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Adsorbed states of H on N{111) at 100 K: A vibrational study
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The adsorbed states of H on the(Nil) surface have been investigated at 100 K as a function of H
coverage,fy, mainly by using high-resolution electron-energy-loss-spectroscopy. Losses are observed at 90
and 130 meV for6,<0.5. Forfy=1, two losses are observed at 115 and 140 meV. In the region where
0.5< 6y< 1, vibrational spectra are the weighted superpositions of thos#,fe0.5 and 1. We correlate losses
for #4<0.5 and 1 with the (X2)-2H and (1< 1)-H structures, respectively. No evidence of the quantum
delocalization of H is obtained, which is attributed to the island formation of theA22H structure even for
the low 6. [S0163-18207)04548-1

I. INTRODUCTION IIl. RESULTS

Figure 1 shows EELS spectra in the off-specular mode of

The interaction of hydrogen with transition-metal sur- H on Ni(111 as a function oy (6,=0.05—1. The primary

faces, e.g., NL11), has been investigated extensively by
both experimental and theoretical methods, because it is im-
portant to applications such as catalytic reaction and H stor-
age, and because it has given fundamentally interesting top-
ics full of variety such as the H-induced surface
reconstruction, the two-dimensional phase transition, the in-
direct interaction between adsorbed H atoms, and the quan-
tum delocalizatiort 3

In this Brief Report, we investigate the adsorbed states of
H on Ni(111) at 100 K as a function of the fractional H
coverage,fy [the number of H atoms per Ni atom of the
bulklike Ni(111)], mainly by using high-resolution electron-
energy-loss spectroscogEELS). The adsorbed states are
correlated with the ordered structures formed by the H ada-
toms. The quantum delocalization of H on(NL1) is also
discussed.
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The experiments were carried out by using an ultrahigh-
vacuum chamber equipped with EELS, low-energy electron
diffraction (LEED), Auger electron spectrosco#ES), and
thermal-desorption spectroscoflDS). Details of the appa-
ratus and the experimental techniques were described in our
previous papet?

The clean Ni111) surface was carefully prepared by re-
peated cycles of Ar-ion bombardment{10 uA/cm?, 650
eV, 30 min followed by annealing at about 1200 K. The
cleanness of the Ni11) surface was checked by AES, TDS,
and EELS. No peaks associated with, e.g., C, O, etc., were
observed in the EELS spectrum. The defect density is esti-
mated to be<0.01 from the H-TDS spectrum of the H- -50 0 50 100 150 200 250
saturated surface. It is noted that the-FDS is sensitive to
the existence of defects.The sample was dosed with, tt ENERGY LOSS (meV)
about 200 K in order to avoid the adsorption of water when g 1. EELS spectra of H on KilD at 100 K as a function of
dosed at 100 K. coveraged,,. 6;=60°, 6,=50°, andE,=5.0 eV. All the loss spec-

The fractional H coveragedy, was determined by com-  tra are normallzed to the backgroufRief 16. The elastic peak for
paring the area intensity of the corresponding tHermal-  ¢,,=0.05 is shown as a reference. Data were obtained every 0.6-
desorptlon peak with that of the H-saturated surface in whictneV loss energy, and for a single data point, electron pulses were
fy=11 counted for 30 s.
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energy ofE,=5 eV was used. The angle between the specu: T ] T 7
lar and off-specular directions used is 10ficidence angle
0, ,60°, emission angl®.,50°). Losses are observed at 90 /\

and 130 meV ford,=0.05. These losses grow in intensity > §
with increasingdy from 0.05 to 0.5. The 90- and 130-meV .
losses are correlated with theX2)-2H structure, sincél) 0 05

a sharp (X 2) LEED pattern was observed fép=0.5, and F-COVERAGE 8
(2) the loss spectral shape remains the same bélgw0.5.
For 64,=0.6, a loss appears at about 115 meV. Fgr0.7,

the intensity of the 115-meV loss is increased, but that of the
90-meV loss is decreased. Féy=1, two losses are clearly
observed at 115 and 140 meV, and the intensity of the 90
meV loss(nearly vanishes. The 115- and 140-meV losses
are correlated with the (21)-H structure, since a (41)
LEED pattern is observed faty=1.

