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A B S T R A C T

Pressure and temperature induced valence changes in the Kondo insulator SmB6 have been investigated using
x-ray absorption spectroscopy (XAS) along several isobaric cooling runs and one isothermal compression. The
average valence of Sm at various pressure and temperature conditions is extracted from high quality XAS
data by peak fitting procedures. The temperature dependence of the Sm valence at ambient pressure shows
changes of slope near the known characteristic temperatures of gap formation (120 K) and the in-gap state
(50 K). At higher pressures the average valence also shows similar temperature dependent trends upon cooling
but the slope changes are less pronounced. This behavior is discussed in relation to the possible existence of
an underlying first order valence transition and its critical end point. At constant temperature (𝑇 = 20 K), the
Sm valence increases rapidly with pressure; however, it remains far below the expected integer value (3+)
near the onset of the magnetic ordering and gap closure. In addition, the local structure of SmB6 at ambient
conditions has been analyzed using extended x-ray absorption fine structure.
1. Introduction

Strong electronic correlations in the rare-earth based f electron
compounds give rise to a variety of interesting behaviors, including
quantum criticality, unconventional superconductivity, heavy fermions
and non-Fermi liquid states. In recent years, critical valence fluctua-
tions and valence transitions have attracted growing attention as a key
ingredient for understanding those unusual phenomena [1–3]. In many
Ce and Yb-based heavy fermion compounds, optimal superconductivity
or quantum critical point occurs at the pressure of a valence crossover,
which arises from a virtual critical end point (CEP) of an underlying
first order valence transition [1–3].

The intermediate valence compound SmB6 has been extensively
studied in the past as a prototypical Kondo insulator [4,5], and experi-
enced tremendous renewed interest in recent years for its topologically
protected metallic surface state [6,7]. At ambient temperature, SmB6
behaves like a correlated poor metal but undergoes a metal to insulator
crossover at lower temperatures [4]. The opening of a gap in SmB6
with decreasing temperature is associated with the Kondo effect, a
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many-body interaction process between the local magnetic moments
and itinerant conduction electrons [8]. At temperatures below the
Kondo coherence temperature, strong hybridization of the itinerant 5d
electrons and low lying local 4f states in SmB6 give rise to a narrow
hybridization gap of the order of 10–20 meV [9,10]. With the chemical
potential lying within this hybridization gap, the material is effectively
in an insulating (semiconducting) phase [5]. At temperatures below 40
K, an in-gap resonance state emerges due to collective excitations of
magnetic origin with the presence of spin–orbit coupling and valence
fluctuations [11,12]. The ground state of SmB6 changes drastically
under high pressure, the insulating gap closes around 𝑃𝑐 ≈ 4–10 GPa
showing also a simultaneous magnetic ordering below 12 K [13–15].

Any change in the 4f-5d hybridization modifies the occupancy of
the 4𝑓 shell, and leads to changes in the ratio of fluctuating 4𝑓 6 (Sm2+,
𝐽 = 0) and 4𝑓 5 (Sm3+, 𝐽 = 5∕2) configurations. Accurate measurements
of the Sm valence (a measure of the degree of localization and the total
angular momentum) under different thermodynamic conditions are
therefore crucial for the understanding of the various novel phases and
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transitions occurring in SmB6. Indeed, the average valence of Sm (𝑣Sm)
n SmB6 has been determined by several studies based on core level X-
ay spectroscopy techniques such as x-ray photoelectron spectroscopy
XPS) [16–18] and x-ray absorption spectroscopy (XAS) [19–23], re-
orting ambient pressure values within the range 𝑣Sm = 2.59 − 2.7 [16,
7,21] at room temperature and 𝑣Sm = 2.48 − 2.55 at low temperatures
4–10 K) [17,18,21,22]. In addition to the differences in the absolute
alues, the reported temperature dependencies of 𝑣Sm appear to follow
ifferent trends [17,19,21,22], even if the same spectroscopy technique
as used [19,21,22].

