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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 ] .  
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“FM”:                              UIr, UGe2,URhGe, UCoGe

“AFM”:                           CeCu2Si2, UPt3, CeIn3, CePd2Si2, CeRhIn5,

                                       CeCoIn5,CeRhIn5,UPd2Al3

Strange:                         UBe13, PuCoGa5,NpPd5Al2, URu2Si2

Non centrosymmetric:   CePtSi, CeIrSi3, CeRhSi3

“Quadrupolar”:               PrOs4Sb2



Heavy Fermion SC: The Good.
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We begin in Sec. II with a brief description of the
normal state. Section III contains the background for
understanding the three classes of theories of the super-
conducting state. The peculiar phase diagram of the su-
perconductor is the topic of Sec. IV. The physical prop-
erties of the material in each of the superconducting
phases, particularly in phase B, are discussed in detail in
Sec. V, which is thus devoted to experiments in classes
(b) and (c). In Sec. VI, we summarize the current status
of our understanding of UPt3 and suggest ways to fur-
ther that understanding.

II. NORMAL STATE

A. Crystal lattice

UPt3 crystallizes in the MgCd3-type structure shown
in Fig. 2. The uranium atoms form a closed-packed hex-
agonal structure with the platinum atoms bisecting the
planar bonds. There are two formula units per unit cell.
The compound belongs to the space group P63 /mmc
and the point group D6h . The lattice parameters are
a!5.764 Å and c̃!4.899 Å, so that c̃/a!0.845, not too
far from the hard-sphere value of 0.816. Here c̃ is the
distance between neighboring planes, not the length of
the unit cell. When discussing transport properties, the b
axis is usually defined to be perpendicular to the a axis

(i.e., parallel to the a* axis). In terms of reciprocal
space, we have a!!K and b!!M . The nearest U-U dis-
tance is between atoms in adjacent layers, equal to 4.132
Å. Correspondingly, as we shall see in Sec. II.C, the con-
ductivity is greatest along the c axis. The volume of the
unit cell is 140.96 Å3, the molar volume Vm!42.43
"10#6 m3/mol U, the mass density 1.940"104 kg/m3,
and molar weight 823.3 g. The mean atomic volume is
17.62 Å3.

In 1993, a study of the crystal structure of UPt3 using
transmission electron microscopy (TEM) discovered a
complex set of incommensurate structural modulations
at room temperature, corresponding to several q! vectors
of magnitude around 0.1"/a (Midgley et al., 1993). A
similar TEM study performed on a whisker of UPt3
found a well-developed incommensurate modulation
with a single q! !(0.1,#0.1,#0.1), i.e., of the same mag-
nitude, corresponding to a modulation of wavelength
#70 Å, coherent over microns (Ellman, Zaluska, and
Taillefer, 1995). However, a subsequent x-ray investiga-
tion of the structure of a whisker by Ellman et al. (1997)
found no trace of any incommensurate modulation, at
the level of one part in 105 (see also Walko et al., 2001).
This suggests that the structural distortions seen with
TEM may be the result of the rather violent surface
preparation techniques used to thin the samples (e.g.,
ion milling). We conclude that the intrinsic crystal struc-
ture of UPt3 is perfectly hexagonal. (Note, however, a
recent x-ray study which reports the observation of a
slight trigonal distortion; Walko et al., 2001.) Deviations
from this correspond to extrinsic lattice defects (such as
stacking faults), which of course are present to a varying
degree in different samples, as discussed in Sec. II.E.

The basic elastic properties of UPt3 are well described
by de Visser, Menovsky, and Franse (1987). Longitudinal
acoustic waves travel at a speed of 3860 and 3993 m/s
parallel and perpendicular to the c axis, respectively.
The two transverse acoustic modes propagate at 1385
m/s along the c axis and 1388 m/s (2076 m/s) along the b
axis with polarization parallel (perpendicular) to the c
axis. The Debye temperature is found to be 217 K, in
agreement with an estimate from specific heat (Sec.
II.C.1). The compressibilities are calculated by de Visser,
Menovsky, and Franse (1987):

$a!#
1
a

da
dP

!0.164, $c!#
1
c

dc
dP

!0.151,

$V!2$a$$c!0.479 Mbar#1. (2)

B. Quasiparticle spectrum

1. Band structure

UPt3 is the archetype of a heavy-fermion system. It
has the qualitative properties of a Fermi liquid, but the
magnitude of the effective masses, reflected in the spe-
cific heat and magnetic susceptibility, is very much larger
than the free-electron value. The heaviness of the elec-
trons is generally attributed to electron correlations
which come from the strong repulsions on the U sites.

FIG. 2. Crystal structure of UPt3 (a) and its first Brillouin zone
(b).
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perature dependent, as a result of the inelastic scatter-
ing, and L(0.8 K)!0.75 L0 .

The electrons responsible for the large !N are also
the carriers of heat. This can be confirmed using
the known Fermi velocity (averaged over the various
orbits in the b-c plane), vbc!5000 m/s, combined
with !N!0.44 J K"2 mol"1 and lbc!2000 Å (for "0
!0.23 #$ cm), giving an estimate of the thermal con-
ductivity due to the quasiparticles: %N /T! 1

3 !vbclbc
!3.5 W K"2 m"1 at T#0.1 K. The measured values
(in the normal state) are %N /T!L0 /"0!4.0 (10.6)
W K"2 m"1, for JQ"b (JQ"c), reasonably close to our
rough estimate. This is further confirmation that the
Fermi-liquid picture of heavy and itinerant quasiparti-
cles is quantitatively consistent in UPt3 .

D. Magnetic properties

The spin degrees of freedom in strongly correlated
electron systems are at the heart of their subtle and ex-
otic low-temperature phenomena. It is interesting that
both high-Tc superconductors and heavy-fermion super-
conductors have low-lying magnetic fluctuations with
antiferromagnetic correlations and a proximity to anti-
ferromagnetic order.

1. Uniform magnetic susceptibility

The ac susceptibility of UPt3 was measured by Frings
et al. (1983) for fields parallel and perpendicular to the c
axis, as shown in Fig. 8. The Knight shift of nuclear mag-
netic resonance (NMR) frequencies also gives a measure
of the susceptibility &(T); Tou et al. (1996) have repro-
duced the temperature dependence and anisotropy of &
with 195Pt NMR. The main features of & are (1) a large
value at T!0, (2) a weak temperature dependence at
low temperature (T#2 K), (3) a substantial anisotropy
(with the larger response for field in the basal plane),
and (4) a peak in &xx at '20 K.

We can understand this complex phenomenology
from the band calculations. As we have seen in Sec.
II.B.1, the single-particle states near the Fermi surface
are uranium 5f electrons in a j!5/2 state which are split
by the crystal field into three doublets: jz!$5/2, jz
!$3/2, and jz!$1/2. The bands constructed from
these states all cross the Fermi energy. If we now apply a
magnetic field, there will be both a Pauli (intraband) &P
and a Van Vleck (interband) &VV contribution to the
susceptibility. The former is of order (geff#B)2N((F) for
any band, while the latter is of order (geff#B)2/Ecf for a
pair of bands. Here geff is an effective g factor for the
coupling of the field to the total angular momentum of
the band or bands involved, and Ecf is a characteristic
crystal-field splitting. &VV comes from a sum over pairs
of bands [see Eq. (9) below], while &P is a sum over
single bands. In this highly degenerate multi-f-band
metal with 1/N((F)'Ecf we expect the Van Vleck part
of the susceptibility to be comparable to or larger than
the Pauli part.

The anisotropy of the two parts is also important. The
Van Vleck susceptibility is given by

& ii!2n#B
2 )

* ,+

#,*$L! i%2S! i$+- #2

E+"E*
f*.1"f+/, (9)

where f* , f+ , E* , E+ are occupation factors and ener-
gies of the states * and + . n is the density of U atoms. If
H! is along the c axis, then #,*$L! i%2S! i$+- #2
!(36/49)jz

20* ,+ . In the approximation that states of dif-
ferent jz do not mix (negligible intersite interactions),
the perturbation introduced by H! is diagonal, and the
occupation factors then imply that the Van Vleck sus-
ceptibility is zero for this direction. In actual fact, be-
cause of the itinerant nature of the f electrons, the mix-
ing of states of different jz will give some Van Vleck
contribution for this direction of the field. If H! is in the
x direction, the corresponding expression for the square
of the matrix element is (36/49)(5/2"jz)(5/2%jz%1) if
the states * and + differ by one unit of jz and is zero
otherwise. The Van Vleck susceptibility comes from four
distinct pairs of states: (jz!"5/2,"3/2), ("3/2,"1/2),
(1/2,3/2), and (3/2,5/2), whenever one of the pair is oc-
cupied and the other unoccupied. The Pauli contribution
to &xx , on the other hand, comes only from the pair
("1/2,1/2) when this state is occupied. Again, these
statements are made in the approximation that intersite
mixing of the states is small.

Summing up these considerations, we expect that &zz
will be dominated by the Pauli contribution. We expect
that &xx will be dominated by the Van Vleck contribu-
tion and that it will be considerably larger than &zz .
Note that the interactions enhance the susceptibility and
that this is expected to affect Pauli and Van Vleck terms
alike.

This simple picture is consistent with the data in Fig.
8. A Pauli term is expected to behave as a constant for
kBT#(F and then to cross over to the 1/T Curie form.
Here (F is the effective Fermi temperature. Since it is a
measure of the density of states, it should be roughly

FIG. 8. Uniform magnetic susceptibility as a function of tem-
perature for fields along the three high-symmetry directions.
Equality of the linear susceptibility along the a and b axes is a
general consequence of hexagonal symmetry. From Frings
et al., 1983.
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Å. Correspondingly, as we shall see in Sec. II.C, the con-
ductivity is greatest along the c axis. The volume of the
unit cell is 140.96 Å3, the molar volume Vm!42.43
"10#6 m3/mol U, the mass density 1.940"104 kg/m3,
and molar weight 823.3 g. The mean atomic volume is
17.62 Å3.

In 1993, a study of the crystal structure of UPt3 using
transmission electron microscopy (TEM) discovered a
complex set of incommensurate structural modulations
at room temperature, corresponding to several q! vectors
of magnitude around 0.1"/a (Midgley et al., 1993). A
similar TEM study performed on a whisker of UPt3
found a well-developed incommensurate modulation
with a single q! !(0.1,#0.1,#0.1), i.e., of the same mag-
nitude, corresponding to a modulation of wavelength
#70 Å, coherent over microns (Ellman, Zaluska, and
Taillefer, 1995). However, a subsequent x-ray investiga-
tion of the structure of a whisker by Ellman et al. (1997)
found no trace of any incommensurate modulation, at
the level of one part in 105 (see also Walko et al., 2001).
This suggests that the structural distortions seen with
TEM may be the result of the rather violent surface
preparation techniques used to thin the samples (e.g.,
ion milling). We conclude that the intrinsic crystal struc-
ture of UPt3 is perfectly hexagonal. (Note, however, a
recent x-ray study which reports the observation of a
slight trigonal distortion; Walko et al., 2001.) Deviations
from this correspond to extrinsic lattice defects (such as
stacking faults), which of course are present to a varying
degree in different samples, as discussed in Sec. II.E.

The basic elastic properties of UPt3 are well described
by de Visser, Menovsky, and Franse (1987). Longitudinal
acoustic waves travel at a speed of 3860 and 3993 m/s
parallel and perpendicular to the c axis, respectively.
The two transverse acoustic modes propagate at 1385
m/s along the c axis and 1388 m/s (2076 m/s) along the b
axis with polarization parallel (perpendicular) to the c
axis. The Debye temperature is found to be 217 K, in
agreement with an estimate from specific heat (Sec.
II.C.1). The compressibilities are calculated by de Visser,
Menovsky, and Franse (1987):

$a!#
1
a

da
dP

!0.164, $c!#
1
c

dc
dP

!0.151,

$V!2$a$$c!0.479 Mbar#1. (2)

B. Quasiparticle spectrum

1. Band structure

UPt3 is the archetype of a heavy-fermion system. It
has the qualitative properties of a Fermi liquid, but the
magnitude of the effective masses, reflected in the spe-
cific heat and magnetic susceptibility, is very much larger
than the free-electron value. The heaviness of the elec-
trons is generally attributed to electron correlations
which come from the strong repulsions on the U sites.

FIG. 2. Crystal structure of UPt3 (a) and its first Brillouin zone
(b).
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perature dependent, as a result of the inelastic scatter-
ing, and L(0.8 K)!0.75 L0 .

The electrons responsible for the large !N are also
the carriers of heat. This can be confirmed using
the known Fermi velocity (averaged over the various
orbits in the b-c plane), vbc!5000 m/s, combined
with !N!0.44 J K"2 mol"1 and lbc!2000 Å (for "0
!0.23 #$ cm), giving an estimate of the thermal con-
ductivity due to the quasiparticles: %N /T! 1

3 !vbclbc
!3.5 W K"2 m"1 at T#0.1 K. The measured values
(in the normal state) are %N /T!L0 /"0!4.0 (10.6)
W K"2 m"1, for JQ"b (JQ"c), reasonably close to our
rough estimate. This is further confirmation that the
Fermi-liquid picture of heavy and itinerant quasiparti-
cles is quantitatively consistent in UPt3 .

D. Magnetic properties

The spin degrees of freedom in strongly correlated
electron systems are at the heart of their subtle and ex-
otic low-temperature phenomena. It is interesting that
both high-Tc superconductors and heavy-fermion super-
conductors have low-lying magnetic fluctuations with
antiferromagnetic correlations and a proximity to anti-
ferromagnetic order.