Apparently, the 130-meV loss is shifted to 140 meV in
the coverage range af;=0.5-1, but this can be explained
by the superposition of the independent 130- and 140-me\
losses. The angle-dependent measurements indicate that
the losses are excited via impact scattefihgyhich is in
agreement with the results of Ref. 3. No dispersions were
observed as far as we investigated. For D ofllM), (6p
=0.5), losses are observed at 69 and 98 meV. This is ex
plained by the mass ratio of H and D{/vp~1.3).

The temperature dependence of the EELS spectra of H o
Ni(111) for 64=0.5 was also measured in the range of 100—
320 K. The measurements were made by coolimgating
the sample from 320100 to 100(320 K. The changes of N S5 Sty R e
the spectra obtained in both cooling and heating processe 0 50 100 150 200
were reversible. Figure 2 shows a series of the EELS spectr
during the cooling processE(=6 eV, #;=60°, and 6, ENERGY LOSS (meV)
=70°). Each spectrum is acquired during cooling, and, FIG. 2. The temperature dependence of the EELS spectra of H
hence, the sample temperature is gradually decreased. The Ni(111) for 6,,=0.5.6,=60°, 6.=70°, andE,=6.0 eV. All the
temperatures except for 100 and 320 K shown in Fig. 2 aréoss spectra are normalized to the backgro(Ref. 16. The elastic
average values from the beginning to the end of an acquispeak at 320 K is shown as a reference. Data were obtained every
tion period(30 min per spectruim Losses are observed at 88 1.1-meV loss energy, and for a single data point, electron pulses
and 130 meV at 100 K. The vibrational energy of the formerwere counted for 15 s. The inset shows the phase diagram for H on
loss is slightly different from that of the corresponding peakNi(111) (Ref. 1.
in Fig. 1. This is probably because the energy accuracy and
signal-to-noise ratio were sacrificed in order to reduce thepaired, and that the EELS spectra can be classified into three
acquisition time. Relative intensity of the 88- and 130-meVcoverage regions. Losses are observed at 90 and 130 meV
losses is somewhat different from that in Fig. 1. This mayfor 8,<0.5(l); at 90, 115, and 130-140 meV for the region
originate from the differences &, and 6, chosen. A broad where 0.5<6,<1 (Il), and at 115 and 140 meV fdiy=1
loss is observed at around 85 meV at 320 K. As the sampldll).
temperature is lowered, the loss at around 85 meV grows in Since H generally “prefers” the high-coordination site,
intensity, and is gradually sharpened. Changes in the peakese losses are related to H in the threefold hollow sites. A
intensity and width seem to be continuous. This is in goodsymmetric () and two degenerate asymmetria ()
agreement with previous reports which indicate that thestretching modes can be observable for H in the threefold
disorder-order transition occurs at 270 K f65=0.5, and  hollow site. The dipole selection rule cannot be applied in
that the phase transition is continuduS.The inset of Fig. 2  the present case, because the losses are dominantly excited
shows the phase diagram of H on(Ni1)." The spectral via the impact-scattering mechanisfiiThe nearest-neighbor
changes in the energy range corresponding to the 130-melrce-constant model is useful to interpret the EELS spectra,
loss are not clearly observed. This is probably because thend has been successfully applied. However, Richter and
excitation cross section of the 130-meV loss is so small thaHo'” reported that the value af, is overestimated in this
enough signal-to-noise ratio was not obtained in the presemhodel for H in the threefold hollow sites on the {t¢1) and
experimental conditions. hcp(000)) surfaces, and that there is the general tendency of
v,s< v for H on these closed-packed surfaces. Based on this
relation, the 90115- and 130(140-meV losses are attrib-
uted towv,s and v of H in the threefold hollow site, respec-

