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We investigated the electronic structure of CeNi;_,Co,Sn (x=0.33 and 0.38) as a function of temperature,
combining x-ray absorption spectroscopy in the partial fluorescence yield, resonant x-ray emission spectros-
copy, and photoelectron spectroscopy. The three spectroscopic techniques provided complementary and con-
sistent information. For x=0.33, the valence transition into a mixed-valence regime is deduced to take place
around 60 K, as seen from the enhancement of the f° and f> components and the relative suppression of the f'
component. The valence was stable for x=0.38 for temperatures down to 17 K. The resonant inelastic x-ray
scattering was also performed for x=0.33 at 17 K, suggesting localized or partially delocalized f states. Kondo
peak was observed in the resonant valence spectra, showing the existence of the c-f hybridization. The

mechanism of the valence transition is discussed.
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I. INTRODUCTION

Heavy-fermion behavior exhibited by some rare-earth
metals and compounds is accompanied by astonishing physi-
cal phenomena, among which is the valence transition at low
temperature as observed in Ce metal across the a— 7y
transition.! Such a valence instability is characterized by
the formation of a narrow band corresponding to the c-f
hybridization between the 4f electrons and the conduction
band states.

Some models have been proposed to explain such a
mechanism of valence transition. Among them, the promo-
tional model assumed a change in the electronic configura-
tion from 4f'c?® to 4f%c* where ¢ represents conduction
electrons.®” Experimental results using photoemission and
x-ray absorption, however, revealed that the number of 4f
electrons does not change significantly through the
transition.* The Mott transition (MT) model assumed that the
4f state is localized in the 7y phase but itinerant in the «
phase, and is described by band theory. The transition from
the 7y to the & phase was described by a change in Coulomb
repulsion between the 4f electrons in the same atom, but
photoemission results showed only a small change in the
Coulomb repulsion. Later on, Johansson employed local den-
sity approximation (LDA) calculations to correct the MT
scenario with great success.® The Kondo volume collapse
(KVC) scenario based on the Anderson impurity model was
also proposed.>™ In the KVC model, the magnetic character
is governed by the Kondo temperature Ty, which is related to
the hybridization of f° in the ground state, and the driving
force of the phase transition is the rapid change in T due to
the volume change.

In the KVC picture, three distinct peaks should be ob-
served in the photoelectron spectrum for both phases of Ce
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metal: the Kondo (or Abrikosov-Suhl) resonance peak (f1),
corresponding to the Kondo screening by the valence elec-
trons, and the two Hubbard sideband peaks (lower band f)
and upper band f2). The KVC model predicts that the Kondo
resonance increases drastically at the transition from the 7y to
the a phase. The a phase of Ce in the KVC model is strongly
correlated but not in the MT model. The LDA calculation
with dynamical mean-field theory (DMFT) showed that the
phase transition is due to the volume change.!” The LDA
+DMEFT calculations suggest that a-Ce is strongly correlated
to a three-peak structure in the photoelectron spectrum as
predicted by the KVC model. These features in the Ce «
— 7 transition have been directly observed by the resonant
x-ray emission spectroscopies,'!"!> which provided convinc-
ing support for the application of the KVC model to Ce.

A similar valence transition has also been discovered in
several compounds such as YbInCu, (Ref. 13) and
YbIn,_,Ag,Cuy.'* The KVC picture was applied to explain
the transition of YbInCu,.!> However, Cornelius et al.
showed!# that the KVC model is not applicable because the
volume change AV/V at the transition is too small compared
to the prediction of the KVC model. Instead, they noted that
the small carrier density in the high-temperature phase is
relevant to the transition in YbIn;_,Ag,Cuy. In the mixed
valence state, the electron is transferred from the conduction
band to the Yb 4f shell. If the electron transfer lowers the
Fermi level in the density of state, the hybridization becomes
stronger and the Kondo temperature increases.

