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Abstract

We have measured XAS and MCD spectra at/gGg-edges in Ce(Re,Co,),. All the XAS spectra of Ce(khe,Co,), around the Cd=
edge exhibit a double-peak structure that is the characteristic feature of the mixed-valence system. The ratib péakdmensity to the
410 peak intensity in the CE, s-edges increased as the composition of Co increased. But the MCD and XAS spectral shape changed slightly
for Ce(Fe_.Co,),. As the Co composition increased, MCD intensity decreased. Applying to Sum rules, we estimated the VAlue&Sgof
and(L.) + 2(S.), respectively. The orbital magnetic moment of Ce-5d electrons is very small but does exist in G&¢be.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction AF order was confirmed by neutron diffraction measurements
[10]. Sharp discontinuity is observed in the temperature de-
The compounds Cekwith the C15 Laves phase (Mggu pendence of electrical resistivity as well as that of lattice
type) structure is a unique ferromagnet with the Curie parameter afp for 0.1<x < 0.2, indicating that the AF—F
temperaturel; =230 K and the spontaneous magnetization transition is of first ordef11,12] On the other hand, the
Ms=2.30up/f.u. at 4.2 K[1]. These values are significantly average hyperfine field, estimated fornodébauer spectra,
reduced, compared to other RER =rare earth metals) com-  shows a smooth temperature variation without any significant
pounds. These anomalies were initially ascribed to the trans-change alp, suggesting no dramatic change in the magnitude
fer of Ce-4f electrons to the conduction bgadl. However, of the Fe moment by the AF—F transitifi8]. Beyondv=0.3
recent theoretical studi¢3,4] and some experimental results ferromagnetism is stabilized down to the lowest temperature.
[5,6] emphasize the important role played by hybridization 7 shows a broad maximum at around 0.5 and decreases
between 4f and 5d and/or 3d electrons in determining thesewith increasing, falling to zero at arouns=0.9. These be-
physical properties for Ceke haviors of Ce(Fe_,Co,)2 are caused by the hybridization of
Another interesting magnetic characteristic of this com- the 3d—4f bands.
pound is the loss of ferromagnetism at lower temperaturesby  Magnetic circular dichroism (MCD) in the core-level ab-
substituting a small amount of impurity for Fe. With the sub- sorption spectrum (XAS) in soft X-ray regions, namely the
stitution of Al, Co and Ru for Fe, a ferromagnetic (F) state is difference of the absorption spectra between parallel and anti-
replaced by an antiferromagnetic (AF) one below a temper- parallel geometries of the magnetized sample with respect to
atureTyp lower thanT; [7-9]. In the case of Ce(he,Co,)2, the helicity of an incoming circularly polarized X-ray, has
the AF ground state appears for 0.04<0.3[8]. Long-range recently been used for the spectroscopic study on ferro- and
ferri-magnetic materials. The XAS technique gives not only
* Corresponding author. Tel.: +81 791 580832; fax: +81 791 580830,  Information on constituent elements of a magnetic material
E-mail address: mizumaki@spring8.or.jp (M. Mizumaki). 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 Ce L-edge T=100K
the transition probability. ' ' ' '
The information on the selectivity of XAS allows us to U Ce(Fe, Lo,

investigate the magnetic polarization around the selected

elements; namely, it becomes possible to study the origin %: 15

of magnetism in the magnetic material from a microscopic ;

point of view. Analyzing the XAS at thé; 3 (2p— 5d tran- < .,

sitions) edges of the R element, the 5d state of Risrevealed. Z

In addition, MCD experiment provides us with quantitative é

information on magnetic polarization and enables us to @ 0.5
x

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 momentl4,15] 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-hesystem. Therefore, we used the
XAS and MCD measurements, which are element-selective ' ' ' ‘ '

X ) . ) 5.70 5.71 5.72 573 574 575
and orbital-selective, to investigate the Ce valence and the Photon Energy (keV)
4f—5d-3d hybridization in Ce(ke,Ca,)2.

