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In the last decade, a growing number of heavy-
fermion compounds, especially the Ce-based sys-
tems, have been found to follow a qualitatively
similar pressure-temperature (p–T) phase diagram
[1–3]: At or close to a quantum critical point
(QCP), where the antiferromagnetic (AFM) order-
ing temperature TN is continuously suppressed by
applying pressure, superconductivity (SC) appears
and the behavior of the normal state deviates from
Landau-Fermi liquid theory, which can nicely
describe most simple metals and alloys at low tem-
perature. These phenomena suggest that spin fluc-
tuations contribute to the glue attracting electrons
to form Cooper pairs in heavy-fermion systems [2].
However, the archetypical heavy-fermion supercon-
ductor CeCu2Si2 [4] and its isoelectronic counter-
part CeCu2Ge2 revealed much more complicated
behavior under pressure [5,6]. While an analogous
magnetic QCP has by now been demonstrated in
CeCu2Si2 at ambient pressure [7], the associated
superconducting region extends to much higher
pressure than in other compounds, reaching up to
10 GPa in some cases. In particular, Tc shows an
unusual pressure dependence: Tc (� 0.7 K) is near-
ly constant below 2 GPa, followed by a steep
increase at 2–3 GPa and reaching a maximum
value of about 2.2 K around 3 GPa, far away from
the magnetic QCP [5]. These properties appear to
contradict the magnetic interaction model. To
understand the unconventional nature of supercon-
ductivity in CeCu2Si2 we have prepared a series of
Ge-substituted single crystals CeCu2(Si1–xGex)2.
The partial substitution of Si by Ge in CeCu2Si2 has
two effects: disorder and lattice expansion. The
increased disorder scattering shortens the mean
free path � and critically affects the occurrence 
of unconventional superconductivity, whereas the
expansion of the lattice may weaken the coupling
between the conduction electrons and the localized
4f electrons of Ce and, therefore, favors long-range
magnetic ordering at low temperature. The latter
provides an opportunity to study the magnetic
properties in greater detail than previously possi-
ble. Compensating this volume increase by apply-
ing hydrostatic pressure then allows us to study

essentially the same material but with a higher
level of impurity scattering.

Single crystals of the CeCu2(Si1–xGex)2 series
were grown with excess Cu as flux medium in an
aluminum-oxide crucible. The powder X-ray
diffraction measurements demonstrated that
CeCu2(Si1–xGex)2 crystallizes in the ThCr2Si2-struc-
ture (I4/mmm), in which the Ce atoms occupy
body-centered tetragonal positions. The resistivity
was determined by low-current ac-four-point
measurements in an adiabatic demagnetization
cryostat (down to T = 180 mK) and a dilution
refrigerator (down to T = 50 mK). To achieve high
pressure, two different pressure techniques were
employed. The first one employs a piston–cylinder
cell in which a 1:1 mixture of iso-pentane and n-
pentane is filled as a hydrostatic pressure medium.
With this technique, we can obtain a maximum
pressure of about 3.5 GPa and simultaneously
measure multiple samples (up to seven) in one
pressure cell. To reach higher pressure, we changed
to the Bridgman-type anvil cell with a solid pres-
sure medium (steatite). 

As an example, Fig. 1 shows the electrical resistiv-
ity �(T) at various pressures for CeCu2(Si0.9Ge0.1)2.
The antiferromagnetic transitions at TN and the
reorientation transition at T1 [10,11], determined
from the kink in the derivative d�(T)/dT (Fig. 1,
inset), are gradually suppressed by applying hydro-
static pressure. Upon increasing pressure, the super-
conducting transition is first suppressed and then
reoccurs above 3 GPa. 

A systematic study on samples with different Ge-
content shows that the superconducting properties
of CeCu2Si2 are very sensitive to the disorder intro-
duced by Ge substitution (Fig. 2) [12]. For the pure
compounds CeCu2Si2 and CeCu2Ge2 [5, 6] super-
conductivity exists continuously over a broad pres-
sure range, showing a nearly pressure-independent
Tc below �p � 2 GPa which is then followed by a
sharp increase (�p = p – pc1, pc1 � 0.4 GPa for
CeCu2Si2 and � 11.5 GPa  for CeCu2Ge2 [8]). As a
small amount of Si is replaced by Ge (0 < x < 0.1),
Tc is reduced and its pressure dependence exhibits
a minimum in between two peaks. Upon further
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increasing x, the continuous superconducting
region breaks up into two separate superconducting
domes (e.g., x = 0.1). Superconductivity disappears
in the highly substituted materials (e.g., x = 0.25).
These properties indicate the existence of two dis-
tinct superconducting states in CeCu2Si2 [8].
Superconductivity in the low-pressure regime
occurs around a magnetic QCP at pc1 as observed in
many other Ce-based heavy fermion systems,
where TN →0 and non-Fermi-liquid behavior is
observed in the normal state, compatible with the-
oretical predictions of the magnetic-interaction
model. Far away from the magnetic QCP, the
occurrence of superconductivity in the high-pres-
sure regime might be related to a weak first-order
symmetry-conserving volume-collapse quantum
phase transition, suggesting a novel pairing mech-
anism based on valence/charge-density fluctua-
tions [13].