Another candidate for the valence transition is
CeNi,_,Co,Sn,'® a variation from the well-known Kondo
semiconductor CeNiSn.!”-23 By substituting Co to Ni, Adroja
et al. discovered a sharp drop in the magnetic susceptibility
and the resistivity around 30—-50 K for x=0.38.192425 While
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no magnetic or symmetric transition is observed with neu-
tron diffraction, the lattice constant changes drastically
through the transition. From these results, Adroja et al. sug-
gested that a valence transition similar to the transition seen
in YbInCu, occurs in CeNi;_,Co,Sn, with x~0.38. NMR
study for the x=0.35 sample indicated a transition from a
localized 4f state at high temperature to the Fermi liquid at
low temperature.?®

In the CeNi;_,Co,Sn system, only a few percent differ-
ence in the Co concentration causes a significant change at
the transition temperature and a systematic variation in the
low-temperature properties. The volume change at the tran-
sition is very small, and Adroja et al. suggested that the KVC
picture may not be suitable.?” They considered that the fine
tuning of the Fermi level due to the substitution may be
responsible for the transition, as suggested for YbInCuy.

Substitution of Ni (34®) by Co (3d”) corresponds to hole
doping of the conduction band. The carrier is added to the
quasiparticle band by c-f hybridization. The density of state
increases due to the doping. Thus it is expected that the Co
doping increases the c-f hybridization strength, causing the
strongly hybridized state at low temperature. This scenario
could be confirmed through the use of x-ray spectroscopies,
since, as mentioned above, these have previously yielded
conclusive results for the understanding of the microscopic
origin of the valence transition in Ce metal.

In this paper, we probe the electronic properties of
CeNi,;_,Co,Sn (x=0.33 and 0.38) through the valence transi-
tion by means of x-ray absorption spectroscopy in the partial
fluorescence yield mode (PFY-XAS), resonant x-ray emis-
sion spectroscopy (RXES), and resonant photoelectron spec-
troscopy (RPES). The results obtained by PFY-XAS and
RXES provide clear evidence of the valence change for x
=0.33 around 60 K. Besides, we investigate the change in
the c-f hybridization strength by high-resolution x-ray pho-
toelectron spectroscopy and discuss the origin of the valence
transition in CeNi;_,Co,Sn. The PFY-XAS and RXES in-
cluding resonant inelastic x-ray scattering (RIXS) provide
information on the bulk electronic properties. The RPES
shows the electronic state near the Fermi edge. We employed
these methods to obtain complementary information.

II. EXPERIMENTS

A. Samples

Polycrystalline samples were prepared by argon arc melt-
ing from pure metals. The CeNi;_,Co,Sn samples (x=0.32,
0.33, 0.34, 0.36, 0.38, and 0.40) were subsequently annealed
in evacuated silica tubes at 1000 °C for two weeks. We also
have an as-cast sample of x=0.33 without annealing, which
shows less drastic change in the temperature dependence of
the magnetic susceptibility compared to the annealed one.
The samples, used for x-ray emission and photoelectron
spectroscopies, were taken from the same rods. The magnetic
susceptibility was measured with a superconducting quantum
interference device magnetometer (Quantum Design,
MPMS5S).

We used an Iwatani CRT-M310-OP cryostat (lowest tem-
perature of about 17 K) to cool down the samples. In accor-
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FIG. 1. (Color online) Temperature dependence of the magnetic
susceptibility of CeNi;_,Co,Sn.

dance with the capability of the cryostat, we chose two
samples with x=0.33 (as-cast) and x=0.38 for the spectro-
scopic measurements.

B. X-ray emission spectroscopy

The resonant x-ray emission and absorption spectroscopy
measurements were performed at the BL15XU undulator
beamline of SPring-8.2% The undulator beam was monochro-
matized by a water-cooled double crystal monochromator.
The energy calibration of the beamline monochromator was
performed with the K absorption edge of reference metals.
X-ray emission was measured with a Ge 111 double crystal
spectrometer with (+, +) geometry.” The Ge 111 lattice
constant had been estimated before®® and the energy calibra-
tion of the spectrometer was performed by the using Ce La;
line. The resolution E/SE (E, photon emission energy) was
estimated to be about 3350 at 8050 eV without solar slit
system. Finally, thanks to the top-up operation of the
SPring-8 storage ring, we had a very stable incident photon
beam.’!

