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Total electron and total and partial ion yield spectra of Ar clusters (with average size up to
600=200) in the region of Ar 2p excitation have been measured using synchrotron

radiation and time-of-flight mass spectrometry. As the average cluster size increases, the x-
ray absorption spectrum changes systematically from that of atomic Ar to that of

solid Ar. The shape of the Ar 2p,,,-4s region is found to be a sensitive monitor of the clus-
ter sizes present in a molecular beam of Ar clusters. Extended x-ray absorption fine structure
(EXAFS) is detected in the spectra of the larger clusters. There is a strong correlation be-
tween the intensity of the components of the Ar 2p;,,—4s signal associated with clusters and
the intensity of the Fourier filtered first shell Ar 2p EXAFS signal. A low amplitude, high
frequency fine structure is observed in the Ar 2p continuum of the heaviest clusters which
corresponds closely to that observed in solid Ar. This signal develops with cluster size more
slowly than the Ar 2p EXAFS and 4s exciton signals.

I. INTRODUCTION

Although inner-shell excitation by inelastic electron
scattering or by x-ray absorption is being used extensively
for studies of stable gases, surface adsorbates, and solids,
the field of core excitation and decay studies of molecular
beams consisting of homogeneous or heterogeneous clus-
ters of atoms and molecules is in its infancy. This paper
reports extensions of recently published studies of core-
level excitation! and ionic fragmentation? of argon clusters.
Studies of a range of atomic and molecular clusters have
been described recently.’ The development of a cooled noz-
zle has allowed the production of cluster beams with much
larger average cluster sizes (V up to 750 vs 10 in the earlier
work!?). The availability of a wider range of average clus-
ter sizes has allowed us to use Ar 2p (L,;) spectroscopy to
follow the development of the electronic structure of clus-
ters over essentially the whole range bétween the isolated
atom*® and a cluster so large that its spectral characteris-
tics become very similar to those of solid argon.®® -

It is widely recognized that cluster studies are useful
for understanding the relationship of the geometric and
electronic structure of isolated units (atoms or molecules)
to that of the condensed state. Knowledge of intermediate
structures aides understanding of nucleation phenomena,
which are important in crystal growth, cloud formation,
etc. Farges et al.® have performed elegant studies of the
size dependence of the structure of Ar, clusters using a
combination of electron diffraction and molecular dynam-
ics. They have developed a model of the cluster structure as
one involving icosahedral structures and then polyicosahe-
dral units as the size increases. The electron diffraction
pattern of Ar clusters evolves to that expected for a bulk
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fce structure [i.e., that of Ar(s)] by a size of about 700 Ar
atoms. Goyal ef al.'° have used infrared spectroscopy of
SF¢ embedded in and adsorbed on Ar clusters to investi-
gate the transformation of Ar clusters from polyicosahe-
dral to fcc structure. Beck and Berry!! have reported cal-
culations of the structure and dynamics of small Ar
clusters (7 <20) which give insight into the size at which
liquidlike and solidlike behavior is expected. . o
Figure 1 presents the Ar 2p spectrum of the free
atom™ in comparison to that of the crystalline solid®®
Menzel and co-workers'>!® have discussed in detail the
relationship of the atomic and solid state spectral features.
The complex ns and nd Rydberg structure of the atom
transforms into two excitonic lines which lie 0.9 eV to
higher energy than the corresponding 4s and 3d Rydberg
transitions in the atom. At the same time, the ionization
threshold of the solid®™? shifts to considerably lower en-
ergy than in the atom, although the location of the Ar 2p
IP of solid Ar is not precisely known. The Ar 2p contin-
uum of the solid differs markedly from that of -the atom
with the superposition of a high amplitude, low frequency
oscillation which is the first shell EXAFS signal and a
higher frequency lower amplitude structure whose origin
has not been discussed in the literature but which is likely
XANES-type structure, sensitive to both radial and angu-
lar correlations over many atomic shells. In this work
photoionization and mass spectral techniques are used to
measure the Ar 2p spectrum of Ar,, clusters in a supersonic
molecular beam. The question we address is how the Ar 2p
spectrum of argon clusters changes from that of the atom
to that of the solid as the cluster size increases. Of partic-
ular interest is the evolution with cluster size of the 2p;,
2—4s and Ar 2p EXAFS and XANES spectral features.
Other recent studies of photoionization and photofrag-
mentation of Ar clusters include valence ionization thresh-
old studies using TPEPICO on Ar,, 2 <z <15;" investiga-

© 1993 American Institute of Physics 2653

Downloaded 18 Jun 2002 to 130.113.69.66. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



2654

|1/2. T T T
Ar 3/2?
3r Atom
Nakamura et al.
2_
A Argon 2p 1s
s |
c 1F
2
8 -14
dl,‘, |
o O
8
C -3
(&)
Solid
Haensal et al, 1
G 1
a [+
%]
EEE
abey .1 L, 0
250 260 270

Photon Energy (eV)

FIG. 1. Comparison of the Ar 2p spectra of atomic (Ref. 4) and solid Ar
(Ref. 6). The hatched lines indicate the ionization thresholds as deter-
mined by Rydberg extrapolation (Refs. 4 and 5). Three estimates of the
solid state 2p,,, IP differing by 2.5 ¢V have been reported: a—Ref. 7,
b—Ref. 12, and c—Ref. 37. a’, b’, and ¢’ refer to the Ar 2p,,, IPs.

