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Abstract

Soft X-ray absorption spectroscopy (XAS) and resonant inelastic X-ray scattering (RIXS) have been performed on CeAl2 bulk and
nanoparticles of 8 nm to study the quantum size effect of this heavy-fermion compound. XAS and RIXS spectra recorded at selected photon
energies, reflect the local unoccupied and occupied electronic states. These spectral shape changes are attributed to surface effects originated
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rom the reducing particle size, which gives rise to different hybridization between the 4f orbitals and conduction band. The Ce in nan
xhibits mixed valencies with a small portion of tetravalent Ce in contrast to the mostly trivalent Ce observed in the bulk CeAl2. RIXS spectra
how a strong dependence on the excitation energies. The experimental results suggest the different f-electron configurations
anoparticle CeAl2.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The electronics industry is in need of the materials with
ltrasmall sizes to be used in novel devices for technological
pplications[1]. Nanomaterials are materials in the interme-
iated dimensions between the atom and the solid, exhibiting
lectronic, magnetic and structural properties that are dif-

erent from their bulk forms. The electronic structure is of
mportant to understand the properties of these nanomate-
ials [2]. In a recent study[3] of heavy-fermion compound
eAl2, the measurement of specific heat for 8 nm nanopar-

icles demonstrated that cerium atoms on the nanoparticle
urface are nonmagnetic. Additionally, the antiferromagnetic
ransition (TN = 3.8 K) observed in bulk CeAl2 was not shown
n the nanoparticles. The loss of magnetism was attributed to
hanges of the electronic structure induced by the reduced
article size.
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In rare earth compounds, the information on f-electron
cupancy is the key to understand the different physical
nomena. In correlated f-state system, the strong hybridiz
between 4f electron and the conduction electrons give ri
unusual physical properties, such as Kondo effect, val
fluctuation, and magnetic behavior. Since the f states can
both band-like and localized character, varying the streng
hybridization. In order to explore the effect of particle size
the electronic structures, we have performed X-ray abs
tion (XAS) and resonant inelastic X-ray scattering (RIX
studies on CeAl2 nanoparticles and bulk material.

2. Experimental details

CeAl2 bulk was first prepared by arc melting the hi
purity constituent elements Ce (99.9%) and Al (99.999
in an argon atmosphere (99.999%). The structure and p
purity were examined by powder X-ray diffraction and
hibits cubic Laves structure with a lattice constanta0 = 8.06Å
368-2048/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Ce M4,5 absorption spectra of the CeAl2 and CeO2. Bulk CeAl2
exhibits mostly 3d94f2 final state with two main structures at around 880
and 897 eV. The features A–D in nanoparticles related to 3d94f1 final states
are indicated.

which is consistent with that of previous report[4]. Nanopar-
ticles of CeAl2 were then fabricated on a liquid-nitrogen cold
trap by flash evaporation of bulk CeAl2 in an atmosphere of
0.1 Torr of He gas. Details of the sample preparation pro-
cedure are described elsewhere[5]. The X-ray diffraction
results of CeAl2 nanoparticles show the pure single phase of
CeAl2 with no trace of CeO2. The Ce M4,5absorption spectra
were recorded at beamline HSGM in NSRRC, Taiwan. The
Ce 4d absorption and RIXS spectra were measured on beam-
line 7.0.1 at ALS, LBNL. The RIXS spectra were normalized
to the maximum of elastic feature.

3. Results and discussions

The XAS spectra at the Ce M4,5-edge are shown inFig. 1
along with the reference sample: CeO2. In this case, a Ce
3d electron is excited to the 4f state or the valence band
(5d6s) at the energy of Ce M4,5-edge, that is, 3d104fn

VBm → 3d94fn+1VBm or 3d104fnVBm → 3d94fnVBm+1.
The former transition is the electron excited from 3d to 4f
level. The later process is the excitation in which an electron
goes into valence states due to the hybridization between 4f
level and valence state as it was established in early report[6].
These two processes are of important for describing the XPS
spectra. However, the later transition is too weak to be ob-
s
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and consequently can be assigned to the 3d94f1 final states.
This indicates that the CeAl2 nanoparticles exhibits the mix-
ture of 4f1(5d6s)3 and 4f0(5d6s)4 configurations in ground
state, which is in consistent with the observation from Ce L3-
edge. The strength of hybridization of the f-state and conduc-
tion state can be estimated from the spectral profile[7]. The
growth of features A–D in nanoparticles indicates stronger
interaction of the 4f level and conduction band with respect
to the bulk CeAl2.

The Ce 4d absorption promotes a 4d electron to a 4f state.
The XAS spectra, displayed inFig. 2, represent the excitation
of 4d104fn ground state to 4d94fn+1 final state. The shape of
4d absorption spectra is very sensitive to the occupancy of
the 4f state. The spectra consist of two regions: a group of
fine structures from 102 to 114 eV, and a strong broad band
in the energy region of 115–130 eV. The fine structures are
interpreted as transitions to multiplet splitting of 4d94fn+1

configuration as a result of the exchange and Coulomb in-
teractions between 4d hole and 4f electrons due to the radial
overlap of the 4d and 4f wave functions[8–10]. The broad
band absorption has been observed in many Ce compounds
[11]. This giant absorption resonance arises from a rapid de-
cay of 4d94fn+1 state into a continuum state. The XAS spec-
trum of bulk CeAl2 in Fig. 2(a) exhibits one broad band A1,
which is similar to pure Ce and indicates the Ce in bulk CeAl2
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Al
erved in XAS spectra. The spectrum of bulk CeAl2 exhibits
wo main structures at around 880 and 897 eV due to the
rbital splitting of 3d3/2 and 3d5/2 multiple structures of th
d94f2 final state. The line shape is quite similar to that o�-
e and very much different to that of CeO2 (top curve), which

