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Absence of magnetic field effect on the cerium valence in CeCu2Si2

at its optimum superconducting critical temperature
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The archetypical heavy-fermion superconductor CeCu2Si2 is known to present two distinct superconducting
phases under pressure. In the low-pressure region, the superconductivity is mediated by spin fluctuations while
the superconducting phase observed in the high-pressure region could be associated with a first-order valence
transition (FOVT). However, the critical end point (CEP) of the FOVT was shown to be located at negative
temperature and only a continuous valence change (crossover regime) was so far observed at 14 K, i.e., far above
the optimal superconducting temperature (Tc = 2.3 K). Here we present x-ray absorption measurements under
pressure and applied magnetic field at the Ce L3 edge at 2.7 K, i.e., close to the optimal Tc. It was expected that
the applied magnetic field could shift the CEP to positive temperature with the possibility to observe a FOVT.
Our data indicate the valence of Ce increases continuously (crossover regime) from 3.11 at ambient pressure up
to 3.20 at 8.5 GPa likewise for any applied magnetic field up to 6 T.
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I. INTRODUCTION

The heavy-fermion superconductor CeCu2Si2, discovered
in 1979, marks a keystone in the history of superconductivity
as the first unconventional superconductor [1]. This opened
a vast area of research on the relation between magnetism
and superconductivity, mainly in heavy-fermion systems, but
with implications to all known unconventional superconduc-
tors, including high-TC cuprates, organic superconductors, and
more recently iron-based superconductors. It also remains one
of the most studied systems today as it is suspected that in
CeCu2Si2, not one but two distinct unconventional mecha-
nisms of superconductivity may play a role [2]. This was
revealed by its nontrivial phase diagram under pressure. In-
deed, under pressure the critical temperature initially remains
close to its ambient pressure value of 0.7 K, then increases
sharply up to about 2.3 K at a pressure of 4 GPa, before
decreasing and vanishing [3]. Further studies and comparison
with other systems showed that in fact this phase diagram
emerges from two distinct superconducting zones (Fig. 1).

As CeCu2Si2 at ambient pressure is known to lie just
at the border of antiferromagnetic (AFM) order, the low-
pressure dome of superconductivity is generally accepted to
be mediated by AFM spin fluctuations, similar to the super-
conducting phase found at the quantum critical point (QCP)
in other systems like CePd2Si2 or CeIn3 [5], and centered at
slightly negative pressure P � 0. This superconducting pairing
mechanism at ambient pressure was confirmed by the identi-
fication of antiferromagnetic excitations by inelastic neutron

scattering [6]. The second dome centered at a critical pres-
sure PV located around 4–5 GPa (see Fig. 1) is rather far
from the QCP, and therefore it seems probable that a sepa-
rate mechanism for superconductivity is at play. Furthermore,
heat-capacity measurements suggest that the thermodynamic
properties of the two superconducting regions are different
and have even possibly different pairing symmetries [7]. The
mechanism behind the second superconducting dome, which
additionally leads to one of the highest critical temperatures
found in heavy-fermion systems (2.3–2.4 K), is however still
an enigma. Indeed, the absence of spin fluctuations around
PV was inferred via Cu-nuclear quadrupole resonance mea-
surements [8]. The most attractive proposals, supported by the
observation near PV of a linear temperature dependence of the
resistivity and an enhancement of the residual resistivity, is
that charge or valence fluctuations could mediate supercon-
ductivity [9,10]. Moreover, the second superconducting dome
could be linked to the critical pressure of a first-order valence
transition (FOVT) where the valence shows a discontinuity
below the critical end point (CEP), while at T > TCEP, in the
crossover regime (VCO), the valence changes continuously.
This phenomenon is well known in elementary cerium (γ -α
transition), with TCEP = 480 K at P = 1.5 GPa, where under
pressure the isothermal resistivity exhibits a discontinuous
anomaly below TCEP and a rapid but continuous decrease
above TCEP (see Fig. 3(b) in Ref. [11]). So, extensive theo-
retical developments based on the periodic Anderson model
including the Coulomb repulsion between f and conduction
electrons have studied the effect that valence fluctuations
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FIG. 1. Schematic P-T phase diagram of CeCu2Si2 showing the
critical pressure PC and PV where the superconductivity is mediated
either by antiferromagnetic fluctuations (SCI) or critical valence fluc-
tuations. (SCII). PC where TN goes to zero appears to be at slightly
negative pressure for CeCu2Si2 samples with tiny Cu excess. The
negative pressure where AFM order sets in has been explored by
substituting Si by Ge. The VCO line (blue) and the location of the
CEP at about 8 K and 4.5 GPa ∼ PV are obtained from resistivity
measurements (adapted from Ref. [4]).

