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0.4 K [8]. Although the complexity of these materials is a direct manifestation of the richness of
their physics, our fundamental understanding of the nature of heavy-fermion superconductivity
would profit substantially from the existence of a simpler example. CeCoIn5 appears to be
such a material.

CeCoIn5 forms in the tetragonal HoCoGa5 crystal structure with lattice constants a =
4.62 Å and c = 7.56 Å [10]. The structure is built up of alternating layers of CeIn3 (a heavy-
fermion antiferromagnet in which superconductivity can be induced with applied pressure [3])
and ‘CoIn2’ [11], and is analogous to its isostructural relatives CeRhIn5 [12] and CeIrIn5 [8].
Single crystals of CeCoIn5 were synthesized from an In flux by combining stoichiometric
amounts of Ce and Co with excess In an alumina crucible and encapsulating the crucible
in an evacuated quartz ampoule. Because of the deep eutectic formed between Ce and Co
and the strong phase stability of CeIn3, growth of CeCoIn5 appears to be optimized in dilute
(3 at.% Ce) melts with a two-stage cooling process—an initial rapid cooling from 1150 ◦C,
where the molten material is homogenized, to 750 ◦C and then a slower cool to 450 ◦C, at which
point the excess flux is removed with a centrifuge. The resultant crystals are well-separated,
faceted platelets with characteristic dimensions 3 mm × 3 mm × 0.1 mm.

Figure 1 shows the magnetic susceptibility χ and electrical resistivity ρ of CeCoIn5. The
magnetic susceptibility is anisotropic, with χ larger for a magnetic field applied along the
tetragonal c-axis. The rapid upturn at low temperature for χ ∥ c is intrinsic and is a common
feature of the CeMIn5 materials (see figure 3 below). At high temperatures (T > 200),
χ−1 is linear in temperature and a paramagnetic Weiss temperature of −83 K (−54 K) is
found when the magnetic field is applied parallel (perpendicular) to the c-axis. The effective
moment obtained from a polycrystalline average of these data is 2.59 µB , consistent with
the free-ion expectation for Ce3+ (2.54 µB). The resistivity of CeCoIn5 is typical of heavy-
fermion materials: weakly temperature dependent above a characteristic temperature, here
∼30 K, and then showing a rapid decrease at lower temperature. This behaviour is generally
attributed to a crossover from strong, incoherent scattering of electrons at high temperature
to the development of strongly correlated Bloch states at low temperature. Below ∼20 K
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Figure 1. Magnetic susceptibility and electrical resistivity of CeCoIn5. Susceptibility is measured
in a 1 kOe field applied parallel (circles) or perpendicular (squares) to the c-axis of CeCoIn5 using
a SQUID magnetometer. The inset shows zero-field-cooled magnetic susceptibility (circles) as a
fraction of 1/4π measured in 10 Oe and resistivity (triangles) in the vicinity of the superconducting
transition.
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Figure 1. Magnetic susceptibility and electrical resistivity of CeCoIn5. Susceptibility is measured
in a 1 kOe field applied parallel (circles) or perpendicular (squares) to the c-axis of CeCoIn5 using
a SQUID magnetometer. The inset shows zero-field-cooled magnetic susceptibility (circles) as a
fraction of 1/4π measured in 10 Oe and resistivity (triangles) in the vicinity of the superconducting
transition.
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where the molten material is homogenized, to 750 ◦C and then a slower cool to 450 ◦C, at which
point the excess flux is removed with a centrifuge. The resultant crystals are well-separated,
faceted platelets with characteristic dimensions 3 mm × 3 mm × 0.1 mm.

Figure 1 shows the magnetic susceptibility χ and electrical resistivity ρ of CeCoIn5. The
magnetic susceptibility is anisotropic, with χ larger for a magnetic field applied along the
tetragonal c-axis. The rapid upturn at low temperature for χ ∥ c is intrinsic and is a common
feature of the CeMIn5 materials (see figure 3 below). At high temperatures (T > 200),
χ−1 is linear in temperature and a paramagnetic Weiss temperature of −83 K (−54 K) is
found when the magnetic field is applied parallel (perpendicular) to the c-axis. The effective
moment obtained from a polycrystalline average of these data is 2.59 µB , consistent with
the free-ion expectation for Ce3+ (2.54 µB). The resistivity of CeCoIn5 is typical of heavy-
fermion materials: weakly temperature dependent above a characteristic temperature, here
∼30 K, and then showing a rapid decrease at lower temperature. This behaviour is generally
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Figure 1. Magnetic susceptibility and electrical resistivity of CeCoIn5. Susceptibility is measured
in a 1 kOe field applied parallel (circles) or perpendicular (squares) to the c-axis of CeCoIn5 using
a SQUID magnetometer. The inset shows zero-field-cooled magnetic susceptibility (circles) as a
fraction of 1/4π measured in 10 Oe and resistivity (triangles) in the vicinity of the superconducting
transition.

after which it slowly recovers towards n! ! 2 [Fig. 3(c)].
For x ¼ 0:775, we find that A # 0:036 "! cm=K2, imply-
ing that the ground state is a heavy Fermi liquid at this
concentration. In order to explore this perspective, we have
calculated the Kadowaki-Woods ratio RKW ¼ A=#2, which
gives the relationship between the coefficient # of the
electronic specific heat and the coefficient A of the T2

contribution to the electrical resistivity, assuming that
the system exhibits heavy FL behavior at low T. If we
consider #ð2:3 KÞ ¼ 140 mJ=mol-K2 (Table I), then
RKW ¼ 1:86& 10'6 "! cmðmol-K=mJÞ2. This value is
intermediate between what is expected for Ce- and Yb-
based heavy fermion compounds [17,18], emphasizing that
strong electronic correlations persist up to x # 0:775. SC
transitions are clearly observed in !ðTÞ for 0 ( x ( 0:65
[Fig. 2(c)], and there is a monotonic suppression of Tc with

increasing Yb concentration [Fig. 3(b)]. In particular, we
note that the Tc vs x curve extrapolates to 0 K near x ¼ 1,
emphasizing that the SC is anomalously robust in the
presence of Yb substituents.
Magnetic susceptibility ($) measurements were carried

out as a function of T by using a Quantum Design SQUID
magnetometer in H ¼ 0:5 T. Figures 4(a) and 4(b) show
$ðTÞ in the normal state forH applied in the ab plane, $ab,
and along the c axis, $c. The ratio of $ab to $c at
T ¼ 2:3 K is !0:5 [inset in Fig. 4(a)]. Surprisingly, $ðTÞ
retains a T dependence that is nearly identical to that of
x ¼ 0 for x ( 0:775; i.e., Curie-Weiss behavior is observed
at high T, after which $ðTÞ saturates below 50 K, consistent
with the onset of Kondo-like demagnetization and the
coherent behavior observed in !ðTÞ. These results are
contrary to what would be expected if the Yb ions were
to enter the lattice in the nonmagnetic divalent state, in
which case $ðTÞ should scale with (1' x). Finally, $ðTÞ
again increases upon cooling below 20 K, contrary to
the behavior of ideal HF compounds which are expected
to remain in a FL state with a nearly T-independent
$ as T approaches 0 K. This upturn appears to be an
intrinsic effect and not due to magnetic impurities, since
we find that MðHÞ curves at low T do not saturate up to
70 kOe [19]. Between 1.8 and !20 K, $c can be fit by the
form $c ¼ $cð0Þ þ a=Tn$ , consistent with the NFL behav-
ior observed in !ðTÞ and CðTÞ. Figure 3(d) shows the
parameters n$.
The specific heat (C) was measured for 0:3 K (

T ( 5 K in a Quantum Design Physical Properties
Measurement System semiadiabatic calorimeter using a
heat-pulse technique. Figure 5 shows C=T vs T for several
values of x. The electronic-specific-heat coefficient
# ¼ C=T, estimated to be the value of C=T near 2.3 K
(Table I), reveals a substantial mass renormalization
(# / m*) that persists up to x ¼ 0:65, after which # is
suppressed. Additionally, C=T tends to increase with
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FIG. 3. (a) Coherence temperature Tcoh, where !ðTÞ exhibits a
maximum (or knee) vs x. The error bars represent the width of the
maximum, defined as the T ! ¼ 0:95!coh. (b) Circles: Tc deter-
mined from !ðTÞ measurements vs x for Ce1'xYbxCoIn5. The
vertical bars correspond to the 90% and 10% values of the
superconducting transitions. Triangles: Tc, determined from
CðTÞ measurements vs x. The solid line shows the suppression
of Tc as reported for other rare earth substitutions [12]. (c) Fit
parameters n!, extracted from power law ! ¼ !0 þ ATn! fits to

the normal-state resistivity vs x. (d) Fit parameters n$, determined

from fits of $c ¼ $cð0Þ þ a=Tn$ to the normal-state $ðTÞ vs x.
The light gray shading represents the region of phase separation.

TABLE I. Superconducting parameters for samples of
Ce1'xYbxCoIn5. The values of Tc have been determined from
specific heat data."C is the jump inCðTÞ atTc, and#ð2:3 KÞ is the
estimated electronic-specific-heat coefficient at 2.3 K.

x Tc "C #ð2:3 KÞ
(K) (mJ=mol K) (mJ=molK2)

0 2.29 3460 357
0.05 2.16 3040 373
0.10 2.09 2240 347
0.125 1.97 1810 332
0.50 1.19 235 330
0.65 283
0.775 140
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FIG. 4 (color online). (a) Magnetic susceptibility along the ab
plane$ab vs temperatureT forCe1'xYbxCoIn5. Inset:Ratio of$ab

to$c at T ¼ 2:3 K. (b)Magnetic susceptibility along the c axis$c

vs T for Ce1'xYbxCoIn5. Data for x ¼ 0 are from Ref. [23].
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feature of the CeMIn5 materials (see figure 3 below). At high temperatures (T > 200),
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the free-ion expectation for Ce3+ (2.54 µB). The resistivity of CeCoIn5 is typical of heavy-
fermion materials: weakly temperature dependent above a characteristic temperature, here
∼30 K, and then showing a rapid decrease at lower temperature. This behaviour is generally
attributed to a crossover from strong, incoherent scattering of electrons at high temperature
to the development of strongly correlated Bloch states at low temperature. Below ∼20 K

0 100 200 300
0

5

10

15

0 100 200 300
0

10

20

1 2 3
-1.0

-0.5

0.0

1 2 3
0

2

4

CeCoIn
5M

/H
(1

0-3
em

u/
m

ol
)

temperature (K)

ρ
(µ

Ω
cm

)

Figure 1. Magnetic susceptibility and electrical resistivity of CeCoIn5. Susceptibility is measured
in a 1 kOe field applied parallel (circles) or perpendicular (squares) to the c-axis of CeCoIn5 using
a SQUID magnetometer. The inset shows zero-field-cooled magnetic susceptibility (circles) as a
fraction of 1/4π measured in 10 Oe and resistivity (triangles) in the vicinity of the superconducting
transition.

after which it slowly recovers towards n! ! 2 [Fig. 3(c)].
For x ¼ 0:775, we find that A # 0:036 "! cm=K2, imply-
ing that the ground state is a heavy Fermi liquid at this
concentration. In order to explore this perspective, we have
calculated the Kadowaki-Woods ratio RKW ¼ A=#2, which
gives the relationship between the coefficient # of the
electronic specific heat and the coefficient A of the T2

contribution to the electrical resistivity, assuming that
the system exhibits heavy FL behavior at low T. If we
consider #ð2:3 KÞ ¼ 140 mJ=mol-K2 (Table I), then
RKW ¼ 1:86& 10'6 "! cmðmol-K=mJÞ2. This value is
intermediate between what is expected for Ce- and Yb-
based heavy fermion compounds [17,18], emphasizing that
strong electronic correlations persist up to x # 0:775. SC
transitions are clearly observed in !ðTÞ for 0 ( x ( 0:65
[Fig. 2(c)], and there is a monotonic suppression of Tc with

increasing Yb concentration [Fig. 3(b)]. In particular, we
note that the Tc vs x curve extrapolates to 0 K near x ¼ 1,
emphasizing that the SC is anomalously robust in the
presence of Yb substituents.
Magnetic susceptibility ($) measurements were carried

out as a function of T by using a Quantum Design SQUID
magnetometer in H ¼ 0:5 T. Figures 4(a) and 4(b) show
$ðTÞ in the normal state forH applied in the ab plane, $ab,
and along the c axis, $c. The ratio of $ab to $c at
T ¼ 2:3 K is !0:5 [inset in Fig. 4(a)]. Surprisingly, $ðTÞ
retains a T dependence that is nearly identical to that of
x ¼ 0 for x ( 0:775; i.e., Curie-Weiss behavior is observed
at high T, after which $ðTÞ saturates below 50 K, consistent
with the onset of Kondo-like demagnetization and the
coherent behavior observed in !ðTÞ. These results are
contrary to what would be expected if the Yb ions were
to enter the lattice in the nonmagnetic divalent state, in
which case $ðTÞ should scale with (1' x). Finally, $ðTÞ
again increases upon cooling below 20 K, contrary to
the behavior of ideal HF compounds which are expected
to remain in a FL state with a nearly T-independent
$ as T approaches 0 K. This upturn appears to be an
intrinsic effect and not due to magnetic impurities, since
we find that MðHÞ curves at low T do not saturate up to
70 kOe [19]. Between 1.8 and !20 K, $c can be fit by the
form $c ¼ $cð0Þ þ a=Tn$ , consistent with the NFL behav-
ior observed in !ðTÞ and CðTÞ. Figure 3(d) shows the
parameters n$.
The specific heat (C) was measured for 0:3 K (

T ( 5 K in a Quantum Design Physical Properties
Measurement System semiadiabatic calorimeter using a
heat-pulse technique. Figure 5 shows C=T vs T for several
values of x. The electronic-specific-heat coefficient
# ¼ C=T, estimated to be the value of C=T near 2.3 K
(Table I), reveals a substantial mass renormalization
(# / m*) that persists up to x ¼ 0:65, after which # is
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TABLE I. Superconducting parameters for samples of
Ce1'xYbxCoIn5. The values of Tc have been determined from
specific heat data."C is the jump inCðTÞ atTc, and#ð2:3 KÞ is the
estimated electronic-specific-heat coefficient at 2.3 K.
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FIG. 3: Temperature-dependent London penetration depth of (a) La and Nd and (b) Yb substituted substituted CeCoIn5,
plotted vs normalized (T/T

c

)2 scale. The dependence in pure material S1 shows clear downturn consistent with n = 1.2 < 2. The
data for La and Nd doped samples for all doping levels follow closely T

2 dependence expected in dirty nodal superconductors.
In Yb-substituted samples a clear crossover from sub-linear to super-linear plot can be noticed, suggesting rapid increase of
exponent n and n > 2 for samples with x=0.1 and 0.2. (c) Floating fitting range analysis of the temperature dependent
London penetration depth in pure and Yb-substituted CeCoIn5 samples. The data were fit using power-law function over the
temperature range from base temperature to a temperature T

up

< T

c

/3, and the resultant exponent n was plotted as a function
of T
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FIG. 4: The exponent of the power-law dependence of London
penetration depth as a function of superconducting transition
temperature for La substitution (black circles), Nd substitu-
tion (blue triangles) and Yb substitution (red squares).

cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
discussed recently in relation to 115 compounds [30, 31]
and our data may hint in the same direction.

An alternative scenario for the explanation of the nodal
to nodeless evolution was considered by Coleman et al.

Kim et al (2014)
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0.4 K [8]. Although the complexity of these materials is a direct manifestation of the richness of
their physics, our fundamental understanding of the nature of heavy-fermion superconductivity
would profit substantially from the existence of a simpler example. CeCoIn5 appears to be
such a material.

