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no evidence for any density waves in the runs
repor ted here. The icosahedral broken symmetry
that does appear refers to a different order pa-
rameter. Our results do bear some resemblance
to ideas of Hoare, "based on packing units with
an icosahedral symmetry. Hoare argued that the
size of these "amorphons" would grow in super-
cooled liquids until self-limited near the glass
transition by frustration effects. The nonzero
q, order parameter reported here does not re-
quire literal icosahedral packing clusters; it
measures a statistically defined average correla-
tion between bond angles. Although it is tempting
to associate the orientational correlation length
$6(T*) with an amorphon size, Fig. 3 seems more
consistent with a large increase well above the
molecular-dynamics glass "transition" at T, *
= 0.25-0.34.' If long-range bond orientational
order really sets in below T, *, it does seem
reasonable that the equilibrium order parameter
cannot go above a certain maximum value less
than unity, because of frustration or "blocking"
associated with the icosahedral symmetry. One
might expect lengthy relaxation times prior to
the order parameter reaching its maximal value
at an instrinsic glass transition temperature T,.

A more detailed account of these and other
investigations, including studies of pressure and
quench rate dependence, and an analysis of ran-
dom packing models will be given elsewhere.
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The 0+ ion yield above the O(ls) absorption threshold (Ã edge) from CO on Ni(100) is
found to deviate significantly from the absorption coefficient. It exhibits a delayed onset
by more than 20 eV with a broad maximum more than 100 eV above the threshold. This
indicates the dominance of multielectron excitations over Auger deexcitation as the bond-
breaking step for 0+ desorption from chemisorbed CO molecules. Fine structure in the
0+ yield around 50 eV above threshold is assigned to a resonant shake-off process.

PACS numbers: 68.45.Da, 68.20.+t, 78.70.Dm

Photon-stimulated ion desorption (PSID) from
surfaces has been shown to offer great potential
for the elucidation of the electronic structure' '
and bond geometry ' of adsorbate complexes

which are of vital interest for the understanding
of surface chemistry and crystallography. This
potential of PSID has been established on the as-
sumption of the general validity of the Knotek-
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Feibelman (KF) model' which links the PSID yield
to bond-breaking Auger transitions filling the pri-
mary core hole of a surface atom, i.e. , to the
surface absorption coefficient. However, even
within this simple model, the factors which gov-
ern the ion desorption probability for different
adsorbate complexes are far from being entirely
understood. In order for PSID to develop into a
reliable tool for the investigation of general prob-
lems in surface chemistry and crystallography it
is of fundamental importance to first understand
the desorption process itself. The key issue is
the understanding of the intra-atomic processes
which lead to the production of valence holes fol-
lowing photon excitation of a core electron and of
the interatomic charge transfer (reneutralization)
in response to this excitation.

The goal of the present study is to elucidate the
processes which govern the ion desorption from
chemisorbed covalent molecules. Previous stud-
ies mainly dealt with chemisorbed atoms. Fur-
thermore, the PSID signal in these cases pre-
dominantly originated from minority species
which are believed to exhibit largely ionic bond-
ing character. Here, we present results for CO
on Ni(100) which, from a bonding and structure
point of view, is one of the best understood sys-
tems in surface science. ' At low temperature,
CO is adsorbed molecularly on the Ni(100) sur-
face via a Ni-C bond. The present work differs
from a recent study of CO on Ru(001) by Madey
et al. ' in that it deals with 0' desorption follow-
ing deep coze electron exci'.ations [0(ls) level;
hv) 500 eV] whereas direct valence excitations
still play a major role in the spectral range hv
&125 eV used by Madey etal. ' The only other
PSID work on a covalent adsorption system is the
work on CO on W(100) by Franchy and Menzel'
using Al Ke radiation. However as discussed be-
low, the results presented here are significantly
different since they evoke a new desorption mod-
el while the Auger decay mechanism was believed
to be operative in Ref. 9.

