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A B S T R A C T   

The ternary rare-earth metal fluoride CsEuF3 adopts an ideal cubic perovskite structure [ABX3] under ambient 
conditions. The B-cation site is occupied by the rare-earth Eu ion and EuF6 octahedra are formed. In the present 
study, magnetic susceptibility and synchrotron X-ray absorption spectroscopy (XAS) analysis at the Eu-L3 edge 
confirmed that Eu is in a divalent oxidation state under ambient conditions. Temperature-dependent magnetic 
susceptibility data revealed that the average Eu valence increased below 20 K due to a partial transition from the 
Eu2+ state to the Eu3+ state, thereby resulting in a mixed valence state with an average valence of +2.23. Direct 
evidence for valence fluctuation by the Eu ions in CsEuF3 was obtained using the high pressure high energy 
resolution fluorescence detection-XAS technique, where continuous changes in valence were observed from 
2.15+ at ambient pressure up to 2.5+ at 10.5 GPa. These findings indicate the possibility of discovering inter
esting physical properties associated with valence instabilities by rare-earth metals in similar systems.   

1. Introduction 

The highly correlated narrow-band behavior of 4f electrons in rare- 
earth (RE) systems has attracted considerable interest recently, and it 
is referred to as one of the “key ingredients for modern technology.” The 
variable valence states and electronic structures with flexible redox 
properties of these systems lead to interesting exotic behaviors, 
including volume collapse, Kondo-like behavior, high magnetic ordering 
temperature, and heavy fermion behavior [1–5]. These elements have 
traditionally been used as dopants to modify the specific physical and 
chemical properties of a wide range of materials. For instance, several 
studies have shown that the introduction of RE metals as dopants or 
components of RE-containing perovskite materials can significantly 
improve the performance of perovskite solar cells, the photo
luminescence of perovskite and/or double perovskite nanocrystals, and 
the efficiency of perovskite catalysts [6–11]. 

In addition, materials with a perovskite crystal structure have been 
studied intensively because they exhibit several features that are 

important for technical and fundamental reasons [12–14]. The earliest 
identified perovskite is CaTiO3. Subsequently, this formula was derived 
into new different forms, including ABX3, A3B2X9, and A4BX6, where A 
and B are cations (A has a larger radius than B), and X is either a halogen 
anion or oxygen anion. Moreover, these materials can exhibit emergent 
physical properties as well as various electronic, magnetic, and struc
tural behaviors, which are strongly associated with the cation that oc
cupies the A- and/or B-site, and their versatile spatial arrangement in 
BX6 octahedra [15]. Therefore, these diverse compositions and struc
tures make perovskite materials important as functional materials with a 
wide range of applications, including in luminescent perovskites used in 
sensors, photoelectric perovskites used in photovoltaics, electrical pe
rovskites used to prepare devices, and magnetic perovskites used in 
biomedical imaging and other fields. Many elements can occupy the 
cation site but few studies have investigated RE-based perovskite ma
terials, i.e., materials where RE metals occupy the B-site to form BX6 
octahedra, and we lack an understanding of their physical properties. 

Thus, in the present study, we synthesized the material CsEuF3 using 
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the chemical reduction route [16] in order to understand the funda
mental properties of RE-based perovskite materials, and by focusing on 
cases where the divalent RE ion forms octahedra. CsEuF3 is a rare 
example in this class of materials because it contains a divalent Eu ion in 
the B-site and forms an ideal cubic perovskite structure under ambient 
conditions (Fig. 1). In previous studies, CsRECl3 (where RE = Sm, Eu, 
Tm, Yb), CsREF3 (where RE = Eu, Yb), and CsEuBr3 were successfully 
synthesized and their reported crystal structures contain divalent REs 
that form BX6 octahedra [16–18]. 

