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Role of valence fluctuations in the superconductivity of Cel22 compounds
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Pressure dependence of the Ce valence in CeCuzGez has been measured up to 24 GPa at 300 K
and to 17 GPa at 18-20 K using x-ray absorption spectroscopy in the partial fluorescence yield. A
smooth increase of the Ce valence with pressure is observed across the two superconducting (SC)
regions without any noticeable irregularity. The chemical pressure dependence of the Ce valence
was also measured in Ce(Cui—5Niz)2Siz at 20 K. A very weak, monotonous increase of the valence
with x was observed, without any significant change in the two SC regions. Within experimental
uncertainties, our results show no evidence for the valence transition with an abrupt change in the
valence state near the SC II region, challenging the valence-fluctuation mediated superconductivity
model in these compounds at high pressure and low temperature.

Study of heavy-fermion superconductivity has been
motivated by the discovery of superconductivity in
CeCusSiz [1]. The BCS theory predicts the suppression
of superconductivity by a small amount of magnetic im-
purities. Therefore, Ce-based heavy-fermion supercon-
ductors have been considered to be unconventional super-
conductors because their valences are close to the mag-
netic Ce3T state. Superconductivity in these compounds
is widely believed to be mediated by antiferromagnetic
spin fluctuations. Furthermore, in the Ce-based heavy-
fermion systems which exhibit superconductivity under
pressure, the superconducting (SC) transition often oc-
curs in the vicinity of the quantum critical point (QCP),
leading to scenarios which attribute superconductivity to
the occurrence of the spin fluctuations around the QCP.
As illustrated in Fig. 1 (in SC I and SC 1T [2-4]), the SC
phase diagrams of CeCusSis and CeCusGes, where T
is the SC critical temperature, show two dome-shaped
SC regions. Both SC dome structures of CeCuaSiz and
CeCusGes appear to be identical after pressure scaling.
Similar anomalies in transport properties of these com-
pounds have been reported [5, 6].

The phase diagram of CeCuyGes phase diagram shows
an overlap between SC I and antiferromagnetism (AFM),
suggesting a possible antiferromagnetic spin fluctuation
mediated pairing interaction. On the other hand, the
separation between the onset of the second region SC II,
which corresponds to the sharp increase in T around 12
GPa, and the disappearance of the AFM order around
8 GPa indicates to a different mechanism for the emer-
gence of the SC II phase. Based on the expanded periodic
Anderson model with the slave-boson mean-field theory,

valence fluctuations (VF) were proposed as a possible
pairing mechanism for the appearance of the SC II re-
gion [5, 7-9]. A theoretical orbital transition between
two different levels has also been suggested as a mecha-

nism for the occurrence of the superconductivity in the
SC II region that is far away from the AFM QCP [10, 11].
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FIG. 1. (Color online). (a) Schematic view of pressure-
temperature phase diagram of CeCuzGes and CeCusSia. [3]
Pressure for CeCu2Siz is shifted by 10 GPa (upper horizon-
tal axis) to be consitent with that of CeCusGe2. Supercon-
ducting region consists of SC I and SC II. Antiferromagnetic
(AFM) order is only observed in CeCuzGez. (b) Pressure-
temperature phase diagram of Ce(Cui—;Ni;)2Sis as a func-
tion of x [14]. Kondo temperature (Tx) is also shown for
comparison.
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FIG. 2. (Color online) Temperature dependences of PFY-XAS for (a) CeCuz2Gez and (b) CeCus2Siz. (¢) Examples of the fits for

CeCuzGez and CeCuszSiz. (d) Derived ratios for the PFY-XAS

Transport properties of CeCuyGes such as T-linear re-
sistivity can be explained by the theory of the critical
valence fluctuation scenario for the superconductivity in
the SC II region (VF mediated superconductivity) [5].
The pressure dependence of the unit-cell volume also
showed an anomalous contraction around the maximum
Te (Temax), suggesting a valence instability and provid-
ing further evidence for a pairing mechanism mediated
by VF [12]. However, recently results from detailed mea-
surements of the unit cell volume at 12 K were unable
to confirm the occurrence of the anomalous volume con-
traction [13]. This calls for a direct measurement of the
pressure dependence of the Ce valence in CeCusGes.