Our results demonstrate that for CO on Ni(100)
the 0' yield does not follow the absorption coeffi-
cient above the OK edge. Rather, the PSID yield
exhibits a delayed onset by more than 20 eV and
reaches a maximum more than 100 eV above the
0(1s) threshold. This indicates that in the pres-
ent case the ion desorption cannot be described
by the KF model. A multielectron excitation mod-
el is proposed to account for the observed energy
dependence of the ion yield. This model is also
corroborated by a resonance structure in the ion

7.5 ~ .f I I

5.0

+ 2.5

I I I I I I I I I

600 700
PHOTON ENERGY (eV)

800

FIG. 1. 0+ PSID yield of 20-L CO on Ni(100) in com-
parison to the 0 KI-L Auger (509 eV) yield which repre-
sents the absorption coefficient for chemisorbed CO.

yield around hv=580 eV which is attributed to a
1o- o shape resonance, 3a- continuum (or ui ce
versa) double excitation. The present results
have important implications for future PSID work
in that they question the general potential of core-
level PSID studies for surface-structure deter-
minations. The derivation of structural informa-
tion from the surface-absorption-edge fine struc-
ture (SAFS)" and from surface extended x-ray
absorption fine structure' critically depends on
a one-to-one correlation of the ion yield with the
corresponding surface absorption coefficient.
This correspondence does not exist for the sys-
tem investigated here.

Experiments were carried out on the grasshop-
per monochromator on beam line I-1 at the Stan-
ford Synchrotron Radiation Laboratory. The
monochromator was equipped with a freshly re-
coated holographic grating (1200 lines/mm). The
storage ring (SPEAR) was operating at 3.0 GeV
with a maximum current of - 75 mA in four groups
of four bunches. The PSID ions were detected by
a channel plate assembly with use of time-of-
flight mass analysis. ' The x rays were incident
on the sample at an angle of 20 from the surface.
The ion yield was flux normalized by using the
electron yield signal from an in situ coated Cu
grid positioned in the beam. " The Ni(100) single
crystal was cleaned with use of established pro-
cedures. The PSID yield spectra were taken at
saturation coverage of CO at a base pressure of
&4&& 10 ' Pa. Exposures carried out over a wide
temperature range (80 K- T ( 270 K) resulted in
identical spectra.

Figure 1 shows the O' PSID yield from CO on
Ni(100) in the range 520 eV(hv( 800 eV. The
0" yield close to the 0 K edge (- 530 eV) should
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be compared to the SAFS spectrum for the same
sample" which is also shown in Fig. 1 for com-
parison. The SAFS spectrum was recorded by
monitoring the 0 KLL Auger-electron yield.
Peaks A (534 eV) and B (550 eV) in the SAFS
spectrum correspond to transitions of a O(ls)
(i.e. , lo) electron to an empty 2v bound-state
orbital and to a cr shape resonance, respectively.
These two structures dominate the absorption
spectrum in good accord with theory. " It is mell
established that the CO absorption decreases to-
ward higher (hv& 560 eV) photon energy ''3 . In
contrast the O' PSID yield does not exhibit peak
A and shows only a weak structure (B') at the
peak-B position (550 eV). It steeply increases
around 560 eV with a peak structure around 580
eV and reaches a broad maximum between 650
and 700 eV with a count rate of typically 200
counts/sec (which yields an estimate for the
cross section of 1x 10 "cm'). In addition to 0'
ions we also detected 0" ions with a reduction in
count rate by a factor of about 100. We did not
observe any CO' ions in the energy range studied.

In contrast to the findings for the molecular
chemisorption system CO on Ni(100) we show in
Fig. 2 the O' PSID yield from dissociated oxygen
on Ni(100). In this case the O(1s) absorption
threshold is clearly revealed by a jump of the 0'
yield at —532 eV with a pronounced absorption
spike (width (3 eV) just above threshold. At high-
er energies the ion yield exhibits a broad maxi-
mum around 650 eV with a count rate of typically
20 counts/sec. The energy dependence and count
rate of the O' PSID yield from 0 on Ni(100) clear-
ly indicates that the 0' yield from CO on Ni(100)
cannot originate from dissociated 0 atoms. Rath-
er it is characteristic for molecular CO on the
surface. The fact that within statistics the PSID
yield was found to be independent of the CO ad-
sorption temperature indicates that the CO-Ni
bonding configuration (linear versus bridge)'"
does not play an important role in the desorption
mechanism of 0' ions around the 0 K-edge re-
gion.