In this work, we studied the pressure effects on the temperature de-
endence of 𝑣Sm to investigate the possible correlation between Kondo
nsulating behavior and critical valence fluctuations (associated with

CEP) in SmB6. We focused our attention on the low-pressure range
f the phase diagram where the temperature induced valence changes
re significant. The temperature dependence of 𝑣Sm at ambient pressure
as been revisited, and compared to the behavior at higher pressure
new measurements at 1.0 and 2.0 GPa). The average valence at
arious temperature and pressure points has been estimated by careful
nalysis of the Sm 𝐿3−edge XAS spectra. Differences in the temperature
ependence of 𝑣Sm at different pressures are discussed. In order to
nderstand the evolution of 𝑣Sm towards the onset of gap-closure and
agnetic ordering, we also measured its pressure dependence along

n isotherm at 20 K. Additionally, we investigated the local structure
f SmB6 at ambient conditions using x-ray absorption fine structure
EXAFS) technique.

. Experiments

High purity SmB6 was initially synthesized in powder form by
outine boron-thermal reduction of samarium oxide (Sm2O3) in vacuum
t 1650 ◦C. The purity of Sm2O3 was 99.998%, and that for boron
nriched with the 11B isotope was more than 99.99%. The obtained
owder was pressed in the form of a rod, which was sintered at 1750
C in a vacuum and used for further growth of the SmB6 single crystal
y the method of crucibleless induction zone melting under high purity
rgon pressure. The crystal was remelted three times before obtaining
he final high quality single crystal.

Pressure and temperature dependent XAS measurements were per-
ormed at the BM23 beamline of the European Synchrotron Radiation
acility (ESRF) [24]. A double crystal monochromator equipped with
wo Si(111) crystals in fixed exit geometry was employed to monochro-
atize the incoming beam and scan the energy. The x-ray beam was

ocused down to 3 × 3 μm2 using two Platinum coated mirrors in
irkpatrick–Baez (KB) geometry. Higher order harmonics were rejected
y setting these mirrors to an incidence angle of 7.0 mrad. XAS spectra
ere measured in transmission mode (in axial geometry through the
iamond anvils) scanning across the Sm 𝐿3-edge. High pressures up to
GPa and low temperatures down to 10 K were achieved by a diamond

nvil cell which was mounted inside a helium flow cryostat. In order
o avoid glitches on the XAS spectra (single crystal diamond anvils
ntroduce glitches on the XAS spectra at x-ray energies where a Bragg
ondition is satisfied, because the diffracted intensity does not reach
he detector and the normalization fails), the diamond anvil cell was
quipped with nano-polycrystalline diamond (NPD) anvils [25,26] of
00 μm culet size. One of the anvils was partially perforated to reduce
ts absorption (total thickness of two diamonds was 1.75 mm). For the
reparation of the diamond anvil cell, a 150 μm thick stainless steel
asket was pre-indented to a final thickness of 70 μm and laser drilled
o obtain a sample chamber of about 300 μm diameter. A rectangular
iece of uniformly polished SmB6 single crystal with 20 μm thickness
as loaded into the sample chamber, together with a tiny ruby sphere

or pressure determination. The rest of the sample chamber was filled
ith silicon oil which served as pressure transmitting medium (PTM).
se of gas PTMs was avoided to prevent the failure of the cell with
erforated NPD anvil, because PTMs like He can easily penetrate into
2

Fig. 1. A typical EXAFS refinement performed for Sm 𝐿3-edge EXAFS data measured
under ambient conditions (1 bar, 300 K). The original XAS spectrum from which we
extracted this EXAFS signal is given in Fig. S1 (SI file). Best-fit theoretical signal
includes two two-body correlations from first (𝛾 (2)1 ) and second (𝛾 (2)2 ) coordination shells.

the micro-structures of NPD diamonds (it can happen also with neon
depending on the quality of such diamonds). The pressure was deter-
mined from the pressure and temperature dependent shift of the ruby
fluorescence spectra [27]. Sample pressure was monitored frequently
(at each temperature) during the isobaric cooling runs, and kept con-
stant at nominal values by regulating the membrane pressure. No sign
of non-hydrostaticity was observed from the ruby fluorescence spectra
during these cooling runs. In fact, non-hydrostatic effects of silicon
were reported to be negligible even at low temperature (77 K) for
𝑃 ≤ 2.0 GPa [28].

