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We have investigated the Ce valence of an intermetallic compound Ce,Rh,Ga with a phase transition at 7, =
128.5 K by means of high-energy resolution fluorescence-detected x-ray absorption spectroscopy (HERFD-
XAS) and resonant x-ray emission spectroscopy (RXES) around the Ce L; edge. The HERFD-XAS spectra in
the whole temperature range from 300 to 3 K exhibit weak f° (Ce*") and f? (Ce®*) peaks as well as the f!
(Ce*") main peak, indicating that the Ce 4 f electrons hybridize with the conduction electrons. With decreasing
temperature from 125 to 100 K across 7;, the f ! peak is reduced, while the f 0 peak is enhanced. Concomitantly,
the Ce La; RXES intensity taken at the £ peak of the HERFD-XAS spectrum decreases. These spectroscopic
results indicate that the phase transition at 7; of Ce,Rh,Ga is driven by a valence transition of the Ce ions.

DOLI: 10.1103/PhysRevB.105.035113

I. INTRODUCTION

Ce- and Yb-based intermetallic compounds show as-
tonishing physical phenomena such as the Kondo effect,
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, heavy-
fermion behavior, valence fluctuation, and so on, which are
originated from the hybridization between the localized 4 f
electrons and conduction electrons [1]. The rare-earth ions in
compounds are usually in the trivalent state, while the Ce and
Yb valence states often fluctuate between Ce>* and Ce**, and
Yb** and Yb?*, respectively. Furthermore, the valence transi-
tion is induced with changing temperature, pressure, magnetic
field, and chemical composition [2].

Among such examples, the valence transition of a pure
Ce metal has been well studied, which takes place with a
first-order isostructural (fcc — fcc) phase transition from
the high-temperature or low-pressure y phase to the low-
temperature or high-pressure o phase [3-6]. The magnetic
susceptibility x(7) in the y phase obeys the Curie-Weiss
law, while is nearly temperature independent in the « phase
[7]. The transition is described as a localization-delocalization
phenomenon of the Ce 4f states. Two scenarios for the 4f
delocalization, the Kondo volume collapse model [8,9] and
the Mott-Hubbard model [10], are under debate as the origin
of the transition. The valence transition under pressure was
directly observed by means of the Ce Lay (3ds/» — 2p3)2) res-
onant x-ray emission spectroscopy (RXES). The theoretical
analysis based on the Anderson impurity model showed that
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the Ce valences increase from v = 3.03 at 0.15 GPa in the y
phase to v = 3.19 at 2 GPa in the « phase [4].

In comparison with the Ce metal, the valence transition
of YbInCuy at T, = 42K (ambient pressure) has also been
well studied [2,11-14]. The hard x-ray photoemission spec-
troscopy for the Yb 3d core states at hv ~ 6 keV revealed
that the Yb valence decreases from 2.90 at high temperatures
to 2.74 at low temperatures [15]. The Curie-Weiss type x (T)
sharply drops at T, and becomes nearly constant at 7 < T,. A
structural modification from a cubic (F 43m) to a tetragonal
structures (/4m?2) has been revealed by a precise structural
investigation using high-energy x-ray diffraction with syn-
chrotron radiation [16].

Recently, a new Ce-based intermetallic compound
Ce;Rh,Ga, which is one of the R,7,X family (R: rare
earth, T': transition metal, X: p-metal), was synthesized and
its physical properties were reported by Nesterenko et al. [17].
Ce;RhyGa has dimorphic forms depending on the thermal
treatment. The as-cast sample and the sample annealed at
900 °C have the orthorhombic La;Nis-type structure, while
the sample annealed at 700 °C has the monoclinic Pr,Co,Al-
(CaylIr,Si-) type one. Of the two forms, the orthorhombic
Ce,RhyGa exhibits a phase transition at 7; = 128.5 K.
Between 400 and 200 K, x(T) follows the Curie-Weiss
law with the effective magnetic moment of 2.54 ug/Ce,
corresponding to Ce®*. The negative Weiss temperature
of 8, =—120 K was attributed to the antiferromagnetic
interaction between the Ce ions. At 7;, x(T') sharply drops by
about 20% of the maximum value and continues to decrease
down to 80 K. The specific heat C, is nearly constant at
~130J/molg, K between 300 and 130 K and exhibits a cusp
at T, reaching to ~424 J /molg, K. The Sommerfeld coefficient

©2022 American Physical Society
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is estimated to be y = 172.5 mJ/molc, K from the data below
20 K using LayRh,Ga data as a phonon contribution. The
authors mentioned that the anomalies in x(T) and C,(T)
at T; bear the signature of antiferromagnetic order, but the
transition temperature of 7, = 128.5 K is extraordinary
high [17] in comparison with typical Néel temperatures of
Ce-based antiferromagnets. Therefore, a structural phase
transition was proposed as an alternative scenario. In fact, a
small monoclinic distortion is detected at around 7; as well
as the noticeable changes in the lattice parameters and cell
volume.

