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High resolution (0.09 eV} UPS spectra have been obtained of condensed films of Ny and CO. All spectral features are
broadened by 0.6 eV upon condensation. The origin of this broadening is discussed. The difference in linewidths for all
‘equivalent levels, AeCO-N, = 0.1 t0 0.2 ¢V can be understood in terms of a hole—dipole multiphonon excitation mecha-
nism. Photoemission from what is believed to be the a 31T excited neutral state of CO has been detected in the solid phase

for the first time,

1. Introduction

In this letter we report the first high resolution
study of condensed layers of CO and N,. A theoreti-
cal study [1] has indicated thaf in condensed molec-
ular multilayers, contributions to the linewidth due

" to interatomic Auger transitions and electron—hole

pair shake-up [2] should be reduced to such an ex-
tent that linewidtligef <0.1 to 0.2 eV should be ob-
served. Secondly, resi%al broadening, due to a hole—
dipole multiphonon excitation mechanism, should de-
pend upon the magnitude of the permanent dipole mo-
ment of the molecule.

Much has been learned [3] from ultraviolet photo-
emission spectroscopy (UPS) studies on adsorbed
atoms and molecules, but as pointed out recently [2],
no vibrational structure has been resolved in these
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studies even in thosé’ cases where the adsorbed species
is believed to retain\ts molecular identity [4]. By con-
trast, in the gas phase; vibrational structure is easily re-
solvable using photoelectron spectroscopy (PES) at
photon energies of 20—40 eV, and has demonstrated
its utility in molecular orbital assignments. It is clear-
ly of considerable interest to deduce the origin of the
broadening observed in photoemission from the adsorb-
ed phase, both from the point of view of understanding
the physics of the photoemission process and to deter-
mine whether PES techniques can resolve vibrational
structure in adsorbed molecules. Resolution of vibra-
tional structure would be extremely valuable in deter-
mining the mode of bonding to a surface and as a fin-
gerprint technique in assigning molecular orbitals in ad-
sorbed species. Himpsel et al, [5] reported results of a
synchrotron radiation study of solid N, and O,, but

it was not clear whether the resolution was sufficient
to resolve vibrational structure if it were present. The
purpose of the present work is thus to test under well-
established, high-resolution conditions the theoretical
ideas in ref. [1]. In a subsequent paper [6] we shall

- report results of a study of physisorption and chemi-
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sorption of these gases on a copper substrate.

2, Experimental methods

The spectrometer and available surface preparation
techniques have been discussed previously [7]. Gas
phase spectra were obtained by admitting the gas to
the spectrometer chamber to pressures of (1—3) X

" 10—3 Pa. Under these conditions good signal to noise
(S/N) could be obtained only with Hel excitation
(21.2 eV). All solid phase spectra shown here, were
obtained with Hell excitation (40.8 V) to reduce thé
secondary emission background. The spectrometer
resolution, AF, is identical at different kinetic energies
since electrons are retarded before analysis at a con-
stant pass energy. Relative intensities of the lines in a
spectrum will, however, change with i because of ef-
fects of changing photoexcitation cross-section and
spectrometer sensitivity.

The gases were condensed on an elliptical copper '
surface that was produced by cutting a high purity
copper rod, 1 cm diameter, at 45° to the cylinder axis.
This rod was hard soldered to a re-entrant stainless
steel well of suitable length. The stainless stee! well .
was attached to a flange that also had a feed-through
arrangement to permit the measurement of the EMF
of a gold—0.07% iron versus chromel thermocouple. .
Temperatures are estimated to be accurate to 2 K.
The entire re-entrant well assembly, to within ~2 cm
from the probe face, was wrapped with aluminized
Mylar film to reduce radiation heating. The spectrom-
eter vacoum $ystem was pre-baked and alter mount-
ing of the sample probe the preparation chamber [7]
was outgassed for 12 hours at 325335 K by means of
heating tapes. The main residual gas was H,Q from the
Mylar film. Pressures of the order of 1 X 10—7 Pa were
attained after a further 24 hours pumping and the
pressure was further reduced to<<7 X 10—8 Pa by
cooling a re-entrant cold finger to 77 K. Ultra high
vacuum conditions were essential to prevent the build
up of impurities on top of the condensed layers.

