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Vibrational states of a H monolayer on the P{111) surface
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We present high-resolution electron energy-loss data and theoretical modeling for the vibrational properties
of an atomic monolayer of KD) on the P111) surface. Experimentally we find three loss peaks, in contrast
with two peaks visible in the low-coverage case. A three-dimensional adiabatic potential-energy surface at full
coverage of hydrogen is obtained through first-principles calculations. When the zero-point energy effects are
included, the minimum energy adsorption site is found to be the fcc site just as in the low-coverage case.
Vibrational band states for motion in this potential-energy surface are computed and the excited states associ-
ated with the observed loss peaks identified.
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. INTRODUCTION the exposure is given in units of Langmuir (&01.33

The investigation of hydrogen on solid surfaces in genera?< 10°° mbarxs). .
contributes largely to our understanding of adsorption, diffu- /A Series of TD spectra as a function of lixposure at 85
sion, and vibration on surfaces. In particular, Pt surface i& IS reproduced in Fig. 1. At small exposures only one de-
one of the most important materials for heterogenous cataly3°"Ption peakdenoted byB,) is observed, which shifts to-
sis of hydrogenation reactions. Recently, we have presented/42rd lower temperatures with increasing exposures and
combined experimental and theoretical study fo®) on which is attributed yo the associative desorption of the H
P111) at low coverages A<0.75)} In that work we atoms. After saturation of thg, state a further fea;uréde-
showed that in order to understand the experimental vibraoted Dy 51) evolves at the low-temperature side. Both
tional spectra [measured with high-resolution electron P€aks have been observed by Christmatral,” and the
energy-loss spectroscogREELS)], one needs to consider formatlc_m of thg,Bl state is interpreted in terms of repglswg
the protonic band structut@ based on théhree-dimensional lateral interactions between adorbate particles. Calibrating
(3D) adiabatic potential-energy surfa¢@PES, as derived OUr TDS c_iata with t_hose_ fro_m the literature obtained wlth
from first-principles(FP) calculations. Here we extend that nuclear mmroqnalys&,whlch is the only method to quanti-
study to the case of a full monolay€ML) coverage ¢ tat!vely determmg hydrogen coverage, we estimated the satu-
—1). We observe an HREELS vibrational spectrum whichfation coverage in our case to be 1:00.05 ML. The abso-
strongly deviates from the low coverage case. We propose Ig,“%te coverage of H as a function obtxposure is shown in
qualitative interpretation of the new loss peaks on the basi&'< inset of Fig. 1. At saturation, the amount of {BgH is

; . _—estimated to be 75% of the monolayer.
ZI 0F=P1 calculations for the 3D APES for H adsorption The HREEL spectra recorded for varioug ekposures at

85 K are presented in Fig. 2. As reported in Ref. 1, at low
coverages §<0.75 ML) two peaks at 31 and 68 meV are
observed, corresponding to th® state in the TD spectra
Our experiments were performed in an ultrahigh vacuun(Fig. 1). After increasing the coverage over 0.75 ML two
apparatus with a base pressure of B)™ 1! mbar, consisting

II. EXPERIMENT

of two chambers connected by a valve. The upper chamber is H/Pt(111) g 104 . d
equipped with an argon ion sputtering gun, a low-energy . Sos]e
electron-diffraction(LEED) optics, and a quadrupole mass £ B2 g o
spectrometer used to perform therrdalsorption spectros- > Sood® . |, . |
copy (TDS) experiments with a heating rate of 5 K/s. The E 0_ 20 40
lower chamber housed a HREEL spectromgteelta 0.5 2 B, xposure (L)
SPECS, Germany The sample was mounted between W 8 Exposure (L)
wires in narrow slits at its edges and a NiCr/Ni thermocouple = a 01

was spot welded to the back of the Pt crystal. The tempera- PN € d b 1

ture could be varied from 85 to 1300 K by combining cool- § c c 10

ing with liquid nitrogen and heating by radiation or com- b : 1;8
bined radiation plus electron bombardment from the back a

side. The sample was cleaned by sputtering-annealing cycles : L e

as described elsewheteThe chemical cleanliness was 100 200 300 400 500
checked by HREELS. Gas purities were 99.999% for H Temperature (K)

