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Magnetism & Superconductivity
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BCS theory
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discovery of SC

Unconventional Superconductivity

(attractive force induced by the repulsive force)

After K. Miyake

2002
PuCoGa5

(first Pu SC)

2007
NpPd5Al2

(first Np SC)

New materials open the frontiers of research
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Number of heavy fermion superconductors (f-electron system) 2

FIG. 1 Evolution of the total number of f-electron heavy-
fermion superconductors. Systems included in this plot and
covered in this review: 1979 CeCu2Si2; 1984 UBe13, UPt3;
1986 URu2Si2; 1991 UPd2Al3, UNi2Al3; 1993 CeCu2Ge2;
1996 CePd2Si2, CeNi2Ge2; 1997 CeIn3; 2000 CeRhIn5, UGe2;
2001 CeIrIn5, CeCoIn5, URhGe; 2002 PuCoGa5, PrOs4Sb12;
2003 Ce2RhIn8, PuRhGa5; 2004 CeNiGe3, Ce2Ni3Ge5, UIr,
PrRu4P12, CePt3Si, CeIrSi3, CeRhSi3; 2005 PrRu4Sb12; 2007
UCoGe, NpPd5Al2, CeCoGe3, CePd5Al2.

terplay with antiferromagnetism is observed. However,
there are also several examples of superconductivity that
coexists with ferromagnetism. Further examples include
superconductivity at the border of polar order and near
electron localization transitions. Finally, several heavy-
fermion superconductors have even been discovered with
non-centrosymmetric crystal structures and coexistent
antiferromagnetic order. The large variety of systems
found so far establishes unconventional f-electron super-
conductivity as a rather general phenomenon. It also
suggests the existence of further unimagined forms of su-
perconductivity.

The objective of this review is it to give a status re-
port of the experimental properties of the candidates
for unconventional f-electron superconductivity. For a
long time the search for a unified microscopic theory of
f-electron superconductivity has been hampered by the
large differences of the small number of known systems.
Even though the increasing number of systems has al-
lowed to make great progress in the theoretical under-
standing, a critical discussion of the theoretical scenar-
ios is well beyond the length constraints of the present
review. For reviews of selected compounds and theoreti-
cal scenarios we refer to (Flouquet, 2006; Flouquet et al.,
2006; Grewe and Steglich, 1991; Joynt and Taillefer, 2002;
Maple et al., 2008; Mineev and Samokhin, 1999; Sauls,
1994; Sigrist, 2005; Sigrist and Ueda, 1991; Thalmeier
and Zwicknagl, 2005; Thalmeier et al., 2005).

The outline of this paper is as follows. The intro-
duction is continued in section I, with a short account
of conventional superconductivity and its interplay with
magnetism, Fermi liquid quasiparticle interactions and
advances in materials preparation. In section II we ad-
dress the interplay of antiferromagnetism and supercon-
ductivity. Section III is concerned with ferromagnetism

and superconductivity, while we review the properties of
emergent classes of new superconductors, discovered very
recently, in section IV. Finally, in section V, we sum-
marize evidence for multiple superconducting phases in
UPt3 and tentative indications for such behavior in other
systems as well as for the formation of textures. The pa-
per closes with a short section on the general perspectives
of this field.

A. Superconductivity versus Magnetism

Superconductors derive their name from being perfect
electrical conductors. However, in contrast to ideal con-
ductors superconductors display, as their second defin-
ing property, perfect diamagnetism, i.e., in the supercon-
ducting state sufficiently low applied magnetic fields are
spontaneously expelled. Flux expulsion identifies super-
conductivity as a thermodynamic phase.

Following the discovery of the two defining proper-
ties of superconductors, notably perfect conductivity
and perfect diamagnetism by Onnes in 1911 (Onnes,
1911a,b,c) and Meissner and Ochsenfeld in 1933 (Meiss-
ner and Ochsenfeld, 1933), respectively, it took until 1957
when Bardeen, Cooper and Schrieffer (BCS) proposed
a remarkably successful theoretical framework (Bardeen
et al., 1957). There is a large number of excellent in-
troductory and advanced level textbooks and review pa-
pers, e.g., (de Gennes, 1989; Parks, 1969; Sigrist, 2005;
Tinkham, 1969; Waldram, 1996). BCS theory identifies
superconductivity as the quantum-statistical condensa-
tion of so-called Cooper pairs, which are bound pairs of
quasiparticle excitations in a Fermi liquid. For a simple
Hamiltonian describing attractively interacting quasipar-
ticles in a conduction band, it is possible to show the for-
mation of an excitation gap ∆ in the quasiparticle spec-
trum at the Fermi level EF .

A superconducting transition exists for quasiparticle
systems with both attractive and repulsive components
of the quasiparticle interactions (Morel and Anderson,
1962). For instance, in the presence of electron-phonon
interactions the Coulomb repulsion of conduction elec-
trons is screened and exhibits a retarded attractive inter-
action component below the Debye frequency. Physically
speaking, the electrons avoid the bare Coulomb repulsion
and attract each other in terms of a polarization trace
that decays slowly as compared with the speed of travel
of the electrons. The mathematical form of the Ts is es-
sentially the same as for purely attractive interactions,
but the Coulomb interaction enters in a renormalized
form. The same is also true when keeping track of the full
retarded solution in the Eliashberg strong-coupling for-
malism (Eliashberg, 1960), which leads to the MacMillan
form of Ts (Allen and Dynes, 1975; MacMillan, 1968).
We return to more complex quasiparticle interactions of
strongly correlated electron systems in section I.B.

The experimental characteristics of conventional su-
perconductors derive from the formation of an isotropic

Pfleiderer , Rev. Mod. Phys.

Transuranium compounds
PuCoGa5, PuRhGa5, 
NpPd5Al2, PuCoIn5, 

PuRhIn5

ISI web of science (2009)
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Competitive phenomena: FM & SC

FM excludes SC

Large internal field destroys 
Cooper pair

Early study in 1980s’

PMSC

FM

TCurie < TSC

ErRh4B4

HoMo6S8
etc ...

• large moment
• 4f-localized system
• TCurie < TSC

Fay & Appel 1980 (PRB 22, 3173)

FerromagneticParamagnetic

Theoretical prediction near FM-QCP

SC Cooper pair

spin singlet 

spin triplet

Weak ferromagnet: ZrZn2
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• weak ferromagnets (5f-itinerant)
• strong Ising anisotropy

Coexistence of FM and SC in uranium compounds

Saxena et al. Nature 406 (2000) 587
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FM-Quantum Critical Endpoint of UGe2

QCEP (P~3.5 GPa, H ~ 20T)

V. Taufour et al.: PRL 105 (2010) 217201.
H. Kotegawa et al.: JPSJ 80 (2011) 083703.

through the positive metamagnetic feedback, leading to an
increase of TscðPÞ just right at the maximum at Px.

The de Haas–van Alphen (dHvA) experiments under
pressure reveal that Fermi surfaces between FM2, FM1,
and PM are quite different each other. For H k b-axis, where
FM2, FM1 and PM phases are not affected by the magnetic
fields, dHvA branches of FM2 phase disappears in FM1 and
new branches exhibit in FM2.35,36) In PM phase, completely
new branches are observed again. The cyclotron effective
mass gradually increases with increasing pressure up to Px

and in PM phase quite large effective masses ranging from
20m0 to 60m0 are detected, in agreement with the pressure
dependence of the !-value.28) For H k a-axis, the field re-
entrant FM1 and FM2 phases occurs, as shown in Fig. 5,
thus the results are more complicated.37,38) Nevertheless, the

drastic change of Fermi surfaces is detected by crossing
FM1, FM2 and PM phase boundary. The cyclotron effective
mass increases, approaching to Hx. The change of Fermi
surface is also found for H k c-axis, as well.39)

An interesting theoretical scenario proposed for the weak
itinerant ferromagnet ZrZn2 is the quantum metamagnetic
transition associated with the topological change of Fermi
surfaces, as proposed for a Lifshitz transition.40) The Fermi
surface study under pressure can be found in ref. 41. In
UGe2, there is an evidence by the combined resistivity and
Hall effect measurements32) that the topological change of
Fermi surface from PM to FM1 can be tuned by the pressure
and field, following the wing-shaped (T ; P;H) phase
diagram predicted in ‘‘conventional’’ spin fluctuation
approaches of FM-QCEP.

