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We report the electronic structure study of intermetallic CeCo2 nanothin films of various thicknesses by X-ray
absorption near-edge structure (XANES) spectroscopy at Ce L3-, Co K-, and L2,3-edges. The Ce L3-edge absorption
spectra reveal that the contribution of tetravalent Ce component increases with the film thickness, and all investigated
nanothin films exhibit intermediate valence nature. Variation of the spectral intensities observed at the Co K-edge
threshold implies modification in the Co 3d states and the enhancement of 3d-4f-5d hybridization. The Co 3d and Ce 4f
occupation numbers were estimated from these spectroscopic results. The present study brings out how the surface-to-
bulk ratio and the charge transfer between Ce and Co ions affect the electronic structure of nanothin films.

1. Introduction

Nanometer scale thin films (or nanothin films) of thickness
from 10 to a few hundred nanometers are of great interest
for understanding fundamental questions such as how surface
properties develop into bulk properties and how their electronic
structuremodifies during the process of such changeover. Among
rare-earth-based intermetallics, cerium (Ce)-based compounds
fascinate materials scientists because of their puzzling electronic
properties such as kondo effects, long-range magnetic ordering,
coexistence of heavy-fermionic behavior, and superconductivity.1

These unusual properties are commonly attributed to hybridiza-
tion of the 4f electrons with the conduction electrons. Most
Ce compounds in their stable trivalent state, [Xe] 4f1 configura-
tion, show antiferromagnetic ordering at low temperature, and
only a few compounds show ferromagnetic ordering. CeCo2 is
a superconducting compound with transition temperature Tc of
1 K.1 It is considered that the Ce in CeCo2 is in the inter-
mediate valence state due to the collapsed volume.1-3 Its extre-
mely low magnetic susceptibility indicates that both Ce and
Co ions are essentially nonmagnetic in this compound.1,4 The
intriguing behavior of 4f electrons in rare-earth compounds is
that it can possess both localized and band-like nature, giving
rise to the extraordinary magnetic and electronic properties. The
electronic or magnetic properties of nanostructured materials
are different from those of the bulk, even for the same chemi-
cal composition and stoichiometry. This is attributed to either
the quantum size effect that increases the lowest unoccupied
states and lowers the highest occupied electronic state, or the
nonquantum size effect such as the structure disorder or surface

reorganization. A recent study on the heavy fermion com-
pound CeAl2 has demonstrated that the bulk CeAl2 exhibits
magnetic ordering,while the nanoparticles of the same compound
show nonmagnetic nature.5 This phenomenon has been attribu-
ted to the variation in the Ce 4f electronic configuration resu-
lting from the different surface-to-bulk ratio.6 On the other hand,
bulk CeCo2 is characterized as a Pauli paramagnet, and it under-
goes a nonmagnetic-magnetic transition with size reduction
down to the nanoscale.4 From the previous specific heat study,5

the linear coefficient of specific heat γ was 150 mJ/mol K2 for
the bulk CeAl2 and became 9000 mJ/mol K2 in CeAl2 nanopar-
ticles of 9.8 nm. A significant enhancement of the Kondo beha-
vior is also accompanied by a decreased Kondo temperature
TK (from 5 K to 0.5 K). In contrast, the γ was about 37 mJ/mol
K2 for bulk CeCo2, and the γ increased to 350 mJ/mol K2 with
TK∼0.4 K.7,8 Since the linear coefficient of specific heat
γ is proportional to the electron density of states (DOS),5,9 the
change of γ will give rise to the different electronic configura-
tion. Thus CeCo2 exhibits much weaker behavior compared to
CeAl2.

4,5

X-ray absorption near-edge structure (XANES) provides
direct information on valency and depicts the transition from
core level to unoccupied electronic states near the Fermi level
(Ef). Hence it is a preferred experimental tool to study the modu-
lation of the electronic structure of films of nanometer thick-
ness. XANES can probe the charge transfer and the change
in local electronic structure of atoms or preferred occupation
sites around a specific atom. Hence, one would expect a signifi-
cant difference in the XANES spectra of CeAl2 and
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CeCo2: a single-peak profile in the case of CeAl2 and double-peak
profile for CeCo2 that arise primarily as a result of the difference
in their electronic configurations.