The copper end piece was cooled by flowing cold
4He gas from a liquid He dewar through a syphon. The
delivery (horizontal) end of the syphon was fitted with
an-uninsulated thin-walled stainless steel tube which
just reached the end of the re-entrant well. The ulti-
mate temperature of ~18 K was limited largely by the
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energy exchange between the inflowing and outflow-
ing He. In these experiments no attempt was made to
recover the He and the flow rates were such that 15 ¢
lasted ~23 hours. '

The copper surface as cleaned by Ar* ion sputter-
ing (2kV, 20 uA em—2, 30 min) at 295 K before the
condensation experiments. X-ray photoelectron spec-
troscopy (XPS) showed that the total oxygen plus car-
bon impurity leve! was less than 0,1 monolayers. The
surface was not then annealed. Condensation was ef-
fected by precooling the probe to ~20 K and then ad-
mitting CO or N5 at low pressure (in the range 106
to 10~ Pa) until a layer of saitable thickness had
built up. The gas always passed ovéFihie 77 K cold finger
before flowing into the spectrometer chamber [7] where
condensation occurred (the Mylar film prevented rapid
condensation on the rest of the stainless steel well). The
purity of the gases was measured in situ with 2 quadru-
pole mass spectrometer, confirming that the total im-
purity levels were <{0.01%. After the film had attained
a suitable thickness, judged by the attenuation of the
Cu d-band emission (see below), the flow was stopped
and a Hell excited spectrum was obtained. This proce-
dure was followed for a series of film thicknesses. The
estimated thickness of the films depends upon the value
assigned to the mean free path of the =35 eV electrons
phatoemitied from Cu d-band edge. We have used a
value of 1 nm. This is a reasonable assumption [8] and
is consistent with the 15% attenuation of the platinum
d-band at £ — 5 eV observed at a CO coverage of 0.4
to 0.5 monolayers [3]. On this basis the thickness of
the films studies in this work ranged from <0.3 nm
(submonolayer) to = 10 nm. We iltustrate no data on
films of thickness greater than ~2.5 nm because of the
lack of significant changes in the range 2.5 to 10 nm
and the appearance of charging effects (binding energies
increase slightly and lines broaden) at thicknesses much
greater than 10 nm.

3. Experimental results

Fig. 1 shows both the Hel-excited gas phase N, spec-
trum and the Hell-excited spectrum of condensed N,
at the same resolution. The resolution is estimated
from the gas phase spectrum to be 20.09 eV and is
determined almost entirely by thie settings of slit width
etc. on the analyser. The spectra are shifted by the dif-
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Fig. 1. (a) Photoelectron spectrum of condensed film of N, of
thickness 2.4 nm. v = 40.8 eV. Same resolution as (b). (b)
Photoelectron spectium of gaseous Ny at a pressure of = 1073
Pa. v = 21.2 eV, resolution = 0,09 eV.

ference in the photon energies to bring them onto a
common binding energy (BE) scale referred to the
Fermi level of the copper substrate, The 30-fold at-
tenuation of the Cu d-band (not shown in fig. 1) gives
an estimated thickness (allowing for the 45° take-off
angle) of ~2.4 nm. No N,-derived structure was ob-
served in the range 0—10 eV. The three bands obsery-
ed in condensed N, had BE’s of 11.1, 12.5 and 14.3
eV compared to the gas phase vertical ionization po-