3. URhGe: A Ferromagnetic Superconductor at
Ambient Pressure and Field-Reentrant SC

Although the discovery of pressure induced SC in UGe2
can be a major breakthrough, the ambient pressure case
provides much variety of experimental methods which goes
deep inside the understanding of unconventional SC. The
discovery of SC at ambient pressure in the weak ferromagnet
URhGe with Tsc ¼ 0:26K, TCurie ¼ 9:5K, and M0 ¼ 0:4"B

opened the new opportunities.14)

The properties of URhGe is summarized in Table I. The
crystal structure is orthorhombic TiNiSi-type, as shown in
Fig. 1. The U atom forms the zig-zag chain along a-axis
with the distance of dU{U ¼ 3:50 !A, which is close to the so-
called Hill limit associated with the direct overlap of
5f -wave function.42) Figure 7 shows the !-value and the
magnetic ordered temperature as a function of the distance
of the next nearest neighbor on U atom dU{U in UTGe (T:
transition element) family.43) The systematic variation can
be seen. The PM ground state is realized for the small dU{U,

Fig. 5. (Color online) Temperature–pressure–field phase diagram of UGe2 for H k M0 (a-axis).30,32)
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Re-entrant superconductivity and 
spin reorientation in URhGe

2

when the transition line is crossed, the magnetization ex-
hibits a maximum that becomes more pronounced with
increasing fields. As reported previously,4,6,8 the transi-
tion is continuous for H < 12 T, and the temperature
TCurie(H) where it occurs decreases smoothly with in-
creasing field parallel to b. Moreover, when the compo-
nent induced parallel to b is small, the decrease of TCurie

is quadratic with field, as proved theoretically in the
mean-field limit.9,10 The relatively high value of TCurie

allows to determine the 0 K magnetization curve M(0,H)
by fitting the low-temperature part of the M(T,H) data
with the Fermi-liquid expression,

M(T ) = M0 − βT 2, (1)

At 2K, the TCurie/T ratio ∼ 4 is large and allows to
observe the T 2 dependence of M(H). Figure 2b shows
the extrapolated values M(0,H) obtained for H ‖ b as
well as for H ‖ a and c. The application of a field per-
pendicular to the easy c axis, i.e. in the b direction, at
zero temperature destabilizes the FM state, as demon-
strated in Fig.2a. Fig.2b shows that the magnetization
along b increases strongly with field due to the quite large
initial susceptibility χb and then increases sharply upon
crossing the phase boundary at about 12 T from the FM
phase to the polarized phase. This is the field at which
the field-induced SC is most robust. We note that this
phase transition occurs when the field-induced moment
M(H) is approximately equal to the zero-field ordered
moment along the easy direction, which will be discussed
in more detail later. Interestingly, a linear extrapolation
of M(0,H) from H > HR to H = 0 exhibits a non-zero
intercept, suggesting that the high-field phase also pos-
sesses a finite ordered moment. This illustrates that the
application of H perpendicular to the easy axis moves the
system towards a FM instability. This tendency is clearly
illustrated by the field dependence of TCurie shown in
Fig.2a for H ‖ b. Here the accurate orientation of the
magnetic field with the b axis is confirmed by the ob-
served low value of HR which is extremely sensitive to
field misalignment.7

TABLE I: Properties of the three ferromagnets URhGe,
UCoGe and UGe2 at ambient pressure. pc is the critical pres-
sure where FM disappears.

easy TCurie M0 γ pc
axis (K) (µB) (mJmol−1K−2) (GPa)

URhGe c 9.5 0.4 163 >13
UCoGe c 2.7 0.07 57 1.5
UGe2 a 52 1.48 34 1.6

Figure 2c shows the field dependence of the specific-
heat linear coefficient γ(H), which is proportional to the
average effective mass m∗(H). It is calculated, for the
three axes, by using the following Maxwell relation in
the T → 0 limit,

(

∂γ

∂H

)

T

=

(

∂2M

∂T 2

)

H

= −2β, (2)

FIG. 2: (Color online) a) Field dependence of TCurie (black
symbols, left-hand scale) and Tc (blue symbols and right-hand
scale, taken from Ref. 6) for H ‖ b obtained from magneti-
zation and transport measurements, respectively. b) Zero-
temperature magnetization curves for H ‖ a, b and c. c) Field
dependence of γ∗(H) derived using the Maxwell relation for
H ‖ a, b and c. The inset shows the specific heat for H=0.
The solid line is a fit to γ(mb)+B3T

2 for T > TCurie.

where β is taken from the fit of the M(T,H) curves to
Eq. 1. The resulting data are compared in Fig. 3 to
the dependence of m∗(H) obtained from transport6 and
direct specific-heat measurements. For H ‖ b, the strong
increase of γ(H) at HR is in good agreement with a previ-
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UCoGe c 2.7 0.07 57 1.5
UGe2 a 52 1.48 34 1.6

Figure 2c shows the field dependence of the specific-
heat linear coefficient γ(H), which is proportional to the
average effective mass m∗(H). It is calculated, for the
three axes, by using the following Maxwell relation in
the T → 0 limit,

(

∂γ

∂H

)

T

=

(

∂2M

∂T 2

)

H

= −2β, (2)

FIG. 2: (Color online) a) Field dependence of TCurie (black
symbols, left-hand scale) and Tc (blue symbols and right-hand
scale, taken from Ref. 6) for H ‖ b obtained from magneti-
zation and transport measurements, respectively. b) Zero-
temperature magnetization curves for H ‖ a, b and c. c) Field
dependence of γ∗(H) derived using the Maxwell relation for
H ‖ a, b and c. The inset shows the specific heat for H=0.
The solid line is a fit to γ(mb)+B3T

2 for T > TCurie.

where β is taken from the fit of the M(T,H) curves to
Eq. 1. The resulting data are compared in Fig. 3 to
the dependence of m∗(H) obtained from transport6 and
direct specific-heat measurements. For H ‖ b, the strong
increase of γ(H) at HR is in good agreement with a previ-
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For high Tc
Spin fluctuation and superconductivity 1327

Figure 6. Transition temperatures of unconventional superconductors plotted against T0, the
characteristic temperature indicating the energy spread of the wavevector-dependent part of the SFs.

which includes the effect of SFs in its self-energy self-consistently. This scheme which is
sometimes called the RRPA may be traced back to the 1960s [54].

These types of theories may be formulated by using the conserving approximation scheme
of Baym and Kadanoff [127], which is called the FLEX approximation [55, 128, 129]. In the
conserving approximation one starts from the free-energy functional !. To consider the effect
of SFs in a simple, approximate way we use the functional !, which includes scattering in the
particle–hole channels (figure 7).

To discuss the SC we treat both the normal and anomalous Green’s functions, for which
the Dyson–Gor’kov equations are given by

[iωn − ξk − $(1)(k, iωn)]G(k, iωn) − $(2)(k, iωn)F
†(k, iωn) = 1, (58)

[−iωn − ξk − $(1)(−k, −iωn)]F †(k, iωn) + $(2)(−k, −iωn)
∗G(k, iωn) = 0, (59)

where ξk = ε0
k − µ is the single particle energy measured from the chemical potential,

$(1)(k, iωn), the normal self-energy, and $(2)(k, iωn), the anomalous self-energy.

heavy 
fermion 
(Ce,U)

High Tc 
cuprate

PuCoGa5

transuranium 
comp.

