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X-ray magnetic circular dichroism studies in Ce(Fe1−xCox)2
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Abstract

We have measured XAS and MCD spectra at CeL2,3-edges in Ce(Fe1−xCox)2. All the XAS spectra of Ce(Fe1−xCox)2 around the Ce-L3

edge exhibit a double-peak structure that is the characteristic feature of the mixed-valence system. The ratio of the 4f1 peak intensity to the
4f0 peak intensity in the CeL2,3-edges increased as the composition of Co increased. But the MCD and XAS spectral shape changed slightly
for Ce(Fe1−xCox)2. As the Co composition increased, MCD intensity decreased. Applying to Sum rules, we estimated the values of〈Lz〉, 〈Sz〉,
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nd〈Lz〉 + 2〈Sz〉, respectively. The orbital magnetic moment of Ce-5d electrons is very small but does exist in Ce(Fe1−xCox)2.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The compounds CeFe2 with the C15 Laves phase (MgCu2-
ype) structure is a unique ferromagnet with the Curie
emperatureTc = 230 K and the spontaneous magnetization

s = 2.30�B/f.u. at 4.2 K[1]. These values are significantly
educed, compared to other RFe2 (R = rare earth metals) com-
ounds. These anomalies were initially ascribed to the trans-

er of Ce-4f electrons to the conduction band[2]. However,
ecent theoretical studies[3,4] and some experimental results
5,6] emphasize the important role played by hybridization
etween 4f and 5d and/or 3d electrons in determining these
hysical properties for CeFe2.

Another interesting magnetic characteristic of this com-
ound is the loss of ferromagnetism at lower temperatures by
ubstituting a small amount of impurity for Fe. With the sub-
titution of Al, Co and Ru for Fe, a ferromagnetic (F) state is
eplaced by an antiferromagnetic (AF) one below a temper-
tureT0 lower thanTc [7–9]. In the case of Ce(Fe1−xCox)2,

he AF ground state appears for 0.04 <x < 0.3[8]. Long-range

AF order was confirmed by neutron diffraction measurem
[10]. Sharp discontinuity is observed in the temperature
pendence of electrical resistivity as well as that of lat
parameter atT0 for 0.1≤ x ≤ 0.2, indicating that the AF–
transition is of first order[11,12]. On the other hand, th
average hyperfine field, estimated form Mössbauer spectr
shows a smooth temperature variation without any signifi
change atT0, suggesting no dramatic change in the magni
of the Fe moment by the AF–F transition[13]. Beyondx = 0.3
ferromagnetism is stabilized down to the lowest tempera
Tc shows a broad maximum at aroundx = 0.5 and decreas
with increasingx, falling to zero at aroundx = 0.9. These be
haviors of Ce(Fe1−xCox)2 are caused by the hybridization
the 3d–4f bands.

Magnetic circular dichroism (MCD) in the core-level a
sorption spectrum (XAS) in soft X-ray regions, namely
difference of the absorption spectra between parallel and
parallel geometries of the magnetized sample with respe
the helicity of an incoming circularly polarized X-ray, h
recently been used for the spectroscopic study on ferro
ferri-magnetic materials. The XAS technique gives not o
∗ Corresponding author. Tel.: +81 791 580832; fax: +81 791 580830.
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information on constituent elements of a magnetic material
but also that on orbital states of each element, because the
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core electron is excited according to the selection rule and
the transition probability.

The information on the selectivity of XAS allows us to
investigate the magnetic polarization around the selected
elements; namely, it becomes possible to study the origin
of magnetism in the magnetic material from a microscopic
point of view. Analyzing the XAS at theL2,3 (2p→ 5d tran-
sitions) edges of the R element, the 5d state of R is revealed.
In addition, MCD experiment provides us with quantitative
information on magnetic polarization and enables us to
estimate the magnetic moments, orbital and angular mo-
ments, projected to the incident light direction. Moreover,
analysis for XAS and MCD signals based on the sum rules
provides us with the orbital magnetic moment as well as the
spin magnetic moment[14,15]. To estimate the expected
value of spin moment from the experimental spectra, the
expectation value of the magnetic dipole operator, which
cannot be obtained from XAS-MCD measurements only, is
needed.