1. Uniform magnetic susceptibility

The ac susceptibility of UPt3 was measured by Frings
et al. (1983) for fields parallel and perpendicular to the c
axis, as shown in Fig. 8. The Knight shift of nuclear mag-
netic resonance (NMR) frequencies also gives a measure
of the susceptibility &(T); Tou et al. (1996) have repro-
duced the temperature dependence and anisotropy of &
with 195Pt NMR. The main features of & are (1) a large
value at T!0, (2) a weak temperature dependence at
low temperature (T#2 K), (3) a substantial anisotropy
(with the larger response for field in the basal plane),
and (4) a peak in &xx at '20 K.

We can understand this complex phenomenology
from the band calculations. As we have seen in Sec.
II.B.1, the single-particle states near the Fermi surface
are uranium 5f electrons in a j!5/2 state which are split
by the crystal field into three doublets: jz!$5/2, jz
!$3/2, and jz!$1/2. The bands constructed from
these states all cross the Fermi energy. If we now apply a
magnetic field, there will be both a Pauli (intraband) &P
and a Van Vleck (interband) &VV contribution to the
susceptibility. The former is of order (geff#B)2N((F) for
any band, while the latter is of order (geff#B)2/Ecf for a
pair of bands. Here geff is an effective g factor for the
coupling of the field to the total angular momentum of
the band or bands involved, and Ecf is a characteristic
crystal-field splitting. &VV comes from a sum over pairs
of bands [see Eq. (9) below], while &P is a sum over
single bands. In this highly degenerate multi-f-band
metal with 1/N((F)'Ecf we expect the Van Vleck part
of the susceptibility to be comparable to or larger than
the Pauli part.

The anisotropy of the two parts is also important. The
Van Vleck susceptibility is given by

& ii!2n#B
2 )

* ,+

#,*$L! i%2S! i$+- #2

E+"E*
f*.1"f+/, (9)

where f* , f+ , E* , E+ are occupation factors and ener-
gies of the states * and + . n is the density of U atoms. If
H! is along the c axis, then #,*$L! i%2S! i$+- #2
!(36/49)jz

20* ,+ . In the approximation that states of dif-
ferent jz do not mix (negligible intersite interactions),
the perturbation introduced by H! is diagonal, and the
occupation factors then imply that the Van Vleck sus-
ceptibility is zero for this direction. In actual fact, be-
cause of the itinerant nature of the f electrons, the mix-
ing of states of different jz will give some Van Vleck
contribution for this direction of the field. If H! is in the
x direction, the corresponding expression for the square
of the matrix element is (36/49)(5/2"jz)(5/2%jz%1) if
the states * and + differ by one unit of jz and is zero
otherwise. The Van Vleck susceptibility comes from four
distinct pairs of states: (jz!"5/2,"3/2), ("3/2,"1/2),
(1/2,3/2), and (3/2,5/2), whenever one of the pair is oc-
cupied and the other unoccupied. The Pauli contribution
to &xx , on the other hand, comes only from the pair
("1/2,1/2) when this state is occupied. Again, these
statements are made in the approximation that intersite
mixing of the states is small.

Summing up these considerations, we expect that &zz
will be dominated by the Pauli contribution. We expect
that &xx will be dominated by the Van Vleck contribu-
tion and that it will be considerably larger than &zz .
Note that the interactions enhance the susceptibility and
that this is expected to affect Pauli and Van Vleck terms
alike.

This simple picture is consistent with the data in Fig.
8. A Pauli term is expected to behave as a constant for
kBT#(F and then to cross over to the 1/T Curie form.
Here (F is the effective Fermi temperature. Since it is a
measure of the density of states, it should be roughly

FIG. 8. Uniform magnetic susceptibility as a function of tem-
perature for fields along the three high-symmetry directions.
Equality of the linear susceptibility along the a and b axes is a
general consequence of hexagonal symmetry. From Frings
et al., 1983.
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Heavy-Fermion Quasiparticles in UPt3

L. Taillefer and G. G. Lonzarich
Cavendish Laboratory, Cambridge CB30HE, United Eingdom
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The quasiparticle band structure of the heavy-fermion superconductor Upt3 has been investigated by
means of angle-resolved measurements of the de Haas-van Alphen eff'ect, Most of the results are con-
sistent with a model of 5 quasiparticle bands at the Fermi level corresponding to Fermi surfaces similar
to those calculated by band theory. However, as inferred from the extremely high cyclotron masses, the
quasiparticle bands are much flatter than the calculated ones. The nature of the observed quasiparticles
and their relationship to thermodynamic properties are briefly considered.

PACS numbers: 71.28.+d, 71,25.Hc, 71.25.3d, 71.25.Pi
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The intermetallic compound UPt3 exhibits thermo-
dynamic properties with remarkable temperature depen-
dences at low temperatures, and below 0.5 K it con-
denses into an unusual superconducting state which
remains one of the outstanding enigmas in condensed-
matter physics. ' In attempts to explain this low-tem-
perature behavior, it has been conventional to invoke a
picture of strongly renormalized quasiparticles, i.e., fer-
mions with effective masses orders of magnitude larger
than the free-electron mass and having important residu-
al interactions which lead to bound pair formation in the
ground state.

To help provide a firm basis for such a quasiparticle
description, we have carried out an investigation of the
de Haas-van Alphen (dHvA) effect in UPt3 which yields
direct evidence for the existence of heavy fermions and
specific information on the Fermi surface and cyclotron
masses which characterize them. The initial observation
of the dHvA effect in UPt3 was communicated in a pre-
vious paper and here we present the results of a detailed
angle-resolved study, which yield unambiguous informa-
tion about the quasiparticle band structure near the Fer-
mi level.

The information which may be inferred from the
quantum oscillatory (dHvA) magnetization M has been
summarized recently and here we shall reiterate the
main points only. First, from the frequency F(H) of
each of the several oscillatory components in M(H),
measured as a function of the orientation of the magnet-
ic field H, we infer the cross-sectional area A of the
corresponding extremal orbit on the Fermi surface via
the Onsager relation A(H) =(2tre/t'tc)F(H), and hence
over all we obtain the dimension and topology of the Fer-
mi surface. Second, from the temperature dependence of
the amplitude of each oscillatory component, which was
found to follow closely the behavior expected for a nor-
mal Fermi liquid, we obtain directly the cyclotron effec-
tive mass

TABLE I. Measured dHvA frequencies (F) and cyclotron
masses (m ) for a magnetic field applied along the a and b
axes of the hexagonal crystal structure (parallel to the I K and
I M directions in the reciprocal lattice, respectively). The
values quoted refer to a field strength of 100 k6. Note that
the estimate of a cyclotron mass for the l branch is only ap-
proximate, Also given are the identifications of the measured
dHvA branches with extremal orbits on the Fermi-surface
model of Fig. 2. dHvA branches are labeled as in Fig. 1, and
Fermi-surface orbits are labeled according to their center in
the Brillouin zone (e.g. , I ) and their Fermi-surface sheet num-
ber (e.g., 1). The calculated a axis results of Wang et al. (Ref.
3) for F and m* are compared with the experimental values.
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where v 1,
=

~
H x Vi, e ~ /tl is the appropriate quasiparticle

velocity at the Fermi energy eF and the integral is over
the perimeter of A (on the cyclotron orbit). We may
think of m* as hko/vo, where ko=(A/tr)'t is an aver-
age radius and I/vo is an average of the inverse of the
quasiparticle velocity for the cyclotron orbit. Here we
shall focus attention on these two properties, namely
A(H) and m*(H), which characterize the real part of
the quasiparticle energy bands near the Fermi energy eF,

1570 1988 The American Physical SocietyWe begin in Sec. II with a brief description of the
normal state. Section III contains the background for
understanding the three classes of theories of the super-
conducting state. The peculiar phase diagram of the su-
perconductor is the topic of Sec. IV. The physical prop-
erties of the material in each of the superconducting
phases, particularly in phase B, are discussed in detail in
Sec. V, which is thus devoted to experiments in classes
(b) and (c). In Sec. VI, we summarize the current status
of our understanding of UPt3 and suggest ways to fur-
ther that understanding.

II. NORMAL STATE

A. Crystal lattice

UPt3 crystallizes in the MgCd3-type structure shown
in Fig. 2. The uranium atoms form a closed-packed hex-
agonal structure with the platinum atoms bisecting the
planar bonds. There are two formula units per unit cell.
The compound belongs to the space group P63 /mmc
and the point group D6h . The lattice parameters are
a!5.764 Å and c̃!4.899 Å, so that c̃/a!0.845, not too
far from the hard-sphere value of 0.816. Here c̃ is the
distance between neighboring planes, not the length of
the unit cell. When discussing transport properties, the b
axis is usually defined to be perpendicular to the a axis

(i.e., parallel to the a* axis). In terms of reciprocal
space, we have a!!K and b!!M . The nearest U-U dis-
tance is between atoms in adjacent layers, equal to 4.132
Å. Correspondingly, as we shall see in Sec. II.C, the con-
ductivity is greatest along the c axis. The volume of the
unit cell is 140.96 Å3, the molar volume Vm!42.43
"10#6 m3/mol U, the mass density 1.940"104 kg/m3,
and molar weight 823.3 g. The mean atomic volume is
17.62 Å3.

In 1993, a study of the crystal structure of UPt3 using
transmission electron microscopy (TEM) discovered a
complex set of incommensurate structural modulations
at room temperature, corresponding to several q! vectors
of magnitude around 0.1"/a (Midgley et al., 1993). A
similar TEM study performed on a whisker of UPt3
found a well-developed incommensurate modulation
with a single q! !(0.1,#0.1,#0.1), i.e., of the same mag-
nitude, corresponding to a modulation of wavelength
#70 Å, coherent over microns (Ellman, Zaluska, and
Taillefer, 1995). However, a subsequent x-ray investiga-
tion of the structure of a whisker by Ellman et al. (1997)
found no trace of any incommensurate modulation, at
the level of one part in 105 (see also Walko et al., 2001).
This suggests that the structural distortions seen with
TEM may be the result of the rather violent surface
preparation techniques used to thin the samples (e.g.,
ion milling). We conclude that the intrinsic crystal struc-
ture of UPt3 is perfectly hexagonal. (Note, however, a
recent x-ray study which reports the observation of a
slight trigonal distortion; Walko et al., 2001.) Deviations
from this correspond to extrinsic lattice defects (such as
stacking faults), which of course are present to a varying
degree in different samples, as discussed in Sec. II.E.

The basic elastic properties of UPt3 are well described
by de Visser, Menovsky, and Franse (1987). Longitudinal
acoustic waves travel at a speed of 3860 and 3993 m/s
parallel and perpendicular to the c axis, respectively.
The two transverse acoustic modes propagate at 1385
m/s along the c axis and 1388 m/s (2076 m/s) along the b
axis with polarization parallel (perpendicular) to the c
axis. The Debye temperature is found to be 217 K, in
agreement with an estimate from specific heat (Sec.
II.C.1). The compressibilities are calculated by de Visser,
Menovsky, and Franse (1987):
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!0.164, $c!#
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dc
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!0.151,

$V!2$a$$c!0.479 Mbar#1. (2)

B. Quasiparticle spectrum

1. Band structure

UPt3 is the archetype of a heavy-fermion system. It
has the qualitative properties of a Fermi liquid, but the
magnitude of the effective masses, reflected in the spe-
cific heat and magnetic susceptibility, is very much larger
than the free-electron value. The heaviness of the elec-
trons is generally attributed to electron correlations
which come from the strong repulsions on the U sites.

FIG. 2. Crystal structure of UPt3 (a) and its first Brillouin zone
(b).
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perature dependent, as a result of the inelastic scatter-
ing, and L(0.8 K)!0.75 L0 .

The electrons responsible for the large !N are also
the carriers of heat. This can be confirmed using
the known Fermi velocity (averaged over the various
orbits in the b-c plane), vbc!5000 m/s, combined
with !N!0.44 J K"2 mol"1 and lbc!2000 Å (for "0
!0.23 #$ cm), giving an estimate of the thermal con-
ductivity due to the quasiparticles: %N /T! 1

3 !vbclbc
!3.5 W K"2 m"1 at T#0.1 K. The measured values
(in the normal state) are %N /T!L0 /"0!4.0 (10.6)
W K"2 m"1, for JQ"b (JQ"c), reasonably close to our
rough estimate. This is further confirmation that the
Fermi-liquid picture of heavy and itinerant quasiparti-
cles is quantitatively consistent in UPt3 .

D. Magnetic properties

The spin degrees of freedom in strongly correlated
electron systems are at the heart of their subtle and ex-
otic low-temperature phenomena. It is interesting that
both high-Tc superconductors and heavy-fermion super-
conductors have low-lying magnetic fluctuations with
antiferromagnetic correlations and a proximity to anti-
ferromagnetic order.

1. Uniform magnetic susceptibility

The ac susceptibility of UPt3 was measured by Frings
et al. (1983) for fields parallel and perpendicular to the c
axis, as shown in Fig. 8. The Knight shift of nuclear mag-
netic resonance (NMR) frequencies also gives a measure
of the susceptibility &(T); Tou et al. (1996) have repro-
duced the temperature dependence and anisotropy of &
with 195Pt NMR. The main features of & are (1) a large
value at T!0, (2) a weak temperature dependence at
low temperature (T#2 K), (3) a substantial anisotropy
(with the larger response for field in the basal plane),
and (4) a peak in &xx at '20 K.

We can understand this complex phenomenology
from the band calculations. As we have seen in Sec.
II.B.1, the single-particle states near the Fermi surface
are uranium 5f electrons in a j!5/2 state which are split
by the crystal field into three doublets: jz!$5/2, jz
!$3/2, and jz!$1/2. The bands constructed from
these states all cross the Fermi energy. If we now apply a
magnetic field, there will be both a Pauli (intraband) &P
and a Van Vleck (interband) &VV contribution to the
susceptibility. The former is of order (geff#B)2N((F) for
any band, while the latter is of order (geff#B)2/Ecf for a
pair of bands. Here geff is an effective g factor for the
coupling of the field to the total angular momentum of
the band or bands involved, and Ecf is a characteristic
crystal-field splitting. &VV comes from a sum over pairs
of bands [see Eq. (9) below], while &P is a sum over
single bands. In this highly degenerate multi-f-band
metal with 1/N((F)'Ecf we expect the Van Vleck part
of the susceptibility to be comparable to or larger than
the Pauli part.