Typically, RE chemistry is dominated by the trivalent oxidation 
states, but elements such as cerium, praseodymium, and terbium exhibit 
an additional tetravalent oxidation state, and samarium, europium, and 
ytterbium have an additional divalent oxidation state [19–21]. The 
physical properties of Eu are significantly different in these two oxida
tion states, where Eu2+ (([Xe]4f7)) has high magnetic moments (J =
7/2) compared with nonmagnetic Eu3+ ([Xe]4f6) (J = 0). Furthermore, a 
small energy difference between the 4f7 and 4f6 states of Eu2+ and Eu3+, 
respectively, can lead to valence instability in response to changes in 
external stimuli, such as temperature or pressure (chemical or physical). 
The valence state of the RE ion can be determined by subtle differences 
in the interaction energy between localized f electrons and the cohesive 
energy of electrons populating the conduction bands in the metal [22], 
which can be observed by using various macroscopic and microscopic 
experimental techniques. 

The isolated CsEuF3 compound was characterized based on powder 
X-ray diffraction (PXRD), temperature-dependent magnetic suscepti
bility measurements, and high energy resolution fluorescence detection- 
X-ray absorption spectroscopy (HERFD-XAS) under applied pressure. 
Our results indicated that the CsEuF3 compound was characterized by a 
fluctuating valence system where 50% of the divalent Eu ions trans
formed into the trivalent oxidation state as the pressure increased. 

2. Materials and methods 

Synthesis: A polycrystalline sample of the fluoroperovskite analogue 
CsEuF3 was synthesized via the chemical reduction of europium tri
fluoride (EuF3, Alfa Aesar, 99.98%) with cesium metal (Cs, Alfa Aesar, 
99.98%). Stoichiometric amounts of EuF3 and Cs metal were placed in a 
tantalum tube and sealed under reduced pressure inside a quartz tube. 
The mixture was annealed at 723 K for 24 h and then ground into 
powder. All sample handling procedures were conducted in an argon- 
filled glove box under anaerobic conditions (O2/H2O values < 0.1 

ppm) because the materials are sensitive to oxygen and moisture. 
PXRD: The sample was sealed in a thin-walled glass capillary with a 

diameter of 0.5 mm to perform PXRD measurements under ambient 
conditions. PXRD measurements were acquired using a Rigaku 
SmartLab-9kW equipped with a Mo-target X-ray tube (λ = 0.7093 Å) and 
D/teX Ultra-HE detector. The glass capillary was continuously rotated at 
60 rpm. Data were obtained in the 2θ range of 5–60◦ at a step interval of 
0.005◦. 

Quantitative phase analysis was performed using Rietveld structure 
refinement [23] and according to the guidelines of Hill and Howard 
[24]. Structure refinements using PXRD data were conducted using 
GSAS2 software [25]. The starting models for the CsEuF3, CsF, and EuF3 
phases were based on those described by Wu and Hoppe [16] (ICSD card 
no. 49577), Posnjak and Wickoff [26] (ICSD card no. 53832), and Zin
chenko et al. [27] (ICSD card no. 53832), respectively. According to the 
instrumental parameters (such as the sample displacement and scaling 
factor), lattice parameters, and peak shape parameters for all of the 
phases present, structural refinement was performed using a 
pseudo-Voigt profile function and a Chebyschev-1 background model 
with up to three coefficients. Isotropic vibration modes were assumed 
for all atoms. In particular, the fluoride isotropic displacement param
eter was maintained at a reasonable value (Uiso = 0.066(2) Å2) with a 
minimal impact on the reliability factor, whereas the isotropic 
displacement parameters for Cs and Eu in the CsEuF3 phase were 
allowed to be modified freely. 

Magnetic susceptibility: Magnetic measurements were performed for 
a sample weighing ~20 mg sealed in a thin-walled quartz ampoule using 
a Quantum Design SQUID MPMS magnetometer. Temperature- 
dependent magnetic susceptibility data were collected at 1 T under 
field-cooled protocols at temperatures between 1.8 and 300 K. Magnetic 
susceptibility was calculated based on the zero-field cooled magnetiza
tion measurements. The inverse magnetic susceptibility was fitted to the 
modified Curie–Weiss law as follows: 

χp(T)=
NA

3k
μ2

eff

T − Θp
− χD  

where μeff is the effective magnetic moment, Θp is the paramagnetic 
Weiss temperature, and xD is the diamagnetic contribution to the mag
netic susceptibility. xD is − 75.9 × 10− 9 emu/mol for CsEuF3. 

