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TOPICAL REVIEW — High pressure physics

High-pressure studies on heavy fermion systems*
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In this review article, we give a brief overview of heavy fermions, which are prototype examples of strongly correlated
electron systems. We introduce the application of physical pressure in heavy fermion systems to construct their pressure
phase diagrams and to study the close relationship between superconductivity (SC) and other electronic instabilities, such
as antiferromagnetism (AFM), ferromagnetism (FM), and valence transitions. Field-angle dependent heat capacity and
point-contact spectroscopic measurements under pressure are taken as examples to illustrate their ability to investigate

novel physical properties of the emergent electronic states.
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1. Introduction

When a tiny amount of magnetic impurities, e.g., Mn or
Fe, are doped into a good metal, the local moments of the mag-
netic impurities are compensated by the opposite spins of the
conduction electrons, forming a Kondo singlet.['! As a result,
the scattering rate of conduction electrons by the impurities di-
verges as the temperature approaches zero, giving rise to a log-
arithmic increase of the electrical resistivity below the Kondo
temperature 7x. Heavy fermion systems usually refer to cer-
tain intermetallic compounds containing lanthanide (Ce, Yb,
Pr, etc.) or actinide (U, Pu, Np, etc.) elements, where the
localized electrons in partially filled 4f or 5f orbits form a pe-
riodic lattice and are strongly hybridized with the conduction
electrons via the Kondo effect. Upon reducing the temperature
of such a Kondo lattice system, the electrical resistivity p(7T')
typically shows an initial increase due to the scattering by 4f
or 5f localized electrons acting as Kondo impurities, reaching
a maximum at a certain temperature before decreasing rapidly
with further cooling. This characteristic temperature is com-
monly called the coherence temperature, below which Kondo
scattering becomes coherent and the system gradually evolves
into a new quantum state that shows Landau-Fermi liquid
behavior. However, the renormalized electron mass is much
heavier than that of free electrons due to the hybridization be-
tween localized electrons and conduction electrons, yielding
an anomalous enhancement of the electronic specific heat co-
efficient y. The term “heavy fermion” has thus been coined to
distinguish the behavior of this class of materials from that of
a normal Fermi liquid in metals. %!
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Besides the Kondo interaction, there exists another com-
peting interaction in heavy fermion systems, the Ruderman—
Kittel-Kasuya—Yosida (RKKY) interaction.!*-] The Kondo
interaction screens the magnetic moments of localized f elec-
trons, leading to the formation of a heavy fermion Fermi-liquid
state. On the other hand, the RKKY interaction favors long-
range magnetic order, where the localized electrons can polar-
ize the surrounding conduction electrons to form a spin den-
sity wave in space, aligning the spins of other distant f elec-
trons. The temperatures characterizing the Kondo interaction
(Tx) and the RKKY interaction (Trgky) can both be expressed
in terms of the hybridization constant J between the localized
and conduction electrons and the density of states at the Fermi
energy D(&g), but they follow different behaviors. The Kondo
temperature is characterized by

1
D(SF))’ ey

and the RKKY temperature can be written as

TKocexp<—

Triky > D(&p)J>. ()

The competition between the Kondo and RKKY interactions
in heavy fermion systems may result in various ground states,
leading to a rich phase diagram, which can be qualitatively de-
scribed by the Doniach phase diagram as schematically shown
in Fig. 1.1%1 The hybridization constant J can be effectively
tuned by pressure, chemical doping, or magnetic field be-
cause the associated energy scales are relatively small in heavy
fermion compounds. When J is small, the RKKY interaction
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becomes dominant and the system exhibits a magnetic ground
state, e.g., antiferromagnetic order. With increasing hybridiza-
tion, the Kondo interaction is enhanced and the system may
exhibit heavy fermion behavior. At a critical value J., the
system may experience a continuous phase transition at zero
temperature, i.e., a quantum critical point (QCP), changing
the ground state from a magnetically ordered state to a disor-
dered state, which is driven by quantum fluctuations instead
of thermal fluctuations. Near the quantum critical point of
heavy fermion compounds, exotic quantum states and anoma-
lous normal-state behavior have been widely observed. For
example, the specific heat C/T diverges logarithmically and
the resistivity shows linear rather than quadratic temperature
dependence as the temperature approaches zero. The univer-
sality of the critical behaviors and its underlying mechanism
remains unresolved. On the other hand, the discovery of super-
conductivity in the heavy fermion compound CeCu;Si, with
T. ~ 0.6 K by Frank Steglich in 1979 challenged the conven-
tional BCS theory and pioneered research into unconventional
superconductivity.[”) Until now, more than 40 heavy fermion
superconductors have been discovered. The interplay of su-
perconductivity and magnetism as well as its relationship to
quantum criticality remains an important but open issue in
heavy fermion systems. The elucidations of these properties
and the underlying mechanisms may shed light on the puzzles
of high-temperature superconductivity.