3. Results and discussion

3.1. EXAFS analysis at ambient conditions

Previous EXAFS investigations on mixed valence compounds have
explored possible evidence of distorted local structures with different
nearest neighbor distances corresponding to different valence state of
the rare-earth ion [29–31]. However, most of the these earlier EXAFS
studies have concluded that the nearest neighbor shell surrounding the
rare-earth cation adopts an average distance. We measured Sm 𝐿3-edge
XAS data in a wide energy range (up to 600 eV above the edge) to verify
the validity of this conclusion in SmB6. Thanks to the NPD anvils, Sm
𝐿3-edge XAS data could be measured without strong spurious glitches,
especially in the x-ray absorption near edge structure (XANES) range
where the peak fitting procedures is performed for quantitative valence
analysis. However, the presence of some distortions in the higher en-
ergy post-edge range could not be avoided due to the single crystalline
nature of the sample itself (see Fig. S1 in the SI file). Exploitable EXAFS
could only be obtained for a few data sets. Here, we provide an example

EXAFS refinement for the data measured at ambient conditions. As
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hown in Fig. 1, experimental Sm 𝐿3-edge EXAFS signal of SmB6
easured at ambient conditions was refined including two two-body

orrelations from first (𝛾 (2)1 ) and second (𝛾 (2)2 ) coordination shells. The
fit was performed using the GNXAS program [32,33], by varying the
atomic distances and disorder parameters concerning the first shell
Sm-B and second shell Sm-Sm distributions. The coordination numbers
(CN) associated with individual two-body correlations were fixed to
the known values of CN1 = 24 and CN2 = 6 (fitting these well known
numbers is not justified, considering also the short 𝑘 range of the data).
The agreement between the fit and the experimental data is shown
in Fig. 1. From the EXAFS refinement, best-fit structural parameters
such as the first shell Sm-B atomic distance 𝑅1 = 3.046(5) Å, the
second shell Sm-Sm distance 𝑅2 = 4.12 (1) Å, and the corresponding
disorder parameters 𝜎21 = 0.004(2) Å2 and 𝜎22 = 0.036(10) Å2 have been
obtained. Values of atomic distances obtained here are in agreement
with the calculated values using crystallographic parameters reported
from previous diffraction studies [19,34,35].

3.2. Temperature dependent XAS

X-ray absorption spectroscopy is highly sensitive to the valence state
and electronic configuration of elements in materials of various compo-
sition [36–38]. It has been widely used as a standard tool for the studies
of valence fluctuating compounds [19,21,22,39,40]. The XANES range
of the normalized temperature dependent Sm 𝐿3-edge XAS spectra
measured along isobaric cooling runs at 0.0, 1.0 and 2.0 GPa are shown
in Fig. 2 (a–c). In this figure, the white line range (6710–6730 eV) of
each individual spectrum consists of two components, typical of mixed
valence compounds. As indicated in Fig. 2(a), the shoulder like peak
at the lower energy side (∼6715 eV) corresponds to the divalent Sm2+

component (with 4f65d0 configuration), while the stronger peak at the
3+
3

high energy side (∼6722 eV) corresponds to the trivalent Sm state
(with 4f55d1 configuration). One can see from Fig. 2 that the relative
intensity of the Sm2+ peak increases upon cooling at the expense
of Sm3+ component, indicating a more stabilized Sm2+ state at low
temperatures. In order to quantitatively determine the average valence
of Sm, the spectral weights of Sm2+ and Sm3+ configurations have been
valuated by a peak fitting procedure. Each spectral component was
odeled by the sum of a Lorentz and arctangent functions to mimic

he peak shape and corresponding edge jump, respectively. The spectral
ine shape is then fitted by the following model:

(𝐸) =
3
∑

𝑖=2

[ 𝐴𝑖(𝛾𝑖∕2)
(𝐸 − 𝐸𝑖)2 + (𝛾𝑖∕2)