(%) Aususju| aonW

Fig. 1. The XAS and MCD spectra at the Cg-edge in Ce(Fg_,Co,)2.

2. Experimental methods
3. Results and discussion

Ce(Fa_.Co,)2 samples withx=0, 0.2, and 0.3 were
prepared by argon arc-melting of pure constituents of at  Figs. 1 and Zhow the XAS and MCD spectra at the Ce
least nominal 99.9% purity, followed by annealing at 860 L, z-edges in Ce(FeCo,)2 (x=0.0, 0.2, and 0.3). The top
in an evacuated quartz tube for 1 week. The powder X- (bottom) of these figures corresponds to the XAS (MCD)
ray diffraction patterns revealed that the sample show a spectra.
single phased C15 Laves structure without any impurity  All the XAS spectra of Ce(Fe ,Co,)2 around the Cd=
phases. edge exhibit a double-peak structure that is the characteris-

The XAS and MCD spectra at Cépsz-edges were tic feature of the mixed-valence systdftv]. According to
recorded in the transmission mode using the helicity- Harada et al., the lower energy peak corresponds'toati-
modulation (HM) method16] with a fixed magnetic field  figuration (the 4% peak) and the higher energy peak t8 4f
of 2.0 T on the undulator beamline 39XU of SPring-8. The configuration (the 4¥peak)[18,19] No significant changes
beamline was composed of a rotated-inclined double-crystalare found in the width and relative energy position of the
monochromator equipped with a Si 111 crystal and a Pt- two peaks. Our results indicate that the Ce mixed valence
coated mirror for higher harmonics rejection. A diamond behaviour is retained in all the Ce#gCo,)2. In order to
phase retarder was used in the Laue geometry with the 220make it clear the behaviour of the mixed valence of Ce, the
reflection plane in order to produce circularly polarized X- ratio of the 4t peak intensity to the 4fpeak intensity in the
rays having plus and minus helicities in the a.c. mode with CeL; z-edges was analyzed. This ratio increased as the com-
a frequency of 40 Hz by using a piezo oscillator. The X-ray position of Co increased. This result means that the number
intensity was monitored using an ionization chamber filled of electrons and the configuration oft4ficreased by intro-
with N> gas before and after the sample. The degree of circu-duction of Co. Moreover, this result confirmed the hybridiza-
lar polarization was estimated to be 0.9 in the energy rangetion of the 3d—-4f-5d bands is important for Ce{EgCo,)2
used, as determined by polarization analysis. Energy reso-(Fig. 3).
lution was estimated to b&E/E<1.0x 10~% at CeL; 3 In all the cases, the MCD spectra at the Ger edges
edges. The XAS and MCD measurements were carried out atin the Ce(Fe_,Co,)2 series exhibit a double-peak structure.
T=100K andT =20K. The temperature of the sample was The higher energy peak in the MCD spectra corresponds to
monitored by using a GaAlAs diode installed in the sample 4f0 configuration as in the case of XAS spectra. On the other
holder. hand, the lower energy peak in the MCD spectra corresponds
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Fig. 2. The XAS and MCD spectra at the Cg-edge in Ce(Fg_,Co,)2.

to 4! and 4£ configuration, which are different from XAS
spectra.

The energy position of the 4fpeak and the #fpeak in
XAS spectrais higher than the energy position of tHepéfak
and the 4% peak in MCD spectra, respectively. According to
Harada and co-workef$8,19], the difference between XAS

Table 1
The orbital, the spin and the total magnetic moment of Ce-5d electrons in
Ce(quxCOx)Z

X (L) 2(S2) (L) +2(Sy)
0.0 —0.022 Q306 Q284
0.2 -0.011 0211 0200
0.3 —0.008 Q140 Q132

bridization between the Fe-3d and Ce-5d electrons and exists
only near the Fermi energy. Therefore, the peak of the MCD
spectrais lower than that of the XAS spectra. The energy sep-
aration of these two peaks mainly depends on the Coulomb
interactionUs; between the 4f electrons and the 2p core hole.
In all the MCD spectra in Ce(ke,Co,)2, the energy separa-
tion of these two peaks is almost the same. That is to say, itis
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 5@0]. Trying to ob-
tain a deeper insight into the magnitude of Ce-5d magnetic
moment in Ce(Fe_,Coy,)2, we have applied the sum rules
derived by Thole and co-workefd4,15] For the CelL 3
edges they can be written as follows.