It has been recently observed that Ni-substitution for
Cu sites in CeCusSis also generates two similar SC
domes, although the second SC region shows filamentary
superconductivity (SC IT’) [14]. Ni-substitution for Cu
in CeCusSis induces chemical pressure, which results in
a changeover from a heavy-fermion state to an interme-
diate valence regime via an increase in the Kondo tem-
perature (Tx). Ce(Cu;_,Ni;)2Sis in the paramagnetic
region shows similar anomalies in resistivity such as T-
linear behavior in CeCusSiz. Therefore, the SC IT” region
in Ce(Cuj_,Ni, )2Sis possibly has the same origin as that
in the parent compounds of CeCusySiz and CeCuyGes.

In this letter we report the first direct measurement
of the Ce valence in CeCuyGes as a function of pres-
sure, using x-ray absorption spectroscopy (PFY-XAS) in
the high-resolution partial fluorescence yield mode [15-
17]. The measured high-resolution x-ray absorption spec-
troscopy permits reliable derivations of small changes in
the Ce valence which cannot be otherwise detected us-
ing the normal XAS [18]. The PFY-XAS is a photon-in

spectral weight of the compounds as a function of temperature.

and photon-out spectroscopic technique that was con-
ducted through the Be gasket of the high-pressure dia-
mond anvil cell. To avoid the destruction of the brittle
Be gasket at low temperatures, the maximum pressure
achieved was limited to less than 17 GPa. We also mea-
sured the temperature dependence of the Ce valence for
both CeCusGey and CeCusSis, as well as the dependence
as a function of = in Ce(Cuj_,Ni,)2Sis up to x ~ 0.2.
Our results show a smooth increase of the Ce valence
as a function of hydrostatic pressure for CeCuyGey and
chemical pressure (Ni-concentration) for the Ni-doped
CeCUQSiQ.

The temperature dependence of the PFY-XAS spec-
tra is shown in Figs. 2(a) for CeCuyGez and 2(b) for
CeCusySiy. Examples of the fits are shown in Fig. 2(c).
The spectra of these compounds mainly consist of the 4 f*
(Ce3t) component with small fractions of 40 (Ce**) and
4f? (Ce*t). The intensity of 40 is stronger in CeCusSiy
than that in CeCusGes. These results agree with a pre-
vious photoemission study [20]. In Fig. 2(d) the esti-
mated spectral weight ratios (wpr) are shown as a function
of temperature. We define this ratio as wr=3+{I(f°)-
IO+ I(fH+I(f?)}, where I(f™) is the inten-
sity of the f™ component in the PFY-XAS spectra. The
absolute value of wg is not strictly equivalent to the Ce
valence in the ground state because the 4f2? component-
can partly stem from the core-hole effect in the final state
of the PFY-XAS process [21, 22]. Because no variation in
the intensity of 412 is found as a function of temperature
and pressure, the changes of the wr and ground-state va-
lence can be considered nearly identical. The experimen-
tal errors mainly originate from the statistics of the data
and spectral fitting. In the Ni-doped systems the spec-



tral uncertainty is the main contributor. However, since
we systematically fitted the spectra, relative errors in the
pressure dependence as well as z-dependence should be
small.

No temperature dependence of the valence is observed
for either compound, contrary to the predicted temper-
ature dependence of the Ce valence derived from the
temperature dependence of the lattice parameters [23].
The magnitude of the crystal electric field (CEF) is
191 K for CeCusGey (Ref. 24), and 140 and 364 K for
CeCusSis (Ref. 25), while the Kondo temperature is 6
K for CeCusGes and 4.5-10 K for CeCusSis. A much
smaller Tk than the CEF may explain the absence of
the temperature dependence in both compounds [26].
Another clear feature in our study is that wg is al-
ways higher in CeCusSis than in CeCusGes, indicating
a strong c-f hybridization in CeCusSis. The mean wg,
averaged over the measured temperature range, is esti-
mated to be 2.9940.01 for CeCuyGes and 3.02+0.01 for
CeCusSia, which is confirmed by the analyses of the res-
onant x-ray emission spectra as a function of the inci-
dent photon energy [17]. The weaker hybridization in
CeCusGes is consistent with the larger atomic radius of
Ge compared to Si; the substitution resulted in larger
lattice constants for CeCuaGes [13, 23].

