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Abstract. The cerium effective valence was investigated
by means of CeL;-XANES spectroscopy in some inter-
mediate valence Ce-based systems with different magnetic
ordering mechanisms: CeNi doped with Nd, Pr and Gd in
the temperature range 5—-300 K, and Ce;,Fe;_,Mn, inter-
metallics. The dependences obtained are considered within
the frames of generally accepted mechanisms of rare-earth
ions intermediate valence states. Possible correlations be-
tween the cerium effective valence and the magnetic prop-
erties of compounds are also noted.

1. Introduction

In rare-earth (Ce, Sm, Eu, Tm, Yb) compounds the f-elec-
trons are characterized by a small binding energy, which
causes their transfer into the conduction band. But the
strong on-site Coulomb interaction prevents this transfer.
Counteraction of the opposite trends to localization and
delocalization of f-electrons in rare-earth compounds leads
to a high density of states near the Fermi level and to a
great variety of physical effects. There are intermediate
valence states (IV), the Kondo effect, the heavy fermion
state and different kinds of electron instabilities among
them. These properties are in strong dependence of the
chemical environment, of external pressure and tempera-
ture.

In this work the cerium effective valence was investi-
gated by means of L;-XANES spectroscopy in some inter-
mediate-valence Ce-based systems with different magnetic
ordering mechanisms: CeNi doped with Nd, Pr, Gd, and
also CeFej7_Mn, intermetallics. L3;-XANES spectro-
scopy is based on the electron excitation from the 2p3/?
core level to the 5d — valence orbital. The increase of the
valence shifts the absorption edge position to higher en-
ergy. In the intermediate valence compounds the peak in
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the absorption spectrum is split because of the two-way
electron excitation, corresponding to the different valence
states. The characteristic time of fluctuations between
these two states is about 10~13—10~1* sec. [1]

As it is assumed nowadays, the intermediate-valence
state of Ce in intermetallic compounds with d-metals is
not specified by a 4f — 5d electron transfer like in other
unstable valence lanthanides, but more likely by delocali-
zation of the 4f states itself due to 4f wave functions
overlap in the different sites [2]. Hybridization between
the conduction band and the 4f-electrons and hence the
rare-earth effective valence increase are usually caused by
applying either external or “chemical” pressure to the in-
termediate valence compound. The latter so called crystal-
chemical compression is usually achieved by the substitu-
tion of the initial rare-earth with an ion of smaller radius.
At the same time, the value of valence itself is defined by
another mechanism. In compounds with 3d metals the pre-
sence of an ionic component in the interatomic interaction
might influence the rare-earth valence [3, 4]. It depends
both on the difference between the rare-earth and the 3d
element donor and acceptor properties, such as electrone-
gativity, and the compound’s structural peculiarities, such
as the number of 3d atoms in the rare-earth environment
and the interatomic distances. Besides, the CeNi-based
compounds are subject to the hydrogenation which causes
the formation of various hydrides (CeNiH,, CeH,, etc.) as
well as other CeNi, phases, and stabilizes the 4f U or triva-
lent Ce state [5].

The recent experiments on pseudo-binary non-magnetic
CeNi-based compounds with Ce substitutions by Gd and
Pr showed that the partial delocalization of the cerium 4f-
electrons led to a significant increase of the Curie tem-
perature for the Pr and Gd substructures [6, 7]. It is
known that Kondo interactions and indirect exchange in-
teractions (RKKY) are general competitors in formation of
magnetic or nonmagnetic basic states in the strongly corre-
lated electronic systems. However, Kondo interactions can
cause the magnetic ordering in compounds with coexisting
subsystems of ions with a valence instability and rare-
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earth ions with well localized magnetic moments. Con-
cerning another type of systems, in which a cooperation
between the rare-earth ions with intermediate valence state
and the 3d elements takes place like in our Ce,Fe;; com-
pound, it is assumed that the type of magnetic state and
Curie temperature result from the competition of positive
and negative exchange interactions between the 3d metal
atoms [8]. The phase diagram of Ce,Fe;;_,Mn, is rather
complicated: the basic magnetic state is ferromagnetic, but
in the Mn concentration range x = 0.5 — 1 it is helical
antiferromagnetic [9]. One reason for the non-monotonous
dependence of the magnetic parameters can be an instabil-
ity of the Ce atom valence state: the Ce 4f electronic state
throughout its hybridization with 3d-electrons of Fe and
Mn can influence the magnetic state of the whole com-
pound. This is one of the problems the present work is
also intended to clarify.

