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X-ray photoemission and absorption spectroscopy of supported nanoscale
iron clusters

K. W. Edmonds, S. H. Baker, S. C. Thornton, M. J. Maher, A. M. Keen,a) and C. Binnsb)

Department of Physics and Astronomy, University of Leicester, Leicester LE1 7RH, United Kingdom

~Received 5 April 1999; accepted for publication 5 April 1999!

Fe particles with sizes in the range 1–5 nm, formed by a gas-aggregation method and deposited onto
graphite and C60 supports, were studied by x-ray photoemission spectroscopy, x-ray absorption
spectroscopy, and magnetic linear dichroism. Clusters deposited onto a C60 coated graphite substrate
become embedded within the fullerene film, and have an increased resistance to oxidation compared
to exposed clusters supported on a graphite surface. No evidence for hybridization between the
electronic states of Fe and C60 is seen. The magnetic dichroism signal of the exposed clusters
increases sharply with the film thickness because of the increased cluster interactions. ©1999
American Institute of Physics.@S0021-8979~99!05717-5#
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INTRODUCTION

Nanoscale particles define a boundary between
atomic and the solid state. Novel electronic and magn
properties can occur in such systems, arising from the h
proportion of low coordinated atoms at the surface, a mo
fied atomic arrangement, the quantum size effect, and
confinement of the Fermi sea to a small volume. Previ
studies have shown that such systems can possess ma
moments that are enhanced with respect to the bulk.1–3

In x-ray photoemission spectroscopy~XPS!, electrons
are excited from bound states to continuum states far ab
the Fermi levelEF . This is a popular tool for the study o
small metal particles.4–11 The perturbed electronic structur
in the initial state,4 and the reduced screening of the co
hole in the final state,5 can have considerable influence o
the shape and position of the characteristic photoemis
peaks of an assembly of nanoscale particles. XPS can als
used to yield magnetic information, in certain experimen
arrangements where the photoemission spectrum is a f
tion of the orientation of the sample magnetizationM . One
of the most versatile of these experiments is magnetic lin
dichroism in the angular distribution of photoelectro
~MLDAD !.12 In MLDAD, photoelectrons are excited with
light of linear polarizationP, and collected along the direc
tion e. The vectorsM , P, ande define a chiral experimenta
geometry. A large change in the photoemission spectrum
core levels possessing an angular momentum quantum n
ber l .0, of up to around 40% of the total intensity, can
observed upon reversing the chirality, i.e., upon reversingM .
MLDAD is therefore an element specific probe of surfa
magnetism.13

Another useful probe of electronic structure is x-ray a
sorption spectroscopy~XAS!. Unlike XPS, XAS studies
transitions to allowed states just aboveEF . The spectrum

a!Also with: Research Institute For Materials, Toernooiveld 1, 6525
Nijmegen, The Netherlands.

b!Author to whom correspondence should be addressed; electronic
cb12@le.ac.uk
2650021-8979/99/86(5)/2651/4/$15.00

Downloaded 24 Apr 2013 to 143.210.120.177. This article is copyrighted as indicated in the abstract
e
ic
h
i-
e
s
etic

ve

n
be
l
c-

ar

of
m-

-

therefore yields information concerning the unoccupied p
of the local density of states.14 In particular, the total inten-
sity associated with an absorption edge is proportional to
number of dipole allowed empty states per atom. When p
formed with circularly polarized light, XAS can also yiel
important magnetic information, as x-ray magnetic circu
dichroism.3,14,15

In the present work, XPS, MLDAD, and XAS were use
to characterize Fe clusters deposited onto two substra
freshly cleaved highly oriented pyrolytic graphite~HOPG!,
and HOPG coated with a thick film of C60. Both of these are
relatively chemically inert, and so the properties of the clu
ters are only weakly perturbed by the support.

EXPERIMENT

The portable gas-aggregation source used in
experiment16 can deposit a beam of Fe clustersin situ onto
substrates within an ultrahigh vacuum~UHV! system. Clus-
ters can be size selected before deposition using a high m
quadrupole filter; or alternatively, a high flux of unfiltere
clusters can be deposited. Electrostatic deflectors allow
neutral unfiltered and the ionized size-selected cluster be
to be separated. The neutral clusters land with thermal e
gies, while the ionized clusters are accelerated to around
eV per cluster before deposition.16 The free jet expansion in
the cluster source is too weak to cause significant accel
tion of the clusters.

Scanning tunnelling microscopy of clusters deposi
from this source onto a range of substrates17,18 has shown
that the unfiltered beam has an asymmetric log-normal
distribution with the peak at 2.3 nm~'500 atoms! and a
median diameter of 3.1 nm. No evidence for migration, fra
mentation, or coalescence of clusters was observed in t
studies, for either the size-selected or the unfiltered dep
tions. The number of ionized clusters deposited can be a
rately measured, by integration of the sample drain curr
during the deposition. For the neutral clusters, the film thi
ness was calibrated using a quartz oscillator. In the follo
ing, the film thickness is expressed as a fraction of comp
monolayers ~MLs! of closely packed 2.3 nm diamete
il:
1 © 1999 American Institute of Physics
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clusters. The experiments were performed on Beamlines
and 1.1 of the SRS, Daresbury laboratory. HOPG substr
were cleaved in air and attached to a liquid He cryos
within the beamline UHV end stations. The cluster sou
was coupled to the chambers through a gate valve. Be
cluster deposition, the substrates were heated to 520
which is sufficient to remove measurable contaminants fr
the surface.