2. Experimental Details

The bulk CeCo2 sample was prepared by the arc-melting
method from high-purity constituent elements Ce (99.95%)
and Co (99.95%) in 1:2 atomic ratios in an argon atmosphere
(99.999%). In order to obtain a homogeneous phase of CeCo2,
melting was repeated five times and annealed at 900 �C for a
week. The CeCo2 nanothin films of thickness 30, 40, 75, 110,
and 140nmwere fabricatedon toa glass substratewithout cooling
by flash evaporation of bulk CeCo2 ingot. All the “as-prepared”
nanothin filmswere annealed at 900 �C for the durationof 1week.
The structure and phase purity were determined by X-ray
diffraction, and these films were found to be in cubic Laves
structure with a lattice constant of a0=7.160 Å.

X-ray absorption measurements were performed at the Na-
tional Synchrotron Radiation Research Center (NSRRC), Tai-
wan. The XANES spectra at Ce L3-, and Co K-edges were
carried out at Wiggler beamline 17C using fluorescent mode
at room temperature. The monochromator Si (111) crystals
were used at Wiggler beamline 17C with an energy resolution
ΔE/E better than 2�10-4. The energy resolution at 5723 eV
(Ce L3-edge) was about 0.3 eV, and for the Co K-edge, it was
∼0.4 eV. In order to eliminate the effect of the self-absorption,
all measurements were done in normal incidence geometry.
Since pure Ce gets oxidized very easily, the energy scale was
calibrated by using vanadium thin film (V K-edge at 5465 eV).
The Ce L3-edge has an absorption energy of 5723 eV, which
is∼160 eV above the VK-edge. The compoundCeF3 was used as
a reference for the Ce L3-edge, which shows a single peak profile
at 5727.1 eV. Apart from this, the experimental setup allows
one to simultaneously measure the reference sample CeF3 behind
the CeCo2 nanothin films. The signal of this reference sample
was noisy because of the X-rays that can not totally transverse
the substrate. However, the first-differential point of raising
absorption edge still allowed us to check the energy. The XANES
spectra at Co L2,3-edges were recorded at HSGM beamline
20A using total electron yield mode. The energy resolution was
set to 0.2 eV.

3. Results and Discussion

Figure 1 shows Ce L3-edge XANES spectra of CeCo2 nano-
thin films along with bulk CeCo2. The large number of unoccu-
pied Ce 5d orbitals, via 2p to 5d transition, results in two
prominent L3 white lines, marked as A1 and B1. The ground
state of the Ce atom has the electronic configuration of [Xe]
4f15d16s2. In Ce intermetallics, the 5d16s2 electrons participate
in bonding and form a part of the valence band. The 4f electron
occupancy is primarily determined by the chemical environment.
This can be visualized as two configurations, 4f1 (Ce3+ state)
and 4f0 (Ce4+ state), which result in two distinct spectral struc-
tures (A1 and B1) in Ce L3-edge XANES. The double-peak
spectral shape at the L3-edge is known to be the signature of
the intermediate valence nature.10,11 In general, Ce L3-edges of
strongly correlated systems, such as cerium-based oxides, display
three characteristic contributions associated with 4f1, 4f0L,
and 4f0 configurations when Ce ions are in +3 and +4 states.
For such systems, there is strong hybridization of the Ce states
with O 2p states, which give rise to ligand holes represented