C. Photoelectron spectroscopy

Photoelectron spectroscopy measurements were per-
formed at the BL17SU soft x-ray undulator beamline of
SPring-8 (Refs. 32 and 33) with a hemispherical electron
analyzer SCIENTA SES 2002.3* During the measurement,
the vacuum pressure was kept below (2—3) X 1078 Pa. In ev-
ery measurement, we confirmed that the sample is free from
oxygen contamination by monitoring the oxygen signal.
Au 4f lines were used to correct the measured photoelectron
energy in every measurement when the incident photon en-
ergy was changed. The resolution SE (E, photoelectron en-
ergy) of the analyzer was estimated from the Au Fermi edge
to be 95 meV for the high-resolution case and 170 meV for
the low-resolution case.

III. RESULTS AND DISCUSSION
A. Magnetic susceptibility

Figure 1 shows the temperature dependence of the mag-
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FIG. 2. (Color online) Temperature dependence of the PFY of
CeNi;_,Co,Sn: (a) x=0.33 as-cast, (b) x=0.38 samples with the
difference spectra between 17 and 300 K, and (c) the comparison
between x=0.33 and 0.38 at 17 K.

netic susceptibility of CeNi;_,Co,Sn. Above x=0.38, the
magnetic susceptibility follows the Curie-Weiss law. On the
other hand, the sample with x=0.32 shows a typical mixed-
valence behavior. Within a narrow range (0.34<x<0.36),
the samples show a strong deviation from the Curie-Weiss
law and possibility of valence change. These samples show a
sharp drop in susceptibility with a large hysteresis behavior,
consistent with the previous report by Adroja et al.?’’ An
as-cast unannealed sample (x=0.33) also shows a similar
transition but with less prominent hysteresis. Adroja et al.
found similar characteristics although there is a small shift
for the Co concentration x dependence and the values of the
magnetic susceptibilities are slightly different.'® In our spec-
troscopic measurements, we focused on the study of two
samples: x=0.33 (as-cast) and x=0.38.

B. X-ray absorption spectroscopy

Figure 2 shows the PFY-XAS spectra measured at several
temperatures for x=0.33 (as-cast) and 0.38. We show the
differences of the intensities between 17 and 300 K in Figs.
2(a) and 2(b), and that between x=0.33 and 0.38 at 17 K in
Fig. 2(c). The emission energy of the spectrometer was tuned
to the peak of the Ce La; (3ds;, — 2ps,) emission line and
the incident photon energy is scanned through the Ce L;
edge. The obtained spectra display features with higher reso-
lution than conventional absorption.® The spectra are nor-
malized to the intensity of the maximum of the white line. In
mixed-valence Ce compounds, Ce can be in three different
electronic states, 4f° (4+), 4f' (3+), and 4f> (2+).° The
PFY-XAS process for each of these valences corresponds to
the following respective transitions between the initial, inter-
mediate, and final states (similar to RXES): 4f°—2p°4f°54
—2p03d%4195d, 4f' —2p34f'5d—2p°3d°4f'5d, and 4f°

PHYSICAL REVIEW B 76, 075130 (2007)

5760 ——— S
PF(¥33 - CeNiyCo,Sn -
xX=0. F -
17K [ Lo, Xx=0.33_

[&)]
N
(&)
o

5740

5730

Incident photon energy (eV)

5720

5710L v v
0 1 2 3 870 890 910

Transfer energy (eV)

FIG. 3. Resonant inelastic scattering spectra for x=0.33 at 17 K
with the PFY spectrum as a function of the incident photon
energies.

—2p4f%5d —2p°3d°4f%5d. As seen in Fig. 2, these compo-
nents are respectively located around 5720 eV (hidden in the
low energy tail of the 4f' peak®), the white line maximum,
and 5735 eV.

The temperature dependence of the magnetization for x
=0.33 (Fig. 1) suggests a small change in the valence around
60 K, compared to the Ce metal case. However, the PFY-
XAS spectra in Fig. 2 clearly show the temperature depen-
dence for x=0.33, while there is almost no dependence for
x=0.38. For x=0.33 at 17 K, the intensity off) increases,
signifying the increase of the valence. The mean valence of
x=0.33 at 17 K is estimated to be about 3.01 from the curve
fit for the PFY-XAS spectrum when the hidden and small f>
contribution is ignored. Figure 2(c) shows the difference be-
tween the spectra of x=0.33 and 0.38 at 17 K. These results
clearly show relative enhancement of the f° and f> compo-
nents for x=0.33, and therefore, an increase in the 4f hybrid-
ization strength. We note that our results show a change in
the 4f occupation number for x=0.33 about ten times smaller
than in the case of the vy to « transition in Ce metal (from
0.95 to 0.85).!