CeCoIn5 forms in the tetragonal HoCoGa5 crystal structure with lattice constants a =
4.62 Å and c = 7.56 Å [10]. The structure is built up of alternating layers of CeIn3 (a heavy-
fermion antiferromagnet in which superconductivity can be induced with applied pressure [3])
and ‘CoIn2’ [11], and is analogous to its isostructural relatives CeRhIn5 [12] and CeIrIn5 [8].
Single crystals of CeCoIn5 were synthesized from an In flux by combining stoichiometric
amounts of Ce and Co with excess In an alumina crucible and encapsulating the crucible
in an evacuated quartz ampoule. Because of the deep eutectic formed between Ce and Co
and the strong phase stability of CeIn3, growth of CeCoIn5 appears to be optimized in dilute
(3 at.% Ce) melts with a two-stage cooling process—an initial rapid cooling from 1150 ◦C,
where the molten material is homogenized, to 750 ◦C and then a slower cool to 450 ◦C, at which
point the excess flux is removed with a centrifuge. The resultant crystals are well-separated,
faceted platelets with characteristic dimensions 3 mm × 3 mm × 0.1 mm.

Figure 1 shows the magnetic susceptibility χ and electrical resistivity ρ of CeCoIn5. The
magnetic susceptibility is anisotropic, with χ larger for a magnetic field applied along the
tetragonal c-axis. The rapid upturn at low temperature for χ ∥ c is intrinsic and is a common
feature of the CeMIn5 materials (see figure 3 below). At high temperatures (T > 200),
χ−1 is linear in temperature and a paramagnetic Weiss temperature of −83 K (−54 K) is
found when the magnetic field is applied parallel (perpendicular) to the c-axis. The effective
moment obtained from a polycrystalline average of these data is 2.59 µB , consistent with
the free-ion expectation for Ce3+ (2.54 µB). The resistivity of CeCoIn5 is typical of heavy-
fermion materials: weakly temperature dependent above a characteristic temperature, here
∼30 K, and then showing a rapid decrease at lower temperature. This behaviour is generally
attributed to a crossover from strong, incoherent scattering of electrons at high temperature
to the development of strongly correlated Bloch states at low temperature. Below ∼20 K
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Figure 1. Magnetic susceptibility and electrical resistivity of CeCoIn5. Susceptibility is measured
in a 1 kOe field applied parallel (circles) or perpendicular (squares) to the c-axis of CeCoIn5 using
a SQUID magnetometer. The inset shows zero-field-cooled magnetic susceptibility (circles) as a
fraction of 1/4π measured in 10 Oe and resistivity (triangles) in the vicinity of the superconducting
transition.

after which it slowly recovers towards n! ! 2 [Fig. 3(c)].
For x ¼ 0:775, we find that A # 0:036 "! cm=K2, imply-
ing that the ground state is a heavy Fermi liquid at this
concentration. In order to explore this perspective, we have
calculated the Kadowaki-Woods ratio RKW ¼ A=#2, which
gives the relationship between the coefficient # of the
electronic specific heat and the coefficient A of the T2

contribution to the electrical resistivity, assuming that
the system exhibits heavy FL behavior at low T. If we
consider #ð2:3 KÞ ¼ 140 mJ=mol-K2 (Table I), then
RKW ¼ 1:86& 10'6 "! cmðmol-K=mJÞ2. This value is
intermediate between what is expected for Ce- and Yb-
based heavy fermion compounds [17,18], emphasizing that
strong electronic correlations persist up to x # 0:775. SC
transitions are clearly observed in !ðTÞ for 0 ( x ( 0:65
[Fig. 2(c)], and there is a monotonic suppression of Tc with

increasing Yb concentration [Fig. 3(b)]. In particular, we
note that the Tc vs x curve extrapolates to 0 K near x ¼ 1,
emphasizing that the SC is anomalously robust in the
presence of Yb substituents.
Magnetic susceptibility ($) measurements were carried

out as a function of T by using a Quantum Design SQUID
magnetometer in H ¼ 0:5 T. Figures 4(a) and 4(b) show
$ðTÞ in the normal state forH applied in the ab plane, $ab,
and along the c axis, $c. The ratio of $ab to $c at
T ¼ 2:3 K is !0:5 [inset in Fig. 4(a)]. Surprisingly, $ðTÞ
retains a T dependence that is nearly identical to that of
x ¼ 0 for x ( 0:775; i.e., Curie-Weiss behavior is observed
at high T, after which $ðTÞ saturates below 50 K, consistent
with the onset of Kondo-like demagnetization and the
coherent behavior observed in !ðTÞ. These results are
contrary to what would be expected if the Yb ions were
to enter the lattice in the nonmagnetic divalent state, in
which case $ðTÞ should scale with (1' x). Finally, $ðTÞ
again increases upon cooling below 20 K, contrary to
the behavior of ideal HF compounds which are expected
to remain in a FL state with a nearly T-independent
$ as T approaches 0 K. This upturn appears to be an
intrinsic effect and not due to magnetic impurities, since
we find that MðHÞ curves at low T do not saturate up to
70 kOe [19]. Between 1.8 and !20 K, $c can be fit by the
form $c ¼ $cð0Þ þ a=Tn$ , consistent with the NFL behav-
ior observed in !ðTÞ and CðTÞ. Figure 3(d) shows the
parameters n$.
The specific heat (C) was measured for 0:3 K (

T ( 5 K in a Quantum Design Physical Properties
Measurement System semiadiabatic calorimeter using a
heat-pulse technique. Figure 5 shows C=T vs T for several
values of x. The electronic-specific-heat coefficient
# ¼ C=T, estimated to be the value of C=T near 2.3 K
(Table I), reveals a substantial mass renormalization
(# / m*) that persists up to x ¼ 0:65, after which # is
suppressed. Additionally, C=T tends to increase with
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FIG. 3. (a) Coherence temperature Tcoh, where !ðTÞ exhibits a
maximum (or knee) vs x. The error bars represent the width of the
maximum, defined as the T ! ¼ 0:95!coh. (b) Circles: Tc deter-
mined from !ðTÞ measurements vs x for Ce1'xYbxCoIn5. The
vertical bars correspond to the 90% and 10% values of the
superconducting transitions. Triangles: Tc, determined from
CðTÞ measurements vs x. The solid line shows the suppression
of Tc as reported for other rare earth substitutions [12]. (c) Fit
parameters n!, extracted from power law ! ¼ !0 þ ATn! fits to

the normal-state resistivity vs x. (d) Fit parameters n$, determined

from fits of $c ¼ $cð0Þ þ a=Tn$ to the normal-state $ðTÞ vs x.
The light gray shading represents the region of phase separation.

TABLE I. Superconducting parameters for samples of
Ce1'xYbxCoIn5. The values of Tc have been determined from
specific heat data."C is the jump inCðTÞ atTc, and#ð2:3 KÞ is the
estimated electronic-specific-heat coefficient at 2.3 K.

x Tc "C #ð2:3 KÞ
(K) (mJ=mol K) (mJ=molK2)

0 2.29 3460 357
0.05 2.16 3040 373
0.10 2.09 2240 347
0.125 1.97 1810 332
0.50 1.19 235 330
0.65 283
0.775 140
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FIG. 4 (color online). (a) Magnetic susceptibility along the ab
plane$ab vs temperatureT forCe1'xYbxCoIn5. Inset:Ratio of$ab

to$c at T ¼ 2:3 K. (b)Magnetic susceptibility along the c axis$c

vs T for Ce1'xYbxCoIn5. Data for x ¼ 0 are from Ref. [23].
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FIG. 3: Temperature-dependent London penetration depth of (a) La and Nd and (b) Yb substituted substituted CeCoIn5,
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)2 scale. The dependence in pure material S1 shows clear downturn consistent with n = 1.2 < 2. The
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In Yb-substituted samples a clear crossover from sub-linear to super-linear plot can be noticed, suggesting rapid increase of
exponent n and n > 2 for samples with x=0.1 and 0.2. (c) Floating fitting range analysis of the temperature dependent
London penetration depth in pure and Yb-substituted CeCoIn5 samples. The data were fit using power-law function over the
temperature range from base temperature to a temperature T
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FIG. 4: The exponent of the power-law dependence of London
penetration depth as a function of superconducting transition
temperature for La substitution (black circles), Nd substitu-
tion (blue triangles) and Yb substitution (red squares).

cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
discussed recently in relation to 115 compounds [30, 31]
and our data may hint in the same direction.

An alternative scenario for the explanation of the nodal
to nodeless evolution was considered by Coleman et al.

Kim et al (2014)
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after which it slowly recovers towards n! ! 2 [Fig. 3(c)].
For x ¼ 0:775, we find that A # 0:036 "! cm=K2, imply-
ing that the ground state is a heavy Fermi liquid at this
concentration. In order to explore this perspective, we have
calculated the Kadowaki-Woods ratio RKW ¼ A=#2, which
gives the relationship between the coefficient # of the
electronic specific heat and the coefficient A of the T2

contribution to the electrical resistivity, assuming that
the system exhibits heavy FL behavior at low T. If we
consider #ð2:3 KÞ ¼ 140 mJ=mol-K2 (Table I), then
RKW ¼ 1:86& 10'6 "! cmðmol-K=mJÞ2. This value is
intermediate between what is expected for Ce- and Yb-
based heavy fermion compounds [17,18], emphasizing that
strong electronic correlations persist up to x # 0:775. SC
transitions are clearly observed in !ðTÞ for 0 ( x ( 0:65
[Fig. 2(c)], and there is a monotonic suppression of Tc with

increasing Yb concentration [Fig. 3(b)]. In particular, we
note that the Tc vs x curve extrapolates to 0 K near x ¼ 1,
emphasizing that the SC is anomalously robust in the
presence of Yb substituents.
Magnetic susceptibility ($) measurements were carried

out as a function of T by using a Quantum Design SQUID
magnetometer in H ¼ 0:5 T. Figures 4(a) and 4(b) show
$ðTÞ in the normal state forH applied in the ab plane, $ab,
and along the c axis, $c. The ratio of $ab to $c at
T ¼ 2:3 K is !0:5 [inset in Fig. 4(a)]. Surprisingly, $ðTÞ
retains a T dependence that is nearly identical to that of
x ¼ 0 for x ( 0:775; i.e., Curie-Weiss behavior is observed
at high T, after which $ðTÞ saturates below 50 K, consistent
with the onset of Kondo-like demagnetization and the
coherent behavior observed in !ðTÞ. These results are
contrary to what would be expected if the Yb ions were
to enter the lattice in the nonmagnetic divalent state, in
which case $ðTÞ should scale with (1' x). Finally, $ðTÞ
again increases upon cooling below 20 K, contrary to
the behavior of ideal HF compounds which are expected
to remain in a FL state with a nearly T-independent
$ as T approaches 0 K. This upturn appears to be an
intrinsic effect and not due to magnetic impurities, since
we find that MðHÞ curves at low T do not saturate up to
70 kOe [19]. Between 1.8 and !20 K, $c can be fit by the
form $c ¼ $cð0Þ þ a=Tn$ , consistent with the NFL behav-
ior observed in !ðTÞ and CðTÞ. Figure 3(d) shows the
parameters n$.
The specific heat (C) was measured for 0:3 K (

T ( 5 K in a Quantum Design Physical Properties
Measurement System semiadiabatic calorimeter using a
heat-pulse technique. Figure 5 shows C=T vs T for several
values of x. The electronic-specific-heat coefficient
# ¼ C=T, estimated to be the value of C=T near 2.3 K
(Table I), reveals a substantial mass renormalization
(# / m*) that persists up to x ¼ 0:65, after which # is
suppressed. Additionally, C=T tends to increase with
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FIG. 3. (a) Coherence temperature Tcoh, where !ðTÞ exhibits a
maximum (or knee) vs x. The error bars represent the width of the
maximum, defined as the T ! ¼ 0:95!coh. (b) Circles: Tc deter-
mined from !ðTÞ measurements vs x for Ce1'xYbxCoIn5. The
vertical bars correspond to the 90% and 10% values of the
superconducting transitions. Triangles: Tc, determined from
CðTÞ measurements vs x. The solid line shows the suppression
of Tc as reported for other rare earth substitutions [12]. (c) Fit
parameters n!, extracted from power law ! ¼ !0 þ ATn! fits to

the normal-state resistivity vs x. (d) Fit parameters n$, determined

from fits of $c ¼ $cð0Þ þ a=Tn$ to the normal-state $ðTÞ vs x.
The light gray shading represents the region of phase separation.

TABLE I. Superconducting parameters for samples of
Ce1'xYbxCoIn5. The values of Tc have been determined from
specific heat data."C is the jump inCðTÞ atTc, and#ð2:3 KÞ is the
estimated electronic-specific-heat coefficient at 2.3 K.

x Tc "C #ð2:3 KÞ
(K) (mJ=mol K) (mJ=molK2)

0 2.29 3460 357
0.05 2.16 3040 373
0.10 2.09 2240 347
0.125 1.97 1810 332
0.50 1.19 235 330
0.65 283
0.775 140
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vs T for Ce1'xYbxCoIn5. Data for x ¼ 0 are from Ref. [23].
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cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
discussed recently in relation to 115 compounds [30, 31]
and our data may hint in the same direction.

An alternative scenario for the explanation of the nodal
to nodeless evolution was considered by Coleman et al.

Kim et al (2014)
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Figure 1. The pressure–temperature phase diagram of CePd2Si2. Magnetic (TN ) and super-
conducting (Tc) transition temperatures have been determined from the mid-points of d�/dT and
�, respectively. The inset shows the superconducting part of the phase diagram in more detail. As
can be inferred from figure 4, later, the transition width, �Tc, is typically of the order of 50 mK,
but rises towards the high- and low-pressure borders of the superconducting region.

room temperature resistivity to obtain an absolute resistivity scale2. Experiments were carried
out using a top-loading dilution refrigerator and an adiabatic demagnetization refrigerator.
Single crystals of CePd2Si2 and CeIn3 were prepared by a radio-frequency melting technique
in a water-cooled copper crucible and UHV chamber in which ultrapure argon under pressures
of up to 8 bar was introduced for part of the process. Further details of the preparation
process and of the sample characterization are given in [37]. The residual resistivity ratio
�(300 K)/�(T � 0 K) is approximately 50 at atmospheric pressure for the best crystals
of CePd2Si2 and 100 for CeIn3. Apart from the comparative study on the role of sample
quality shown in figure 5(b) later, all of the results on CePd2Si2 were obtained on a single
specimen with a resistance ratio RRR � �(300 K)/�0 � 34 (�0 � 1.4 µ� cm). A common
problem in the preparation of CeIn3 is the inclusion of small amounts of indium in the sample.
Care was taken to achieve vigorous stirring during the initial stages of preparation. Samples
were then checked for the presence of In inclusions by resistivity measurements below 4 K.
The superconducting phase diagram presented here was recorded on a sample with a minimal
amount of second phase, which is detected as an anomaly of order 1% in the resistivity trace. A
second sample with similar residual resistivity (0.6µ� cm versus 0.7µ� cm), but no detectable
indium inclusion was used in studying the normal-state properties, and in confirming the phase
diagram at selected pressures.

2 For CePd2Si2, the a-axis resistivity at ambient pressure was scaled to the room temperature value given in [30],
�(300 K)= 47 µ� cm, while for CeIn3, we assumed �(300 K)= 20 µ� cm for the ambient-pressure resistivity,
following [22].
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found that SC appears around pc, albeit in a very small pressure interval from 0.97 to 1.20
GPa, much smaller than previously thought (fig. 16). Again the optimal Tc ≃ 0.4 K. From the
Hc2 curves [98] at pc the coherence lengths ξc ≃ 240Å and ξa ≃ 310Å are obtained. The
anisotropy of Ha,c

c2 (0) may be caused by the anisotropic paramagnetic limiting effect (χc/χa
= 4), its observation also suggests a SC singlet pairing state. The dHvA results [100] show a
discontinuous change of FS topology at pc, also the effective masses increase by almost an order
of magnitude to m∗/m ≃ 30 above pc. Therefore the transition across the QCP was interpreted as
change from the low pressure AF local moment phase with light electrons to the paramagnetic
heavy electron state above pc [100].