as 4f0L configurations.12,13 As to the intermetallic compound,
CeCo2, the ligand hole state is absent and should result in two
contributions at the threshold of the Ce L3-edge spectra. The
inset shows the profile of the line-width of the spectral feature
A1 and the thickness of the nanothin films. As evident from
Figure 1, there is a clear spectral evolution indicating a change
in the valency and line-widths depending on film thickness. These
parameters are likely to provide better understanding of the
intermetallics. Enhancement of the 4f1 state implies an increase
of 4f electron occupancy at Ce site as the thickness decreases.
In Figure 1, all spectra show trivalent and tetravalent Ce
valence states as shown in the fitting procedure (deconvoluted)
marked by dashed lines at the bottom of the figure. Each valence
state can be decomposed into a Gaussian function and an arctan-
gent edge jump function.14 The former function describes the
localized 5d final states, which reflect the Ce3+ or Ce4+ valence
states, and the latter represents the transition to continuum
states above Ef. The open circles represent the fitting curve by
summing the weighted Ce3+ and Ce4+. The fitting curves
are found to be in good agreement with the experimental
results. Subsequently, the average valency of Ce was evalua-
ted by following a standard procedure,15 v=3+(ICe4+/(ICe3++
ICe4+)), where ICe3+ and ICe4+ are associated with the inte-
grated intensities of the trivalent and tetravalent Ce contri-
butions. The estimated valencies of Ce for bulk, 140, 110, 70,
40, and 30 nm nanothin films are, respectively, 3.30, 3.30, 3.28,
3.27, 3.24, and 3.22. It clearly shows that the valency increases
with thickness of nanothin films. There is minor a discrepancy

Figure 1. XANES spectra at Ce L3-edge for bulk and various
thicknesses of CeCo2 nanothin films. Note the change in spectral
features A1 and B1 with the thickness of the film. Inset shows the
line-width of spectral feature A1 which changes with the film
thickness.
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from the fitting around 5720 eV due to the contribution of the
dipole-forbidden 2p to 4f transitions.

Two major factors determine the electron energy levels in
nanoscale materials: the increased surface area, and the reduced
coordination number. The former broadens the band, while the
latter tends tonarrow the band.16The bandnarrowing is observed
in Ce L3-edge XANES as the thickness is decreased (shown in the
inset of Figure 1), indicating the reduced coordination number.
This observation is also consistent with results of CeAl2 thin films
and CeCo2 nanoparticles.

17 In CeAl2 nanoparticles, the valency
change is explained by the stronger surface pressure lifting the
4f level up close to the conduction band.6 However, the present
result does not support this statement since there is no shift
of the Ce 4f levels relative to the Ef, otherwise the valency should
enhance as the thickness of the CeCo2 thin film is increased.
Apparently, in addition to the modification of the Ce 4f level
position due to the increase of the valency, there should be
other competing mechanisms that dominate the valency change
in the CeCo2 system.

The physical and chemical properties of solid-state matter are
determined primarily by the bulk volume. In the case of nano-
materials, these properties could be influenced significantly by
the surface area. The surface-to-volume ratio is a useful parameter
when studying the transition from bulk to nanomaterials. Surface
tension (γ) and cohesive energy (G) are two important physical
quantities that determine the growth and thermal stability of the
materials. While surface tension is caused by the attraction
between the molecules due to various intermolecular forces, the
bulk cohesion is the energy required to separate the atoms of
the solid into isolated atomic species. Since γ refers to the sur-
face energy per unit area and G is the attractive energy per
unit volume, one can represent the surface energy as γA and
the bulk cohesive energy as GV where the quantities A and
V represent the surface area and volume of the solid, respectively.
In nature, materials attempt to balance surface energy and bulk
cohesive energy (i.e., γA=GV). Thus the surface-to-bulk ratio
is defined as the ratio of the number of surface atoms to the
number of bulk atoms and reflects the relativemagnitude between
the surface tension and bulk cohesive energy of the material.
In other words, the surface-to-bulk ratio directly refers to
the surface-to-bulk energy ratio (A/V=G/γ) and is inver-
sely proportional to the radius or thickness of the solid if the
shape has a perfect geometry. The analysis of the surface-to-bulk