Among various tuning parameters, physical pressure
serves as a powerful tool to study the physics of heavy fermion
systems because it is a clean and effective method to tune the
electron interactions without breaking time reversal symme-
try. In this review article, we illustrate the wide applicability
of physical pressure for exploring emergent quantum states, in
particular superconductivity and quantum criticality in heavy
fermion systems.
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Fig. 1. (color online) A schematic illustration of the Doniach phase diagram.

2. Experimental techniques under pressure

Measurements of transport properties under pressure have
been widely employed to study emergent phenomena in cor-
related electron systems and are powerful tools for determin-
ing the presence of pressure-induced phase transitions, metal—
insulator transitions and anomalous normal-state behavior. In
order to reveal the pressure-induced superconducting pairing
states, the scaling behaviors near a pressure-induced QCP or
other unusual electronic states, it is essential to extend the
measurements of thermodynamic and magnetic properties to
the multiple extreme conditions of low temperatures, high
pressure and high magnetic field. In this section, we describe
a few experimental methods which were recently set up in
our laboratory and are very useful for studying the order pa-
rameters of pressure-induced phase transitions. They are the
ac calorimetry and the point-contact spectroscopy under the
aforementioned multiple extreme conditions, while the former
method can be even measured in a pressure cell with a rotating
magnetic field down to mK temperatures.

AC calorimetry is an alternative option for specific heat
measurements under pressure, ! since the commonly used re-
laxation method cannot be performed in the pressure envi-
ronment. The disadvantage of not being able to determine
the absolute value from ac calorimetry is compensated by
its high resolution and valuable information about thermody-
namic properties can be obtained from measurements of bulk
phase transitions. Figure 2(a) is a schematic drawing of the
ac calorimetry technique. The heater and thermometer are
both thermally connected to the sample, which is anchored
to a thermal bath at a temperature 7y through a thermal link
k1. In principle, the sample itself should have a good ther-
mal link to the heater and thermometer, which can be de-
fined as k,. If the ac current to the heater has a frequency
of w/4x, i.e., I = Iycos(wt/2), the heating power to the sam-
ple is P = By[1 + cos ot], generating an ac temperature oscil-
lation T, cos @t, with a frequency @/27. By solving the one-
dimensional heat flow equation, Sullivan and Seidel obtained
the following relationship between the temperature oscillation
amplitude T and the sample heat capacity C: 3]

Py 1 —0.5

Tpe = —— |1 0’13 3
ac 20C + 6()27:12 + 2 ) ( )

where 7; = C/k) and 1, = C/k; are the corresponding thermal
relaxation time and 7; > 7, usually holds. From this equation,
it is obvious that T, generally has a frequency dependence.
In the low-frequency region, i.e., @ < 1/7), T)e = By/Kx is a
constant and is independent of the sample specific heat. In
the high-frequency region @ > 1/, T, is almost zero and
the heat power acts only to maintain the sample at a constant
temperature. Therefore, an optimal frequency region should
be chosen, where 1/7] < @ < 1/7, and the original equation
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can be simplified to T, = Py/2®C, which is determined only
by the heat power and its frequency.
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Fig. 2. (color online) (a) Schematic thermodynamic model of ac
calorimetry measurements. (b) Diagram of sample preparation for the
ac calorimeter. (c) Photograph of the ac calorimetric setup inside a pis-
ton cylinder pressure cell.

The experimental setup of the ac calorimetry measure-
ments is shown in Fig. 2(b). The heater consists of constantan
wire in a zigzag shape and GE Vanish is used to make good
thermal contact with the sample. The ac temperature oscilla-
tion is detected by an AuFe—NiCr thermocouple and the small
ac voltage signal is detected using a lock-in amplifier with a
low noise transformer. Figure 2(c) shows the photograph of a
sample on the plug of a piston-cylinder pressure cell prepared
for ac calorimetry measurements.

Restricted by the pressure cells, some advanced ex-
perimental methods, such as the angle-resolved photoemis-
sion spectroscopy (ARPES), are not able to characterize the
pressure-induced superconductivity. Field-angle dependence
of the heat capacity is a useful tool for detecting nodal posi-
tions in the superconducting gap and thus allows us to deter-
mine the superconducting order parameters, serving as an in-
valuable alternative for probing unconventional superconduc-
tivity emerging under pressure, thanks to the ability of mea-
suring the heat capacity under pressure using ac calorimetry.
However, it is difficult to adapt a pressure cell to a commonly
used mechanical rotator in a cryostat. Thus, a vector magnet,
which can generate a magnetic field along any direction, is
usually required for such measurements.