- 2np(Az + Ap)
Z _3 ( v 2A))
_ Az — 24> 7
8 =5y 3w,

whereAz andA; are the MCD integrated intensity at the

and MCD is caused by the reason as follows. The XAS spec-andLs edges respectivelyy, is the number of holes in the
trum spreads because the unoccupied 5d states exist oveEe-5d band, an® is the integrals over whitelines intensity
the range 7-8eV above Fermi energy. On the other hand,at theL; and Lg edges.(L;), (S;), and(T;) represent the
the polarization of Ce-5d electrons originates from the hy- orbital magnetic moment, the spin magnetic moment and the
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Fig. 3. The composition dependence of the ratio of tHgpéik intensity to
the 4P peak intensity around the Qe-3 edges.

magnetic dipole moment, respectively. According to Delobbe
et al.[21], we have considered that thE,) term is zero. By
using the number of holes in Ce-5d band is 8.5, we estimated
thevaluesofL;), 2(S;),and(L;) + 2(S;). The obtained results
are shown inTable 1 The total magnetic moment in this
result is almost equal to the theoretical estimafi@®]. As

the Co composition increased, the valuesiof, 2(S,), and

(L;) +2(S,) decreased. The total magnetic moment of Ce-
5d electrons almost consists of spin magnetic moment. The
orbital magnetic moment of Ce-5d electrons is very small but
does exist. Moreover, the orbital magnetic moment coupled
with the spin magnetic moment antiferromagnetically. This
means that Hund law is realized in Ce-5d orbital.

4. Conclusion

We have measured XAS and MCD spectra atlGe-
edges in Ce(Fe Co,)2. All the XAS spectra of Ce(Re,
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Co,)2 around the Cd-3 edge exhibit a double-peak structure [3] O. Eriksson, L. Nordstorm, M.S.S. Brooks, B. Johansson, Phys. Rev.
that is the characteristic feature of the mixed-valence system.  Lett. 60 (1988) 2523.
The ratio of the 4¥ peak intensity to the &fpeak intensity [ P-K. Khowash, Phys. Rev. B 43 (1991) 6170.

in the Cel d . th iti fCoi [5] A.K. Rajarajan, S.B. Roy, P. Chaddah, Phys. Rev. B 56 (1997) 7808.
In the Lelz 3-eages Increases as th€ cOmposiion of L0 1N~ g1 5 chapoy, A. Marelli, L. Bozukov, F. Baudelet, E. Dartyge, A.

creased. Onthe other hand, the MCD and XAS spectral shape  routaine, S. Pizzini, Phys. Rev. B 51 (1995) 9005.

change slightly for Ce(ReCo,)2. As the Co composition [7] D.F. Franceschini, S.F. da Cunha, J. Magn. Magn. Mater. 51 (1985)
increased, MCD intensity decreased. Applying to Sum rules, 280.

we estimated the values @q) 2(S.) and (L.) +2(S.), re- [8] A.K. Rastogi, A.P. Murani, Proceedings of the Fifth International

. . . Conference on Valence Fluctuations, Bangalore, 1986, Plenum, New
spectively. The orbital magnetic moment of Ce-5d electrons York, 1987, p. 437 9

is very small but does exist in Ce(EgCay)2. [9] S.B. Roy, B.R. Coles, J. Appl. Phys. 63 (1988) 4094.
[10] S.J. Keneddy, B.R. Coles, J. Phys. Condens. Matter 2 (1990) 1213.
[11] A.K. Rastogi, G. Hilscher, E. Gratz, N. Pilmary, J. Phys. 49 (1988)
C8-C277 (Paris).
[12] S.J. Keneddy, A.P. Murani, B.R. Coles, O. Moze, J. Phys. F 18
(1988) 2499.
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