and 99.7% for . The H (D) coveragefypp) is given FIG. 1. TD spectra of, (mass 2 for variousH, exposures in

with respect to the number of substrate surface atoms anghits of L on P111) at 85 K. The heating rate was 5 K/s.
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: ' FIG. 3. HREEL spectra for H and D on(B11) at =1 ML for
4 033 specular geometry. The primary electron energjs-2.0 eV.
» that H is adsorbed at two sites on the surface, with different
A VP I A I NI potential curvatures. By speculating further, one can imagine
0 50 100 150 200 250 that there is a change in the adsorption site as the H coverage
Energy (meV) is increased and the APES changes, as it is believed to be the

FIG. 2. HREEL spectra of H for differenti, exposures on case of H/If111).° However, when one goes beyond this
P111) at 85 K. Spectra were taken at 85 K in specular geometrySimple model and includes anharmonicity as well as delocal-
with an incidence angle of 55 and with a primary energy of 2 mev.ization effects as it was done for the low coverage cabe,

situation is considerably more complicated, and the occur-
new losses at 113 and 153 meV appear rather abruptly, sience of two dipole-character peaks need not imply a change
mu|taneous|y the peak at 31 meV disappears and the loss 6[ or simultation adsorption at different symmetry sites. In
68 meV gains strongly in intensity. Furthermore, at 1 ML theorder to determine the microscopic nature of the vibrational
full width at half maximum(FWHM) of the loss at 68 meV €xcitations, one has to first evaluate the 3D APES for the full
is found to be 4 meV, which is smaller than that monolayer coverage. Then the vibrational states of the ad-
(%20 meV) at low coverages, indicating that this peak issorbed hydrogen in this APES need to be determined and
quite different from the one at low coverage. In order tocompared with the observed excitation loss peaks. We will
identify unambiguously the H-related losses, isotope substifollow this procedure in this work and compare the results
tution measurements with Dvere performed. The HREEL With the simple harmonic picture.
spectra for H and D af=1 ML are shown in Fig. 3. Three
peaks at 50, 84, and 111 meV are observed for D. The iso-
tope shifts of 1.35—1.38 clearly confirm the peaks as being i
due to the vibrational excitations of hydrogen. In summary, i
at high coverage{>0.75 ML) we observe a new spectrum
with three loss peaks, suggesting a qualitative change in the
state of the H layer.

Up to now there is only one study of the vibrational spec-
tra of the H/Pt111) system at full coverage by Richter and
Ho,” and our observed losses agree quite well in energy po-
sitions with theirs. The main difference concerns the nature
of the peaks. From the dependence of loss intensity on the
off-specular angle as shown in Fig. 4, the excited modes 'ﬁ 5
associated with the 113 and 153 meV peaks have a clear e 8
dipole character. Also, due to the much better energy resolu- ll ) ,
tion as compared to Ref. 7, the loss at 153 meV cannot be P L
assigned to an overtone and/or combination loss of the losses 0 50 100 150 200 250
at 68 and 113 meV as it was argued in Ref. 7. The depen- Energy (meV)

dence of loss intensity on the off-specular angle is the same F|G. 4. Comparison of HREEL spectra 61 ML H/Pt(111)

as in Fig. 4 for all primary energ¥, values used. In the for specular and off-specular geometries. The primary electron en-
simple local harmonic model of the vibrational excitations,ergy E,=6.0 eV is different from Fig. 4 in order to show the large
the finding of two dipole active modes may lead to the idearange ofE, used.

1ML H, 85K
E =6eV H/Pt(111)

off specular:

OO

Intensity (arb. units)
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FIG. 5. The Pt11)) slab(large sphereswith one monolayer of
H atoms(small spheresin the fcc position. The atoms in the su-
percell are represented with darker shading.
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FIG. 6. Minimum-energy path on the APES of H/Pt]) at 1
ML coverage. The dots a@ initio points corresponding to energy
minima along the transversal direction; the curve is used to guide
Ill. CALCULATIONS the eye.