2. Experimental

Gd,Ce;_,Ni  (x =0.05,0.15,0.50,0.85), Pr,Ce;_,Ni
(x =0.25,0.85) and Nd,Ce;_,Ni (x =0.25,0.50,0.80)
samples were prepared by arc melting of high purity ele-
ments (~99.98) in an argon atmosphere. The obtained
compositions were then recrystallized in vacuum and
founded in cylindrical ingots of a diameter ~ 10 mm. The
ingots were then annealed in dynamical vacuum at 600 °C
for 150 h. Finally, to prevent the hydrogenation and oxi-
dation in the water vapor of the air, the samples were
kept in the helium glovebox until the time of experiment.
CeyFej7_,Mn, samples (x =0.0,0.5,1.0,1.3,2.0) were
prepared by argon arc melting from the starting materials.
The ingots were homogenized at 1450 K for 9 h and then
quenched in water. To check the purity the X-ray diffrac-
tion experiments were carried out on the powder samples
at room temperature on the diffractometers STADI MP and
DRON UMI1 with CuK,-radiation. No extraneous phases
were detected in the CeNi-based samples. Whereas, all the
Ce,Fe7-based samples have the 2:17 phase and a small
amount of the undissolved a-Fe less then 4%.

Ls-absorption spectra (L3-XANES) of the Ce com-
pounds (Gd,Pr,Nd),Ce;_,Ni were collected at beamlines
E4 and C of the synchrotron center HASYLAB, DESY
(Germany, Hamburg), in the total fluorescence yield mode
at different temperatures in the range 5—-300 K. Additional
data were measured at the KMC-2 beamline of BESSY II
(Germany, Berlin). Spectra of the Ce,Fei;_,Mn, samples
were collected at room temperature at the experimental
station “Structural Materials Science” of KCSR and NT
(Russia, Moscow) in transmission mode.

3. Results and discussion

The normalized CelL; edge steps of the Gd,Ce;_,Ni X-ray
absorption spectra of compounds with maximal (x = 0.05)
and minimal (x = 0.85) Gd concentrations obtained at
room temperature are presented in Fig. 1. All spectra ob-
viously contain one strong peak A at an energy ~5723.5 eV
that corresponds well to the CeL; absorption edge for the
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Fig. 1. CeL; absorption spectra of Gdy sCeg9sNi and Gdg g5Ceg 15Ni
at room temperature. Peak A — Ce*t contribution; peak B — Ce**
contribution; peak C probably is the result of photoelectron multiple
scattering on the Ce local environment.

trivalent electronic configuration. The Ce3* and Ce** con-
tributions are almost unresolvable because the tetravalent
component is very weak. The amplitude of the main peak
increases with the Gd concentration and the partially resol-
vable component B appears at an energy of ~ 5732 eV
corresponding to the Ce** contribution. The unidentified
week peak C at ~5735 eV is the best resolved in the
spectrum of Gdgs5Ce9sNi as in spectra of all CeNi-based
compounds with a small dopant concentration. Since the
Ce** contribution is very weak, it overlaps with peak C,
which makes precise spectra decomposition difficult. Be-
sides, the amplitudes of all CeNi-based spectra are af-
fected by the self-absorption to a variable degree. This is
due to the samples specific character and fluorescent
measurement mode but should not affect the ratio of dif-
ferent valence components. CeL;-XANES spectra of few
Ce,Fe|7_Mn, samples are shown in Fig. 2. Hear both the
Ce’t and Ce** components are clearly resolved, which
apparently comes from the greater tetravalent contribution.
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Fig. 2. CeL; absorption spectra of various Ce,Fe;7;_Mn, samples at
room temperature. Ce’* and Ce** components are clearly resolved.
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Unlike the CeNi-based spectra, Ce,Fe;7_,Mn, do not dem-
onstrate the third contribution. Additional calculations of
the absorption step with the FEFF8.20 code [10] have
shown that this spectral feature is caused by the effects of
photoelectron multiple scattering in crystalline environ-
ments of Ce, which are obviously different in two com-
pounds. Such effects are significant just in the near edge
region of XAFS spectra.