mplies the valence in bulk CeAl2 is mainly +3. The spectru
f nanoparticles CeAl2 shows enhanced features A and C
dditional features B and D. The absorption features A–D

ncide with the energy positions of the main features of C2
s trivalent (4f ). However, the XAS results of Ce nanopa
les presented inFig. 2(b) shows: in addition to feature A1,
nother new broad feature A2 is observed around 124 eV th

s a characteristic of the tetravalent Ce. The energy pos
f feature A1 and A2 correspond to the Ce3+ and Ce4+ reso-
ances observed in the resonant photoemission spectr[12].
his implies that a mixture of Ce3+ and Ce4+ exists in CeAl2
anoparticles.

Fig. 2. Ce 4d-edge XAS spectra of bulk (a) and nanoparticle (b) Ce2.
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RIXS has been found to be very useful to elucidate inner-
shell excitation (f–f excitation) and charge transfer in rare
earth systems[13,14]. The 4d RIXS spectra of bulk and
nanoparticles CeAl2 for various excitation energies are dis-
played in the energy-loss scales inFig. 3. In order to obtain
the energy-loss spectra, the energy of the emitted photons
for each spectrum is subtracted from the incoming photon
energies (excitation energy). The excitation energies were
chosen as denoted by the letters d–f in the XAS spectrum.
Strong spectral variations upon different excitation energies
are observed. The spectra can be distinguished to three con-
tributions, e.g., the elastic scattering radiation, of inelastic
scattering and normal fluorescence emission.

The elastic scattering radiation (feature A) at energy-loss
0 eV is equal to incoming photon energy. The lowest energy
excited feature B at about 4 eV, is resonantly enhanced when
the energy is tuned to the XAS threshold energy. This fea-
ture is related to 4f0 character and can be an indicator of
the hybridization strength between 4f level and conduction
band[15]. All the energy-loss features of nanoparticles CeAl2
(see inFig. 3(b)) are more enhanced than that in the bulk
CeAl2 (Fig. 3(a)), which implies stronger hybridization re-
sulting from the mixtures of 4f0, 4f1, and 4f2 states. The
energy-loss features C at around 9 eV are mostly due to the
4f2 final states as a result of f1 → f2 charge transfer excita-
tion [16,17]. It is noticed that the RIXS features are more
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intermediate state 4d95p64f1 [16,18]. This charge transfer
has been also observed in XAS studies for different thick-
ness thin films of CeAl2 [18]. Several weak fine structures
D indicated by lines shift to higher energy-loss side as the
excitation energies increase. These structures are assigned to
the normal fluorescence emission due to 4f→ 4d transition,
which reflects the 4f band information. The inelastic feature
E represents the 5p→ 4f transitions in which a 5p electron is
promoted to the 4f shell. It starts with the 4d105p64fn initial
state to the 4d95p64fn+1 intermediate state and then radiative
decay to the 4d105p54fn+1 final state. Similar results are also
observed in other lanthanides[19,20].

4. Conclusion

The size dependent valence change in nanoparticles CeAl2
is observed in XAS spectra. The Ce in nanoparticles exhibits
a mixed valency with a small portion of tetravalent Ce in
contrast to the mostly trivalent Ce in bulk CeAl2. We ob-
served strong changes on the spectral shape of RIXS spectra
upon the excitation energies. The spectral features at around
20–25 eV below the elastic peak correspond to the transi-
tions between the 4d105p64fn initial state and 4d105p54fn+1

final state and consequently assigned to Ce core-core tran-
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ronounced in nanoparticles sample (Fig. 3(b)) than in the
ulk (Fig. 3(a)). However, in nanoparticles CeAl2, apart from
he f1 → f2 charge transfer excitation, there may be a ch
ransfer from Al 3p valence bands to 4f levels through

ig. 3. Ce 4d-edge RIXS spectra of bulk (a) and nanoparticle (b) C2
ecorded at selected excitation energies marked by the arrows d–f
bsorption spectrum. Spectra are displayed in energy-loss scale as the
eak is set at 0 eV.
c

ition (5p–4f emission). The energy-loss feature at 9 e
ontributed to the charge-transfer behavior. The energy
eature at around 4 eV exhibits predominant 4f0 character an
hows the 4f hybridization strength can be attributed to ch
ransfer behavior. These results suggest different f-ele
onfigurations for bulk and nanoparticle CeAl2.
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narsson, K. Scḧonhammer, Phys. Rev. B 27 (1983) 4637.
[8] K. Starke, et al., Phys. Rev. B 55 (1997) 2672.
[9] K. Ichikawa, A. Nisawa, K. Tsutsumi, Phys. Rev. B 34 (1986) 66
10] S.R. Mishra, R.R. Cummins, G.D. Waddill, W.J. Gammon, G.

der Laan, K.W. Goodman, J.G. Tobin, Phys. Rev. Lett. 81 (1
1306.



584 C.L. Dong et al. / Journal of Electron Spectroscopy and Related Phenomena 144–147 (2005) 581–584

[11] D. Wieliczka, J.H. Weaver, D.H. Lynch, C.G. Olson, Phys. Rev. B
26 (1982) 7056.

[12] C.L. Dong, C.L. Chen, C.L. Chang, Y.Y. Chen, in press.
[13] S.M. Butorin, L.-C. Duda, J.-H. Guo, N. Wassdahl, J. Nordgrent, M.

Nakazawa, A. Kotani, J. Phys. Condens. Matter 9 (1997) 8155.
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