We note that the Ce valence normally increases with
pressure because of the increase of ¢-f hybridization. In
other words, volume contraction may increase the hy-
bridization, resulting in the increase of the Ce valence. In
CeCusSiy a volume contraction of about 13% occurs with
pressure up to 9 GPa, while in CeCuyGes the volume
contraction of about 11% requires a pressure increase
of approximately 20 GPa [13]. Thus the compressibil-
ity of CeCusySiz is much larger than that of CeCusGes,
indicating larger monotonic valence changes with pres-
sure. Therefore it is difficult to find a sudden Ce valence
crossover hidden in a larger background of the monotonic
pressure-induced valence change if the sudden change
in volume at the valence crossover point is relatively
small. Studying both CeCuzGes and Ce(Cuy_,Ni;)2Sis
has an advantage in that the amplitude of the external
and chemical pressure-induced volume changes is much
smaller than that of CeCuySis. An anomalous small
jump in the valence would therefore be easier to detect.

In Fig. 3 we show the pressure dependence of the PFY-
XAS spectra measured at (a) 300 K and (b) 16-18 K.
With increasing pressure the intensity of 4f! decreases,
while the intensity of 4f° increases, showing a mono-
tonic increase of the Ce valence. The Ce valence at low
temperature is slightly higher than at 300 K, reflecting
the increase of hybridization at low temperatures. The
theory of the VF-mediated superconductivity predicts a
change in the valence greater than an order of 0.01 at the
critical valence crossover pressure just after Tomax [27].
Here we construe the valence crossover as a relatively
rapid relative change in the valence without a first-order

32 :

24 —10.9 GPa

o |—20.1GPa
—21.9 GPa

tr

Intensity (arb. units)
[}
T

08 [ PFY-XAS s
E, 300 K ]

/ CeCu,Ge, |
A IS ST S N SRS

1—0 GPa

1 —2.8 GPa
A S —5.6 GPa
—8.3 GPa
—10.7 GPa
12.4 GPa
13.3 GPa
16.6 GPa

Intensity (arb. units)

PFY-XAS ]
16-18 K .
CeCu,Ge, b

¢ R S RTINS E SO NENT SO SE R SINI I
5720 5730 5740 5750 5760
Incident photon energy (eV)
308 T T T T T

3.06 7(C) ++ 7

3.04 -

- ﬁ

Ce valence

e 300K |1
18-20 K| 1

300 &= CeCu,Ge, 1

& Tec ‘sc

208 [ SC! ]
0 5 10 15 20 25 30

Pressure (GPa)

FIG. 3. (Color online). PFY-XAS spectra of CeCuzGe: as
a function of pressure at (a) 300 K and (b) 16-18 K. (c¢) Es-
timated spectral weight ratio from the fit to the PFY-XAS
spectra as a function of pressure at 300 K (Closed circle) and
16-18 K (open circle) with a schematic figure of two super-
conducting regions.

transition. However, within experimental errors, we only
observe a smooth increase of the Ce valence with pressure
without any noticeable changes in spectral features across
the two SC regions at both room and low temperatures.
Another distinct feature is the significantly smaller pres-
sure dependence of the Ce valence in CeCusGesy than in
CeCusSiy [28]. This may correspond to the smaller com-
pressibility of CeCuyGes [13].

