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ARTICLE INFO ABSTRACT

Results of recent multiprobe high-pressure experiments on ferromagnetic CePdygRho4 and inter-
PACS: mediate-valent CePd; are presented. Simultaneous resistivity (p), thermopower (S), and ac heat
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capacity measurements show that the long-range ferromagnetic state of CePdygRhg4 vanishes in the
proximity of a sharp valence-crossover pressure py ~ 7.5 GPa, i.e. before reaching a quantum critical
point. However, a magnetic signal that is progressively suppressed is still detected at higher pressures.

For CePds, the results of simultaneous p(T,p) and S(T,p) measurements up to 22 GPa and down to the
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mK temperature range show a surprisingly weak pressure dependence.
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1. Introduction

Pressure is one of the fundamental control parameters in
current research on strongly correlated electron systems (SCES).
The difficulty of high-pressure experiments depends largely on
the pressure range, the physical property under probe, and the
control of other parameters like T or H. Two main concerns are, in
any case, the hydrostaticity and the repeatability of pressure
conditions. Considering these issues and taking into account the
large sample-dependence of measured properties, high-pressure
experiments probing several physical properties on a single
sample on exact p-conditions are a desired breakthrough.

High-pressure studies [1] have shown that the ground state of
magnetically ordered Ce-based systems evolve from magnetism to
a non-magnetic state of heavy effective masses. Moreover, as the
Kondo energy kgTx increases further with p, actually surpassing
the overall crystal-field splitting Acgr, a new change of regime is
observed, in which valence fluctuations between the Ce** and
Ce** configurations dominate the physics of intermediate valence
compounds (IVCs). Many fundamental questions concerning the
succession of ground states are still open. Among them, major
issues concern the magnetic instability region, the occurrence of
quantum criticality, non-Fermi liquids, unconventional magnet-
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ism, and superconductivity, and the way the Fermi liquid
establishes in the p>p. regime.

Recently, we have focused our interest on two problems:
the (non)occurrence of ferromagnetic quantum criticality in
Ce compounds [2] and the characteristics of the metallic phase
existing away from the magnetic instability. We have thus
selected to study two members of the Ce-Pd binary system [3]:
ferromagnetic Rh-doped a-CePd, and intermediate-valent CePds.
We present here the results of high-pressure multiprobe experi-
ments performed on these systems.

2. Experimental: multiprobe measurements at high pressures

In the context of the Bridgman anvil high-pressure technique
employed in our research, we define multiprobe experiments those
intended to probe at least two physical properties simultaneously.
These experiments require the basic capacity of introducing
numerous electrical leads (typically 8+) within the sample space.
Fig. 1 shows one of the several possible designs intended to
measure the electrical resistivity, p, thermopower, S, and a.c. heat
capacity, C, at high pressures, and their field dependence. By
introducing small modifications to this configuration, it is not
difficult to include the possibility of measuring Hall and Nernst
signals with a field H applied perpendicular to a wider sample [4].
A key requirement to perform such measurements is the good
control of the geometrical stability of the cell under pressure [5],
that allows us to perform straightforward d.c. resistivity
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Fig. 1. Image of the high-pressure cell containing a CePd; sample. The pyrophyllite
gasket (grey) and lower steatite-disk (white) have been positioned on top of
atungsten-carbide (or sintered-diamond) lower Bridgman anvil. For pressurization
a second steatite-disk is added. For further details see Ref. [5].

measurements. The geometrical factor G(p) varies only weakly
with pressure, and its main source of error is the measurement of
the linear dimensions of the sample and contacts. It is interesting
to note that the p(300K, p) of the Pb pressure-gauge measured in
diverse pressure cells is reproducible within few percents.