tentials (IP’s) of 11,40, 12.75 and 14.60 eV (determin-

ed in our experlment Femru level energy reference),
showing that there is nb change in relative splittings
upon condensation. These'fatter values compare very
well with previously reported gas phase data [9] (ver-
tical IP’s of 15.58, 16.91 and 18.75 eV) if allowance
is made for the 4.2 ¢V work function of copper. Also
immediately evident is the broadening of the lines
upon condensation from =0.09 eV (our experimental
resolution) to 0.5 eV. The data are collected in table 1.
Fig. 2 shows the spectra of CO condensed on a
clean copper substrate with the copper Fermi level as
the reference energy. Spectrum (a) is the Hel excited
gas phase spectrum of CO, (b) is the Hell-excited spec-
trum of the clean copper d-band and (c) through (e)
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Table 1
Photoemission from condensed Ny . Copper Fermi level = 0
eV; resolution =~ (.09 eV

Level Gas phase Solid Solid Layer
vertical phase phase thickness
IP’s (V)@ BE (eV) fwhm (eV) (nm)
X2zg 1140 11.1 0.7, 24
AT, 1275 12.5 1.0g 2.4
B?z, 14.60 14.3 0.5 2.4

2} Measured in this work.

the same surface with three different film thickresses of
condensed CO.

Broadening of CO bands upon adsorption or con-
densation again is evident as in the case of N, (see
tables 1 and 2). The BE’s of the 3 bands present in
physisorbed (condensed) multilayers of CO are 8.7
(8.8), 11.7 (11.7) and 14.5 (14.5) eV respectively com-
pared to our measured vertical IP’s in the gas phase of
9.86,12.56 and 15.51 eV referred to the copper Fermi
level (cf. 14.01, 16.67 and 19.67 eV for gas phase ver-
tical IP’s [9]).

Also evident in figs. 2d and 2e is the growth of
three additional levels at 1.3, 4.2 and 7.1 eV. The fea-
ture at 4.2 eV deserves further comment. As the thick-
ness of the CO layey, increased, the Cu s- and d-bands
attenuated uniformly until layers in excess of =2 CO
molecules thick were formed. This layer thickness was
judged from the total UPS emission intensity of the
CO-derived features compared to that observed in CO
chemisorbed on the same substrate at temperatures
that allowed use of XPS to determine the coverage. As
the layer thickness increased from ~0.5 to 2 nm, three
new features appeared and the emission in the region
2—5 eV could be fitted by assuming simultaneous at-
tenuation of the Cu d-band and growth of a single levet
of width ~1 eV at 4.2 eV, For this reason an estimate
of the residual contribution of the Cu d-band is shown
as a dashed line in figs. 2d and 2e. The intensities of
both sets of CO-derived levels remained constant for
layer thickness 223 nm. Close examination of the 7—8
eV region at coverages < 1 monolayer revealed no sign
of the 7.1 eV feature. CO purity was checked again in
situ during the condensation and was better than
99.99%. The most likely co-condensing impurities would
be Hy0 and CO, but their gas phase concentrations were
too low and the positions of the emission features do
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{h)

(a)

not correlate with any bands in either the gas or adsorb-
ed phases [3,10]. It is therefore clear that the 3 bands
that appear only in condensed CO multilayers result
from CO and not some impurity.

As discussed below, we believe that these levels re-
sult from photoemission from an excited state of CO,
so the data on this state and the CO ground state are col-
lected in table 2. The ground state levels in tables 1 and
2 are given the designations for the molecular ion and
the assignment is determined by the binding energies
and splittings, the larger ful% width at half maximum
(fwhm) of the central level and the relative intensities
of the levels when compared’ to 'Hell- excited gas phase
spectra [11]. e

4, Discussion

Tables 1 and 2 show that the narrowest line observ-
ed under our experimental conditions was the B Iz,
level of N (henceforth called, for convenience, the
4o level). Upon condensation the linewidth increased
to 0.57 eV. This is at least a factor of 3 greater than the
broadening expected from theory [2]. Since it is not

to the binding energy shift of the 3 observed levels we

Fig. 2. (a) Photoelectmn spectrum of gaseous CO at a pressure
of #1073 Pa. hp = 21.2 eV, resolution »~ (.09 eV. Resolution
in spectra (b) through (e) same as (a) and hv = 40.8 eV. (b)
Clean copper valence band. (¢) Same surface after adsorptlon
of =0.5 monolayers CO at 20 K. (d) Same surface after con-