Although the superficial appearance of quantum critical phase diagrams in fig. 16 is quite
similar for both compounds, there is an important difference: quite opposite to CePd2Si2 ,
CeRh2Si2 does not show any signature of NFL behaviour around pc, γ(T ) has no significant
T-depencence below 10 K and its value even increases up to 80 mJ/molK2 at pc due the sup-
pression of AF order [101]. This means there is no direct connection between NFL behaviour
in the QCP regime and the appearance of a SC dome. This conclusion can also be drawn from
the investigation of Ce155 compounds (sect. 3.4).

Indeed from the theoretical point of view there is no reason to expect such a connection as
can be concluded from the discussion in sect. 4. At the QCP the magnetic correlation length
ξm diverges as described by eq. (9). Accordingly the spectral maximum at an energy ∼ ξ −2

m
of critical spin fluctuations responsible for NFL behaviour shifts to zero on approaching the
QCP (eq.(45)). As explained in sect. 4, this increases the pair breaking effect due to low lying
spin excitations and hence should lead even to a suppression of Tc close to the QCP. The soft
spin fluctuations responsible for NFL behaviour in the Ce122 compounds close to the QCP are
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in good thermal contact with both the pressure cell and the sample
leads. To try to ensure adequate pressure and temperature homo-
geneity, a slow cooling rate from room temperature, typically
0.2 K min−1, was employed. Measurements were carried out from
room temperature to the millikelvin temperature range within a
pumped 4He cryostat, an adiabatic demagnetization refrigerator
and a top-loading dilution refrigerator.

Our key experimental results are summarized in Figs 2, 3. In the
materials studied, the antiferromagnetic ordering temperature TN,
at which there is a discontinuity in the gradient of the resistivity r
(not shown), was found to decrease slowly and monotonically with
increasing pressure, p. Over a wide region of the CePd2Si2 phase
diagram, TN is close to being linear in p, and extrapolation from this
regime to absolute zero allows us to define an effective critical
pressure pc of 28 kbar. In CeIn3, the variation of TN with p is more
rapid, and we estimate pc to be ,26 kbar. The behaviour of TN as it
falls below 1 K has not been resolved in these studies.

In the case of CePd2Si2, the resistivity r does not exhibit the
standard T 2 form expected of a Fermi liquid. Careful analysis shows
that near pc it in fact varies as T 1.260.1 over nearly two decades in
temperature down to the millikelvin range (Fig. 2, inset). Below
500 mK and in a narrow region near pc, we observe an abrupt drop
in r to below the detection limit, consistent with the occurrence of a
superconducting transition, as discovered during our initial obser-
vations in September 199437,38. At a given pressure, this transition
may be characterized by a temperature Tc, at which r falls to 50% of
its normal state value. The width of this transition grows markedly
as the pressure is varied away from pc. We stress that experimentally,
r is found to actually vanish only close to pc. By energizing a Nb–Ti
coil placed in our pressure cell, it was established that the upper
critical field Bc2 varies as dBc2ðpcÞ=dT, 2 6 T=K near Tc. This is a
high rate of change for such a small value of Tc—much higher than
the expected figure for a conventional superconductor. However,
it is the same order of magnitude as the value found in the
heavy fermion superconductor CeCu2Si2 (ref. 27). We note that in
a traditional analysis, the slope of Bc2(T ) at Tc implies a super-
conducting coherence length of 150 Å, a value which is below the
value of lmfp that we estimate for our best samples. No super-
conductivity has been observed in specimens with residual resistiv-
ities above several mQ cm, namely those with an estimated lmfp that is

substantially below y (for a similar example, see ref. 39).
In the case of cubic CeIn3, we find that very close to pc the normal

state resistivity assumes a non-Fermi liquid form, but this time40,41

varies as T 1.660.2. Thus, near their respective critical pressures, the
resistivity exponent in the cubic material is significantly higher than
it is in tetragonal CePd2Si2. In a very narrow region near pc, we again
see a sharp drop in r to below the detection limit, but at somewhat
lower temperatures than the transitions observed in CePd2Si2. This
is consistent with the occurrence of superconductivity in yet
another cerium compound on the edge of long-range magnetic
order40,41.

We stress that in each material studied, both the form of the
temperature dependence of the normal state resistivity, and the
nature and existence of the superconducting transition are sensitive
to sample quality. In particular, the superconducting transitions
appear only in samples with residual resistivities in the low mQ cm
range, as expected in the case of anisotropic pair states with
coherence lengths of the order of a few hundred ångströms.

Magnetic interactions
The observed temperature–pressure phase diagrams for both
CePd2Si2 and CeIn3 are at least qualitatively consistent with what
is expected in terms of the magnetic interactions model (Fig. 1). We
now consider a more quantitative comparison. In the following it is
assumed that the magnetic transition is continuous and that n is
close to nc. The incoherent scattering of quasiparticles via magnetic
interactions is then expected to lead to a resistivity of the form

r ¼ r0 þ ATx ð1Þ

where r0 and A are constants and the exponent x is smaller than two,
that is, smaller that it is in a conventional Fermi liquid at low T
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Néel temperature T
N

tends to absolute zero. Inset: the normal state a-axis

resistivity above the superconducting transition varies as T 1.260.1

over nearly two

decades in temperature

27,30

. The upper critical field B
c2

at the maximum value of T
c

varies near T
c

at a rate of approximately −6 T/K. For clarity, the values of T
c

have

been scaled by a factor of three, and the origin of the inset has been set at 5K

below absolute zero.

0

5

10

0 10 20 30

Te
m

pe
ra

tu
re

 (K
)

Pressure (kbar)

TN

10 T
Superconductivity c

0

0.4

0.8

1.2

0 0.4 0.8 1.2
T (K)

24.0 kbar

Tc

ρ 
(µ
Ω

 c
m

)

0

1

2

0.6 1 1.4
log

10 (T(K))

27 kbar

d 
(ln

 Δ
ρ)

 / 
d 

(ln
 T

)

Figure 3 Temperature–pressure phase diagram of high-purity single-crystal

CeIn

3

. A sharp drop in the resistivity consistent with the onset of super-

conductivity below T
c

is observed in a narrow window near p
c

, the pressure at
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may be understood by taking into

account the underlying symmetries of the antiferromagnetic states and using

the magnetic interactions model. Superconductivity near n
c

in pure samples is

expected to be a natural consequence of the same model.
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In a conventional superconductor, the binding of electrons into the paired states that collectively carry the
supercurrent is mediated by phonons—vibrations of the crystal lattice. Here we argue that, in the case of the heavy
fermion superconductors CePd2Si2 and CeIn3, the charge carriers are bound together in pairs by magnetic spin–spin
interactions. The existence of magnetically mediated superconductivity in these compounds could help shed light on
the question of whether magnetic interactions are relevant for describing the superconducting and normal-state
properties of other strongly correlated electron systems, perhaps including the high-temperature copper oxide
superconductors.

The ancient observation of action at a distance between magnetic
materials such as lodestone inspired William Gilbert to postulate an
analogous force between the Earth and the Sun1. Later work showed
that a parallel force holds atoms together. This charge–charge
interaction is also ultimately responsible, in a subtle way, for the
binding of Cooper pairs in superconductors. In traditional
superconductors2, this binding is most simply described in terms
of the emission and absorption of waves of lattice density. Here we
consider instead whether this binding could in some materials be
most simply described in terms of the emission and absorption of
waves of the electron spin density: that is, whether a type of bound
state that was only identified this century can arise because of an
effective spin–spin interaction (see, for example, refs 3–7) that is
reminiscent of one of the oldest known forces.

The low-temperature properties of interacting electrons in con-
ductors are normally described in terms of excited states known as
‘quasiparticles’8,9. These entities are liable to be very different from
bare electrons. Although they may obey the same ‘fermion’ quan-
tum statistics, they can behave as though they are very ‘heavy’. We
are interested in materials that support such quasiparticles, namely
the ‘heavy fermion’ compounds. Exotic interactions can take place
between quasiparticle charge carriers via their host medium, leading
to new and subtle states of matter. One may imagine that, at each
instant in its motion, a quasiparticle emits a wave that perturbs its
environment in the manner of a stone entering a pond. Another
charge carrier elsewhere can receive the signals, and thus charge
carriers are able to communicate with each other. It is possible to
tune the nature of these communications by altering the density of
the crystal. In this way it is possible to alter dramatically the
transport behaviour and other measured properties of a material.
And in sufficiently calm conditions at low temperatures, bound
states may form leading, in particular, to superconductivity.

We consider whether it is possible to tune the nature of charge
carrier interactions such that magnetic coupling demonstrably
dominates the more conventional non-magnetic channels of com-
munication. In particular, we examine whether in such a scenario it
would be possible for a magnetically mediated form of super-
conductivity to exist at sufficiently low temperatures. We present
new evidence to suggest that this kind of superconductivity may
indeed exist in some heavy fermion compounds, but that it is
normally only viable extremely close to the critical lattice density nc

at which long-range magnetic order is suppressed, and in specimens
of extremely high purity. We discuss a magnetic-interactions model
that provides a natural description of the temperature–density
phase diagrams we have observed in two particularly simple heavy
fermion compounds, namely cubic CeIn3 and tetragonal CePd2Si2.
In each of these two systems, we find that both the variation of the
magnetic and superconducting transition temperatures with lattice
density, and the anomalous forms of the normal state resistivities,
are qualitatively consistent with the magnetic-interactions model,
which uses independently estimated parameters. This agreement,
together with other features described here, provides compelling
evidence for the probable existence of magnetically mediated super-
conductivity. Moreover, the magnetic interactions model, which
may account for superconductivity in the materials studied,
suggests how the properties of a material might be modified in
order to increase the superconducting transition temperature.
Interestingly, the changes required would lead us to materials
with some of the features of the copper oxide superconductors.

The edge of magnetic order
We consider how to tune the charge carrier interactions so that the
magnetic channel may become dominant. During the course of its
motion, a quasiparticle nucleates various waves in the medium
which affect other quasiparticles. The amplitudes of such waves
depend on the strength of the coupling of a quasiparticle with the
medium, and on the ease with which such waves can be excited in
the medium. Magnetic waves of interest may be readily excited
when a magnetic medium is near a critical lattice density, nc, that
renders it close to entering a state of continuous long-range
magnetic order. Such waves in the non-magnetically ordered state
are usually damped and may be described in terms of a relaxation
frequency spectrum, °

q

. And this quantity, which describes
the characteristic rate of decay of a spontaneous fluctuation of
the magnetization of wavevector q, characterizes the dynamics of
quasiparticle interactions (for a review, see ref. 10; see also refs 11–14).

In the simplest model, the retarded interaction produced by one
quasiparticle on another depends on the product of three factors4,
namely the relative orientation and magnitudes of the magnetic
moments involved, 2 m1⋅m2, the square of a coupling parameter,
and the space and time-dependent magnetic susceptibility, which
itself depends on °

q

. When it is dominant, this interaction can lead
to two striking consequences. First, near nc, magnetic waves tend to
propagate over a long range. If the coupling parameter for such
waves remains finite, the magnetic interactions are therefore also

* Present address: Department of Materials Science, University of Cambridge, Cambridge CB2 3QZ, UK
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In a conventional superconductor, the binding of electrons into the paired states that collectively carry the
supercurrent is mediated by phonons—vibrations of the crystal lattice. Here we argue that, in the case of the heavy
fermion superconductors CePd2Si2 and CeIn3, the charge carriers are bound together in pairs by magnetic spin–spin
interactions. The existence of magnetically mediated superconductivity in these compounds could help shed light on
the question of whether magnetic interactions are relevant for describing the superconducting and normal-state
properties of other strongly correlated electron systems, perhaps including the high-temperature copper oxide
superconductors.

The ancient observation of action at a distance between magnetic
materials such as lodestone inspired William Gilbert to postulate an
analogous force between the Earth and the Sun1. Later work showed
that a parallel force holds atoms together. This charge–charge
interaction is also ultimately responsible, in a subtle way, for the
binding of Cooper pairs in superconductors. In traditional
superconductors2, this binding is most simply described in terms
of the emission and absorption of waves of lattice density. Here we
consider instead whether this binding could in some materials be
most simply described in terms of the emission and absorption of
waves of the electron spin density: that is, whether a type of bound
state that was only identified this century can arise because of an
effective spin–spin interaction (see, for example, refs 3–7) that is
reminiscent of one of the oldest known forces.

The low-temperature properties of interacting electrons in con-
ductors are normally described in terms of excited states known as
‘quasiparticles’8,9. These entities are liable to be very different from
bare electrons. Although they may obey the same ‘fermion’ quan-
tum statistics, they can behave as though they are very ‘heavy’. We
are interested in materials that support such quasiparticles, namely
the ‘heavy fermion’ compounds. Exotic interactions can take place
between quasiparticle charge carriers via their host medium, leading
to new and subtle states of matter. One may imagine that, at each
instant in its motion, a quasiparticle emits a wave that perturbs its
environment in the manner of a stone entering a pond. Another
charge carrier elsewhere can receive the signals, and thus charge
carriers are able to communicate with each other. It is possible to
tune the nature of these communications by altering the density of
the crystal. In this way it is possible to alter dramatically the
transport behaviour and other measured properties of a material.
And in sufficiently calm conditions at low temperatures, bound
states may form leading, in particular, to superconductivity.

We consider whether it is possible to tune the nature of charge
carrier interactions such that magnetic coupling demonstrably
dominates the more conventional non-magnetic channels of com-
munication. In particular, we examine whether in such a scenario it
would be possible for a magnetically mediated form of super-
conductivity to exist at sufficiently low temperatures. We present
new evidence to suggest that this kind of superconductivity may
indeed exist in some heavy fermion compounds, but that it is
normally only viable extremely close to the critical lattice density nc

at which long-range magnetic order is suppressed, and in specimens
of extremely high purity. We discuss a magnetic-interactions model
that provides a natural description of the temperature–density
phase diagrams we have observed in two particularly simple heavy
fermion compounds, namely cubic CeIn3 and tetragonal CePd2Si2.
In each of these two systems, we find that both the variation of the
magnetic and superconducting transition temperatures with lattice
density, and the anomalous forms of the normal state resistivities,
are qualitatively consistent with the magnetic-interactions model,
which uses independently estimated parameters. This agreement,
together with other features described here, provides compelling
evidence for the probable existence of magnetically mediated super-
conductivity. Moreover, the magnetic interactions model, which
may account for superconductivity in the materials studied,
suggests how the properties of a material might be modified in
order to increase the superconducting transition temperature.
Interestingly, the changes required would lead us to materials
with some of the features of the copper oxide superconductors.

The edge of magnetic order
We consider how to tune the charge carrier interactions so that the
magnetic channel may become dominant. During the course of its
motion, a quasiparticle nucleates various waves in the medium
which affect other quasiparticles. The amplitudes of such waves
depend on the strength of the coupling of a quasiparticle with the
medium, and on the ease with which such waves can be excited in
the medium. Magnetic waves of interest may be readily excited
when a magnetic medium is near a critical lattice density, nc, that
renders it close to entering a state of continuous long-range
magnetic order. Such waves in the non-magnetically ordered state
are usually damped and may be described in terms of a relaxation
frequency spectrum, °

q

. And this quantity, which describes
the characteristic rate of decay of a spontaneous fluctuation of
the magnetization of wavevector q, characterizes the dynamics of
quasiparticle interactions (for a review, see ref. 10; see also refs 11–14).

In the simplest model, the retarded interaction produced by one
quasiparticle on another depends on the product of three factors4,
namely the relative orientation and magnitudes of the magnetic
moments involved, 2 m1⋅m2, the square of a coupling parameter,
and the space and time-dependent magnetic susceptibility, which
itself depends on °

q

. When it is dominant, this interaction can lead
to two striking consequences. First, near nc, magnetic waves tend to
propagate over a long range. If the coupling parameter for such
waves remains finite, the magnetic interactions are therefore also
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Figure 1. Energy diagram illustrating how the energy of a spin liquid can be lowered below 
that of an antiferromagnetic state by Kondo compensation. 

states [ 6 ] ,  and x may be large due to frustrationt. A combination of these two factors 
will then tend to suppress development of conventional local moment magnetism. 