Adding a resistive heater close to one extreme of the sample
and carefully selecting thermocouple (TC) wires, typically Au,
AuFe, and chromel in our application, permits to determine the
low-T Seebeck coefficient [5,6]. The success of such approach
relies on the fast decay of the temperature profile away from the
heater, T(x)~exp(—x/4) with A~100—-200 pm, that guarantees that
the non-heated extreme of the sample keeps the T, temperature
of the bath. The absolute thermopower of the sample can be
deduced from the voltages Vx and V4 measured between the
chromel (wire 11) and AuFe [2] branches and [5], respectively.
Small corrections related to the misplacement of the TC branches
may be introduced. They are important when the thermopower
S is large (|S|> Sk — Sar), as in CePd3 discussed in Section 4.

The inclusion of a second thermocouple further away from the
heater has two main advantages. First, knowing the spacing
between both TC, it is possible to introduce corrections to the
measured S(T). Second, it allows different options to estimate
the heat capacity of the sample either by heating with the heater,
the other thermocouple or the sample itself, especially when p(T)
changes only weakly with T [7,8].

In a solid medium like steatite, pressure inhomogeneity is
typically of the order of 0.05 — 0.1p. In many cases this spread is
inadmissible and so, different research groups undertook the
development of high-pressure techniques using liquid mediums.
It is very difficult [9] to adapt the “ideal” medium, helium, to
multiprobe experiments as described here. An interesting alter-
native is the adaptation of the Bridgman technique to liquid
medium typically used in low-p piston-cylinder cells. Among
different realizations of this idea [10,11], the setup of Ref. [11] is
currently being employed to perform simultaneous p(T) and C(T)
measurements down to very low temperatures.

3. Vanishing ferromagnetism and sharp valence crossover in
pressurized CePdggRhg 4

Ferromagnetic Ce compounds are far less abundant [12] than
antiferromagnetic ones, in part a reason why the critical region of
such systems has been scarcely studied. Orthorhombic CrB-type
CePd displays a ferromagnetic ground state below T¢ =6.5K
Its Curie temperature increases at low pressures at roughly
dT¢/dp~0.3 K/GPa [13], hinting that CePd lies on the low-coupling
side of Doniach diagram. This is confirmed by “chemical pressure”
studies performed on the CePd;_,Niy alloy, showing that a
maximum T¢ ~ 10.3 K exists for x ~ 0.5 [14]. The Curie tempera-
ture Tc(x) is found to drop steeply in a very narrow x-interval close
to the CeNi limit (x = 1) [14,15], an indication that the magnetic
transition may become first order. One arrives at a similar
conclusion if the Tc dependence of isostructurals CePt;_,Ni, [16]
and pressurized CePt [17] are analyzed. These three examples
illustrate what seems to be the general case for the (chemical)
pressure suppression of ferromagnetism in Ce compounds: Tc
ends at a finite-temperature critical point and a Tc = 0 quantum
critical point (QCP) cannot be reached. On the other hand, a recent
study indicates that Rh substitution (hole doping) results in a
continuous suppression of magnetism in the alloy CePd;_,Rh,, at
x ~ 0.87 [18]. By studying the x — p — T magnetic phase diagram
of such alloys, it might be possible to identify for the first time a
QCP on a ferromagnetic Ce system.

We selected CePdggRhg4 to perform the high-pressure multip-
robe measurements presented here. Single crystals of this
particular composition can be grown by Bridgman pulling
technique [19]. Furthermore, the sharpness of the magnetic
transition in Cp(T) measurements at Tc ~ 5.3K [20] hints that
disorder-induced smearing is not strong at this concentration.
Electrical current and T gradient were applied along the c-axis.