tions of a metastable state around 27-29 eV believed to be
specific to certain ranges of cluster size;!® investigations of
the valence spectroscopy of Ar; ionic clusters. 613
Wormer et al. ' have recently explored the formation
and confinement of Wannier excitons in studies of the UV
fluorescence excitation of free Ar clusters. They find the Ar
cluster must be at least four times as large as the excitonic
radius in order for Wannier excitons to appear. In the area
of core photoionization, total and partial ion yield Ar 2p
spectra of condensed phase Ar have been reported recently
for both bulk and surface monolayer Ar.'>!* The Ar
2p,,—4s transition in a monolayer of Ar physisorbed on
Ru(001) occurs 0.5 eV below that in bulk Ar.'? It might be
expected that the shift of the corresponding transition in
small Ar clusters will be similar since, in small clusters, a
large fraction of the Ar atoms are at the surface. There
have been studies of the core excitation spectra of Ar (and
other rare gases) in high pressure bubbles injected by ion
implantation and trapped in a solid.?! Faraci et al.** have
reported Ar 1s EXAFS studies of pressurized Ar clusters
in Al and Si. The Ar 2p spectra of co-condensed Ar—N,
mixtures, in which the Ar may form clusterlike structures,
have also been reported.” These studies provide additional
insight into the structure and spectroscopy of Ar, clusters
and complement our investigation of the dependence of the
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Ar 2p spectrum on the local environment of the core ex-
cited atom. Very recently Lengen et al. 23 have used valence
shell fluorescence excitation spectroscopy to distinguish
various surface and bulk sites of Xe in XeAr, clusters.

Il. EXPERIMENT

Details of the compact cluster apparatus have been
presented elsewhere.>® A 5 bar stagnation pressure (pg)
behind a 50 pum variable-temperature conical nozzle was
used in cluster generation. The jet then passes through a
500 pum skimmer. Down-stream pressures were ca.
4% 1073 Torr in the expansion region, 5X 107611073
Torr in the photoionization region, and <1X 10~8 Torr
just prior to the x-ray beam line. The nozzle was cooled by
gravity-fed liquid nitrogen. Careful adjustment of the flow
rate allowed a stability of £5° in the nozzle temperature
(Ty), as measured by a thermocouple.

The experiments were carried out using the HE-TGM2
beam line at BESSY. A few measurements were also made
using the HE-TGM1 beam line. The photon energy scale
was established by assuming the total electron yield
(TEY) spectrum under expansion conditions of pp=1 bar,
T =30 °C is that of the atom and calibrating the (2p~ 1 4s)
1P, ,, peak in this spectrum to 244.390 eV.> The energy
scale was relatively constant (0.1 eV) over a single fill
(2-3 h) and in many cases there was no detectible shifts
between fills on the same day. The stability of the energy
scale with time is critical in this experiment since we are

" interested in measuring shifts of less than 0.1 eV in reso-

nance position with cluster size. The spectra were normal-
ized to the incident photon flux which was determined
from the total electron yield spectrum of Kr corrected for
the Kr absorption cross section. For the HE-TGM?2 beam
line the incident flux is very flat ( < 20% variation between
240 and 320 eV) with negligible ( <2%) dip at the posi-
tion of the carbon K edge. The flux-normalized spectra
were converted to absolute cross sections by setting the
intensity of the Ar 2p continuum at 260 eV (i.e., after
subtracting the underlying valence continuum) to the
value of 3.2 Mb reported in Fig. 5 of Ref. 6. At this energy
one is close to a node in the extended fine structure and the
atom and solid have very similar cross sections.

IIl. RESULTS AND DISCUSSION
A. Mass spectfal characterization of cluster beams

The average cluster size in the beam produced with
various expansion conditions has been estimated from the
stagnation pressure, nozzle temperature, and orifice dimen-
sion. These are used to calculate a reduced scaling param-
eter, I'*,%* from which N, the average cluster size can be
estimated using several different correlations reported in
the literature.?%* The estimated N values differ by more
than a factor of 2 (see Table I), indicative of the level of
uncertainty in knowledge of cluster size and size distribu-
tions. There is a need to develop alternate procedures for
monitoring cluster beams. Ar 2p spectroscopy as described
below may contribute in this area. :
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TABLE L. Predicted average cluster size (V) for experimental expansion
conditions. .

®

T, (°C) I Ref. 25 Ref. 20

30 490 10 : - 10

0 620 15 .20

—10 675 18 ' 30 )
—-20 740 20 50"
—-30 810 22 80
—40 900 25 T 105
-50 990 B 35 ’ T 140 N
—60 1100 7 40 - 175
—70 . 1230 50 . .. . 225
—80 1380. ) 60 . _7.270
—90 1570 70 340
—100 1790 80 430
—110 2050 120 ~ 7530
—120 2380 200 . . 750

*Reduced scaling parameter, k.d%%° [um].po[bar]/T3%° [K]; where k is a
constant (1.646); p, is the stagnation pressure, d is the orifice diameter,
and T is the nozzle temperature (Refs. 20 and 23).

®Predicted for 50 um nozzle size, py=5 bar and the indicated nozzle
temperature (7,) using the correlation outlined in the indicated. refer-
ences.