A useful way to visualise the formation of a Kondo-stabilised spin liquid is to use 
Anderson’s resonating valence bond picture [7] (figure 2). A pure spin liquid is visualised 
by linking pairs o f f  spins together into singlets or valence bonds. Spin exchange be- 
tween sites causes the ends of the valence bonds to resonate throughout the spin system 
forming a sort of ‘quantum spaghetti’. When we introduce Kondo coupling to the con- 
duction electrons, the ends of the valence bonds occasionally link up with a conduction 
electron lying within an energy TK of the Fermi level, resonantly scattering the electrons 
close to the Fermi energy. Typically, the number of conduction electrons within this 
energy is far smaller than the number of f spins, and in keeping with the Nozieres 
exhaustion principle, most of the valence bonds must stay within the spin liquid. 

Conduction e- 

f spins 

L e -  I b i  

Figure 2. Illustrating how Kondo compensation of a spin liquid results in an escape of 
the valence bonds into the conduction sea, generating singlet pairs of conduction electrons, 
thereby inducing a pairing component to the resonant Kondo scattering of conduction 
electrons. 

Occasionally however, spin exchange will occur between two valence bonds that link 
conduction electrons to f moments, causing the momentary escape of one valence 
bond entirely into the conduction sea. Such brief excursions of valence bonds into the 
conduction sea will produce resonant singlet pairing amongst low-energy conduction 
electrons, and as we shall see, this generates superconductivity in the heavy fermion 
system. 

In this paper we examine this hypothesis within a new path integral formalism, using 
a lattice model for heavy fermions that contains both RKKY and Kondo interactions. 

t In the 2D cuprate superconductors we believe a similar effect may also be taking place, where in this case 
TK should be replaced by JK and a is very close to unity. See [ 7 ] .  

eg (Ba,K)Fe2As2, He-3B, UPt3
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Re-emergence of spins at  Hc2.

dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.

Figure 3 shows the temperature dependence of Hc2 for
H k ½100# and ½001#. The value of Hc2 at 0 K, Hc2ð0Þ, and the
slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
Hc2ð0Þ ¼ 143 kOe and &dHc2=dT ¼ 310 kOe/K for
H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:

Hc2ð!Þ ¼
Hc2ð! ¼ 90'Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2 ! þ
m)c
m)a

cos2 !

s ; ð1Þ

where m)c=m
)
a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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Fig. 1. Tetragonal crystal structure of NpPd5Al2.
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Fig. 2. (a) Temperature dependence of the electrical resistivity and (b) the
resistivity under vaious constant magnetic fields in NpPd5Al2.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.

Figure 3 shows the temperature dependence of Hc2 for
H k ½100# and ½001#. The value of Hc2 at 0 K, Hc2ð0Þ, and the
slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
Hc2ð0Þ ¼ 143 kOe and &dHc2=dT ¼ 310 kOe/K for
H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:

Hc2ð!Þ ¼
Hc2ð! ¼ 90'Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2 ! þ
m)c
m)a

cos2 !

s ; ð1Þ

where m)c=m
)
a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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Fig. 1. Tetragonal crystal structure of NpPd5Al2.
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Fig. 2. (a) Temperature dependence of the electrical resistivity and (b) the
resistivity under vaious constant magnetic fields in NpPd5Al2.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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Re-emergence of spins at  Hc2.

dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.

Figure 3 shows the temperature dependence of Hc2 for
H k ½100# and ½001#. The value of Hc2 at 0 K, Hc2ð0Þ, and the
slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
Hc2ð0Þ ¼ 143 kOe and &dHc2=dT ¼ 310 kOe/K for
H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:

Hc2ð!Þ ¼
Hc2ð! ¼ 90'Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2 ! þ
m)c
m)a

cos2 !

s ; ð1Þ

where m)c=m
)
a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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Fig. 1. Tetragonal crystal structure of NpPd5Al2.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.

RAPID COMMUNICATIONS

T. TAYAMA et al. PHYSICAL REVIEW B 65 180504"R#

180504-2

T. Tayama et al., RPB 65, 180504R (2002)

0

0

0

0

-0.2

0

0.2

0.4

M
ag

ne
tiz

at
io

n 
(µ

B/
N

p)

6040200
Magnetic Field (kOe)

NpPd5Al2
H // [100]

Hc2 1.8 K

2.3

3

4

6

D. Aoki et al., J. Phys. Soc. Jpn. 76 (2007) 063701.

Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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Re-emergence of spins at  Hc2.

dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.

Figure 3 shows the temperature dependence of Hc2 for
H k ½100# and ½001#. The value of Hc2 at 0 K, Hc2ð0Þ, and the
slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
Hc2ð0Þ ¼ 143 kOe and &dHc2=dT ¼ 310 kOe/K for
H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:

Hc2ð!Þ ¼
Hc2ð! ¼ 90'Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2 ! þ
m)c
m)a

cos2 !

s ; ð1Þ

where m)c=m
)
a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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Fig. 1. Tetragonal crystal structure of NpPd5Al2.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.

Figure 3 shows the temperature dependence of Hc2 for
H k ½100# and ½001#. The value of Hc2 at 0 K, Hc2ð0Þ, and the
slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
Hc2ð0Þ ¼ 143 kOe and &dHc2=dT ¼ 310 kOe/K for
H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:

Hc2ð!Þ ¼
Hc2ð! ¼ 90'Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2 ! þ
m)c
m)a

cos2 !

s ; ð1Þ

where m)c=m
)
a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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Fig. 1. Tetragonal crystal structure of NpPd5Al2.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.

Figure 3 shows the temperature dependence of Hc2 for
H k ½100# and ½001#. The value of Hc2 at 0 K, Hc2ð0Þ, and the
slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
Hc2ð0Þ ¼ 143 kOe and &dHc2=dT ¼ 310 kOe/K for
H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:

Hc2ð!Þ ¼
Hc2ð! ¼ 90'Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2 ! þ
m)c
m)a

cos2 !

s ; ð1Þ

where m)c=m
)
a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.
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slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
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H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:
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a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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dependence. It is noticed that the resistivity decreases
linearly below 10 K, as shown in the inset of Fig. 2(a),
indicating a non-Fermi liquid character. At Tc ¼ 5:0 K, the
resistivity shows a sharp drop and becomes zero, indicating
the superconducting transition.

Superconductivity is stable against the magnetic field, as
shown in Fig. 2(b), and is found to be highly anisotropic
with respect to the direction of the magnetic field. The
superconducting transition is defined as the zero-resistivity
in the resistivity measurement under magnetic field, which
corresponds to the upper critical field Hc2.

Figure 3 shows the temperature dependence of Hc2 for
H k ½100# and ½001#. The value of Hc2 at 0 K, Hc2ð0Þ, and the
slope of Hc2 at Tc, &dHc2=dT , are obtained as Hc2ð0Þ ¼
37 kOe and &dHc2=dT ¼ 64 kOe/K for H k ½100#, and
Hc2ð0Þ ¼ 143 kOe and &dHc2=dT ¼ 310 kOe/K for
H k ½001#. The value of &dHc2=dT is extremely large, but
the upper critical field is strongly suppressed with decreasing
temperature, suggesting the existence of a large Pauli
paramagnetic effect.

Figure 4 shows the angular dependence of Hc2 at 80 mK.
Hc2 is highly anisotropic and large for H k ½001#. Here
we assumed that anisotropy of Hc2 is mainly due to the
topology of the Fermi surface. We tried to fit the Hc2 data to
the so-called anisotropic effective mass model, as in a
heavy-fermion superconductor PuRhGa5.7) The solid line in
Fig. 4 is the result of fitting, using the following function:

Hc2ð!Þ ¼
Hc2ð! ¼ 90'Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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m)c
m)a
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where m)c=m
)
a is the mass anisotropy ratio for [001] and

[100] directions, and ! is the field angle from [001] to [100].
The value of m)c=m

)
a ¼ 0:067 or m)a=m

)
c ¼ 14:9 is compared

to the value of m)c=m
)
a ¼ 3:9 in PuRhGa5, for example. In

the case of PuRhGa5, the electronic state is considered to
be quasi-two-dimensional, indicating an ellipsoidal Fermi
surface elongated along the [001] direction. On the other
hand, the present ellipsoidal Fermi surface in NpPd5Al2 is
extremely flat as a pancake, as shown in the inset of Fig. 4.
Here we note that Hc2 in the (001) plane possesses four-fold
symmetry, reflecting the tetragonal structure: Hc2 ¼ 37:0
kOe for H k ½100# and Hc2 ¼ 36:6 kOe for H k ½110#.

Next we show in Fig. 5 the temperature dependence of the
specific heat C in the form of C=T . The specific heat jump
!C at Tc ¼ 4:9 K is due to the superconducting transition.
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Composite pairing Hypothesis.
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A solvable model of composite pairing.
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4

∆F ∝ −Qzzutet, the second term in the Landau free en-
ergy (12) becomes α2[T − (Tc2 +λutet)]Ψ2

C , naturally ac-
counting for the linear increase in Tc. This effect should
also be detectable as a shift of the nuclear quadrupole
resonance (NQR) frequency at the surrounding nuclei.

The link between f-electron valence and the Kondo
effect is well established[31], but tandem pairing intro-
duces a new element to this relationship. Changes in the
charge distribution around the Kondo ion can be read off
from its coupling to the changes in the chemical poten-
tial, ∆ρ(x) = |e|δH/δµ(x). The sensitivity of the Kondo
couplings to µ is obtained from a Schrieffer-Wolff trans-
formation of a two-channel Anderson model, which gives
J−1

Γ
= ∆EΓ/V 2

Γ,0. Here, VΓ,0 are the bare hybridiza-
tions and ∆EΓ are the charge excitation energies. With
a shift in µ → µ + δµ(x), δJ−1

Γ
= ±|ΦΓ(x)|2δµ(x)/V 2

Γ,0.
The sign is positive for J1 and negative for J2 because
they involve fluctuations to the empty and doubly occu-

pied states, respectively: f0
Γ1

! f1
Γ2

! f2. Differentiating
(11) with respect to δµ(x), the change in ρ(x) will be:

∆ρ(x) = |e|

!

"

V1

V1,0

#2

|Φ1(x)|2 −

"

∆2

V2,0

#2

|Φ2(x)|2
$

.

(14)
For equal channel strengths, the total charge is constant,
and the f-ion will develop equal hole densities in Γ+

7 and
electron densities in Γ6, leading to a positive change in
the electric field gradient, ∂Ez/∂z ∝ (Tc − T ) > 0 at the
in-plane In site that will appear as a shift in the NQR
frequencies growing abruptly below Tc (see Figure 4).

FIG. 4: (Color online) As superconductivity develops, the in-
creasing occupations of the empty and doubly occupied states
cause holes to build up with symmetry Γ+

7 (orange) and elec-
trons with symmetry Γ6 (blue). The resulting electric fields
are shown along the [110] direction (dashed line in inset). The
inset shows the locations of the indiums in-, In(1) and out-
of-plane, In(2). The electric field gradient, ∂Ez/∂z > 0 at
the In(1) site will lead to a sharp positive shift in the NQR
frequency at Tc.

The f-electron valence should also contain a small
superconducting shift, observable with core-level X-ray
spectroscopy, obtained by integrating (14): ∆nf (T ) ∝
Ψ2

C ∝ (Tc − T ), as ΨC ∝ ∆2 when J1 > J2. While the

development of Kondo screening leads to a gradual va-
lence decrease through TK , as it is a crossover scale, the
development of superconductivity is a phase transition,
leading to a sharp mean-field increase. Observation of
sharp shifts at Tc in either the NQR frequency or the va-
lence would constitute an unambiguous confirmation of
the electrostatically active tandem condensate.
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∆F ∝ −Qzzutet, the second term in the Landau free en-
ergy (12) becomes α2[T − (Tc2 +λutet)]Ψ2

C , naturally ac-
counting for the linear increase in Tc. This effect should
also be detectable as a shift of the nuclear quadrupole
resonance (NQR) frequency at the surrounding nuclei.

The link between f-electron valence and the Kondo
effect is well established[31], but tandem pairing intro-
duces a new element to this relationship. Changes in the
charge distribution around the Kondo ion can be read off
from its coupling to the changes in the chemical poten-
tial, ∆ρ(x) = |e|δH/δµ(x). The sensitivity of the Kondo
couplings to µ is obtained from a Schrieffer-Wolff trans-
formation of a two-channel Anderson model, which gives
J−1

Γ
= ∆EΓ/V 2

Γ,0. Here, VΓ,0 are the bare hybridiza-
tions and ∆EΓ are the charge excitation energies. With
a shift in µ → µ + δµ(x), δJ−1

Γ
= ±|ΦΓ(x)|2δµ(x)/V 2

Γ,0.
The sign is positive for J1 and negative for J2 because
they involve fluctuations to the empty and doubly occu-

pied states, respectively: f0
Γ1

! f1
Γ2

! f2. Differentiating
(11) with respect to δµ(x), the change in ρ(x) will be:

∆ρ(x) = |e|
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(14)
For equal channel strengths, the total charge is constant,
and the f-ion will develop equal hole densities in Γ+

7 and
electron densities in Γ6, leading to a positive change in
the electric field gradient, ∂Ez/∂z ∝ (Tc − T ) > 0 at the
in-plane In site that will appear as a shift in the NQR
frequencies growing abruptly below Tc (see Figure 4).

FIG. 4: (Color online) As superconductivity develops, the in-
creasing occupations of the empty and doubly occupied states
cause holes to build up with symmetry Γ+

7 (orange) and elec-
trons with symmetry Γ6 (blue). The resulting electric fields
are shown along the [110] direction (dashed line in inset). The
inset shows the locations of the indiums in-, In(1) and out-
of-plane, In(2). The electric field gradient, ∂Ez/∂z > 0 at
the In(1) site will lead to a sharp positive shift in the NQR
frequency at Tc.

The f-electron valence should also contain a small
superconducting shift, observable with core-level X-ray
spectroscopy, obtained by integrating (14): ∆nf (T ) ∝
Ψ2

C ∝ (Tc − T ), as ΨC ∝ ∆2 when J1 > J2. While the

development of Kondo screening leads to a gradual va-
lence decrease through TK , as it is a crossover scale, the
development of superconductivity is a phase transition,
leading to a sharp mean-field increase. Observation of
sharp shifts at Tc in either the NQR frequency or the va-
lence would constitute an unambiguous confirmation of
the electrostatically active tandem condensate.
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onalized analytically. Upon minimizing the free energy,
we obtain four equations for λ, V1,∆2, and ∆H . Solv-
ing these numerically, and searching the full parameter
space of J2/J1, JH/J1 and T to find both first and sec-
ond order phase transitions, we find four distinct phases:
a light Fermi liquid with free local moments when all pa-
rameters are zero, at high temperatures; a heavy Fermi
liquid when either V1 or ∆2 are finite, with symmetry
Γ, below TKΓ; a spin liquid state decoupled from a light
Fermi liquid when ∆H is finite, below TSL; and a tandem
superconducting ground state with V1, ∆2 and ∆H all fi-
nite, below Tc, as shown in Fig. 2. There is no long range
magnetic order due to our fermionic spin representation.
The superconductivity is stable with respect to the mas-
sive 1/N gauge fluctuations, however, it is an interesting
open question whether the resulting quasiparticle renor-
malizations will generate a spin resonance mode.

FIG. 2: (Color online) The superconducting transition tem-
perature as the amounts of magnetic, JH and second chan-
nel, J2 couplings are varied (Φ1 = 1, Φ2 = cos kx − cos ky and
nc = .75). V1, ∆2 and ∆H are all nonzero everywhere below
Tc. A slice at T = TK1 shows the regions of the spin liquid
and Fermi liquids, and the orange ellipse illustrates how ma-
terials could tune the relative coupling strengths (see Fig. 3).
The transition is first order for JH/J1 > 4.