The electrical resistivity of CePdggRhg 4 is plotted in Fig. 2. At
low pressures, p~0, there is a characteristic maximum in the non-
phononic resistivity p ., = P — Pphonon ~ P — 0.08 T at TjT~100K,
represented by a ¥ on the p(T) curve. This maximum results from
crystal-field (CEF) effects on a Kondo system, and basically give a
rough estimation of the total splitting Acgr within the J=3
ground-state multiplet of Ce [21]. With increasing pressure, the
maximum first shifts to lower temperature and it is no longer
resolved for 4 GPa<p<7.3 GPa. But above 7.3 GPa, T}/T(p) increases
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Fig. 2. Electrical resistivity of CePdygRhg 4 at selected pressures. The full triangles
(V) signal the position of maxima in p,,; = P — Pphonon- The inset displays the p(T)
data normalized at 300K, between 6.6 and 9.4 GPa. Notice the similarities between
the p-variation of p(T) in this alloy with the x-variation observed in CePd; _4Rhy for
x20.6 (Ref. [18, Fig. 4]).
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steeply from T}T~ 160K at 7.6GPa to T}T>300K at 8.5GPa,
hinting that the Kondo temperature Ty increases drastically
exceeding the crystal-field splitting in this pressure regime. A
sharp valence crossover seems to occur around p, ~ 7.5GPa in a
very narrow p-regime comparable to the pressure distribution in
the cell.

At first sight, the overall S(T,p)-evolution depicted in Fig. 3
coincides with that of many Ce systems in which magnetism
is suppressed through pressure or alloying, inducing an
intermediate-valent state [6]. In view of the discussion of the
previous paragraph, it is an advantage to extract the changes of
characteristic temperatures from the thermopower because one
does not have to deal with a (rather approximative) phonon
substraction. One can see, however, that the same conclusion
holds if the variation of THT(p), indicated with V in Fig. 3, is
considered. That is, for pressures p>6.6 GPa Ty~T£T rises steeply
above room temperature which is again consistent with a valence
change at p, ~ 7.5 GPa.

The T<10K electrical resistivity is presented in Fig. 4 as Ap =
p — po vs. T, in a log-log representation. At the lowest measured
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Fig. 3. Thermopower S(T) of CePdggRho4 at selected pressures. The measured p-
variation roughly matches the expected evolution of a Ce-system from magnetic to
intermediate valent [6]. The structure observed at low temperatures is related to
magnetism, see the text for further details.
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Fig. 4. Electrical resistivity of CePdg gRhg 4 plotted as Ap = p — p, vs. T, in a log-log
representation. Two straight lines show the extrapolated behaviors used to
determine Tc(0.2 GPa) ~ 5.1 K. Inset: isothermal evolution of the resistivity plotted
at three different temperatures. Two vertical lines signal p* and p,.

pressure, p ~ 0.2 GPa, the onset of ferromagnetism at Tc(0) ~ 5.1K
is accompanied by a sudden change of slope. The Curie
temperature increases slightly with p, displaying a shallow
maximum at Tc ~5.2K for p~2.1GPa. A sharp feature still
signals Tc ~ 4.3K at 5.5GPa, but in a narrow range 5.5GPa<
p<6.6GPa the magnetic anomaly broadens considerably, as
observed in 6.6 and 7.3 GPa measurements. The broadening of
the magnetic anomaly is also detected in the heat capacity
measurements (not shown). Tentatively, we associated this
change in the low-T p(T) and C(T) to a continuous modification
of the magnetic order from long-range ferromagnetism to a short-
range glass-like order above p*~6 GPa.

A broad anomaly is still detected in p(T) even at 9.4 GPa (i.e.
well within the IV-state of the metal) but with a reduced
amplitude that merely exceeds the noise level of our measure-
ment. Also a strong characteristic drop in S(T) and a small increase
in C,/T towards low temperatures [22] is observed at 8.5 GPa,
reminiscent to the measurements performed on the CePd;_4Rhy
on the CeRh limit. All this information from three different
physical properties lead us to suggest that only a small fraction of
Ce moments are involved in the anomalies at high pressures and
thus, they should be compared to (spin, cluster, etc.) glass order.
One would expect that for p=py a larger majority of Ce moments
are completely (Kondo) compensated at low temperatures, and
that a smaller fraction remain unscreened due to the different
local environments of the Ce>*-ions in the alloy. Such a scenario
has been already discussed in Ref. [23]. The fact that even in the
pure IV compound CeRh (comparable to CePdggRhg4 around
9 GPa) a slight upturn in p(T) is observed below 15K [18] confirms
the important effect of minute amounts of free moments in the
transport properties of this system.