C. Resonant x-ray emission spectroscopy

RXES spectra measured for several incident energies
across the Ce L; edge (RIXS) are shown in Fig. 3 along with
the PFY-XAS spectrum for x=0.33 at 17 K. The intensities
are normalized by the incident beam intensities. We can ob-
serve the Raman component around the absorption edge and
the fluorescence above the edge.®® The Raman scattering
does not change with the transfer energy, whereas the fluo-
rescence energy is proportional to the transfer energy.3037-41
We used the same curve fitting procedure as for the Eu
system® to separate the Raman component, which is directly
related to the valence electronic states, from the L« fluores-
cence signal.
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FIG. 4. (Color online) fl, f2, and fluorescence components as a
function of the incident photon energies with the PFY spectrum.
The intensity of > is small and the vertical scale for f? is ten times
as large as the scale of the other components.

Figure 4 shows the results of the curve fitting for the
RIXS spectra in Fig. 3 as a function of the incident photon
energies. It consists mainly of f' (3+) with a small fraction
of f2 (2+). The intensity of f2 to f! is estimated to be 1.7%
from Fig. 4. In our system, there is no pre-edge peak. We
find that the Raman regime vanishes at an energy as high as
around 5730 eV, almost 10 eV above the absorption edge.
One can, therefore, say that the 4f state retains the localized
character or is partially delocalized and, thus, the hybridiza-
tion may not be strong.*3

Annese et al. showed the small contribution of the quad-
rupole component in Yb Ly XAS spectra of YbS.*?> In our
case, in the XAS and Ce L« emission spectra in Figs. 3 and
5, we do not observe this component clearly. The contribu-
tion of the quadrupole component may be small and, thus,
we ignore the quadrupole contribution in the analyses.

In the PFY-XAS spectrum, each component is modeled
by the sum of an arctangent (continuum excitation) and voigt
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FIG. 5. (Color online) Temperature dependence of Ce La; emis-
sion at the incident photon energy of 5717 eV for CeNi;_,Co,Sn
(x=0.33 and 0.38). Insets show enlarged parts of the 4f> shoulder.
The intensity is normalized to the maximum of the f! component.
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FIG. 6. (Color online) Relative intensity change in > as a func-
tion of the temperature compared to the intensity at 300 K.

(white peak) functions. The continuum part greatly contrib-
utes to the uncertainty, so we only considered the white line
region to estimate the respective intensity of each compo-
nent. In the PFY spectrum, it is difficult to fit the small
intensity of f2, and the intensity ratio of f! to f° is 1% for
x=0.33 at 17 K. By combining the results of RIXS and PFY,
we can estimate the intensity ratio of each component,
O f1:/2=0.97:97.4:1.62, where fO+f'+f2=1. It is noted
that in Ce compounds there is normally hybridization among
the f" states and, thus, the above intensity ratio does not
show the exact valence ratio. We can, however, compare the
relative change in the valence qualitatively. At low tempera-
ture after the valence transition in x=0.33, the f 1 component
decreases by 2%-3%, while the f° and f? increase by 1%-
2%.

Figure 5 shows the temperature dependence of the
Ce 2p-3d RXES spectrum obtained for x=0.33 and 0.38 at
an incident photon energy of 5717 eV, where the fluores-
cence component can be ignored as shown in Fig. 4. The
spectra intensity is normalized to the maximum of the f'
component. The horizontal axis is the transfer energy, de-
fined as the difference between the incident photon energy
and the emission energy. The spectrum consists of the La;
(2ps;-3dsp;) and La, (2p3j,-3ds,,) emissions. The two peaks
at 877 and 883 eV correspond respectively to the f* and f!
components; the 2p®4f>—2p34f25d—2p°3d°4f*5d and
2p%4f' = 2p°4f'5d— 2p°3d°4f'5d transitions. Therefore,
the final states of f! and 2 in Fig. 5 represent the weight of
the f' and f?> components in the initial states, respectively.
The spectrum obtained for x=0.33 shows an increase of the
relative intensity of the f? feature as the temperature is de-
creased, which we interpret here as the relative decrease of
the 4f' component.