+
𝐴𝑖𝛾𝑖

𝐴2𝛾2 + 𝐴3𝛾3
{ 1
2
+ 1

𝜋
arctan

𝐸 − 𝐸𝑖 − 𝛿
𝛤𝑖∕2

}
]

Here, suffix 𝑖 = 2 and 𝑖 = 3 represent the divalent and trivalent
terms, 𝐸𝑖, 𝐴𝑖 and 𝛾𝑖 are the energy position, intensity and full width
at half maximum of the Lorentzian peaks, while 𝛤𝑖 is the broadening
term for the arctangents. The parameter 𝛿 is used to account for a
possible slight energy shift of the continuum states of the two individual
components. In this model, ratio of the white line intensity and edge
jump is assumed to be equal for Sm2+ and Sm3+ configurations (around
0% of difference is approximated if one counts only the number of
mpty 5d holes in the final state). Nevertheless, such model functions
re widely used to determine the rare-earth valence in 4f electron
ompounds [19–23,41]. Using the best-fit 𝐴𝑖 and 𝛾𝑖 parameters, 𝑣Sm is
iven by the weighted area of the two components using the relation:

= 2 +
𝐴3𝛾3

𝐴2𝛾2 + 𝐴3𝛾3
The initial fit was performed for the spectrum measured at ambient

conditions, relaxing all parameters mentioned above. The resulting
value 𝑣 = 2.60(1) from this fit is in good agreement with those
Sm
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Fig. 3. A typical fit (pink line) performed on a normalized Sm 𝐿3-edge XAS spectrum
(green circles) measured at 𝑃 = 2.0 GPa and 𝑇 = 20 K. Fitted spectral energy range is
indicated by two vertical dashed lines.

obtained by most of the previous XAS measurements [19,21,22]. In
order to perform a more consistent analysis of all data sets, spectra at
other temperature and pressure points were fitted by relaxing 𝐴2 and
𝐴3 as fitting parameters, and fixing the rest of the parameters at their
value at ambient conditions. Peak positions (𝐸2 and 𝐸3) were relaxed
(within a narrow range) at high pressures, to account the slight energy
shift of spectral features induced by reduced inter-atomic distances.

A typical fit performed on a spectrum measured at 𝑃 = 2.0 GPa and
𝑇 = 20 K is shown in Fig. 3. Fig. 4 shows the temperature dependence
of the average Sm valence at 0 GPa, 1.0 GPa, and 2.0 GPa obtained by
fitting the data sets (in Fig. 2) with the procedures described above. At
ambient pressure, the average valence and its temperature dependence
are in agreement with those reported by Mizumaki et al. and Chen et al.
for 𝑇 > 120 K [21,22], while our values deviate at lower temperatures
(see the comparison from Fig. S2 in the supplementary file). On the
other hand, the values for the valence obtained in this work for 𝑇 < 50

are close to those reported by Utsumi et al. [17]. Discrepancies of the
alues from different studies can possibly be attributed to systematic
ifferences in the experimental techniques (e.g. x-ray photoemission in
ef. [17], dispersive XAS in Ref. [22], and standard XAS in this work
nd Ref. [21]), fitting procedures and differences in the sample (quality
nd form, see supplementary information). Nevertheless, the trend of
emperature dependent changes in 𝑣Sm at ambient pressure is in qual-
tative agreement with earlier work reported by Mizumaki et al. [21],
howing changes of slope at two characteristic temperatures around
1 ≈ 120 K and 𝑇2 ≈ 50 K (indicated by dashed vertical lines in Fig. 4).
haracteristic temperatures 𝑇1 and 𝑇2 here are defined according to the
aximum and minimum peaks in the second derivative of 𝑣Sm vs. 𝑇

urves, as shown in the inset of Fig. 4 and Fig. S3 (supplementary file).
At ambient pressure, 𝑣Sm decreases slowly upon cooling until 𝑇1 ≈