ratio is useful in understanding the electronic structures of
these nanothin films. The dimensions of the nanothin films
in this study were ∼ 5 mm�5 mm�thickness. The surface layer
is about few atomic monolayers, and it is assumed that
the thickness of surface layer is d. Thus the surface area should
be regarded as a very thin layer of ∼5 mm� 5 mm� d. If the
contribution of the side wall of the film is neglected, the surface-
to-bulk ratio is solely determined by the ratio of layersurface/
layertotal, and thus the surface-to-bulk ratio results as ∼d/thick-
ness. Consequently, the thickness plays an important role in
the surface-to-bulk ratio of nanothin films, and the values of
surface-to-bulk ratio are estimated to be 0.0333, 0.0251, 0.0133,
0.0091, and 0.0071 for 30, 40, 75, 110, and 140 nm, respectively.
These results along with the valency as a function of thickness
are shown in Figure 2. This analysis of surface-to-bulk ratio
appears to be adequate. In short, for solids, the physical and
chemical properties of solids are determined by the bulk, and,
for nanothin films, the properties are influenced primarily by the
surface.

To understand the origin of variation of Ce valency and the
correlation at the Co site, we measured XANES at Co K- and
L2,3-edges. Taking advantage of the orbital and site selectivity
offered by X-ray absorption process, by tuning the photon
energy near Co K- and L2,3-edges, one can investigate the
electronic structure at the Co site and valency change. The
normalized XANES spectra at the Co K-edge are presented
in Figure 3. For Co K-edge absorption, where the inner 1s
electron is excited to the final state, the 4p orbital reflects the
density of unoccupied 4p states above the Fermi level, thus the Co
K-edge mainly probes the unoccupied 4p states. However, the
pre-edge peak structure is attributed to 3d character due to the
hybridizedCo 4sp-Co 3d states as well as the hybridizedCe 4f-5d-
Co 3d states.18 As a result, the prepeak comprises mixed states,
and its intensity does not directly reflect the change of the Co 3d
state alone.

Figure 2. Ce valency variation and surface-to-bulk ratio with
thickness.

Figure 3. XANES spectra at Co K-edge for bulk and nanothin
films of CeCo2. Inset demonstrates the change of the shoulder-like
feature A3 after subtracting the background.

(16) Mason, M. G.; Lee, S.-T; Apai, G; Davis, R. F.; Shirley, D. A.; Franciosi,
A; Weaver, J. H. Phys. Rev. Lett. 1981, 47, 730.
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Inset (left) in Figure 3 displays how the shoulder feature A3

is deduced from the curve fitting using Lorentzian function after
the background subtraction. The right inset shows A3 intensity
dependence upon the changing of film thickness. Calculations
of ref 19 and 20 indicate that the spectral feature A3 arises from
the stronger hybridization between the conduction states of
Ce (4f, 5d) and those of Co (3d).19,20 Thus, the modification of
A3 may reflect the change of the hybridization strength and
variation of the density of empty 3d states.21 This systematic
reduction in the intensity of the feature A3 with decreasing
thickness results from a reduced hybridization between conduc-
tion states of Ce (4f, 5d) and of the corresponding Co 3d states.
A progressive decreased intensity also implies the change in the
Co 3d states resulting from the electronic perturbation of theDOS
driven by the surface-to-bulk ratio.11 Band structure calculations
show that the DOS near the Ef largely arises from the Ce 4f
band and Co 3d band. This calculation further reveals that the
contributions to theDOSatEf fromCo3d,Ce 4f, andCe 5d states
are about 45, 31, and 7%, respectively.22 The other contributions
are substantially small.

To evaluate the change of Co 3d states precisely, we measured
the XANES spectra at Co L2,3-edges that probe the transition
from 2p to 3d states and give direct information about the
unoccupied 3d states. Figure 4 shows the normalized XANES
spectra at the Co L2,3-edge. The integrated intensity across
the absorption edge after removing the transition to the con-
tinuum states (marked by the dashed line) is proportional to the
density of unoccupied 3d states. Since there is a strong corre-
lation between these unoccupied 3d states and the 3d occupancy,
one would use this fact to understand the above results. The
ground-state configuration of Co metal is 3d7. The ground
state configuration for the complete “3d occupancy” is 3d10. So
it becomes more convenient to count the “unoccupied 3d states”

using the parameter of “3d occupancy”. One would start with
Co metal and bulk CeCo2 and assume their 3d occupancy
numbers to be 7 (Co) and 7.5 (bulk CeCo2).

