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Photoemission indicates that the surface resonances on Mo(100) are not removed en-
tirely by the adsorption of H&. It also shows two H-induced states below the bulk d-band
edge with the binding energies independent of coverage and in good 'agreement with a
calculation. The results indicate that H on Mo(100) is bridge bonded with the local bond-
ing configuration relatively unchanged by reconstruction. A significant correlation be-
tween the surface resonances and the surface reconstruction is suggested.

It has long been known that the intrinsic surface
resonances on the (100) face of W are extremely
sensitive to adsorbed gases. ' ' For instance, the
resonances are removed entirely by the adsorp-
tion of Hs at more than 15' of a monolayer (or
8 ~ 0.15).' Recently it has been suggested that if
the adsorbates are sufficiently substratelike,
such as Hg, ~ Au, '8 and Cu, e and more importantly,
if the overlayer structure is (1 & 1),"the reso-
nances can survive. Furthermore, it has been
shown that the adsorption of H on W(100) induces
a second-order structural phase transition. '""

At low coverages (8 & 0.15), H atoms stabilize
the reconstruction characteristic of the clean
surface at room temperature and below, ""and
produce a full c(2 &&2) low-energy-electron-dif-
fraction (LEED) pattern. With increasing cover-
age, H atoms induce a second-order phase transi-
tion and restore the surface to its unreconstruct-
ed (1&1) structure at saturation. ' 'o At all cov-
erages, H atoms are bridge bonded onto the (100)
face of W.""However, the binding energies of
the H-induced states exhibit a significant depen-
dence on the coverage, ' suggesting a drastic
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change in the local bonding configuration during
the phase transition.

Angle-resolved photoemission" measurements
indicate that the surface resonances on the (100)
face of Mo are very similar to those of W. In
each case there are three occupied bands of sur-
face resonances with the first and the third being
of d,2 character and the second d„2 y2 and d,„„.
Consequently, one would expect that the adsorp-
tion of H, and 02, which are nonmolybdenumlike
and do not form a simple (1&&1) overlayer struc-
ture at submonolayer coverages, "'"would re-
move the surface resonances on the (100) face of
Mo. Although this is the case" for O~, we have
found that H, does not des'"oy the surface reso-
nances. Furthermore, we have observed two H-
induced states below the bulk d-band edge. Their
binding energies are independent of coverage and
in good agreement with a calculation" based on a
bridge-bonded model. The results strongly sug-
gest that H on Mo(100) are bridge bonded at all
coverages and that the H-induced reconstruction
does not differ appreciably from that of the clean
surface. '7 The results also suggest that the sur-
face resonances are responsible for the recon-
struction characteristic of the clean surface, "
and vice versa.

The angle-resolved photoemission spectra of
clean, 0,— and H, -adsorbed Mo(100) were ob-
tained at the 240-Me7 storage ring at the Syn-
chrotron Radiation Center of the Physical Sci-
ences Laboratory of the University of Wisconsin.
The experimental system has been described
elsewhere. 5' In this study, only normal-. emis-
sion photoelectron spectra were taken as a func-
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tion of 0, and H, exposure with the sample at
room temperature.

For normal emission, only two surface reso-
nances with d„2 „2 character are observed due
to symmetry selection rules. " Both resonances
are indicated by the two arrows in Fig. 1 where
we have plotted the photoelectron spectra of both
clean and O, -adsorbed Mo(100) surfaces. Evi-
dently both resonances are removed entirely af-
ter 1 Langmuir (1&10 s Torr ~ sec) of exposure.

By contrast, the surface resonances are not
removed entirely by the adsorption of H on
Mo(100) even up to the maximum coverage at-
tainable (at room temperature in this study), as
clearly seen in Fig. 2 where we have plotted the
photoelectron spectra as well as the difference
curves with various H, exposure. In Fig. 3 we
have plotted the photoemission intensities of the
intrinsic surface resonances (e = —0.3 and —3.3
eV) and one (s = —5.3 eV) of the H-induced states
as function of H, exposure. According to previ-
ous LEED measurements, the adsorption of H on
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FIG. 1. Angle-resolved photoemission spectra of
elean and Ot adsorbed -Mo(100) at normal exit The two.
arrows indicate the energy positions of the two surface
resonances which disappear upon adsorption of Q2.

FIG. 2. Angle-resolved photoemission spectra as
well as difference curves of clean and H2-adsorbed
Mo(100) at normal exit. The samples were at room
temperature. The two arrows indicate the energy
positions of the two surface resonances.
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FIG. 3. The relative intensities of the two surface
resonances of Mo(100) and one of the H-induced states
plotted as function of H& exposure.