To reveal the mechanism of the phase transition in or-
thorhombic Ce,Rh,Ga (hereinafter referred to as Ce,Rh,Ga
without “orthorhombic™), the investigation on electronic
states is indispensable. It is noteworthy that the temperature
dependence of x(7) and the cusp of C, at T; resemble those
of YbInCuy [2]. These similarities suggest that the phase
transition of Ce,Rh,Ga is driven by the valence transition
in the Ce ion. This idea strongly motivated us to investigate
the Ce-derived electronic states of this compound. A sig-
nature of valence transition is also seen in the changes in
the lattice parameters and cell volume at around 7; [17]. In
this paper, we have examined the temperature dependence of
the Ce valence of Ce,Rh,Ga by means of high-energy res-
olution fluorescence-detected x-ray absorption spectroscopy
(HERFD-XAS) and the Ce Lo; resonant x-ray emission spec-
troscopy (RXES) around the Ce L; edge. We successfully
detected the remarkable increase in the Ce valence with de-
creasing temperature across 7Ty, clearly indicating the valence
transition in Ce,Rh,Ga.

II. EXPERIMENTS

The Ce L; HERFD-XAS and Ce Loy REXS for Ce,Rh,Ga
were carried out at undulator beamline BL39XU of SPring-
8 [18]. Undulator beam is monochromatized using a Si220
double crystal monochromator and focused onto the sample
with the beam size of 0.1(vertical) x 0.3(horizontal) mm?.
The Ce Loy REXS spectra were measured using five Ge331
spherically bent crystals and a two-dimensional pixel detec-
tor (PILATUS). The HERFD-XAS spectra were collected by
monitoring the intensity of the Ce Lo fluorescence line with
photon energy of hvy, = 4840.2 eV, emitted after the Ce
2p3/> — 5d absorption. The total energy resolution was about
0.6 eV. The temperature of the sample was controlled using a
closed-circuit He cryostat and a heater attached to the sample
holder. For the HERFD-XAS and REXS measurements, we
used pieces cut from a single-crystalline Ce,Rh,Ga sample,
grown by the Czochralski method with a radio-frequency
heating furnace. The sample was characterized by x-ray
powder diffraction and the magnetic susceptibility measure-
ments. The crystalline orientation relative to the polarization
direction of the incident light was fixed throughout the exper-
iments. The orientation dependence was not measured [19].

III. RESULTS

Figure 1(a) shows a temperature dependence of the Ce Lj
HERFD-XAS spectra of Ce,Rh;Ga measured between 300
and 3 K as a function of incident photon energy (hvi,). The
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FIG. 1. (a) Temperature dependence of Ce L; HERFD-XAS
spectra of Ce,Rh,Ga measured between 300 and 3 K. Shoulder struc-
tures are observed in the f! and f° components as shown by vertical
bars. (b) Difference spectra at 200, 125, 100, and 3 K obtained by
subtracting the HERFD-XAS spectrum at 300 K. Two structures are
noticed in the f' and f° components as shown by vertical bars.

spectra have been normalized with the total intensity in the
measured region of hvy, = 5700 ~ 5820 eV. The spectra ex-
hibit a main peak at 5726 eV, so called white line, ascribed
to the f! (Ce3) state [20]. On the other hand, a satellite
feature at 5737 eV is attributed to the f° (Ce**) state. Both
in the f! and f° peaks, shoulder structures are observed as
shown by vertical bars in the figure. Since the absorption is
caused by the 2p3/, — 5d transition, the f! and £0 features
reflect the feature of the Ce 5d density of states (DOS). Such
two components are also observed in the Ce L3 HERFD-XAS
spectra for Ce(Ru;_,Fe,),Al;o due to band effects [21]. Co-
existence of the f! and f° components indicates a presence
of the hybridization between the Ce 4 f electrons and conduc-
tion electrons (¢ — f hybridization) in the whole temperature
region, whereas the well localized 4f state of Ce** was indi-
cated above 7; from the effective moment of x (7). We also
find a weak shoulder at 5718 eV, which is originated from the
£? (Ce*™) state [3,22]. A broad structure around 5752 eV is
a part of the oscillations due to an extended x-ray absorption
fine structure (EXAFS).