Figure 2 presents a selection of time-of-flight (TOF)
mass spectra over the range of cluster conditions em-
ployed. They were recorded using 415 eV photon energy
[above the Ar 2p ionization potential (IP)] and a 300 V, 2
us extraction pulse with the time-of-flight potentlals cho-
sen to match the Wiley—-McLaren focusing conditions.?®
With an expansion of T,=20°C, p0_5 bar IT'* is 500,
corresponding to N of 10. Even so Arg is the largest clus-
ter ion observed and the majority of the mass spectral fea-
tures are associated with the large proportion of unclus-
tered atoms present in the beam. At 415 eV the mass
spectrum of atomic Ar is dominated by Ar**, with appre-
ciable Ar’*, some Ar** and very little Ar*.2"2 The mul-
tiple ionization is associated with the Auger decay of the
initial Ar 2p~" ionized state. Aside from a small signal in
the 2 eV above the IP which is a post-collision interaction
effect, 16 Ar+ signal above the Ar 2p, , IP can only arise in
the atom from fluorescence decay, which is of very low
probability. Thus almost all of the Ar™ signal (and ail of
the Ar} signal) comes from dissociative double ionization
of Ar clusters in processes of the type,> :

Ar,+hv— [Ar;z,+ +e” (PI)+e~ (Auger) ]

At 4Art42em

Although symmetric charge separation occurs and recent
triple coincidence (PEPIPICO) experiments have shown
that it dominates the fragmentation of small clusters,*®
asymmetric charge separation is the dominant channel for
the fragmentation of large clusters.” Since time-of-flight
spectrometers discriminate against heavier mass ions (in
part because of lower detector sensitivity and in part be-
cause the TAC is stopped by the earlier arrival of the
lighter ion), the lighter partners in asymmetric charge sep-
aration events are detected preferentially. Thus the cation
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FIG. 2. Time-of-flight mass spectra of Ar cluster beams produced by 415
€V photons. The spectra were obtained using a 2 us, 300 V extraction
pulse as the start of the time scale. The stagnation pressure (p,) was 5 bar
for all three spectra with nozzle temperatures (7,) of 20, —20, and
—85°C.

distribution in the mass spectrum underestimates the size
distribution of the neutral clusters.

Cooling the nozzle produces additional clustering, as
indicated by the mass spectra of beams produced with 7,
=—20°C and Th=—85 °C presented in Fig. 2. This im-
mediately results in the appearance of intense Ar;} signals

“and a largq increase in the Ar™ signal which is associated

with dissociative double ionization of larger clusters. The
proportion of free atoms in the beam can be estimated from
the intensity of the Ar** or Ar’™* signals since these ions
are produced primarily from Ar atoms. The largest average
cluster sizes were obtained at 7Ty=—120°C, p,=5 bar.
Under these conditions the (Ar?T +Art) intensity was
less than 0.1% of the spectrum indicating that an almost
pure cluster beam has been produced. When T, was below
— 120 °C the nozzle invariably became clogged with Ar ice.
Alignment of the molecular beam and the x-ray beam is
critical to achieve very high cluster sensitivity sinte the
proportion of atoms greatly increases outside the centre of
the beam.

There are significant mass and kinetic energy discrim-
ination effects in both the extraction of the photoions into.
the TOF. MS and in the detection of ions by the channel-
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FIG. 3. Comparison of Ar 2p near edge spectra of the (To=—120°C,
Po==5 bar) cluster beam recorded with various total and partial yield
techniques. The relative contribution of the atomic or the heavy cluster
portion of the distribution of species present in the beam varies because of
differing sensitivity of the detection techniques. The Ar 2p spectra of
atomic (Ref. 4) and solid (Ref. 6) Ar are also plotted to facilitate com-
parison.

plate. Heavy ions and species with high kinetic energy are
discriminated against. Thus the cluster ions seen in the
mass spectra represent only the lower size portion of the
parent neutral species in the beam. The high mass compo-
nent of these spectra can be enhanced by using a longer
time extraction pulse although there is a penalty in terms
of degraded mass resolution and distortion of peak shapes
which is seen as a background under the Ar*+ and Ar*
peaks in Fig. 2. '

B. Total and partial ion yield spectra

In order to understand what portion of the cluster dis-
tribution contributes to a given yield spectrum we have
investigated the sensitivity of the various detection tech-
niques employed. (see Fig. 3). These include total electron
yield (TEY); partial ion yield (PIY) for any mass; total
ion yield (TIY) detection both with a channeltron directly
adjacent to the ionization region [denoted TIY (ch)] and
with the channelplate detector at the end of the time-of-
flight mass spectrometer [denoted TIY(TOF)]. Figure 3
demonstrates both the limitations (in terms of statistical
precision) and the benefits (in terms of selectivity) of the
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different detection channels. It compares TEY, TIY(ch),
TIY(TOF), and two mass selected partial ion yield (PIY)
spectra—those for argon cluster cations containing be-
tween 3 and 10 argon atoms, and that of the dimer cation.
All of these spectra were obtained under identical expan-
sion conditions (7= — 120 °C, py=35 bar), corresponding
to the highest degree of clustering. If there was no selec-
tivity among the detection channels all spectra would ap-
pear the same. In fact there are large changes in the Ar
2p—4s transition with some modes having a greater con-
tribution from a solidlike spectrum (4s exciton at 245.4
e¢V) and others having a greater contribution from an
atomiclike spectrum (4s at 244.4 eV). The spectra in Fig.
3 are plotted in order of decreasing “solidlike” character
and the spectra of atomic® and solid’ argon are included at
the top and bottom of the plot for comparison. Both the
Ary and the (Ary—Arj;) cluster PIY spectra are close to
the spectrum of solid Ar as expected since these cluster
cations arise from dissociation of larger doubly charged
clusters.? It is clear that mass selected ion detection can be
very beneficial at investigating the absorption spectra of
specific components of a multicomponent beam. On the
other hand, both total ion signals are more atomiclike,
indicating that the proportion of the atomic signal is arti-
ficially enhanced because of discrimination against heavy
cluster ions. If the beam really contained as high a propor-
tion of atoms as either of the TIY spectra appear to indi-
cate, then the TEY spectrum would have a much larger
atomic contribution, since this detection channel has the
least discrimination and thus best represents the specirum
integrated over the distribution of species in the beam. In
addition to detection mode dependenee, certain modes,
particularly those based on ion detection, were also depen-
dent on the extraction voltages employed. In all cases the
conditions were chosen to optimize the sensitivity to high
mass components of the beam.