The relevant theory for the field-angle dependence of gap
symmetries was proposed by Vekhter et al. by analyzing the
Doppler energy shift caused by a supercurrent flowing around
a vortex in a magnetic field,'”! given by 8E = vghky, where
vy represents the velocity of the supercurrent and Aikp is the
Fermi momentum of the nodal quasiparticles. In the case of
unconventional superconductivity with gap nodes, the Doppler
energy shift plays an important role in breaking Cooper pairs
around the nodal positions and thus mainly contributes to the

low-energy extended quasiparticle excitations at low tempera-
tures, when the applied magnetic field is far below the upper
critical field (B < B.) and a vortex lattice is induced. '] Tak-
ing a d-wave superconductor with line nodes as an example,
the in-plane field-angle dependence of the specific heat dis-
plays four-fold symmetry. When the magnetic field is along a
nodal direction, the two nodal positions perpendicular to the
applied field contribute to the electronic density of states po,
while the other two do not. On the other hand, when the mag-
netic field is along an antinodal direction, the four nodal posi-
tions make equal contributions to po/+/2. If a magnetic field is
rotated in the ab plane, a four-fold oscillation of the density of
states can be observed either in specific heat or thermal con-
ductivity measurements at a finite temperature far below ¢,
where the minima correspond to the gap node directions. In
reality, the identification of the nodal positions may be com-
plicated by quasiparticle scattering in the vortex lattice and the
amplitude of the oscillations is generally reduced to a few per-
cent of the background value.

Field-angle dependent heat capacity measurements have
been applied to detect the gap symmetries of the widely stud-
ied Ce-based “115” heavy fermion systems such as CeColns,
Celrlns, and CeRhIns under pressure,!'>~!15] which are gener-
ally believed to be d-wave superconductors withad,»_» order
parameter. An oscillation sign reversal was observed in the
in-plane field-angle dependent specific heat measurements of
CeColns when cooled below 200 mK, which is about 0.17¢.
The evolution of the oscillation amplitude with temperature
and applied magnetic field is consistent with the calculations
of adp_» gap structure.!'?! In the case of Celrlns, there is
a long-standing debate about whether the superconductivity
originates from spin or valence fluctuations.!'®181 At ambi-
ent pressure Celrlns lies near the cusp of two superconducting
domes, as shown in Fig. 3(a),!1%20 and its bulk 7, increases
to 1.0 K under pressure, even further away from the region
with strong antiferromagnetic fluctuations. However, the field-
angle dependence of the specific heat of Celrlns under pres-
sure, as shown in Fig. 3(b), is still consistent with a dx27y2
gap symmetry up to 2.05 GPa.l?!l Moreover, an oscillation
sign reversal is observed at 0.9 GPa, as shown in Fig. 3(c),?!]
where the heat capacity minima switch from the antinodal to
nodal directions, in agreement with the theoretical predictions
proposed by Vekhter et al. in 2008.1>] These results suggest
a dx27y2 gap symmetry for the “115” heavy fermion systems
which will be further discussed later.

The point-contact spectroscopy (PCS) serves as another
important tool for investigating the electronic states and super-
conducting gap symmetries at ambient or pressure conditions,
which is complimentary to the scanning tunneling microscope
(STM) technique. While mechanical PCS techniques require
a tiny metal needle to make point-like contact with the sam-
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ple, the soft point contact is simply made by thin platinum
wire glued to the sample using silver paint or silver epoxy, as
shown in Figs. 4(a) and 4(b), respectively. The setup is pre-
pared in a similar manner as for resistivity measurements and,
therefore, it can also be applied under pressure. With the ad-

vantages of being easy to adapt to a pressure environment, soft
point-contact spectroscopy becomes a unique tool for explor-
ing the exotic electronic states emerging under pressure, while
other experimental methods, such as STM or ARPES, can only
be performed in a high vacuum environment.
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Fig. 3. (color online) (a) Two superconducting domes in Rh-doped Celrlns and Celrlns under pressure. (b) Field-angle dependence of the ac
specific heat in different magnetic fields for Celrlns, where p = 2.05 GPa and T' = 0.3 K. (c) Theoretical B-T phase diagram for the four-fold
field-angle dependence of the specific heat, together with the experimental data of Celrlns (adapted from Ref. [21]).
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Fig. 4. (color online) Sketch for (a) mechanical and (b) soft point-
contact spectroscopy.

Both mechanical and soft point-contact spectroscopic
methods are commonly applied to investigate the supercon-
ducting gap and order parameter symmetries in various super-
conductors such as MgB, and iron-based superconductors. %]
In general, Andreev reflection is associated with the transmis-
sion across the interface in the presence of a partial tunneling
barrier, where an electron is retroreflected as a hole and one
Cooper pair goes through the interface with the conductance
doubled inside the superconducting gap.>*! The experimen-
tal conductance curves G(V) are analyzed with the Blonder—

Tinkham—Klapwijk (BTK) model to infer the gap structure or
order parameter symmetries,>>! which will not be extensively
discussed here and can be referenced in textbooks or review
articles.[>32 In recent years, PCS has also been extended to
study the hybridization between localized f electrons and con-
duction electrons in heavy fermion systems, where asymmet-
ric Fano-line shape or hybridization gap is observed due to the
quantum interference between the local f and itinerant conduc-
tion electrons.>’-3%1 PCS has become an effective method to
study the systematical evolution of the hybridization in heavy
fermion systems tuned by pressure as another dimension.