The anomalous normal-state properties found in
CeCu2(Si1–xGex)2 further support the existence of
two quantum phase transitions in CeCu2Si2 under
pressure [15]. Examining the evolution of the resis-
tivity exponent �, taken from a fit of � = �0 + AT �

to the low temperature resistivity, across the p–T
phase diagram (Fig. 3) we note the following key
points: (i) At the AFM QCP (at pc1), the exponent 
� reaches a local minimum. The value of � at pc1
ranges between 1 and 1.5 and increases with
increasing Ge-content x. (ii) The exponent � reach-
es a second minimum in the high-pressure super-
conducting regime, approaching ��1 around the
valence transition at pc2 (�p ~ 4 GPa). The maxi-
mum Tc is accompanied in CeCu2Si2 and its Ge-
substituted alloys by an extended T-linear depend-
ence of the resistivity. Upon further increasing
pressure above pc2, Landau-Fermi liquid behavior
(� = 2) is rapidly recovered. (iii) In between the
two quantum phase transitions, for pc1 < p < pc2,
non-Fermi-liquid behavior with 1 � � < 2 survives
over a broad range in pressure (about 4 GPa). For
small Ge concentrations (e.g., x = 0, 0.01, and
0.05), � is nearly pressure independent above pc1.
However, � goes through a maximum at intermedi-
ate pressure for larger x (x = 0.1 and 0.25). These
results indicate that the apparent critical region in
the p–T phase diagram of stoichiometric CeCu2Si2
is a result of two critical points. At the lower criti-
cal point (at pc1, 1 � � � 1.5), � depends strongly
on the level of disorder, consistent with a Hlubina-
Rice-Rosch scenario of critical scattering off anti-

Fig. 1: Temperature dependence of the electrical resis-
tivity �(T) at various pressures in CeCu2(Si0.9Ge0.1)2 [9]:
(a) p < 3 GPa. Inset d�/dT vs. T for p = 0.3 GPa and p
= 0.5 GPa. (b) p > 3 GPa.

Fig. 2: The p–T phase diagram for CeCu2(Si1-xGex)2 [8]
showing (A-phase) antiferromagnetic (TN, open symbols)
and superconducting (Tc, closed symbols) transition tem-
peratures versus relative pressure �p = p – pc1, which
reflects the inverse unit-cell volume. These transitions
coincide with the magnetic transition lines for x = 0.1 (pc1
= 1.5 GPa, circles), x = 0.25 (pc1 = 2.4 GPa, squares), and
x = 1 (pc1 = 11.5 GPa [6], Tc shown by the solid line). Pure
CeCu2Si2 ([5], Tc from specific-heat measurements shown
by the dotted line; [13], Tc from susceptibility experiments
represented by the dashed-dotted line) is assumed to have
pc1 = 0.4 GPa. The approximate location of the volume
collapse observed in [14] is indicated by a vertical dashed
line at �p = 4 GPa.
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ferromagnetic fluctuations [16]. In contrast, � is
independent of x at the upper quantum phase transi-
tion (at pc2, � � 1), suggesting critical scattering
from local modes, in agreement with a density/va-
lence-fluctuation approach [13].

The observations of a maximum Tc, a linear tem-
perature-dependence of the electrical resistivity
and a pronounced peak of the residual resistivity
around pc2 (cf. Fig. 3) are consistent with a
valence-fluctuation model [13,17], suggesting that
superconductivity in the high pressure region is
mediated by valence fluctuations. Evidence of a
valence transition in pressurized CeCu2(Si1–xGex)2
can be inferred from the collapse of the A coeffi-
cient, A(p), of the resistivity (Fig. 3b) and of the
resistivity isotherms ��T(p) = �(p,T) – �0(p) (at T <
10 K) (Fig. 3c) on crossing the upper critical pres-
sure �p = pc2 – pc1(x) � 4 GPa. This valence tran-
sition may be accompanied by an isostructural,

weak first-order volume collapse, as suggested by
X-ray diffraction experiments on CeCu2Ge2 [14].
At temperatures exceeding 10 K, the drop in the
resistivity isotherms at pc2 weakens and it vanishes
around 50 K (Fig. 3c). These data suggest that the
first-order-transition line associated with the puta-
tive density/valence change at pc2 reaches its criti-
cal end point at a very low temperature, less than
50 K, explaining also why various past attempts to
observe the volume collapse in CeCu2(Si/Ge)2 by
high pressure X-ray diffraction at room tempera-
ture have remained unsuccessful.

In summary, we have studied the electrical resis-
tivity �(T) under pressure for a series of partially
Ge-substituted CeCu2(Si1–xGex)2 (x = 0.01, 0.05,
0.1, and 0.25). Both the superconducting and nor-
mal states support the existence of two quantum
phase transitions in pressurized CeCu2Si2. The
occurrence of two distinct superconducting states
in the p–T phase diagram of CeCu2(Si1–xGex)2 is
associated with the corresponding quantum fluctu-
ations — the spin-fluctuation mediated supercon-
ductivity in the low-pressure region and possibly
valence-fluctuation mediated superconducting
state in the high-pressure region.
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