Moriya & Ueda: Rep. Prog. Phys (2003)

XY-type magnetic fluctuation

Γc/Γa H. Sakai et al. MRB (2010)
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longitudinal and transverse 
magnetic fluctuation for 

Hc2 and Tc

XY-type transverse magnetic fluctuation

Tc

Hc2 Ising-type longitudinal 
magnetic fluctuation 

Hc
c2 (H

a
c2=H

c
c2 > 20) cannot be explained by the anisotropy

of the conduction-electron mass.
Low-energy magnetic fluctuations are sensitively

probed by 1=T1 measurements. The single crystal was
aligned such that external fields were applied within the
bc plane, and ! is defined as the angle between the applied
field and the b axis. We used a split-coil superconducting
magnet with a single-axis rotator. NMR spectra for fields
along three crystal axes and the locus of NMR peaks when
the field is rotated in the ab and bc plane were already
shown in the literature [11]. When a nucleus with a spin
larger than unity sits at a position where the electric field
gradient (EFG) is finite, the nuclear quadrupole interaction
splits the NMR spectrum. Since the EFG parameters for the
Co site have been determined from the previous 59Co
nuclear quadrupole resonance ðNQRÞ=NMR experiments
[7,10] (the quadrupole interaction of 2.85 MHz #0:28 T
and the direction of the maximum EFG principal axis of
10$ from the a axis in the ac plane), we can check ! from
the quadrupole-split NMR spectrum. The angle-dependent
NMR spectra are well-simulated by these EFG parameters
[11].

When 1=T1 is measured in an external magnetic
field far exceeding the electric quadrupole interaction
("0H % 0:28 T), the direction of the field is regarded as
the quantization axis for nuclear spins. In these conditions,
the nuclear spins are relaxed by transverse components of
local hyperfine-field fluctuations at the nuclear site, which
are produced by electron spins. Thus, 1=T1 measured in a
field along the # direction is written in terms of fluctuating
hyperfine fields along the $ and % directions as

1

T#
1

/ hð&H$Þ2iþ hð&H%Þ2i; (1)

where the #, $, and % directions are mutually orthogonal.

The angle dependence of 1=T1 is measured at the
central peak in each spectrum. The recovery curves
RðtÞ ¼ 1(mðtÞ=mð1Þ of the nuclear magnetization
mðtÞ, which is the nuclear magnetization at a time t after
a saturation pulse, can be fitted by the theoretical function
for I ¼ 7=2 with a single component throughout the mea-
sured field and temperature range. Thus, the electronic
state is considered to be homogeneous in the whole region,
and reliable 1=T1 values were obtained.
As shown in Fig. 2(a), 1=T1 along the a and b axes,

which is much larger than 1=T1 along the c axis due to the
Ising-type anisotropy, shows a broad peak around 4 K due
to the FM critical fluctuations. That the peak temperature is
slightly higher than TCurie is conceivably due to a slight
misalignment, since the peak is suppressed and shifts to
higher temperatures when the external field is inclined by
3$ away from the b axis. The anisotropy of 1=T1 is largest
around the peak temperature and extremely sensitive to the
field angle. Figure 2(b) shows the angle dependence of
1=T1 [1=T1ð!Þ] measured at 20, 4.2, and 1.7 K. For mag-
netic fields in the bc plane, 1=T1ð!Þ is expressed as

1

T1
ð!Þ ¼ 1

Tb
1

cos2!þ 1

Tc
1

sin2!: (2)

This equation can fully explain the smooth variation at
20 K but not the sharp angle dependence observed at 4.2
and 1.7 K, which shows a cusp centered at ! ¼ 0$. The
steep angle dependence of 1=T1 is a characteristic feature
of the FM fluctuations at low temperatures.
To further examine this behavior, the angle dependence

of 1=T1 was measured at 1.7 K under three different
applied fields ("0H % 0:28 T). Although the cusp in
1=T1 versus angle becomes sharper with increasing H, as
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FIG. 2 (color online). (a) Temperature dependence of 1=T1
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1=T1, ascribed to the FM anomaly, is strongly suppressed when
the magnetic field is tilted by 3 degrees. (b) Angle dependence of
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Field-induced superconductivity in other materials
Chevrel phase compound
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Field-induced superconductivity is due to the 
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external field by internal exchange field).
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Figure 1 The schematic field–temperature phase diagram of URhGe for
magnetic fields in the bc plane. The magnetization changes discontinuously on
crossing the first-order transition surface shaded green that ends at finite
temperature along a continuous-transition line. The continuous-transition line
bifurcates at a TCP and falls to zero temperature at QCPs shown as blue points. The
low-temperature resistivity (of the sample studied) at 50 mK for fields in the bc
plane is shown by the colour shading on the lower face of the axis frame: yellow
corresponding to a resistivity of approximately 5µ! cm and red to
superconductivity (zero resistivity).

Figure 2 shows our measurements with magnetic fields
applied at different angles, γ , from the b axis towards the
a-axis direction. The persistence of the sharp peak in the resistivity
at 500 mK shows that the magnetic transition remains weakly
first order as γ is increased. The field at which the peak occurs,
HR(γ), is well modelled by the relation HR(γ) = HR(0)/cos(γ).
For fields in the ab plane, the transition field is therefore crossed
when the component of the field along the b axis is equal to
HR(0) (henceforth abbreviated to HR) irrespective of the a-axis
field. Application of a magnetic-field component parallel to the
a axis for a constant b-axis field therefore enables us to determine
the critical field for superconductivity at a constant offset from
the QCP.

Within our experimental resolution, the angular dependence
of the critical field for the low-field pocket of superconductivity at
low temperature (denoted as Hsc1) follows the standard form for an
anisotropic superconductor (with an orbitally limited critical field),

Hsc1(γ) = φ0

2πξc

1
√

ξ2
a cos2(γ)+ ξ2

b sin2(γ)
. (1)

Hsc1a = φ0/2πξcξb = 2.53 T, Hsc1b = φ0/2πξcξa = 2.07 T and
Hsc1c = φ0/2πξbξa = 0.69 T are the critical fields along each of
the crystal axes for the sample studied, determined in separate
more accurate measurements (ξa, ξb and ξc are the coherence
lengths along the different crystal axes and φ0 is the flux quantum).
An equation of the same form as equation (1) is derived from
the Ginzburg–Landau theory and is applicable in general close
to the zero-field superconducting transition temperature, Ts. For
URhGe, we can specialize to the case of no Pauli limiting17. In the
absence of Pauli limiting, although the coherence lengths depend
on temperature, for simple ellipsoidal Fermi surfaces (which can
account for an anisotropic electronic effective mass) and isotropic
s-wave superconductivity, the anisotropy of the coherence lengths
and the angular dependence of the critical field is unchanged at
low temperature from that close to Ts (ref. 18). Different factors
can cause the anisotropy to be temperature dependent or modify
the angular dependence of the critical field at low temperature19.
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Figure 2 Resistivity measurements for fields rotated through different angles,
γ , from the b axis in the ab plane. a, The measured resistance plotted against
magnetic field for fields applied at γ = 10◦ at 45 and 500 mK and also at 45 mK for
γ = 66◦ , which is the measurement with the highest onset field for
superconductivity. The geometric inset defines the angle, γ , of the field direction
relative to the directions of the a and b crystal axes. b, The critical fields for
superconductivity at 45 mK (at which the resistance has fallen to half its
normal-state value) measured at different γ . Superconductivity occurs below Hsc1

and between Hsc2 and Hsc3. HR denotes the field at which the magnetic transition
occurs, determined from the position of a sharp peak in the resistance at 500 mK.
c, The same critical fields plotted in the Ha–Hb plane.

(1) Strong coupling gives only minor modifications in case studies
where detailed calculations have been made20. (2) Anisotropy
of the superconducting order parameter can give changes of
anisotropy with temperature of the order of 20% (refs 17,21).
However, numerical calculations for different non-conventional
superconductors18 suggest that equation (1) continues to provide
a good phenomenological description of the angular dependence
of the critical field at low temperature. (3) Special choices of
Fermi-surface geometry can lead to major modifications of the
form of the angular dependence at low temperature19. As the
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Figure 1 The schematic field–temperature phase diagram of URhGe for
magnetic fields in the bc plane. The magnetization changes discontinuously on
crossing the first-order transition surface shaded green that ends at finite
temperature along a continuous-transition line. The continuous-transition line
bifurcates at a TCP and falls to zero temperature at QCPs shown as blue points. The
low-temperature resistivity (of the sample studied) at 50 mK for fields in the bc
plane is shown by the colour shading on the lower face of the axis frame: yellow
corresponding to a resistivity of approximately 5µ! cm and red to
superconductivity (zero resistivity).