As an example, here we apply the PCS technique to study
the electronic structure of the pressurized URu;Si;. Upon
cooling down, URu,Si, shows two subsequent phase transi-
tions; one is a second-order transition at 7y ~ 17.5 K associ-
ated with the “hidden order” and the other is a superconduct-
ing transition with Ty, ~ 1.5 K. 1311 The nature of the “hidden
order” has received intensive attention in recent years but re-

mains a mystery.[3? The application of pressure suppresses
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superconductivity around 0.5 GPa but slightly enhances Tp.[*3!
With further increasing pressure, a large-moment antiferro-
magnetic (LMAF) phase emerges from the hidden order phase
via a first-order-like transition and its transition temperature
T maF continues to increase, merging with 7j at a critical pres-
sure of around 1.3 GPa. The LMAF phase directly emerges
from the high-temperature paramagnetic state at higher pres-
sures. In Fig. 5, we plot the soft point-contact spectroscopy of
URu,Si; at ambient pressure and 1.62 GPa, which allows us to
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look into the evolution of electronic properties in the “hidden
order” state and the LMAF state.3* It is found that two asym-
metric peaks emerge below the ordering temperature at both
p =0and p = 1.62 GPa. The charge gaps which are charac-
terized by the distance between the two asymmetric peaks, are
similar in both states with only a tiny increase with pressure,
indicating the robustness and probably common origin of the

charge gap between the hidden order and the LMAF state.
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Fig. 5. (color online) Point contact spectroscopy of URu,Si, at ambient pressure and 1.62 GPa (adapted from Ref. [34]).

3. Pressure-induced superconductivity

3.1. Superconductivity near an antiferromagnetic instabil-

ity

A common thread in unconventional superconductors,
such as heavy fermions, high-7; cuprates or the newly dis-
covered iron-based superconductors, is that superconductivity
occurs in proximity to antiferromagnetism upon tuning non-
thermal parameters, indicating a close relationship between
AFM and SC. In high-T; cuprates or iron-based superconduc-
tors, antiferromagnetism in the parent compound is generally
suppressed by electron or hole doping, while both pressure and
doping can tune heavy fermion systems between AFM and
SC states because of their low-energy scales and thus sensi-
tivity to changes in external parameters. For example, a su-
perconducting dome was observed in CePd;Si; and Celnjz un-
der pressure with a maximum 7; near the antiferromagnetic
QCP, and the origin of superconductivity was attributed to spin
fluctuations. 3! Subsequently, similar phase diagrams have
been observed in a number of heavy fermion compounds, in

particular Ce-based compounds, e.g., CeCu,Si,, 3% CeMIns
(M = Co, Rh, Ir),’73% and CeMSis.[*041 In this section,
we will take the prototype compounds CeMIns as examples
and describe the intimate relationship between antiferromag-
netism, quantum criticality, and superconductivity.

CeColns has the highest superconducting transition tem-
perature among the Ce-based heavy fermion systems with 7;, ~
2.3 K at ambient pressurel*”! and its maximum 7, reaches
2.6 K at around 1.5 GPa.*?! It is generally believed that
CeColns is in close proximity to an antiferromagnetic quan-
tum critical point, where its normal state resistivity shows a
linear temperature dependence!*’! and the specific heat coeffi-
cient diverges logarithmically when the applied magnetic field
approaches the upper critical field B (0).[*”) In addition, the
nuclear spin relaxation rate shows critical behavior with a 71/4
dependence as a function of temperature.[#*!

Figure 6(a) shows the pressure—temperature phase dia-

45,46

gram of CeRhlIns,*#%1 which is an antiferromagnet with a

Néel transition at Ty ~ 3.8 K. Upon applying pressure, Ty
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initially increases and then is gradually suppressed, coexist-
ing with the emergent bulk superconductivity first observed
at 1.15 GPa (T; ~ 0.36 K). The AFM in CeRhIns suddenly
collapses and exhibits a first-order-like transition when Ty
is equal to T, at p; = 1.75 GPa, driving the system from a
state where AFM and SC coexist, to a pure superconducting
state.[4346] Below pj, the superconducting transition temper-
ature, determined from the resistivity (7) and the specific
heat (TCC"), shows a discrepancy, which may be attributed to
the emergence of textured superconductivity associated with
a switch of the magnetic structure as indicated by neutron
scattering measurements.[*”! The superconducting 7 is maxi-
mized at 2.3 K at pp ~ 2.3 GPa and vanishes at about 3.8 GPa.
The system displays a broad superconducting dome before en-
tering a heavy-Fermi-liquid state at higher pressures. In the
pressure range from 1.75 to 2.35 GPa, long-range antiferro-
magnetic order is recovered in the superconducting state when
a sufficient magnetic field is applied in the ab plane, which ter-
minates at the extrapolated antiferromagnetic QCP at around
2.35 GPa.ll4#40] This field-induced magnetism may be at-
tributed to the formation of an antiferromagnetic ground state
in the normal regions of the vortex cores in an applied mag-
netic field, which requires further detailed studies.