The evolution of the residual resistivity py(p) ~ p(1.35K,p),
plotted with crosses (+) in the inset of Fig. 4, deserves further
analysis. Four different mechanisms seem to be responsible for its
variation: (i) There is a contribution dominated by the substitu-
tional disorder induced by alloying which, according to Nordheim
rule, is almost maximal for CePdygRhg4. The amount of “static”
disorder is probably increasing smoothly with p, due to unavoid-
able strain inside the pressure cell. (ii) Kondo-impurity scattering
dominates in this alloy at low temperatures. A large contribution
to the residual resistivity is due to a disruption of the lattice. (iii)
Ferromagnetic critical spin fluctuations [24], and (iv) valence
fluctuations [25] are expected to enhance the scattering from
defects as p approaches the FM-QCP or the valence crossover,
respectively. The effect of critical spin fluctuations is probably not
a main contribution since the Tc—0 QCP is not accessible in
CePdgsRhg 4. However, valence fluctuations can induce a large
enhancement of p, when the valence crossover is sharp as
reported for pressurized CePdggRhg 4. It has been suggested that
this contribution is at the origin of a bell-shaped p-dependence of
po in CeCu,Siy [9], which has a similarity with p(1.35K,p) and
p(50K, p) data.

The evolution of the different characteristic temperatures of
pressurized CePdggRhg 4 are plotted in the phase diagram of Fig. 5.
The main observation that we extract from our data is the
existence of a sharp valence crossover around p,~7.5GPa,
represented in the figure by a vertical line. In CePdggRhg4 the
overall CEF-splitting is Acgr &~ 200K [20], so the drastic changes of
THT and T&T across this line signal a sudden increase in Ti(p) above
room temperature. Magnetism is weakly affected for pressures
p<5.5GPa, but in a p-window around p* ~ 6 GPa the magnetic
anomaly broadens as it shifts to lower temperatures. The
proximity between p* and p, leads us to suggest that such
change is to be interpreted as a collapse of ferromagnetism.
The magnetic signal that survives into the intermediate valence
phase is probably related to short-range correlations, rather than



P. Pedrazzini et al. / Physica B 404 (2009) 2898-2903 2901

300 T T r T . T — ——
CePd gRhy 4 /
250 )—v—< a
200 Jn" J:" .
150 - TSHT ;7 i 1
ol S / B
g 100 "VF‘_‘* JHT
~ TP
50 + v Intermediate _|
Valence
12 }
9 .
6 .
3 . .
ol
0 2 4 6 8 10
p [GPa]

Fig. 5. Magnetic phase diagram of pressurized CePdsRhg 4. Notice the change in
the vertical scale at 12K introduced in order to expand the low-T data.

long-range order. The question of the nature of the magnetic state
for p>p* cannot be discussed using the techniques presented
here.

4. Anomalous high-pressure transport properties of
intermediate-valent CePd;

On the Pd-rich side of the Ce-Pd binary system, CePds is
the first compound to display a non-magnetic ground state
(CesPds is ferromagnetic like CePd [3], while CePds is also non-
magnetic). This intermediate valence compound has a moderately
enhanced Sommerfeld coefficient y = 38 mJ/molK? (Tx~600K)
[26] but its electrical resistivity and thermopower are greatly
augmented above the values found in other Ce-based IVC. Indeed,
the low temperature ,o(T)~AT2 Fermi-liquid coefficient, A ~
0.07 uQcm/K? [27,28), is almost an order of magnitude larger
than A~ 0.01uQcm/K?> of the canonical CeSn; [29]. As a
consequence, CePd; shares the “strongly correlated” branch of
the Kadowaki-Woods plot with the heavy-fermion materials [29].

