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ent in TmAsO, either by using Raman scattering
or by studying the effects of applied stress on its
magnetic and optical properties. An x-ray dif-
fraction study would be very useful for determin-
ing directly the crystal symmetry below 6 K.
Another very interesting experiment would be an
adiabatic nuclear demagnetization of '®Tm in
TmAsO,, a Van Vleck paramagnet, in which full
advantage could be taken of the large electronic
moment with its large coupling to the nucleus
present at T<1 K in high magnetic fields.
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Photoemission energy distributions at high photon energies permit one-electron mea~
surements of the electronic energy levels and level widths of chemisorbed gases on clean
metal surfaces at fractional monolayer coverages. Chemisorbed CO on Ni exhibits en-
ergy levels at 7.5 and 10.7 eV below the Fermi level Eg while chemisorbed O on Ni
shows a 2-eV width level at 5.5 eV below Er. Upon increased oxygen exposure, a sur-
face oxide of Ni is formed which exhibits valence bands about 8.5 eV wide.

Many studies have been reported on the config-
urations of adsorbed gases on surfaces and on
adsorbate binding energies; however, relatively
little work has been reported on the electronic
energy levels of such adsorbates. Techniques
which have been used include ion-neutralization
spectroscopy (INS)! and field-emission spectros-
copy.? In this Letter we describe the applica-
tion of ultraviolet photoemission spectroscopy
(UPS) to measurements of electronic energy lev-
els of adsorbed gases on clean metal surfaces.
Chemisorbed CO on Ni exhibits energy levels at
7.5 and 10.7 eV below the Fermi level E; with en-
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ergy widths of about 2 and 1 eV, respectively.
We tentatively identify the — 7.5-eV level with the
carbon lone pair 02p molecular orbital involved
in bonding to the Ni. Compared with gaseous CO,
this level is shifted upwards in energy by about
1.5 eV (relative to the vacuum level). Likewise,
the —10.7-eV level is identified as the 72p bond-
ing molecular orbital of CO and is shifted up-
wards by about 1.2 eV. Chemisorbed oxygen
shows a single level of width 2 eV centered at
5.5 eV below E;. As the oxygen exposure is in-
creased from about 1 x107¢ Torr sec to 25x107¢
Torr sec, this —5.5-eV level broadens into a
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valence band about 8.5 eV wide with structure at
about 5, 7, and 10 eV below Ef, and a new ener-
gy level appears at about 2 eV below E which is
identified as the Ni%?*(d®) level of the surface ox-
ide.

Photoemission measurements at zv=21.2 and
40.8 eV were made in ultrahigh vacuum using a
windowless spectrometer with a 90° cylindrical
electrostatic analyzer.** The sample chamber
was pumped with a 400-liter/sec noble-ion pump
together with a liquid-nitrogen-cooled Ti subli-
mation pump, and typically reached a base pres-
sure of 5X1071° Torr, With the lamp operating
at about 0.5 Torr, pressures of about 2 X107®
Torr of He were maintained in the sample cham-
ber.

Photoemission energy distributions for chemi-
sorbed CO on Ni are shown in Fig. 1. Films of
Ni about 1000-2000 A thick were prepared by
evaporation (~3 A/sec) at pressures of ~1078
Torr using an electron beam gun. Curve (1) in
Fig. 1(a) shows the energy distribution for a poly-
crystalline Ni film prepared on a smooth quartz
substrate at room temperature. Emission from
the d bands is observed in the energy range 0 to
about 3.3 eV below Er, and a smooth background
of secondary emission due to inelastically scat-
tered electrons is observed at lower energies.
Upon one Langmuir (1 L) exposure of this film
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FIG. 1. (a) Emission spectra at Av=21.2 eV for
(1) Ni, (2) Ni+1 L exposure of CO, and (3) Ni+7 L of
CO (1 L=1x10"% Torr sec). (b) Emission spectra at
hv=40.8 eV for (4) Ni and (5) Ni+0.6 L. of CO. All
curves are plotted versus initial electron energy meas-
ured relative to Ex=0.

to CO (1 L=1x107° Torr sec), the work function
was observed to increase by +0.31 eV and curve
(2) was obtained.® We now observe two addition-
al levels centered at about 7.5 and 10.7 eV below
E; (cross-hatched areas). Upon further expo-
sure, these CO-derived levels increase in am-
plitude and the work function increases until max-
imum coverage is reached at about 7 L (curve 3).
Widths of about 1 eV for the — 10.7-eV level® and
about 2 eV for the — 7.5-eV level are observed.
The - 7.5-eV level has about 3 the emission in-
tensity of the Ni d bands.