The fundamental features of the spectra remain unchanged
with temperature, while the f' (f°) peak is reduced (en-
hanced) gradually on cooling, indicating that the Ce valence
shifts towards tetravalent. On the other hand, it is difficult
to see clear variation of the f> shoulder because of the sub-
stantially weak intensity. Figure 1(b) shows a temperature
dependence of the difference spectra obtained by subtracting
the spectrum at 300 K. On cooling a negative structure at
5725 eV develops, corresponding to the reduction of the f!
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FIG. 2. Deconvolution of Ce L; HERFD-XAS spectrum of
Ce,Rh,Ga measured at 3 K into the £°, f!, and f? components with
the contributions from the absorption edge and EXAFS structure.

structure. On the contrary, the f 0 enhancement is manifested
in the positive structure at 5736 eV. Obviously, we find two
components in the respective structures, reflecting the Ce 5d
DOS feature. Note that the noticeable change is detected
between 125 and 100 K, indicating that the temperature de-
pendence of the HERFD-XAS spectra is related to the phase
transition at 7;. We notice a small negative peak at 5718 eV
in the difference spectra at 100 and 3 K, indicating that the f2
shoulder is slightly reduced.

The relative intensities among the f°, f!, and f? compo-
nents in the HERFD-XAS spectra provide the average number
of the Ce 4 f electrons, that is, the Ce valence v. In the ground
state, v is roughly estimated from v =3+ (Ip — L)/(lp +
I} + I,) with disregarding the final state interaction [20,22].
Here, Iy, I}, and I, denote the intensities of the f 0 f!, and
f2 components, respectively [19]. To deduce Iy, I;, and I,
we deconvoluted the HERFD-XAS spectra by fitting with the
conventional method [20]. As an example, a fit to the spectrum
at 3 K is shown in Fig. 2. The f' feature was assumed to be
expressed by three Gaussian functions as shown by dashed
lines. In the fits of all spectra, we fixed the relative intensities,
energy differences, and full widths at half maxima of the three
Gaussian functions. Similarly, the f° feature was assumed to
be expressed by two Gaussian functions, and the f? feature
by one Gaussian function. A part of the EXAFS oscillation
was also assumed by the Gaussian function. The intensity
ratio between the f!' and f?> components was fixed for all
temperatures by taking account of the RXES results as shown
later. The edge jump due to the Ce’™ (f') Ly absorption to
continuum states was approximated by an arctangent function.
The Ce** (f°) and Ce®* (f?) L3 absorptions were neglected,
because of small contribution to the spectra. Using these
curves, the spectra are well fitted as shown in Fig. 2.

Figure 3(a) shows the temperature dependence of the f©,
f!, and f? intensities derived from the fits. With decreasing
temperature from 300 K, the f! intensity gradually decreases
until it drops across 7; while the f° intensity shows an op-
posite variation. The f? intensity, which was fixed so as to
be proportional to the f! intensity, is almost independent of
temperature on the scale of the vertical axis in Fig. 3(a). The
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FIG. 3. (a) Temperature dependences of f°, f!, and f? intensi-
ties of HERFD-XAS spectra of Ce,Rh,Ga obtained from the fits.
(b) Temperature dependence of the Ce valences of Ce,Rh,Ga de-
duced from the £, f!, and f? intensities in (a).

Ce valences deduced from the f 0 f ' and f 2 intensities are
plotted as a function of temperature in Fig. 3(b). The Ce
valence at 300 K is estimated to be v ~ 3.053 and almost
constant down to 150 K. Between 125 and 100 K, the Ce
valence remarkably increases to v ~ 3.071 and gradually to
a little below v ~ 3.08 at T < 50 K.