C. Total electron yield spectra

Figure 4 presents total electron yield (TEY) spectra of
selected cluster beams. The Ty=30 °C, pg=1 bar spectrum
is in good agreement with the atomic spectrum when dif-
ferences in resolution are taken into account (0.4 eV in this
work and 0.2 eV in the work of Nakamura et al.6). This is
as expected since the beam should be mainly composed of
atoms under these conditions (I'*=100, N=1). As the
clusters are produced with increased stagnation pressure
and cooling of the nozzle, there are dramatic changes in
both the discrete and continuum parts of the spectrum.

There is a systematic change in the Ar 2p,,,—4s tran-
sition around 245 eV from the atomic 4s Rydberg line to
the solid 4s exciton peak over this range of cluster sizes.
Similarly there is a conversion from a complex overlap of
atomic (2p1_/§,4s), (Ar37%,3d) Rydberg transitions around
248 eV, to a 3d exciton feature in Ar(s) as the average
cluster size increases. This transformation occurs in paral-
lel to the changes in the 4s region. The clarity with which
these changes are detected is remarkable since the TEY
signal is an average over all species in the cluster beam.
This is further evidence that the beam is mostly composed
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FIG. 4. Total electron yield (TEY) spectra of Ar, clusters under the
indicated beam conditions. The spectra have been converted to absolute
photoabsorption cross sections based on literature values for atomic 2p
ionization (Ref. 6). They are plotted on a common intensity scale.

of large clusters at the coldest nozzle temperature and that
there was good alignment of the synchrotron radiation and
the Ar cluster beams. The extended x-ray absorption fine
structure features (EXAFS), which are the broad oscilla-
tions peaking at 258, 270, and 283 eV, are detectible down
to average cluster sizes of about 50+ 30. The broad peak at
268 eV seen in the upper two curves of Fig. 4 is also seen
in the spectrum of atomic Ar (see Fig. 1) and is likely a
(LM) double excitation structure. The amplitude of the
EXAFS signal increases with increasing average cluster
size. The EXAFS amplitude saturates as the transforma-
tion from the atomic Rydberg line to the 4s exciton of the
solid is completed. The spectra in Fig. 4 represent only half
of the temperatures sampled and about one quarter of the
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FIG. 5. Expanded presentation on an oscillator strength scale of the Ar
2p3/,—4s transition. All spectra are plotted on a common scale. The zero
for each curve is indicated. A curve fit to three Gaussian peaks is shown
for the spectrum obtained with 7j=—80°C. Each spectrum was ana-
lyzed with a similar three component fit to provide the data tabulated in
Table I1.

total number of TEY spectra recorded in this study. Thus
the presentation is illustrative rather than exhaustive. The
other TEY data fully confirm the results reported in Figs.
4.

D. Detailed analysis of the 4s and 3d region of the
TEY spectira

Figure 5 is an expanded presentation of the 4s region of
these TEY spectra, plotted on an absolute intensity scale in
oscillator strength units (1 Mb=109.75 eV~!) determined
by the continuum normalization. The variance of the inte-
grated 4s oscillator strength (peak area) is 16% for all of
these spectra. The preservation and perhaps small increase
of the 4s intensity with increasing cluster size (see top
panel of Fig. 6) is evidence that the atomic Rydberg signal
does not disappear but rather is converted into an alternate
signal which eventually becomes the 4s exciton of solid Ar.
This is a very clear resolution of a long standing discussion
about the fate of Rydberg states in condensed phases—that
is, whether the Rydberg states of isolated atoms and mol-
ecules disappear or are transformed to other entities in the
condensed state.’!
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FIG. 6. (Top panel) Variation with average cluster size of the total Ar
2p;»—4s cross section. The N values are estimated using the relationship
reported by Farges et al. (Ref. 9). The second panel compares [4s(2
+43)), the sum of the relative intensity of the second and third compo-
nents of the 4s region expressed as a percent of the total 4s signal, and
Ixgs, the amplitude of the Fourier filtered first shell Ar 2p EXAFS. The
EXAFS amplitude was scaled to that of 4s(2+-3). The lower three panels
indicate the cluster size dependence of the three 4s component signals,
expressed as a percent of the total signal. The curve labeled a in the lowest
panel is the intensity of the (Ar?* 4+ Ar’*) signal expressed as a per cent
of the total (noncoincident) mass spectral signal. This signal is represen-
tative of the atomic content of the molecular beam. The difference be-
tween the (AT + Ar**) and 4s(1) signal indicates that the 4s(1) signal
at lower nozzle temperatures contains cluster contributions, consistent
with the observed shifts in the 4s(1) energy. In all cases the solid lines are
the result of exponential or polynomial fits to the data points. These do
not have any theoretical significance but are included as guides to the eye.