0=E

1

© Table 2

2

T 1 I ] | ] ]
4 6 8 10 12 iy 16

BINDINEG ENERGY (eV)

densation of film = 0.8 nm thick. (¢) Same surface after con-
densation of film = 2.1 nm thick,

Photoemission from condensed CQ, Binding energies (BE’s) and fwhm in eV; copper Fermi level = {) eV ; resolution ~ 0.09 eV
Ground state level Covera}ge ar layer Gas phase vertical IP’sa}
X2gt Ao B%:z thickness Xizpt A?n B2z
BE 8.7 11.6 14.5 0.5 monolayers 9.86 12.56 15.51
fwhm 1.09 1.2, 0.83 (7% 101 CO cm™?) ;
BE 8.8 11.7 14.5 2.1 nm
fwhm " 0.9, 11g 0.74 2.1 nm
Excited state level #
1 2 3
BE 2.1 nm

1.3 4.2 7.1

a) Measured in this work.
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cannot determine whether the band maxima are shifted
by multiphonon excitation (large §; ref. [1]). It is very
encouraging however that the differential broadening
of all the levels in CO and N, (difference in fwhm of’
the 40 levels = 0,15 eV for example) is in accord with
the phonon theory which suggests that, Aefwhm A2
Nep/4R 2 where N is the number of nearest neighbours,
 is the permanent dipole moment of the molecule

{z =0 for Ny, ~0.1 D for CO) and R is an effective in-
termolecular separation in the condensed film [1]. With
" reasonable assumptions as to the film geomestry, - ]
AeCO—Nz 2 (.1 t0 0.2 eV which is of the order of the
observed differential broadening.

If the differential broadening arises from this mecha-
nism then another mechanism must be sought for the
remaining linewidth (0.57 eV in the case of N, ). There
are many sources of linewidth that must be consider- .
ed. The simplest possibility is (differential) charging
in the condensed layer. Charging is certainly present
for films =10 nm thick, but the effect seems to be
too small to account for the observed broadening at
thicknesses of 2 nm. For example in films of N,
estimated to be ~30 nm thick, the bands shift to
higher BE and broaden by ~0.2 eV. Variation in po-
tential due to site heterogeneity (films were not an-
nealed) would seem to be too small an effect in a
molecular solid, but conceivably patch fields from
the polycrystalline copper surface could cause varia-
tions in the potential at different lattice sites. How-
ever, this effect should decrease with film thickness,
and very little change was observed in films in the
thickness range 1 to 10 nm.

Matthew and Komninos [12] have calculated intra—
inter-atomic Augersansition rates and have conclud-
ed that, in some mrcumstances they should be as
rapid as the intra-atomié process involving the same
initial hole state. However, for low energy Auger
processes of the type considered here, both rates
would be low because of the absence of eNergy con-
serving final states. This absence of suitable final
states is a result of the band gap and thus Auger
processes should not contribute significantly to the
linewidth. A remaining possibility is that the hole can
rapidly migrate to the substrate, or at least to a
neighbouring molecule. This seems unlikely since
valence band widths (determined by hole hopping
times) for weakly bound molecular crystals are us-
nally <<0.1 eV.
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The width and shape of the A 2L (1) band in
both solid CO and N, reflects the original Franck—
Condon vibrational envelope of the gas phase spec-
trum, and in fact can be fitted quite well by summing
gaussians of ~0.7 eV fwhm with splittings and rela-
tive intensities equal to the gas phase values. It seems

* very unlikely that the 4o level width in the solid

phase could be explained by excitation of intramolec-
ular vibrations because this level is essentlally non-
bonding in the gas phase.