The published high-pressure resistivity data on CePds;
[27,28,30] displays two notable features. First, results from
experiments on powdered samples suggest that the resistivity
maximum T'(p) has a non-monotonous evolution with p [30].
This result is surprising, since the Kondo temperature Ti~3T3(p)
[31] is expected to increase monotonously in Ce-systems. Second,
the analysis of Lawrence et al. of the T<T*~40K resistivity
suggests that p(T) is almost unaffected by pressures up to 1.6 GPa
[27], T* being a characteristic scale different from Tx. The results
of Ref. [28] seem to contradict this observation. In view of the
listed controversial results, and the particular position of CePds in
the Kadowaki—-Woods plot, we decided to perform simultaneous
p(T) and S(T) measurements on a CePd; annealed polycrystal
displaying a very low residual resistivity, p, ~ 4.7 pQcm. This
sample comes from the same batch as the one studied by Ref. [32].

In Fig. 6 we plot the measured resistivity as Ap = p — pg vs. T.
These results were obtained at p = 0 and in two pressure runs up
to 9.4GPa (WC1, using WC-anvils) and 22.4GPa (SD1, using
sintered-diamond anvils). Two characteristics of the Ap curves
seem noteworthy: the first one is the weak pressure variation of
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Fig. 6. Electrical resistivity of CePd; in a Ap = p — p, vs. T representation. The
results from three different runs are included: PS labels the p = 0 measurement,
WC1 was performed in a WC-anvil cell, while SD1 measurements where
performed in a sintered-diamond anvil cell. Inset: the subtracted residual
resistivity po(p). The different variations of py(p) suggest that the observed
increase is mainly related to extrinsic (probably strain-induced) effects.
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Fig. 7. Thermopower S(T, p) of CePd; measured at p = 0 and high pressures. Notice
the difference between the results measured in two different pressure cells (see
the caption of Fig. 6) at p ~ 9.3 GPa. Inset: details of the low-T data showing the
S(T) measurements down to the mK range. Labels are the corresponding pressures
in GPa.

the temperature of the resistivity maximum, Tj'(p), depicted in
panel (a) of Fig. 8. The other is the fact that below T~30K the
resistivity of CePds is practically unaffected by pressure. Further
on, notice that the increasing p,(p) (see the inset of Fig. 6) and the
fact that CePd; displays the so-called resistivity saturation [33],
imply that Ap(T) actually underestimates the variation of the
resistivity.

At p =0 our sample displays a Ap = AT" dependence with
n=2 between 1.5 and roughly 12K, and a coefficient A =
0.064puQcm/K? within 12% of other values reported in the
literature [27,28]. The resistivity data measured at high pressures
do not deviate much from the p = 0 measurement and display
basically the same temperature functionality, although with a
lower exponent, n~1.7. The origin of this T-dependence of p(T) is
not clear, since one would typically expect the zero pressure
Ap cT? dependence to be maintained at high p. To simplify our
analysis, we estimate a mean resistivity coefficient corresponding
to the quadratic dependence as A = Ap(10K)/100 K?, see panel (b)
of Fig. 8.
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The thermopower of CePds, see Fig. 7, is enhanced in the whole
measured p range, in qualitative agreement with the resistivity
results. There are, however, a few differences between the
evolution of both transport properties, in particular, that

