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Superconducting ferromagnets provide a fruitful playground to study exotic forms of Cooper pairing. Recently, a new 
superconductor at the verge of ferromagnetic order has been reported: UTe2. Now researchers from Tohoku University, 
Kobe University and CEA/Grenoble have joined efforts and uncover an unconventional superconducting state.

Superconductivity and magnetism are two of the most strik-
ing “everyday” examples of macroscopic states of matter that 
directly reflect the complexity and exquisiteness of quantum 
electronic matter. Particularly interesting are situations where 
both states of matter meet, such as in cuprates and pnictides, 
where superconducting transition temperatures exceeding 
100 K provide a longstanding quantum puzzle. Another strik-
ing example is the family of superconducting ferromagnets: 
UGe2, URhGe, and UCoGe (Table I). These materials show 
long-range ferromagnetic order with a low Curie temperature, 
but at even lower temperatures superconduct, hence Tsc <  
TCurie. Magnetism in these 5f-electron metals is of itinerant na-
ture, which allows for superconductivity and ferromagnetism 
to be carried by the same electrons. This implies magnetism 
and superconductivity occupy the same sample volume and 
coexist on the microscopic scale.

In the past decade, the family of superconducting ferro-
magnets has become a versatile tool-box for examining novel, 
exotic superconducting phenomena. A comprehensive review 
paper has been published in JPSJ recently [6]. An impressive 
body of experimental evidence has been collected which  
demonstrates superconductivity is due to an exotic Cooper-
pair state, i.e., spin-triplet (or rather odd-parity) pairing (L = 
1, S = 0). This is to be contrasted with spin-singlet pairing (L =  
S = 0) for most common superconductors that are described 
by the standard Bardeen–Cooper–Schrieffer (BCS) model. 
Spin-triplet pairing is tightly connected to an exotic pairing 
mechanism for superconductivity: the Cooper pairs are me-
diated via spin fluctuations rather than by electron–phonon 
coupling.

A qualitative explanation for the occurrence of super-
conductivity in itinerant ferromagnets is offered by spin 
fluctuation models [7,8]. In the simplest way, the magnetic 
behavior is described by a mean-field theory in terms of a 
Hubbard-type exchange interaction parameter 
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In heavy-fermion superconductors, it is widely believed that the superconducting gap function has sign-reversal due to
the strong electron correlation. However, recently discovered fully-gapped s-wave superconductivity in CeCu2Si2 has
clarified that strong attractive pairing interaction can appear even in heavy-fermion systems. To understand the origin of
attractive force, we develop the multipole fluctuation theory by focusing on the inter-multipole many-body interaction
called the vertex corrections. By analyzing the periodic Anderson model for CeCu2Si2, we find that hexadecapole
fluctuations mediate strong attractive pairing interaction. Therefore, fully-gapped s-wave superconductivity is driven
by pure on-site Coulomb repulsion, without introducing electron–phonon interactions. The present theory of super-
conductivity will be useful to understand rich variety of the superconducting states in heavy fermion systems.

�I Heavy fermion (HF) systems exhibit wide variety of
unconventional superconductivities.1–3) For example, anti-
ferro- and ferro-magnetic dipole (rank 1) fluctuations mediate
interesting pairing states, such as d-wave singlet pairing in
CeMIn5 (M = Rh, Co, Ir)4) and triplet pairing in UCoGe.5)

Since the magnetic dipole fluctuations mediate repulsive
pairing interaction, the superconducting gap function inevi-
tably has sign-reversal.6–10) However, there are many pairing
states in HF systems that cannot be understood based by the
rank 1 fluctuations mechanism. In HF systems, it is note-
worthy that higher-rank (r � 2) multipole operators are also
active thanks to the strong spin–orbit interaction (SOI), and
therefore rich multipole physics emerges. Although higher-
rank multipole fluctuations in principle cause exotic pairing
states, theoretical studies have not been performed enough.

CeCu2Si2 is a famous HF superconductor near the
magnetic criticality,11–14) and recently reported fully-gapped
structure in CeCu2Si2 attract considerable attention.15–18) The
absence of nodes is confirmed by the measurements of the
specific heat, thermal conductivity and penetration depth for
T � Tc. In addition, robustness of Tc against randomness
strongly indicates the plain s-wave state without any sign-
reversal.17) Theoretically, magnetic multipole (MM) (r ¼
1; 3; 5) fluctuations will cause sign-reversing pairing states.19)

Therefore, electric multipole (EM) (r ¼ 2; 4) fluctuations that
give attractive pairing interaction would be important in
CeCu2Si2, whereas the microscopic origin of EM fluctuations
is unknown.