Mo(100) at room temperature produces LEED
patterns corresponding to a c(4&& 2) unit mesh in
one study" and a (4&2) reconstruction in the
other" with exposure less than 1 Langmuir (or
8 s 0.25). At this coverage (8 =0.25), the surface
resonances on the (100) face of W has already
been removed, but those on Mo(100) are hardly
affected, as clearly seen in Fig. 3. With increas-
ing exposure, LEED studies"'" of H on Mo(100)
are controversial as to whether it is possible to
obtain a saturation coverage (8 =1) at room tem-
perature. For instance, Dooley and Hass' ob-
tained a (1&&1) LEED pattern, presumably at
8 = 1, whereas Estrup" suggested that the (1&&1)

LEED pattern was not obtainable and that the
maximum coverage attainable was 0.5& 8 &1. In
any case, the results shown in Fig. 3 indicate
that the peak intensity of the high-lying resonance
(e = —0.3 eV) gradually decreases to half its ini-
tial value with exposure, apparently due to in-
creasing coverage, and remains constant at and
beyond 40 Langmuirs which may or may not cor-
respond to the saturation coverage" (8 = 1), while
the intensity of the low-lying resonance (& = —3.3
eV) is hardly affected. The intensity of the H-in-
duced state gradually increases with coverage
and also remains constant at 40 Langmuirs and
beyond.

The phenomenon that the surface resonances
are not removed entirely by the adsorbed atoms
has been reported in several studies. A photo-

emission measurement4 has shown that the reso-
nance on W(100) was not removed by a satura-
tion coverage of Hg. The resonance also has
been shown' to diminish slowly with coverage
before vanishing suddenly at just over one mono-
layer of Au on a% field emitter. A similar field-
emission study' has indicated, however, that
the resonance exists only at 0, 1, and 2 mono-
layers of Au and Cu. The survival of the surface
resonance has been suggested as being primarily
because of the (1 && 1) structure of the adsorbate
overlayer'" and, secondarily, because of the
substratelike potential of the adsorbates. ' Ac-
cording to this argument, therefore, any non-
(1&&1) overlayer structure and any nonsubstrate-
like adsorbate would remove the surface reso-
nance at submonolayer coverages (or specifically
8 & 0.5). Although this argument is consistent
with the effect of H on W(100), it clearly conflicts
with the present observation that H, which has
an entirely different potential from that of Mo,
does not remove entirely the surface resonances
on the (100) face of Mo. As will be discussed
later, we suggest that the survival of the surface
resonances depends, at least in the case of H

adsorption, essentially on whether the recon-
struction characteristic of the clean surface is
altered appreciably or not.

In Fig. 2, two H-induced states at c = —5.3 and
—7.0 eV are clearly seen in both the photoelec-
tron spectra and the difference curves. (Less
obvious are the states around e = —2.0 and —4.0
eV which can only be clearly identified in the
difference curves. ) The binding energies of
these H-induced states are independent of cov-
erage, suggesting that there is only one bonding
configuration involved, presumably bridge bond-
ing, at all coverages. This would then be simi-
lar to the bonding of H on W(100)."" The con-
clusion that 8 atoms are bridge bonded onto the
(100) face of Mo is further supported by a self-
consistent pseudopotential calculation. " Assum-
ing a bridge-bonded (1&&1) saturated overlayer
structure and a distance of 0.75 A for the H atoms
above the substrate Mo(100), the calculation"
predicts two H-induced states at binding energies
of e = —5.4 and —7.1 eV at the F point, in good
agreement with the present data. The calcula-
tion, however, cannot explain why the two sur-
face resonances are not quenched by the adsorp-
tion of H„but it does indicate that the high-lying
resonance still exists except that it occurs at
lower initial energies.