To better assess the temperature dependence of the f2
weight, we have measured the Ce Lo; RXES spectra. Fig-
ure 4(b) presents a series of the RXES spectra measured at
300 K with changing Avj, from 5715 to 5760 eV around the
Ce Ls absorption edge. Energy transfer for the horizontal axis
of the spectra is defined as the energy difference between
the incident and emitted photon energies; Ahv = hvi, — hvgy.
The vertical offset of each spectrum is scaled to hvy, axis of
the HERFD-XAS spectrum presented in Fig. 4(a). The feature
of the RXES spectra in Fig. 4(b) strongly depends on Avj,. The
spectrum at hvy, = 5715 eV, below the Ce L3 absorption edge,
already has weak intensity and exhibit a broad structure with a
maximum at Ahv = 885 eV. With increasing hvy, from 5715
to 5719 eV, the broad structure is gradually enhanced with
no energy shift and no change of the feature, indicating that
the broad structure is ascribed to the Raman component. With
further increasing hvy,, the intensity of the spectrum further
increases with changing the feature and reaches a maximum
around the HERFD-XAS main peak (hvy, = 5725 eV). Above
the main peak, there are the Ce Lo fluorescence lines, which
move toward the higher energy transfer linearly with hvj,
because of the constant hvy, of 4840.2 eV.

Figure 4(c) shows the temperature dependence of the
RXES spectra measured at hvy, = 5718 eV, corresponding
to the f? peak of the HERFD-XAS spectrum. The spectra
have been normalized to the hvy, intensity. We find some fine
structures at Ahv = 878.0, 879.5, and 881.5 eV in addition
to the main peak at 885 eV. We recall that in the Ce L«
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FIG. 4. (a) Ce L; HERFD-XAS spectrum of Ce,Rh,Ga measured at 300 K. (b) hv;, dependence of Ce Loy RXES spectra around the Ce L;
absorption edge measured at 300 K. Horizontal axis is an energy transfer defined by Ahv = hv;, — hv,y. Vertical offset of each spectra has been
scaled to hvy, axis in the HERFD-XAS spectrum in (a). (c) Temperature dependence of RXES spectra taken at hv;,, = 5718 eV, corresponding
to the f2 peak of the HERFD-XAS spectrum. (d) Temperature dependence of total intensities of RXES spectra at hvy, = 5718 eV in (c).

RXES spectrum measured around the f> HERFD-XAS peak,
two structures due to the f' and f2 components appear at the
higher and lower energy transfer, respectively, with the energy
distance of about 7 eV [4,20]. In particular, the f 2 component
at the lower energy transfer is observed emphatically. In the
series of the RXES spectra in Fig. 4(b), with increasing hvi,
from 5715 eV, the structures at Ahv = 878.0 and 879.5 eV
seem to be slightly enhanced in comparison with those at
Ahv = 881.5 and 885 eV at hvy, = 5718 eV. Thus, the former
two structures are ascribed to the f? component, while the
latter two structures to the f' component. In Fig. 4(c), we
notice that the whole intensity steeply reduced on cooling
from 125 to 100 K, again related to the phase transition at
T:. On the other hand, the overall spectral feature including
the relative intensity hardly changes, which means that the
f?* weight relative to the f! weight is almost invariant across
T:. The total intensities of the RXES spectra are plotted as a
function of temperature in Fig. 4(d). A similar behavior is also
detected in the RXES spectra measured at hvy, = 5719 eV.
These observations clearly show that the f? weight decreases
with decreasing temperature across 7, with keeping the ratio
with respect to the f! weight constant.

IV. DISCUSSION

We observed the remarkable increase in the Ce valence of
Ce,Rh,Ga with decreasing temperature from 125 to 100 K.
The temperature range is slightly below 7; = 128.5 K, where
x (T) sharply drops. This shift in temperature may be caused
by heating of the sample due to high intense synchrotron
radiation. We comment that the derived Ce valence is slightly
underestimated as shown in Fig. 5 in comparison with the
actual value in the ground state due to the final state effect

[22]. Nevertheless, the experimental results clearly reveal the
valence transition across 7T;.

The valence transition is consistent with the temperature-
dependent lattice parameters, reported in the supplementary
materials of Ref. [17] (Fig. S3 in that paper). On cooling from
150 to 80 K across T;, the orthorhombic a and b axis param-
eters gradually contract, while the ¢ axis parameter expands.
As a whole, the unit cell volume decreases from V ~ 423 A3
at 150 K to V ~ 413 A3 at 80 K with the volume change
of AV/V ~0.024. A small monoclinic distortion is detected
below T;. The structural transition has not clearly been found
and is under investigation at present. On the other hand, the
present HERFD-XAS shows that the Ce valence increases
from v ~ 3.054 at 150 K and ~3.073 at 80 K, providing
Av/v ~ 0.0062.