In Fig. 5, the change in the f? intensity is not large and it
is not easy to see such a small difference in exact curve fit.
Thus, we simply compare the differences, &f> [=I(T)
—1(300)], between the area of f> at 872—882 eV at a given
temperature [I(7)] and that at 300 K [/(300)]. Figure 6
shows the relative intensity change in &f as a function of
temperature. In Fig. 5, we normalized the intensity to the
intensity of f2. Thus, the relative change in the intensity of f°
in Fig. 6 is considered to be the change in the intensity of f!,
although in Fig. 6 we only show the change in f>. For the
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FIG. 7. (Color online) Absorption spectra (total electron yields)
for x=0.33 at 27, 67, and 150 K. The RPES is performed at the
energies indicated by the arrow as will be shown later in Fig. 10.

x=0.33 sample, we measured the spectra by decreasing and
increasing the temperature because hysteresis is observed in
the measurement of the susceptibility. Jf?> for the x=0.33
sample shows a sudden change between 50 and 70 K com-
pared to the case for the x=0.38 sample, corresponding to
the trend in the temperature dependence of the susceptibility.
8f* for x=0.38 is relatively stable for temperatures down to
17 K. These results show clear and direct evidence of the
valence transition around 60 K for the x=0.33 sample. A
similar trend has also been observed in Ce metal'? and Ce
alloys.!! We also measured the La emission spectra as a
function of temperature at the incident energies of 5718.5,
5724.5, and 5736 eV, but no temperature dependence was
observed. We believe that this is due to the concomitant rela-
tive decrease of f> and increase of the fluorescence compo-
nents which compensate each other at these incident ener-
gies.

D. Resonant photoelectron spectroscopy

The Ce3d-4f (M,s) absorption spectra (total electron
yields) for x=0.33 are shown in Fig. 7 as a function of the
temperature, after subtracting a constant background. The
samples were taken from the same rods used for x-ray emis-
sion spectroscopy. Two main peaks at about 882 and 900 eV
correspond to the 4f' — 3d°f> transition. In the Ce system, it
is known that the valence mixing in the ground state is rep-
resented by the satellite peaks at 887 and 905 eV in the final
states (34°f! in Fig. 7). The transition is 4f°—3d’f!, and
3d°f! represents the weight of the f° component in the initial
state.'2#*% The results show that the /° component increases
as the temperature decreases for x=0.33.

The Ce 3d photoelectron spectra for x=0.33 and 0.38 at
27 and 155 K, at the incident photon energy of 1500 eV, are
shown in Fig. 8. As mentioned before, these samples and the
samples used in the photon emission spectroscopy were
taken from the same rods. The assignment is well known: the
main peaks are 3d;, and 3ds),, respectively, and the addi-
tional peak at 870 eV is due to Ni2p;,.4° f°, f!, and f? in
Fig. 8 correspond respectively to the 4f°—3d%4f%, 4f!
—3d°%f'e, and 4f>— 3d°4f%€ transitions. The final states of
7% f', and f? in Fig. 8 represent respectively the weight of
the f°, f!, and f> components in the initial states.

For x=0.33, the f' component decreases as the tempera-
ture decreases, whereas for x=0.38, there is almost no
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FIG. 8. (Color online) Ce 3d photoelectron spectra for x=0.33
and 0.38 at 27 and 155 K at the incident photon energy of 1500 eV.
The energy positions of /" are conventionally assigned (not the
calculated ones).

change. The intensity of f' for x=0.33 at 67 K is not shown
in Fig. 8 because it is between the intensities at the tempera-
tures of 27 and 155 K. The decrease of f' is interpreted as an
increase of f° in the ground state.*® Curve fit for the data in
Fig. 8 gives the intensity ratio of each component, f0:f!: >
=2.26:939:3.82 for x=0.33 at 27K and f:f':f2
=1.68:94.8:3.48 for x=0.33 at 155 K, where fO+f1+2=1.
It is noted that the photoemission spectroscopy (PES) at
1500 eV is still surface sensitive, while, on the other hand,
RXES is essentially bulk sensitive. This may be a reason
why the ratios obtained with the PES are slightly different
from those obtained with the RXES and PFY-XAS, although
the trend is the same. These results from Figs. 7 and 8 show
that for the x=0.33 sample, f° increases by 0.5%-0.6% after
the phase transition when the temperature decreases.