The spectra of Fig. 5 (and others) have been analyzed
with Gaussian curve fits. A minimum of 3 components are
needed to explain the peak shapes of spectra recorded for
nozzle temperatures between —30 and — 100 °C. Since the
TEY signal contains contributions from all cluster sizes
present for a given expansion, one might expect a many-
component spectrum with poorly defined structure. How-
ever three components can provide a satisfactory fit to all
of the 4s spectra. One sample curve fit is presented in Fig.
5 while the component energies, peak widths, and cross
sections derived from the fits are summarized in Table IL
This analysis allows a quantitative evaluation of the redis-
tribution from an “atomiclike” signal [called 4s(1)}],
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through an “intermediate-clusterlike” signal [4s(2)] to a
“solidlike” signal [4s(3)].

The energies of each of the three Ar 2p—4s compo-
nents increase by ~0.35 eV over the sequence of decreas-
ing nozzle temperature and thus increasing cluster sizes.
Since small shifts in the monochromator energy scale may
occur or nozzle misalignment may change the composition
of the photoionized beam and thus the spectral shapes, we
have verified the results in three different series of measure-
ments. This has shown that the shifts in 4s peak energies
are time independent. However it can not be completely
excluded that the shifts have some instrumental compo-
nent since they are only slightly larger than the uncertain-
ties in the experimental energy scale. More accurate cali-
brations in combination with higher photon energy
resolution are highly desirable.

A systematic increase in the energy of the 2nd and 3rd
components with N is readily understandable but the in-
crease in the lowest energy component was puzzling at
first, since we had initially assumed this was the Ar
2p3/,—4s transition in the atoms present in the molecular
beam. However under more strongly clustered conditions
there is very little evidence for atoms in the mass spectrum
and yet a low lying 4s signal remains around 244.5 eV. The
upward shift in the energy of the 4s(1) signal can be un-

- derstood if one assumes this component includes the 4s

signal from small clusters and/or from Ar atoms at the
surfaces of larger clusters, in addition to the 4s signal of the
atom. With this outlook, the shift in the energy of the first
component is then interpretable in terms of changing pro-
portions of atoms and small clusters. In our previous work!
the 4s peak in the Aty partial ion yield spectrum for N of
10 (I'*=500) was observed to occur 0.35(9) eV above
that of the atom, i.e., at 244.7(1) eV. According to Fig. 2
the mass selected ion spectrum of Arj is associated with
the cluster species present because of the predominance of

- asymmetric charge transfer.” Thus a 0.35 eV shift relative

to atomic Ar is expected for small clusters. Since most of
the atoms are at the surface in small clusters, it is also
possible that atoms at the surface of larger clusters have
their 2p — 4s transition around 244.7 eV. A distinct valence
shell spectral feature associated with Xe in surface sites in
XeAr, clusters has recently been identified,® supporting
our view that surface shifts in rare gas clusters can be
significant. For expansion conditions in which there is still
an appreciable atomic content the 4s(1) signal occurs close
to the value for the atom and the small cluster signal gives
rise to a distinct second component. The 4s5(2) component
is clearly seen through most of the series of spectra.

For smaller cluster sizes the 4s(2) energy matches the
energy of the Ar 2p—4s transition in the Ary yield mea-
sured previously under N=10 conditions.! As the cluster
size increases, the position of the second line shifts closer to
245.0 eV similar to the position of the 4s(3) component
under weakly clustering conditions. The 4s(2) energy is

_very similar to that of the Ar 2p;,,—4s transition in a

monolayer of Ar physisorbed on Ru(001).!? This is con-
sistent with attributing the 4s(2) component not only to
small clusters, but also to Ar in a reduced bonding envi-

J. Chem. Phys., Vol. 98, No. 4, 15 February 1993

Downloaded 18 Jun 2002 to 130.113.69.66. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Riuhl et al.: Ar 2p spectroscopy of free argon clusters 2659.
TABLE II. Energies (eV), cross sections (Mb), and widths (eV) of the three Gaussian components fit to the Ar 2p;,, —4s structure.
Component #
Sample 1 2 3
Ty (Py) N E(eV) I(Mb) Width E(eV) I(Mb) Width E(eV) I(Mb) Width
Atomic® 244.39(1) 0.38 0.27
30 (1 bar)® 1 244.38° 0.41 0.43
30 10 244.42 0.37 0.42 24477 0.033 0.30 245.13 0.028 0.40
0 15-20 244.46 0.31 0.41 244.77 0.030 0.27 245.10 0.058 0.48
—30 22-80 244 .47 0.26 (0.42)4 244.78 0.113 (0.42) 245.22 0.108 (0.42)
—45 30-160 244.51 0.21 0.36 244.83 0.067 0.26 245.21 0.177 0.42
—80 60-270 244.57 0.057 (0.42) 244.86 0.096 (0.42) 245.30 0.26 (0.42)
— 100 80—430 244.55 0.061 0.35 244.87 0.095 0.37 245.30 0.35 0.42
—120 200-750 244.64 0.054 (0.48) 245.07 0.145 (0.48) 245.39 0.45 (0.48)
Solid® ) ’ 245.3(1)f 0.50 045

*From the electron energy loss spectrum reported in the literature (Ref. 5). The cross section was determined from normalization of the digitized

spectrum in the Ar 2p continuum.
bP,=>5 bar except for this entry.

