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Measurement of the Ce valence in the heavy fermion CeCu,Si, is reported for the first time under
pressure and at low temperature (7 = 14 K) in proximity of the superconducting region. CeCu,Si, is
considered as a strong candidate for a new type of pairing mechanism related to critical valence
fluctuations which could set in at high pressure in the vicinity of the second superconducting dome. A
quantitative estimate of the valence in this pressure region was achieved from the measurements of the Ce
L edge in the high-resolution partial-fluorescence yield mode and subsequent analysis of the spectra
within the Anderson impurity model. While a clear increase of the Ce valence is found, the weak electron
transfer and the continuous valence change under pressure suggests a crossover regime with the
hypothetical valence line terminating at a critical end point 7, close to zero.
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Low energy magnetic fluctuations are suggested to me-
diate electron pairing in various unconventional supercon-
ductors, ranging from heavy fermion (HF) and cuprates to
iron pnictides compounds. In most of these systems, a
magnetically ordered phase is adjacent to the supercon-
ducting (SC) phase and the magnetic ordering temperature
is driven to zero when approaching the so-called magnetic
quantum critical point (QCP) by an external control pa-
rameter such as doping, magnetic field, or pressure around
which superconductivity emerges. The critical magnetic
fluctuations that build up around the QCP are held respon-
sible for electron pairing. In some HF materials, however,
the superconducting phase extends beyond the QCP, in a
region of the phase diagram sufficiently far from magnetic
ordering to consider other pairing mechanisms. CeCu,Si,,
the first discovered HF superconductor [1], exhibits such a
two-dome SC region [2,3] under pressure as schematically
illustrated in Fig. 1 with the critical temperature 7', peaking
at P. ~ 4 and P, ~ 45 kbar. Around P,., the proximity of
CeCu,Si, to a QCP is established by (i) a subtle metallurgy
that yields either antiferromagnetic (AF) or SC samples
depending on stoichiometry [4], (ii) the recovery of mag-
netism through substitution of Si by Ge [5,6] and retrieval
of the two SC domes under pressure, (iii) proofs of mag-
netic fluctuations and their interplay with superconductiv-
ity [7,8]. Increasing pressure however suppresses
magnetism [7] while superconductivity is enhanced, there-
fore suggesting another pairing mechanism around P,,
probably having a different order parameter symmetry as
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recently proposed [9]. Early transport measurements show
hints of intermediate valence behavior under pressure [2,6]
and the hypothesis that critical valence fluctuations (CVF)
may mediate electron pairing in this compound was more
recently put on a quantitative basis [10]. Thus, the second
anomaly at P, in CeCu,Si, could be associated to a
CVF-driven SC state, providing that the Coulomb interac-
tion Uy, between the f and conduction states is sufficiently
strong. The hypothetical first-order valence transition line
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FIG. 1 (color online). Schematic view of the P-T phase dia-
gram of CeCu,Si, (adapted from Ref. [10]). Ty is the Néel
temperature; P, and P, are the pressure location of the two
superconducting domes. The circles show the locations in the
phase diagram where the sample was measured.
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supposedly ends up at a critical terminal point at P, ~ P,
and T, yet to be defined—in Ce, for instance, it occurs at
~ 20 kbar and 600 K [I1]. Across the phase line, we
expect enhanced valence fluctuations under pressure and
change of degeneracy of the ground state. But no direct
assessment of the Ce valence in CeCu,Si, near P, at low
temperature is reported. In fact, as for CeCu,Si, most
of the knowledge about the valence change in heavy fer-
mion materials is indirectly deduced from thermodynamic
and transport measurements [10]. We present here the
first attempt to extract quantitatively the Ce valence in
heavy fermion from spectroscopic measurements at low
temperature (7 = 14 K) in the very proximity of the SC
region. While our results demonstrate clear valence
changes, the smooth pressure dependence is indicative of
superconductivity emerging from the crossover regime
with T, = 0.

An efficient way of estimating the f valence is to use
core-hole spectroscopy. The method relies on the core-hole
potential to lift the degenerated mixed valent ground sate.
As the screening acts differently on the different f states,
information about the f-electron count can be retrieved. In
the hard x-ray range, the sizable penetration depth of
photons allows these measurements in samples contained
in a pressure cell. Although the method has been widely
used in photoemission and x-ray absorption spectroscopy
(XAS) over the past, the emergence of resonant inelastic
x-ray scattering as a probe of mixed valent materials has
brought up a new level of accuracy in the measurements
that was severely lacking [12]. Especially, the early esti-
mate of the Ce valence in CeCu,Si, at room 7 under
pressure contained an inevitable large uncertainty [13].