linked to this transition could induce superconductivity [12].
The valence crossover line and the critical pressure PV for
CeCu2Si2 are inferred from the midpoint of the normalized re-
sistivity, (ρ∗ = ρ − ρ0), drop at different temperatures above
4 GPa (see Fig. 5(a) in Ref. [4]). The critical temperature
TCEP is estimated from the divergence for T → TCEP of the
slope dρ∗/dPPvco (see Fig. 5(c) in Ref. [4]). So far direct
measurements of the cerium valence change with pressure are
inconclusive. Early studies performed at room temperature
[13] gave the first indication of the cerium valence change,
but obviously the behavior at such high temperature is not
necessarily indicative of what is happening at the supercon-
ducting temperature. More recently, a resonant inelastic x-ray
scattering study was performed at 14 K [14]. The results found
are in fact similar to the high-temperature measurements,
showing a significant change of the cerium valence (about
0.10) with pressure, similar in amplitude to that found in ele-
mentary cerium, and with the strongest slope in the pressure
region where TC is maximum. On the other hand no sharp
change corresponding to the FOVT that is at the basis for
the model of valence fluctuation-induced superconductivity
is seen. This is not however conclusive evidence against the
valence fluctuation pairing mechanism as the FOVT could
occur at very low or even at negative temperature. Meticulous
analysis of transport and thermodynamic measurements [4]
suggested that the CEP of the FOVT would be located at
about TCEP = −8(3) K and Pv ≈ 4.5 GPa [4]. A more recent
work gives a full overview of superconductivity in CeCu2Si2

and related systems, as well as an analysis of more accurate
resistivity data indicating that TCEP for CeCu2Si2 is even less
negative [−3.7(7) K] and the optimum TC is controlled by
TCEP (the highest TC is observed for the least negative TCEP)
[11]. In this case superconductivity could still be mediated by
the valence fluctuations in the VCO regime at higher temper-
ature where the valence changes continuously. Clearly direct
measurement of the cerium valence at the lowest possible

temperatures is desirable. Another interesting prediction of
the FOVT is that it could be controlled by magnetic field. The
rare-earth valence in correlated electron systems is generally
rather insensitive to magnetic fields. This field of research is
developing fast due to the recent possibility to perform ab-
sorption spectroscopy measurements in pulsed magnetic fields
up to typically 30 T, so very much extending the previously
accessible field range. However, except in rare cases where
for example a metamagnetic transition is induced [15], even
with such high fields the effects are generally small. If a
FOVT is present, theoretical studies show that the critical
point will be sensitive to field. If the system can be tuned, for
example with pressure, just beyond the critical pressure, the
application of field should quite efficiently increase the critical
temperature of the FOVT [16,17]. By extension, if the FOVT
lies at a negative temperature, a high enough magnetic field
can drive it towards zero or positive temperatures (for more
details see the discussion). An accurate quantitative prediction
is not available, but naively with the deduced TCEP, one might
expect that a field of a few tesla could have a significant
effect on the cerium valence in CeCu2Si2, at low but positive
temperature, if the system is tuned just to the critical point.
The aims of this experiment were therefore twofold: first to
reinvestigate the pressure dependence of the valence at lower
temperature, if possible below or close to the superconducting
critical temperature, and secondly to look for an effect of
magnetic field on the cerium valence in the critical pressure
region.