Similar results were obtained using a (100)-
oriented Ni film prepared by evaporation onto a
cleaved NaCl substrate at about 250°C. Spectra
for Ni(100) and Ni(100) +0.6-L exposure of CO
are shown in Fig. 1(b) for v =40.8 eV. Com-
pared with curve (1) for #v=21.2 eV, Ni d-band
emission within about 3.3 eV of E exhibits a dif-
ferent shape (due to momentum selection rules”),
and the secondary-emission background below
- 3.3 eV is much lower. In curve (5), CO-de-
rived energy levels (cross-hatched) are observed
at about 7.5 and 10.7 eV below E; with widths of
about 1 and 1.8 eV, respectively, and are about
20% as intense as the background. The observa-
tion of these energy levels at two different pho-
ton energies also indicates that they correspond
to occupied levels and are not due to structure
in the final state or to Auger transitions.

Considerable work has been reported on an-
nealing effects, binding energies, and surface
configurations of chemisorbed CO on Ni® and Pd.°
Within the framework of a molecular orbital (MO)
picture, it is commonly believed® that CO is
bound to the surface through the carbon end, with
the carbon lone pair ¢2p MO donating electrons
to the d bands of Ni, the d electrons in turn being
back-donated into the antibonding 72p MO of CO.
For gaseous CO, photoemission measurements
at hv =21.2 eV give ionization potentials of 14.01
eV for the 0,2p MO, 16.91 eV for the bonding
m,2p MO, and 19.7 eV for the 0,2s MO, which
has a much lower intensity.'’® Comparing with
our data for chemisorbed CO, we tentatively as-
sociate the level at — 7.5 eV (~12.5 eV below the
vacuum level for low coverages, since ¢ =5 eV
for Ni) with the carbon lone pair ¢2p MO, which
is shifted upwards in energy by about 1.5 eV and
broadened to about 2.0 eV (full width at half-max-
imum). Likewise, the level at —10.7 eV (~15.7
eV below the vacuum level) is associated with the
bonding m,2p MO, which is shifted upwards in en-
ergy by about 1.2 eV and broadened to about 1
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eV. The greater broadening of the — 7.5-eV lev-~
el is expected since it interacts more strongly
with the Ni d electrons. The observed level
widths for polycrystalline and (100)-oriented Ni
are roughly independent of CO coverage. Elec-
trons back-donated into the antibonding 72p MO
of CO are not expected to be observed since their
energy levels are probably just below E; and are
masked by Ni d-band emission,

The data in Fig. 1 illustrate the sensitivity of
the photoemission technique for observing adsor-
bate energy levels. This sensitivity results from
the short hot-electron scattering length, which
limits the escape depth of photoemitted electrons.
At hv=21.2 eV, emission intensities of about
30000 electrons/sec are obtained, with an rms
signal-to-noise ratio S /N of about 170:1 for a 1-
sec integrating time constant. Exposure to1l L
of CO results in an extra signal of about 3000
electrons/sec at - 7.5 eV, and so the background
noise roughly corresponds to an exposure of
~0.06 L. This detectability can be further in-
creased by using a longer time constant. The
sensitivity at zv =40.8 eV is slightly less (with
the noise corresponding to ~0.1 L) because of
the much lower signal levels (~1000 electrons/
sec). However, these lower signal levels are
compensated by the lower secondary-emission
background. The relative amplitudes and line-
widths of the CO-derived levels are also more
accurately determined at #v =40.8 eV because
the energy-dependent analyzer transmission var-
ies less rapidly at these high energies.

Our observed CO intensities are consistent
with hot-electron escape-depth measurements
for Ni.'' A mean free path of about 8-10 A (~four
monolayers) has been measured for energies
about 8 eV above Ey. The scattering lengths at
the higher energies involved in this work are ex-
pected to be at least as short. In order to esti-
mate relative emission intensities, we make the
rough assumptions that (a) Ni has a four-mono-
layer escape depth, (b) we have a monolayer of
adsorbed CO (curve 3), and (c) CO and Ni have
comparable absorption cross sections. We then
estimate the CO intensity to be about 3 to § that
of the underlying Ni. This estimate is in approxi-
mate agreement with the observed CO-emission
intensity in curve (3), which is about % that of Ni.
Comparable escape depths and surface sensitivi-
ties are expected for other transition metals.