The present APES is calculated with the same selfis 131 meV, while that between the fcc and hcp sites is 94
consistent method as in our earlier low coverage study on thmeV. However, these results do not imply that the top site is
same systerhnamely a parallel plane-wave codeased on the lowest energy adsorption site because of quantum effects
density-functional theory with the generalized gradientincluding zero point energies and delocalization contribu-
approximation” We used the Troullier-Martins tions. The zero-point contributions can be estimated using
pseudopotentiat for Pt and the Vanderbilt nonlocal ultrasoft the harmonic approximation based on the local curvatures. In
pseudopotentidf for H. Electronic wave functions were ex- this approximation, the vibrational energy for the parallel
panded in a plane-wave basis with a kinetic energy cutoff amotion i w| is 77 meV for fcc, and 54 meV for top. For the
35 Ry, together with a Fermi smearing of 0.2 eV. For the fulltransversal motion, the corresponding values &,

ML we used a supercell with 8 Pt atomsX4X4) and two  =142.2 meV for fcc, and 273.4 meV for top. The latter num-
H atoms(Fig. 5. We calculated the potential in 65 equidis- bers agree well with the values 147.4—148.4 meV for fcc and
tant planes parallel to the surface, and in each plane at 15¥77.0-280.1 meV for top, as calculated by Ols¢ml1® By

(x,y) positions inside the unit cell of PtL1). This number including the zero-point energies from these harmonic esti-
insured a smooth interpolation by Fourier transfor(A$'s) mates for the vibrational modes, the adsorption energy at
in plane waves parallel to the surface. In the neighborhood othe top site becomes now higher than that at the fcc site by
the on-top site, the values of the potential larger than 6 e\20.6 meV.

were replaced by gaussians centered at top, connected To include all the anharmonic effects as well as the delo-
smoothly with the real APES and with a height of 12 eV, calization contributions, we diagonalized the effective one-
avoiding in this way the divergence of the potential. The Hparticle Hamiltonian for an H atom using the 3D APES gen-
coordinates were also relaxed in the neighborhood of therated in the FP calculations. The vibrational states are
minima in order to find the minimum energy patfig. 6).  expanded in a mixed basis set of plane waves for the parallel
Only the transversal coordinate of the H atom was relaxedlirections and localized harmonic oscillator states for the
during the calculations, while the Pt atoms were maintainedransversal direction. The number of potential FT compo-
in the frozen structure of the relaxed clean slab. The irreducaents obtained above insured a smooth interpolation, and we
ible Brillouin zone was sampled in this case with 8 have chosen the size of the basis set to obtain convergence of
vectors'® The full APES was built without relaxing the Pt the eigenstatesThe lowest eigenvalues and eigenstates of
atoms under the action of H, but we studied separately ththe corresponding Hamiltonian matrix are found with the
relaxation of the slab under the influence of H. The distancérnoldi algorithm® The resultant vibrational states form a

1.9, 1.3%, for H placed at fcc, hcp, and top, respectively. | . - . . o
each of these cases, the variation of the H equilibrium posri]-Dand index andk the wave vector in the 2D first Brillouin

; one. The transition energies are robust against small pertur-
tion above the topmost Pt layer changes biyt.1, —0.6, zon i
—1.2%, respectively. These geometric variations are fpations of the APES.The low-energy bands are shown in

agreement with the experimental data and previougig. 7. We also examined the Bloch orbitals for tke O
calculations** The relaxation energies are very close in allstate of each branch. At low energies, these orbitals are
cases {29.9,—25.9,—23.2 meV), which suggests an al- mainly confined around the fcc, top, or hcp sites. The overlap
most uniform shift of the APES by the Pt relaxation due to Hbetween the orbitals centered at adjacent sites is relatively
adsorption. small, leading to a narrow bandwidth. As the energy in-
In Fig. 6 we show a 1D cut through the APES which creases, the states are more delocalized, with orbitals cen-
demonstrates that the minimum of the potential is at the topered at two or three different symmetry sites and having
site, as opposed to the low coverage case where the fcc sitmnzero amplitude in the regions in between, giving rise to
was the absolute minimuThe potential at the fcc and the wide bands.
hcp sites is higher by 22 and 88.5 meV than at the top site, The lowest energy banfh=1, Figs. §a) and (b)] has
respectively. The barrier between the top site and the fcc siterbitals localized at the fcc site. The energy of this band is
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FIG. 7. The vibrational branches of H at=1 ML. For selected branches, the table shows the degeneracies and the main localization
region of the corresponding orbital, the centégr, and the widthA e, of each branch.