II. EXPERIMENT

The x-ray absorption near-edge structure (XANES) exper-
iments were carried out on the beamline ID12 at the European
Synchrotron Radiation Facility in Grenoble [18,19] which
offers a possibility to combine high pressure, high magnetic
field, and low temperature. A single crystal with good su-
perconducting properties was obtained by slow cooling from
the melt under 50 bar of Ar in a BaZrO3 crucible [10] and
polished to a thickness of 10 μm. The magnetic field of up to 6
T and the x-ray beam were applied along the (magnetic easy) c
axis. The sample was loaded in a membrane-driven diamond-
anvil cell with a helium transmitting pressure medium. A
stainless-steel gasket with a hole diameter size of 300 μm and
a thickness of 60 μm was used. Pressure could be changed
in situ, and was measured using the ruby fluorescence tech-
nique. In order to have a good signal level at the cerium L3

edge (2p3/2 → 5d transition at ∼5.7 keV), we used a fully
perforated diamond with a culet size of 600 μm on the inci-
dent beam side in combination with a diamond disc window
(thickness 80 μm for sample S1 and 150 μm for sample
S2) behind it. The cell was placed in a constant helium flow
cryostat able to achieve temperatures down to 2 K. The lowest
temperature on the sample is 2.7 K. As focalization system,
we used a single 2D Be lens (with 50-μm radius of curvature)
and two pinholes with 400-μm holes placed at both side of
the lens. The x-ray absorption spectra at the Ce L3 edge were
collected in the total fluorescence yield (TFY) mode measured
in backscattering geometry. The XANES spectra were then
corrected for self-absorption effects. The signal measured in
the transmission mode was much less intense due to passing
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through the full thickness of the second diamond, and was
therefore not used for the analysis. Difficulties were encoun-
tered to smoothly increase the pressure; large jumps were
often obtained, and it was impossible to decrease the pressure,
possibly due to a partial blockage of the membrane circuit. For
this reason the experiment was repeated on a second sample
(S2) to obtain more pressure points. This allowed five different
pressures to be measured comprising points at low pressure,
points around the optimum TC, and one point well above this
optimum. The results on both samples are similar and all
analyzed together. For all pressures the spectra were measured
at zero magnetic field and with an applied field of 6 T. For
some pressure points an intermediate field of 3 T was also
applied.

III. RESULTS AND DISCUSSION

The shape of the XANES spectra arises from the excitation
of a Ce 2p3/2 core electron into the unoccupied Ce 5d-derived
states. The ground state of the Ce ion in the intermediate
valence compound is a hybrid state |ψ0〉 = a|4 f 0〉 + b|4 f 1〉
[20]. In the final state in the x-ray absorption process, the
2p54 f 0 and 2p54 f 1 states are partially split by the strong
Coulomb interaction between the 2p core hole and the 4 f
electrons. The XANES spectra can then be described by the
superposition of two white lines corresponding to the 4 f 0

(Ce4+) and 4 f 1(Ce3+) states separated by about 9 eV. Ac-
tually, a 4 f 2 contribution could also be present in the Ce
ground state as shown when recording the spectra in the partial
fluorescence yield mode which allows better resolution [14].
This very weak contribution, on the order of a few percent
which appears at the left side of the 4 f 1 main peak, is hardly
seen in our TFY spectra. In the following we will neglect this
contribution as it does not affect our conclusions.

In Fig. 2(a) we show the XANES spectra obtained at
2.7 K for different pressures. The applied curve-fitting pro-
cedure is similar to the one reported recently in the literature
[21,22].The normalization of XANES spectra is done using
the standard procedure based on a linear fit to remove the
preedge background and a postedge linear fit to obtain an
absorption edge jump of unity using the ATHENA data-
processing software [23]. The main shape of the spectra arises
from the 4 f 1(Ce3+) contribution and the much weaker feature
at the right flank is due to the 4 f 0(Ce4+) contribution. One
observes a strong variation of the Ce3+ to Ce4+ intensity
ratio with increasing pressure, signaling the conversion of the
valence towards Ce4+. Figure 2(b) shows a typical analysis
of the experimental spectra. The XANES spectra are fitted
in the fixed energy range (5.703–5.743 eV) using a set of
two Gaussians and an arctangent function for each electronic
configuration (4 f 1 and 4 f 0) taking into account the lifetime
and instrumental broadenings to deconvolute the white lines.
The full width at half maximum of the four Gaussian func-
tions was kept constant (5.8 eV) as well as the broadening
of the arctangent functions (3.5 eV) for all spectra. Similar
procedure is commonly applied in the analysis of Ce L3-edge
XANES spectra of CeP and CeO2-based systems [21,22].
High-energy resolution fluorescence-detected x-ray absorp-
tion applied to Ce L3 edge of CeO2 revealed fine structures
clearly demonstrating four distinct features above the absorp-