In this paper, we pay attention to the hybridization be-
tween 4f and 5d and/or 3d electrons that is a very impor-
tant interaction for the R-Fe2 system. Therefore, we used the
XAS and MCD measurements, which are element-selective
and orbital-selective, to investigate the Ce valence and the
4f–5d–3d hybridization in Ce(Fe1−xCox)2.
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Fig. 1. The XAS and MCD spectra at the CeL3-edge in Ce(Fe1−xCox)2.

3. Results and discussion

Figs. 1 and 2show the XAS and MCD spectra at the Ce
L2,3-edges in Ce(Fe1−xCox)2 (x = 0.0, 0.2, and 0.3). The top
(bottom) of these figures corresponds to the XAS (MCD)
spectra.

All the XAS spectra of Ce(Fe1−xCox)2 around the Ce-L3
edge exhibit a double-peak structure that is the characteris-
tic feature of the mixed-valence system[17]. According to
Harada et al., the lower energy peak corresponds to 4f1 con-
figuration (the 4f1 peak) and the higher energy peak to 4f0

configuration (the 4f0 peak)[18,19]. No significant changes
are found in the width and relative energy position of the
two peaks. Our results indicate that the Ce mixed valence
behaviour is retained in all the Ce(Fe1−xCox)2. In order to
make it clear the behaviour of the mixed valence of Ce, the
ratio of the 4f1 peak intensity to the 4f0 peak intensity in the
CeL2,3-edges was analyzed. This ratio increased as the com-
position of Co increased. This result means that the number
of electrons and the configuration of 4f1 increased by intro-
duction of Co. Moreover, this result confirmed the hybridiza-
tion of the 3d–4f–5d bands is important for Ce(Fe1−xCox)2
(Fig. 3).

In all the cases, the MCD spectra at the Ce-L2,3 edges
in the Ce(Fe1−xCox)2 series exhibit a double-peak structure.
The higher energy peak in the MCD spectra corresponds to
4 ther
h onds
. Experimental methods

Ce(Fe1−xCox)2 samples withx = 0, 0.2, and 0.3 wer
repared by argon arc-melting of pure constituents o

east nominal 99.9% purity, followed by annealing at 850◦C
n an evacuated quartz tube for 1 week. The powde
ay diffraction patterns revealed that the sample sho
ingle phased C15 Laves structure without any impu
hases.

The XAS and MCD spectra at CeL2,3-edges wer
ecorded in the transmission mode using the heli
odulation (HM) method[16] with a fixed magnetic fiel
f 2.0 T on the undulator beamline 39XU of SPring-8.
eamline was composed of a rotated-inclined double-cr
onochromator equipped with a Si 111 crystal and a

oated mirror for higher harmonics rejection. A diam
hase retarder was used in the Laue geometry with the
eflection plane in order to produce circularly polarized
ays having plus and minus helicities in the a.c. mode
frequency of 40 Hz by using a piezo oscillator. The X

ntensity was monitored using an ionization chamber fi
ith N2 gas before and after the sample. The degree of c

ar polarization was estimated to be 0.9 in the energy r
sed, as determined by polarization analysis. Energy

ution was estimated to be�E/E < 1.0× 10−4 at CeL2,3-
dges. The XAS and MCD measurements were carried
= 100 K andT = 20 K. The temperature of the sample w
onitored by using a GaAlAs diode installed in the sam
older.
f0 configuration as in the case of XAS spectra. On the o
and, the lower energy peak in the MCD spectra corresp
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Fig. 2. The XAS and MCD spectra at the CeL2-edge in Ce(Fe1−xCox)2.

to 4f1 and 4f2 configuration, which are different from XAS
spectra.