Another result to be noted in tables 1 and 2 is the
difference in widths of the X 22; (50) and B2%, (40)
levels in each molecule (0.14 eV and 0.18 eV for N,
and CO respectively). The 5o level is essentially non-
bonding in the gas phase but has the lowest ioniza-
tion potential. It is tempting to attribute this small
additional width to bonding effects in the solid phase.

The decrease in linewidth between physisorbed
and multilayer CO (=0.1 eV) could result from the
increased hole lifetime in the multilayers compared
to the physisorbed layer. This is perhaps an indication
that the linewidths in condensed multilayers do not
result from a short hole lifetime, At present it is not
possible to pinpeint the major contributor to the
~0.6 eV fwhm in the 40 level of N,, but certainly it
is possible that the sim total of all the above effects
¢ould produce broadening of this magnitude.

Table 2 gives the data on the excited state of CO.
This assignment depends upon several observations.
These are: (a} experimental elimination of impurity
effects, (b) the similarity in splittings, relative inten-
sities and shapes to those observed in photoemission
from ground state CO, (c) the similarity (but not
equality) in the observed excitation energy to that
observed in the gas and condensed phase UV spec-
troscopy for the a 311 state [13,14] and (d) the long
lifetime of the a 311 state (of the order of several ms
in the gas phase) makes detection in the solid phase
reasonable [15--17].

The major problem with this reasoning lies in {c)
because the gas phase excitation energy is 6.03 eV
[13.14] compared to ~7.4 eV observed here (differ-
ence in the BE’s of the equivalent levels in the ground
and excited states). It is necessary to postulate either
a change in this excitation energy in the solid phase
{due, for example, to intermolecular bonding effects)
or an increase in the relaxation energy for photoemis-
sion from the excited state, compared to the ground
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state molecular ion. This would lead to a lower ap-
parent BE for electrons in the excited state and hence
an increase in the measured excitation energy for the
production of a 3[1 state. The latter process would
require a differential relaxation at 1.4 eV, which
seems unlikely. Confirmation of the assignment as the
a 3T state requires detection of the phosphorescence
from this state under our experimental conditions.

At least two mechanisms could be responsible for
the formation of the a 311 state. The most likely are
considered to be: (a) capture of an electron by the
CO™ ion leaving CO in an electronically excited meta-
stable state or (b) direct coulombic excitation of neu-
tral CO by secondary electrons. Many energetic sec-
ondary electrons are produced in a photoemission ex-
periment and it is worth noting that Netzer et al.

[18] have detected a 6 eV energy loss.peak in electron
energy loss spectra of CO chemisorbed on Pt.

- The absence of this excited state in very thin layers
(€2 layers) may indicate that additional fast relaxa-
tion processes (vibrational and electronic) are available
when the molecule is close to the metal surface. Such
processes would reduce the lifetime of the excited state
or of the CO* ion (needed to form the a 31 state by
electron capture) to the point at which the dynamic
concentration of the excited state is below our detec-
tion limits.

One question that immediately arises is why the
equivalent excited state is not observed in solid N,.
There are several possible differences between CO and
N, which might account for not observing the meta-
stable A 32 state of Ny ; for example (a) N¥ dissocia-
tive newtralization has a high probability, (b) CO and
N, metastable states have different electron configura-
tions, and (¢) photoionization probabilities are not the
same,

5. Conclusions

In this letter we have reported the first photoemis-
sion measurements upon solid N, and CO under con-
ditions in which vibrational structure should be resolv-
able. No such structure was resolved. The difference in
4olinewidths between N, and CO (~0.15 eV) may be
attributable to multi-phonon excitation via a hole—
dipole interaction. Several potential sources of the re-
maining linewidth (=~0.6 eV) are discussed (lifetime

470

broadening, steric inhomogeneities, patch fields, etc.).
Photoemission from what is believed to be the
a 311 excited state of CO has been detected in solid CO
for the first time. The difference in the excitation en-
ergy compared to the gas phase [7.4 ¢V (solid) versus
6 eV (gas}] is probably due to bonding interactions or
charge effects in the solid rather than extra-atomic
relaxation effects. :
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