Although both W(100) and Mo(100) surfaces have
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been suggested to exhibit a second-order struc-
tural phase transition"" due to the adsorption of
H, which occupies the bridge sites throughout
the whole coverage range, there are significant
differences between the two systems. First, the
reconstruction patterns induced by H adsorption
are different between H on Mo(100) and H on
W(100), as described previously. Secondly, the
binding energies of the H-induced states shift
with coverage'~ for H on W(100),'2 but do not for
H on Mo(100) as seen in Fig. 2. If the shift in
binding energies for H on W(100) is due to dra-
matic changes in the local bonding configuration
because of the phase transition, the above re-
sults would suggest that the local bonding con-
figuration of the bridge-bonded H on Mo(100) re-
mains relatively unchanged during the phase
transition. In other words, the reconstruction
of Mo(100) induced by H-adsorption does not dif-
fer appreciably from that of the clean surface,
whereas the H-induced reconstruction of W(100)
differs markedly from that of clean surface at
8 ~ 0.15 where the c(2&2) structure, character-
istic of the clean surface, disappears and new
structures begin to form. ' This phenomenon
correlates very well with the behavior of surface
resonances as function of coverage, namely,
the surface resonances survive when the H-in-
duced surface reconstruction does not differ ap-
preciably from that of clean surfaces, such as
H on Mo(100) at all coverages and H on W(100)
at 8 & 0.15, and disappear when the reconstruc-
tion is significantly different from the clean sur-
face structure, such as H on W(100) at 8 & 0.15.
The significant correlation between the surface
resonances and the surface reconstruction sug-
gests strongly that the surface resonances are
responsible for the reconstruction characteristic
of the clean surface, ' and vice versa. This corre-
lation may also be responsible for the results
that the adsorption of Hg, ' Au,"and Cu' on the
(100) face of W does not remove the surface res-
onance under certain circumstances.

In conclusion, angle-resolved photoemission
measurements have indicated that the intrinsic
surface resonances on the (100) face of Mo are
not removed entirely by the adsorption of H at
room temperature and that the binding energies
of the H-induced states do not shift with cover-
age, in contrast to the case of H on W(100). By
comparing with the previous results concerning
the adsorption of H on W(100)" "and with a
theoretical calculation, "we suggest that H atoms
are bridge bonded onto the (100) face of Mo at

all coverages and that the reconstruction of
Mo(100) induced by H adsorption at room temper-
ature does not differ appreciably from that char-
acteristic of the clean surface. The analysis of
the results further suggests that the surface res-
onances on the (100) faces of W and Mo are re-
sponsible for the reconstruction characteristic
of the clean surfaces, and vice versa.

This work was supported in part by the U. S.
Department of Energy under Contract No. EY-
76-C-02-0016 and in part by the National Science
Foundation (NSF) under Grant No. DMR-73-02656.
The photoemission equipment was paid for by
funds from NSF Materials Laboratory Program
under Grant No. DMH-76-00678 and No. 76-
03015. The University of Wisconsin Synchrotron
Radiation Center was supported by NSF under
Grant No. 74-15098.

E. W. Plummer and J. W. Gadzuk, Phys. Rev. Lett.
25, 1493 (1970).

~B. J. Waclawski and E. W. Plummer, Phys. Rev.
Lett. 29, 783 (1972).

3B. Feuerbacher and B. Fitton, Phys. Rev. Lett. 29,
786 (1972) .

W. F. Egelhoff, D. L. Perry, and J. W. Linnett,
Surf. Sei. 54, 670 (1976).

L. Richter and R. Gomer, Phys. Rev. Lett. 37, 763
(1976).

~R. L. Billington and T. N. Rhodin, Phys. Rev. Lett.
41, 1602 (1978).

'N. Kar and P. Soven, Solid State Commun. 20, 977
(1976) .

R. A. Barker and P. J. Estrup, Phys. Rev. Lett. 41,
1307 (1978).

M. R. Barnes and R. F. Willis, Phys. Rev. Lett. 41,
1729 (1978) .

I. Stensgaard, L. C. Feldman, and P. J. Silverman,
Phys. Rev. Lett. 42, 247 (1979).

T. E. Felter, R. A. Barker, and P. J. Estrup, Phys.
Rev. Lett. 38, 1138 (1977); M. K. Debe and D. A. King,
J. Phys. C 10, L303 (1977).

A. J. Melmed, R. T. Tung, W. R. Graham, and
G. D. W. Smith, Phys. Rev. Lett. 43, 1521 (1979).

W. Ho, R. F. Willis, and E. W. Plummer, Phys.
Rev. Lett. 40, 1463 (1978).

4E. W. Plummer, B.J. Waclawski, T. V. Vorburger,
and C. E. Kuyatt, Prog. Surf. Sci. 7, 149 (1976).

Shang-Lin Weng, E. W. Plummer, and T. Gustafsson,
Phys. Rev. 8 18, 1718 (1978), and Phys. Rev. Lett. 39,
822 (1977).

'6G. J. Dooley, III, and T. W. Bass, J. Chem. Phys.
52, 993 (1970); P. J. Estrup, J. Chem. Phys. 54, 1845
(1971).