The energy position of the 4f1 peak and the 4f0 peak in
XAS spectra is higher than the energy position of the 4f1 peak
and the 4f0 peak in MCD spectra, respectively. According to
Harada and co-workers[18,19], the difference between XAS
and MCD is caused by the reason as follows. The XAS spec-
trum spreads because the unoccupied 5d states exist ove
the range 7–8 eV above Fermi energy. On the other hand,
the polarization of Ce-5d electrons originates from the hy-

F
t

Table 1
The orbital, the spin and the total magnetic moment of Ce-5d electrons in
Ce(Fe1−xCox)2

X 〈Lz〉 2〈Sz〉 〈Lz〉 + 2〈Sz〉
0.0 −0.022 0.306 0.284
0.2 −0.011 0.211 0.200
0.3 −0.008 0.140 0.132

bridization between the Fe-3d and Ce-5d electrons and exists
only near the Fermi energy. Therefore, the peak of the MCD
spectra is lower than that of the XAS spectra. The energy sep-
aration of these two peaks mainly depends on the Coulomb
interactionUfc between the 4f electrons and the 2p core hole.
In all the MCD spectra in Ce(Fe1−xCox)2, the energy separa-
tion of these two peaks is almost the same. That is to say, it is
independent of the Co composition. As the Co composition
increased, MCD intensity decreased. This is direct confirma-
tion that the magnetic moment of Ce-5d electrons is induced
by Fe magnetic moment.

Despite there being a general consensus concerning that
there is a net moment on the Ce site, mostly spin, and an-
tiparallel to that of Fe, there is a hot debate regarding the
value of the moments (both 4f and 5d)[20]. Trying to ob-
tain a deeper insight into the magnitude of Ce-5d magnetic
moment in Ce(Fe1−xCox)2, we have applied the sum rules
derived by Thole and co-workers[14,15]. For the CeL2,3
edges they can be written as follows.

〈Lz〉 = 2nh(A3 + A2)

W

〈Sz〉 = 3

2
nh

(A3 − 2A2)

W
− 7

2〈Tz〉
whereA3 andA2 are the MCD integrated intensity at theL2
andL3 edges respectively,nh is the number of holes in the
C ity
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ig. 3. The composition dependence of the ratio of the 4f1 peak intensity to

he 4f0 peak intensity around the Ce-L2,3 edges.
r e-5d band, andW is the integrals over whitelines intens
t theL2 and L3 edges.〈Lz〉, 〈Sz〉, and 〈Tz〉 represent th
rbital magnetic moment, the spin magnetic moment an
agnetic dipole moment, respectively. According to Delo
t al.[21], we have considered that the〈Tz〉 term is zero. By
sing the number of holes in Ce-5d band is 8.5, we estim

he values of〈Lz〉, 2〈Sz〉, and〈Lz〉 + 2〈Sz〉. The obtained resul
re shown inTable 1. The total magnetic moment in th
esult is almost equal to the theoretical estimation[22]. As
he Co composition increased, the values of〈Lz〉, 2〈Sz〉, and
Lz〉 + 2〈Sz〉 decreased. The total magnetic moment of
d electrons almost consists of spin magnetic moment
rbital magnetic moment of Ce-5d electrons is very smal
oes exist. Moreover, the orbital magnetic moment cou
ith the spin magnetic moment antiferromagnetically. T
eans that Hund law is realized in Ce-5d orbital.

. Conclusion

We have measured XAS and MCD spectra at CeL2,3-
dges in Ce(Fe1−xCox)2. All the XAS spectra of Ce(Fe1−x
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Cox)2 around the Ce-L3 edge exhibit a double-peak structure
that is the characteristic feature of the mixed-valence system.
The ratio of the 4f1 peak intensity to the 4f0 peak intensity
in the CeL2,3-edges increases as the composition of Co in-
creased. On the other hand, the MCD and XAS spectral shape
change slightly for Ce(Fe1−xCox)2. As the Co composition
increased, MCD intensity decreased. Applying to Sum rules,
we estimated the values of〈Lz〉, 2〈Sz〉, and〈Lz〉 + 2〈Sz〉, re-
spectively. The orbital magnetic moment of Ce-5d electrons
is very small but does exist in Ce(Fe1−xCox)2.
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