Let us compare these values of AV/V and Av/v with
those of the valence transition in the Ce metal at the y — «
transition induced by applied pressure. The Ce valences of
the Ce metal are estimated to be 3.03 at 0.15 GPa in the y
phase and 3.19 at 2 GPa in the o phase by means of Ce Lo
RXES [4], resulting in Av/v ~ 0.051. By this transition, the
lattice volume decreases from 34.2 A% at 0.15 GPa to 26.7 A3
at 2 GPa with AV/V ~ 0.25 [23]. Both values of AV/V and
Av/v of Ce,RhyGa are smaller than those of the Ce metal by
just about an order of magnitude. This means that the volume
change relative to the valence change is comparable between
the Ce metal and Ce;Rh,Ga. Note that the two systems have
the difference in both the crystal structure and density of the
Ce ion in the lattice.

Another example of the Ce-based compound showing a
first-order valence transition is CeNi;_,Co,Sn (0.35 < x <
0.40) with T, = 75 — 40 K [24]. The x (T ) exhibits the Curie-
Weiss behavior above T, and sharply decreases at T,, like in
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Ce,Rh,Ga [17]. In case of CeNi;_,Co,Sn with x = 0.38, the
unit cell volume abruptly decreases at 45 K with the volume
change of AV/V ~ 0.003. The Ce L; HERFD-XAS results
were also reported for x = 0.33 (as-cast sample) and 0.38
[25]. For x = 0.33, the f° peak slightly increases relative to
the f!' peak on cooling [26]. Although the Ce valence was
not estimated in Ref. [25], the valence change seems to be
comparable with Ce,Rh,Ga from the temperature-dependent
HERFD-XAS spectra for x = 0.33. Thus, the ratio of the
volume change relative to the valence change for Ce,Rh,Ga
is similar with those in the Ce metal and CeNi;_,Co,Sn.
This fact suggests that the lattice contraction of Ce,Rh,Ga
is induced by the valence transition.

The transition temperature of 128.5 K for Ce,Rh,Ga is
substantially higher than 40 K (x =0.40) and 75 K (x =
0.35) for CeNi;_,Co,Sn. In addition, the lattice parameters
of Ce,Rh;Ga change gradually at around 7;, in contrast to the
sharp change of CeNi;_,Co,Sn. However, the sharp drop in
x(T), and amounts of the Ce valence and volume changes
are comparable for both compounds. The phase transition in
CeNi;_,Co,Sn is interpreted by the first-order valence tran-
sition from the localized 4f state to the itinerant 4f state.
For Ce,Rh,Ga, the increases of the Ce valence or the en-
hancement of the f* component in the Ce L3 HERFD-XAS
spectra below 7; indicate that the ¢ — f hybridization becomes
stronger in the low temperature phase. In the same line with
CeNi;_,Co,Sn, the phase transition of Ce,Rh,Ga is described
as follows. With decreasing temperature from about 150 K,
the Ce valence starts to increase and the volume of the unit
cell to decrease around 150 K. As the result, the ¢ — f hy-
bridization is gradually enhanced with keeping the local Ce 4 f
moment unchanged down to 7;. At T;, due to the remarkable
increases of the ¢ — f hybridization and the Ce valence, the
local moment is abruptly screened and the magnetic suscep-
tibility suddenly drops. Below T;, the Ce valence and cell
volume continue to vary down to 80 K. At present, we are not
able to derive the Kondo temperature Tk, which is a measure
of the ¢ — f hybridization strength. Further studies by means
of other microscopic tools are required to reveal the origin of
the phase transition of Ce,Rh,Ga.

Finally, we estimated the Ce valences in the ground state by
taking account of the final state effect. Thereby, we used the
model proposed by Imer and Wuilloud [27], which is a sim-
plified version of the Gunnarsson-Schonhammer model based
on the single-impurity Anderson model [28,29]. According to
their model, the Hamiltonian for the ground state H, for the
Ce compounds is given by

0 A 0
Hy=|A & V2A (1)
0 «/EA 28f+Uff

with the basis set of |f°), |f!), and |f?), where &/ and Uy,
represent the energy of the 4f state and the Coulomb in-
teraction energy between the 4f electrons, and A is defined
by A = (f'|H,|f°). The diagonalization of H, provides the
ground state |g) = so|f°) + s1|f"!) + s2/g?) with the lowest
energy eigenvalue and the Ce valence in the ground state is
given by v =4 — |s;|> — 2|s,|*. Similarly, the Hamiltonian
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FIG. 5. Temperature dependence of the Ce valences in the
ground state of Ce,Rh,Ga obtained by taking account of the final
state effect using the simple model [27] (solid circles). The Ce
valences derived by neglecting the final state effect in Fig. 3(b) (open
circles) are also shown for comparison.