In the present work the extraction of different cerium
valence components and evaluation of their contribution
into the L3-XANES spectrum was performed using the
conventional fitting of complicated “white lines” with
combinations of Lorentzian and arctangent curves of con-
strained widths and energy positions [11] after the polyno-
mial background removal from the experimental spectrum.
The analytic functions obtained were convoluted with the
Gaussian of width 1.60-2.50 eV to take into account the
additional experimental broadening. In this approach the
amount of Ce ions of each valence state is assumed to be
proportional to the area under the corresponding Lorent-
zian curve. The example of the absorption peak decompo-
sition into the Ce** and Ce** components for Gdg gsCe 15Ni
is shown in Fig. 3. The amplitude of the tetravalent com-
ponent is a few times lower than that of the trivalent one.
Also note, how broad both components are.

The total width of each valence component turned out
to be ~ 5.5 eV, where ~ 3.5 eV is the natural width of L3
level [12] and ~ 2 eV is the experimental broadening. The
energy gap between the two components is ~9 eV. There-
fore, peaks overlap strongly and unambiguous extraction
of two spectral contributions is rather difficult. To solve
this problem several decompositions of each spectrum
were made with slight variations of the fitting parameters,
such as Lorentzian or Gaussian widths, a gap between two
components, etc. Thus, statistics were collected to refine
the valence values. This technique was especially useful
for resolving the CeNi-based spectra since the tetravalent
component in these compounds is quite weak.

The concentration dependences of the cerium effective
valence in the CeNi-based compounds (Fig.4) are in
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Fig. 3. Fitting of GdygsCepsNi CeL3;-XANES spectrum with the
combination of Lorentzian and arctangent functions for the Ce** and
Ce*t contributions.
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Fig. 4. Ce effective valence dependence upon the dopant concentra-
tion in the samples (Gd,Nd,Pr),Ce;_,Ni at room temperature.

agreement with the previous ones for similar systems [13].
For the lowest Gd dopant concentration x = 0.05 the cer-
ium effective valence in Gd,Ce;_,Ni is ~3.07. With a Gd
concentration increase till x = 0.85 the valence is increas-
ing monotonously to ~3.15. Such a behavior of the cer-
ium effective valence is determined by the difference be-
tween the ionic radii of cerium and gadolinium. The Gd
dopant is characterized by a smaller ionic radius. Its inser-
tion leads to the crystal-chemical compression of structure
which causes delocalization of the 4f states and an in-
crease of the cerium effective valence. In the case of
Nd,Ce;_,Ni the Ce valence changes from ~ 3.09 at
x=0.25 to ~3.16 at x = 0.8. The pronounced difference
between the dependences for the Ce substitutions by Gd
or Nd in the middle concentration range apparently arise
from the larger ionic radius of neodymium which can not
apply such a strong chemical pressure to the structure as
gadolinium. The final Ce valence ~3.16 is similar for
both dopants and might be the largest cerium effective
valence obtainable in such CeNi-based compounds at
room temperature. Praseodymium ions are of almost simi-
lar ionic radius as cerium ones and don’t apply significant
chemical pressure to the structure. Therefore, the cerium
valence dependence in Pr-doped CeNi lies below the Gd
and Nd curves. It is notable that in all compounds cerium
never reaches the integer valence 3+, hence the magnetic
ordering should occur mainly in the Gd-, Pr-, Nd- sub-
structures [6, 7].