23-25 The area under
XANES spectra was measured to be 13.9 and 7.9, respectively,
for Co metal and bulk CeCo2. Since the area under the XANES
spectra is proportional to the unoccupied state, the 3d occupancy
can be estimated.24,25 Thus, the estimated “3d occupancy” will
be 7.093, 7.116, 7.195, 7.237, and 7.245 for nanothin films
with thicknesses of 30, 40, 75, 110, and 140 nm, respectively.

This is plotted in Figure 5 along with the occupancy number
of Ce. The Ce 4f occupancy numbers can be translated from the
valency, which is estimated fromFigure 1, by nf = 4- v. It shows
that the occupation of the Co 3d states decreases with a corre-
sponding increased Ce 4f occupation as the thickness reduces.
It is noted that the variation of Ce 4f occupancy is about ∼11%,
and the estimated variation of 3d occupancy is about∼5%. If one
takes account of the Co ions atomic ratio in CeCo2, the varia-
tion of Co 3d occupancy is consistent with that of Ce 4f
occupancy. This experimental observation suggests there is
charge transfer between Ce and Co, thus the charge transfer is
another factor in addition to the surface effect that influences
the Ce valency.

When the thickness of CeCo2 film decreases, the relatively
reduced hybridization and charge transfer results in less charge
distribution in the 3d orbital. As a result, the 3d band moves up
toward the Ef.

26,27 This is consistent with the recent calculation
that predicts that the 3d band of surface Co atom becomes
narrower and pushed up slightly toward the Ef in comparison
with the bulk.28 As the band is pushed toward the Ef, the
hybridization should be increased without affecting the Ce 4f
levels. However, this argument conflicts with the XANES result,
which shows small hybridization in thinner nanofilms. Conse-
quently, the influence of the Ce site has to be taken into account.
Possible explanations are that (i) the narrowing ofCe 4f band,29 in
accordance with the result from the line-width shown in Figure 1,
or (ii) the shift of the 4f band away from the Ef may reduce the

Figure 4. XANES spectra at Co L2,3-edges for various CeCo2
nanothin films. The intensity of spectral features increases as
thickness of the film decreases.

Figure 5. The graph shows the occupancy of Ce-4f and Co3d at
different thickness.
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overlap of the 3d and 4f bands.28 The band structure calcula-
tions, based on generalized gradient approximation (GGA) in
pseudopotential and GGA with the on-site Coulomb energy U
(GGA+U) calculation shows the Ce 4f states from the surface
layer is shifted away from the Ef by 2 eV. Thus, even though the
3d band is shifted up to the Ef, the overlap of wave function from
3d and 4f decreases and also reduces hybridization strength in
nanothin films. From the above discussion, the valency change is
closely related to the surface-to-bulk ratio, and the charge transfer
between Ce and Co has the consequence of the valency change
driven by the different surface-to-bulk ratio.

4. Conclusion

The XANES study at the Ce L3-edge revealed that Ce ions are
in the intermediate valence state, and the contribution of the

tetravalent component increases as the thickness of the CeCo2
nanothin films increases. XANES at Co K- and L2,3-edges show
that the hybridization strength and 3d occupancy also varies
with film thickness. It is found that charge transfer from Ce to
Co increases with thickness of CeCo2 nanothin films. Both the
bulk-to-surface effect and the presence of Co 3d charge transfer
modify the Ce 4f electron occupation, resulting in the change of
DOS and the valency. The experimental findings suggest that
the valency change in CeCo2 is due to the charge transfer driven
by the surface-to-bulk ratio effect.
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