Experimentally, CeM In5 can be continuously tuned
from M = Co to Rh to Ir[3]. While CeRhIn5 is a
canonical example of a magnetically paired superconduc-
tor, where moderate pressure reveals a superconduct-
ing dome as the Néel temperature vanishes[1], further
pressure[27] or Ir doping on the Rh site[3] leads to a sec-
ond dome, where spin fluctuations are weaker[28]. We
assume that the changing chemical pressure varies the
relative strengths of the Kondo and RKKY couplings,
so that doping traces out a path through the phase di-
agram like the one in Fig. 3, chosen for its similarities
to CeM In5. By maintaining the same Fermi liquid sym-
metry throughout (TK1 > TK2), we are restricted to one
(mostly magnetic) or two (magnetic and tandem) domes.

FIG. 3: (Color online) A possible experimental path through
the phase diagram in Fig 2, chosen for its similarity to the Ce
115 doping phase diagram[3], described by the orange ellipse,
“

J2/J1−0.4
0.2

”2

+
“

JH/J1−0.9
0.16

”2

= 1. The transition tempera-

tures for superconductivity, Tc (solid blue), spin liquid, TSL

(dotted red), and Fermi liquids, TK1 (dashed orange) and
TK2, (dot-dashed white) are also plotted. All temperatures
are scaled by TK1. While our ground state is always super-
conducting, due to the fermionic spin representation, real ma-
terials will be antiferromagnetic for TSL ≫ TK1.

A qualitative understanding of this tandem pairing can
be obtained within a simple Landau expansion. For T ∼
Tc ≪ TK1, Φ ≡ ∆2 and Ψ ≡ ∆H will be small, and the
free energy can be expressed as

F = α1(Tc1 − T )Ψ2 + α2(Tc2 − T )Φ2 + 2γΨΦ

+ β1Ψ
4 + β2Φ

4 + 2βiΨ
2Φ2 (12)

α1,2, β1,2,i and γ are all functions of λ and V1 and can be
calculated exactly in the mean field limit. The linear cou-
pling of the two order parameters, γ = ∂2F/∂∆2∂∆H is
always nonzero in the heavy Fermi liquid because the hy-
bridization, V1 converts one to the other, f †f † ∼ V1c†f †.
The linear coupling enhances the transition temperature,

Tc =
Tc1 + Tc2

2
+

!

"

Tc1 − Tc2

2

#2

+
γ2

α1α2

. (13)

For β1β2 > β2
i , the two order parameters are only weakly

repulsive, leading to smooth crossovers from magnetic to
composite pairing under the superconducting dome[29].

While the development of conventional superconduc-
tivity does not change the underlying charge distribu-
tion, tandem pairing is electrostatically active, as com-
posite pairing redistributes charge, leading to an electric
quadrupole moment. The transition temperature of the
115 superconductors is known to increase linearly with
the lattice c/a ratio[30], conventionally attributed to de-
creasing dimensionality. Our theory suggests an alter-
native interpretation: as the condensate quadrupole mo-
ment, Qzz ∝ Ψ2

C couples linearly to the tetragonal strain,
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∆F ∝ −Qzzutet, the second term in the Landau free en-
ergy (12) becomes α2[T − (Tc2 +λutet)]Ψ2

C , naturally ac-
counting for the linear increase in Tc. This effect should
also be detectable as a shift of the nuclear quadrupole
resonance (NQR) frequency at the surrounding nuclei.

The link between f-electron valence and the Kondo
effect is well established[31], but tandem pairing intro-
duces a new element to this relationship. Changes in the
charge distribution around the Kondo ion can be read off
from its coupling to the changes in the chemical poten-
tial, ∆ρ(x) = |e|δH/δµ(x). The sensitivity of the Kondo
couplings to µ is obtained from a Schrieffer-Wolff trans-
formation of a two-channel Anderson model, which gives
J−1

Γ
= ∆EΓ/V 2

Γ,0. Here, VΓ,0 are the bare hybridiza-
tions and ∆EΓ are the charge excitation energies. With
a shift in µ → µ + δµ(x), δJ−1

Γ
= ±|ΦΓ(x)|2δµ(x)/V 2

Γ,0.
The sign is positive for J1 and negative for J2 because
they involve fluctuations to the empty and doubly occu-

pied states, respectively: f0
Γ1

! f1
Γ2

! f2. Differentiating
(11) with respect to δµ(x), the change in ρ(x) will be:

∆ρ(x) = |e|
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|Φ1(x)|2 −
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(14)
For equal channel strengths, the total charge is constant,
and the f-ion will develop equal hole densities in Γ+

7 and
electron densities in Γ6, leading to a positive change in
the electric field gradient, ∂Ez/∂z ∝ (Tc − T ) > 0 at the
in-plane In site that will appear as a shift in the NQR
frequencies growing abruptly below Tc (see Figure 4).

FIG. 4: (Color online) As superconductivity develops, the in-
creasing occupations of the empty and doubly occupied states
cause holes to build up with symmetry Γ+

7 (orange) and elec-
trons with symmetry Γ6 (blue). The resulting electric fields
are shown along the [110] direction (dashed line in inset). The
inset shows the locations of the indiums in-, In(1) and out-
of-plane, In(2). The electric field gradient, ∂Ez/∂z > 0 at
the In(1) site will lead to a sharp positive shift in the NQR
frequency at Tc.

The f-electron valence should also contain a small
superconducting shift, observable with core-level X-ray
spectroscopy, obtained by integrating (14): ∆nf (T ) ∝
Ψ2

C ∝ (Tc − T ), as ΨC ∝ ∆2 when J1 > J2. While the

development of Kondo screening leads to a gradual va-
lence decrease through TK , as it is a crossover scale, the
development of superconductivity is a phase transition,
leading to a sharp mean-field increase. Observation of
sharp shifts at Tc in either the NQR frequency or the va-
lence would constitute an unambiguous confirmation of
the electrostatically active tandem condensate.
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onalized analytically. Upon minimizing the free energy,
we obtain four equations for λ, V1,∆2, and ∆H . Solv-
ing these numerically, and searching the full parameter
space of J2/J1, JH/J1 and T to find both first and sec-
ond order phase transitions, we find four distinct phases:
a light Fermi liquid with free local moments when all pa-
rameters are zero, at high temperatures; a heavy Fermi
liquid when either V1 or ∆2 are finite, with symmetry
Γ, below TKΓ; a spin liquid state decoupled from a light
Fermi liquid when ∆H is finite, below TSL; and a tandem
superconducting ground state with V1, ∆2 and ∆H all fi-
nite, below Tc, as shown in Fig. 2. There is no long range
magnetic order due to our fermionic spin representation.
The superconductivity is stable with respect to the mas-
sive 1/N gauge fluctuations, however, it is an interesting
open question whether the resulting quasiparticle renor-
malizations will generate a spin resonance mode.

FIG. 2: (Color online) The superconducting transition tem-
perature as the amounts of magnetic, JH and second chan-
nel, J2 couplings are varied (Φ1 = 1, Φ2 = cos kx − cos ky and
nc = .75). V1, ∆2 and ∆H are all nonzero everywhere below
Tc. A slice at T = TK1 shows the regions of the spin liquid
and Fermi liquids, and the orange ellipse illustrates how ma-
terials could tune the relative coupling strengths (see Fig. 3).
The transition is first order for JH/J1 > 4.

Experimentally, CeM In5 can be continuously tuned
from M = Co to Rh to Ir[3]. While CeRhIn5 is a
canonical example of a magnetically paired superconduc-
tor, where moderate pressure reveals a superconduct-
ing dome as the Néel temperature vanishes[1], further
pressure[27] or Ir doping on the Rh site[3] leads to a sec-
ond dome, where spin fluctuations are weaker[28]. We
assume that the changing chemical pressure varies the
relative strengths of the Kondo and RKKY couplings,
so that doping traces out a path through the phase di-
agram like the one in Fig. 3, chosen for its similarities
to CeM In5. By maintaining the same Fermi liquid sym-
metry throughout (TK1 > TK2), we are restricted to one
(mostly magnetic) or two (magnetic and tandem) domes.

FIG. 3: (Color online) A possible experimental path through
the phase diagram in Fig 2, chosen for its similarity to the Ce
115 doping phase diagram[3], described by the orange ellipse,
“

J2/J1−0.4
0.2

”2

+
“

JH/J1−0.9
0.16

”2

= 1. The transition tempera-

tures for superconductivity, Tc (solid blue), spin liquid, TSL

(dotted red), and Fermi liquids, TK1 (dashed orange) and
TK2, (dot-dashed white) are also plotted. All temperatures
are scaled by TK1. While our ground state is always super-
conducting, due to the fermionic spin representation, real ma-
terials will be antiferromagnetic for TSL ≫ TK1.

A qualitative understanding of this tandem pairing can
be obtained within a simple Landau expansion. For T ∼
Tc ≪ TK1, Φ ≡ ∆2 and Ψ ≡ ∆H will be small, and the
free energy can be expressed as

F = α1(Tc1 − T )Ψ2 + α2(Tc2 − T )Φ2 + 2γΨΦ

+ β1Ψ
4 + β2Φ

4 + 2βiΨ
2Φ2 (12)

α1,2, β1,2,i and γ are all functions of λ and V1 and can be
calculated exactly in the mean field limit. The linear cou-
pling of the two order parameters, γ = ∂2F/∂∆2∂∆H is
always nonzero in the heavy Fermi liquid because the hy-
bridization, V1 converts one to the other, f †f † ∼ V1c†f †.
The linear coupling enhances the transition temperature,

Tc =
Tc1 + Tc2

2
+

!

"

Tc1 − Tc2

2
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+
γ2

α1α2

. (13)

For β1β2 > β2
i , the two order parameters are only weakly

repulsive, leading to smooth crossovers from magnetic to
composite pairing under the superconducting dome[29].

While the development of conventional superconduc-
tivity does not change the underlying charge distribu-
tion, tandem pairing is electrostatically active, as com-
posite pairing redistributes charge, leading to an electric
quadrupole moment. The transition temperature of the
115 superconductors is known to increase linearly with
the lattice c/a ratio[30], conventionally attributed to de-
creasing dimensionality. Our theory suggests an alter-
native interpretation: as the condensate quadrupole mo-
ment, Qzz ∝ Ψ2

C couples linearly to the tetragonal strain,
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∆F ∝ −Qzzutet, the second term in the Landau free en-
ergy (12) becomes α2[T − (Tc2 +λutet)]Ψ2

C , naturally ac-
counting for the linear increase in Tc. This effect should
also be detectable as a shift of the nuclear quadrupole
resonance (NQR) frequency at the surrounding nuclei.

The link between f-electron valence and the Kondo
effect is well established[31], but tandem pairing intro-
duces a new element to this relationship. Changes in the
charge distribution around the Kondo ion can be read off
from its coupling to the changes in the chemical poten-
tial, ∆ρ(x) = |e|δH/δµ(x). The sensitivity of the Kondo
couplings to µ is obtained from a Schrieffer-Wolff trans-
formation of a two-channel Anderson model, which gives
J−1

Γ
= ∆EΓ/V 2

Γ,0. Here, VΓ,0 are the bare hybridiza-
tions and ∆EΓ are the charge excitation energies. With
a shift in µ → µ + δµ(x), δJ−1
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= ±|ΦΓ(x)|2δµ(x)/V 2

Γ,0.
The sign is positive for J1 and negative for J2 because
they involve fluctuations to the empty and doubly occu-

pied states, respectively: f0
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! f2. Differentiating
(11) with respect to δµ(x), the change in ρ(x) will be:
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#2

|Φ2(x)|2
$

.

(14)
For equal channel strengths, the total charge is constant,
and the f-ion will develop equal hole densities in Γ+

7 and
electron densities in Γ6, leading to a positive change in
the electric field gradient, ∂Ez/∂z ∝ (Tc − T ) > 0 at the
in-plane In site that will appear as a shift in the NQR
frequencies growing abruptly below Tc (see Figure 4).

FIG. 4: (Color online) As superconductivity develops, the in-
creasing occupations of the empty and doubly occupied states
cause holes to build up with symmetry Γ+

7 (orange) and elec-
trons with symmetry Γ6 (blue). The resulting electric fields
are shown along the [110] direction (dashed line in inset). The
inset shows the locations of the indiums in-, In(1) and out-
of-plane, In(2). The electric field gradient, ∂Ez/∂z > 0 at
the In(1) site will lead to a sharp positive shift in the NQR
frequency at Tc.

The f-electron valence should also contain a small
superconducting shift, observable with core-level X-ray
spectroscopy, obtained by integrating (14): ∆nf (T ) ∝
Ψ2

C ∝ (Tc − T ), as ΨC ∝ ∆2 when J1 > J2. While the

development of Kondo screening leads to a gradual va-
lence decrease through TK , as it is a crossover scale, the
development of superconductivity is a phase transition,
leading to a sharp mean-field increase. Observation of
sharp shifts at Tc in either the NQR frequency or the va-
lence would constitute an unambiguous confirmation of
the electrostatically active tandem condensate.
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onalized analytically. Upon minimizing the free energy,
we obtain four equations for λ, V1,∆2, and ∆H . Solv-
ing these numerically, and searching the full parameter
space of J2/J1, JH/J1 and T to find both first and sec-
ond order phase transitions, we find four distinct phases:
a light Fermi liquid with free local moments when all pa-
rameters are zero, at high temperatures; a heavy Fermi
liquid when either V1 or ∆2 are finite, with symmetry
Γ, below TKΓ; a spin liquid state decoupled from a light
Fermi liquid when ∆H is finite, below TSL; and a tandem
superconducting ground state with V1, ∆2 and ∆H all fi-
nite, below Tc, as shown in Fig. 2. There is no long range
magnetic order due to our fermionic spin representation.
The superconductivity is stable with respect to the mas-
sive 1/N gauge fluctuations, however, it is an interesting
open question whether the resulting quasiparticle renor-
malizations will generate a spin resonance mode.

FIG. 2: (Color online) The superconducting transition tem-
perature as the amounts of magnetic, JH and second chan-
nel, J2 couplings are varied (Φ1 = 1, Φ2 = cos kx − cos ky and
nc = .75). V1, ∆2 and ∆H are all nonzero everywhere below
Tc. A slice at T = TK1 shows the regions of the spin liquid
and Fermi liquids, and the orange ellipse illustrates how ma-
terials could tune the relative coupling strengths (see Fig. 3).
The transition is first order for JH/J1 > 4.

Experimentally, CeM In5 can be continuously tuned
from M = Co to Rh to Ir[3]. While CeRhIn5 is a
canonical example of a magnetically paired superconduc-
tor, where moderate pressure reveals a superconduct-
ing dome as the Néel temperature vanishes[1], further
pressure[27] or Ir doping on the Rh site[3] leads to a sec-
ond dome, where spin fluctuations are weaker[28]. We
assume that the changing chemical pressure varies the
relative strengths of the Kondo and RKKY couplings,
so that doping traces out a path through the phase di-
agram like the one in Fig. 3, chosen for its similarities
to CeM In5. By maintaining the same Fermi liquid sym-
metry throughout (TK1 > TK2), we are restricted to one
(mostly magnetic) or two (magnetic and tandem) domes.

FIG. 3: (Color online) A possible experimental path through
the phase diagram in Fig 2, chosen for its similarity to the Ce
115 doping phase diagram[3], described by the orange ellipse,
“

J2/J1−0.4
0.2

”2

+
“

JH/J1−0.9
0.16

”2

= 1. The transition tempera-

tures for superconductivity, Tc (solid blue), spin liquid, TSL

(dotted red), and Fermi liquids, TK1 (dashed orange) and
TK2, (dot-dashed white) are also plotted. All temperatures
are scaled by TK1. While our ground state is always super-
conducting, due to the fermionic spin representation, real ma-
terials will be antiferromagnetic for TSL ≫ TK1.