Figure 2 shows our measurements with magnetic fields
applied at different angles, γ , from the b axis towards the
a-axis direction. The persistence of the sharp peak in the resistivity
at 500 mK shows that the magnetic transition remains weakly
first order as γ is increased. The field at which the peak occurs,
HR(γ), is well modelled by the relation HR(γ) = HR(0)/cos(γ).
For fields in the ab plane, the transition field is therefore crossed
when the component of the field along the b axis is equal to
HR(0) (henceforth abbreviated to HR) irrespective of the a-axis
field. Application of a magnetic-field component parallel to the
a axis for a constant b-axis field therefore enables us to determine
the critical field for superconductivity at a constant offset from
the QCP.

Within our experimental resolution, the angular dependence
of the critical field for the low-field pocket of superconductivity at
low temperature (denoted as Hsc1) follows the standard form for an
anisotropic superconductor (with an orbitally limited critical field),

Hsc1(γ) = φ0

2πξc

1
√

ξ2
a cos2(γ)+ ξ2

b sin2(γ)
. (1)

Hsc1a = φ0/2πξcξb = 2.53 T, Hsc1b = φ0/2πξcξa = 2.07 T and
Hsc1c = φ0/2πξbξa = 0.69 T are the critical fields along each of
the crystal axes for the sample studied, determined in separate
more accurate measurements (ξa, ξb and ξc are the coherence
lengths along the different crystal axes and φ0 is the flux quantum).
An equation of the same form as equation (1) is derived from
the Ginzburg–Landau theory and is applicable in general close
to the zero-field superconducting transition temperature, Ts. For
URhGe, we can specialize to the case of no Pauli limiting17. In the
absence of Pauli limiting, although the coherence lengths depend
on temperature, for simple ellipsoidal Fermi surfaces (which can
account for an anisotropic electronic effective mass) and isotropic
s-wave superconductivity, the anisotropy of the coherence lengths
and the angular dependence of the critical field is unchanged at
low temperature from that close to Ts (ref. 18). Different factors
can cause the anisotropy to be temperature dependent or modify
the angular dependence of the critical field at low temperature19.
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Figure 2 Resistivity measurements for fields rotated through different angles,
γ , from the b axis in the ab plane. a, The measured resistance plotted against
magnetic field for fields applied at γ = 10◦ at 45 and 500 mK and also at 45 mK for
γ = 66◦ , which is the measurement with the highest onset field for
superconductivity. The geometric inset defines the angle, γ , of the field direction
relative to the directions of the a and b crystal axes. b, The critical fields for
superconductivity at 45 mK (at which the resistance has fallen to half its
normal-state value) measured at different γ . Superconductivity occurs below Hsc1

and between Hsc2 and Hsc3. HR denotes the field at which the magnetic transition
occurs, determined from the position of a sharp peak in the resistance at 500 mK.
c, The same critical fields plotted in the Ha–Hb plane.

(1) Strong coupling gives only minor modifications in case studies
where detailed calculations have been made20. (2) Anisotropy
of the superconducting order parameter can give changes of
anisotropy with temperature of the order of 20% (refs 17,21).
However, numerical calculations for different non-conventional
superconductors18 suggest that equation (1) continues to provide
a good phenomenological description of the angular dependence
of the critical field at low temperature. (3) Special choices of
Fermi-surface geometry can lead to major modifications of the
form of the angular dependence at low temperature19. As the

nature physics VOL 3 JULY 2007 www.nature.com/naturephysics 461

!"#$#%&'()***+ +,-.-,/0*))1221,3*45

through the positive metamagnetic feedback, leading to an
increase of TscðPÞ just right at the maximum at Px.

The de Haas–van Alphen (dHvA) experiments under
pressure reveal that Fermi surfaces between FM2, FM1,
and PM are quite different each other. For H k b-axis, where
FM2, FM1 and PM phases are not affected by the magnetic
fields, dHvA branches of FM2 phase disappears in FM1 and
new branches exhibit in FM2.35,36) In PM phase, completely
new branches are observed again. The cyclotron effective
mass gradually increases with increasing pressure up to Px

and in PM phase quite large effective masses ranging from
20m0 to 60m0 are detected, in agreement with the pressure
dependence of the !-value.28) For H k a-axis, the field re-
entrant FM1 and FM2 phases occurs, as shown in Fig. 5,
thus the results are more complicated.37,38) Nevertheless, the

drastic change of Fermi surfaces is detected by crossing
FM1, FM2 and PM phase boundary. The cyclotron effective
mass increases, approaching to Hx. The change of Fermi
surface is also found for H k c-axis, as well.39)

An interesting theoretical scenario proposed for the weak
itinerant ferromagnet ZrZn2 is the quantum metamagnetic
transition associated with the topological change of Fermi
surfaces, as proposed for a Lifshitz transition.40) The Fermi
surface study under pressure can be found in ref. 41. In
UGe2, there is an evidence by the combined resistivity and
Hall effect measurements32) that the topological change of
Fermi surface from PM to FM1 can be tuned by the pressure
and field, following the wing-shaped (T ; P;H) phase
diagram predicted in ‘‘conventional’’ spin fluctuation
approaches of FM-QCEP.

3. URhGe: A Ferromagnetic Superconductor at
Ambient Pressure and Field-Reentrant SC

Although the discovery of pressure induced SC in UGe2
can be a major breakthrough, the ambient pressure case
provides much variety of experimental methods which goes
deep inside the understanding of unconventional SC. The
discovery of SC at ambient pressure in the weak ferromagnet
URhGe with Tsc ¼ 0:26K, TCurie ¼ 9:5K, and M0 ¼ 0:4"B

opened the new opportunities.14)

The properties of URhGe is summarized in Table I. The
crystal structure is orthorhombic TiNiSi-type, as shown in
Fig. 1. The U atom forms the zig-zag chain along a-axis
with the distance of dU{U ¼ 3:50 !A, which is close to the so-
called Hill limit associated with the direct overlap of
5f -wave function.42) Figure 7 shows the !-value and the
magnetic ordered temperature as a function of the distance
of the next nearest neighbor on U atom dU{U in UTGe (T:
transition element) family.43) The systematic variation can
be seen. The PM ground state is realized for the small dU{U,

Fig. 5. (Color online) Temperature–pressure–field phase diagram of UGe2 for H k M0 (a-axis).30,32)
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Enhancement of m* stabilizes SC

FM-SC
Triplet pair(↑↑ or ↓↓)

Hc2

• No Pauli limit (Zeeman)
• Orbital limit

ξ ∼ �vF/kBTsc ∝ 1/m∗Tsc

Hc2 ∼ (m∗
Tsc)2

Our crude model

Theory
V. Mineev: PRB (2010)
Y. Tada et al.: JPSJ (2010)

Tsc ∝ exp[−(λ + 1)/λ]

m∗ = (1 + λ)mb

function of 1=cos !, where ! is the field angle from b to
a-axis. Accompanying with the increase of HR, RSC is
sustained even above 28 T.53)

The origin of RSC is the enhancement of effective mass
m! around HR which is ascribed by approaching FM
instability when a transverse field is applied in this Ising
ferromagnets.46,51,54) Figure 11 shows the field dependence
of "-value obtained by the thermodynamic Maxwell relation
via temperature dependence of the magnetization, i.e.,
@"=@H ¼ @2M=@T 2. The validity of this analysis via
Maxwell relation was already demonstrated for
CeRu2Si2

55,56) and CeCoIn5.
57) The inset shows the results

of direct specific heat measurements for H k b and c-axis at
0:4K. The similar results were also obtained by the field
dependence of A coefficient of T 2-term of resistivity based
on the so-called Kadowaki–Woods relation.51,54) The
"-value is enhanced around HR for H k b-axis, while it is
suppressed for H k c-axis, indicating that the Ising-type FM
fluctuation is enhanced around HR for H k b-axis.