Figure 9 shows the nonresonant valence spectra for x
=0.33 and 0.38 at the incident photon energy of 800 eV as a
function of the temperature. There is almost no temperature
dependence. We also show an example of the effect of the
contamination by oxygen for the x=0.38 sample in Fig. 9(b).
As noted before, during the measurement, we always
checked the oxygen photoelectron peak to avoid the con-
tamination. We measured Sn 3d photoelectron spectra at the
incident photon energy of 1500 eV as a function of the tem-
perature, but we found no change. We cannot observe the
temperature dependence in the nonresonant valence spectra.

Therefore, we measured the Ce 3d-4f resonant photoelec-
tron spectra (Fig. 10). The enlarged spectra at the Fermi edge
for B at the left-upper side of Fig. 10 is the high-resolution
case (6E=95 meV) and the others are the low-resolution
cases (6E=170 meV). In Fig. 10, the peaks at 0.1-0.3 eV
and 2 eV correspond to the final states of f' (4f2—4f') and
1 (4f' —=4f°), and represent the weight of the f> and f'
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FIG. 9. (Color online) Valence spectra for x=0.33 and 0.38 at
27, 67, and 155 K at the incident photon energy of 800 eV.

components in the initial states, respectively. In the high-
resolution measurement of Fig. 10, the f' peak shows a fine
structure, which consists of the f3,, (at 0.3 eV) and the f1,
(Fermi edge side) components, as observed in other Ce
compounds.*’30 f1 . is due to the crystalline electric-field
levels and the tail of the Kondo resonance peak. The f3,,
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FIG. 10. (Color online) Ce 3d-4f resonant photoelectron spectra
as a function of the temperature for x=0.33. The A-E notations
correspond to the energies indicated by the arrows in the absorption
spectra of Fig. 7. The enlarged spectrum at the left-upper side of the
figure is the high-resolution case at the Fermi edge for B.
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peak is due to the spin-orbit partner of the tail of the Kondo
peak. The intensity of the Kondo resonance peak shows the
strength of the c-f hybridization between the 4f electrons
and conduction band. If there is no c-f hybridization, the f'
component disappears and only the f° component will be
seen.*’ Our result shows the existence of the c-f hybridiza-
tion. If the hybridization strength increases, the Kondo peak
intensity will increase accordingly. In Fig. 10 for x=0.33, no
clear change can be seen in the intensity of f° and f' when
the temperature changes: the change in the intensity is small
and higher statistics may be required.

E. Origin of the valence transition

Adroja et al. indicated that a small volume change does
not explain the large change in the Kondo temperature, and
hence claimed that the KVC model is not applicable.?” They
estimated ATy/Tx=6 and AV/V=0.003 for x=0.35, where
Tk and V are the Kondo temperature and the volume, respec-
tively. Applying these values to the KVC model yields the
Griineisen parameter ({)) of about 2000 (ATx/Tg=
—QAV/V), which is unrealistically large when compared to
the case of the transition from y-Ce to a-Ce (ATx/Tx=8.6,
AV/V=0.14, and Q=61). Adroja et al. suggested the possi-
bility that the fine tuning of the Fermi-level position could
result in a large change in the hybridization and the Kondo
temperature with a small change in the volume. A similar
scenario was proposed for Ybln,_,Ag,Cu,.'*

Returning to our measurements, the magnetic susceptibil-
ity of the x=0.33 sample drops by about 25% at the transi-
tion, as shown in Fig. 1. The intensity ratio of f2 to f! and the
value of ny change by a few percent and of the order of 1%,
respectively. On the other hand, in the case of the
v-Ce—a-Ce transition, the magnetic susceptibility decreases
by more than 70%,'' about three times more than for
CeNi,_,Co,Sn with x=0.33. For the intensity ratio of /2 to f',
Ce metal shows 15%-50% change, and ny of the order of
10%."-12 These changes are 1 order of magnitude larger than
for CeNi;_,Co,Sn. This is the reason why most measure-
ments show only a small difference in f" at the transition in
the present study for x=0.33. We add the fact that in our
measurements the change in the magnetic susceptibility is of
the order of 25% around 70 K for the as-cast x=0.33 sample:
this is smaller than the result obtained by Adroja et al.?’
(about 70% for x=0.35) and measured with the x=0.34
sample (Fig. 1). Our x=0.34 sample was not studied with
x-ray because of the limitation of the cryostat.