A qualitative understanding of this tandem pairing can
be obtained within a simple Landau expansion. For T ∼
Tc ≪ TK1, Φ ≡ ∆2 and Ψ ≡ ∆H will be small, and the
free energy can be expressed as

F = α1(Tc1 − T )Ψ2 + α2(Tc2 − T )Φ2 + 2γΨΦ

+ β1Ψ
4 + β2Φ

4 + 2βiΨ
2Φ2 (12)

α1,2, β1,2,i and γ are all functions of λ and V1 and can be
calculated exactly in the mean field limit. The linear cou-
pling of the two order parameters, γ = ∂2F/∂∆2∂∆H is
always nonzero in the heavy Fermi liquid because the hy-
bridization, V1 converts one to the other, f †f † ∼ V1c†f †.
The linear coupling enhances the transition temperature,

Tc =
Tc1 + Tc2

2
+

!

"

Tc1 − Tc2

2

#2

+
γ2

α1α2

. (13)

For β1β2 > β2
i , the two order parameters are only weakly

repulsive, leading to smooth crossovers from magnetic to
composite pairing under the superconducting dome[29].

While the development of conventional superconduc-
tivity does not change the underlying charge distribu-
tion, tandem pairing is electrostatically active, as com-
posite pairing redistributes charge, leading to an electric
quadrupole moment. The transition temperature of the
115 superconductors is known to increase linearly with
the lattice c/a ratio[30], conventionally attributed to de-
creasing dimensionality. Our theory suggests an alter-
native interpretation: as the condensate quadrupole mo-
ment, Qzz ∝ Ψ2

C couples linearly to the tetragonal strain,Bauer, G. Koutroulakis Yasuoko,(2014)

T/Tc

-Δν
�⌫ / | |2 ⇠ (Tc � T )
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after which it slowly recovers towards n! ! 2 [Fig. 3(c)].
For x ¼ 0:775, we find that A # 0:036 "! cm=K2, imply-
ing that the ground state is a heavy Fermi liquid at this
concentration. In order to explore this perspective, we have
calculated the Kadowaki-Woods ratio RKW ¼ A=#2, which
gives the relationship between the coefficient # of the
electronic specific heat and the coefficient A of the T2

contribution to the electrical resistivity, assuming that
the system exhibits heavy FL behavior at low T. If we
consider #ð2:3 KÞ ¼ 140 mJ=mol-K2 (Table I), then
RKW ¼ 1:86& 10'6 "! cmðmol-K=mJÞ2. This value is
intermediate between what is expected for Ce- and Yb-
based heavy fermion compounds [17,18], emphasizing that
strong electronic correlations persist up to x # 0:775. SC
transitions are clearly observed in !ðTÞ for 0 ( x ( 0:65
[Fig. 2(c)], and there is a monotonic suppression of Tc with

increasing Yb concentration [Fig. 3(b)]. In particular, we
note that the Tc vs x curve extrapolates to 0 K near x ¼ 1,
emphasizing that the SC is anomalously robust in the
presence of Yb substituents.
Magnetic susceptibility ($) measurements were carried

out as a function of T by using a Quantum Design SQUID
magnetometer in H ¼ 0:5 T. Figures 4(a) and 4(b) show
$ðTÞ in the normal state forH applied in the ab plane, $ab,
and along the c axis, $c. The ratio of $ab to $c at
T ¼ 2:3 K is !0:5 [inset in Fig. 4(a)]. Surprisingly, $ðTÞ
retains a T dependence that is nearly identical to that of
x ¼ 0 for x ( 0:775; i.e., Curie-Weiss behavior is observed
at high T, after which $ðTÞ saturates below 50 K, consistent
with the onset of Kondo-like demagnetization and the
coherent behavior observed in !ðTÞ. These results are
contrary to what would be expected if the Yb ions were
to enter the lattice in the nonmagnetic divalent state, in
which case $ðTÞ should scale with (1' x). Finally, $ðTÞ
again increases upon cooling below 20 K, contrary to
the behavior of ideal HF compounds which are expected
to remain in a FL state with a nearly T-independent
$ as T approaches 0 K. This upturn appears to be an
intrinsic effect and not due to magnetic impurities, since
we find that MðHÞ curves at low T do not saturate up to
70 kOe [19]. Between 1.8 and !20 K, $c can be fit by the
form $c ¼ $cð0Þ þ a=Tn$ , consistent with the NFL behav-
ior observed in !ðTÞ and CðTÞ. Figure 3(d) shows the
parameters n$.
The specific heat (C) was measured for 0:3 K (

T ( 5 K in a Quantum Design Physical Properties
Measurement System semiadiabatic calorimeter using a
heat-pulse technique. Figure 5 shows C=T vs T for several
values of x. The electronic-specific-heat coefficient
# ¼ C=T, estimated to be the value of C=T near 2.3 K
(Table I), reveals a substantial mass renormalization
(# / m*) that persists up to x ¼ 0:65, after which # is
suppressed. Additionally, C=T tends to increase with
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FIG. 3. (a) Coherence temperature Tcoh, where !ðTÞ exhibits a
maximum (or knee) vs x. The error bars represent the width of the
maximum, defined as the T ! ¼ 0:95!coh. (b) Circles: Tc deter-
mined from !ðTÞ measurements vs x for Ce1'xYbxCoIn5. The
vertical bars correspond to the 90% and 10% values of the
superconducting transitions. Triangles: Tc, determined from
CðTÞ measurements vs x. The solid line shows the suppression
of Tc as reported for other rare earth substitutions [12]. (c) Fit
parameters n!, extracted from power law ! ¼ !0 þ ATn! fits to

the normal-state resistivity vs x. (d) Fit parameters n$, determined

from fits of $c ¼ $cð0Þ þ a=Tn$ to the normal-state $ðTÞ vs x.
The light gray shading represents the region of phase separation.

TABLE I. Superconducting parameters for samples of
Ce1'xYbxCoIn5. The values of Tc have been determined from
specific heat data."C is the jump inCðTÞ atTc, and#ð2:3 KÞ is the
estimated electronic-specific-heat coefficient at 2.3 K.

x Tc "C #ð2:3 KÞ
(K) (mJ=mol K) (mJ=molK2)

0 2.29 3460 357
0.05 2.16 3040 373
0.10 2.09 2240 347
0.125 1.97 1810 332
0.50 1.19 235 330
0.65 283
0.775 140
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FIG. 4 (color online). (a) Magnetic susceptibility along the ab
plane$ab vs temperatureT forCe1'xYbxCoIn5. Inset:Ratio of$ab

to$c at T ¼ 2:3 K. (b)Magnetic susceptibility along the c axis$c

vs T for Ce1'xYbxCoIn5. Data for x ¼ 0 are from Ref. [23].
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after which it slowly recovers towards n! ! 2 [Fig. 3(c)].
For x ¼ 0:775, we find that A # 0:036 "! cm=K2, imply-
ing that the ground state is a heavy Fermi liquid at this
concentration. In order to explore this perspective, we have
calculated the Kadowaki-Woods ratio RKW ¼ A=#2, which
gives the relationship between the coefficient # of the
electronic specific heat and the coefficient A of the T2

contribution to the electrical resistivity, assuming that
the system exhibits heavy FL behavior at low T. If we
consider #ð2:3 KÞ ¼ 140 mJ=mol-K2 (Table I), then
RKW ¼ 1:86& 10'6 "! cmðmol-K=mJÞ2. This value is
intermediate between what is expected for Ce- and Yb-
based heavy fermion compounds [17,18], emphasizing that
strong electronic correlations persist up to x # 0:775. SC
transitions are clearly observed in !ðTÞ for 0 ( x ( 0:65
[Fig. 2(c)], and there is a monotonic suppression of Tc with

increasing Yb concentration [Fig. 3(b)]. In particular, we
note that the Tc vs x curve extrapolates to 0 K near x ¼ 1,
emphasizing that the SC is anomalously robust in the
presence of Yb substituents.
Magnetic susceptibility ($) measurements were carried

out as a function of T by using a Quantum Design SQUID
magnetometer in H ¼ 0:5 T. Figures 4(a) and 4(b) show
$ðTÞ in the normal state forH applied in the ab plane, $ab,
and along the c axis, $c. The ratio of $ab to $c at
T ¼ 2:3 K is !0:5 [inset in Fig. 4(a)]. Surprisingly, $ðTÞ
retains a T dependence that is nearly identical to that of
x ¼ 0 for x ( 0:775; i.e., Curie-Weiss behavior is observed
at high T, after which $ðTÞ saturates below 50 K, consistent
with the onset of Kondo-like demagnetization and the
coherent behavior observed in !ðTÞ. These results are
contrary to what would be expected if the Yb ions were
to enter the lattice in the nonmagnetic divalent state, in
which case $ðTÞ should scale with (1' x). Finally, $ðTÞ
again increases upon cooling below 20 K, contrary to
the behavior of ideal HF compounds which are expected
to remain in a FL state with a nearly T-independent
$ as T approaches 0 K. This upturn appears to be an
intrinsic effect and not due to magnetic impurities, since
we find that MðHÞ curves at low T do not saturate up to
70 kOe [19]. Between 1.8 and !20 K, $c can be fit by the
form $c ¼ $cð0Þ þ a=Tn$ , consistent with the NFL behav-
ior observed in !ðTÞ and CðTÞ. Figure 3(d) shows the
parameters n$.
The specific heat (C) was measured for 0:3 K (

T ( 5 K in a Quantum Design Physical Properties
Measurement System semiadiabatic calorimeter using a
heat-pulse technique. Figure 5 shows C=T vs T for several
values of x. The electronic-specific-heat coefficient
# ¼ C=T, estimated to be the value of C=T near 2.3 K
(Table I), reveals a substantial mass renormalization
(# / m*) that persists up to x ¼ 0:65, after which # is
suppressed. Additionally, C=T tends to increase with
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mined from !ðTÞ measurements vs x for Ce1'xYbxCoIn5. The
vertical bars correspond to the 90% and 10% values of the
superconducting transitions. Triangles: Tc, determined from
CðTÞ measurements vs x. The solid line shows the suppression
of Tc as reported for other rare earth substitutions [12]. (c) Fit
parameters n!, extracted from power law ! ¼ !0 þ ATn! fits to

the normal-state resistivity vs x. (d) Fit parameters n$, determined

from fits of $c ¼ $cð0Þ þ a=Tn$ to the normal-state $ðTÞ vs x.
The light gray shading represents the region of phase separation.

TABLE I. Superconducting parameters for samples of
Ce1'xYbxCoIn5. The values of Tc have been determined from
specific heat data."C is the jump inCðTÞ atTc, and#ð2:3 KÞ is the
estimated electronic-specific-heat coefficient at 2.3 K.

x Tc "C #ð2:3 KÞ
(K) (mJ=mol K) (mJ=molK2)

0 2.29 3460 357
0.05 2.16 3040 373
0.10 2.09 2240 347
0.125 1.97 1810 332
0.50 1.19 235 330
0.65 283
0.775 140
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vs T for Ce1'xYbxCoIn5. Data for x ¼ 0 are from Ref. [23].
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FIG. 3: Temperature-dependent London penetration depth of (a) La and Nd and (b) Yb substituted substituted CeCoIn5,
plotted vs normalized (T/T

c

)2 scale. The dependence in pure material S1 shows clear downturn consistent with n = 1.2 < 2. The
data for La and Nd doped samples for all doping levels follow closely T

2 dependence expected in dirty nodal superconductors.
In Yb-substituted samples a clear crossover from sub-linear to super-linear plot can be noticed, suggesting rapid increase of
exponent n and n > 2 for samples with x=0.1 and 0.2. (c) Floating fitting range analysis of the temperature dependent
London penetration depth in pure and Yb-substituted CeCoIn5 samples. The data were fit using power-law function over the
temperature range from base temperature to a temperature T

up

< T

c

/3, and the resultant exponent n was plotted as a function
of T

up

.
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FIG. 4: The exponent of the power-law dependence of London
penetration depth as a function of superconducting transition
temperature for La substitution (black circles), Nd substitu-
tion (blue triangles) and Yb substitution (red squares).

cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
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Figure 5 |Visualizing impurity-bound quasiparticle excitations. a, Topographic image of an impurity on surface B (V = �6 mV, I = 100 pA). b, Model
calculation for the real space structure (roughly 10 Fermi wavelengths across) of the hole-like part of the impurity bound state in a dx2�y2 superconductor,
reproduced from ref. 32 (Copyright (2000) by the American Physical Society). c, Electron-like state for the same impurity as in b. d–g, Local density of
states obtained on the same field-of-view as a at ±195 µV in the normal (H > Hc2) and superconducting (H = 0) states, as indicated on the figure. Colour
bar in d–g denotes deviation from the mean. h, Radial average of the density of states across the lobes measured in d,e, normalized to their sum, as a
function of angle from the a-axis. Data at negative (positive) energy is shown in blue (red) symbols; the lines are guides to the eye. A dx2�y2 gap is shown
in yellow.

minima (maxima) in the oscillations for hole-like (electron-like)
states identify the nodes of the d-wave order as occurring at 45� to
the atomic axes (Fig. 5h). In fact, these features in STMconductance
maps are identical to those associated with Ni impurities in high-Tc
cuprates28,33. However, in contrast tomeasurements in the cuprates,
we are able to determine the spatial structure that such impurities
induce on the normal state by suppressing pairing at high magnetic
fields. Such measurements allow us to exclude the influences of
the normal state band structure, of the impurity shape, or of
the tunnelling matrix element28 on the spatial symmetries of the
impurity bound state in the superconducting state. Contrasting
such measurements for H >HC2 (in Fig. 5f,g) with measurements
on the same impurity forH =0 (Fig. 5d,e) we directly visualize how

nodal superconductivity in CeCoIn5 breaks the symmetry of the
normal electronic states in the vicinity of a single atomic defect.

The appearance of a pseudogap and the direct evidence for
dx2�y2 superconductivity reported here, together with previous
observations of the competition between antiferromagnetism and
superconductivity, closely ties the phenomenology of the Ce-115
system to that of the high-temperature cuprate superconductors.
An important next step in extending this phenomenology would
be to explore how the competition between antiferromagnetism
and superconductivity manifests itself on the atomic scale in STM
measurements. Similarly, extending our studies of the electronic
structure in magnetic vortices could be used to examine the
competition between different types of ordering in the mixed
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than 2%. It should be noted that this amplitude is more
than 20 times larger than those of the 2D superconductor
Sr2RuO4 with isotropic gap in the planes [12]. Then the
most important subject is “Is the observed fourfold sym-
metry a consequence of the nodes”? We here address the
origin of the fourfold symmetry. There are several pos-
sible origins for this. The first is the in-plane anisotropy of
Hc2. According to Ref. [5], Hc2 has very small but finite
in-plane anisotropy; Hc2 k $100% is approximately 2.7%
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FIG. 3. (a)– (d) The fourfold symmetry k4u#kn at several
temperatures.

larger than Hc2 k $110%. However, this anisotropy is too
small to explain the large amplitude of jC4u j#kn . 2%
at H ø Hc2. Further, and more importantly, if this four-
fold symmetry had come from the fact that Hc2 k $100%
is larger than Hc2 k $110%, the overall sign of this term
should be opposite to the one actually observed in k4u .
The second possibility is the tetragonal band structure in-
herent to the CeCoIn5 crystal. If the in-plane anisotropy of
the Fermi surface is large, then the large anisotropy of k4u

should be observed even above Tc. However, as shown
in Fig. 4, the observed fourfold symmetry above Tc is ex-
tremely small; jC4uj#kn , 0.2%. Thus the anisotropies
arising from Hc2 and the band structure are incompati-
ble with the data. Moreover, the amplitude of the four-
fold symmetry well below Tc becomes more than 10 times
larger than that above Tc. These considerations lead us to
conclude that the fourfold symmetry with large amplitude
well below Tc originates from the QP structure.