The simple picture is that SC is related to the effective
mass of conduction electron m! which has two major
contributions: the renormalized band mass mB and the
effective mass gained through ferromagnetic or antiferro-
magnetic correlations m!!, namely

m! ¼ mB þ m!!: ð1Þ

Using McMillan-like formula, the superconducting transi-
tion temperature Tsc is described by

Tsc ¼ T0 exp & m!

m!!

! "
; ð2Þ

where T0 is the same as characteristic cut off energy. Since
m!! is strongly enhanced around HR, Tsc under fields is
enhanced as well. In ferromagnetic superconductors, the
formation of spin-triplet state with equal-spin pairing is
realized. Hc2 is free from the Pauli limit based on the spin-
singlet state, instead Hc2 is governed by the orbital limit
Horb. Since the superconducting coherence length # is
described by # ' h!vF=kBTsc, we obtain a simple relation as

Horb ( ðm!TscÞ2, where vF is Fermi velocity. If m! is
enhanced, both Tsc and Horb increase, and consequently RSC
is observed at high fields. It should be noted that
enhancement of Tsc is affected by mB and the Fermi surface.
No drastic change of Fermi surface is inferred at HR by
thermopower measurements which will be published else-
where.58) On the contrary, the shrinkage of a small pocket
Fermi surface with the field approaching HR which
corresponds to 7% of Brillouin zone area and " ( 2:3
mJ/(K2)mol) is reported.59) Recently we observed the drastic
change of Hall resistivity at HR with a hysteresis between
up-sweep and down-sweep, indicating the first order
transition when the field is perfectly aligned to b-axis,
which will be published elsewhere.

Applying pressure, RSC phase shifts to higher fields
associated with the increase of HR, and eventually
disappears above (1:5GPa, as shown in Fig. 12.48) On the
other hand, low-field SC will survive above 3GPa. The
suppression of both RSC and low-field SC is explained by
the decrease of mass enhancement, Interestingly, the similar
behavior is observed at ambient pressure when the field is
tilted to c-axis,54) where the longitudinal magnetic fluctua-
tion is suppressed due to the Ising-type ferromagnetism.

At ambient pressure, Hc2 of low field SC exceeds the
Pauli limit for all three principal directions. From the
anisotropy of Hc2, the line node gap in the bc-plane is
inferred, assuming the equal-spin pairing,60) where the
attractive interaction between "" electrons are described
by V$$0ðk; k0Þ / %"$%"$0kak0a, corresponding to an order
parameter kaj""i.60,61) It was demonstrated that this order
parameter will remain when the FM moment rotates in the
bc plane.60,62)

4. UCoGe: Strong Interplay between FM and SC

A new breakthrough was given by the discovery that the
weak itinerant ferromagnet UCoGe (TCurie ( 3K, M0 (
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Fig. 11. (Color online) Field dependence of "-values obtained by
magnetization measurements via Maxwell relation. The initial "-value at
0 T is taken as 160mJ/(K2)mol).46) The inset shows the results of direct
specific heat measurements at 0.4K.54) It is noted that the spin-reorientation
field HR on specific heat measurements slightly shifts to 15.2 T, because of
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UCoGe

No anomaly, but...Spin re-orientation 2

against a Germanium thermometer in a field compen-
sated region up to 16T and down to 100mK. The tem-
perature gradient was applied along the a axis of the
crystal and the field applied along the b axis in all mea-
surements. Based on the angular dependance of the up-
per critical field Hc2 curves [4] the crystals were aligned
along the b axis to< 5◦ with respect to the magnetic field
H. The setup also allows in-situ measurement of the re-
sistivity therefore all data presented below was taken on
the same sample in the same conditions.

Figure 1 shows the temperature and field dependence
of the thermopower divided by temperature S/T of
UCoGe. In 0T, S/T shows a small anomaly at TC=2.8K
which is followed by a slight increase of S/T until the su-
perconducting transition TSC=0.6K. In a free electron
gas, S/T is constant at low temperature and it’s ampli-
tude is inversely proportional to the Fermi temperature
with a sign which reflects the type of charge carrier. For
UCoGe, S/T is ∼ 3µ V/K2 just above TSC indicating the
dominant carriers are hole like. In a free electron gas, the
ratio q(= S

T
Nae
γ ) of the thermoelectric power to the Som-

merfeld coefficient γ of the linear term in specific heat is a
constant [19]. It has been shown [19] that this ratio holds
in the presence of strong interactions and is modified by
carrier density. For UCoGe, q = 5 (γ = 57mJ/molK2 [3])
which indicates UCoGe has a low carrier density. This is
similar to the case of URu2Si2 which also has q ∼ 5 and
is a low carrier semi-metal. Recent quantum oscillation
measurements [15], [20] and thermopower measurements
[21] imply the Fermi surface of URu2Si2 is strongly modi-
fied in a moderate field (of the order of 20T applied along
the easy magnetization axis). This could be the same in
UCoGe as the quasiparticle masses are heavy [22], [18]
and this coupled with the low carrier density leads to
a small bandwidth which can be strongly modified by a
moderate field.

As the field is increased, S/T remains roughly constant
(∼3µV/K2) up to ∼10T. At all measured temperatures
(up to 3.5K), a peak is observed centered on H∗=11.1T.
This field is independent of temperature but at higher
temperatures the peak is broader and less pronounced.
The peak is present even above the zero field TC . Above
H∗, at low temperature a second anomaly is observed at
H∗∗=14.6T which is smaller and indistinguishable from
the background at temperatures above ∼ 2K. At higher
field a change of sign of S/T is observed indicating a
change in the dominant carrier type and therefore a Fermi
surface change. This is the field range where a quantum
oscillations have been observed [18]. There is a strong
temperature dependence of S/T at H∗, with the magni-
tude of S/T increasing up to ∼7µV/K2 at the supercon-
ducting transition temperature. This could indicate one
of two possibilities: H∗ could be a critical point where
one would expect an enhancement of the effective mass
and hence thermopower [23], [17] or H∗ could be a topo-
logical change in the Fermi surface which can give a large

FIG. 1. (Colour Online)(a) Thermopower divided by tem-
perature S/T as a function of field applied along the b axis
Hb at several temperatures. A large peak is observed at
H∗ = 11.1T at all temperatures, a smaller anomaly is ob-
served at H∗∗ = 14.6T at low temperature and a change of
sign is observed above 16T. Inset is a diagram of the setup
showing the applied field H, the temperature gradient ∆T ,
the measured thermoelectric voltage ∆V and the zero field
magnetization M0 compared with the crystal axis. (b) Tem-
perature dependence at two fields 0T and H∗. In 0T both
the Curie temperature Tc and the superconducting transition
TSC are observed. For H = H∗ a possible logarithmic diver-
gence is observed above TSC . Inset shows H = H∗ data on a
semilog plot illustrating the divergence above TSC .

thermopower anomaly at low temperature as described
by Lifshitz [24]. The fact that H∗ is visible above the
Curie temperature is interesting. If it is a Fermi surface
instability then it implies that an element of the Fermi
surface is constant in the ferromagnetic and paramag-
netic state at low fields which is contrary to recent band
structure calculations [25] but consistent with fact that
the zero field thermopower shows only a small anomaly at
TC . If it is a critical point then the fluctuations are felt to

UCoGe

L. Malone et al. PRB (2012)

c-axis

b-axis

2

when the transition line is crossed, the magnetization ex-
hibits a maximum that becomes more pronounced with
increasing fields. As reported previously,4,6,8 the transi-
tion is continuous for H < 12 T, and the temperature
TCurie(H) where it occurs decreases smoothly with in-
creasing field parallel to b. Moreover, when the compo-
nent induced parallel to b is small, the decrease of TCurie

is quadratic with field, as proved theoretically in the
mean-field limit.9,10 The relatively high value of TCurie

allows to determine the 0 K magnetization curve M(0,H)
by fitting the low-temperature part of the M(T,H) data
with the Fermi-liquid expression,