The anisotropy of the two parts is also important. The
Van Vleck susceptibility is given by

& ii!2n#B
2 )

* ,+

#,*$L! i%2S! i$+- #2

E+"E*
f*.1"f+/, (9)

where f* , f+ , E* , E+ are occupation factors and ener-
gies of the states * and + . n is the density of U atoms. If
H! is along the c axis, then #,*$L! i%2S! i$+- #2
!(36/49)jz

20* ,+ . In the approximation that states of dif-
ferent jz do not mix (negligible intersite interactions),
the perturbation introduced by H! is diagonal, and the
occupation factors then imply that the Van Vleck sus-
ceptibility is zero for this direction. In actual fact, be-
cause of the itinerant nature of the f electrons, the mix-
ing of states of different jz will give some Van Vleck
contribution for this direction of the field. If H! is in the
x direction, the corresponding expression for the square
of the matrix element is (36/49)(5/2"jz)(5/2%jz%1) if
the states * and + differ by one unit of jz and is zero
otherwise. The Van Vleck susceptibility comes from four
distinct pairs of states: (jz!"5/2,"3/2), ("3/2,"1/2),
(1/2,3/2), and (3/2,5/2), whenever one of the pair is oc-
cupied and the other unoccupied. The Pauli contribution
to &xx , on the other hand, comes only from the pair
("1/2,1/2) when this state is occupied. Again, these
statements are made in the approximation that intersite
mixing of the states is small.

Summing up these considerations, we expect that &zz
will be dominated by the Pauli contribution. We expect
that &xx will be dominated by the Van Vleck contribu-
tion and that it will be considerably larger than &zz .
Note that the interactions enhance the susceptibility and
that this is expected to affect Pauli and Van Vleck terms
alike.

This simple picture is consistent with the data in Fig.
8. A Pauli term is expected to behave as a constant for
kBT#(F and then to cross over to the 1/T Curie form.
Here (F is the effective Fermi temperature. Since it is a
measure of the density of states, it should be roughly

FIG. 8. Uniform magnetic susceptibility as a function of tem-
perature for fields along the three high-symmetry directions.
Equality of the linear susceptibility along the a and b axes is a
general consequence of hexagonal symmetry. From Frings
et al., 1983.
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The quasiparticle band structure of the heavy-fermion superconductor Upt3 has been investigated by
means of angle-resolved measurements of the de Haas-van Alphen eff'ect, Most of the results are con-
sistent with a model of 5 quasiparticle bands at the Fermi level corresponding to Fermi surfaces similar
to those calculated by band theory. However, as inferred from the extremely high cyclotron masses, the
quasiparticle bands are much flatter than the calculated ones. The nature of the observed quasiparticles
and their relationship to thermodynamic properties are briefly considered.
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The intermetallic compound UPt3 exhibits thermo-
dynamic properties with remarkable temperature depen-
dences at low temperatures, and below 0.5 K it con-
denses into an unusual superconducting state which
remains one of the outstanding enigmas in condensed-
matter physics. ' In attempts to explain this low-tem-
perature behavior, it has been conventional to invoke a
picture of strongly renormalized quasiparticles, i.e., fer-
mions with effective masses orders of magnitude larger
than the free-electron mass and having important residu-
al interactions which lead to bound pair formation in the
ground state.

To help provide a firm basis for such a quasiparticle
description, we have carried out an investigation of the
de Haas-van Alphen (dHvA) effect in UPt3 which yields
direct evidence for the existence of heavy fermions and
specific information on the Fermi surface and cyclotron
masses which characterize them. The initial observation
of the dHvA effect in UPt3 was communicated in a pre-
vious paper and here we present the results of a detailed
angle-resolved study, which yield unambiguous informa-
tion about the quasiparticle band structure near the Fer-
mi level.

The information which may be inferred from the
quantum oscillatory (dHvA) magnetization M has been
summarized recently and here we shall reiterate the
main points only. First, from the frequency F(H) of
each of the several oscillatory components in M(H),
measured as a function of the orientation of the magnet-
ic field H, we infer the cross-sectional area A of the
corresponding extremal orbit on the Fermi surface via
the Onsager relation A(H) =(2tre/t'tc)F(H), and hence
over all we obtain the dimension and topology of the Fer-
mi surface. Second, from the temperature dependence of
the amplitude of each oscillatory component, which was
found to follow closely the behavior expected for a nor-
mal Fermi liquid, we obtain directly the cyclotron effec-
tive mass

TABLE I. Measured dHvA frequencies (F) and cyclotron
masses (m ) for a magnetic field applied along the a and b
axes of the hexagonal crystal structure (parallel to the I K and
I M directions in the reciprocal lattice, respectively). The
values quoted refer to a field strength of 100 k6. Note that
the estimate of a cyclotron mass for the l branch is only ap-
proximate, Also given are the identifications of the measured
dHvA branches with extremal orbits on the Fermi-surface
model of Fig. 2. dHvA branches are labeled as in Fig. 1, and
Fermi-surface orbits are labeled according to their center in
the Brillouin zone (e.g. , I ) and their Fermi-surface sheet num-
ber (e.g., 1). The calculated a axis results of Wang et al. (Ref.
3) for F and m* are compared with the experimental values.
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where v 1,
=

~
H x Vi, e ~ /tl is the appropriate quasiparticle

velocity at the Fermi energy eF and the integral is over
the perimeter of A (on the cyclotron orbit). We may
think of m* as hko/vo, where ko=(A/tr)'t is an aver-
age radius and I/vo is an average of the inverse of the
quasiparticle velocity for the cyclotron orbit. Here we
shall focus attention on these two properties, namely
A(H) and m*(H), which characterize the real part of
the quasiparticle energy bands near the Fermi energy eF,

1570 1988 The American Physical SocietyWe begin in Sec. II with a brief description of the
normal state. Section III contains the background for
understanding the three classes of theories of the super-
conducting state. The peculiar phase diagram of the su-
perconductor is the topic of Sec. IV. The physical prop-
erties of the material in each of the superconducting
phases, particularly in phase B, are discussed in detail in
Sec. V, which is thus devoted to experiments in classes
(b) and (c). In Sec. VI, we summarize the current status
of our understanding of UPt3 and suggest ways to fur-
ther that understanding.

II. NORMAL STATE

A. Crystal lattice

UPt3 crystallizes in the MgCd3-type structure shown
in Fig. 2. The uranium atoms form a closed-packed hex-
agonal structure with the platinum atoms bisecting the
planar bonds. There are two formula units per unit cell.
The compound belongs to the space group P63 /mmc
and the point group D6h . The lattice parameters are
a!5.764 Å and c̃!4.899 Å, so that c̃/a!0.845, not too
far from the hard-sphere value of 0.816. Here c̃ is the
distance between neighboring planes, not the length of
the unit cell. When discussing transport properties, the b
axis is usually defined to be perpendicular to the a axis

(i.e., parallel to the a* axis). In terms of reciprocal
space, we have a!!K and b!!M . The nearest U-U dis-
tance is between atoms in adjacent layers, equal to 4.132
Å. Correspondingly, as we shall see in Sec. II.C, the con-
ductivity is greatest along the c axis. The volume of the
unit cell is 140.96 Å3, the molar volume Vm!42.43
"10#6 m3/mol U, the mass density 1.940"104 kg/m3,
and molar weight 823.3 g. The mean atomic volume is
17.62 Å3.

In 1993, a study of the crystal structure of UPt3 using
transmission electron microscopy (TEM) discovered a
complex set of incommensurate structural modulations
at room temperature, corresponding to several q! vectors
of magnitude around 0.1"/a (Midgley et al., 1993). A
similar TEM study performed on a whisker of UPt3
found a well-developed incommensurate modulation
with a single q! !(0.1,#0.1,#0.1), i.e., of the same mag-
nitude, corresponding to a modulation of wavelength
#70 Å, coherent over microns (Ellman, Zaluska, and
Taillefer, 1995). However, a subsequent x-ray investiga-
tion of the structure of a whisker by Ellman et al. (1997)
found no trace of any incommensurate modulation, at
the level of one part in 105 (see also Walko et al., 2001).
This suggests that the structural distortions seen with
TEM may be the result of the rather violent surface
preparation techniques used to thin the samples (e.g.,
ion milling). We conclude that the intrinsic crystal struc-
ture of UPt3 is perfectly hexagonal. (Note, however, a
recent x-ray study which reports the observation of a
slight trigonal distortion; Walko et al., 2001.) Deviations
from this correspond to extrinsic lattice defects (such as
stacking faults), which of course are present to a varying
degree in different samples, as discussed in Sec. II.E.

The basic elastic properties of UPt3 are well described
by de Visser, Menovsky, and Franse (1987). Longitudinal
acoustic waves travel at a speed of 3860 and 3993 m/s
parallel and perpendicular to the c axis, respectively.
The two transverse acoustic modes propagate at 1385
m/s along the c axis and 1388 m/s (2076 m/s) along the b
axis with polarization parallel (perpendicular) to the c
axis. The Debye temperature is found to be 217 K, in
agreement with an estimate from specific heat (Sec.
II.C.1). The compressibilities are calculated by de Visser,
Menovsky, and Franse (1987):

$a!#
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!0.164, $c!#
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dc
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!0.151,

$V!2$a$$c!0.479 Mbar#1. (2)

B. Quasiparticle spectrum

1. Band structure

UPt3 is the archetype of a heavy-fermion system. It
has the qualitative properties of a Fermi liquid, but the
magnitude of the effective masses, reflected in the spe-
cific heat and magnetic susceptibility, is very much larger
than the free-electron value. The heaviness of the elec-
trons is generally attributed to electron correlations
which come from the strong repulsions on the U sites.

FIG. 2. Crystal structure of UPt3 (a) and its first Brillouin zone
(b).
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perature dependent, as a result of the inelastic scatter-
ing, and L(0.8 K)!0.75 L0 .

The electrons responsible for the large !N are also
the carriers of heat. This can be confirmed using
the known Fermi velocity (averaged over the various
orbits in the b-c plane), vbc!5000 m/s, combined
with !N!0.44 J K"2 mol"1 and lbc!2000 Å (for "0
!0.23 #$ cm), giving an estimate of the thermal con-
ductivity due to the quasiparticles: %N /T! 1

3 !vbclbc
!3.5 W K"2 m"1 at T#0.1 K. The measured values
(in the normal state) are %N /T!L0 /"0!4.0 (10.6)
W K"2 m"1, for JQ"b (JQ"c), reasonably close to our
rough estimate. This is further confirmation that the
Fermi-liquid picture of heavy and itinerant quasiparti-
cles is quantitatively consistent in UPt3 .

D. Magnetic properties

The spin degrees of freedom in strongly correlated
electron systems are at the heart of their subtle and ex-
otic low-temperature phenomena. It is interesting that
both high-Tc superconductors and heavy-fermion super-
conductors have low-lying magnetic fluctuations with
antiferromagnetic correlations and a proximity to anti-
ferromagnetic order.

1. Uniform magnetic susceptibility

The ac susceptibility of UPt3 was measured by Frings
et al. (1983) for fields parallel and perpendicular to the c
axis, as shown in Fig. 8. The Knight shift of nuclear mag-
netic resonance (NMR) frequencies also gives a measure
of the susceptibility &(T); Tou et al. (1996) have repro-
duced the temperature dependence and anisotropy of &
with 195Pt NMR. The main features of & are (1) a large
value at T!0, (2) a weak temperature dependence at
low temperature (T#2 K), (3) a substantial anisotropy
(with the larger response for field in the basal plane),
and (4) a peak in &xx at '20 K.

We can understand this complex phenomenology
from the band calculations. As we have seen in Sec.
II.B.1, the single-particle states near the Fermi surface
are uranium 5f electrons in a j!5/2 state which are split
by the crystal field into three doublets: jz!$5/2, jz
!$3/2, and jz!$1/2. The bands constructed from
these states all cross the Fermi energy. If we now apply a
magnetic field, there will be both a Pauli (intraband) &P
and a Van Vleck (interband) &VV contribution to the
susceptibility. The former is of order (geff#B)2N((F) for
any band, while the latter is of order (geff#B)2/Ecf for a
pair of bands. Here geff is an effective g factor for the
coupling of the field to the total angular momentum of
the band or bands involved, and Ecf is a characteristic
crystal-field splitting. &VV comes from a sum over pairs
of bands [see Eq. (9) below], while &P is a sum over
single bands. In this highly degenerate multi-f-band
metal with 1/N((F)'Ecf we expect the Van Vleck part
of the susceptibility to be comparable to or larger than
the Pauli part.

The anisotropy of the two parts is also important. The
Van Vleck susceptibility is given by

& ii!2n#B
2 )

* ,+

#,*$L! i%2S! i$+- #2

E+"E*
f*.1"f+/, (9)

where f* , f+ , E* , E+ are occupation factors and ener-
gies of the states * and + . n is the density of U atoms. If
H! is along the c axis, then #,*$L! i%2S! i$+- #2
!(36/49)jz

20* ,+ . In the approximation that states of dif-
ferent jz do not mix (negligible intersite interactions),
the perturbation introduced by H! is diagonal, and the
occupation factors then imply that the Van Vleck sus-
ceptibility is zero for this direction. In actual fact, be-
cause of the itinerant nature of the f electrons, the mix-
ing of states of different jz will give some Van Vleck
contribution for this direction of the field. If H! is in the
x direction, the corresponding expression for the square
of the matrix element is (36/49)(5/2"jz)(5/2%jz%1) if
the states * and + differ by one unit of jz and is zero
otherwise. The Van Vleck susceptibility comes from four
distinct pairs of states: (jz!"5/2,"3/2), ("3/2,"1/2),
(1/2,3/2), and (3/2,5/2), whenever one of the pair is oc-
cupied and the other unoccupied. The Pauli contribution
to &xx , on the other hand, comes only from the pair
("1/2,1/2) when this state is occupied. Again, these
statements are made in the approximation that intersite
mixing of the states is small.