We now address the sign of the fourfold symmetry. In
the presence of nodes perpendicular to the layers, the term
k4u appears as a result of two effects. The first is the
DOS oscillation associated with the rotating H within the
ab plane [15]. This effect arises because the DOS depends
sensitively on the angle between H and the direction of the
nodes of the order parameter, because the QPs contribute
to the DOS when their Doppler-shifted energies exceed
the local energy gap. The second effect is the quasipar-
ticle lifetime from the Andreev scattering off the vortex
lattice, which has the same symmetry as the gap function
[10,11,18]. As discussed before, the second effect is
predominant in our temperature and field ranges. In this
case, k attains the maximum value when H is directed to
the nodal directions and becomes minimum when H is
directed along the antinodal directions [10,11,14]. Thus
the sign of the present fourfold symmetry indicates
the superconducting gap with nodes located along the
!6p, 6p" directions, similar to high-Tc cuprates.
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The torque data measured in the mixed state of CeCoIn5,
obtained by subtracting the corresponding normal-state
torque from the measured torque, have both reversible and
irreversible components. The reversible torque !rev is the av-
erage of the torque data measured in clockwise and anti-
clockwise directions, while the irreversible torque !irr is the
average of the antisymmetric components of the torque data
measured in clockwise and anticlockwise directions. Figure
2!a" shows the reversible part of the angular-dependent in-
plane torque data measured in the mixed state at 1.9 K and in
a magnetic field of 3 T. Clearly, there is a fourfold symmetry
present in the torque data, although the data points are some-
what scattered. The solid line is a fit of these mixed-state
data with !rev!H ,T ,""=Am!T ,H"sin 4". The coefficient Am
is positive since the torque displays a maximum at # /8. Fig-
ure 2!b" shows the irreversible part of the mixed-state torque
data !irr!"" measured at T=1.9 K and H=1 T for a single
crystal with a mass of 2.6 mg. The !irr!"" data have sharp
peaks at # /4, 3# /4, 5# /4, and 7# /4, etc.

The nodal positions of CeCoIn5 can be obtained from the
reversible and irreversible mixed-state torque data, as previ-
ously done in the study of YBa2Cu3O7.25 Specifically, theo-
retical calculations predict that the in-plane upper critical
field Hc2

# has a fourfold symmetry for a d-wave
superconductor.30 In the case of dxy wave symmetry, the an-
gular variation of the upper critical field $Hc2

# %−cos 4";
hence, it has maxima at # /4, 3# /4, 5# /4, 7# /4, etc. Figure
3 shows the angular dependence of the reversible and irre-
versible torque obtained by starting from this angular depen-
dence of Hc2, as follows. The lower critical field Hc1

# is out of

phase with Hc2
# !see Fig. 3" since the thermodynamic

critical field Hc
2=Hc1Hc2 is independent of the magnetic-field

orientation. Therefore, the magnetization M, given by
M $−Hc1 ln!Hc2 /H" / ln &, has the same angular dependence
as Hc2 !see Fig. 3". The easy axis of magnetization !maxi-
mum magnetization" should correspond to free energy F
minima. This implies that, for the dxy symmetry, F has
minima at # /4, 3# /4, 5# /4, 7# /4, etc. !see Fig. 3". The
torque is the angular derivative of the free energy F; i.e.,
!=−!F /!". Hence, the reversible torque data for a material
with dxy wave symmetry should display a fourfold symmetry
with maxima at # /8, 5# /8, 9# /8, etc. !see Fig. 3". Also, the
free-energy minima act as intrinsic pinning centers for vorti-
ces, so the irreversible torque data for a material with dxy
wave symmetry should display peaks at the same angles at
which the free energy has minima; i.e., at # /4, 3# /4, 5# /4,
7# /4, etc.

Notice that the " dependence of reversible and irrevers-
ible torque data of CeCoIn5 shown in Figs. 2!a" and 2!b" are
the same as the " dependence of !rev and !irr, respectively,
shown in Fig. 3, obtained from the theoretically predicted
angular dependence of the upper critical fields for a material
with dxy symmetry. We hence conclude that the reversible
along with the irreversible torque data in the mixed state
unambiguously imply that the wave symmetry of CeCoIn5 is
dxy. The fact that the angular dependences of the reversible
and irreversible torques, with the latter not being affected by
the subtraction of the reversible normal-state torque in the
mixed state, give the same angular dependence of the free
energy indicates that there is no error in the subtraction of
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FIG. 3. Plot of the angular " dependence of the upper critical
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and irreversible torque !irr for dxy wave symmetry.
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FIG. 3: Temperature-dependent London penetration depth of (a) La and Nd and (b) Yb substituted substituted CeCoIn5,
plotted vs normalized (T/T

c

)2 scale. The dependence in pure material S1 shows clear downturn consistent with n = 1.2 < 2. The
data for La and Nd doped samples for all doping levels follow closely T

2 dependence expected in dirty nodal superconductors.
In Yb-substituted samples a clear crossover from sub-linear to super-linear plot can be noticed, suggesting rapid increase of
exponent n and n > 2 for samples with x=0.1 and 0.2. (c) Floating fitting range analysis of the temperature dependent
London penetration depth in pure and Yb-substituted CeCoIn5 samples. The data were fit using power-law function over the
temperature range from base temperature to a temperature T

up

< T

c

/3, and the resultant exponent n was plotted as a function
of T

up

.
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FIG. 4: The exponent of the power-law dependence of London
penetration depth as a function of superconducting transition
temperature for La substitution (black circles), Nd substitu-
tion (blue triangles) and Yb substitution (red squares).

cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
discussed recently in relation to 115 compounds [30, 31]
and our data may hint in the same direction.

An alternative scenario for the explanation of the nodal
to nodeless evolution was considered by Coleman et al.

H. Kim, M. Tanatar et al, 
PRL (2014).
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minima (maxima) in the oscillations for hole-like (electron-like)
states identify the nodes of the d-wave order as occurring at 45� to
the atomic axes (Fig. 5h). In fact, these features in STMconductance
maps are identical to those associated with Ni impurities in high-Tc
cuprates28,33. However, in contrast tomeasurements in the cuprates,
we are able to determine the spatial structure that such impurities
induce on the normal state by suppressing pairing at high magnetic
fields. Such measurements allow us to exclude the influences of
the normal state band structure, of the impurity shape, or of
the tunnelling matrix element28 on the spatial symmetries of the
impurity bound state in the superconducting state. Contrasting
such measurements for H >HC2 (in Fig. 5f,g) with measurements
on the same impurity forH =0 (Fig. 5d,e) we directly visualize how

nodal superconductivity in CeCoIn5 breaks the symmetry of the
normal electronic states in the vicinity of a single atomic defect.

The appearance of a pseudogap and the direct evidence for
dx2�y2 superconductivity reported here, together with previous
observations of the competition between antiferromagnetism and
superconductivity, closely ties the phenomenology of the Ce-115
system to that of the high-temperature cuprate superconductors.
An important next step in extending this phenomenology would
be to explore how the competition between antiferromagnetism
and superconductivity manifests itself on the atomic scale in STM
measurements. Similarly, extending our studies of the electronic
structure in magnetic vortices could be used to examine the
competition between different types of ordering in the mixed
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cooling condition at every angle. For details, see text.

than 2%. It should be noted that this amplitude is more
than 20 times larger than those of the 2D superconductor
Sr2RuO4 with isotropic gap in the planes [12]. Then the
most important subject is “Is the observed fourfold sym-
metry a consequence of the nodes”? We here address the
origin of the fourfold symmetry. There are several pos-
sible origins for this. The first is the in-plane anisotropy of
Hc2. According to Ref. [5], Hc2 has very small but finite
in-plane anisotropy; Hc2 k $100% is approximately 2.7%
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FIG. 3. (a)– (d) The fourfold symmetry k4u#kn at several
temperatures.

larger than Hc2 k $110%. However, this anisotropy is too
small to explain the large amplitude of jC4u j#kn . 2%
at H ø Hc2. Further, and more importantly, if this four-
fold symmetry had come from the fact that Hc2 k $100%
is larger than Hc2 k $110%, the overall sign of this term
should be opposite to the one actually observed in k4u .
The second possibility is the tetragonal band structure in-
herent to the CeCoIn5 crystal. If the in-plane anisotropy of
the Fermi surface is large, then the large anisotropy of k4u

should be observed even above Tc. However, as shown
in Fig. 4, the observed fourfold symmetry above Tc is ex-
tremely small; jC4uj#kn , 0.2%. Thus the anisotropies
arising from Hc2 and the band structure are incompati-
ble with the data. Moreover, the amplitude of the four-
fold symmetry well below Tc becomes more than 10 times
larger than that above Tc. These considerations lead us to
conclude that the fourfold symmetry with large amplitude
well below Tc originates from the QP structure.

We now address the sign of the fourfold symmetry. In
the presence of nodes perpendicular to the layers, the term
k4u appears as a result of two effects. The first is the
DOS oscillation associated with the rotating H within the
ab plane [15]. This effect arises because the DOS depends
sensitively on the angle between H and the direction of the
nodes of the order parameter, because the QPs contribute
to the DOS when their Doppler-shifted energies exceed
the local energy gap. The second effect is the quasipar-
ticle lifetime from the Andreev scattering off the vortex
lattice, which has the same symmetry as the gap function
[10,11,18]. As discussed before, the second effect is
predominant in our temperature and field ranges. In this
case, k attains the maximum value when H is directed to
the nodal directions and becomes minimum when H is
directed along the antinodal directions [10,11,14]. Thus
the sign of the present fourfold symmetry indicates
the superconducting gap with nodes located along the
!6p, 6p" directions, similar to high-Tc cuprates.
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function of T#Tc . Inset: same data as a function of H#Hc2 .
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The torque data measured in the mixed state of CeCoIn5,
obtained by subtracting the corresponding normal-state
torque from the measured torque, have both reversible and
irreversible components. The reversible torque !rev is the av-
erage of the torque data measured in clockwise and anti-
clockwise directions, while the irreversible torque !irr is the
average of the antisymmetric components of the torque data
measured in clockwise and anticlockwise directions. Figure
2!a" shows the reversible part of the angular-dependent in-
plane torque data measured in the mixed state at 1.9 K and in
a magnetic field of 3 T. Clearly, there is a fourfold symmetry
present in the torque data, although the data points are some-
what scattered. The solid line is a fit of these mixed-state
data with !rev!H ,T ,""=Am!T ,H"sin 4". The coefficient Am
is positive since the torque displays a maximum at # /8. Fig-
ure 2!b" shows the irreversible part of the mixed-state torque
data !irr!"" measured at T=1.9 K and H=1 T for a single
crystal with a mass of 2.6 mg. The !irr!"" data have sharp
peaks at # /4, 3# /4, 5# /4, and 7# /4, etc.

The nodal positions of CeCoIn5 can be obtained from the
reversible and irreversible mixed-state torque data, as previ-
ously done in the study of YBa2Cu3O7.25 Specifically, theo-
retical calculations predict that the in-plane upper critical
field Hc2

# has a fourfold symmetry for a d-wave
superconductor.30 In the case of dxy wave symmetry, the an-
gular variation of the upper critical field $Hc2

# %−cos 4";
hence, it has maxima at # /4, 3# /4, 5# /4, 7# /4, etc. Figure
3 shows the angular dependence of the reversible and irre-
versible torque obtained by starting from this angular depen-
dence of Hc2, as follows. The lower critical field Hc1

# is out of

phase with Hc2
# !see Fig. 3" since the thermodynamic

critical field Hc
2=Hc1Hc2 is independent of the magnetic-field

orientation. Therefore, the magnetization M, given by
M $−Hc1 ln!Hc2 /H" / ln &, has the same angular dependence
as Hc2 !see Fig. 3". The easy axis of magnetization !maxi-
mum magnetization" should correspond to free energy F
minima. This implies that, for the dxy symmetry, F has
minima at # /4, 3# /4, 5# /4, 7# /4, etc. !see Fig. 3". The
torque is the angular derivative of the free energy F; i.e.,
!=−!F /!". Hence, the reversible torque data for a material
with dxy wave symmetry should display a fourfold symmetry
with maxima at # /8, 5# /8, 9# /8, etc. !see Fig. 3". Also, the
free-energy minima act as intrinsic pinning centers for vorti-
ces, so the irreversible torque data for a material with dxy
wave symmetry should display peaks at the same angles at
which the free energy has minima; i.e., at # /4, 3# /4, 5# /4,
7# /4, etc.

Notice that the " dependence of reversible and irrevers-
ible torque data of CeCoIn5 shown in Figs. 2!a" and 2!b" are
the same as the " dependence of !rev and !irr, respectively,
shown in Fig. 3, obtained from the theoretically predicted
angular dependence of the upper critical fields for a material
with dxy symmetry. We hence conclude that the reversible
along with the irreversible torque data in the mixed state
unambiguously imply that the wave symmetry of CeCoIn5 is
dxy. The fact that the angular dependences of the reversible
and irreversible torques, with the latter not being affected by
the subtraction of the reversible normal-state torque in the
mixed state, give the same angular dependence of the free
energy indicates that there is no error in the subtraction of
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FIG. 3. Plot of the angular " dependence of the upper critical
field Hc2 and lower critical field Hc1 for magnetic field parallel to
the ab plane, magnetization M, free energy F, reversible torque !rev,
and irreversible torque !irr for dxy wave symmetry.

PAIRING SYMMETRY OF CeCoIn5 DETECTED BY… PHYSICAL REVIEW B 78, 014510 !2008"

014510-3

Torque magnetometry:   
H. Xiao et al. PRB 78,  
014510 (2008)  



4

FIG. 3: Temperature-dependent London penetration depth of (a) La and Nd and (b) Yb substituted substituted CeCoIn5,
plotted vs normalized (T/T

c

)2 scale. The dependence in pure material S1 shows clear downturn consistent with n = 1.2 < 2. The
data for La and Nd doped samples for all doping levels follow closely T

2 dependence expected in dirty nodal superconductors.
In Yb-substituted samples a clear crossover from sub-linear to super-linear plot can be noticed, suggesting rapid increase of
exponent n and n > 2 for samples with x=0.1 and 0.2. (c) Floating fitting range analysis of the temperature dependent
London penetration depth in pure and Yb-substituted CeCoIn5 samples. The data were fit using power-law function over the
temperature range from base temperature to a temperature T

up

< T

c

/3, and the resultant exponent n was plotted as a function
of T

up

.
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FIG. 4: The exponent of the power-law dependence of London
penetration depth as a function of superconducting transition
temperature for La substitution (black circles), Nd substitu-
tion (blue triangles) and Yb substitution (red squares).

cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
discussed recently in relation to 115 compounds [30, 31]
and our data may hint in the same direction.

An alternative scenario for the explanation of the nodal
to nodeless evolution was considered by Coleman et al.

�L(T ) = �L(0) + aTn
<latexit sha1_base64="si/uHz3ozwxOZDpmKq1KmpHjFts="></latexit><latexit sha1_base64="si/uHz3ozwxOZDpmKq1KmpHjFts="></latexit>

H. Kim, M. Tanatar et al, 
PRL (2014).

Erten, Flint, PC, 2014



2

Yb#doping#
hole#like######################################################electron#like######x2≈0.2#

nodal#d2wave#
+#composite#pairs#

nodal#d2wave#
+#composite#pairs#

composite#pairs#
only#

+# +# +# +# +#
2# 2# 2# 2# 2#

x+#

k

E

Yb

Ce

Yb doping: m≠

HaL HbL
Yb#doping#

E#

k#

Yb#

Ce#

+#+#
2#

2#
+#+#

2#

2#
+#+#

2#

2#

Γ"

M"

⇢s = ⇢0 � �T (1�2) ⇢s = ⇢0 � �T (1�2)⇢s = ⇢0 � �T (3�4)
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fermion band structure turns from hole-like to electron-like.

discuss its detailed application to Yb doped CeCoIn5 and
the consequences and the predictions of our theory.