The observed energy dependence of the 0' yield
from CO on Ni(100) in Fig. 1 cannot be explained
by the conventional KF Auger deexcitation model.
Since in the KF model the ion desorption follows
an Auger cascade filling the primary O(1s) hole,
the 0' yield should closely mimic the absorption
coefficient (i.e. , the SAFS spectrum in Fig. 1).
The main evidence for the failure of the KF mod-
el comes from the delayed onset of the O' PSID
yield and not from discrepancies between the

PSID and SAFS spectra below 560 eV. In fact we
attribute peak B' in the 0' yield to desorption
proceeding via the KF mechanism. Peak A is not
observed in the PSID yield because it corresponds
to a bound-state transition. The excited but
bound photoelectron will greatly enhance the re-
neutralization and therefore quench the ion de-
sorption at this energy. Unfortunately, for our
experimental geometry' low count rates prevent-
ed us from recording 0' yield spectra at larger
angles of incidence (& 20 ). Such polarization-de-
pendent studies would yield additional information
since the KF mechanism is expected to give rise
to a polarization-dependent edge fine structure
similar to the absorption coefficient. "

The steep increase of the O' PSID yield around
560 eV indicates that another excitation channel
opens up at this energy which is much more effi-
cient for 0' production than the conventional
core-hole deexcitation channel in the KF model.
We attribute this observation to the dominance of
a novel desorption mechanism which involves
bond breaking via multielectxon excitations. It is
well established from gas-phase work" that ion-
ization of a 3o electron in CO is most effective
in causing C+0' fragmentation. This is also sup-
ported by the recent low-energy 0+ PSID study of
CO on Ru(001).' For CO on Ni(100) the lo and 3v
one-electron binding energies are 531 and 29 eV,
respectively. " Double excitation of a 10 and a 3o
electron would require an energy which corre-
sponds to the sum of the one-electron binding en-
ergies plus a correction for the hole-hole corre-
lation energy. Using an equivalent-core concept
(replacing C' by N), we can estimate the corre-
lation-energy correction from the difference in
the 3cr binding energies between CO (38.3 eV) and
NO (40.6 eV) and the corresponding carbonyls
and nitrosyls" to be of the order of 2-3 eV. Dou-
ble excitation of a 1' and a 3' electron would thus
require a photon energy in excess of 560 eV in
good accord with the PSID threshold value. The
probability for this 30 shake-off process is ex-
pected to first increase with excitation energy as
observed until at higher energies it has to de-
crease because the 1' excitation cross section
decreases. Thus the overall shape of the 0'
yield spectrum in Fig. 1 is in good qualitative
agreement with the one expected from our model.

Further evidence for our model comes from
the position of peak C' in Fig. 1. When the E
vector of the light is directed along the molecular
axis excitation of electrons from a o (e.g. , lv or
3v) initial state is enhanced when the final state
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is a 0 shape resonance. In fact, peak B in the
SAFS spectrum in Fig. 1 corresponds to such a
1c. —0 shape resonance excitation. " Thus one
would expect an enhancement in the 0' yield at
the photon energy where the 1' electron is excit-
ed to the shape resonance and the Sa electron is
just ionized or vice versa. This should occur
about 30 eV above peak B or around 580 eV in ex-
cellent agreement with the position of peak C'.