Summing up these considerations, we expect that &zz
will be dominated by the Pauli contribution. We expect
that &xx will be dominated by the Van Vleck contribu-
tion and that it will be considerably larger than &zz .
Note that the interactions enhance the susceptibility and
that this is expected to affect Pauli and Van Vleck terms
alike.

This simple picture is consistent with the data in Fig.
8. A Pauli term is expected to behave as a constant for
kBT#(F and then to cross over to the 1/T Curie form.
Here (F is the effective Fermi temperature. Since it is a
measure of the density of states, it should be roughly

FIG. 8. Uniform magnetic susceptibility as a function of tem-
perature for fields along the three high-symmetry directions.
Equality of the linear susceptibility along the a and b axes is a
general consequence of hexagonal symmetry. From Frings
et al., 1983.
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We begin in Sec. II with a brief description of the
normal state. Section III contains the background for
understanding the three classes of theories of the super-
conducting state. The peculiar phase diagram of the su-
perconductor is the topic of Sec. IV. The physical prop-
erties of the material in each of the superconducting
phases, particularly in phase B, are discussed in detail in
Sec. V, which is thus devoted to experiments in classes
(b) and (c). In Sec. VI, we summarize the current status
of our understanding of UPt3 and suggest ways to fur-
ther that understanding.

II. NORMAL STATE

A. Crystal lattice

UPt3 crystallizes in the MgCd3-type structure shown
in Fig. 2. The uranium atoms form a closed-packed hex-
agonal structure with the platinum atoms bisecting the
planar bonds. There are two formula units per unit cell.
The compound belongs to the space group P63 /mmc
and the point group D6h . The lattice parameters are
a!5.764 Å and c̃!4.899 Å, so that c̃/a!0.845, not too
far from the hard-sphere value of 0.816. Here c̃ is the
distance between neighboring planes, not the length of
the unit cell. When discussing transport properties, the b
axis is usually defined to be perpendicular to the a axis

(i.e., parallel to the a* axis). In terms of reciprocal
space, we have a!!K and b!!M . The nearest U-U dis-
tance is between atoms in adjacent layers, equal to 4.132
Å. Correspondingly, as we shall see in Sec. II.C, the con-
ductivity is greatest along the c axis. The volume of the
unit cell is 140.96 Å3, the molar volume Vm!42.43
"10#6 m3/mol U, the mass density 1.940"104 kg/m3,
and molar weight 823.3 g. The mean atomic volume is
17.62 Å3.

In 1993, a study of the crystal structure of UPt3 using
transmission electron microscopy (TEM) discovered a
complex set of incommensurate structural modulations
at room temperature, corresponding to several q! vectors
of magnitude around 0.1"/a (Midgley et al., 1993). A
similar TEM study performed on a whisker of UPt3
found a well-developed incommensurate modulation
with a single q! !(0.1,#0.1,#0.1), i.e., of the same mag-
nitude, corresponding to a modulation of wavelength
#70 Å, coherent over microns (Ellman, Zaluska, and
Taillefer, 1995). However, a subsequent x-ray investiga-
tion of the structure of a whisker by Ellman et al. (1997)
found no trace of any incommensurate modulation, at
the level of one part in 105 (see also Walko et al., 2001).
This suggests that the structural distortions seen with
TEM may be the result of the rather violent surface
preparation techniques used to thin the samples (e.g.,
ion milling). We conclude that the intrinsic crystal struc-
ture of UPt3 is perfectly hexagonal. (Note, however, a
recent x-ray study which reports the observation of a
slight trigonal distortion; Walko et al., 2001.) Deviations
from this correspond to extrinsic lattice defects (such as
stacking faults), which of course are present to a varying
degree in different samples, as discussed in Sec. II.E.

The basic elastic properties of UPt3 are well described
by de Visser, Menovsky, and Franse (1987). Longitudinal
acoustic waves travel at a speed of 3860 and 3993 m/s
parallel and perpendicular to the c axis, respectively.
The two transverse acoustic modes propagate at 1385
m/s along the c axis and 1388 m/s (2076 m/s) along the b
axis with polarization parallel (perpendicular) to the c
axis. The Debye temperature is found to be 217 K, in
agreement with an estimate from specific heat (Sec.
II.C.1). The compressibilities are calculated by de Visser,
Menovsky, and Franse (1987):
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B. Quasiparticle spectrum

1. Band structure

UPt3 is the archetype of a heavy-fermion system. It
has the qualitative properties of a Fermi liquid, but the
magnitude of the effective masses, reflected in the spe-
cific heat and magnetic susceptibility, is very much larger
than the free-electron value. The heaviness of the elec-
trons is generally attributed to electron correlations
which come from the strong repulsions on the U sites.

FIG. 2. Crystal structure of UPt3 (a) and its first Brillouin zone
(b).
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perature dependent, as a result of the inelastic scatter-
ing, and L(0.8 K)!0.75 L0 .

The electrons responsible for the large !N are also
the carriers of heat. This can be confirmed using
the known Fermi velocity (averaged over the various
orbits in the b-c plane), vbc!5000 m/s, combined
with !N!0.44 J K"2 mol"1 and lbc!2000 Å (for "0
!0.23 #$ cm), giving an estimate of the thermal con-
ductivity due to the quasiparticles: %N /T! 1

3 !vbclbc
!3.5 W K"2 m"1 at T#0.1 K. The measured values
(in the normal state) are %N /T!L0 /"0!4.0 (10.6)
W K"2 m"1, for JQ"b (JQ"c), reasonably close to our
rough estimate. This is further confirmation that the
Fermi-liquid picture of heavy and itinerant quasiparti-
cles is quantitatively consistent in UPt3 .

D. Magnetic properties

The spin degrees of freedom in strongly correlated
electron systems are at the heart of their subtle and ex-
otic low-temperature phenomena. It is interesting that
both high-Tc superconductors and heavy-fermion super-
conductors have low-lying magnetic fluctuations with
antiferromagnetic correlations and a proximity to anti-
ferromagnetic order.

1. Uniform magnetic susceptibility

The ac susceptibility of UPt3 was measured by Frings
et al. (1983) for fields parallel and perpendicular to the c
axis, as shown in Fig. 8. The Knight shift of nuclear mag-
netic resonance (NMR) frequencies also gives a measure
of the susceptibility &(T); Tou et al. (1996) have repro-
duced the temperature dependence and anisotropy of &
with 195Pt NMR. The main features of & are (1) a large
value at T!0, (2) a weak temperature dependence at
low temperature (T#2 K), (3) a substantial anisotropy
(with the larger response for field in the basal plane),
and (4) a peak in &xx at '20 K.

We can understand this complex phenomenology
from the band calculations. As we have seen in Sec.
II.B.1, the single-particle states near the Fermi surface
are uranium 5f electrons in a j!5/2 state which are split
by the crystal field into three doublets: jz!$5/2, jz
!$3/2, and jz!$1/2. The bands constructed from
these states all cross the Fermi energy. If we now apply a
magnetic field, there will be both a Pauli (intraband) &P
and a Van Vleck (interband) &VV contribution to the
susceptibility. The former is of order (geff#B)2N((F) for
any band, while the latter is of order (geff#B)2/Ecf for a
pair of bands. Here geff is an effective g factor for the
coupling of the field to the total angular momentum of
the band or bands involved, and Ecf is a characteristic
crystal-field splitting. &VV comes from a sum over pairs
of bands [see Eq. (9) below], while &P is a sum over
single bands. In this highly degenerate multi-f-band
metal with 1/N((F)'Ecf we expect the Van Vleck part
of the susceptibility to be comparable to or larger than
the Pauli part.

The anisotropy of the two parts is also important. The
Van Vleck susceptibility is given by
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where f* , f+ , E* , E+ are occupation factors and ener-
gies of the states * and + . n is the density of U atoms. If
H! is along the c axis, then #,*$L! i%2S! i$+- #2
!(36/49)jz

20* ,+ . In the approximation that states of dif-
ferent jz do not mix (negligible intersite interactions),
the perturbation introduced by H! is diagonal, and the
occupation factors then imply that the Van Vleck sus-
ceptibility is zero for this direction. In actual fact, be-
cause of the itinerant nature of the f electrons, the mix-
ing of states of different jz will give some Van Vleck
contribution for this direction of the field. If H! is in the
x direction, the corresponding expression for the square
of the matrix element is (36/49)(5/2"jz)(5/2%jz%1) if
the states * and + differ by one unit of jz and is zero
otherwise. The Van Vleck susceptibility comes from four
distinct pairs of states: (jz!"5/2,"3/2), ("3/2,"1/2),
(1/2,3/2), and (3/2,5/2), whenever one of the pair is oc-
cupied and the other unoccupied. The Pauli contribution
to &xx , on the other hand, comes only from the pair
("1/2,1/2) when this state is occupied. Again, these
statements are made in the approximation that intersite
mixing of the states is small.

Summing up these considerations, we expect that &zz
will be dominated by the Pauli contribution. We expect
that &xx will be dominated by the Van Vleck contribu-
tion and that it will be considerably larger than &zz .
Note that the interactions enhance the susceptibility and
that this is expected to affect Pauli and Van Vleck terms
alike.

This simple picture is consistent with the data in Fig.
8. A Pauli term is expected to behave as a constant for
kBT#(F and then to cross over to the 1/T Curie form.
Here (F is the effective Fermi temperature. Since it is a
measure of the density of states, it should be roughly

FIG. 8. Uniform magnetic susceptibility as a function of tem-
perature for fields along the three high-symmetry directions.
Equality of the linear susceptibility along the a and b axes is a
general consequence of hexagonal symmetry. From Frings
et al., 1983.
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masses seen in dHvA. A large !N is usually taken to be
the defining characteristic of the heavy-fermion state. In
other heavy-fermion compounds, !N ranges from "100
(as in UPd2Al3 and URu2Si2) to "1000 mJ/(K2 mol U)
(in UBe13). At temperatures above 1.5 K, contributions
to C(T) from excitations other than quasiparticles be-
come important, certainly phonons and probably also
spin fluctuations. A phonon T3 term of
"0.8 J/(K4 mol U) was extracted by Frings (1984), cor-
responding to a Debye temperature of "210 K, compa-
rable to that of pure platinum, 230 K, and in agreement
with the value of 217 K derived from sound velocity
measurements (see Sec. II.A). In the presence of an ap-
plied magnetic field greater than 3 T [i.e., above Hc2(T
!0)], two features are worth mentioning: a large upturn
in C/T at very low T , visible below about 100 mK (Bri-
son et al., 1994a), and a peak at 20 T, at the so-called
metamagnetic transition (Müller, Joss, and Taillefer,
1989). Although less pronounced, the upturn is also
present in zero field, i.e., in the superconducting state.
Its origin is not understood (see also Schubert, Strickler,
and Andres, 1992).

2. Thermal expansion

In a system with nearly localized quasiparticles, a
shortening of the interatomic separation is expected to
rapidly decrease the degree of correlation. This is indeed
the case in UPt3 , as seen by a number of experiments.
The usual measure of the sensitivity of the electronic
system to a change in volume is the dimensionless Grün-
eisen parameter:

#!
Vm

!N
! $!N

$V "
T

. (7)

It has been estimated in two ways. From the pressure
dependence of the specific heat below 4 K, Brodale et al.
(1986) obtain $ ln !N /$P#"24 Mbar"1, so that #!
"(1/%V!N)($!N /$P)T#50, where %V is the bulk com-
pressibility (see Sec. II.A). Alternatively, one can use
the linear coefficient of thermal expansion, &V
!$ln V/$T, and the appropriate Maxwell thermody-
namic relation to obtain #!(Vm /%V!N)($&V /$T)V . At
low enough temperature that both C(T) and &V(T) are
linear in T , one finds #(T→0)#60 (de Visser, Franse,
and Menovsky, 1985), compared to a value of 1–2 in
simple metals. This extremely high sensitivity of the av-
erage effective mass in UPt3 to a change in volume has
been interpreted as arising from a sensitivity in the mag-
netic correlations, e.g., spin fluctuations (Brodale et al.,
1986; van Dijk, 1994). Given this sensitivity, we expect
dramatic effects of pressure on the electronic properties
and on superconductivity. These effects will be very an-
isotropic, since a crystal of UPt3 expands along the a
and b axes upon heating from T!0, but contracts along
the c axis, at least initially (de Visser, Franse, and Men-
ovsky, 1985).

3. Charge conduction

The heavy itinerant quasiparticles in UPt3 can carry
charge and heat. This transport is anisotropic, with con-
duction along the c axis always better than perpendicu-
lar to it. Both elastic and inelastic scattering processes
are important at temperatures of order 1 K, being
roughly of the same magnitude at Tc in high quality
crystals.