centered at; =144 meV. The next banth=2) has orbitals 55.4 meV. We view this excitation as a strong candidate for
localized at the top sites with energy centered egt the first observed loss peak at 68 meV. The energy of the
=164.2 meV. These values compare well with the estimat@xperimental peak is 9 meV lower than the in-plane har-
of the adsorption site energies including the zero-point enmonic frequency estimated from the curvature, and the exci-
ergy contributions in the local harmonic approximation. Thistation energy calculated from the vibrational bands is 21.5
confirms our earlier assertion that the fcc site remains as theeV lower than the harmonic estimation, indicating sizable
lowest energy adsorption site even though the potential at thenharmonic effects. From Fig. 7 one can see that also the
top site is lower than that at the fcc site. Both these bands argfatesn=8 andn=9®10 have excitation energies close to
virtually dispersionless, in accordance with the extreme lothe first and second HREELS peak, respectively. However,
calized nature of the corresponding orbitals. then=8 state is nondegenerate and has very little lateral and
At the temperature of 85 K where the HREEL spectravertical extension, while states=9® 10 have most of their
have been measured, the adsorption site is almost exclusivelyeight in the middle between the fcc and hcp sites. Thus we
the fcc site. Thus, to interpret the observed loss peaks, weonsider these states to be less likely candidates for the
search for excitations from the=1 band state to excited HREELS peaks. We also note from Fig. 2 that the experi-
states with orbitals predominantly localized at the fcc site agnental loss peak at 68 meV is qualitatively different at high
a candidate for the final state, since this would lead to aoverages from low coverages. This is in agreement with the
larger transition matrix element between the initial and finalfact that the bands currently identified for this transition have
states. In addition, our mean-field single-particle descriptiora different nature from the wide bands identified at low
for the vibrational bands of the adsorbed H atoms is als@overageé.
more accurate for these relatively more localized states. The Next, we focus attention on the band-26. The density
first excited band state localized mainly at fcc is double deprofiles of thek=0 orbital for this band shown in Figs(@
generate ak=0, labeled as &4 [k=0 orbitals shown in, and (h) make it clear that it originates from the symmetric
respectively, Figs. @),(d) and Figs. &),(f)], and originates stretch vibrational excitation in the local description. The
the asymmetric stretch mode in the local description. Theexcitation energy of 155 meV to this band state 26 is in
excitation energy from the lowest bane=1 to this band is good agreement with the location of the third loss peak. The
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® 16, which are all close in energy to the second peak. The
orbital for n=14 is strongly confined at fcc, while those for
n=15®16 have pronounced lobes oriented toward the top
sites and raised toward the transversal direction, as shown in
Figs. 8k),(I) and Figs. &mn),(n), respectively. The excitation
energiese;s; 16— €,=115.9 meV ande;,— €;=112.2 meV
match well with position of the second loss peak. These
states cannot be identified with a pure harmonic in-plane
mode(asymmetric stretghor a dipole-active modésymmet-

ric stretch at the fcc site. Instead, they are hybrid modes
which cannot be described by the simple harmonic oscillator
picture. We should note that in the full Hamiltonian includ-
ing anharmonic and delocalization effects, there is no need to
invoke higher harmonics or additional adsorption sites to ex-
plain additional loss peaks beyond the simple symmetric and
asymmetric stretch modes.

Beyond the low-energy vibrational bands, the higher
modes are much more delocalized with larger bandwidth.
The matrix elements connecting these states with the lowest
localized band are expected to be small. Our mean-field band
description may also become unreliable for these bands. Re-
garding the isotope effect, when H is replaced with D in the
previous calculations, we find that the counterparts of the
vibrational bands described above with excitation energies
from the lowest band are at 42.7 mdw-plane character,
due to states £6), 91.4 meV(hybrid character, states 14,
15¢16), and 112.6 meMdipole-active, due to state 24
These calculated values are in good agreement with the three
loss peaks observed for D. The D wave functions are more
localized than the H wave functions and the ordering of their
energies is different in some cases from that in the H case, as
seen for the first and the third transition described above.
Nevertheless, the shapes of the states involved in the D spec-
tra have a one-to-one correspondence with the shape of the H
wave functions responsible for the H HREEL spectra. In par-
ticular, exactly the same considerations as in the H case ap-
ply for the wave functions involved in the hybrid mode,
which have large weights toward the top site and as such are
brought closer to the transversal direction due to the shape of
the potential.