The experiment was performed on the ID-26 beam line
at the European Synchrotron Radiation Facility (ESRF). A
20 pm thick single crystal of CeCu,Si, was loaded in a
membrane-driven diamond anvil cell (DAC) with silicon
oil as the pressure transmitting medium. Small crystals
were obtained by slow cooling from the melt under
50 bar of Ar in a BaZrO; crucible [10]. The sample is
the same as in Ref. [10], ensuring its superconducting
properties. To enhance transmission, the DAC was
equipped with a pair of perforated diamonds capped with
500 pm thick anvils. The gain in transmission with respect
to standard DAC setup is as high as ~6-7 orders of
magnitude. For low temperature measurements, the DAC
was mounted in a liquid He cryostat. The lowest tempera-
ture that could be reached was 14 K as measured on the
outer face of the diamond. Pressure was estimated by
standard ruby fluorescence spectroscopy. The L; XAS
spectra were acquired in partial-fluorescence yield mode
(PFY) where the Ce La (3ds/, — 2p3),) line is monitored
while the incident energy is swept across the absorption
edge. The spectra thus obtained are almost free from
core-hole lifetime broadening effects, and show enhanced
resolution compared to standard XAS. Figure 2 shows the
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FIG. 2 (color online). X-ray absorption spectra in CeCu,Si, as
a function of pressure at 14 K. The spectra were acquired in
the partial-fluorescence yield, high-resolution mode PFY-XAS.
The arrows show the evolution of main spectral features with
increasing pressure.

PFY-XAS spectra in CeCu,Si, measured at 14 K as a
function of increasing pressure. The spectra have been
normalized to an edge jump of unity. They can be decom-
posed in three components subsequently identified as f°,
f!, and f2, although these are not pure spectral features
(see below). Notice that the f? feature that shows up in the
preedge region is solely observable thanks to the PFY
spectral sharpening effect. Upon pressure increase, the f°
feature grows in intensity; at the same time, the f' com-
ponent decreases along with the shoulder (*) on the high
energy side that seemingly belongs to the same family of
states; the f? feature stays mostly unchanged. The transfer
of spectral weight from f! to the f° component is signi-
ficative of a valence transition from Ce’* towards Ce*" as
expected from electron delocalization under pressure in
f-electron systems.

An accurate estimate of the electron transfer, and more
generally of the electronic changes under compression in
f-electron systems, can be retrieved from simulation of the
spectra within the Anderson impurity model. The method
was successfully adopted to spectroscopic measurements
in Ce mixed valent materials [14], and later applied to
volume collapse transition under pressure [15]. The ground
state is described as a degenerated mixed valent configu-
ration col4f°) + ¢;|4f!) + c,14f?), where the ||¢;||>(i =
0, 1, 2) are the weights of the different f states. The main
interaction terms in the Hamiltonian are the hybridization
V between the f electrons and the valence band, and the
Coulomb interactions between the 4f electrons U rf 2p
core hole and 4f electrons Uy, and 3p core hole and 4f

electrons Uyz,. Correction factors for the hybridization

term in the presence of a core hole (R,) and 4f electrons
(1/R,) are introduced to account for configuration depen-
dence of the hybridization. The impurity state is defined by
its binding energy ejl, and W simulates the bandwidth of
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the conduction electrons. The parameters are fitted to the
experiment starting from the values of y-Ce [16]. The
spectra are computed from the energy spread and intensity
of the multiplet states (cf. ticks in Fig. 3) and dipolar
transition matrix elements after lifetime broadening and
addition of a steplike background. The weights of the
different f states composing the ground state and the
parameters 653, V, and W are adjusted to fit the spectral

changes while the intra-atomic parameters are kept con-
stant since they are insensitive to volume changes. The
quality of the fits is illustrated in the inset to Fig. 3.

The parameters derived from the calculations are listed
in Table I for the different pressures, and the correspond-
ing calculated x-ray absorption spectra shown in Fig. 3.
The calculations describe well the spectral changes ob-
served as a function of pressure with the reduction of the
white line intensity and enhancement of the postedge
features. More importantly, they provide a quantitative
estimate of the electronic changes as a function of pres-
sure in the ground state, which can be summarized as
follows : The proportion of the f° configuration signifi-
cantly increases at high pressure at the expense of the f!
configuration; at the same time, there is a small increase
of the doubly occupied state f> occupation which was
already observed in elemental Ce under pressure. While
the 0, f! balance inversion is consistent with the valence
increase at high pressure, the rise of the f2 occupation is a
manifestation of decrease correlation in the compressed
lattice already observed in Ce [15]. The variation of the
Ce valence, or equivalently of the electron count ng, can
be estimated from the weighted sum over the f states. The
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FIG. 3 (color online). Computed x-ray absorption spectra in
CeCu,Si, as a function of pressure within the Anderson impurity
model (solid lines); see text for details. Ticks show the multiplet
states for the lowest pressure. An arctan background (dashed
line) is added to all the spectra to mimic the edge jump; arrows
show the tendency upon pressure increase. Inset: comparison
between calculated (lines) and measured (circles) spectra at the
two extreme pressures.