We also measured the Ce valence as a function of the
Ni concentration x in Ce(Cu;_,Ni, )2Sis. Increasing z re-
sults in a monotonic decrease of the volume at room tem-
perature [14]. A specific heat measurement revealed that
low-lying antiferromagnetic quantum fluctuations around
the AFM QCP are notably suppressed by the Ni substi-
tution, and that the Fermi liquid state recovers in the Ni-
rich region at approximately 2 > 0.12 [14]. A T-linear
dependence of the resistivity was observed at = ~ 0.1
together with an indication of superconductivity, which
is similar to the SC II region of CeCusSis in Fig. 1(b).
Figure 4(a) shows representative PFY-XAS spectra of
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FIG. 4. (Color online). (a) PFY-XAS spectra of
Ce(Cu1-2Niz)2Siz2 as a function of = at 20 K. (b) Ce valence
(spectral weight ratio) estimated from the fit to the PFY-
XAS spectra with a schematic figure of two superconducting
regions. (c) Pressure-induced change in the Ce valence for
Ce(Cug.95Nio.05)25i2 with the data of CeCu2Siz from the lit-
eratures [28, 29].

Ce(Cuy_;Ni;)2Siz at 20 K. Chemical composition de-
pendence of the spectra is very small although the Kondo
temperature increases with . However, a small increase
of 4f1 and a decrease of 40 are clearly observed due to
the high statistics of the spectra. The x dependence of
the Ce valence is shown in Fig. 4(b) for < 0.12. Our re-
sults indicate a very weak and progressive x dependence
of the Ce valence without any discontinuous change. The
small amplitude of the change in the valence can be ex-
plained by the fact that the volume change between x = 0
and 0.2 is only ~1% [14]. The pressure dependence of the
valence for the z = 0.05 sample is actually remarkably
small as well, as shown in Fig. 4(c), compared with previ-
ous results for CeCusSis, suggesting the possibility that
a small amount of Ni substitution results in a decrease in
the compressibility. We note that the sample containing
x = 0.05 has a reduced critical pressure of ~ 2.8 GPa
for the T-linear resistivity as compared with that of ~ 4
GPa for CeCusSia. The result shown in Fig. 4(c) is sur-
prising because 5% Ni substitution can greatly affect the
pressure dependence of the Ce valence.

In the theory of the VF mediated superconductivity,

the Coulomb repulsion Ug. between f and conduction
(c) electrons was included, causing a valence transition
with pressure [7, 8], where the first-order valence transi-
tion which terminates the d-wave superconductivity was
found to be enhanced. This can be seen as a d-wave pair-
ing mechanism generated by the Coulomb repulsion. Ex-
perimentally, one would expect to observe a valence tran-
sition with an abrupt valence-change just after Tcpax- In
CeCusySia, a smooth valence increase was observed un-
der pressure across the SC domes at both low [28] and
room [29] temperatures. Rueff et al. concluded a possible
valence fluctuation mediated superconductivity based on
these results. However, such a gradual valence increase
is actually consistent with what is normally observed in
compressed Ce compounds [30], in which the valence fluc-
tuation mediated superconductivity is not theoretically
expected. In these Ce compounds, a pressure-induced
transition occurs from Kondo to valence fluctuation re-
gions, resulting in a gradual increase of the Ce valence as
well as an increase of the Kondo temperature. Theoreti-
cally the mechanism for the appearance of the supercon-
ductivity in the SC II region of CeCusGes is the same
as that in CeCusySis. We note that the pressure-induced
change in the Ce valence is very different in two Ce com-
pounds; the change in the Ce valence for CeCuyGes is
much less than that in CeCusSiz. The theory of the VF-
mediated superconductivity showed that a larger change
in the Ce valence induces a larger Tomax. Thus, if the
large pressure-induced background change in the Ce va-
lence results in the valence fluctuation mediated super-
conductivity, Tcmax 0f CeCusSis should be much larger
than that of CeCusGes. However, Tomax of both com-
pounds is the same order as shown in Fig. 1(a).