FIG. 2. (a) XANES spectra in CeCu2Si2 as a function of pres-
sure at 2.7 K. The arrows show the evolution of the f 1(Ce3+) and
f 0(Ce4+) features with increasing pressure. The broad bump cen-
tered at about 5757 eV is attributed to the extended x-ray absorption
fine structure (EXAFS) contribution. (b) Typical fit (red curve) of
CeCu2Si2 XANES spectra (black line) with the combination of
Gaussians (white lines) and arctangent functions for Ce3+(4 f 1) and
Ce4+(4 f 0) contributions. The couples of G1–G2 and G3–G4 Gaus-
sians are attributed to the Ce3+ and Ce4+ contributions, respectively.

tion edge [24,25]. Those measurements may justify the use of
four Gaussian peaks (G1–G4) deconvolution of the features
above the edge in our analysis. For the sake of comparison,
we used also a procedure based on two Gaussian peaks de-
convolution and found that both procedures lead to essentially
the same results despite the latter being less accurate due to
the larger residuals.

Since the 4 f 2 contribution is neglected, the valence v ≈
3 + I4+/(I3+ + I4+), where I4+ and I3+ are the area of the
Ce4+(G3 + G4) and Ce3+(G1 + G2) white lines, respectively
[21]. Figure 3 represents the pressure dependence at 2.7 K of
the spectral weight of the Ce3+ contribution 4 f 1/(4 f 1 + 4 f 0)
or in other words the 4 f electron count nf , which is equal to 1
for Ce3+. It is shown that nf (valence v) decreases (increases)
smoothly and continuously with pressure without any sizable
anomaly at PV. The valence changes from 3.11 at ambient
pressure up to 3.20 at 8.5 GPa. Note that the data obtained
at 2.7 K, i.e., very close to the highest TC value observed
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FIG. 3. Pressure dependence of the weight of the Ce3+,
4 f 1/(4 f 1 + 4 f 0 ), contribution at 2.7 K, i.e., close to the super-
conducting temperature TC for different applied fields. The inset
represents the pressure dependence at zero applied field of the Ce
valence at 14 K obtained previously from the analysis of the x-ray
absorption spectra taken in the partial fluorescence mode within the
Anderson impurity model [14].

in CeCu2Si2, do not differ significantly from those obtained
previously at 14 K (see inset in Fig. 3) [14]. Thus CeCu2Si2

exhibits only a crossover valence transition, i.e., it lies in the
VCO regime down to the lowest temperature. This observa-
tion is in line with the slightly negative (−3.7 K) TCEP deduced
from resistivity measurements [14]. This behavior appears to
be a common feature of the Ce heavy-fermion superconduc-
tors where the most negative TCEP correspond to the lowest TC