Clusters were deposited with the substrate cooled
30 K. During deposition, the chamber pressure w
'1025 mbar due to the presence of the He bath gas use
the cluster formation, while the partial pressure of the
sidual contaminants remained at the 10211– 10212mbar
level. After the gate valve was closed, the vacuum recove
to better than 10210mbar within 2 min. Some of the sub
strates were covered with a thick layer of C60 prior to cluster
deposition, by the sublimation of 99.5% pure C60 powder
within the UHV chamber. A ‘‘conventional’’ Knudsen ce
type UHV Fe evaporator was also used to produce Fe fi
during the experiments.

XPS measurements were performed using a HA1
CHA with multichannel detection. Photoelectrons were c
lected at 40° to the photon beam. For the MLDAD measu
ments, spectra were taken after magnetic field pulses w
applied along the sample surface, and perpendicular to
plane defined byP ande, using Cu coils. XAS measuremen
were performed by measuring the sample drain current as
photon energy was swept through the FeL2,3 edges.

RESULTS AND DISCUSSION

Two samples consisting of 0.02 ML of Fe clusters ma
selected in the size range 2.5–3.5 nm were produced, the
by deposition directly onto HOPG, and the second by de
sition on a HOPG substrate coated with an 80 Å thick la
of C60. The XAS FeL3,2 were measured under the sam
conditions for each sample. The edge jump, normalized
the beam intensity, was found to be smaller for t
C60-covered substrate by a factor 7.5, even though
amount of Fe within each sample is the same to within 5
The likely cause of the reduction in intensity is that the
clusters become embedded within the C60 film. Using a total
electron yield sampling depth of 17 Å for the FeL3,2 edge as
given in Ref. 15, this implies that on average the clusters
buried in the C60 film to a depth of 35 Å, or 3–4 molecula
layers. This is in contrast to a monolayer of C60 upon
Si~111!, where a STM study has shown that deposited m
clusters remain above the C60 layer.17

Figure 1 shows the XAS after subtraction of a line
background fit to the pre-edge region, and multiplication
the Fe/C60 spectrum by 7.5. The spectral shapes and inte
ties are indistinguishable within the experimental error.
both cases the spectra have a similar shape and branc
ratio ~ratio of theL3 intensity to the totalL3.2 intensity! to
bulk Fe,14 indicating that the clusters do not fragment up
impact. Also, the similarity of the two spectra implies th
the band structure for the exposed and the embedded clu
are indistinguishable, with an equal number ofd-band holes
per atom in each case. This indicates that hybridization
Downloaded 24 Apr 2013 to 143.210.120.177. This article is copyrighted as indicated in the abstract
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weak between the electronic levels of Fe and the C60, in
contrast to the results of Ref. 9. The Fe clusters studied
that reference are grown by atomic deposition onto C60, and
are smaller than those studied in the present work, wh
may account for the discrepancy.

Figure 2~a! shows the XPS Fe 3p spectra recorded at
photon energy of 188 eV, under the same conditions,
three unmagnetized Fe samples on HOPG: two neutral c
ter depositions of density 0.11 and 0.73 ML, and a contin
ous film of thickness 30 Å grown by atomic deposition usi
the MBE evaporator. The latter spectrum is similar in sha
and energy to previously reported bulk-like Fe films
HOPG.11 There is an increased intensity on the high bindi
energy side of the peak for the cluster films, which appear
be independent of the film thickness.

FIG. 1. X-ray absortion spectra for equal coverages of mass-selecte
clusters on graphite~full line! and on a C60 film ~dots!, after subtraction of
a linear background. The spectrum for Fe on C60 has been multiplied by a
factor of 7.5.

FIG. 2. Comparison of XPS data for a 30 Å continuous film on HOPG~full
line!, with: ~a! 0.11 ML Fe clusters on HOPG~open circles! and 0.73 ML Fe
clusters on HOPG~blackcircles!; ~b! 0.67 ML Fe clusters on C60 ~open
circles!.
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Figure 2~b! compares the Fe 3p spectra for the continu
ous film on HOPG with 0.67 ML of unfiltered Fe cluste
embedded in C60. The latter is very low in intensity becaus
of the short photoelectron mean free path, and was reco
at a reduced experimental resolution and a higher pho
energy~500 eV! than for the Fe/HOPG films. Apart from th
Gaussian broadening caused by the lower resolution, the
creased intensity tail is not present for the embedded film

Differences between the photoemission spectra of na
cale clusters and bulk systems have been meas
previously.4–11 Typically, a shift to higher binding energie
is observed, combined with an increase in width. This m
account for some of the intensity of the tail; however, it
surprising that the width hardly changes with increasing c
erage, and also that the embedded clusters are not subje
the same broadening as the exposed clusters.