The minimum theoretical model of CeCu2Si2 is the four-
orbital (Jz ¼ �5=2;�3=2) periodic Anderson model (PAM)
with on-site Coulomb interaction. However, if we apply the
random-phase-approximation (RPA) to this model, none of
EM fluctuations develop. This negative result indicates the
significance of the vertex corrections (VCs), which represent
the many-body effects beyond the RPA. Recently, it was
revealed that higher-rank multipole fluctuations develop
cooperatively due to the Aslamazov–Larkin (AL) type χ-
VC, which is the VC for the susceptibility, in the study of
multipole order in CeB6.20) Physically, the AL-VC gives
strong interference between EM and MM fluctuations. Also,
the attractive pairing interaction (such as phonon-mediated
interaction) is strongly magnified by the U-VC, which is the

VC for the electron–boson coupling in the gap equation.21)

Considering these VCs properly, mysterious plain s-wave
superconductivity in CeCu2Si2 may be understood in terms of
the EM fluctuation mechanism, even if the e-ph interaction is
absent.

In this letter, we develop a theory of multipole fluctuation
mediated superconductivity in HF systems based on the
multiorbital PAM. Due to the AL-VC for susceptibility
( χ-VC), strong quadrupole and hexadecapole fluctuations
develop even in the absence of e-ph interaction. In CeCu2Si2,
the hexadecapole fluctuations mediate strong attractive
pairing interaction, and it is magnified by the AL-VC for
the electron–boson coupling (U-VC) in the gap equation.
Thus, fully-gapped s-wave state is caused by the hexadeca-
pole fluctuations against strong on-site repulsive Coulomb
interaction. The present pairing mechanism may be signifi-
cant to understand various HF superconductors.

Now, we introduce a two-dimensional J ¼ 5=2 PAM for
CeCu2Si2. According to the LDA+DMFT study,22) the
following f-electron states in Jz-basis are important near the
Fermi level: j f1;�i ¼ j� 5

2
i and j f2;�i ¼ �j� 3

2
i, where

� ¼ � denotes pseudo-spin.21,23) The kinetic term of the
�ð1Þ
7 –�ð2Þ

7 quartet PAM is given by

Ĥ0 ¼
X
k�

�kc
y
k�ck� þ

X
kl�

Ekl f
y
kl� fkl� þ ðV�

kl� f
y
kl�ck� þ h:c:Þ;

where cyk� ( f
y
kl�) is a creation operator for s ( fl)-electron with

momentum k. Here, we put � ¼ � since the pseudo-spin is
conserved in the present PAM.21) We set �k ¼ 2tssðcos kx þ
cos kyÞ þ �0 and Ekl ¼ Ef

l � ð�1Þl�Ek (l ¼ 1; 2). Here, �Ek is
given by small f–f hopping integrals (j�Ekj < 0:12jtssj) as we
explain in the supplemental material (SM) A.24) Vkl� is the f–s
hybridization term between the nearest sites, given as
Vkl� ¼ ð�1Þlt lsf ðsin ky � i� sin kxÞ.21) To make the analysis
simple, we set Ef

1 ¼ Ef
2 � Ef and t1sf ¼ t2sf � tsf. Then, the

relation D1ð�Þ ¼ D2ð�Þ holds, where Dlð�Þ is the density of
states (DOS) of fl-electrons. This is consistent with the
relation D1ð0Þ � D2ð0Þ given by LDA+DMFT study of
CeCu2Si2.22,25) In the following numerical study, we set tss ¼
�1:0, Ef ¼ 0:1, �0 ¼ 3:0, tsf ¼ 0:62, temperature T ¼ 0:045
and the chemical potential � ¼ �0:143. Then, fðsÞ-electron
number is nf ¼ 0:9 (ns ¼ 0:3).
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 and a Stoner 
enhancement factor S = 1/(1 −
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In heavy-fermion superconductors, it is widely believed that the superconducting gap function has sign-reversal due to
the strong electron correlation. However, recently discovered fully-gapped s-wave superconductivity in CeCu2Si2 has
clarified that strong attractive pairing interaction can appear even in heavy-fermion systems. To understand the origin of
attractive force, we develop the multipole fluctuation theory by focusing on the inter-multipole many-body interaction
called the vertex corrections. By analyzing the periodic Anderson model for CeCu2Si2, we find that hexadecapole
fluctuations mediate strong attractive pairing interaction. Therefore, fully-gapped s-wave superconductivity is driven
by pure on-site Coulomb repulsion, without introducing electron–phonon interactions. The present theory of super-
conductivity will be useful to understand rich variety of the superconducting states in heavy fermion systems.