P, . J. Estrup, J. Vac. Sci. Technol. 16, 635 (1979).
Shang-Lin Weng and E. W. Plummer, Solid State



VOLUME $4, NUMBER 5 PHYSICAL RKVIKW LKTTKRS 4 FEBRUARY 1980

Commun. 23, 515 (1977).
G. P. Kerker, M. T. Yin, and M. L. Cohen, Solid

State Commun. 32, 433 (1979).
C. L. Allyn, T. Gustafsson, and E. W. Plummer,

Rev. Sci. Instrum. 49, 1197 (1978).
2 A previous field-emission study by E. Chrzanowski

[Acta Phys. Polonica 5, 711 (1973)] has indicated that
a saturation coverage was obtained at 40 Langmuirs.
The saturated H-peak intensity relative to the d-band
emission at the present photon energy (30 eV) used is
about an order of magnitude larger than the corre-
sponding extrapolated value of H on W(100) reported by

J. Anderson, G. J. Lapeyre, and R. J. Smith tPhys.
Rev. B 17, 2436 (1978)].

The binding energies of the H-induced states for H
on W(100) are different among the various reports;
e.g. , W. F. Egelhoff and D. L. Perry |Phys. Rev. Lett.
34, 93 (1975)1 obtained —1.7, —5.0, and -7.6 eV;
B. Feuerbacher and R. F. Willis t Phys. Rev. Lett. 36,
1339 (1976)] obtained —2.0, -6.0, and —12.0 eV;
Anderson et al . (Ref. 21) obtained —2.0, —4.3, and
—6.5 eV; and Plummer et al . (Ref. 14) obtained -1.5
and —5.0 eV, respectively. The numbers are approx-
imate values.

Observation of Conduction-Electron Density Qscillations at the Surface
of Platinum Particles

I. Yu, A. A. V. Gibson, ~' E. R. Hunt, ~ ~ and W. P. Halperin
Department of Physics and Astronomy and Materials Research Center, Northcvestern Unioersity,

Evanston, I/linois 6'0801
(Received 1 August 1979)

Anomalously large ' Pt NMR linewidths have been observed in platinum particles with
diameters ranging from 33 A to 200 L. Spin-echo measurements revealed the presence
of nuclear spin-exchange diffusion in large magnetic field gradients attributable to the
large indirect exchange interaction in platinum. These data indicate that there are elec-
tron spin-density oscillations near the platinum surface consistent with a simple model
ascribing free-electron behavior to the s-like conduction electrons.

There has been considerable theoretical and
experimental interest in the surface electronic
properties of the transition metals. In this work
we have applied NMR techniques to the study of
platinum metal clusters which broach the size
regime of interest to heterogeneous catalysis
where the fraction of atoms at the surface ap-
proaches unity. In such particles the discrete
nature of the conduction-electron level spectrum
becomes important giving rise to quantum ef-
fects' that scale inversely with the particle vol-
ume. Significantly, in our work, we see no evi-
dence of this phenomenon in particles of diame-
ter as small as 33 A and at temperatures near
1.7 K. Another important effect is the direct in-
fluence of the metal surface on the electron den-
sity. We have discovered that '~Pt NMR is very
sensitive to this.

The samples were made from a silica-gel-sup-
ported platinum catalyst fabricated by a well-es-
tablished impregnation technique. ' The particles
were spheroidal and essentially strain and defect
free. ' The silica gel support was removed and
0.3 g of the remaining platinum powder was loaded
into a quartz sample chamber and sealed in a he-
lium atmosphere. After NMB experiments were
performed the sample was heated && +itu for five

TABLE I. The characterization of the various sam-
ples studied including the heat treatment temperature
and particle diameters obtained by electron microscope
(EM) studies, and surface areas and diameters obtained
by N2 adsorption [Brunauer-Emmett-Teller (BET)) and
by titration of H2 on the Pt surface (H2). The surface
area measurements of d have an estimated accuracy of
10%. The first two samples were not heated. Samples
3, 4, and 5 were obtained by heating sample 2.

T EM BET H2
No. ('C) d (A) (m2/g) d (A) d (A)

450
550
650

33+11
50+ 10

100+20
140+ 20
200+ 40

0 ~ ~

49
20
17
13

~ ~ 36
57 62
140 132
170 160
218 258

hours to increase the particle size systematical-
ly prior to the next sequence of experiments. For
size characterization, electron microscopy, ni-
trogen adsorbtion (Brunauer-Emmett- Telks meth-
od), and hydrogen chemisorption (titration meth-
od)' measurements were performed (Table I).

Pure platinum and its alloys have been investi-
gated extensively' by NMR. Some of the relevant
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