[14]. The observation of a FOVT in elemental Ce at finite tem-
perature is due to the short Ce-Ce distances, which lead to a
strong Uf c Coulomb repulsion between 4 f and 5d conduction
electrons at the same Ce site. This Coulomb repulsion is much
smaller in the Ce-based heavy-fermion superconductors with
conduction electrons supplied by other elements than Ce be-
cause of its intersite origin [12]. Figure 4(a) displays XANES
spectra recorded at 5 GPa (i.e., close to the optimal pressure
where Tc reaches its maximum value), 1.1 GPa at 2.7 K and
zero applied magnetic field, and under 6 T. The difference
spectra clearly indicate that the application of a magnetic field
does not change the shape of the spectra and in turn the Ce
valence. Figure 4(b) shows the magnetic field dependences of
4 f 1/(4 f 1 + 4 f 0) at 2.7 K and different pressures below and
above PV. Within the experimental errors, which are about the
size of the symbols, the Ce3+ contribution does not depend
on the application of a magnetic field up to 6 T. CeCu2Si2

remains thus in the VCO regime as at zero field.
The pressure and magnetic field behavior of CeCu2Si2 can

be understood if one considers the schematic ground state
(T = 0 K) in the Ufc-Ef plane where Ef is the f -level energy
which is negative and Ufc stands for the Coulomb repulsion
between the f and conduction electrons [16,17]. The first-
order transition lines (bold) are shown to be shifted to smaller
|Ef |, whereas the critical Ufc of the CEP (represented by filled
circles) first decreases and then increases. The intriguing re-
sult is the nonmonotonic field dependence of the CEP. For

FIG. 4. (a) XANES spectra recorded at 1.1 and 5.0 GPa and
2.7 K for zero field and 6 T together with the result of the subtraction.
(b) Pressure dependence of the weight of the Ce3+, 4 f 1/(4 f 1 + 4 f 0 ),
contribution at 2.7 K, i.e., close to the superconducting temperature
TC for different applied fields.

small H values Ufc decreases and in turn TCEP is expected
to decrease too, i.e., it becomes more negative. At higher
H, one observes an upturn and Ufc (TCEP) increases. In the
investigated field range (up to 6 T), TCEP remains below 2.7 K
(the temperature of our measurements). The filled square
represents the location of CeCu2Si2 in the phase diagram
at ambient pressure and zero field and the point-dashed line
mimics its evolution with increasing pressure. CeCu2Si2 lies,
whatever the pressure or the field, below the FOVT lines, i.e.,
it is in the VCO regime (Fig. 5).

IV. CONCLUSION

The heavy-fermion CeCu2Si2 superconductor was inves-
tigated by XANES measurements under high pressure and
applied magnetic field at a temperature close to the optimal
superconducting temperature. The data provide a microscopic
view of the pressure and field dependence of the Ce valence.
It is shown that pressure does not lead to a first-order valence
transition, even in the temperature range where supercon-
ductivity occurs, and with applied field. This is in line with
the slightly negative critical temperature TCEP deduced from
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FIG. 5. Schematic ground-state diagram in the Ufc-Ef plane. The
bold solid lines represent the first-order valence transition lines and
the filled circles stand for the critical end point. The shaded line
connects the CEP under magnetic field. The filled square stands for
the location of CeCu2Si2 in the phase diagram. The point-dashed
line mimics the pressure dependence of its location (adapted from
Refs. [16,17]).

resistivity measurements. CeCu2Si2 belongs to the valence
crossover regime in the whole investigated (P,H,T) range.
The valence fluctuation mechanism remains however the most
plausible scenario for the enhancement of superconductivity

in the high-pressure regime; indeed, it is worth to mention that
an alternative model for the observation of a second supercon-
ducting dome based on critical fluctuations associated with an
orbital (crystal-field) transition [26] was recently invalidated
by linear polarized M-edge x-ray absorption measurements
[27]. The absence of a magnetic field-induced FOVT in
CeCu2Si2 does not invalidate the critical valence fluctuation
theory (CVF) model. We observe simply that TCEP (H) stays
below our measurement temperature of 2.7 K at 6 T. Quantita-
tive predictions from the CVF model seem almost impossible
at the present state of the art. Even although the magnitude of
the valence jump is about 0.1 at the FOVT in elementary Ce,
its expected magnitude in a hypothetical FOVT in CeCu2Si2

is an open issue. Extending this study to much higher fields
is an interesting but challenging proposition. A more quan-
titative theoretical estimation of the expected effects would
certainly be interesting. At present it seems that the high-
pressure superconducting phase diagram of CeCu2Si2 remains
a noncompletely solved question.
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