The concentration dependence of the cerium valence in
the Ce,Fe|;_,Mn, intermetallics at room temperature is
shown in Fig. 5. In initial Ce,Fe;; the cerium effective
valence is ~3.34 which is in good agreement with the
data previously [14] obtained with the similar technique in
another Ce,Fe 7-based system. This value does not consid-
erably change with the substitution of Fe by Mn. It is
explainable as the total concentration of Mn in all com-
pounds is not large in comparison with the Fe content,
and hence there could be no significant change in the
ionic interaction affecting the rare-earth ion. The larger
value of the valence than in the CeNi-based samples is
also consistent with the conception of ionic interactions
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Fig. 5. Ce effective valence dependence upon the dopant concentra-
tion in Ce,Fe;7_,Mn, at room temperature.

between the rare-earth and 3d-metal. Its effect in CeNi is
probably weaker because in the local enviroment of Ce in
CeNi there are fewer Ni ions than Fe ions around Ce in
Ce,Fe ;. Besides, our results show that at room tempera-
ture there are no correlations between the magnetic ground
state of the compounds Ce,Fe;7_Mn, and the Ce valence
fluctuations.

Because of the better components resolution the ran-
dom error of the Ce valence determination in Ce,Fe7_,Mn,
is not more than 0.01. That is smaller than in the case of
the CeNi-based compounds where the error could be
~0.02. So, this is the precision of the relative valence
changes in corresponding dependences. However, the sys-
tematic error of the whole technique might be up to 0.03.

The temperature dependences of the cerium effective
valence in the compounds Gd,Ce;_,Ni and Pr,Ce;_,Ni of
all stoichiometric compositions are shown in Figs. 6 and 7.
In all Gd-doped compounds and also in Pry,5Cep75Ni, the
cerium valence increases monotonously by ~0.06 with
temperature decreasing from RT to 5 K and 10 K, respec-
tively. This corresponds to the gradual lattice compression
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Fig. 6. Temperature dependences of the Ce effective valence in var-
ious Gd,Ce;_,Ni samples.
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Fig. 7. Temperature dependences of the Ce effective valence in var-
ious Pr,Ce;_,Ni samples.

upon decreasing temperature. At all Gd concentrations the
temperature change of the Ce valence probably is propor-
tional to the same coefficient of the thermal expansion.
However, the cerium valence in PrygsCeg15Ni does not
significantly change with decreasing temperature. It in-
creases slightly and within the error of the technique em-
ployed it might be considered as constant. Such a behav-
ior of the cerium effective valence in PrggsCep 1sNi might
be due to a large concentration of Pr ions which become
the main ions forming the structure and possibly affect the
coefficient of the thermal expansion, hence the lattice
compresses weaker with decreasing temperature.

4. Conclusion

The cerium effective valence behavior in
(Gd,Pr,Nd),Ce;_,Ni generally confirms the theory assum-
ing the crystal-chemical compression to be the main driving
force of the rare-earth ions valence state change. Whereas,
the dependence of the Ce effective valence in Ce,Fe7_,Mn,
and the difference from the CeNi-based case do not contra-
dict to the assumption that the presence of ionic components
in the interatomic interaction might influence the rare-earth
valence in compounds with 3d-metals.

In all CeNi-based compounds cerium is in an inter-
mediate valence state and the magnetic ordering really
should occur generally in the dopant’s substructure [6, 7].
While the assumption about the connection of the mag-
netic properties and the Ce valence state in Ce,Fe;_,Mn,
intermetallics seems to be disproved at least at room tem-
perature by the absence of correlations between the type
of the magnetic state and the valence dependence. For the
better clarification of this connection XAFS studies at low
temperatures and also with magnetic circular dichroism are
desirable.
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