Composite pairing: The composite pairing concept was
first introduced in the context of odd-frequency pairing
[11], and later associated with the composite binding
of a Cooper pairs with local moments[8, 12–14]. Vari-
ous other forms of composite pairing have been recently
suggested in the context of cuprate superconductors[15].
Composite pairing naturally emerges within a two-
channel Kondo lattice model where constructive interfer-
ence between two spin-screening channels drives to local
pairing. Composite pairing can be alternatively regarded
as an intra-orbital version of the resonating valence bond
pairing mechanism[16, 17]. The composite pair ampli-
tude is given by

⇤C(j) = h †
1j~�(i�2) 

†
2j · ~Sf (j)i (1)

where  †
�j creates conduction elections in the Wannier

state of channel � 2 (1, 2) and ~Sf (j) describes the
spin operator of the local f-moment at site j. The  ’s
can be decomposed into plane waves using the rela-
tion  �j� =

P
k ��

��0(k)ck�0eik·Rj where the form factor
��

��0(k) is only diagonal in the absence of spin-orbit cou-
pling. Kondo couplings of the two channels, The Kondo
coupling in the two � channels J� are a consequence
of virtual charge fluctuations from the singly occupied
ground state into the excited empty and doubly occu-
pied states.

The symmetry of the composite pair condensate is de-
termined by the product of the two form factors �1k�2k.
In a simple model, �1k and �2k can be taken to have s-
and d-wave symmetries respectively, giving rise to d-wave
symmetry. A more detailed analysis involves �6 and �7

crystal fields in accord with the underlying crystal field
symmetries[14] which also leads to nodal d-wave pairing.
The superfluid sti↵ness

Q = QBCS + QM (2)

has two components[8]: a BCS component

QBCS =
ne2

m⇤ (3)

derived from the paired heavy electron fluid and a com-
posite component
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resulting from the mobility of the molecular pairs and
derived ultimately from the non-local character (momen-
tum dependence) of the Kondo form factors. Here ⌃N

is proportional to the normal (hybridization) part of the
conduction electron self-energy and ✏k is the conduction
electron dispersion. QM is directly proportional to the
condensation energy, a consequence of “local pair” con-
densation and it does not depend on the presence of a
Fermi surface. In three dimensions, QBCS ⇠ ✏F /a2 is
proportional to the Fermi energy: in conventional super-
conductors the superfluid sti↵ness is much greater than
Tc, but as the Fermi surface shrinks, QBCS vanishes.
Normally, this would drive a superconductor-insulator
transition, but now the superconductivity is sustained
by the sti↵ness of the composite pair condensate.

For example, consider a single channel Kondo lattice
model at half filling, for which the ground state is a
Kondo insulator with a gap to quasiparticle excitations.
The inclusion of a second Kondo channel leads to com-
posite pairing beyond a critical ratio of the coupling con-
stants. (There is no Cooper instability in this case since
there is no Fermi surface.) As a result the Boguilubov
quasiparticle spectrum is fully-gapped even though the
composite order parameter has d-wave symmetry. This
state is an example of a Bose-Einstein condensate of d-
wave molecules.
Connection with Yb doped CeCoIn5: Due to the

tetragonal crystal field, the low lying physics of CeCoIn5

is governed by a low lying �7 Kramers doublet[18]. The
Kondo e↵ect in Ce and Yb heavy fermion compounds
results from high frequency valence fluctuations. In Ce
compounds the dominant valence fluctuations occur be-
tween the 4f1 and 4f0 configuration 4f1 ↵ 4f0 + e�,
giving rise to an average f-occupation below unity (nCe

f ⇠
0.9)[19, 20]. Using the Friedel sum rule, this gives rise to
a scattering phase shift � < ⇡

2 and in the lattice, to hole-
like heavy Fermi surfaces. By contrast, Yb heavy fermion
materials involve valence fluctuations between the 4f13

and 4f14 configurations e� + 4f13 ↵ 4f14, so the aver-
age f-occupation of the active Kramers doublet exceeds
one (nY b

f ⇠ 1.7)[19, 20] [26], the corresponding scattering
phase shift � > ⇡

2 and an electron-like Fermi surface in
the Kondo lattice (Fig. 2). As the Yb doping proceeds,
the typical character of the resonant scattering changes
from Cerium-like to Ytterbium-like and the occupancy
of the lowlying magnetic doublet nf will increase as a

4

FIG. 3: Temperature-dependent London penetration depth of (a) La and Nd and (b) Yb substituted substituted CeCoIn5,
plotted vs normalized (T/T

c

)2 scale. The dependence in pure material S1 shows clear downturn consistent with n = 1.2 < 2. The
data for La and Nd doped samples for all doping levels follow closely T

2 dependence expected in dirty nodal superconductors.
In Yb-substituted samples a clear crossover from sub-linear to super-linear plot can be noticed, suggesting rapid increase of
exponent n and n > 2 for samples with x=0.1 and 0.2. (c) Floating fitting range analysis of the temperature dependent
London penetration depth in pure and Yb-substituted CeCoIn5 samples. The data were fit using power-law function over the
temperature range from base temperature to a temperature T
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< T
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/3, and the resultant exponent n was plotted as a function
of T
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FIG. 4: The exponent of the power-law dependence of London
penetration depth as a function of superconducting transition
temperature for La substitution (black circles), Nd substitu-
tion (blue triangles) and Yb substitution (red squares).

cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
discussed recently in relation to 115 compounds [30, 31]
and our data may hint in the same direction.

An alternative scenario for the explanation of the nodal
to nodeless evolution was considered by Coleman et al.
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FIG. 2: Schematic heavy fermion band structure. Ce Kondo
lattice is hole-like whereas Yb Kondo lattice is electron-like.
Thus upon Yb doping, chemical potential increases and heavy
fermion band structure turns from hole-like to electron-like.

discuss its detailed application to Yb doped CeCoIn5 and
the consequences and the predictions of our theory.
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In a simple model, �1k and �2k can be taken to have s-
and d-wave symmetries respectively, giving rise to d-wave
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crystal fields in accord with the underlying crystal field
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derived ultimately from the non-local character (momen-
tum dependence) of the Kondo form factors. Here ⌃N

is proportional to the normal (hybridization) part of the
conduction electron self-energy and ✏k is the conduction
electron dispersion. QM is directly proportional to the
condensation energy, a consequence of “local pair” con-
densation and it does not depend on the presence of a
Fermi surface. In three dimensions, QBCS ⇠ ✏F /a2 is
proportional to the Fermi energy: in conventional super-
conductors the superfluid sti↵ness is much greater than
Tc, but as the Fermi surface shrinks, QBCS vanishes.
Normally, this would drive a superconductor-insulator
transition, but now the superconductivity is sustained
by the sti↵ness of the composite pair condensate.
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model at half filling, for which the ground state is a
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stants. (There is no Cooper instability in this case since
there is no Fermi surface.) As a result the Boguilubov
quasiparticle spectrum is fully-gapped even though the
composite order parameter has d-wave symmetry. This
state is an example of a Bose-Einstein condensate of d-
wave molecules.
Connection with Yb doped CeCoIn5: Due to the

tetragonal crystal field, the low lying physics of CeCoIn5

is governed by a low lying �7 Kramers doublet[18]. The
Kondo e↵ect in Ce and Yb heavy fermion compounds
results from high frequency valence fluctuations. In Ce
compounds the dominant valence fluctuations occur be-
tween the 4f1 and 4f0 configuration 4f1 ↵ 4f0 + e�,
giving rise to an average f-occupation below unity (nCe

f ⇠
0.9)[19, 20]. Using the Friedel sum rule, this gives rise to
a scattering phase shift � < ⇡

2 and in the lattice, to hole-
like heavy Fermi surfaces. By contrast, Yb heavy fermion
materials involve valence fluctuations between the 4f13

and 4f14 configurations e� + 4f13 ↵ 4f14, so the aver-
age f-occupation of the active Kramers doublet exceeds
one (nY b

f ⇠ 1.7)[19, 20] [26], the corresponding scattering
phase shift � > ⇡

2 and an electron-like Fermi surface in
the Kondo lattice (Fig. 2). As the Yb doping proceeds,
the typical character of the resonant scattering changes
from Cerium-like to Ytterbium-like and the occupancy
of the lowlying magnetic doublet nf will increase as a

4

FIG. 3: Temperature-dependent London penetration depth of (a) La and Nd and (b) Yb substituted substituted CeCoIn5,
plotted vs normalized (T/T

c

)2 scale. The dependence in pure material S1 shows clear downturn consistent with n = 1.2 < 2. The
data for La and Nd doped samples for all doping levels follow closely T

2 dependence expected in dirty nodal superconductors.
In Yb-substituted samples a clear crossover from sub-linear to super-linear plot can be noticed, suggesting rapid increase of
exponent n and n > 2 for samples with x=0.1 and 0.2. (c) Floating fitting range analysis of the temperature dependent
London penetration depth in pure and Yb-substituted CeCoIn5 samples. The data were fit using power-law function over the
temperature range from base temperature to a temperature T

up

< T

c

/3, and the resultant exponent n was plotted as a function
of T

up

.

0.6 0.7 0.8 0.9 1.0 1.1
1.0

1.5

2.0

2.5

3.0

3.5

 

 

n

Tc / Tc(x=0, S1)

Ce1-xRxCoIn5
 La
 Nd
 Yb

FIG. 4: The exponent of the power-law dependence of London
penetration depth as a function of superconducting transition
temperature for La substitution (black circles), Nd substitu-
tion (blue triangles) and Yb substitution (red squares).

cant change of the Fermi surface between CeCoIn5 and
YbCoIn5. Recent de Haas-van Alfen studies indeed found
change of the Fermi surface with Yb substitution, with
the major change being disappearance of the intermedi-
ate heavy ↵ sheet of the Fermi surface in the range be-
tween x=0.1 and 0.2. This is exactly the range in which

we observe closing of the nodes in the superconducting
gap.

According to STM studies [18], ↵ sheet of the Fermi
surface plays a key role in superconductivity of CeCoIn5.
Evolution of the superconducting gap structure with the
disappearance of this sheet might be not strange since the
spectrum of magnetic fluctuations may change dramati-
cally. However, two features in our data are very di�cult
to understand in this scenario. First, the superconduct-
ing T

c

changes monotonically during the gap structure
transformation, it is insensitive to Fermi surface topol-
ogy change. Second, the fact that the structure of the
gap can change with Fermi surface topology strongly ar-
gues against symmetry imposed superconducting gap as
in d-wave scenario.

Interestingly enough, these observations have some re-
semblance with the iron - based superconductors. For
example, in hole-doped KFe2As2, the change of the su-
perconducting gap structure with pressure is indicated by
a non-monotonic T

c

(P ) dependence [46]. Similar change,
but with doping, was suggested in Ba1�x

K
x

Fe2As2 [47].
The superconducting gap structure of iron pnictides is
frequently discussed in terms of Fermi surface nesting,
responsible for magnetic fluctuations. Similar ideas were
discussed recently in relation to 115 compounds [30, 31]
and our data may hint in the same direction.

An alternative scenario for the explanation of the nodal
to nodeless evolution was considered by Coleman et al.
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Molecular Pairing and Fully-Gapped Superconductivity in Yb doped CeCoIn5
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The recent observation of fully-gapped superconductivity in Yb doped CeCoIn5 poses a paradox,
for the disappearance of nodes suggests that they are accidental, yet d-wave symmetry with protected
nodes is well established by experiment. Here, we show that composite pairing provides a natural
resolution: in this scenario, Yb doping drives a Lifshitz transition of the nodal Fermi surface,
forming a fully-gapped d-wave molecular superfluid of composite pairs. The T

4 dependence of the
penetration depth associated with the sound mode of this condensate is in accord with observation.

Introduction: CeCoIn5 is an archetypal heavy fermion
superconductor with Tc = 2.3K[1]. The Curie-Weiss
susceptibility signaling unquenched local moments, per-
sists down to the superconducting transition [1]. Local
moments, usually harmful to superconductivity actually
participate in the condensate and a significant fraction
of the local moment entropy (0.2 � 0.3 log 2 per spin) is
quenched below Tc.

The behavior of this material upon Yb doping is quite
unusual: the depression of superconductivity with doping
is extremely mild with an unusual linear dependence of
the transition temperature Tc(x) = Tc(0)⇥(1�x), where
x is the Yb doping[2]. Moreover, recent measurements[3]
of the temperature dependent London penetration depth
��(T ) suggest that the nodal d-wave superconductivity
(where ��(T ) ⇠ T �T 2) becomes fully gapped (��(T ) ⇠
Tn, n & 3) beyond a critical Yb doping xc ⇠ 0.2. Nor-
mally the disappearance of nodes would suggest that
they are accidental, as in s± superconductors. However
directional probes of the gap, including scanning tun-
neling spectroscopy (STM)[4, 5], thermal conductivity
measurements in a rotating magnetic field[6] and torque
magnetometry[7] strongly suggest that pure CeCoIn5 is a
d-wave superconductor with symmetry-protected nodes.
How then, can a nodal d-wave superconductor become
fully-gapped upon doping?

Here we provide a possible resolution of this paradox,
presenting a mechanism by which nodal superconductors
can become fully gapped systems without change of sym-
metry, through the formation of composite pairs. A com-
posite d-wave superconductor contains two components:
a d-wave BCS condensate and a molecular superfluid of
d-wave composite pairs[8]. Here we show when the scat-
tering phase shift o↵ the magnetic ions is tuned via dop-
ing, a Lifshitz transition occurs which removes the nodal
heavy Fermi surface to revealing an underlying molecular
superfluid of d-wave composite pairs (see Fig. 1).

In the absence of an underlying Fermi surface, a com-
posite paired superconductor can be regarded as Bose-
Einstein condensate of weakly interacting, charge 2e d-
wave bosons in which the Boguilubov quasiparticle spec-
trum is fully gapped[9], with a residual linear sound mode
with dispersion Eq ⇠ vsq, cut o↵ by the plasma frequency
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FIG. 1: Schematic phase diagram for the Yb
x

Ce1�x

CoIn5.
For x < 0.2 the temperature dependence of London penetra-
tion depth �� ⇠ T �T

2, consistent with nodal d-wave super-
conductivity in clean and dirty limits respectively. However
for x > 0.2, the power law of the �� exceeds 2 and reaches
up to 4[3]. This is incompatible with nodal d-wave supercon-
ductivity and suggests a fully-gapped state. We argue that
in the gapless phase Cooper pairs and composite pairs co-
exist whereas in the fully gapped phase, only the composite
pairs are present. As function of Yb doping, chemical poten-
tial increases and the nodes of the order parameter moves to
the corners of the Brillouin zone and annihilate. We predict
that upon further doping, there is a second quantum phase
transition to a reentrant gapless phase.

!p ⇠ vs/�L at wavevectors below the inverse penetration
depth q << 1/�L. At temperatures above the plasma fre-
quency, the superfluid sti↵ness is governed by Landau’s
two-fluid theory of superfluids, in which the excitation of
the normal superfluid is predicted to give rise to a power
law dependence of the penetration depth ��(T ) ⇠ T 4 in
three dimensions, consistent with experiments[3].

A quantum critical point recently observed for x ⇠ xc

in transverse magnetoresistance measurements [10] ap-
pears to coincide with the disappearance of the super-
conducting nodes. At larger Yb doping, we expect a sec-
ond quantum critical point into a reentrant gapless phase
as shown in Fig. 1 with the redevelopment of a d-wave
paired heavy electron pocket around the � point in the
Yb rich Kondo lattice.

We now expand on the idea of composite pairing and



• 115 Materials, with direct Curie to superconductor transition
may involve composite pairing.

• Composite pairing may be regarded as a kind of resonant pairing.

• Composite pairing leads to a charge distribution. Observed in 
NQR measurements.

• Appearance of fully gapped region in Yb doped CeCoIn5 consistent 
with condensate of pure composite bosons. 

• Could  this kind of order occur at higher temperatures, 
in d-electron systems?

Conclusions.
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