M(T ) = M0 − βT 2, (1)

At 2K, the TCurie/T ratio ∼ 4 is large and allows to
observe the T 2 dependence of M(H). Figure 2b shows
the extrapolated values M(0,H) obtained for H ‖ b as
well as for H ‖ a and c. The application of a field per-
pendicular to the easy c axis, i.e. in the b direction, at
zero temperature destabilizes the FM state, as demon-
strated in Fig.2a. Fig.2b shows that the magnetization
along b increases strongly with field due to the quite large
initial susceptibility χb and then increases sharply upon
crossing the phase boundary at about 12 T from the FM
phase to the polarized phase. This is the field at which
the field-induced SC is most robust. We note that this
phase transition occurs when the field-induced moment
M(H) is approximately equal to the zero-field ordered
moment along the easy direction, which will be discussed
in more detail later. Interestingly, a linear extrapolation
of M(0,H) from H > HR to H = 0 exhibits a non-zero
intercept, suggesting that the high-field phase also pos-
sesses a finite ordered moment. This illustrates that the
application of H perpendicular to the easy axis moves the
system towards a FM instability. This tendency is clearly
illustrated by the field dependence of TCurie shown in
Fig.2a for H ‖ b. Here the accurate orientation of the
magnetic field with the b axis is confirmed by the ob-
served low value of HR which is extremely sensitive to
field misalignment.7

TABLE I: Properties of the three ferromagnets URhGe,
UCoGe and UGe2 at ambient pressure. pc is the critical pres-
sure where FM disappears.

easy TCurie M0 γ pc
axis (K) (µB) (mJmol−1K−2) (GPa)

URhGe c 9.5 0.4 163 >13
UCoGe c 2.7 0.07 57 1.5
UGe2 a 52 1.48 34 1.6

Figure 2c shows the field dependence of the specific-
heat linear coefficient γ(H), which is proportional to the
average effective mass m∗(H). It is calculated, for the
three axes, by using the following Maxwell relation in
the T → 0 limit,

(

∂γ

∂H

)

T

=

(

∂2M

∂T 2

)

H

= −2β, (2)

FIG. 2: (Color online) a) Field dependence of TCurie (black
symbols, left-hand scale) and Tc (blue symbols and right-hand
scale, taken from Ref. 6) for H ‖ b obtained from magneti-
zation and transport measurements, respectively. b) Zero-
temperature magnetization curves for H ‖ a, b and c. c) Field
dependence of γ∗(H) derived using the Maxwell relation for
H ‖ a, b and c. The inset shows the specific heat for H=0.
The solid line is a fit to γ(mb)+B3T

2 for T > TCurie.

where β is taken from the fit of the M(T,H) curves to
Eq. 1. The resulting data are compared in Fig. 3 to
the dependence of m∗(H) obtained from transport6 and
direct specific-heat measurements. For H ‖ b, the strong
increase of γ(H) at HR is in good agreement with a previ-
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FIG. 2: (Color online) a) Field dependence of TCurie (black
symbols, left-hand scale) and Tc (blue symbols and right-hand
scale, taken from Ref. 6) for H ‖ b obtained from magneti-
zation and transport measurements, respectively. b) Zero-
temperature magnetization curves for H ‖ a, b and c. c) Field
dependence of γ∗(H) derived using the Maxwell relation for
H ‖ a, b and c. The inset shows the specific heat for H=0.
The solid line is a fit to γ(mb)+B3T

2 for T > TCurie.

where β is taken from the fit of the M(T,H) curves to
Eq. 1. The resulting data are compared in Fig. 3 to
the dependence of m∗(H) obtained from transport6 and
direct specific-heat measurements. For H ‖ b, the strong
increase of γ(H) at HR is in good agreement with a previ-
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Figure 6. The same as in figure 5 but spin-up and spin-down
channels are shown separately.

with the nesting vector q6 along the a axis and, finally, a
small electron element in the middle of the Brillouin zone
in the fourth band. The discs are unstable with even slight
changes of lattice parameters (they are shifted from the third
band). In a similar way, the electrons in the middle of the
fourth Brillouin zone are also unstable. It is worth underlining
that the ferromagnetic FS is typically metallic, with nesting
properties along all axes that may favour both magnetism
and/or superconductivity.

A detailed insight into the electronic structure can be
gained from, e.g., dHvA measurements. Unfortunately, we
are not aware of any dHvA experiments not only for UCoGe
but also for the whole family of 1:1:1 uranium ternaries
UT(Si, Ge). In an attempt to initiate possible experiments, we
provide here dHvA frequencies and their angular dependences
in both the non-magnetic and ferromagnetic states of UCoGe
as a representative of the UT(Si, Ge) family. The extremal
orbits have been calculated using the numerical scheme
presented in [19], which outlined in detail an earlier work
on this subject [22]. In tables 4 and 5 we gather calculated
values of the dHvA frequencies F for the non-magnetic and
ferromagnetic states of UCoGe, respectively. The extremal
orbits for a magnetic field H orientation along the [001], [100]
and [010] directions are displayed in figure 8 and labelled with
Greek letters and corresponding band numbers.

The FS in the non-magnetic state (see figure 7) consists
of four sheets and thus there are four extremal orbits for

Figure 7. Calculated FS sheets of UCoGe in the non-magnetic
(left-hand panel) and ferromagnetic (along the c axis) (right-hand
panel) states, drawn separately for each band in the orthorhombic
Brillouin zone with marked high symmetry points and possible
nesting vectors q1, . . . , q6 with respective lengths: 0.41 (2π/c), 0.73
(2π/b), 0.48 (2π/a), 0.53 (2π/c), 0.90 (2π/a), 0.85 (2π/a).

Table 4. Calculated dHvA frequencies F (in kT) with H ‖ c for
UCoGe in the non-magnetic state.

H Orbits Band no Central point Area (kT )

001 α 251 T′
k b=0.70 0.747

β 253 S 1.113
γ 253 %k c=0.15 0.362
δ 255 S 0.213

Table 5. Calculated dHvA frequencies F (in kT) with H ‖ a, H ‖ c,
and H ‖ b for UCoGe in the ferromagnetic state.

H Orbits Band no Central point Area (kT )

100 ρ 253 % 1.237
φ 253 X ′

k a=0.20 0.852
µ 253 X ′′

k a=0.45 2.250
λ 253 X 1.325
ξ 254 X 1.295

001 χ 252 Z 0.270
ω 252 Z 3.726

010 τ 252 Z 1.748
η 252 Z′

k a=0.16 1.442

a magnetic field along the c-axis direction. In table 4 the
extremal orbits denoted as β and δ are connected with those FS
sheets centred at the S point, while α and γ orbits correspond
to those located close to the T and % points centred at k points
(0.0, 0.70, 0.47) and (0.00 0.30 0.15), respectively. We expect
that α and γ orbits are very sensitive to both the alignment of
the magnetic field and purity of the crystal due to their shapes
and locations. It is quite clear (see figure 7) that there are
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a magnetic field along the c-axis direction. In table 4 the
extremal orbits denoted as β and δ are connected with those FS
sheets centred at the S point, while α and γ orbits correspond
to those located close to the T and % points centred at k points
(0.0, 0.70, 0.47) and (0.00 0.30 0.15), respectively. We expect
that α and γ orbits are very sensitive to both the alignment of
the magnetic field and purity of the crystal due to their shapes
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heavy, but low carrier numbers

m0 = 0.4 μB m0 = 0.05 μB

Similar to URu2Si2, maybe...