20 K. Below 𝑇1, 𝑣Sm decreases more rapidly upon further cooling down
o 𝑇2 ≈ 50 K, reflecting a more quick hybridization process between
ocalized 4f and conducting 5d states (favoring the 4𝑓 6-like configu-
ation). Below 𝑇2 ≈ 50 K, the average valence is nearly temperature
ndependent, stabilizing around a value of about 𝑣Sm = 2.55(1), until
0 K (the lowest temperature reached in this work). The temperature
nset of the rapid valence change (𝑇1 ≈ 120 K) is consistent with
he known Kondo coherence temperature, and the temperature onset
4

f the semiconducting phase [9,10,42,43], demonstrating the intimate
Fig. 4. Average Sm valence derived from the 𝑇 dependent XAS data shown in Fig. 2.
Solid line curves are guide for the eyes, obtained by fitting the data points using a
arctangent function. The inset shows second derivatives of valence vs. temperature
curves (solid lines) of the main figure.

correlation between the changes in the Sm valence (hybridization of
4f and conduction states) and the formation of the Kondo gap at
the Fermi level [10,42]. While, the other characteristic temperature
𝑇2 ≈ 50 K, below which the valence remains stable, coincides with
the temperature onset (∼40 K) of the in-gap state observed by Raman
scattering and scanning tunneling spectroscopy measurements [11,12].
Nearly constant non-integer values of 𝑣Sm (≈2.55) below 𝑇2 ≈ 50 K
indicate that SmB6 is within valence fluctuating regime also at low
temperatures well below the gap formation and in-gap state.

At higher pressures of 1.0 and 2.0 GPa, 𝑣Sm also decreases upon
cooling, but starting from higher room temperature values of 𝑣Sm = 2.63
and 𝑣Sm = 2.65, respectively. However, changes of slope (around 𝑇1
and 𝑇2) seem to be suppressed with the increase of pressure, changing
to an almost monotonic decreasing trend at 2.0 GPa. The metal–
insulator transition (MIT) in SmB6 is known to occur within 4–10 GPa
range depending on the experimental conditions [13–15]. Under quasi-
hydrostatic conditions (e.g, when a solid PTM like NaCl is used), MIT
occurs at lower pressures (as low as 4.0 GPa) [15]. The onset pressure of
the MIT is pushed up to 10 GPa in case of hydrostatic experiments [14].
The liquid PTM (silicon oil) that we used in this study was reported
to be hydrostatic below 2.0 GPa at 77 K [28]. Thus development of
considerable deviatoric stress is not expected from our cooling runs at
constant pressures. Therefore, less pronounced slope changes (between
50–120 K) in the valence vs. 𝑇 curves that we observed here are not
related with the MIT or with pressure in-homogeneity. Instead, this
behavior is reminiscent of what happens in the typical Ce, Yb and
Eu valence transition systems (e.g. elemental Ce metal, YbInCu4 and
EuRh2Si2) which show sharp valence transitions at lower pressures but
move to a gradual valence crossover regime under physical or chemical
pressure [44–49]. For example, in the case of Ce metal, the valence
change and thus the decrease of the volume become more continuous
upon cooling at pressures higher than 2.0 GPa, after escaping from the
pressure–temperature ranges of the 𝛾 − 𝛼 transition line and its CEP
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Fig. 5. Pressure dependence of Sm 𝐿3-edge XAS spectra measured along the isotherm
at 20 K.

(at about 600 K and 2.0 GPa) [44,45]. Similar behavior also occurs
in compounds like YbInCu4 and EuRh2Si2, where the temperature de-
pendent valence change becomes more continuous under physical or
chemical pressure, after exceeding the domain of the existing CEP [46–
49]. The existence and location of such a CEP plays a decisive role for
the emergence of various exotic phases in valence fluctuating and heavy
fermion compounds (such as unconventional superconductivity) [1–3].
We therefore can speculate that the gap formation and Kondo insulator
behavior in SmB6 is also associated with an underlying first order
valence transition. If this is the case, the underlying CEP would be
expected to be located at negative pressures due to the fact that the
observed anomalies in the temperature dependent valence change at
ambient pressure are still not very sharp. In addition, no drastic volume
change (characteristic of first order valence transitions) was observed
in SmB6 at ambient pressure. In fact, the possible existence of such an
underlying first order phase transition and CEP was also discussed and
proposed by a recent theoretical work [50].