TABLE I. Parameters used in the calculations, f states
weights, and electron count as a function of pressure; the other
parameters Uy = 6.0 €V, Up, = 104 €V, Upsg = 10.4 eV,

R. = 0.6, R, = 1.0 are constant.

P (kbar) O 14 20 37 45 60 78

e? ev) —-21 -2.1 =215 =215 =215 —215 -215
V (eV) 02 022 022 024 025 026 028
W (eV) 08 09 1.0 1.1 1.3 1.4 1.5
10 (%) 75 102 101 137 156 176 212
f' (%) 89.1 858 860 820 800 779 741

2 (%) 34 40 39 4.3 4.4 4.5 4.6
ng 096 094 094 091 0.89 087  0.83

total valence change is estimated around 0.13 from am-
bient pressure to 78 kbar.

To further investigate the relevance of valence fluctua-
tions for the superconducting properties of CeCu,Si,, we
represent the evolution of the number of f electrons per
site, i, = ny/2 in Fig. 4, on the same energy scale e? /D as
utilized in Ref. [10], Fig. 2. D is the Fermi energy of
conduction electrons as “if it were decoupled from the f
electrons” [10]. We used the relationship D = 2V intro-
duced in the CVF model. The most striking result is the
absence of sharp valence transition across P,, and the weak
change in f-electron count. In the CVF model, 7/ is
expected to decrease by 45% in the low correlation limit
(Uy, small), and reach a nearly 90% decrease in the highly
correlated case (Uy, large) in order to account for a sig-
nificant increase of 7, and the formation of a supercon-
ducting dome under pressure. The total variation in 71, of
14% obtained from our data seemingly contrasts with this
description; from Fig. 4, it is also clear that the nature of
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FIG. 4 (color online). f-electron number per site 7, as func-
tion of pressure (top scale). The lower scale refers to the
dimensionless unit of Ref. [10]; we use the approximation D =
2V. The dashed lines are guides to the eyes. The Ce data were
borrowed from Ref. [15].
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the transition in CeCu,Si, strongly differs from that of Ce
considered as prototypical of first-order valence transition
in 4f systems [15].

This established, are there any intrinsic limitations in our
methodology or analysis that would conceal or damp the
valence fluctuations? The lowest temperature reached in
this study is significantly higher than 7, (~ 1.5 K at P,,).
This is a primarily due to technical limitations of
membrane-driven pressure cells combined with the need
of an optical access that necessarily limits the cooling
power of our cryostat. In contrast, resistivity or specific
heat measurement can be carried out at much lower tem-
peratures. It is based on such investigations that valence
fluctuations mediated mechanism was initially proposed.
Nevertheless, critical behaviors are expected to extend far
beyond the critical point [17] so that signs of valence
fluctuations should be observable at 7> T, in
CeCu,Si,, signatures of P, already exist at ~10 X T,
[10]. We notice also that the temperature at which we
carried out the measurement is lower than the pressure-
dependent characteristic temperatures (referred to as 77*
and 75 in the literature) that sign the interplay between
the Kondo effect and the crystal field excitations so that we
really probe the ground state properties [18]. Our results
primarily suggest that Uy, is small and the calculated
variation of ny in the CVF model is too large. A known
limitation of the CVF model is to neglect the mixing of
conduction electrons of different crystal field symmetry at
different sites which tends to overestimate the valence
change. A more refined approach would possibly agree
better with our data. It is possible in fact to reconcile the
CVF model, resistivity and specific heat data, and our
observations by considering that the critical end point
temperature 7, is located at very low temperature.
Superconductivity would then occur in the crossover re-
gime from the Kondo state to mixed valency as initially
predicted for CeCu,Si, [10,20] while being consistent with
our finding of a smooth valence decrease under pressure
and low temperature.

In conclusion, we have investigated by x-ray spectros-
copy at the Ce L5 edge the valence properties of CeCu,Si,
near the region of expected valence instability, at low
temperature and high pressure. The results have been
analyzed within the Anderson impurity model. While we
could demonstrate a clear change of the number of f
electrons as pressure increases, the continuous variation
in the f-electron count under pressure is consistent with
superconductivity emerging from the crossover region be-
tween the Kondo and mixed valent states, and a nearly zero
critical temperature. The results prove that direct estima-
tion of the valence properties in a heavy fermion compound
at low temperature and high pressure is possible and opens
the way for further investigations along this line. They call
also for supplementary theoretical effort to understand

the physics and pairing mechanism of f-electron
superconductors.

*Present address: AGH University of Science and
Technology, Krakow (Poland).
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