εF ∼
�eF

m∗ gµBσBand Zeeman energy
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Fermi surface reconstruction in URu2Si2
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Low carrier system
Fermi surface reconstruction by spin polarization
Lifshitz transition

Note that each of the! and!0 branches is split itself into
two frequencies. Possible origins of this effect are that the
spin-up and spin-down branches are split nonlinearly with
the magnetic field or a warping of the corresponding FS
pocket. Because the frequencies lie very close to each
other, two separated peaks appear only for some angles
in the FFT. But the beating in the raw data [see Fig. 1(b)] is
clear evidence that even the peak for H k c must inhibit a
second peak with a small amplitude and very close fre-
quency. The approximate position of this peak is schemati-
cally plotted as a dashed line in Fig. 2(a). For higher angles
and increasing Hc2, the resolution of the FFT becomes too
poor to decide whether two frequencies exist, but the
decreased beat frequency at 42! implies that the splitting
must have decreased. Increasing the field causes additional
‘‘side peaks’’ with unclear origin to appear just above both
the! and!0 branches. The detailed field dependence of the
SdH spectra is a subject for further study. This is the reason
why only spectra for the lower field range 5 T<H < 8 T
are shown here.

The frequency of the new heavy band" is independent of
the angle. It could only be observed for small angles. For
higher angles above 30!, where F# is close to F", only one
peak with a light mass in agreement with the # branch is
observed. In Fig. 2(b) we show the angular dependence of
the cyclotron masses. All masses, besides m?

", decrease
with increasing angle. As we are not able to measure close
to H k a, we cannot exclude that the masses rise strongly
in this direction due to the interaction of the electrons
with the Ising-like longitudinal excitations. An increase
for H k a has been observed for the $ branch [black stars
in Fig. 2(b)] [25]. From the angular dependence of Hc2 we
expect to see higher masses for H k a than for H k c.
Assuming spherical isotropic FS’s with an extremal cross
sectional area SF ¼ 2%e@ F ¼ %k2F, where F is the oscilla-
tion frequency, we can estimate the Sommerfeld coefficient

# with the determined cyclotron masses # # P
i
k2BVm

$
i kFi

3@2 ,

where V ¼ 49 cm3=mol is the molar volume of URu2Si2.
Counting the heaviest branch ! four times and the other
bands once, we obtain # # 37:5 mJ=molK2. From specific
heat a Sommerfeld term of # # 65 mJ=molK2 has been
measured [10]. We have not detected any other branch.
Such a branch should exist. Assuming that the mean free
path is not much lower than in detected branches, the
effective mass should be m? > 70me due to the sensitivity
of our experiment. The modest # term and the low charge
carrier concentration limit the size of this branch to the
same order of magnitude as the branches already detected.
The missing branch is predicted in Ref. [7] and required for
compensation.

By applying pressure, the system switches from the
HO phase to the AF phase. The FS properties in both
phases were detected. Figure 3(a) shows the magnetoresis-
tance of URu2Si2 for different pressures. Up to
P ¼ 0:85 GPa, we see a clear kink at around Hkink#8T.

The kink was also observed in the two high quality samples
we measured at ambient pressure in the same geometry
[see Fig. 1(a)]. The kink is smeared out very quickly with
temperature and disappears above roughly 200 mK. Above
Hkink, an oscillation with very low frequency f < 10 T
appears [see Fig. 3(b)]. In thermoelectric power a mini-
mum appears at approximately the same field [28]. This is
an indication of a reordering of the FS, possibly due to the
polarization of a band for H >Hkink, as schematically
presented in the upper part of Fig. 3(c), and thus entering
into the framework of a Lifshitz transition. The kink dis-
appears for the last two pressures in the AF phase. This
could result from the higher charge gap and therefore the
lower lying band in the AF phase, as in the lower part of
Fig. 3(c). Additionally, the decreased mass under pressure
(see below) leads to a decreased magnetic susceptibility
and a decreased polarization with the magnetic field. In this
sample, under the present pressure conditions, the critical
pressure Px is near 0.85 GPa. In relation to the disappear-
ance of the kink, there is an abrupt change in the tempera-
ture dependence of the resistivity at zero field and in
the superconducting parameters TSC and Hc2 between
0.85 GPa and 1.32 GPa [29].
A previous pressure study of quantum oscillations could

only follow the $ branch with light mass [22]. However, in
the pressure experiment presented here, all the branches
besides the " branch can be detected. Figure 4(a) presents
the FFT spectra for two pressures. A small change in the
spectra is seen for the! branch at high pressure deep inside
the AF phase. It is clearly split into two separate peaks with
nearly the same masses. Recalling that at low pressure
there is a second small peak within the ! peak, the analysis
shows that the splitting increases at Px and the amplitude
of the second peak increases strongly. The reason for the
increased splitting in the AF phase may be a stronger
nonlinear field dependence of the SdH frequencies or a
stronger warping of the corresponding FS pocket. But this

FIG. 3 (color online). (a) Pressure dependence of the magne-
toresistance of URu2Si2 for three pressures in the whole mea-
sured field range. (b) Low frequency oscillation appearing above
the kink field Hkink. (c) Schematic field dependence of a band in
the HO and AF phases.
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Quantum oscillations in UCoGe
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From the temperature dependence of the SdH amplitude
for the field tilted 10! from the b- to c-axis, for the field
range from 22 to 34 T, we determined the cyclotron effective
mass m"

c at the effective field of 27 T. The obtained cyclotron
mass for branch ! is very large, 25m0, although the SdH
frequency is relatively small. Assuming a spherical Fermi
surface, the Sommerfeld coefficient " is described as " ¼
ðkB2V=3h! 2Þm"

ckF, where V is molar volume, kF is Fermi
wavenumber obtained from the SdH frequency F ¼ ðh!c=
2#eÞ#kF2. The "-value from specific heat experiments,
"Cp is a sum of "-values contributed from each Fermi
surface.23) The cyclotron mass 25m0 and the SdH frequency
1 kT yield " ¼ 7mJ/(K2&mol). This value is still not enough
to account for the total "-value, "Cp ¼ 55mJ/(K2&mol) at
zero field obtained by specific heat experiments, indicating
that there are still undetected Fermi surfaces with large
cyclotron masses. It is worth noting that "Cp at 27 T should
be reduced, due to the field dependence of the A coefficient
of resistivity, as discussed below. If we assume "Cp at 27 T
is half of the value at zero field, the detected value " ¼ 7
mJ/(K2&mol) at 27 T from one spin-splitting band is not so
low by comparison to the total value.

The Fermi surface corresponding to branch ! occupies
only 2% of the volume of the Brillouin zone, assuming a
spherical Fermi surface. In general, a large Fermi surface
has a large cyclotron mass.24) The value of 2% is unusually
small, although the cyclotron mass is very large implying

that UCoGe is a low carrier system with heavy effective
masses. This situation also resembles the case of the well
known heavy fermion superconductor URu2Si2, where the
multiple small pockets Fermi surface possesses a heavy
mass, for example, branch $ (0.4–1.6% of the volume of the
Brillouin zone) has a mass of approximately 23m0.

UCoGe is a compensated metal with equal carrier
numbers of electrons and holes since four molecules exist
in the unit cell. A recent band calculation based on the 5f
itinerant model predicts small pocket Fermi surfaces,
indicating it is a semimetal in the paramagnetic state.25) In
the ferromagnetic state, the calculated Fermi surfaces with
the spin and orbital polarization are more metallic but the
carrier number is still small. For H k b-axis in the
ferromagnetic state, two dHvA (SdH) frequencies which
come from a closed Fermi surface are predicted, 1.7 and
1.4 kT. These values are close to the present results.

Furthermore, the thermopower experiment26) reveals a
large value of S=T in zero temperature limit. This is
consistent with the present result in terms of low carrier with
heavy mass, since the low temperature Seebeck coefficient
corresponds to the density of states per carrier. If the carrier
number is small, the value of ðS=T Þ=" is large, as reported in
URu2Si2.