for the Ce L3 XAS final state Hy is given by

0 A 0
Hi=|A e —Up+Up V2A :
0 V2a 2er = Ure + Ura)+Uss

@

where Uy, and Uyq are the 2p — 4f and 5d — 4f Coulomb
interaction energies, respectively. The XAS intensity for
the eigenstate of Hy, |f) = tolf%) + talf') + talf2) (i =
0, 1, 2), is obtained from |[sotio + s1%;1 + $otip|?. Note that the
XAS intensity for | f?) corresponds to the experimental inten-
sity of the f' peak. We adjusted four parameters &, A, Uyy,
and Uy, — Uy, so as to reproduce the relative intensities and
relative centroid energies for the f°, f!, and f? components
in the HERFD-XAS spectra. Derived parameters were &y =
—0.59 eV, Usy =5.28 €V, and Uy, — Uyqg = 11.97 eV. Only
A values were changed with temperatures from 0.180 eV
at 300 K to 0.226 eV at 3 K, which shows that the ¢ — f
hybridization strength increases at low temperatures. As ex-
amples, the calculated XAS intensities at 300, 150, 80, and
3 K are summarized in Table I in comparison with those
derived from the deconvolution of the HERFD-XAS spectra
as in Fig. 2. The relative centroid energies of the f! and f°
peaks to the f? peak are 7.3 and 20.2 eV in the experiments,

TABLE 1. The calculated f°, f', and f> XAS intensities (I;.?lc‘)
are compared with those derived from the deconvolution of the
HERFD-XAS spectra (I;fp') as in Fig. 2. Used A parameters are
presented, while the other parameters are fixed to be £, = —0.59 eV,
Uy =5.28¢eV,and Uy, — Uyy = 11.97 eV.

Temperature

(K) A (eV) I;:_glc. I;g]l I}:zlllc. I;”]‘P Ifcgla I;;P
300 0.180 0.063 0.063 0.929 0.926 0.007 0.011
150 0.184 0.065 0.065 0.927 0.925 0.008 0.011
80 0.218 0.083 0.084 0.907 0.906 0.010 0.010
3 0.226  0.087 0.086 0.902 0.903 0.011 0.010
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while the calculated values are 7.3 and 19.9 eV, respectively,
for all temperatures. Figure 5 shows the deduced Ce valences
in the ground state as a function of temperatures, which are
larger than about 0.015 in comparison with those in Fig. 3(b).
The valences of v ~ 3.070 at 150 K and v ~ 3.089 at 80 K
results in Av/v ~ 0.0062.

V. SUMMARY

To reveal the mechanism of the antiferromanetic-like phase
transition at 7; = 128.5 K in orthorhombic Ce,Rh,Ga [17],
we have investigated the Ce valence of this compound by
means of the Ce L; HERFD-XAS and Ce Loy RXES on a
single crystal. The HERFD-XAS spectra between 300 and 3 K
exhibit the small fraction of the f° component in addition
to the f! main peak, indicating the weakly mixed valence
state formed by the ¢ — f hybridization. The tiny f> shoulder
is also detected below the f' main peak. With decreasing
temperature from 300 K, the f! peak gradually decreases,
while the f° peak increases. From the f°, f!, and f? inten-
sities obtained by the fits to the HERFD-XAS spectra, the
Ce valence at 300-150 K is evaluated to be v ~ 3.053. The
Ce valence increases to v ~ 3.073 on cooling to 80 K across
T; and continues to increase to a little below v ~ 3.08 at
50 K (see also Fig. 5). In particular, the remarkable increase
in the valence occurs between 125 and 100 K. The Ce 4f
state in Ce;Rh,Ga transforms from the rather localized state

in the higher temperature phase into the rather delocalized
state in the low temperature phase. The valence transition is
also observed as the decrease in the total intensities of the
RXES spectra measured at hvy, = 5718 eV, corresponding to
the f? component in the HERFD-XAS spectrum. The RXES
results show the f2 weight decreases on cooling across 7; with
keeping the constant ratio to the f! weight. Thus, we conclude
that the phase transition at 7; of Ce;Rh,Ga is caused by the
valence transition.
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