Both resonant x-ray emission and photoelectron spectros-
copy suggest a small increase of the valence. The RIXS
shows the localized 4f states at low temperature. This sug-
gests that the low-temperature state can be understood as a
strongly correlated state, where the Kondo effect between the
localized 4f moment and the conduction electrons play a
central role. Therefore, the possibility of the Mott transition
model, where the low-temperature state is described by itin-
erant 4f electrons with less electron-electron correlations,!
should be ruled out.

Finally, we discuss the applicability of the KVC model to
our case. In the valence-band RPES spectra, we observed the
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Kondo resonance peak (f') and the lower Hubbard sideband
peak (f°). For x=0.33, the change in the Kondo peak (the
strength of the c-f hybridization) is not obvious. This result
is in clear contrast to the prediction of the KVC model,
where a drastic change in the Kondo peak (f!) intensity is
expected. Such change of the f' peak was actually observed
in the Ce y-a transition.! Choi et al. showed the strong
enhancement of the Kondo peak for CeSi, system when
the temperature was decreased.** It is noted that in CeSi,
the intensity of the Kondo peak is much stronger than
that of CeNi;_,Co,Sn, showing weaker Kondo effect in
CeNi;_,Co,Sn. These results indicate that the Kondo mecha-
nism may play a minor role in CeNi;_,Co,Sn. Hence, the
KVC model seems unlikely to explain the valence transition
of CeNi,_,Co,Sn. It is noted that in our other measurements
of the RXES and PFY-XAS, we could observe a small
change in the initial state of f2, corresponding to the final
state of f! in the valence spectra (the Kondo peak) of the
PES. Therefore, it is basically difficult to observe such a
small change in the valence spectra and there is a possibility
that the statistics was not enough.

We recently found the fact that in a similar system,
LaNi;_,Co,Sn, vy in the specific heat goes through a maxi-
mum around the Co concentration with x=0.38,5% where the
specific heat (C) is written as a function of temperature (7)
as C(T)=yT+BT*+ST° and vy represents the coefficient of
the first term. y7 is the electronic contribution: the increase
of y corresponds to the increase of the density of states at the
Fermi energy. The maximum of vy is roughly correlated with
the change in the magnetic behavior. This result suggests the
possibility of fine tuning the Fermi-level position as pro-
posed by Adroja et al. for CeNi;_,Co,Sn. The exact mecha-
nism of the transition, however, is still not clear.

IV. CONCLUSION

The magnetic measurement as a function of the tempera-
ture for CeNi;_,Co,Sn confirmed the trend previously shown
by Adroja et al.'®?” We performed the x-ray spectroscopic
study of photon and electron emissions for CeNi;_,Co,Sn
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(x=0.33 and 0.38). PFY-XAS, RXES, and PES measure-
ments give complementary information on the electronic
states. The results clearly demonstrate a sudden change in the
Ce valence for the x=0.33 sample around 60 K. Resonant
inelastic x-ray scattering at the Ce L absorption edge show
that the 4f state is localized or partially delocalized at 17 K
and the degree of hybridization is not strong. The results of
PFY and RIXS indicate that the valence transition causes a
decrease in the f' component and an increase in the f° and f°
components relatively with decreasing temperature.

We have studied the electronic state near the Fermi edge
and the temperature variation of f* and f' by means of the
resonant valence-band PES spectra, with nonresonant va-
lence spectra. We observed the Kondo resonance peak (the
final state of 1) in the resonant valence spectra, showing the
existence of the c-f hybridization. The change in the inten-
sity of f! for x=0.33 as a function of the temperature is not
clear, although the KVC model expects a drastic change in
the Kondo peak. Our other measurements, PFY-XAS and
RXES, also indicate a small change in the initial state of f°
(corresponding to the final state of f! in the valence spectra)
at low temperature. We add the fact that the estimated Grii-
neisen parameter by Adroja et al. was unrealistic.”” These
results show that the KVC scenario is not likely. Other mod-
els such as the Fermi-level tuning due to substitution, as was
suggested by Adroja et al.,>” could be considered. Further
experimental (for example, PES with higher statistics) and
theoretical (including the Fermi-level tuning) studies are still
necessary to clarify the origin of the valence transition in the
CeNi;_,Co,Sn system.
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