To verify the theory based on the valence fluctuation
scenario, we should find an abrupt change in the valence
on the background of the gradual change in the Ce va-
lence. In CeCusySiy pressure-induced change in the Ce
valence was large primarily due to larger compressibility
described above, inducing a large background of mono-
tonic increase in the Ce valence. In Ce(Cu;_,Ni,)2Sis,
even a small substitution of Ni for the Cu site would
strongly affects the pressure-induced change in the Ce
valence. Thus our Cel22 systems may be serve as better
candidates for observations of the small valence crossover.
Within experimental uncertainties at both room and
low temperatures, our results also show a smooth in-
crease of the Ce valence as a function of pressure for
CeCuzGes and as a function of x for Ce(Cuy—,Ni, )2 Sia,
without any anomalous jump just after Tcomax. Since
Ce(Cuy_,Ni; )2Siz has been observed to show the fila-
mentary superconductivity, the relationship between the
bulk superconductivity and the Ce valence at high pres-
sures and low temperatures remains to be further inves-
tigated in the future.

Another proposed scenario for the origin of the SC II
region is the orbital fluctuation mediated pairing mech-



anism [10, 11]. In the theoretical model by Hattori [10]
two localized f orbitals were assumed and their occu-
pancy changed discontinuously with pressure, resulting
in the increase of the orbital fluctuations at a critical
end point. However, the orbital fluctuations coupled with
charge fluctuations, resulting in a valence transition co-
inciding with the orbital crossover. Thus this scenario
contrasts our results. Pourovskii et al. suggested that
the change of orbital occupancy of the two levels, split
by the crystal field as a function of temperature or pres-
sure, affects the 4 f density of states in the vicinity of the
Fermi level [11]. This theory based on the orbital fluc-
tuations showed a possible change in the non-resonant
inelastic scattering spectra due to the orbital fluctuation
and direct observations of the orbital fluctuation remains
to be investigated in the future. Finally, we emphasize
in our clear experimental findings that there is no appar-
ent sign of the valence crossover within our experimental
errors. Our results here call for a reconsideration of the
valence fluctuation scenario to account for the unconven-
tional superconductivity in Ce(Cu,Si)2Ges heavy fermion
compounds.
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I. EXPERIMENT

Single crystals of CeCusXs (X = Ge, Si) were synthe-
sized by the Czochralski method in a tetra-arc furnace.
PFY-XAS and RXES measurements were performed at
the Taiwan beamline BL12XU at SPring-8. The undula-
tor beam was monochromatized by a pair of Si(111) crys-
tals and focused to a size of 30(horizontal)x20(vertical)
pm? at the sample position using a toroidal and K-B mir-
rors. Incident photon energies were calibrated by using
metal K-absorption edges of V and Cr. The incident pho-
ton flux was estimated to be about 7-8x10'! photons/s
at 5.46 keV. A Johann-type spectrometer equipped with
a spherically bent Si(400) crystal (radius of about 1 m)
was used to analyze the Ce Loy (3ds/2—2p3/2) emis-
sion line with a solid state detector (XFlash 1001 type
1201). The overall energy resolution was estimated to
be about 1.5 eV around the emitted photon energy of
4.8 keV. The intensities of all spectra were normalized
by the incident beam intensity monitored just before the
sample. A closed-circuit He cryostat was used for the
low-temperature measurements down to 16 K. The high-
pressure conditions were accomplished using a diamond
anvil cell (DAC) with a Be-gasket. At low temperature a
membrane-controlled DAC was used. Silicone oil at room
temperature and a Methanol-ethanol mixture at low tem-
perature were used as pressure-transmitting mediums.
The pressure was measured based on the Raman shift
of the fluorescence from tiny ruby fragments in the DAC.

II. PHYSICAL PROPERTIES

In Table I we summarize the physical properties of
CeCusGey and CeCusSis. CeCuzXs (z = Ge, Si) has
ThCrySis-type tetragonal crystal structure with space
group of I4/mmm. Here T¢, Tk, In, p, Pc, 7, and
CEF are superconducting transition temperature, Kondo
temperature, Néel temperature, paramagnetic moment
in unit of ug (Bohr magnetron), critical pressure where
superconductivity occurs, and crystal electric field, re-
spectively. In Table I, we show the Kondo temperature

Tk = 4 K for CeCuyGes and 7 K for CeCusSis, that were
estimated from defining Tk as double the value where S
reaches 1/(2RIn2). Tk of CeCuyGes is lower than that
of CeCusySiy, although the estimation may involve some
uncertainties mainly caused by the extrapolation of the
experimental values from the lowest temperature data
point to 0 K.