HERFD-XAS: Eu-L3 edge XAS spectra were collected in the HERFD 
mode using the Taiwan inelastic X-ray scattering undulator installed in 
the BL12XU at SPring-8 (Hyogo, Japan). A monochromatic X-ray beam 
was produced using a Si(111) double crystal monochromator and the 
beam was focused with two Kirkpatrick–Baez mirrors to 8 × 45 μm2 at 
the sample position. Measurements were made at ambient conditions 
using the same batch of samples enclosed inside the thin-walled glass 
capillary applied for PXRD analysis. The X-ray emissions from the 
sample were collected at an angle of 90◦ from the incident X-ray and 
analyzed using a spectrometer equipped with a spherically bent Ge(444) 
crystal (radius = 1 m) and a solid-state detector (XFlash 1001 type 1201) 
arranged in a horizontal plane in a Rowland-circle geometry. In the 
HERFD-XAS measurements, the intensity of the Eu-Lα1 fluorescence line 
was measured as a function of the incident photon energy, which varied 
around the Eu-L3 absorption edge (6.9769 keV). The sample was aligned 
to minimize self-absorption and the acquisition time for each measure
ment was minimized to avoid radiation damage to the sample. A 
Panoramic-style DAC equipped with a 300 μm culet diameter anvil and a 
beryllium + cubic boron nitride gasket was used to apply high pressure. 
The CsEuF3 powder samples were pressed into small pellets (thickness =
20 μm, area = 70 × 90 μm2) and loaded together with a ruby ball and 
Daphne oil as a pressure transmitting medium. 

Synchrotron PXRD: High pressure synchrotron PXRD measurements 
were performed at room temperature using the BL12B2 at SPring-8 
(Hyogo, Japan). Two four-post wide-opening DACs with diamond an
vils and a 300 μm culet diameter were used to apply pressure. The 

Fig. 1. Schematic illustration of ABX3 cubic perovskite, where the A and B 
cation sites, and X anions occupy the body-centered, vertices, and face-centered 
positions, respectively (A = Cs; B = Eu; X = F). The RE metal ion occupies the B- 
site to form BX6 octahedra. 
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powder samples were pressed into two small pellets (~70 × 90 μm2) and 
loaded together with a ruby ball into a stainless-steel gasket hole. 
Daphne oil was used as a pressure transmitting medium and each 
pressure point was determined by the fitting pressure shift of the ruby 
fluorescence line. A monochromatic X-ray beam with a wavelength of 
0.5657 Å was used as the probing source. The pressure was increased up 
to 23 GPa and released down to ambient pressure. Five relatively quick 
scans were acquired and summed in order to avoid the possibility of 
radiation damage to the sample and to improve the signal-to-noise ratio. 
The two-dimensional diffraction images were integrated using IPAna
lyzer, and data analysis was performed by Rietveld refinement and the 
LeBail pattern decomposition technique in the GSAS2 suite of programs. 

3. Results 

3.1. PXRD measurements 

As shown in Fig. 2, qualitative phase analysis indicated the formation 
of the major CsEuF3 phase (wt.% fraction 96.8%) and two minor phases 
comprising CsF (wt.% fraction 1.9) and EuF3 (wt.% fraction 1.3). Riet
veld refinement of the PXRD pattern obtained for the sample collected 
under ambient conditions confirmed that CsEuF3 adopts an ideal cubic 
perovskite structure (space group Pm-3m) with a lattice constant of a =
4.77776(3) Å and a total volume of V = 109.062(3) Å3 (Rwp = 4.78%), 
which are consistent with previously published data [16]. The refined 
structural parameters for the CsEuF3 phase are listed in Table 1. Eu ions 
fill the octahedral holes created by the F ions, and the Cs and F ions form 
a cubic closed packed lattice. The Cs atoms are in Wyckoff position 1b, 
½,½,½; the Eu atoms are in Wyckoff position 1a, 0,0,0; and the F atoms 
are in Wyckoff position 3d ½,0,0; all of which are special positions. 
Together the atoms form a three-dimensional net of corner-sharing EuF6 
octahedra with Cs ions in the twelve-fold voids between the 
polyhedrons. 