The electrical resistivity of UPt3 is shown as a function
of temperature up to 300 K in Fig. 6(b), for a current
along each of the two high-symmetry directions, J$c and
J!c . (No difference is seen between J$b and J$a .) The
first noteworthy result is the absence of a peak: '(T)
never increases with decreasing temperature, as it usu-
ally does in heavy-fermion compounds, a feature attrib-
uted to the single-impurity Kondo effect. Second, at all
temperatures an anisotropy of about 2 is observed, with
'a ,b#2'c . The absolute value of the resistivity at room
temperature, if residual impurity scattering can be ne-
glected (as in the best samples), is 'a ,b(300 K)
!230 () cm and 'c(300 K)!130 () cm to within
10% or so (de Visser, Menovsky, and Franse, 1987;
Kimura et al., 1995). The low-temperature behavior is
shown in Fig. 6(a). It is characterized by a well-defined
T2 law, valid for both directions up to a temperature of
about 1.5 K: '(T)!'0#AT2. Most studies on single
crystals (e.g., Lussier, Ellman, and Taillefer, 1994;

FIG. 6. Temperature dependence of the electrical resistivity of
a high-quality single crystal of UPt3 for current directions par-
allel ([0001]) and perpendicular to the hexagonal c axis. From
Kimura et al., 1995.
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We begin in Sec. II with a brief description of the
normal state. Section III contains the background for
understanding the three classes of theories of the super-
conducting state. The peculiar phase diagram of the su-
perconductor is the topic of Sec. IV. The physical prop-
erties of the material in each of the superconducting
phases, particularly in phase B, are discussed in detail in
Sec. V, which is thus devoted to experiments in classes
(b) and (c). In Sec. VI, we summarize the current status
of our understanding of UPt3 and suggest ways to fur-
ther that understanding.

II. NORMAL STATE

A. Crystal lattice

UPt3 crystallizes in the MgCd3-type structure shown
in Fig. 2. The uranium atoms form a closed-packed hex-
agonal structure with the platinum atoms bisecting the
planar bonds. There are two formula units per unit cell.
The compound belongs to the space group P63 /mmc
and the point group D6h . The lattice parameters are
a!5.764 Å and c̃!4.899 Å, so that c̃/a!0.845, not too
far from the hard-sphere value of 0.816. Here c̃ is the
distance between neighboring planes, not the length of
the unit cell. When discussing transport properties, the b
axis is usually defined to be perpendicular to the a axis

(i.e., parallel to the a* axis). In terms of reciprocal
space, we have a!!K and b!!M . The nearest U-U dis-
tance is between atoms in adjacent layers, equal to 4.132
Å. Correspondingly, as we shall see in Sec. II.C, the con-
ductivity is greatest along the c axis. The volume of the
unit cell is 140.96 Å3, the molar volume Vm!42.43
"10#6 m3/mol U, the mass density 1.940"104 kg/m3,
and molar weight 823.3 g. The mean atomic volume is
17.62 Å3.

In 1993, a study of the crystal structure of UPt3 using
transmission electron microscopy (TEM) discovered a
complex set of incommensurate structural modulations
at room temperature, corresponding to several q! vectors
of magnitude around 0.1"/a (Midgley et al., 1993). A
similar TEM study performed on a whisker of UPt3
found a well-developed incommensurate modulation
with a single q! !(0.1,#0.1,#0.1), i.e., of the same mag-
nitude, corresponding to a modulation of wavelength
#70 Å, coherent over microns (Ellman, Zaluska, and
Taillefer, 1995). However, a subsequent x-ray investiga-
tion of the structure of a whisker by Ellman et al. (1997)
found no trace of any incommensurate modulation, at
the level of one part in 105 (see also Walko et al., 2001).
This suggests that the structural distortions seen with
TEM may be the result of the rather violent surface
preparation techniques used to thin the samples (e.g.,
ion milling). We conclude that the intrinsic crystal struc-
ture of UPt3 is perfectly hexagonal. (Note, however, a
recent x-ray study which reports the observation of a
slight trigonal distortion; Walko et al., 2001.) Deviations
from this correspond to extrinsic lattice defects (such as
stacking faults), which of course are present to a varying
degree in different samples, as discussed in Sec. II.E.

The basic elastic properties of UPt3 are well described
by de Visser, Menovsky, and Franse (1987). Longitudinal
acoustic waves travel at a speed of 3860 and 3993 m/s
parallel and perpendicular to the c axis, respectively.
The two transverse acoustic modes propagate at 1385
m/s along the c axis and 1388 m/s (2076 m/s) along the b
axis with polarization parallel (perpendicular) to the c
axis. The Debye temperature is found to be 217 K, in
agreement with an estimate from specific heat (Sec.
II.C.1). The compressibilities are calculated by de Visser,
Menovsky, and Franse (1987):

$a!#
1
a

da
dP

!0.164, $c!#
1
c

dc
dP

!0.151,

$V!2$a$$c!0.479 Mbar#1. (2)

B. Quasiparticle spectrum

1. Band structure

UPt3 is the archetype of a heavy-fermion system. It
has the qualitative properties of a Fermi liquid, but the
magnitude of the effective masses, reflected in the spe-
cific heat and magnetic susceptibility, is very much larger
than the free-electron value. The heaviness of the elec-
trons is generally attributed to electron correlations
which come from the strong repulsions on the U sites.

FIG. 2. Crystal structure of UPt3 (a) and its first Brillouin zone
(b).
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masses seen in dHvA. A large !N is usually taken to be
the defining characteristic of the heavy-fermion state. In
other heavy-fermion compounds, !N ranges from "100
(as in UPd2Al3 and URu2Si2) to "1000 mJ/(K2 mol U)
(in UBe13). At temperatures above 1.5 K, contributions
to C(T) from excitations other than quasiparticles be-
come important, certainly phonons and probably also
spin fluctuations. A phonon T3 term of
"0.8 J/(K4 mol U) was extracted by Frings (1984), cor-
responding to a Debye temperature of "210 K, compa-
rable to that of pure platinum, 230 K, and in agreement
with the value of 217 K derived from sound velocity
measurements (see Sec. II.A). In the presence of an ap-
plied magnetic field greater than 3 T [i.e., above Hc2(T
!0)], two features are worth mentioning: a large upturn
in C/T at very low T , visible below about 100 mK (Bri-
son et al., 1994a), and a peak at 20 T, at the so-called
metamagnetic transition (Müller, Joss, and Taillefer,
1989). Although less pronounced, the upturn is also
present in zero field, i.e., in the superconducting state.
Its origin is not understood (see also Schubert, Strickler,
and Andres, 1992).

2. Thermal expansion

In a system with nearly localized quasiparticles, a
shortening of the interatomic separation is expected to
rapidly decrease the degree of correlation. This is indeed
the case in UPt3 , as seen by a number of experiments.
The usual measure of the sensitivity of the electronic
system to a change in volume is the dimensionless Grün-
eisen parameter:

#!
Vm

!N
! $!N

$V "
T

. (7)

It has been estimated in two ways. From the pressure
dependence of the specific heat below 4 K, Brodale et al.
(1986) obtain $ ln !N /$P#"24 Mbar"1, so that #!
"(1/%V!N)($!N /$P)T#50, where %V is the bulk com-
pressibility (see Sec. II.A). Alternatively, one can use
the linear coefficient of thermal expansion, &V
!$ln V/$T, and the appropriate Maxwell thermody-
namic relation to obtain #!(Vm /%V!N)($&V /$T)V . At
low enough temperature that both C(T) and &V(T) are
linear in T , one finds #(T→0)#60 (de Visser, Franse,
and Menovsky, 1985), compared to a value of 1–2 in
simple metals. This extremely high sensitivity of the av-
erage effective mass in UPt3 to a change in volume has
been interpreted as arising from a sensitivity in the mag-
netic correlations, e.g., spin fluctuations (Brodale et al.,
1986; van Dijk, 1994). Given this sensitivity, we expect
dramatic effects of pressure on the electronic properties
and on superconductivity. These effects will be very an-
isotropic, since a crystal of UPt3 expands along the a
and b axes upon heating from T!0, but contracts along
the c axis, at least initially (de Visser, Franse, and Men-
ovsky, 1985).

3. Charge conduction

The heavy itinerant quasiparticles in UPt3 can carry
charge and heat. This transport is anisotropic, with con-
duction along the c axis always better than perpendicu-
lar to it. Both elastic and inelastic scattering processes
are important at temperatures of order 1 K, being
roughly of the same magnitude at Tc in high quality
crystals.

The electrical resistivity of UPt3 is shown as a function
of temperature up to 300 K in Fig. 6(b), for a current
along each of the two high-symmetry directions, J$c and
J!c . (No difference is seen between J$b and J$a .) The
first noteworthy result is the absence of a peak: '(T)
never increases with decreasing temperature, as it usu-
ally does in heavy-fermion compounds, a feature attrib-
uted to the single-impurity Kondo effect. Second, at all
temperatures an anisotropy of about 2 is observed, with
'a ,b#2'c . The absolute value of the resistivity at room
temperature, if residual impurity scattering can be ne-
glected (as in the best samples), is 'a ,b(300 K)
!230 () cm and 'c(300 K)!130 () cm to within
10% or so (de Visser, Menovsky, and Franse, 1987;
Kimura et al., 1995). The low-temperature behavior is
shown in Fig. 6(a). It is characterized by a well-defined
T2 law, valid for both directions up to a temperature of
about 1.5 K: '(T)!'0#AT2. Most studies on single
crystals (e.g., Lussier, Ellman, and Taillefer, 1994;

FIG. 6. Temperature dependence of the electrical resistivity of
a high-quality single crystal of UPt3 for current directions par-
allel ([0001]) and perpendicular to the hexagonal c axis. From
Kimura et al., 1995.
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6. Other theories

A number of other proposals have been made but not
worked out in much detail. Some of these have interest-
ing features, but often too little is known about the
theory to give a reasonable evaluation. Three examples
are as follows: superconductivity is connected to a rota-
tion of the magnetic moment (Blount, Varma, and Aep-
pli, 1990); the order parameter is nonunitary and be-
longs to the E1u representation (Ohmi and Machida,
1996a, 1996b), or the order parameter belongs to the
E2g representation (Yin and Maki, 1994). There is also
an interesting theory based on combining the odd-
frequency pairing hypothesis with a novel picture of the
normal-state quasiparticles to produce a magnetic super-
conducting ordering (Coleman, Miranda, and Tsvelik,
1994).

IV. SUPERCONDUCTING PHASE DIAGRAM

A magnetic field H! has a profound effect on all super-
conductors. In conventional type-II systems there are
two superconducting phases in the H-T plane: the low-
field Meissner phase and the high-field vortex phase,
separated by the Hc1(T) curve. In UPt3 , by the same
count, there are five phases: phase C, which is a vortex
phase, and phases A and B, each divided into a Meissner
phase and a vortex phase [below and above Hc1(T)].

A. Zero field and ambient pressure

1. Specific heat

The specific heat of UPt3 is shown in Fig. 12 as C/T vs
T . The data of Brison et al. (1994a), on a high quality
single crystal annealed for 3 days at 1200 °C, nicely ex-
hibits the main features: the onset of superconductivity
at !0.5 K, the appearance of a second transition at a
slightly lower temperature, the roughly linear decrease
in C/T with temperature, and the large upturn below 0.1
K.

These features have been reproduced by several
groups on different samples, provided these were of suf-
ficient quality. As mentioned in Sec. II.E, improper heat
treatment, for example, can cause the two superconduct-
ing transitions to be considerably broadened and sup-
pressed.

The double transition was first resolved by Fisher
et al. (1989) and there is now overwhelming evidence
that it is an intrinsic property of UPt3 , a defining char-
acteristic of the pure material. The main arguments
against an extrinsic origin for the second transition,
caused, for example, by inhomogeneities in the sample,
are the following. All characteristics of the two transi-
tions are found to converge on one and the same set of
values for all crystals. For example, the difference "Tc
between the two Tc’s, commonly referred to as the
‘‘splitting,’’ is remarkably invariable (wandering at most
by !1%Tc). Both transitions can be very sharp, with a
width !Tc/100. No single transition has ever been ob-
served with a width less than the splitting (50 mK). Fi-
nally, the transitions shift in subtle, nontrivial ways un-
der applied magnetic field or pressure. For example, two
sharp transitions at ambient pressure turn (reversibly)
into a single, equally sharp transition upon applying hy-
drostatic pressure in excess of 4 kbar (Trappmann,
Löhneysen, and Taillefer, 1991). The reader is referred
to the excellent review on the specific heat of UPt3 by
Löhneysen (1994).

The specific heat in the vicinity of the supercon-
ducting transition is shown in Fig. 13 (for a high quality
polycrystal). Using an idealized construction for
C/T vs T shown by the straight lines (e.g., for the
P"0 curve), we can define the following character-
istics:

FIG. 12. Specific heat divided by temperature vs temperature.
From Brison et al., 1994b.

FIG. 13. Specific heat for different hydrostatic pressures plot-
ted as C/T vs T . From Trappmann, Löhneysen, and Taillefer,
1991.
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We begin in Sec. II with a brief description of the
normal state. Section III contains the background for
understanding the three classes of theories of the super-
conducting state. The peculiar phase diagram of the su-
perconductor is the topic of Sec. IV. The physical prop-
erties of the material in each of the superconducting
phases, particularly in phase B, are discussed in detail in
Sec. V, which is thus devoted to experiments in classes
(b) and (c). In Sec. VI, we summarize the current status
of our understanding of UPt3 and suggest ways to fur-
ther that understanding.

II. NORMAL STATE

A. Crystal lattice

UPt3 crystallizes in the MgCd3-type structure shown
in Fig. 2. The uranium atoms form a closed-packed hex-
agonal structure with the platinum atoms bisecting the
planar bonds. There are two formula units per unit cell.
The compound belongs to the space group P63 /mmc
and the point group D6h . The lattice parameters are
a!5.764 Å and c̃!4.899 Å, so that c̃/a!0.845, not too
far from the hard-sphere value of 0.816. Here c̃ is the
distance between neighboring planes, not the length of
the unit cell. When discussing transport properties, the b
axis is usually defined to be perpendicular to the a axis

(i.e., parallel to the a* axis). In terms of reciprocal
space, we have a!!K and b!!M . The nearest U-U dis-
tance is between atoms in adjacent layers, equal to 4.132
Å. Correspondingly, as we shall see in Sec. II.C, the con-
ductivity is greatest along the c axis. The volume of the
unit cell is 140.96 Å3, the molar volume Vm!42.43
"10#6 m3/mol U, the mass density 1.940"104 kg/m3,
and molar weight 823.3 g. The mean atomic volume is
17.62 Å3.