IIT. RESONANT X-RAY EMISSION SPECTRA
AT AMBIENT PRESSURE

Figures 1(b) and 1(f) show the resonant x-ray emission
spectroscopy (RXES) spectra measured on CeCusGes
and CeCusSis, respectively, at 300 K, as a function of
the incident energy across the Ce Ls edge. The verti-
cal offset of the RXES spectra is scaled to the incident
energy axis of the PFY-XAS spectrum (Figs. 1(a) and
1(e)). Figures 1(c) and 1(g) reveal the contour intensity
images of the RXES spectra. Energy transfer is defined
as the difference between the incident photon (E;,) and
the emitted photon energies. Both contour images are
very similar. Each RXES spectrum is fitted with three
components corresponding to the Raman Ce*t (4f2),
Ce3t (4f1), and the fluorescence, assuming two Voigt
functions for 4f™ components?>27. We estimated the
spectral weight ratio by using the formula vg=3-+{I(f°)-
I(P) LI +I(F)+I(f2)}, where I(f") is the inten-
sity of the f™ component. The valences are estimated
to be vEp=2.989+0.01 and 2.988+0.01 for CeCuyGe, and
CeCusSiy, respectively. We ignore the 4f° component
in the fits of the RXES spectra because it is too weak
to be discriminated from the intense fluorescence peak.
Therefore the values of vg are less than 3. We are, how-
ever, able to extract the 4f° component in the PFY-XAS
spectra as shown in the paper, which results in slightly
different values of vy compared with RXES. In the fit
of the PFY-XAS spectra there is uncertainty due to the
overlap of the 2p—5d peaks with the arctan-like part cor-
responding to the excitations towards the continuum. We
note that although this uncertainty may affect the abso-
lute value of the valence, the estimation of the relative



TABLE I. Physical parameters of CeCuzGez and CeCuszSis.

CeCuaxGes CeCusSio
Lattice at RT  a = 4.1438° ¢ = 4.096A°
b=10.156A% b= 9.911A°
Tc 0.6 K¢ 0.64 K¢
Tk 4 K° 7K/
T~ 4 K (0 GPa)? 0.8 K for A-phase
Weiss temperature 20 K" 140 K*
pest (1B) 2.517 2.48"
Pc 7.7 GPa! 0 GPa™
v (mJ/mol K?) 200" 700-1100°
CEF (K) 197, 2127 140, 3634

a: Ref. 1, b: Refs. 2, 3, c: Ref. 4, d: Ref. 5, e: Ref. 6, f: Refs. 7, 8, 9, 10, 11, g: Refs. 1, 6, 12, 13, h: Ref. 12 i:
Refs. 12, 14, 15, j: Ref. 16 k: Ref. 15 1: Ref. 17, m: Ref. 18, n: Ref. 19, o: Ref. 20, p: Refs. 21, 22 q: Refs. 23, 24
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FIG. 1. (Color online). (a) and (e): PFY-XAS spectra for CeCusGez and CeCus2Siz at 300 K. (b) and (f): RXES spectra as a
function of the incident photon energies. The vertical position of the each RXES spectra corresponds to the E;, of PFY-XAS
spectrum they were measured at in the panels (a) and (e), respectively. (c) and (g): Contour images of the RXES spectra.
(d) and (h): Analyzed results of the Raman and fluorescence components as a function of the incident photon energies by the
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changes as a function of temperature or pressure remains
reliable.

IV. PRESSURE DEPENDENCE

For the f? component it is difficult to conclude the gen-

eral trend because of the very weak intensity. Here we

10

11

12

13

note that the presence of the f? component is primarily
related to a final-state effect with a core-hole in the 3ds /o
level,?82% whereas in the ground state the weight of the
% component should be negligibly small?®3!.  Accord-
ingly, the value of the vg ratio is not exactly the same as
the ground state Ce-valence v,. Especially, since the vg
is smaller than 3 due to the presence of the Ce?* compo-
nent as described above, similar to that of CeRusSis?2.
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