of T(p) in comparison with Tj'(p). The temperature of the
maximums observed in both properties coincide at p=0.
However, see panel (a) of Fig. 8, T™(p) measured in the cell WC1
increases linearly up to 9GPa while the T'(p) increase already
shows a small negative curvature. The mismatch may be due
to the already quoted difficulty in measuring very large
thermopowers like the one observed in CePds;, even at high
pressure. This point can be verified by comparing the S(T)
measurements performed in the two different pressure cells,
WC1 and SD1, at p ~ 9.3 GPa. We ascribe this difference between
S(T,p) on pieces of the same polycrystal to an artifact from the
measurement, for which the correction procedure (see Section 2)
fails partially in the case of the SD1-cell. The lowest-T S(T, p) seems
not to be largely affected by this experimental issue, as suggested
by the monotonous evolution of S(10K)/10K presented in panel
(c) of Fig. 8. Furthermore, a similar conclusion is obtained if we
analyze the S(T) measurements performed down to the mK range
that are depicted in the inset of Fig. 7. The possibility of
performing such type of measurement are especially appealing,
particularly in view of the expected relation between S and y =
C/T in SCES [34].

In Fig. 8 we compile the evolution of the different parameters
that we have discussed. Panel (a) depicts the evolution of I and
T§". A clear tendency to saturation is observed in the Tj'(p) data.
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Fig. 8. Pressure evolution of parameters T8 A and S(10K)/10K for CePds. The

full lines are described in the text. The dotted line of panel (b) is a linear fit to the
data.

This could be an artifact related to increasing impurity scattering.
However, a comparison with the results from doping studies [33]
seems to indicate that the saturation of T}'(p) is too strong in view
of the p, increase. By assuming the validity of the relation T}" oc Tx
and using the unit-cell volume variation at high pressures [28], we
have estimated the Griineisen parameter I'(p) for CePd; following
the procedure of Ref. [35]. The full line in panel (a) represents the
fitting to T}, with I'(0) ~ 7.6 and I'(22 GPa)~2. This I'(0) value is
expected for an IVC [1], but I'~2 is extremely small for a Ce
system. Further on, the relations in a Kondo-lattice system
Tg‘~l/y~l/\/ﬁ~T/S allow us to compare in panels (b) and (c)
the measured (symbols) and expected (full lines) evolutions of A
and S(10K)/10K. While the description of S(10K)/10K vs. p is
quite satisfactory, the measured change of A(p) is much weaker
than (1 /T;,“)z. These results point to a puzzling physical picture in
which two energy scales extracted from p(T) evolve only weakly
under pressure and in a different manner. Preliminary band
calculations fail to show a qualitative different picture between
the responses of CePd; and isostructural Celnsz to pressure [36].

5. Conclusions

We have presented the results of multiprobe high-pressure
experiments performed on two intermetallic Ce systems. The
results on pressurized CePdygRhg 4 indicate that ferromagnetism
is weakly affected for p <5.5 GPa, but strong changes are observed
as p—py ~ 7.5GPa. At the pressure p, we observe a drastic
variation of several parameters, consistent with a sharp valence
crossover of the Ce-state. In spite of the different initial behaviors
of Tc under pressure, dTc/dp|,—o>0, and doping, dTc/dX'|,_o<O0,
the suppression of magnetism of CePdggRhg4 under p is very
similar to that of CePdggs_xRhg4.x With increasing x’ [18,23]. The
proximity of p* and p, (equivalent to x* and x, in the alloy)
indicates that the sudden delocalization of the 4f electron is what
drives the collapse of long-range order into a state of short-range
magnetic correlations. This latter state would not probably exist in
stoichiometric o-CePd under pressure.

Surprisingly, p(T) and S(T) of CePd; change only weakly under
applied pressure despite the estimated volume reduction at
20GPa is larger than 10% (the bulk modulus is B~ 110GPa).
Smaller volume contractions are typically required to observe
large modifications of p(T,p) and S(T, p), as seen e.g. in the case of
CePdgsRhg4. To our knowledge, only the IVC YbAl; shows a
similar p independence of p(T,p) in a comparable pressure range
[37]. The other striking result measured on CePds is the failure of
the proportionality /‘\~(Tlf,“)2 when considering the broad p range
studied here. Even though CePd; seems to be a pathological case,
these results are a motivation to study other IVC to higher
pressures.
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