27)

For further analysis, we have checked the field de-
pendence of the SdH frequency. As shown in Fig. 5(a), the
observed SdH frequency strongly decreases with fields
("Fobs=Fobs ' 7% from 24 to 30 T). It must be noted that
the observed frequency Fobs does not directly correspond to
the true frequency Ftr when Fobs is field-dependent, because
Fobs is the back projection of Ftr to zero field. It is described
by Fobs ¼ Ftr (H dFtr=dH.28) Here we use H instead of B,
since the ordered moment is small. Two cases are considered
as speculation of the field dependent Ftr. The first case is that
Ftr decreases with field as shown in the inset of Fig. 5(a)
denoted as Ftrð1Þ. The volume of the Fermi surface shrinks
as a function of the field. The second case is that Ftr

increases with field, which is shown as Ftrð2Þ. Since there are
no reports on high field magnetization, we cannot definitely
choose the one which is the correct case. However, if we
assume the magnetization curve of UCoGe is similar to that
of URhGe, that is the magnetization for H k b-axis may be
saturated above '10{14T, the former case Ftrð1Þ is
plausible. Namely, the detected Fermi surface, which might
be attributed to the minority Fermi surface due to the
Zeeman spin splitting effect, shrinks with field, while
another undetected Fermi surface from majority Fermi
surface expands. It is worth noting that similar field-
dependent frequencies are reported in several heavy fermion
compounds, such as CeRu2Si2,

29) UPt3,
30) and YbRh2Si2.

31)

The cyclotron effective mass also shows field dependent
behavior as shown in Fig. 5(b). With increasing field, the
cyclotron mass decreases from 30m0 at 24 T to 21m0 at
30 T. This is consistent with the field dependent A
coefficient of resistivity, as shown in the inset of Fig. 5(b).
From the Kadowaki-Woods ratio, which is roughly valid
when the local magnetic fluctuations play a main role, the
"-value or the cyclotron mass m"

c can be evaluated as
m"

c / " /
ffiffiffiffi
A

p
. Above 14 T,

ffiffiffiffi
A

p
slightly decreases and it

should be expected to continuously decrease because the
superconductivity governed by the orbital limit based on the
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Fig. 3. (Color online) Typical FFT spectrum for the field tilted 10! from
b- to c-axis in UCoGe. The inset shows the corresponding SdH oscillation.
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SdH experiments at high field in UCoGe

Cp (total): γ = 55 mJ/K2mol

small pocket Fermi surface with heavy mass

F =
�c

2πe
SF

small volume (2%) in BZ, but
γ ~ 7 mJ/K2mol (13%)

25 m0

D. Aoki et al. JPSJ 80 (2011) 013705

low carrier & heavy mass 
   → Fermi surface is easily affected by H

similar to URu2Si2
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Field dependence of Freq. and m*
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Anisotropic field dependence of m*

zero field is clearly detected as a bend of resistivity at 2.6K,
as shown by an arrow. With increasing fields, the bend
corresponding to TCurie shifts to lower temperature. This
is quite different from the field behavior of conventional
ferromagnets, in which TCurie seems to increase with field but
the FM anomaly is rapidly smeared out; it cannot be defined
under high magnetic fields, because the FM transition at zero
field becomes the crossover from PM state to FM state. As
shown in the inset of Fig. 3(a), the field dependence of the
resistivity at constant temperatures shows a broad bend
at high field, which shifts to lower field with increasing
temperature. The field–temperature phase diagram for
H k b-axis is shown in Fig. 3(b). Here we refer to the critical
temperature as TCurie, since its extrapolation to zero field
corresponds to the establishment of the FM order. TCurie or
the field corresponding to TCurie is followed by the 2nd
derivative of the resistivity against temperature or field. TCurie
is initially invariant with increasing field and shifts to lower
temperature at high fields. Interestingly, TCurie extrapolated to
0K seems to be connected to the collapse of SC phase. It
should be noted that when the field direction is slightly tilted
from b-axis, the anomaly due to TCurie is rapidly smeared
out.

In order to clarify the origin of the unusual Hc2 curves, we
have analyzed the resistivity data in the normal state and
obtained the field dependence of the A coefficient normal-
ized by the A coefficient at zero field, as shown in Fig. 4.
The resistivity at constant fields follows the quadratic

temperature dependence, namely ! ¼ !0 þ AT2, in the
whole field range at least below 1K. At first glance, A for
H k c-axis is strongly suppressed with increasing field, on
the other hand, A for H k a-axis slightly decreases but
remains large. A for H k b-axis initially decreases, but then
increases and becomes maximum around 14 T, and finally
decreases. If we assume the validity of the Kadowaki–
Woods relation (A / "2), where " is the electronic specific
heat coefficient, Fig. 4 corresponds to the field dependence
of the square value of the effective mass, namely A / m#2.

According to the McMillan-type formula,12) which is also
applicable to spin-triplet superconductivity mediated by spin
fluctuations,1,13) Tsc is determined by the following equation,
Tsc / exp½%ð# þ 1Þ=#(, where # is the coupling constant
related with m# and the band mass mB via the expression
m# ¼ ð1þ #ÞmB. Thus Tsc will increase, if the correlation of
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SUMMARY
• FM-QCEP in UGe2

• Field reinforced SC for H // hard-mag axis (URhGe, UCoGe)
• Suppression of huge Hc2 with P in UCoGe
• FM fluctuations→feedback to Fermi surface instabilities in UCoGe

through the positive metamagnetic feedback, leading to an
increase of TscðPÞ just right at the maximum at Px.

The de Haas–van Alphen (dHvA) experiments under
pressure reveal that Fermi surfaces between FM2, FM1,
and PM are quite different each other. For H k b-axis, where
FM2, FM1 and PM phases are not affected by the magnetic
fields, dHvA branches of FM2 phase disappears in FM1 and
new branches exhibit in FM2.35,36) In PM phase, completely
new branches are observed again. The cyclotron effective
mass gradually increases with increasing pressure up to Px

and in PM phase quite large effective masses ranging from
20m0 to 60m0 are detected, in agreement with the pressure
dependence of the !-value.28) For H k a-axis, the field re-
entrant FM1 and FM2 phases occurs, as shown in Fig. 5,
thus the results are more complicated.37,38) Nevertheless, the

drastic change of Fermi surfaces is detected by crossing
FM1, FM2 and PM phase boundary. The cyclotron effective
mass increases, approaching to Hx. The change of Fermi
surface is also found for H k c-axis, as well.39)

An interesting theoretical scenario proposed for the weak
itinerant ferromagnet ZrZn2 is the quantum metamagnetic
transition associated with the topological change of Fermi
surfaces, as proposed for a Lifshitz transition.40) The Fermi
surface study under pressure can be found in ref. 41. In
UGe2, there is an evidence by the combined resistivity and
Hall effect measurements32) that the topological change of
Fermi surface from PM to FM1 can be tuned by the pressure
and field, following the wing-shaped (T ; P;H) phase
diagram predicted in ‘‘conventional’’ spin fluctuation
approaches of FM-QCEP.

3. URhGe: A Ferromagnetic Superconductor at
Ambient Pressure and Field-Reentrant SC

Although the discovery of pressure induced SC in UGe2
can be a major breakthrough, the ambient pressure case
provides much variety of experimental methods which goes
deep inside the understanding of unconventional SC. The
discovery of SC at ambient pressure in the weak ferromagnet
URhGe with Tsc ¼ 0:26K, TCurie ¼ 9:5K, and M0 ¼ 0:4"B

opened the new opportunities.14)

The properties of URhGe is summarized in Table I. The
crystal structure is orthorhombic TiNiSi-type, as shown in
Fig. 1. The U atom forms the zig-zag chain along a-axis
with the distance of dU{U ¼ 3:50 !A, which is close to the so-
called Hill limit associated with the direct overlap of
5f -wave function.42) Figure 7 shows the !-value and the
magnetic ordered temperature as a function of the distance
of the next nearest neighbor on U atom dU{U in UTGe (T:
transition element) family.43) The systematic variation can
be seen. The PM ground state is realized for the small dU{U,

Fig. 5. (Color online) Temperature–pressure–field phase diagram of UGe2 for H k M0 (a-axis).30,32)
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