In 1993, a study of the crystal structure of UPt3 using
transmission electron microscopy (TEM) discovered a
complex set of incommensurate structural modulations
at room temperature, corresponding to several q! vectors
of magnitude around 0.1"/a (Midgley et al., 1993). A
similar TEM study performed on a whisker of UPt3
found a well-developed incommensurate modulation
with a single q! !(0.1,#0.1,#0.1), i.e., of the same mag-
nitude, corresponding to a modulation of wavelength
#70 Å, coherent over microns (Ellman, Zaluska, and
Taillefer, 1995). However, a subsequent x-ray investiga-
tion of the structure of a whisker by Ellman et al. (1997)
found no trace of any incommensurate modulation, at
the level of one part in 105 (see also Walko et al., 2001).
This suggests that the structural distortions seen with
TEM may be the result of the rather violent surface
preparation techniques used to thin the samples (e.g.,
ion milling). We conclude that the intrinsic crystal struc-
ture of UPt3 is perfectly hexagonal. (Note, however, a
recent x-ray study which reports the observation of a
slight trigonal distortion; Walko et al., 2001.) Deviations
from this correspond to extrinsic lattice defects (such as
stacking faults), which of course are present to a varying
degree in different samples, as discussed in Sec. II.E.

The basic elastic properties of UPt3 are well described
by de Visser, Menovsky, and Franse (1987). Longitudinal
acoustic waves travel at a speed of 3860 and 3993 m/s
parallel and perpendicular to the c axis, respectively.
The two transverse acoustic modes propagate at 1385
m/s along the c axis and 1388 m/s (2076 m/s) along the b
axis with polarization parallel (perpendicular) to the c
axis. The Debye temperature is found to be 217 K, in
agreement with an estimate from specific heat (Sec.
II.C.1). The compressibilities are calculated by de Visser,
Menovsky, and Franse (1987):

$a!#
1
a

da
dP

!0.164, $c!#
1
c

dc
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!0.151,

$V!2$a$$c!0.479 Mbar#1. (2)

B. Quasiparticle spectrum

1. Band structure

UPt3 is the archetype of a heavy-fermion system. It
has the qualitative properties of a Fermi liquid, but the
magnitude of the effective masses, reflected in the spe-
cific heat and magnetic susceptibility, is very much larger
than the free-electron value. The heaviness of the elec-
trons is generally attributed to electron correlations
which come from the strong repulsions on the U sites.

FIG. 2. Crystal structure of UPt3 (a) and its first Brillouin zone
(b).
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6. Other theories

A number of other proposals have been made but not
worked out in much detail. Some of these have interest-
ing features, but often too little is known about the
theory to give a reasonable evaluation. Three examples
are as follows: superconductivity is connected to a rota-
tion of the magnetic moment (Blount, Varma, and Aep-
pli, 1990); the order parameter is nonunitary and be-
longs to the E1u representation (Ohmi and Machida,
1996a, 1996b), or the order parameter belongs to the
E2g representation (Yin and Maki, 1994). There is also
an interesting theory based on combining the odd-
frequency pairing hypothesis with a novel picture of the
normal-state quasiparticles to produce a magnetic super-
conducting ordering (Coleman, Miranda, and Tsvelik,
1994).

IV. SUPERCONDUCTING PHASE DIAGRAM

A magnetic field H! has a profound effect on all super-
conductors. In conventional type-II systems there are
two superconducting phases in the H-T plane: the low-
field Meissner phase and the high-field vortex phase,
separated by the Hc1(T) curve. In UPt3 , by the same
count, there are five phases: phase C, which is a vortex
phase, and phases A and B, each divided into a Meissner
phase and a vortex phase [below and above Hc1(T)].

A. Zero field and ambient pressure

1. Specific heat

The specific heat of UPt3 is shown in Fig. 12 as C/T vs
T . The data of Brison et al. (1994a), on a high quality
single crystal annealed for 3 days at 1200 °C, nicely ex-
hibits the main features: the onset of superconductivity
at !0.5 K, the appearance of a second transition at a
slightly lower temperature, the roughly linear decrease
in C/T with temperature, and the large upturn below 0.1
K.

These features have been reproduced by several
groups on different samples, provided these were of suf-
ficient quality. As mentioned in Sec. II.E, improper heat
treatment, for example, can cause the two superconduct-
ing transitions to be considerably broadened and sup-
pressed.

The double transition was first resolved by Fisher
et al. (1989) and there is now overwhelming evidence
that it is an intrinsic property of UPt3 , a defining char-
acteristic of the pure material. The main arguments
against an extrinsic origin for the second transition,
caused, for example, by inhomogeneities in the sample,
are the following. All characteristics of the two transi-
tions are found to converge on one and the same set of
values for all crystals. For example, the difference "Tc
between the two Tc’s, commonly referred to as the
‘‘splitting,’’ is remarkably invariable (wandering at most
by !1%Tc). Both transitions can be very sharp, with a
width !Tc/100. No single transition has ever been ob-
served with a width less than the splitting (50 mK). Fi-
nally, the transitions shift in subtle, nontrivial ways un-
der applied magnetic field or pressure. For example, two
sharp transitions at ambient pressure turn (reversibly)
into a single, equally sharp transition upon applying hy-
drostatic pressure in excess of 4 kbar (Trappmann,
Löhneysen, and Taillefer, 1991). The reader is referred
to the excellent review on the specific heat of UPt3 by
Löhneysen (1994).

The specific heat in the vicinity of the supercon-
ducting transition is shown in Fig. 13 (for a high quality
polycrystal). Using an idealized construction for
C/T vs T shown by the straight lines (e.g., for the
P"0 curve), we can define the following character-
istics:

FIG. 12. Specific heat divided by temperature vs temperature.
From Brison et al., 1994b.

FIG. 13. Specific heat for different hydrostatic pressures plot-
ted as C/T vs T . From Trappmann, Löhneysen, and Taillefer,
1991.

258 R. Joynt and L. Taillefer: Superconducting phases of UPt3

Rev. Mod. Phys., Vol. 74, No. 1, January 2002

Joynt and Taillefer, !
RMP 2002.

Figure 2.3: Ultrasonic attenuation data mapping out the phase diagram for
UPt3, showing the three diÆerent superconducting phases. The transition
temperatures have risen slightly over the years as sample quality has in-
creased, and at zero field T

c+ = 565mK and T
c° = 508mK. From[17]

agram of UPt3 and clarify the locations of nodes in the order parameter[18,

19, 20, 21, 22]. These experiments involved directional probes like ultrasonic

attenuation and thermal conductivity that tested the mobility of excitations

along various crystalline axes. Much like the specific heat measurements,

these experiments detected the energy gap by the way it froze out low-energy

excitations. In ordinary superconductors, transport properties exhibit an ex-

ponential decay as the temperature goes below the superconducting transi-

tion. The presence of nodes in the order parameter allow for more carriers,

and give linear or low-order power law behavior. Figure 2.3 shows a schematic

of the phase diagram for UPt3.
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the magnetic susceptibility using the fluctuation-dissi-
pation theorem,

S(g,co) =X"(Q, co) [1 exp(—Phco—)]
where to obtain S(g,co), we have subtracted as back-
ground the Q (0.3,0, 1) data for hco &0.15 meV and a
constant of 24 counts/h for hco~ 0.15 meV. Figure
4(b) shows the results. The shape of Z"(Q, co) is similar
at both temperatures: There is a rise between hco =0 and
0.2 meV, followed by a plateau. While S(g, co) is con-
siderably larger at the higher temperature, I"(Q,co) is
somewhat smaller. At T=0.5 K, Z"(Q, co) is insensitive
to small offsets (such as Ah =0.03 as shown in Fig. 4)
from the ordering wave vector. Thus, the result that
Z"(Q, co) decreases as co is reduced below 0.2 meV per-
mits the identification of 0.2 meV as a characteristic en-
ergy for fluctuations of moment-containing regions of
size given by the inverse resolution volume (-104 A )
of the instrument.

We now describe how the magnetic order and fluctua-
tions vary with T. Figure 2(a) shows the temperature
dependence of the magnetic Bragg intensity Ia at
Q=(0.5, 1, 1.0) for one of our crystals. For T & TN=5
K, Iz rises linearly with decreasing temperature, a
feature found for the other two crystals examined in
similar detail. Thus, the mean-field expression,
M-(Tz —T)', adequately describes the temperature
dependence of the magnetic order parameter, over a
much wider range in T/TN than is ordinarily the case.

Figure 2(b) shows that S(g,co), measured with Q

FIG. 4. (a) Constant-Q scans at Q-(0.3,0, 1) at T=0.5 K
and Q (0.53,0, 1) at T 5 K and T 0.5 K. (b) 1"(Q,co) at
the same two temperatures deduced from these data as de-
scribed in the text.

offset slightly from the ordering vector to eliminate
Bragg contamination, has a maximum near TN. This re-
sult is expected for conventional magnets undergoing
second-order phase transitions. The decrease for T & T~
is associated with a reduction in the fluctuating moment
as the system becomes progressively more ordered. For
UPt3, the magnetoresistance (Bp/BH) and the tempera-
ture derivative (8p/t)T) of the resistivity have tempera-
ture dependences similar to that of S(g, co) shown in
Fig. 2(b). Thus, the hitherto unexplained maxima in
Bp/8T and c)p/BH near 5 K are most likely due to the
antiferromagnetic correlations probed in the present ex-
periment.

To determine whether superconductivity influences the
magnetic order of UPt3, we have performed a more de-
tailed study, using five crystals, of the (2,0, 1) intensity
at low temperatures. Figure 3 shows the results, togeth-
er with ac susceptibility data collected simultaneously on
a sixth crystal not in the neutron beam. The linear rise
in Ig persists to T„below which Ig becomes temperature
independent. While the influence of superconductivity
on magnetic order has been noted for other systems, '

UPt3 is the first system to display such an eAect where
electrons of the same type are responsible for both the
superconductivity and the magnetism. In the supercon-
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Neutron diA'raction shows that superconducting UPt3 can be an antiferromagnet with an ordered mo-
ment of (0.02 ~ 0.01)pa and a Neel temperature (TN) of 5 K. The squared order parameter is a linear
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it ceases to evolve. Inelastic neutron scattering demonstrates that the Auctuating moments are strongly
correlated; the characteristic energy for Auctuations with wave vectors close to the ordering wave vector
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There is a growing consensus that the superconductivi-
ty of heavy-fermion systems is due to magnetic fluctua-
tions. Until now, however, the magnetic fluctuations in
the heavy-fermion superconductors have not been probed
at energies comparable to pair-breaking energies. Furth-
ermore, the influence of superconductivity on magnetic
correlations has yet to be demonstrated directly. In the
present paper, we describe a neutron-scattering experi-
ment which probes the low-frequency fluctuations in
UPt3. In addition, we show that superconducting UPt3
can be an antiferromagnet, as has been suggested by
muon spin-relaxation measurements, and that the evo-
lution of the antiferromagnetic order terminates at the
onset of superconductivity.

The experiments were performed with the TAS-7
triple-axis instrument installed at the end of a guide tube
emanating from the cold neutron source of the Rise
DR-3 reactor. A 20-cm-high segmented pyrolitic-
graphite (PG) crystal provides a vertically focused in-
cident beam. For inelastic measurements, a set of six
PG crystals, in a horizontally focusing arrangement,
function as an analyzer with an angular acceptance of
6', full width at half maximum (FWHM). For elastic
measurements, the analyzer was flat and used in com-
bination with a collimator. The PG crystals were set for
their (002) reflections. Various Be, BeO, and PG filters
eliminated higher-order contamination of the beam and
reduced the elastic scattering admitted by the analyzer
system at nominally finite energy transfers. For inelastic
scattering, the final energy was fixed at either Ef =5.1 or
3.735 meV. The corresponding energy resolutions were
0.2 and 0.1 meV (FWHM), respectively.

Four approximately cylindrical (6 mm diam) ingots of
UPt3 were grown by the float-zone method. These were

divided to yield six crystals, of which the five largest
(each of length =4 cm) were mounted together, so as to
intercept the neutron beam, on the cold finger of either a
dilution or pumped He cryostat. The sixth crystal was
mounted above the beam and fitted with coils to measure
the ac susceptibility (f=100 Hz) during the scattering
experiment. The (k, O, I) zones of the hexagonal close-
packed crystals (space-group P63/rnmc) coincided with
the horizontal scattering plane of the spectrometer. In
our experiment, momentum transfers are expressed in
reciprocal-lattice units, where a* =4tr/a 43 =1.261 A
and c*=2tr/c =1.285 A.

Earlier neutron-scattering experiments at relatively
large energy transfers (Ilto =6 meV) are consistent with
short-range antiferromagnetic correlations where the two
U ions in each unit cell tend to be oppositely polarized.
Because the long-range order associated with such corre-
lations would yield magnetic Bragg scattering only for
integer-valued reciprocal-lattice indices, it came as a
surprise that Ui „Th„Pt3 and U(Pti „Pd„)3, which
clearly undergo magnetic phase transitions ' for
x~0.02, display superlattice peaks at reciprocal-lattice
positions of the form (h+ —,', O, l), where It and I are in-
tegers. Particularly strong peaks were found at (~ —,',
0, 1) and (~ —,', 0,2). We therefore set out to probe the
elastic and inelastic scattering near ( —, , 0, 1) in our
nominally (see below) pure crystals of UPt3.