Evidence for the existence of non-Fermi liquid (NFL) be-
havior and antiferromagnetic quantum criticality was shown
in CeRhlns at around 2.35 GPa, coinciding with the maxi-
mum superconducting transition temperature of T, ~ 2.3 K,
from a careful analysis of the specific heat and resistivity un-

[45.46] 1ts resistivity follows a sub-linear tempera-

der pressure.
ture dependence (p o< T°%) in the normal state, which sur-
vives down to at least 250 mK, when superconductivity is
completely destroyed by a magnetic field of 10 T.!8! The spe-
cific heat diverges when superconductivity is suppressed by

45461 also indicating non-Fermi lig-

applying a magnetic field, !
uid behavior. In the contour color plot of the isothermal resis-
tivity shown in Fig. 6(b),*8! the maximum residual resistivity
is centered around the critical pressure where T is also a maxi-
mum, suggesting enhanced quasiparticle scattering around the
QCP and a close relationship between quantum criticality and
unconventional superconductivity. Moreover, the sub-linear
temperature dependence of the resistivity contradicts the the-
oretical predictions concerning magnetic instabilities, where
the exponent should be 1.0 (1.5) for two-dimensional (three-
dimensional) magnetic fluctuations. A de Haas—van Alphen
effect (dHvA) study under pressure by Shishido er al.[*]
demonstrates that the frequency branches and thus the Fermi
surface exhibit a sharp change crossing the QCP at around
2.3 GPa, signalling the delocalization of Ce 4f electrons into
the Fermi surface, consistent with the scenario of local quan-

tum criticality due to Kondo breakdown across the QCP, (50,51]

rather than the conventional SDW scenario. 24
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Fig. 6. (color online) (a) Pressure—temperature phase diagram of CeRhlns,
where the blue symbols represent the Néel temperature 7y and the red

represents the bulk superconducting transition temperature TCC", which
merges with the dashed line representing the resistive superconducting
transition temperature (Tcp) at p; = 1.75 GPa (adapted from Ref. [45]).
(b) Contour color plot for the normalized residual resistivity of CeRhlIns
as a function of temperature and pressure (adapted from Ref. [48]). (c)
Contour color plot for the normalized residual resistivity of CePt;In; as a
function of temperature and pressure (adapted from Ref. [55]).

Similar behaviors have also been observed in other
heavy fermion materials with quantum criticality such as
CePtyIn7,15! as shown in Fig. 6(c). The Néel temperature of
CePtyIn7 first slightly increases and then decreases with in-
creasing pressure, before being suppressed to zero tempera-
ture at 3.2 GPa. Around the critical point, superconductivity
emerges and a maximum of the residual resistivity and NFL
behavior are found to correspond with the maximum in 7. of
2.3 K. The properties of CePtyIn; suggest that the phenom-
ena observed close to the antiferromagnetic QCP in CeRhlns
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should be commonly found.

At ambient pressure, Celrlns is superconducting with a
bulk 7; of 0.4 K, but has a resistive transition at 7, ~ 1.2 K.
Its superconducting transition temperature reaches a maxi-
mum value of 7; = 1.05 K at around 2 GPa in resistivity
data.’”' A small amount of Cd doping into the In site sup-
presses superconductivity and induces long-range antiferro-

1581 Moreover, the doped system can

magnetic order in Celrlns.
be tuned back to bulk superconductivity by applying pressure,
as shown in Fig. 7(a).’”) The ac calorimetry data show that
the Néel temperature of the 1% Cd doped CelrIns initially in-
creases with pressure, reaching a maximum value of 3.1 K at
around 1.3 GPa. Further increasing pressure suppresses the
antiferromagnetic order and bulk superconductivity suddenly
appears at 2.5 GPa with 7; ~ 0.8 K. The re-emergence of su-
perconductivity indicates the reversibility between Cd doping
and physical pressure, but further analysis of resistivity data

(a) 06 (b)
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poses some problems, as shown in Fig. 7(b). As pressure
suppresses the antiferromagnetic state, the residual resistiv-
ity also decreases, which is the opposite case to CeRhIns 43!
and CePt,In7,5%) indicating the absence of quantum criticality.
The results suggest the local nature of the Cd dopant in form-
ing long-range antiferromagnetic order, which may be due to
spin fluctuations.’°! Evidence of Celrlns being in the vicin-
ity of an antiferromagnetic QCP also comes from the doping
studies. %] The substitution of Hg at the In site suppresses su-
perconductivity and drives the system to an antiferromagnetic
ground state, while Sn substitution at the In site or Pt at the
Ir site drives the system towards a Fermi liquid ground state.
The critical concentration is at xgg = 0.027 in CelrIns_ Hg,,
where NFL behavior is observed in a wide temperature region.
These facts strongly suggest that superconductivity in Celrlns
originates from spin fluctuations rather than valence fluctua-
tions as previously proposed in Refs. [17] and [18].