3.2. Magnetic property measurements 

Temperature-dependent magnetic susceptibility measurements were 
obtained between 1.8 K and 300 K to determine the temperature 
dependence of the valence of Eu ions in CsEuF3. Fig. 3 shows the tem
perature dependence of the paramagnetic susceptibility, χ, for CsEuF3. 
At high temperatures, χ(T) followed the Curie–Weiss law with a positive 

Weiss temperature (3.75 K), but the susceptibility increased sharply 
below 25 K to reach χ = 2.5 emu mol− 1 at 1.8 K. The inverse suscepti
bility curve above 25 K was fitted with the Curie–Weiss law. The 
effective magnetic moment per Eu atom (μeff) at 300 K was determined 
as 7.62 μB and the Weiss temperature as Θp = 3.8 K. This value is slightly 
lower than the spin-only magnetic moment calculated for Eu2+ (7.94 μB/ 
Eu atom), thereby indicating that Eu essentially existed as Eu2+, i.e., 
96% in the divalent state. 

To understand the behavior of CsEuF3 below 20 K, the temperature- 
dependent effective magnetic moment per Eu atom was calculated using 
the following formula:  

(μeff)2 = 8 χ T,                                                                                      

and the results are shown in the inset in Fig. 3. The effective magnetic 
moment remain unchanged down to 20 K, but a rapid decrease started at 
18 K and μeff = 6.07 μB was reached at 1.8 K. This sharp decrease in the 
effective magnetic moment can be explained by the valence fluctuation 
model, where CsEuF3 only contained paramagnetic Eu2+ (4f7) at high 
temperature, but a spontaneous change in valence to nonmagnetic Eu3+

(4f6) occurred as the temperature decreased. At the lowest temperature, 
76% of the Eu ions were expected to be in the divalent state, and 24% 
changed to the trivalent state. Thus, the average valence of the Eu ions 
present in CsEuF3 was +2.23. It should be noted that the effective 
magnetic moment of Eu was estimated based on the assumption that the 
Curie–Weiss law was valid down to the lowest temperature because an 
obvious deviation from the Curie–Weiss fit was not observed, even at 
1.8 K. Direct experimental measurements, such as XAS, hard X-ray 
photoelectron spectroscopy, and Mössbauer spectroscopy, are required 
to confirm this transition. Nevertheless, the average valence of the Eu 
ions estimated in this study may not have reached the maximum con
version of divalent Eu ions. 

Fig. 2. Final X-ray diffraction profile (λ = 0.7093 Å) obtained for the CsEuF3 
sample at ambient conditions, i.e., red circles show the observed results and the 
solid blue line show those calculated by Rietveld refinement. The difference 
profile is represented by the lower black solid line, and the dark green, orange, 
and purple tick marks denote the reflection positions of the CsEuF3, CsF, and 
EuF3 phases, respectively. The lower solid green line represents the fitted 
background contribution. For clarity, the diffraction pattern from 2θ = 33◦ to 
60◦ is shown enlarged five times. 

Table 1 
Summary of structure refinements obtained for CsEuF3 by Rietveld refinement 
based on high quality laboratory PXRD data collected at room temperature (λ =
0.7093 Å). Estimated errors in the last digits are given in parentheses.  