Figure 1 shows (h, O, I) scans sensitive to magnetic
fluctuations [for a fixed energy transfer of 0.5 meV, Fig.
1(a)] and static correlations [hto=0, Fig. 1(b)]. Well
above 5 K, the two scans are featureless, while at low
temperatures, there are well-defined maxima at Q=(+' —,', 0, 1). The elastic peak has widths (FWHM) of
0.01 reciprocal-lattice units both parallel and perpendic-
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ular to the basal planes; the corresponding resolution
widths are 0.006 reciprocal-lattice units in both direc-
tions. A survey in the (h, 0, 1) plane revealed superlattice
reflections at other reciprocal-lattice points of the form
Q=(h+ —,', O, l) (h and l are integers). The associated
intensities decrease with i Q i as expected for magnetic
reflections; furthermore, they are consistent with the
magnetic structure found for Ui —„Th„Pt3 and
U(Pdl —„Pt„)3. For this structure, the unit cell is dou-
bled in the basal planes and the ordered moment p.o is
parallel to the doubling direction. We have determined
the ordered moment via normalization with respect to
the weak nuclear Bragg peak at (1,0, 1). The result,
(0.02~0.01)pa, is consistent with the less exact esti-
mate 0.01@a& po & O. 1pa based on the muon spin-
relaxation measurements and is much smaller than that
(0.7 ~ 0.1)pa for the doped compounds.

To test whether the magnetic order is intrinsic to
UPt3, we have separately examined the four boules
which were grown at different times and with different
defect (stacking fault) densities, as established by neu-
tron diff'raction. The ordered moments and Neel tem-
peratures [TN=5 K, see Fig. 2(a) and the discussion
below] are all identical to within experimental error.
The Neel temperature of our samples is higher than
that (3.5 K) of the most lightly doped compound,
U(Pti „Pd )3 with x=2%, for which bulk measure-
ments yield clear signatures of a magnetic transition
and no sign of superconductivity. Electron microprobe
analysis on a segment of one of our samples revealed no
impurities with concentrations beyond the detectability
limit (0.1 wt. %). According to the more sensitive tech-
nique of inductive coupled plasma mass spectrometry,
the only appreciable contamination is due to a Pb isotope
( & 10 ppm by weight), probably the result of radioactive
decay; Pd and Th levels were ~ 1 ppm by weight. In re-
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FIG. 2. Temperature dependence of (a) the elastic peak in-
tensity of Q ( —,', 0, 1) and of (b) the scattering of Q

(0.52,0,0.99) with an energy transfer of 85 peV.

gard to the purity of our samples, we also recall that the
superconducting transition temperature and width are
very sensitive to chemical and other defects. ' Our ac
susceptibility data, shown in Fig. 3, indicate a relatively
high T, ( 0.5 K) and a narrow transition. We conclude
that the magnetic order reported here is a property of su-
perconducting UPt3. Even though by most standards,
our samples are exceptionally clean, some disorder must
be present because the magnetic diffraction peaks are not
resolution limited. Interestingly, the resolution-corrected
widths of the diffraction peaks correspond to distances
comparable to the electronic mean free path (=250 A)
established for some, but not all, crystals of UPt3.

It is apparent from Fig. 1(b) that there are substantial
magnetic fluctuations with wave vectors near ( —,', 0, 1).
To find the spectrum of these fluctuations, we performed
constant-Q scans as shown in Fig. 4. We have previous-
ly reported similar scans performed with coarser energy
resolution; more recently, others have also noted en-
hanced magnetic diffuse scattering and weak magnetic
Bragg scattering at ( —,',0, 1) in nominally pure UPt3.
Figure 4(a) displays raw data for two momentum
transfers and temperatures. At Q=(0.3,0, 1.0), the sig-
nal for A. co) 0.15 meV is indistinguishable from the
background level, established for neutron energy gain at
T=0.5 K. The increase for Am &0.15 is due to in-
coherent scattering with an intensity of 10 counts/min at
h, ru =0. We can extract the imaginary part, X"(Q, co), of
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FIG. 4 Figure from (Monod et al., 1986), one of three path-breaking papers in 1986 to link d-wave pairing

to antiferromagnetism. (a) is the bare interaction, (b) and (c) and (d) the paramagnon mediated interaction

between anti-parallel or parallel spins.

After a brief hiatus, interest in heavy electron physics re-ignited in the mid 1990’s with the

discovery of quantum critical points in these materials. High temperature superconductivity intro-

duced many important new ideas into our conception of electron fluids, including

• Non Fermi liquid behavior: the emergence of metallic states that can not be described as

fluids of renormalized quasiparticles.

• Quantum phase transitions and the notion that zero temperature quantum critical points

might profoundly modify finite temperature properties of metal.

Both of these effects are seen in a wide variety of heavy electron materials, providing an vital

alternative venue for research on these still unsolved aspects of interlinked, magnetic and electronic

behavior.

In 1995, Hilbert von Lohneyson and collaborators discovered that by alloying small amounts of

gold into CeCu6 that one can tune CeCu6−xAux through an antiferromagnetic quantum critical

point, and then reverse the process by the application of pressure (von Löhneysen, 1996; von

Löhneysen et al., 1994). These experiments showed that a heavy electron metal develops “non-

Fermi liquid” properties at a quantum critical point, including a linear temperature dependence of

the resistivity and a logarithmic dependence of the specific heat coefficient on temperature. Shortly

thereafter, Mathur et al. (Mathur et al., 1998), at Cambridge showed that when pressure is used

to drive the antiferromagnet CeIn3 through through a quantum phase transition, heavy electron
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How do we get from here to heavy Cooper pairs?
1. The local moments quench [via the Kondo effect],  
 forming heavy quasiparticles
2. The heavy quasiparticles pair [via residual spin fluctuations]

Heavy Cooper Pairs

These two stages are well separated.

At very low temperatures:

Beal-Monod, Bourbonnais and Emery (1986) 
Scalapino, Loh and Hirsch (1986) 

Miyake, Schmitt-Rink and Varma (1986)
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FIG. 24. Magnetic susceptibility vs temperature for UBe&3
{Brodsky and Friddle, 1974). These data are similar in their
temperature dependence, but not their magnitude, to data for
NpBe~3.

ures, all eight systems follow a Curie-Weiss law (X
linear in T) at higher temperatures, with effective mo-
ments over 2p~ and a negative intercept on the tempera-
ture axis (—=O). Let us now concentrate on the parame-
ters in Table III.

1. Sample dependence
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FIG. 26. Inverse susceptibility along the a axis for UPt3 by
Frings et al. (1983). Note that data up to only 300 K would
give an incorrect p,qf of 2.4@~.

compounds, sample-to-sample variation in X(T=0) is
limited to 30%. The variation in the values of p,ff and 0
is also considerable, owing at least partly. to crystal-field-
caused curvature in the X ' vs T data that is not finished
by 300 K, i.e., the higher-temperature derived values
should normally be closer to the correct value. It is not
clear, however, in the case of UBe~3 which value to use
for p,rr and O.

The reported susceptibility values for a given com-
pound vary widely, as can be seen in Table III. Just as in
Sec. II, CeCuqSiz has the largest sample dependence (at
least a factor of 2) in its susceptibility. For the other
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FIG. 25. Inverse magnetic susceptibility for UBe&3 (Ott et al. ,
1984c), with the straight line showing the Curie-Weiss behavior
at higher temperatures.

FIG. 27. Susceptibility data on a single crystal of UPt3 by
Frings et aL (1983). Note the large anisotropy between the
basal plane (a,b axes) and the c axis, and the peak in the sus-
ceptibility at 19 K.
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where N(Ez) is the density of electronic states
per spin direction at the Fermi energy EF, p, &

is the Bohr magneton, and k& is Boltzmann's
constant. If we insert the above-quoted value for
y = 1.1 J/mole K' into Eq. (1), we obtain X =1.51
x10 ' emu/mole, in extremely good agreement
with our experimental. vat. ue of X at about 1 K,
again confirming the claim above, that we are
dealing with an electronic system that can be
described as a Fermi liquid.

The maximum resistivity is thought to be due
to incoherent scattering of conduction electrons
at the U ions and may, according to Friedel, "
be described by

FIG. 2. Temperature dependence of the electrical
resistivity of single-crystalline UBe&3. Inset: The low-
temperature part on an extended temperature scale.

superconducting transition at 0.86 K. As may be
seen from the inset in Fig. 2, the resistive tran-
siti.on to the superconducting state is much more
narrow in temperature than the transitions shown
in Fig. 1. These features are probably due to
residual inhomogeneities in the not yet optimized
samples.

For the room-temperature lattice constant of
the UBe» single crystal. s used in the present in-
vestigation we obtained 10.2607 A, resulting in a
nearest U-U distance of 5.130A in this compound.
According to Hil. l. 's earlier arguments" it may
therefore be expected that the 5f electrons of
the U ' ions are fairly well localized and with
any conventional view, certainly no occurrence
of superconductivity in such a system is antici-
pated. On the contrary, the common enhanced
increase of c~/T and X (not shown explicitly here),
as well as of p, with decreasing temperature be-
low 10 K rather indicate precursor effects to a
possibl. e magnetic phase transition.

This pronounced temperature dependence of all.
these properties just above T, makes a clear-cut
interpretation of the experimental. data somewhat
difficult. Nevertheless it is interesting to quote
some val. ues for physically important parameters
which we calculate from our experimental data.
If, as indicated above, the specific heat up to
about 1 K is interpreted as being of electronic
origin we can calculate the corresponding mag-
netic susceptibility of that electronic system us-
ing

X =2p B &(EF)= 3|zan y/" tza

where l =3 for f electrons, c=~z is the concen-
tration of scattering centers, Z is the number
of conduction electrons per atom, and kz = (3zz'Z/
0)' ' with 0 as the mean volume per atom. From
it we can calcul. ate Z and subsequently k F through

Z = [2(2 l+ 1)tzc/e2p ] ~4[@/3&2]z~4 (3)

From the experimental. value of p „we obtain
Z =0.81 per atom and k F=1.36&&10 em . Wi,thi, n
the Fermi-1. iquid model. we then deduce an effec-
tive mass of the fermions of m*= 192m, . The
still. rather high el.ectrieal resistivity at T, in-
dicates that superconducting parameters of the
present material should be cal.cul.ated in the dirty
limit. According to Hake, '~ (BH,2/&T)r is then
given by

(&H 2/&T)r = —4.48&104py, (4)

wherey is given in cgs units and p in 0 cm. In-
serting our experimental values for y and (BH„/
&T)r we obtain p =42 p,Q cm, the expected value
of the residual resistivity for T-0. Once ongoing
additional experiments give more information on
other supercondueting parameters of UBe» we
shall discuss them by comparing them with the
presently available normal- state properties.

In conclusion we feel. that the experimental. data
presented and described above show convincingly
that, as was anticipated, CeCu, Si, is not a singu-
larity of nature. " It seems again quite cl.ear that
the presence of f electrons is essential for the
occurrence of superconductivity in UBe», since
no traces of superconductivity were found in
LaBe», LuBe», and ThBe» down to 0.45 K.'
Since UBe» shows al. l. the interesting features
not onl.y in polycrystalline but also in its single-
crystal. line form at zero pressure, "this mater-
ial. is very well suited to investigation of the mi-

1597

Ott, Fisk, Smith (1983)

UBe13

UBe13

G. R. Stewart: Heavy-fermion systems

15 I I I I I & I I &
I

& I I I

USe»

~10
C9E

I, E E
lO

O
E

500
I

I I I I I I I I I l & I I

0 100 200 300
T (K)

FIG. 24. Magnetic susceptibility vs temperature for UBe&3
{Brodsky and Friddle, 1974). These data are similar in their
temperature dependence, but not their magnitude, to data for
NpBe~3.

ures, all eight systems follow a Curie-Weiss law (X
linear in T) at higher temperatures, with effective mo-
ments over 2p~ and a negative intercept on the tempera-
ture axis (—=O). Let us now concentrate on the parame-
ters in Table III.

1. Sample dependence

I I I I l l I I I I I

500 1000
T (K)

FIG. 26. Inverse susceptibility along the a axis for UPt3 by
Frings et al. (1983). Note that data up to only 300 K would
give an incorrect p,qf of 2.4@~.

compounds, sample-to-sample variation in X(T=0) is
limited to 30%. The variation in the values of p,ff and 0
is also considerable, owing at least partly. to crystal-field-
caused curvature in the X ' vs T data that is not finished
by 300 K, i.e., the higher-temperature derived values
should normally be closer to the correct value. It is not
clear, however, in the case of UBe~3 which value to use
for p,rr and O.

The reported susceptibility values for a given com-
pound vary widely, as can be seen in Table III. Just as in
Sec. II, CeCuqSiz has the largest sample dependence (at
least a factor of 2) in its susceptibility. For the other
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at higher temperatures.

FIG. 27. Susceptibility data on a single crystal of UPt3 by
Frings et aL (1983). Note the large anisotropy between the
basal plane (a,b axes) and the c axis, and the peak in the sus-
ceptibility at 19 K.
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ures, all eight systems follow a Curie-Weiss law (X
linear in T) at higher temperatures, with effective mo-
ments over 2p~ and a negative intercept on the tempera-
ture axis (—=O). Let us now concentrate on the parame-
ters in Table III.

1. Sample dependence
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FIG. 26. Inverse susceptibility along the a axis for UPt3 by
Frings et al. (1983). Note that data up to only 300 K would
give an incorrect p,qf of 2.4@~.

compounds, sample-to-sample variation in X(T=0) is
limited to 30%. The variation in the values of p,ff and 0
is also considerable, owing at least partly. to crystal-field-
caused curvature in the X ' vs T data that is not finished
by 300 K, i.e., the higher-temperature derived values
should normally be closer to the correct value. It is not
clear, however, in the case of UBe~3 which value to use
for p,rr and O.