0.5 1.0 1.5 2.0 25
p/GPa

Fig. 7. (color online) (a) Pressure evolution of the heat capacity of the 1% Cd doped Celrlns. (b) Contour color plot of the resistivity of 1% Cd
doped Celrlns as a function of temperature and pressure (adapted from Ref. [59]).

3.2. Ferromagnetism and superconductivity

Ferromagnetism is generally believed to be antagonistic
to superconductivity and their interplay in heavy fermion sys-
tems has thus been much less frequently studied. However, the
coexistence of FM and SC has been observed in some actinide
compounds with 5f electrons, such as URhGe, [®' UCoGe, 2]
UGe,,[9 and UL, where exotic superconducting states
and rich physical phenomena are observed. Furthermore, a
field-induced re-entrance of superconductivity was observed
at B> 8 T in the ferromagnetic superconductor URhGe, [©!]
where superconductivity is initially destroyed by a field of
about 2 T. The non-centrosymmetric ferromagnetic compound
Ulr undergoes three ferromagnetic phase transitions under
pressure, before displaying superconductivity at the border of
the third ferromagnetic phase at about 2.6 GPa.[%%

As a salient example of ferromagnetic superconductors,
the U-based heavy fermion compound UGe; shows a Curie

temperature of 7c = 52 K at ambient pressure, with an or-

dered moment of s = 1.48up/U, which is strictly aligned
along the a axis.[®) Measurements of quantum oscillations
suggest the delocalization of uranium 5f electrons which make
the dominant contributions to the Fermi surface.!®®! The itin-
erant nature of ferromagnetism in UGe; is also consistent with
the specific heat and low-lying magnetic excitation spectra
data.[%8 The FM transition is gradually suppressed by apply-
ing pressure up to p. ~~ 15 kbar, followed by an abrupt collapse
at a first-order-like transition.!%3] Superconductivity emerges
in the pressure range from 9 kbar to 16 kbar with a maxi-
mum superconducting transition temperature of 7, ~ 0.7 K at
around 12 kbar.3' A second magnetic transition is observed
below T¢ (denoted as T,), which is manifested in the deriva-
tive of the resistivity as a broad peak at 25 K, 7] as well as in

(701 and

specific heat, (68] Hall effect,[®! thermal conductivity,
photoemission measurements.!”!! Figure 8 shows the detailed
pressure—temperature phase diagram of UGe,,”?! where the

transition from FM1 to FM2 is of first order but its origin
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is still unresolved.!”>7# T, is also suppressed monotonically
by pressure and vanishes at p, of around 12 kbar where the
superconducting 7; reaches its maximum, leading to specu-
lation that superconductivity may be attributed to ferromag-
netic fluctuations from the FM2 QCP. As a result, a spin-triplet
pairing state is proposed for UGe, and other ferromagnetic
superconductors.[63’68] Furthermore, measurements of dHvVA
oscillations provide evidence for a reconstruction of the Fermi
surface at a tricritical point, [66] which extends to a critical end
point at p ~ 35 kbar and B ~ 18 T.

60 T T T
UGeg
40 ]
2
~
20 .
PM
0
0 & 10 15 20

p/kbar

Fig. 8. (color online) The pressure—temperature phase diagram of UGe;
(adapted from Ref. [72]).

3.3. Superconductivity near a valence instability

CeCu,Siy is a prototype heavy fermion superconductor
which lies in the vicinity of a 3D SDW quantum critical point
at ambient pressure.!’>! Thus, its superconductivity is gener-
ally believed to be induced by spin fluctuations. However, the
pressure—temperature phase diagram of pristine CeCu;Si; has
been a puzzle in the community for a long time, since its T
is nearly independent of pressure below 2 GPa, sharply in-
creases to 2.3 K in the range of 2-3 GPa, followed by a slow
decrease up to at least 8 GPa.!” This step-like evolution of T,
with pressure naturally leads to the speculation that the high-
pressure SC may not be attributed to a magnetic origin, but
another superconducting mechanism dominates the high pres-
sure region, since the system has a higher 7. despite being
further away from the antiferromagnetic QCP.