Atom x y z Uiso (Å2) Occupancy 

Cs 0.5 0.5 0.5 0.0036(9) 1.0 
Eu 0 0 0 0.0192(9) 1.0 
F 0.5 0 0 0.066(2) 1.0  

Fig. 3. Temperature dependence of the molar magnetic moment determined 
for CsEuF3 after subtracting the diamagnetic core contributions from the dif
ference in the values measured under magnetic fields of 4 and 2 T (left axis), 
and the effective magnetic moment of Eu2+ (right axis). The inset shows the 
inverse magnetic susceptibilities. 
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3.3. XAS features 

The valence states of Eu ions at ambient conditions can be directly 
extracted by using element-specific, bulk-sensitive spectroscopic tech
niques such as XAS. Thus, HERFD-XAS measurement at the Eu-L3 ab
sorption edge was conducted to estimate the valence state of the Eu ions 
in the EuF3 and CsEuF3 compounds at ambient conditions. Compared 
with conventional XAS, the resolution of the spectrum obtained by the 
HERFD-XAS mode is significantly improved, so even small energy dif
ferences between two different valence states can be detected [28]. The 
corresponding HERFD-XAS spectra for EuF3 and CsEuF3 are shown in 
Fig. 4. The spectrum for EuF3 was first measured as a reference and it 
contained a strong peak at 6982 eV, which was attributed to the pres
ence of the Eu3+ state (electronic configuration: 
2p63d104f6→ 2p53d104f65d1→2p63d94f65d1). The spectrum for CsEuF3 
contained two peaks comprising one with higher intensity at 6975 eV for 
the Eu2+ state (2p63d104f7 → 2p53d104f75d1 →2p63d94f75d1) and a 
small Eu3+ peak at 6982 eV. 

The small Eu3+ peak was potentially caused by the presence of 
contaminants, such as residual EuF3 in the test powder sample, partial 
oxidation of the sample during sample preparation for tests, and partial 
oxidation caused by the incident beam during measurement. As ex
pected, the Eu3+ peak rapidly increased when the X-ray beam was 
irradiated without filters and the Eu2+ peak was lost. In order to prevent 
radiation damage to the sample during the measurements, thick 
aluminum foil filters were added to reduce the incident X-ray beam 
power to the point that damage was no longer induced. As a conse
quence, signal-to-noise ratio loss occurred compared with that for the 
EuF3 spectrum, but the good statistics still allowed us to follow the 
evolution of the average europium valence under pressure with suffi
cient accuracy. 

Fig. 5 shows the spectra based on HERFD-XAS measurements at the 
Eu-L3 absorption edge for CsEuF3 at various pressures. At low pressures, 
the intensity of the Eu2+ peak was higher relative to that for Eu3+. 
However, as the pressure increased, the intensity of the Eu3+ peak 
increased whereas that of the Eu2+ peak decreased. These qualitative 
findings indicate that the average Eu valence increased from +2 toward 
+3. Thus, in order to determine the average valence of the Eu ions in the 

CsEuF3 at each pressure point and to obtain quantitative information 
about the pressure dependence, the HERFD-XAS spectrum was fitted 
with a two-component model consisting of an arctangent step function 
and a Lorentzian peak for each valence state. In particular, each 
component was fitted by the sum of an arctangent continuum excitation 
background and three Voigt functions (one main function and two sat
ellites) to satisfactorily reproduce the white peaks. 

The average Eu valence under ambient conditions was derived from 
the relative intensities of the divalent and trivalent peaks using the 
following simple formula [29]:  

v = 2 + I(3+)/[I(2+)+I(3+)]                                                                  

where I(2+) and I(3+) are the integrated intensities of the white XAS 
peaks assigned to Eu2+ and Eu3+, respectively. In total, I(2+) = 15.9 and 
I(3+) = 2.9 were extracted from the fitting components, so the average 
valence of Eu was 2.15 under ambient conditions. The average Eu 
valence increased continuously as the pressure increased and reached a 
value of 2.5+ at 10.5 GPa, which was the highest pressure point 
measured (Figs. S1–S3). This value corresponds to an increase in the Eu 
valence of 0.35 during compression, which is comparable to the 
pressure-induced changes reported for the Eu-containing compound 
EuMnBi2, i.e., an increase in the Eu valence of 0.4 under pressure 
applied at 25 GPa [30]. 