The reported susceptibility values for a given com-
pound vary widely, as can be seen in Table III. Just as in
Sec. II, CeCuqSiz has the largest sample dependence (at
least a factor of 2) in its susceptibility. For the other
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FIG. 27. Susceptibility data on a single crystal of UPt3 by
Frings et aL (1983). Note the large anisotropy between the
basal plane (a,b axes) and the c axis, and the peak in the sus-
ceptibility at 19 K.
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where N(Ez) is the density of electronic states
per spin direction at the Fermi energy EF, p, &

is the Bohr magneton, and k& is Boltzmann's
constant. If we insert the above-quoted value for
y = 1.1 J/mole K' into Eq. (1), we obtain X =1.51
x10 ' emu/mole, in extremely good agreement
with our experimental. vat. ue of X at about 1 K,
again confirming the claim above, that we are
dealing with an electronic system that can be
described as a Fermi liquid.

The maximum resistivity is thought to be due
to incoherent scattering of conduction electrons
at the U ions and may, according to Friedel, "
be described by

FIG. 2. Temperature dependence of the electrical
resistivity of single-crystalline UBe&3. Inset: The low-
temperature part on an extended temperature scale.

superconducting transition at 0.86 K. As may be
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siti.on to the superconducting state is much more
narrow in temperature than the transitions shown
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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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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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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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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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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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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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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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may be understood by taking into
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in pure samples is
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= 47 K, (e) and (f) resistivity in heavy fermion superconductors CeCoIn5 with Tsc = 2.3 K, NpPd5Al2 with Tsc = 4.9 K, and
PuCoGa5 with Tsc = 18.5 K, cited from refs. [7–15].

The cyclotron mass of the main dHvA frequencies β2 and α2,3 in Fig. 3(e) increases rapidly above 1.6 GPa, where
superconductivity sets in: 5.5m0 at ambient pressure, 20m0 at 1.6 GPa, and 60m0 at 2.2 GPa for β2, where the
cyclotron mass was determined in the field range from 100 to 169 kOe, namely at an effective field Heff = 126 kOe.
On the other hand, the cyclotron mass of α3, which was observed above 2.4 GPa, decreases slightly with increasing
pressure: about 30m0 at 2.4 GPa and 24m0 at 2.9 GPa. The dHvA frequency β2, which exists in CeCoIn5, was,
however, not detected above 2.4 GPa. This is mainly due to a large cyclotron effective mass close to 100 m0.

From these experimental results, it is concluded that the Fermi surface in CeRhIn5 under pressure is changed from
a 4f -localized Fermi surface to a 4f -itinerant Fermi surface. A notable change in the Fermi surface occurs when the
pressure crosses P ∗

c ≃ 2.4 GPa, revealing a first-order phase transition. Superconductivity is, however, realized in the
pressure region ranging from 1.6 to 5.2 GPa. It is important to emphasize that the cyclotron masses are extremely
large in this pressure region, namely in the heavy fermion state.

It is also noted that the similar dHvA experiment was done for antiferromagnets CeRh2Si2 [20] and CeIn3 [19].
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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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is observed in a narrow window near p
c

, the pressure at

which the Néel temperature T
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is complete even below p
c

itself. Lower inset: just abovep
c

, where there is noNéel

transition, a plot of the temperature dependence of d(ln Dr)/d(ln T) is best able to

demonstrate that the normal state resistivity varies as T1.660.2

below several

degrees K (ref. 29) (Dr is the difference between the normal state resistivity and its

residual value—which is calculated by extrapolating the normal-state resistivity to

absolute zero). For clarity, the values of T
c

have been scaled by a factor of ten. The

resistivity exponents of CeIn
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and CePd
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Si
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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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Fig. 2. (Color online) (a)-(c) Temperature dependence of the electrical resistivity under pressure and pressure vs temperature
phase diagram in CeRhIn5, (d) resistivity in non-5f ThRhIn5, Pauli paramagnet UCoGa5, antiferromagnet NpCoGa5 with TN

= 47 K, (e) and (f) resistivity in heavy fermion superconductors CeCoIn5 with Tsc = 2.3 K, NpPd5Al2 with Tsc = 4.9 K, and
PuCoGa5 with Tsc = 18.5 K, cited from refs. [7–15].

The cyclotron mass of the main dHvA frequencies β2 and α2,3 in Fig. 3(e) increases rapidly above 1.6 GPa, where
superconductivity sets in: 5.5m0 at ambient pressure, 20m0 at 1.6 GPa, and 60m0 at 2.2 GPa for β2, where the
cyclotron mass was determined in the field range from 100 to 169 kOe, namely at an effective field Heff = 126 kOe.
On the other hand, the cyclotron mass of α3, which was observed above 2.4 GPa, decreases slightly with increasing
pressure: about 30m0 at 2.4 GPa and 24m0 at 2.9 GPa. The dHvA frequency β2, which exists in CeCoIn5, was,
however, not detected above 2.4 GPa. This is mainly due to a large cyclotron effective mass close to 100 m0.

From these experimental results, it is concluded that the Fermi surface in CeRhIn5 under pressure is changed from
a 4f -localized Fermi surface to a 4f -itinerant Fermi surface. A notable change in the Fermi surface occurs when the
pressure crosses P ∗

c ≃ 2.4 GPa, revealing a first-order phase transition. Superconductivity is, however, realized in the
pressure region ranging from 1.6 to 5.2 GPa. It is important to emphasize that the cyclotron masses are extremely
large in this pressure region, namely in the heavy fermion state.

It is also noted that the similar dHvA experiment was done for antiferromagnets CeRh2Si2 [20] and CeIn3 [19].
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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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demonstrate that the normal state resistivity varies as T1.660.2

below several

degrees K (ref. 29) (Dr is the difference between the normal state resistivity and its
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Fig. 2. (Color online) (a)-(c) Temperature dependence of the electrical resistivity under pressure and pressure vs temperature
phase diagram in CeRhIn5, (d) resistivity in non-5f ThRhIn5, Pauli paramagnet UCoGa5, antiferromagnet NpCoGa5 with TN

= 47 K, (e) and (f) resistivity in heavy fermion superconductors CeCoIn5 with Tsc = 2.3 K, NpPd5Al2 with Tsc = 4.9 K, and
PuCoGa5 with Tsc = 18.5 K, cited from refs. [7–15].

The cyclotron mass of the main dHvA frequencies β2 and α2,3 in Fig. 3(e) increases rapidly above 1.6 GPa, where
superconductivity sets in: 5.5m0 at ambient pressure, 20m0 at 1.6 GPa, and 60m0 at 2.2 GPa for β2, where the
cyclotron mass was determined in the field range from 100 to 169 kOe, namely at an effective field Heff = 126 kOe.
On the other hand, the cyclotron mass of α3, which was observed above 2.4 GPa, decreases slightly with increasing
pressure: about 30m0 at 2.4 GPa and 24m0 at 2.9 GPa. The dHvA frequency β2, which exists in CeCoIn5, was,
however, not detected above 2.4 GPa. This is mainly due to a large cyclotron effective mass close to 100 m0.

From these experimental results, it is concluded that the Fermi surface in CeRhIn5 under pressure is changed from
a 4f -localized Fermi surface to a 4f -itinerant Fermi surface. A notable change in the Fermi surface occurs when the
pressure crosses P ∗

c ≃ 2.4 GPa, revealing a first-order phase transition. Superconductivity is, however, realized in the
pressure region ranging from 1.6 to 5.2 GPa. It is important to emphasize that the cyclotron masses are extremely
large in this pressure region, namely in the heavy fermion state.

It is also noted that the similar dHvA experiment was done for antiferromagnets CeRh2Si2 [20] and CeIn3 [19].
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The cyclotron mass of the main dHvA frequencies β2 and α2,3 in Fig. 3(e) increases rapidly above 1.6 GPa, where
superconductivity sets in: 5.5m0 at ambient pressure, 20m0 at 1.6 GPa, and 60m0 at 2.2 GPa for β2, where the
cyclotron mass was determined in the field range from 100 to 169 kOe, namely at an effective field Heff = 126 kOe.
On the other hand, the cyclotron mass of α3, which was observed above 2.4 GPa, decreases slightly with increasing
pressure: about 30m0 at 2.4 GPa and 24m0 at 2.9 GPa. The dHvA frequency β2, which exists in CeCoIn5, was,
however, not detected above 2.4 GPa. This is mainly due to a large cyclotron effective mass close to 100 m0.

From these experimental results, it is concluded that the Fermi surface in CeRhIn5 under pressure is changed from
a 4f -localized Fermi surface to a 4f -itinerant Fermi surface. A notable change in the Fermi surface occurs when the
pressure crosses P ∗

c ≃ 2.4 GPa, revealing a first-order phase transition. Superconductivity is, however, realized in the
pressure region ranging from 1.6 to 5.2 GPa. It is important to emphasize that the cyclotron masses are extremely
large in this pressure region, namely in the heavy fermion state.

It is also noted that the similar dHvA experiment was done for antiferromagnets CeRh2Si2 [20] and CeIn3 [19].
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The cyclotron mass of the main dHvA frequencies β2 and α2,3 in Fig. 3(e) increases rapidly above 1.6 GPa, where
superconductivity sets in: 5.5m0 at ambient pressure, 20m0 at 1.6 GPa, and 60m0 at 2.2 GPa for β2, where the
cyclotron mass was determined in the field range from 100 to 169 kOe, namely at an effective field Heff = 126 kOe.
On the other hand, the cyclotron mass of α3, which was observed above 2.4 GPa, decreases slightly with increasing
pressure: about 30m0 at 2.4 GPa and 24m0 at 2.9 GPa. The dHvA frequency β2, which exists in CeCoIn5, was,
however, not detected above 2.4 GPa. This is mainly due to a large cyclotron effective mass close to 100 m0.

From these experimental results, it is concluded that the Fermi surface in CeRhIn5 under pressure is changed from
a 4f -localized Fermi surface to a 4f -itinerant Fermi surface. A notable change in the Fermi surface occurs when the
pressure crosses P ∗

c ≃ 2.4 GPa, revealing a first-order phase transition. Superconductivity is, however, realized in the
pressure region ranging from 1.6 to 5.2 GPa. It is important to emphasize that the cyclotron masses are extremely
large in this pressure region, namely in the heavy fermion state.

It is also noted that the similar dHvA experiment was done for antiferromagnets CeRh2Si2 [20] and CeIn3 [19].
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The cyclotron mass of the main dHvA frequencies β2 and α2,3 in Fig. 3(e) increases rapidly above 1.6 GPa, where
superconductivity sets in: 5.5m0 at ambient pressure, 20m0 at 1.6 GPa, and 60m0 at 2.2 GPa for β2, where the
cyclotron mass was determined in the field range from 100 to 169 kOe, namely at an effective field Heff = 126 kOe.
On the other hand, the cyclotron mass of α3, which was observed above 2.4 GPa, decreases slightly with increasing
pressure: about 30m0 at 2.4 GPa and 24m0 at 2.9 GPa. The dHvA frequency β2, which exists in CeCoIn5, was,
however, not detected above 2.4 GPa. This is mainly due to a large cyclotron effective mass close to 100 m0.

From these experimental results, it is concluded that the Fermi surface in CeRhIn5 under pressure is changed from
a 4f -localized Fermi surface to a 4f -itinerant Fermi surface. A notable change in the Fermi surface occurs when the
pressure crosses P ∗

c ≃ 2.4 GPa, revealing a first-order phase transition. Superconductivity is, however, realized in the
pressure region ranging from 1.6 to 5.2 GPa. It is important to emphasize that the cyclotron masses are extremely
large in this pressure region, namely in the heavy fermion state.

It is also noted that the similar dHvA experiment was done for antiferromagnets CeRh2Si2 [20] and CeIn3 [19].
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Magnetic pairing appears ubiquitous

But...
! Two domes in CeMIn5
! Superconductivity without magnetism 

 (PuMIn5, PuMGa5, NpPd5Al2)
! Extreme robustness to 
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! Many Ce superconductors, 

        one (weak) Yb superconductor
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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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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
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c ¼ 14:9 is compared
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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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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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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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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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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.

[001]

[100]

[010]

NpPd5Al2

Pd(1)
Np

Pd(2)

Al

C

B O

A

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.

[001]

[100]

[010]

NpPd5Al2

Pd(1)
Np

Pd(2)

Al

C

B O

A

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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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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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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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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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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[100]

[010]

NpPd5Al2
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B O

A

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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Fig. 3. Temperature dependence of the upper critical field Hc2 for
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Local Moments

Singlet condensate

Paradox: 


How can a neutral magnetic

moments form a charged 

superconducting condensate?


Y

⌦j

{ }
j

⌦Charge = Condensate Hilbert Space

~1/3 R ln(2)





Composite pairing Hypothesis.
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Singlet formation

Coherence and composite fermions



Heavy electron =   (electron x spinflip)

Singlet formation

Coherence and composite fermions

f†
⇤ = c†⇥S�



Heavy electron =   (electron x spinflip)

Singlet formation

Coherence and composite fermions

Taillefer & Lonzarich (1985) 
UPt3   (m*/me=120)

f†
⇤ = c†⇥S�



Composite pairing
NpPd5Al2  TC = 4.5K ?



Composite pairing

“Composite pairing”

NpPd5Al2  TC = 4.5K ?



Composite pairing

Heavy Cooper pair =   (pair x spinflip)

“Composite pairing”

NpPd5Al2  TC = 4.5K ?



Composite pairing

Heavy Cooper pair =   (pair x spinflip)

“Composite pairing”
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†
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Composite pairing

Heavy Cooper pair =   (pair x spinflip)

“Composite pairing”

�† = c†1�c
†
2�S+

Abrahams, Balatsky, Scalapino, Schrieffer 1995

NpPd5Al2  TC = 4.5K ?