To solve this problem, measurements of the electri-
cal resistivity under pressure were performed for a series
of Ge-doped CeCu;Siy.!”7-78] Here the isoelectronic substi-
tutions of Ge for Si in CeCu,Si; act as a negative chem-
ical pressure to increase the unit-cell volume. Application
of pressure to CeCuy(Sij_yGey)2 tunes the system back to
the magnetic QCP but with enhanced disorder/impurity scat-
tering. The disorder introduced by the Si/Ge substitutions
has little effect on the magnetic order, but dramatically sup-
presses superconductivity.[””! In Fig. 9, we plot the pressure—
temperature phase diagram of CeCu,(Sij_,Gey), for different
Ge concentrations.!””! The pressure on the x axis is shifted by

the corresponding critical pressure p¢(x) of each Ge concen-
tration. One can see that the 7y line overlaps very well af-
ter the pressure shift, but superconductivity is weakened by
the partial Si/Ge substitution. For x =0.1, two separate su-
perconducting domes are observed, in contrast to a continu-
ous superconducting dome for pure CeCu;,Siy or CeCu,Ge;.
This suggests that two distinct superconducting states exist in

771 Superconductivity in the low-pressure

these compounds.
regime is near an antiferromagnetic instability with a maxi-
mum 7; around the QCP, which is similar to other Ce-based
heavy fermion superconductors as described above, suggest-
ing a universal scenario of magnetically mediated supercon-
ductivity in heavy fermion compounds. It should be noted
that the recent measurements of specific heat at low tempera-
tures indicate fully-gapped superconductivity in CeCu,Si, 8!
which needs to be confirmed by further experiments. 7 in
the high-pressure regime reaches a much higher value and
the upper critical field B.(T') shows distinct scaling behavior

811 suggesting a differ-

in the two superconducting regimes,
ent origin of superconductivity at high pressures. Analysis of
the normal-state properties suggests the existence of a second
critical point in the high pressure regime.!”®! Around the sec-
ond critical pressure (e.g., pco = 5.4 GPa for 10% Ge), where
T, reaches a maximum value, the electrical resistivity p(7)
shows a linear temperature dependence but with an enhanced
residual resistivity po and a sharp drop of the resistivity coeffi-
cient A (fitted with p = po +AT").I”8 In addition, the specific
heat measurements show an enhancement of the Sommerfeld
coefficient which peaks around the critical pressure and de-

creases rapidly at higher pressures. [8?]

25—

T. TN « " CeCuy(Si;_,Gey)s
——- 0(x) 7~
2.0 i ’

Temperature/K

Ap = p_pnl(l)/GP&

Fig. 9. (color online) The pressure—temperature phase diagram of
CeCuy(Sij—xGey)2. The pressure on the x axis is shifted by the cor-
responding critical pressure p¢;(x) at the antiferromagnetic QCP. Two
superconducting states merge together in CeCu,Si, under pressure
(adapted from Ref. [77]).

These experimental features observed in the high-
pressure regime of CeCu;y(Sij—,Gey), can be described in

82,83

terms of a valence-fluctuation model,! I which is based on

the following generalized periodical Anderson model:

H =Y (& —p)cigcho +& Y fisfro
ko ko
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+ VZ(c,thkG +h.c.)
ko

+ Ufonan& + Ut Z nfanfcl, 4)
i ico’

where Uy is an additional term describing the local Coulomb
repulsion between localized f-electrons and conduction elec-
trons. In the mean-field approximation with the slave-boson
formalism, it was shown that as the f-level & is increased rela-
tive to the Fermi level, a sharp valence change may take place
by lifting the Uy to the order of the band width of the con-
duction band. As a result, a d-wave superconducting pair-
ing state can be stabilized by the valence fluctuations. Fur-
thermore, this model also predicts a linear temperature depen-
dence of the electrical resistivity, an enhancement of the resid-
ual resistivity and the specific heat coefficient 7, and a drop
of the resistivity coefficient A at the valence transition, which
are compatible with the experimental observations stated pre-
viously. These results suggest that superconductivity in the
high-pressure regime of CeCu,Si, is mediated by critical va-
lence fluctuations, the first candidate compound for this new
pairing mechanism. 7]

Similar ideas of two superconducting domes have been
recently extended to several other systems, e.g., the Pu-based

85.86] For ex-

“115” compounds®¥ and the high-T, cuprates.!
ample, PuCoGas undergoes a superconducting transition at
~ 18.5 K,!87! one order of magnitude higher than the CeM1Ins
family. This compound shows no magnetic order,3®! being
different from its sister compound PuColns where supercon-
ductivity and magnetism are found to coexist.[**! On the other
hand, it was shown that PuCoGas is an intermediate valence
compound. #7991 Recent measurements of the elastic moduli
demonstrate that valence fluctuations, as reflected by elastic
softening, disappear as the temperature reaches T, indicating
a close relationship between the formation of superconductiv-

ity and the avoidance of a valence transition.°'!