3.4. High pressure synchrotron PXRD measurements 

In order to understand the correlations between the valence states of 
the Eu ion and the structural evolution of CsEuF3 under pressure, we 
conducted an in-situ high pressure synchrotron PXRD experiment at 
room temperature up to 23 GPa. Selected synchrotron PXRD profiles 
obtained at various pressure points are shown in Fig. 6, and the unit cell 
metrics across all pressures were assessed using the Le Bail algorithm. 
The diffraction data sets collected as the pressure increased indicated 
that no structural changes occurred up to 6.0 GPa, with monotonic de
creases in the lattice constants and unit-cell volume. Above 7.0 GPa, the 
sample underwent a first-order phase transition from a cubic to tetrag
onal unit cell, where the profile was best indexed by space group P4/ 

Fig. 4. (a) HERFD-XAS spectra recorded at the Eu-L3 
edge for CsEuF3 (solid green line) at ambient condi
tions and for EuF3 (dashed blue line) as a reference. 
(b) Representative fit (solid red line through the data) 
of the experimental data (open circle) for CsEuF3. The 
two main peaks for the Eu2+ and Eu3+ states are 
represented as purple and dark yellow shaded areas, 
respectively. The arctangent functions used to char
acterize the background for the continuum transitions 
are represented by two solid lines in cyan and pink.   
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mbm (Figs. S4 and S5). Depressurization from 10.5 GPa to 0.01 GPa led 
to recovery of the low pressure cubic phase, thereby suggesting that the 
cubic to tetragonal phase transition is reversible. No further phase 
transition occurred after increasing the pressure above 7.0 GPa but the 
lattice constants continued to contract up to 18.0 GPa. When the sample 
was compressed above 23.0 GPa, the diffraction peaks broadened 
rapidly and the sample began to decompose, and the cubic phase could 
no longer be recovered even after all of the applied pressure was 
released. Fig. 6b shows the evolution of the CsEuF3 unit cell volume 
under pressure and the least-squares fit of the equation of state to the 
semiempirical third-order Birch–Murnaghan equation. After accounting 
for the V(P) data up to 12.0 GPa, the fit yielded an atmospheric pressure 
isothermal bulk modulus of K0 = 20.0(2) GPa and a pressure derivative 

of K0’ = 8.4. The calculated value of K0 implies that CsEuF3 exhibits 
significantly higher compressibility than other fluoroperovskites that do 
not contain Eu, such as K0 = 54.8 GPa for KZnF3 [31] and 65.8 GPa for 
NaNiF3 [32]. The smaller bulk modulus of Eu-containing compounds 
under pressure is expected because the Eu3+ ion has a smaller ionic 
radius than Eu2+, and the pressure-induced valence transition from Eu2+

to Eu3+ resulted in a rapid contraction in volume by 20% at 10.0 GPa 
and total contraction by 22% at 20.0 GPa. 

4. Discussion 

Valence instability in RE-based systems in response to changes in 
external stimuli, such as temperature or pressure (chemical or physical), 

Fig. 5. (a) Room temperature Eu L3-edge HERD-XAS spectra obtained for CsEuF3 as the pressure increased. (b) Average valence of Eu as a function of pressure.  

Fig. 6. (a) Selected room temperature synchrotron PXRD profile (λ = 0.5657 Å) for CsEuF3 phase obtained under compression from 0.5 to 23.0 GPa. (b) Derived unit 
cell volume as a function of pressure. The dashed line through the data points represents the least-squares fit to the Birch–Murnaghan equation of state for the data 
points below 12 GPa. 
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is relatively rare but it can be observed in RE elements, intermetallic 
alloys, and compounds [33,34]. This type of transition can occur in 
materials containing “anomalous” RE elements, such as Ce, Yb, Eu, Sm, 
or Tm. The chemistry of these elements can exist in tetravalent or 
divalent oxidation states in addition to the predominant trivalent state. 
To the best of our knowledge, CsEuF3 is the first example of a RE fluorite 
material with a perovskite structure that exhibits external 
stimuli-dependent valence transitions. 