Comparing surface sensitivity with other spec-
troscopy techniques, the photoemission technique
(UPS) appears to be roughly + to & as sensitive
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as INS,! which mainly probes the outer surface
layer. However, the effective sensitivity of UPS
is increased relative to the two-electron INS
technique because it is a one-electron technique,
is simpler (e.g., no deconvolution), and has bet-
ter resolution. Likewise, field-emission spec-
troscopy” is considerably more surface sensitive
than UPS, but has the restriction of being limited
to energies within a few eV of E;. Another de-
sirable feature of UPS is that the incident radia-
tion does not strongly affect the surface adsor-
bates; no desorption of CO from Ni was observed.
This is an advantage compared with techniques
such as low-energy-electron diffraction (LEED)
and Auger spectroscopy, for which the incident
electron beam affects the adsorbed CO (Ref. 9).

Energy distributions for oxygen-exposed Ni as
a function of exposure are shown in Fig. 2. In
Fig. 2(a), energy distributions for Ni (curve 1)
and Ni+0.75-L exposure of oxygen (curve 2) are
shown. For exposures 2 L, a broad oxygen-
derived level about 2 eV wide centered at 5.5 eV
below Ey is seen (cross-hatched area), and the
work function increases to a maximum of about
Ap=+0.5 eV at 2 L. This oxygen level is very
similar, both in energy position and width, to
that observed by Hagstrum and Becker via INS
for a monolayer of O on Ni (Ref. 1).

As the oxygen exposure is increased in the
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FIG. 2. Emission spectra for adsorbed oxygen on
Ni for various oxygen exposures.
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range 7 to 25 L [Figs. 2(b) and 2(c)] the following
effects are observed: (i) The oxygen-derived
levels gradually increase in amplitude and broad-
en, (ii) the work function decreases, and (iii) Ni
d-band emission within 3.3 eV of E decreases.
At exposures of 23 L (curve 5) and 59 L (curve
6), emission from metallic Ni has diminished to
<% its initial value, and emission from oxygen-
derived levels is seen in the range from about
2.5 to 11 eV below Ey, with structure observed
at about 5, 7, and 10 eV below Er. We associate
this structure with the filled 2p bands of our sur-
face oxide. A new energy level at 2 eV below E
is seen for exposures = 23 L. This level, which
is more clearly seen at kv =40.8 eV (curve 6b),
is attributed to the d electrons of oxidized Ni
[probably Ni?*(4®)]. The observed increase of
this — 2-eV level with increasing 4v by about a
factor of 2 relative to the lower-lying 2p bands
is consistent with emission from d states rela-
tive to p states, since the latter tend to saturate
their oscillator strengths at lower photon ener-
gies.*

In summary, our measurements for CO and O
adsorbed on Ni show that photoemission spectro-
scopy has considerable promise as a general
technique for measuring energy levels associated
with adsorption and other surface reactions.
Fruitful extensions of these measurements might
include the use of well-characterized single-
crystal substrates, low-temperature measure-
ments which should permit both physisorption
measurements as well as chemisorption mea-
surements of species which do not adsorb in ap-
preciable quantities at room temperature, and,
perhaps of most interest, studies of catalytic
surface reactions in which surface energy levels
can be measured via photoemission spectroscopy

while catalytic activities are measured via mass
spectroscopy or other suitable methods.
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A latent heat, hysteresis, and superheating and supercooling have been observed in a
Cr single crystal by means of an extension of the ac calorimetric method.

Although neutron-diffraction studies revealed a
first-order transition in Cr at 7Ty=311 K, other
manifestations of the first-order nature are rare.
The transition is usually smeared over a few
tenths of a degree and looks like a second-order

phase change.? Recently, however, Sze and
Meaden® have observed a large (50%) step in spe-
cific heat and a cooling plateau in a polycrystal-
line sample, from which they estimate a latent
heat of 0.47 cal/mole. We report here the re-
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