From the coverage-dependent measurements, it is fouridzely.
that the 90- and 130-, and 115- and 140-meV losses are According to the transmission-channeling experinfeait,
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most all (90%) H atoms occupy the fcc sites on the H- by the structural change of the substrate, is observed for H on
saturated Nil11) surface @y=1). Therefore, the 115- and Mo(110.%
140-meV losses fop=1 are attributed ta,5 and v of H Christmannet al! proposed the formation process of the
in the fcc site, respectively. (2% 2)-2H structure as follows: The(2X2)-H phase(in
The assignments of the 90- and 130-meV losses correwhich 6, is 0.25 is formed for8,,<<0.25, and afterwards the
lated with the (2<2)-2H structure are complicated. It is (2X2)-2H structure, is formed with increasiriy from 0.25
found that H atoms occupy both fcc and hcp sites to form theo 0.5. They proposed that the interaction between the third-
honeycomb lattice of the (22)-2H structuré. Considering  nearest-neighbor H atontise., the interaction between near-
the assignments of the 115- and 140-meV losses, the 90- ardt H atoms of the honeycomb lattice essentially repul-
130-meV losses are associated with thg and v of Hin  sive, and hence, the §22)-2H island is not formed for low
the fcc (or hep site, respectively. The values of the vibra- 6. Furthermore, they suggested that the steeper phase
tional energies of H in both sites are so close that they arboundary in the higheéy region(the inset of Fig. 2can be
not resolved. The difference in the vibrational energy of theexplained as follows: Since the ¥2)-2H structure is
v, and vg between the fcc and the hep sites is, if at all, lessformed by the repulsive interactiofust like the Wigner
than 5 meV. Recent theoretical work shows that the calcuerystal of electrors), it is easily destroyed by the additional
lated values o are 129 and 146 meV for H in the fcc and H.
the hcp sites, respectivel§f.(This work also reports that the We have concluded that the ¥2)-2H islands are
bond lengths and binding energies of H in both sites ardormed by the attractive interaction between H adatoms for
almost the same, which suggests that the relation of the vigy<0.5. This is in disagreement with the above model. It
brational energy of H with the bond length and binding en-might be considered that the H-H interaction is so weak that
ergy is not straightforwargl. the coverage-dependent peak shift is not observeddfor
The spectral shape remains the same in reffiofThe 90-  <0.5. If so, the (2% 2)-2H structure cannot be discerned
and 130-meV losses show no coverage-dependent peak shifom the p(2x2)-H by EELS. This may be ruled out by
and broadening. Thus we predict that thex(2)-2H islands  considering the origin of the broad loss spectrum at 320 K
are formed by the attractive interaction between Hwhich corresponds to the disordered phase: H atoms are ran-
adatoms? The EELS spectra for regiofil) can be qualita- domly distributed in the disordered phase, and thus, the re-
tively explained by the weighted superposition of those forgions with the localgy smaller or larger than that of the (2
6y=0.5 and 1. Thus, the (22)-2H and (1X1)-H struc- X 2)-2H phase are mixed. The broadening reflects the exis-
tures coexist in the intermediate regidn). tence of H in these various local configurations. Since the
The vibrational energies of H in the §2)-2H phase are indirect H-H interaction induces a blueshift in the vibrational
significantly different from those in the ¢11)-H phase. In  energy of H adatoms, it is considered that the lower- and
particular, as the 90-meV loss is associated withof H in  higher-energy components of the broadening correspond to
the (2x2)-2H phase, the difference in,¢ is 25 meV. The- H in the lower and higher local-coverage configurations, re-
oretical calculation suggests that the indirect H-H interactiorspectively.
induces the blueshift in the vibrational energy of H adatoms Although the third-nearest-neighbor interaction is consid-
on Ni(100 and Pd100).2° The indirect interaction consists ered to be attractive, the steep phase boundary may be ex-
of the static and dynamic contributions. The former origi- plained by considering that the first-nearest-neighbor,
nates from the change in the strength of the H-substrate borgkcond-nearest-neighbor interactions, etc., are repulsive.
induced by the presence of other H adatoms, while the latteRoelofs et al® calculated the phase diagram, by using the