3.3. Pressure dependent XAS

Several pressure dependent Sm 𝐿3-edge XANES spectra measured
along the 20 K isotherm are shown in Fig. 5. The application of pressure
stabilizes the Sm3+ state as indicated by the increased weight of the
Sm3+ at the expense of Sm2+ peak. The pressure dependence of 𝑣Sm
was evaluated using the peak fitting procedure described above. For
this set of high pressure data, 𝐸2 and 𝐸3 were relaxed with minor
freedom in addition to the fitting parameters 𝐴2 and 𝐴3. This was
necessary to account for the pressure induced shift of the resonance
peaks introduced by the decrease of atomic distances (energy position
of the XAS resonance peaks is inversely proportional to the square
of atomic distances, according to Natoli’s rule: (𝐸𝑝𝑒𝑎𝑘 − 𝐸𝑒𝑑𝑔𝑒) ⋅ 𝑅2 =
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [51]).

In Fig. 6, the average Sm valence 𝑣Sm is plotted as a function of
pressure. As we can see, the pressure dependence of 𝑣Sm and its absolute
values obtained in this work are in agreement with those obtained
by Chen et al. at 8 K [22]. The trend of 𝑣Sm upon compression is
similar to the behavior observed at room temperature [52], but very
different from the result of another room temperature measurement
(in which 𝑣Sm increase rapidly above 4.0 GPa and approaches to 3.0
around 8–10 GPa) [15]. Possibly, such disagreement originated from
the employment of different pressure mediums (NaCl vs. silicon oil)
5

Fig. 6. Pressure dependence of the average Sm valence (at 20 K) obtained from this
work compared with the pressure dependent Sm valence (at 8 K) reported in Ref. [22].

and fitting procedures (one arctangent function instead of two) used
in (Ref. [15]). From our data, 𝑣Sm increases upon compression without
oticeable anomaly, and reaches a value of 𝑣Sm ≈ 2.670(5) at 8.0 GPa.
he increase of valence, and thus the Sm3+ configuration with angular
omentum 𝐽 = 5∕2 is in line with the non-magnetic to magnetic tran-

ition accompanied by gap closure in 6–10 GPa pressure range [13,14].
owever, the 𝑣Sm ≈ 2.70(1) at a pressure near the magnetic transition
ressure remains far below the integer value (3+). This is markedly
ifferent from the typical valence fluctuating compounds which favor a
f electron configuration with near integer valence in the high pressure
agnetic phase [53–57]. These results are in agreement with findings

eported in previous high-pressure experiments on SmB6 [23,52].

. Conclusion

In summary, we have investigated the pressure and temperature
nduced valence changes in the Kondo insulator SmB6 along several
sobaric cooling runs and an isothermal compression using XAS. The
verage valence of Sm at various pressure and temperature conditions
ave been extracted from high quality XAS data by peak fitting pro-
edures. The changes of slope in the temperature dependence of 𝑣Sm
ere discussed in relation with the formation of the hybridization gap
nd in-gap states. Differences in the 𝑣Sm versus temperature curves at
ifferent pressures were discussed in relation to an underlying first
rder valence transition. We suggest that the critical end point of this
irst order valence transition would be located at negative pressures.
he pressure dependence of the Sm valence along the isotherm at
0 K has shown that 𝑣Sm is far below the expected value of +3 near

the pressure onset of the long range magnetic ordering. The local
structure of SmB6 at ambient conditions was studied using EXAFS
signals. We extracted values for radial distribution of the first and
second coordination shells. These values (especially atomic distances)
are in agreement with the results of previous diffraction experiments.
A more profound temperature and pressure dependent EXAFS study
(using powder samples) would be desirable in order to better quantify
the local structural changes associated with the gap formation and
valence fluctuations in SmB6.
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