A high intensity tail may be caused by the presence
additional photoemission peaks within the spectrum, co
sponding to Fe in a different chemical state if, for examp
the clusters are partially oxidized. Then, the difference
line shape between exposed and embedded clusters i
cause the C60 overlayers act as a protective coat against o
dation. Therefore, the oxidation occurs after deposit
rather than during the cluster formation process.

The spectra were fitted with a line shape matching
Fe 3p of the continuous film, plus an additional Lorentzia
line shape. The best fit was obtained with the extra pea
around 3 eV higher binding energy than the main peak. T
energy shift is close to the shift measured previously
Fe21,19 and indicates the presence of FeO within the films
small O 1s feature was also observed. The Fe21 peak ac-
counts for 10%–15% of the total Fe 3p intensity.

No shoulders are visible on the XAS spectra~Fig. 1! for
either exposed or embedded clusters, and there is no ob
able difference in the branching ratio. This may indicate t
the oxide is concentrated on the surface of the clusters
188 eV photon energy, the photoelectron mean free pat
'5 Å, and for a cluster containing six atomic layers, t
surface layer will contribute'42% of the Fe 3p intensity.
For total electron yield measurements of the FeL3,2 edge, the
secondary electron attenuation length is'17 Å, and the sur-
face layer contributes only 23% of the XAS intensity. The
fore the measured Fe21 contribution to the absorption spec
trum is much smaller.

Fe 3p spectra were recorded after applying a magne
field pulse along two opposite directions. The difference
tween the spectra (I 12I 2) is shown in Fig. 3 for the 30 Å
continuous film and for a neutral cluster film of density 1
ML on HOPG. The difference spectra are normalized to
same total height of the photoemission spectra (I 11I 2).
The MLDAD response of the continuous film is comparab
to previous observations for magnetically saturated
films,11–13 consisting of6 intensity lobes on either side o
the 3p peak. The maximum asymmetry is 7.5% on the h
binding energy~BE! side, and219.7% on the low BE side
For the cluster film, the dichroism peaks occur at the sa
energy as for the continuous film, but are reduced in mag
tude.
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MLDAD spectra were recorded for a range of clust
densities. In each case, the asymmetry is confined to
energy range257–254.5 eV for the1 lobe, and254.5–
52.5 eV kinetic energy for the2 lobe, the same binding
energy as for the bulk-like sample. The large intensity
high binding energies shows no asymmetry. This is furt
evidence that the tail can be attributed to the presence
FeO, as spin-resolved photoemission has shown that
Fe21 3p spectrum is unpolarized.19

No dichroism was observed for cluster films deposit
on C60. However, calculation of the radial matrix elemen
for Fe 3p photoemission show that the MLDAD signal fal
to around 10%–15% of its maximum value for electron
netic energies of around 450 eV.20 Given this and the lower
signal-to-noise ratio, the lack of measurable dichroism
the embedded films is unsurprising.

The peak-to-peak asymmetry as a function of clus
density upon HOPG is shown in Fig. 4. The asymmetry

FIG. 3. Difference between XPS spectra taken with opposite sample m
netization directions, for a continuous Fe film on HOPG~full line!, and for
Fe clusters on HOPG~circles!.

FIG. 4. MLDAD asymmetry versus coverage of Fe clusters on a HO
surface.
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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expressed as a percentage change of the total XPS inte
at a given energy, after background subtraction. The re
nent magnetiszation per atom increases sharply with incr
ing coverage. No dichroism is visible within the noise lev
for the cluster film of lowest density~0.11 ML!.

The lack of dichroism at this low coverage is because
the super paramagnetic nature of the clusters. At a temp
ture of 30 K and for particles containing;500 atoms, the
thermal relaxation of the magnetization is fast compared
the measurement time.21 Therefore, there is no detectab
remanent magnetization. At higher densities, the interac
between the clusters stabilizes the magnetization at 30
Therefore, the dichroism increases rapidly as the cover
approaches a complete layer of clusters.

An increasing remanent magnetization with density
clusters on graphite was also recently observed using m
netic circular dichroism in x-ray absorption.3 Unlike the
present result, the magnetization was measured out of
film plane. Since the magnetization increases with cover
in both directions, it is apparent that the increasing dichro
with coverage is not due to a switching of the film anisotro
from out-of-plane to in-plane or vice versa. Instead the
crease occurs because of the increased resistance of the
netization of each cluster to thermal fluctuations as interc
ter interactions grow stronger. Consistent with this result,
increase in the superparamagnetic blocking temperature
increasing volume filling fraction has been observed
nanoscale Co clusters in Ag and SiO matrices.22

SUMMARY

Nanoscale Fe clusters deposited onto a C60 film on
HOPG become embedded within the film. Evidence for o
dation in exposed clusters on HOPG is not present when
Downloaded 24 Apr 2013 to 143.210.120.177. This article is copyrighted as indicated in the abstract
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clusters are covered by a C60 film. The exposed clusters pos
sess an increasing remanent magnetization with increa
cluster density, because the cluster interactions oppose
mal magnetic relaxation.
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