“The energy scale was calibrated using the 2p, ,, —4s transition of the atom [244.390 (Ref. 5)] several times through the sequence of measurements. Shifts
of up to 0.2 eV were found between recalibrations so that some of the shifts with cluster size may be instrumental in origin. See the text for further

discussion.

9Gaussian widths in brackets were fixed during the nonlinear least-squares fit.
“From total electron yield measurement on bulk Ar(s) reported in the literature (Ref. 6).
t‘Average of reported values: 245.2 (Ref. 7) and 245.4 (Ref. 12). The cross section was determined from normalization of the digitized spectrum in the

Ar 2p continuum.

ronment such as that at the surface of larger clusters. Com-
ponent 3 has energies which increase from 245.1 to 245.4
eV with increasing . The highest value is very close to
that reported for the 4s exciton in solid argon.”!>13

The Ar 2p;,,—4s line in the Ar 2p TEY spectrum at
To=—120°C is very similar to that of the 4s exciton in
solid Ar,’ as expected from the overall similarity of its
spectrum with that of the solid (see Fig. 3). Since the
4s5(3) energy systematically increases, it appears that the 4s
excitonic energy is dependent on the cluster size. Cluster
studies provide a means for an accurate evaluation of the
difference in atomic and solid state 2p—4s energies since
detection modes specific for each component can be chosen
and acquired from the identical beam in a single scan.
When combined with threshold photoelectron measure-
ments of the same cluster beam accurate excitonic binding
energies can be evaluated. Given the wide range in the
published estimates of the IP of solid Ar and thus uncer-
tainty in the excitonic binding energy, such studies could
be very important in advancing our understanding of exci-
tons in rare gas solids.*?

Wormer et al’*?®® have studied the development
with size of Wannier excitons in the valence shell fluores-
cence excitation spectra of neutral clusters. Quite a large
cluster (>2000 atoms) is needed to see features at the
same energy as that of the n=2 (3p—3d) exciton in solid
Ar. Since the 4s is much more compact than the 3d orbital,
the Ar (2p~,4s) state in the solid should develop at much
smaller cluster sizes than the (Ar 3p“1,3a' ) Wannier exci-
ton, as observed. Indeed the (Ar 2p_1,4s) exciton should
probably be described as a Frenkel rather than a Wannier
exciton. Interestingly the (Ar 2p~?,3d) exciton appears at
about the same cluster size as the 4s exciton. This indicates
that the size of the compact 2p core orbital is more impor-

tant than the size of the much larger 4s or 3d orbital in
determining the cluster size needed to support specific ex-
citonic states. Haensel ef al.” have shown that the position
of the Ar (2p~',4s) exciton is constant through Ar:N,
solid solutions ranging from 10 to 100% Ar. In contrast
the (Ar 2p_1,3d ) exciton shifts to lower energy by 1.0 eV
as the Ar content of the film is increased from 10% to
100%. This supports a larger spatial size of the
(Ar 2p_1 3d) exciton and thus a greater environmental
sensitivity. These results have recently been reproduced in
studies of mixed Ar:N, clusters.*

E. Quantitative aspects: Cluster size dependence of
the Ar 2p;,,—4s signal

The systematic evolution of the 4s region is a quanti-
tative phenomenon, as demonstrated in Fig. 6 where the
contribution of each of the three components is plotted
against N values derived from the expansion conditions
using the relationship of Ref. 20 (see Table I). The ampli-
tude of the first shell EXAFS signal (extracted by Fourier
filtering analysis) is also plotted against the average cluster
size. This is found to give excellent agreement in trend with
the 4s(2) +4s(3) signal, the sum of the 2nd and 3rd com-
ponents in the three-component curve fit analysis of the 4s
region (see Fig. 5), i.e., those components for which there
is a more-or-less well-defined local environment of the
core-excited Ar. The EXAFS amplitude is the area of the
first shell signal (2-5 A) in the Fourier transform of the
normalized EXAFS signal (see Fig. 8 and Sec. III G). The
4s5(2)--45(3) and EXAFS signals clearly correlate with
average cluster size and with each other. This suggests that
either (or both) of these signals could be used to monitor
the proportion of large clusters in an argon beam.
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FIG. 7. Comparison of the total electron yield (TEY) and the partial ion
yield (PIY) spectra of the most highly clustered beam (7T,=—120°C,
Do=>5 bar) with that of solid Ar, digitized from Ref. 6. The PIY is the
signal for Ar;}, 3 <n <10 in the TOF mass spectrum recorded with pulse
extraction. The labelling of the x-ray absorption near edge (XANES) fine
structure features corresponds to that given in Ref. 6.