originates from the dynamic coupling when the neighboringparameter set obtained by Muscain which the third-
H adatoms are vibrating. This has been experimentally conaearest-neighbor interaction is attractive. They found very
firmed by the EELS measurements for H on(Mi0,!  broad coexistence regions, which is in agreement with the
Pd(100),%2 Rh(100),% and P¢111).}” However, the amounts present result. However, in the parameter set of Muscat, the
of the shifts for these systems lie in the range of 7—15 meVsixth-nearest-neighbor interaction is abnormally attractive,
The large value of 25 meV cannot be rationally explained byand, hence, it has been suspe&dn the other hand, ac-
considering only the indirect interaction. cording to Nagai, Ohno, and Nakamdréhe following pa-
Detailed studies of the (22)-2H structure foroy=0.5 rameter set rationally produces the phase diagram and the
by using LEED(Ref. 12 and He diffraction® showed that results of the isosteric heat of adsorption measurentents:
the substrate reconstruction is induced by the adsorption dirst- to fifth-nearest-neighbor interactions are repulsive, and
H. (The structural model proposed by LEED is slightly dif- the sixth-nearest neighbor interaction is slightly attractive. In
ferent from that proposed by He diffraction. The Ni atomsaddition, they reported that the attractive sixth-nearest-
bonded with H are shifted outward relative to those notneighbor interaction favors the formation of thé€2x2)-H
bonded with H for the former, but Ni atoms which are notstructure for §,<0.25. More theoretical efforts will be
bonded with H show the outward relaxation for the lajter. needed. Finally, it is emphasized that the phase diagram re-
For the (1x 1)-H phase, no significant substrate relaxation isported by Christmanet al! has been measured in the tem-
observed, and all Ni atoms are equivalent, so the substrafgerature region above 150 K. Measurements below 150 K
must be flaf Therefore, the structure change of (2 are greatly expected to be performed.
X 2)-2H—(1X1)-H is accompanied by the substrate recon- It is interesting to discuss the quantum delocalization of H
struction. This reconstruction seems to contribute to the oben the N{111) surface. Christmanret al* suggested the
served large shift in the vibrational energy of H. It is notedatomic-band model for H on Ni11), where H is delocalized
that the vibrational energy shift of 10 meV, accompanied and thus the vibrational levels form energy bands just like an
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electron in a periodic potential well. Puska and Niemffien observed at 115 and 140 meV. In the region where<@ps
calculated the band structures of H on(NI0), (110, and <1, vibrational spectra are the weighted superposition of
(119 surfaces by using effective-medium theory. In particu-those forg,,=0.5 and 1. Thus we propose that the structure
lar, the bandwidth of the ground state and those of the €Xchange of H on NiL11) with 6 occurs as follows: For low
cited states are calculated to be a few and several tens @L, the (2x2)-2H islands are formed, the domain size be-
meV for H on Ni111), respectively. Experimentally, the comes larger with increasing,, and the surface is fully
EELS spectra resulting from the delocalized nature of H atgyered with the (X2)-2H structure at9,=0.5. The (2
27 28

low H coverage are reported for H/RID,”" H/Cu(110), X 2)-2H and (1X 1)-H structures coexist in the intermediate
and H/Pd110. region where 0.5 3<1. The surface is covered with the

The widths of the losses faf,,=0.05 are narrow and are (1 x 1)-H structure a=1.
comparable to that of the elastic peak. The EELS spectra for The viprational energies of H in the §22)-2H phase are
the low 6y region show no peak broadening._This is closelysigniﬁcanﬂy different from those in the ¢41)-H phase, in
connected with the formation of the ¥2)-2H islands. The  particular, the difference im,s is 25 meV. The large differ-
attractive interaction makes H localized evenfigr=0.05. It gnce indicates that the structure change ok @-2H—(1
is noted that the theoretical calculations are made for single 1)-H is accompanied by the substrate reconstruction. No
H on the unreconstructed (il]) surface, and that H-H in-  eyidence of the quantum delocalization of H is obtained,
teraction is not included. which is attributed to the island formation of the (2

X 2)-2H structure even for the lowy .
V. CONCLUSION
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