IV. DISCUSSION

Our diagonalization method corresponds to a mean-field
approximation for the vibrational states of the adsorbed H
atoms, where the influence of all other H atoms on the H
atom motion under consideration is included only in an av-
erage sense. Obviously, this approach cannot account for the
full many body nature of the vibrational states. It is expected
to be most accurate for those states in which the H wave
function is localized near the adsorption sites with relatively
small overlaps between adjacent symmetry sites. The first
two experimental modes discussed here are in the lower limit
of the calculated spectra, while the dipole active mode, even
higher in energy, is very confined in the lateral direction
and for that is less affected by the high coverage.

Regarding the vertical transversal excitation found nu-

energy of this observed mode is very different from the ver-merically, we mention here that a similar dipole-active mode
tical curvature at the on-top site and agrees well with thevas found in the low coverage calculation, where the fcc was
vertical curvature at the fcc site, supporting the precision otlearly the adsorption site. In that case the experiments did

the ab initio calculations.
Finally, we discuss the band states=14 and n=15

not identify the peak most likely because of the low transi-
tion intensity for that coverage. The position of the experi-
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mental dipole-active peak at 153 meV confirms the result ofvith dipole-active character. The calculations using a full 3D
our calculations, namely that the fcc site is the minimumAPES show that HD) adsorbs at the threefold-hollow fcc
energy site also in the full monolayer coverage. On the othesite when the zero-point energies are taken into consider-
hand, the high value of the potential curvature at top can bation. The vibrational data aret compatible with the com-
viewed in the light of existing calculations for H-Pt hydrides monly used local harmonic interpretation in which only one
and H-Pt clusters. In the all-electron calculations for thedipole-active mode can exist for this site. The key to under-
dimers H-Pt, H-Pt, H-Pt",1"8jt was found that the vibra- stand the nature of the observed excitation modes is to rec-
tional energy of the hydrogen-platinum bond is between 26@gnize that the potential-energy surface is highly anhar-
and 277 meV. In Ref. 19, it was found that the H atomsmonic, leading to strong mixing between the horizontal and
placed on top of Pt atoms in clusters of the type-t®f  dipole-active vibrations of hydrogen as well as additional
Pt-Hs, and in the H-Pt molecule, the oscillation frequenciesmodes beyond the harmonic picture. We have obtained
are, respectively, 284.9, 304.8, and 293.2 meV. All HREELmean-field single-particle vibrational states of the hydrogen
spectra for H/RtL11) from the literature and the current ones adatom by diagonalizing the Hamiltonian associated with
have peaks lower than the values above, which suggest thtite3D APES. By comparing the character and position of the
the H is not in terminal positions. For comparison, a knownvibrational excited states with the observed loss peaks, we
case of a H/transition-metal system where a site change takéisd that the loss peaks observed at 68 and 153 meV can be
place by increasing the coverage is that of H/11),2 where  identified mainly as the asymmetric stret¢h-plane vibra-
a HREELS peak was observed at 251.7 meV and it wagion) and symmetric stretcldipole-active vibratiop at the
interpreted as a signature of adsorption at the on-top sitécc site, respectively, modified by anharmonic effects. The
using the following information(i) infrared spectroscopy for loss peak at 113 meV, however, cannot be identified with any
H, adsorbed on an Ir cluster has shown a peak at 254.gibrational mode in the simple localized harmonic oscillator
meV2° (i) x-ray structure analysis dfH,Ir,(CO,,)]? has picture. Instead, it is a hybrid mode with both in-plane and
revealed the formation of terminal H-Ir hydrid€s{iii) in dipole character. Furthermore, it has considerable amplitudes
infrared adsorption spectra for H adsorbed on Pt electrodeat the fcc and hcp sites, and in the region in between these
in H,SO, solutions, a band has been observed between 246sites. An extended quantum description is necessary for the
and 257.9 meV? Despite the remarkable agreement betweerfull understanding of this particular excitation mode.
these experimental values, we know of no FP calculations to
confirm the result in Ref. 8.
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