The sum of the Ar*t and Ar’t signals in the TOF
mass spectrum is also plotted in Fig. 6 (curve labeled “a”).
This should be proportional to the amount of atoms
present in the beam since these species only arise from
atomic photoionization for photon energies above 252 eV.
If 4s(1), the first component of the 4s signal, only con-
tained contributions from atomic Ar then the
%(Ar*t,Ar’*) signal should follow the cluster size de-
pendence of that signal. Instead the % (Ar**,Ar’%) signal
decreases with cluster size much more abruptly than the
4s(1) signal. This supports our interpretation that the
4s(1) signal arises from both atomic and surface/small
cluster species, with the proportion of each changing as the
cluster composition changes. This is consistent with the
0.35 eV shift to higher energy over the cluster size distri-
bution. ,

Systematic spectral variations with average cluster size
were obtained using all of the detection modes. However
the partial and total ion signals were much more sensitive
to operating parameters than the TEY and also much less
representative of the true cluster distribution. Thus, al-
though the TIY(ch) and TIY(TOF) signals also showed
evolution of 45 and EXAFS components as a function of
nozzle temperature, the spectra never approach as close to
the solid spectrum as do the TEY spectra (see Fig. 3). For

Ruhl et al.: Ar 2p spectroscopy of free argon clusters

“this reason the 4s-EXAFS correlations derived from total

and partial ion yield spectra are not presented, although
both sets of spectra show trends qualitatively similar to
those in the TEY data.

F. XANES

Figure 7 compares the Ar 2p spectrum of solid argon®
with that of the molecular beam under maximum cluster-
ing conditions, recorded by total electron yield (TEY) and
by the partial ion yield (PIY) of Arj to Arjj ions, which
should be highly selective to heavier clusters.> A very good
match is found between the PIY and TEY spectra of the
clusters and that of solid Ar. It is noteworthy that both of
the cluster spectra exhibit a fine structure (labeled E---J’
in Fig. 7, as in Ref. 6) which matches that observed in the
solid state spectrum. Peak E has been attributed recently to
a phenomenon dependent on the polarizability,** a prop-
erty that should depend considerably on cluster size.

This fine structure may be associated with multiple
scattering of the outgoing Ar 2p electron by the surround-
ing Ar atoms (the so-called XANES structure®>7). Such
structure is sensitive to angular as well as radial correla-
tions. It has structural sensitivity over a considerably
longer range than the single scattering EXAFS fine struc-
ture. The XANES fine structure features are certainly not
evident in TEY spectra of the smaller clusters produced at
higher nozzle temperatures (75> —30°C), even though
the EXAFS oscillations are clearly visible (see Fig. 4). In
fact a distinct increase in the amplitude and a sharpening
of these XANES fine structure components is seen when
T, is decreased from — 100 to — 120 °C. Apparently this
fine structure is formed only in larger clusters, even though
the single scattering first shell EXAFS signal develops un-
der less extreme clustering conditions. Note that the vibra-
tional amplitudes, and possibly the degree of disorder, in a
given cluster likely decrease significantly as the nozzle tem-
perature is decreased. These factors, as well as the increase
in the cluster size, are probably important in the develop-
ment of the XANES fine structure at the coldest nozzle
conditions. The occurrence of a liquid —solid phase trans-
formation!! in the clusters may also be contributing to our
observations. A detailed study of the evolution of this
XANES structure as a function of average cluster size
could provide additional information on cluster structure
which could complement the elegant electron diffraction
studies of Ar, (10<7<700).° It may be possible to ana-
lyze the XANES multiple scattering fine structure through
comparison with multiple scattering theory.>® This has
been applied recently to obtain a complete structural de-
termination of atomic adsorbates.’” Given that the Ar 2p
signal corresponds to an average over a number of cluster
structures, the task of structural identification by compar-
ison of experimental spectra with computed Ar 2p XANES
for various model structures will be very laborious and
perhaps partly inconclusive. Preliminary studies using the
code of Pendry et al.*® have been able to reproduce the
larger amplitude XANES structures of the spectrum of
solid Ar (Ref. 6) but not the finer features.
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FIG. 8. Analysis of the Ar 2p EXAFS extracted from the average of nine
TEY spectra, all recorded for nozzle temperatures below —60 °C. The
upper panel presents the background subtracted k'-weighted EXAFS sig-
nal (points) along with the Fourier-filtered first shell component (solid
line). This is compared to that predicted for first shell EXAFS in solid Ar
using the Feff spherical wave calculation (Ref. 39) with R=3.78 A,
0?=0.04 A%, N=12, E,=—2 &V. The lower panel is the magnitude of the
Fourier transform of the experimental Ar 2p EXAFS. The dotted line
indicates the R range included in the reverse transform to generate the
Fourier-filtered signal plotted in the upper panel.

Recently the Si-K and Ge-K spectra of a series of Si-
and Ge-containing molecules and solids have been investi-
gated®® to explore how inner-shell spectroscopy can be
used to probe the development of extended bonding in
semiconductor materials. That work has addressed the
question of the range about the core excited/ionized atom
which contributes to the observed spectral signal in various
spectral regions: pre-edge ( < IP) resonances; x-ray absorp-
tion near-edge fine structure (XANES) (0-20 eV photo-
electron energy) and extended x-ray absorption fine struc-
ture (EXAFS) (> 20 eV above the IP). A high frequency
XANES fine structure somewhat similar to the high fre-
quency XANES component in the Ar 2p spectia of solid
and large clusters of Ar, is found in the semiconductor
materials but not in the small molecules. This indicates the
structure is sensitive to a relatively large spatial range of
structure, as is the corresponding structure in solid Ar and
the larger Ar clusters.