The question arises why the KF Auger deexci-
tation channel is so inefficient as compared to
the shake-off channel. If peak 8' signifies the
strength of the KF channel it is seen from Fig. 1
that around 650 eV the shake-off channel is more
efficient than the KF channel by more than one or-
der of magnitude. It is known from gas-phase
Auger studies of CO" that in fact Str- 1oAuger
deexcitation accompanied by a valence electron
(e.g. , lm) excitation is nonnegligible and one
would expect C+ 0' fragmentation. Apparently
reneutralization of the (rather deep) 3o valence
hole created in an Auger deexcitation following a
single core-hole excitation must be rather effec-
tive, thus suppressing fragmentation of the mol-
ecule. In our model a multielectron excitation
leaves the 0 atom in the CO molecule in a 1g and
So hole state. Auger deexcitation following the
multielectron excitation will furthermore enhance
the positive charge. Since the probability that an
0 atom survives the desorption as a positively
charged ion increases with the number of holes
created during the photon excitation" and subse-
quent Auger deexcitation process, the shake-off
process is more likely to result in 0' desorption
than the single core-hole excitation.

Finally we need to comment on the probability
of the proposed 10., 30 double excitation process.
For a CO coverage of 0.7 monolayer and a flux of
ix 10' photons/sec at It v = 600 eV we calculate a
count rate of 5x 10' O(ls) photoelectrons from
tabulated cross sections. " Our observed count
rate of 150 ions/sec then yields a ratio of about
3x 10 ' ions per O(ls) photoelectron This va.lue
is also a lower limit for the shake-off probability
(i.e. , if every multielectron excitation results in
an 0' ion). Note that this low value for the 3o.

shake-off probability excludes the observation of
the corresponding shake-off structure in a photo-
emission experiment but yet it dominates the ion
de sorption.

It is tempting to attribute the weak broad maxi-
mum in the O' PSID yield from atomic oxygen on
Ni(100) to multielectron ezcitations as well. How-
ever, we believe that in this case the broad maxi-
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FIG. 2. 0+ PSID yield of 180-L oxygen on Ni(100).
The dashed line represents the O(ls) photoemission
cross section (Ref. 14).

mum is largely due to the energy dependence of
the atomic O(ls) photoemission cross section as
observed experimentally" and shown as a dashed
line in Fig. 2.

The present results establish for the first time
a novel mechanism for ion desorption following
photon absorption which is shown to be dominant
for CO chemisorbed on Ni(100). We have also
observed similar effects for NO on Ni(100) which
will be published elsewhere. This leads to the
conclusion that multielectron excitations may in
general dominate PSID from surfaces for adsorb-
ate complexes with covalent bond character. For
ionic bonds the KF model appears to provide an
adequate description. Limitations in the use of
PSID for surface-structure determinations im-
plied by our results are pointed out.
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Pressure Measurement of Solid 3He through the Magnetic Ordering Temperature
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The pressure of solid He has been measured as a function of temperature and molar
volume down to and through its nuclear ordering temperature. Pressure measurement
above the ordering temperature reveals that besides the known 1/T term there are a
significant negative term in 1/& and a positive term in 1/T . The observed discontinuous
change in pressure through the ordering temperature is discussed in connection with the
first-orde r phase trans ition.

PACS numbers: 67.80.Jd, 67.80.Gb

Solid 'He shows a peculiar nuclear magnetism
because of its unique direct exchange interaction,
although it has a simple nuclear spin & and a bcc
crystal in the low-pressure phase. The direct ex-
change interaction depends strongly on the lattice
spacing, i.e. , molar volume of solid 'He. In this
respect pressure measurements of solid 'He have
provided valuable data on the exchange interac-
tion. ' So far the investigated temperature range,
however, has been limited to above 13 mK be-
cause of the long relaxation time. We have low-

ered the temperature range down to 0.47 mK,
2nd present here the first measurements of the
pressure of solid 'He in that temperature range.
Higher-order terms than the first-order term of
1/T have been observed in the pressure versus
temperature relation above the ordering tempera-
ture T„and new information on the ordering has
been obtained from the pressure measurements
in the ordered state.

Cooling was performed by means of adiabatic
demagnetization of a copper bundle. A pulsed Pt
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