4. Quantum phase transitions

As described above, in heavy fermion compounds one
can tune the ground state from magnetically ordered states
(both AFM and FM) to a paramagnetic state by applying
non-thermal parameters such as pressure, magnetic field, and
chemical substitutions. Proper characterization of the quan-
tum critical points and their related critical behaviors are cur-
rently an important but open problem in condensed matter
physics. Elucidations of this problem may also aid in under-
standing the puzzles of unconventional superconductivity in
heavy fermion compounds, high-7; cuprates and other materi-
als. Recently, two types of quantum critical points, the SDW-
type QCPP2-54! and the local QCP,%3!l have been studied
intensively. Here the crucial point distinguishing these two

scenarios is whether the degrees of electron freedom are in-
volved at the QCP. The SDW-type QCP resembles a classical
phase transition, where only fluctuations of the order param-
eter (e.g., magnetization for magnetic order) are involved and
the Fermi surface changes smoothly across the QCP. On the
other hand, the critical fermionic and bosonic degrees of free-
dom are involved at a local QCP, where a sharp change of the
Fermi volume is expected as a result of a Kondo breakdown.
There is evidence that different tuning parameters may
lead to different types of QCP. For example, the scenario of
local quantum criticality has been discussed in YbRh,Si, un-
der a magnetic field!®?! and CeCug_,Au, upon varying the
doping,[*3! although this is still under debate. On the other
hand, evidence of Kondo destruction was found inside the an-

941 a5 well as

tiferromagnetic region of Co-doped YbRh,Si;
in magnetic-field tuned CeCug_,Auy 1951 and Ce;Pdy0Sig. 20!

CeCu»Si, is believed to be a 3D SDW-type QCP.I7>!

(a) 4

—
o
=

Pressure

Magnetic field

0 g
B}
Fig. 10. (color online) (a) Experimental magnetic field—temperature

phase diagram of CeRhIns at ambient pressure. (b) A proposed
schematic phase diagram for CeRhlIns at 0 K (adapted from Ref. [97]).

Recently, we demonstrated that CeRhIns may serve as
a model example to study multiple quantum phase transi-
tions and their universal classification.®’] As mentioned ear-
lier, there exists a pressure-induced antiferromagnetic QCP at
around 2.3 GPa,*! where a dramatic change of Fermi surface

is observed, [4°]

supporting the scenario of local QCP in pres-
surized CeRhIns. Under a magnetic field, the antiferromag-
netic transition of CeRhlns is also suppressed and the large

critical field allows us to study the field evolution of Fermi sur-
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face using quantum oscillations. Figure 10(a) shows the mag-
netic field-temperature phase diagram of CeRhlIns.[°”! When a
magnetic field is applied along the ¢ direction, Ty is eventu-
ally suppressed and vanishes at By =~ 50 T. Upon approaching
the QCP, Ty follows Ty ~ (Bco — B)?/3, which indicates a 3D
SDW-type QCP and is also consistent with the nearly isotropic
critical field.[8! Furthermore, we observed a sharp change of
the Fermi surface near B* ~ 30 T, well inside the antiferromag-
netic phase, which is manifested in an abrupt change of the
Hall coefficient and the sudden appearance of higher frequen-
cies in dHvVA measurements. The feature at B* was further
confirmed by recent transport measurements using single crys-
tal microstructures fabricated using a focused ion beam.!*’]
Our analysis suggests that the Fermi surface reconstruction at
B* can be attributed to the localized-itinerant transition of Ce
4f electrons in CeRhlns, as a result of the Kondo effect.®7)
Further studies are desirable in order to elucidate the nature of
the Fermi surface reconstruction at B*.

These results suggest that multiple quantum critical
points may exist in CeRhIns when tuned by different param-
eters and the change of the Fermi surface may serve as a cri-

s.71 Tt is important to

terion to classify the different scenario
further investigate the behaviors under both high pressure and
high magnetic field which will be useful to establish the global
phase diagram shown in Fig. 10(b). Our studies also provide
a new perspective on heavy fermions and can be extended to

other compounds with localized f electrons.

5. Summary and prospects

Physical pressure has proven to be a clean and power-
ful tool for tuning the electronic states of heavy fermion sys-
tems, which provides us with a great opportunity to study the
intricate relationships between different ground states and to
search for emergent quantum states or phenomena. In par-
ticular, exotic superconductivity emerges when heavy fermion
systems are pressurized in proximity to various electronic in-
stabilities, including antiferromagnetism, ferromagnetism and
valence transitions. The insights gained from studying super-
conductivity in heavy fermion systems may play an important
role in unveiling the mysterious superconducting mechanism
in other unconventional superconductors such as cuprate, iron
pnictides, and organic superconductors. Furthermore, heavy
fermion compounds are also a prototype system for studying
the physics of quantum criticality, a frontier problem in con-
densed matter physics. Advanced experimental methods, such
as field-angle dependent heat capacity and point-contact spec-
troscopy under pressure, will be highly useful in character-
izing their novel electronic states in a high-pressure environ-

ment.
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