysegant effect on the adsorbed state of the surface H.

are needed in order to understand the delocalized nature of H
on various single-crystalline Pd surfaces systematically. The
measurements of the surface diffusion barrier are especially
needed, because it is closely related to the adiabatic In conclusion, we have measured EELS spectra f@®)H
potential-energy surface. on Pd110 in the low-coverage region. Both the delo-

V. CONCLUSION
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calized and localized models of H adatoms were examined. ACKNOWLEDGMENTS
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