Macroscopic property measurements such as magnetic susceptibility 
measurements are useful for studying valence instabilities in anomalous 
RE-based systems because valence fluctuations can occur between a 
magnetic state and non-magnetic valence state. 

Recently, temperature and pressure induced valence transitions in 
Eu-based materials were studied in materials such as Eu2Pt6Al15, 
EuMnBi2, and EuRh2Si2. These studies were based on magnetic sus
ceptibility measurements, XAS, hard X-ray photoelectron spectroscopy, 
and Mössbauer spectroscopy [30,35–37]. All of these studies provided 
detailed observations related to the electronic structure of the RE 
element and they showed that the origin of valence transitions can be 
explained by the single-impurity Anderson model. Theoretical analyses 
based on the Anderson model predict that the change in valence state is 
due to changes in the energy levels of the trivalent Eu multiplet because 
of changes in the hybridization of 4f electrons with the conduction band 
electrons. Similarly, the temperature and pressure induced valence 
transitions in CsEuF3 can be attributed to the change in the f-d hybrid
ization strength and the overlap of the d-states with the anion orbitals. 
Additional temperature-dependent multiple X-ray spectroscopy in
vestigations are currently being conducted in our laboratories to obtain 
further insights into the origin of the transition in this system. 

The application of physical and/or chemical pressure to these sys
tems is a promising direction for further research because it allows for 
finer tuning to higher average valences, which are necessary for the 
transition of CsEuF3 from an insulator to a metal under high pressure. 
For example, it was shown that the application of physical pressure on 
EuRh2Si2 increased the maximum average valence change by 15% [36, 
37]. Another example is the effect of chemical pressure yielding SmS and 
Sm2.75C60 [38,39] due to co-intercalation of the valence precise Ca2+

ion, which can cause valence fluctuation under ambient conditions. 

5. Conclusions 

In this study, we synthesized a polycrystalline cubic CsEuF3 perov
skite compound and investigated its electronic and structural changes 
under applied pressure. HERFD-XAS measurements at ambient condi
tions showed that the Eu ion is in the divalent oxidation state. This is 
consistent with the effective magnetic moment of 7.62 μB per Eu ion 
indicated by the inverse magnetic susceptibility. In addition, when the 
temperature was lowered to 1.8 K, the effective magnetic moment 
dropped rapidly to 6.07 μB per Eu ion, thereby indicating the conversion 
of 24% of the Eu2+ to Eu3+, which we interpreted as a sign of strong f- 
d hybridization in the system. Applying hydrostatic pressure up to 10.5 
GPa increased the valence transition and 50% of the Eu2+ converted into 
Eu3+. 
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Vrankić: formal XRD data analysis, Melita Menelaou: review and 
editing, Raimundas Sereika: participation in experiment, Dong Wang: 
sample preparation, Jianbo Zhang: experimental support, Hirofumi 
Ishii: experimental support, Nozomu Hiraoka: experimental support, 
Yang Ding: Supervision and funding acquisition, All authors have read 
and agreed to the published version of the manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

We particularly thank Prof. K. Prassides for kindly providing us with 
the time to obtain X-ray diffraction and magnetic susceptibility data at 
Osaka Prefecture University. The experiments using the BL12B2 and 
BL12B2 at SPring-8 were performed under SPring-8 Proposal No. 
2019A4132 and 2020A4260. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jpcs.2022.111202. 

References 

[1] J. Arvanitidis, K. Papagelis, S. Margadonna, K. Prassides, A.N. Fitch, Temperature- 
induced valence transition and associated lattice collapse in samarium fulleride, 
Nature 425 (2003) 599–602, https://doi.org/10.1038/nature01994. 

[2] S. Watanabe, K. Miyake, Quantum valence criticality as an origin of 
unconventional critical phenomena, Phys. Rev. Lett. 105 (2010), 186403, https:// 
doi.org/10.1103/PhysRevLett.105.186403. 
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