G. Ar 2p EXAFS of Ar, clusters

As found in the Arj partial ion yield spectrum re-
ported earlier, ! the Ar 2p continuum signal in the TEY
spectra’ is clearly EXAFS, predominantly associated with
the first shell distance. Figure 8 presents an analysis of
EXAFS extracted from the sum of nine TEY spectra for
cluster beams created with Tj< —60°C for which the
EXAFS data differs in amplitude but is otherwise very
similar, at least at the statistical precision of these results.
An Ar—Ar first shell distance of 3.78(5) Ais found, based
on the theoretical Ar—Ar phase shifts calculated for Ar 2p
ionization with the Feff 4.0 spherical wave code.>® This is
in good agreement with the nearest-neighbor distance of
3.75 A in solid Ar.® Analysis of the TEY EXAFS from
spectra at single nozzle temperatures gives distances of
3.7(1) A

Figure 8 also compares the measured EXAFS signal
with that predicted by Feff spherical wave calculations®
for the first shell contribution in solid Ar, assuming a co-
ordination number of 12 and a Debye—Waller o® term of
0.04 AZ, corresponding to a relative displacement of 0.2 .&,
or 5% of the bond length. This calculation was carried out
for both the Ar 2p;,, and Ar 2p,,, components which were
then shifted by 2 eV relative to each other (to account for
the spin—orbit splitting) and then summed in a 2:1 ratio. In
order to get a good match to experiment in wave number
domain the origin in energy space of the Feff calculation
needed to be 250 eV. The IP of Ar(s) has been estimated
to be 246 (Refs. 6 and 7), 247.1 (Ref. 40) or 248.5 (Refs.
12 and 42)—in all cases several eV below the gas phase IP.
Since the IP of large clusters is expected to be similar to the
solid state IP, this Feff origin corresponds to an inner po-
tential (E,) of about —2 eV. Since E, can be as large as

- —15 eV, the —2 eV value is very reasonable. The positions

and amphtudes of the Feff calculated oscillations are 31m-
ilar to experiment although the intensity at 2.2 A~!
underestimated. The relatively large Debye-Waller term
indicates either that there are large amplitude motions in
the clusters, or (more likely) that the distribution of dif-
ferent sizes and structures is equivalent to a high degree of
static disorder. The agreement between the experimental
EXAFS data and that predicted using the McKale curved
wave phases and amplitudes was significantly worse than
that predicted by Feff, particularly for wave numbers be-
low 3 A~%..

Does our data show any evolution in the mean Ar-Ar
distance with increasing cluster size? The largest difference
would be expected to occur between the dimer and larger
clusters. We examined the Ar 2p EXAFS in the Art PIY
spectrum recorded under expansion conditions where the
beam is expected to have a large proportion of dimers [p,
=3 bar, Ty=0 °C corresponding to T*=370, N=4 (Refs.
9, 20, and 25)]. The Ar™ partial ioh yield signal should be
rather specific for the dimer (or more generally, the non-
atomic component) since Ar 2p ionization of atomic Ar
results in mainly Ar** (se¢ Fig. 2). The Ar—Ar distance
derived from the Ar 2p EXAFS in the TEY or Ar* PIY of
the dimer could not be distinguished from that derived
from the Ar 2p EXAFS of the larger clusters. We do not
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consider this as a definitive result because of the limited
R-space resolution for Ar 2p EXAFS associated with the
short data range which is limited by the onset of Ar 2s
excitation at 320 eV. Measurements of Ar ls EXAFS
(3200 eV) could be more sensitive to variations in first
shell Ar-Ar distance with cluster size since this should
have a longer range of usable EXAFS data and thus better
R-space resolution. Farcia et al. 22 have recently success-
fully used Ar 1s EXAFS to show the average first shell
distance in high pressure Ar bubbles in Al is contracted
0.31(5) A relative to unpressurized solid Ar. Thus Ar 1s
spectroscopy of Ar, cluster beams may provide detailed
structural information. We have recently performed exper-
iments of this type at DESY. These results show that Ar 1s
EXAFS can be recorded over a significantly larger &
range.*> However more accurate structural results have not
yet been achieved because of lower statistical precision. Ar
15 experiments are very challenging because the cross sec-
tion for Ar ls ionization is much lower than that for Ar 2p
ionization.

IV. SUMMARY

This work clearly shows that x-ray absorption and ion
yield techniques are powerful tools for studies of neutral
cluster beams. Further improvement in the’ quantitative
precision of the data is desirable and should be readily
achievable. Elimination of mass discrimination effects will
lead to high mass PIY spectra with much better statistical
precision which should allow comparisons of the spectra of
different portions of a given cluster distribution. This could
help to separate the influence of size and temperature on
the Ar 2p spectra. With improved data it may be possible
to use the EXAFS and/or XANES signals to quantify the
changes in the average structure of a given cluster distfi-
bution and thus characterize the evolution in geometric
structure which likely occurs in parallel to the evolution in
the electronic structure so clearly seen in_the 4s region.
Ideally one would like to find ways to narrow the cluster
distribution in order to get structural information on one
particular cluster size.

This work is one of the first cases where the evolution
from atom to solid through clusters has been studied by
core excitation spectroscopy. Studies of this type for Tm
(Ref. 44) and Sm (Ref. 45) maitrix isolated clusters have
been reported recently. A theoretical treatment of the de-
pendence of the Ar 2p;,,—4s energy on cluster size could
be very helpful in providing a more detailed interpretation
of these results and would be greatly welcomed. The pros-
pect of contributing to the understanding of the size de-
pendence of the geometric structure of Ar, clusters’ awaits
better quality EXAFS and perhaps detailed XANES anal-
ysis. Finally, these results clearly show that Ar 2p spec-
troscopy, particularly a line shape analysis of the 4s region,
has great promise for cluster beam diagnostics.”
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