�I Heavy fermion (HF) systems exhibit wide variety of
unconventional superconductivities.1–3) For example, anti-
ferro- and ferro-magnetic dipole (rank 1) fluctuations mediate
interesting pairing states, such as d-wave singlet pairing in
CeMIn5 (M = Rh, Co, Ir)4) and triplet pairing in UCoGe.5)

Since the magnetic dipole fluctuations mediate repulsive
pairing interaction, the superconducting gap function inevi-
tably has sign-reversal.6–10) However, there are many pairing
states in HF systems that cannot be understood based by the
rank 1 fluctuations mechanism. In HF systems, it is note-
worthy that higher-rank (r � 2) multipole operators are also
active thanks to the strong spin–orbit interaction (SOI), and
therefore rich multipole physics emerges. Although higher-
rank multipole fluctuations in principle cause exotic pairing
states, theoretical studies have not been performed enough.

CeCu2Si2 is a famous HF superconductor near the
magnetic criticality,11–14) and recently reported fully-gapped
structure in CeCu2Si2 attract considerable attention.15–18) The
absence of nodes is confirmed by the measurements of the
specific heat, thermal conductivity and penetration depth for
T � Tc. In addition, robustness of Tc against randomness
strongly indicates the plain s-wave state without any sign-
reversal.17) Theoretically, magnetic multipole (MM) (r ¼
1; 3; 5) fluctuations will cause sign-reversing pairing states.19)

Therefore, electric multipole (EM) (r ¼ 2; 4) fluctuations that
give attractive pairing interaction would be important in
CeCu2Si2, whereas the microscopic origin of EM fluctuations
is unknown.

The minimum theoretical model of CeCu2Si2 is the four-
orbital (Jz ¼ �5=2;�3=2) periodic Anderson model (PAM)
with on-site Coulomb interaction. However, if we apply the
random-phase-approximation (RPA) to this model, none of
EM fluctuations develop. This negative result indicates the
significance of the vertex corrections (VCs), which represent
the many-body effects beyond the RPA. Recently, it was
revealed that higher-rank multipole fluctuations develop
cooperatively due to the Aslamazov–Larkin (AL) type χ-
VC, which is the VC for the susceptibility, in the study of
multipole order in CeB6.20) Physically, the AL-VC gives
strong interference between EM and MM fluctuations. Also,
the attractive pairing interaction (such as phonon-mediated
interaction) is strongly magnified by the U-VC, which is the

VC for the electron–boson coupling in the gap equation.21)

Considering these VCs properly, mysterious plain s-wave
superconductivity in CeCu2Si2 may be understood in terms of
the EM fluctuation mechanism, even if the e-ph interaction is
absent.

In this letter, we develop a theory of multipole fluctuation
mediated superconductivity in HF systems based on the
multiorbital PAM. Due to the AL-VC for susceptibility
( χ-VC), strong quadrupole and hexadecapole fluctuations
develop even in the absence of e-ph interaction. In CeCu2Si2,
the hexadecapole fluctuations mediate strong attractive
pairing interaction, and it is magnified by the AL-VC for
the electron–boson coupling (U-VC) in the gap equation.
Thus, fully-gapped s-wave state is caused by the hexadeca-
pole fluctuations against strong on-site repulsive Coulomb
interaction. The present pairing mechanism may be signifi-
cant to understand various HF superconductors.

Now, we introduce a two-dimensional J ¼ 5=2 PAM for
CeCu2Si2. According to the LDA+DMFT study,22) the
following f-electron states in Jz-basis are important near the
Fermi level: j f1;�i ¼ j� 5

2
i and j f2;�i ¼ �j� 3

2
i, where

� ¼ � denotes pseudo-spin.21,23) The kinetic term of the
�ð1Þ
7 –�ð2Þ

7 quartet PAM is given by

Ĥ0 ¼
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kl� f
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kl�ck� þ h:c:Þ;

where cyk� ( f
y
kl�) is a creation operator for s ( fl)-electron with

momentum k. Here, we put � ¼ � since the pseudo-spin is
conserved in the present PAM.21) We set �k ¼ 2tssðcos kx þ
cos kyÞ þ �0 and Ekl ¼ Ef

l � ð�1Þl�Ek (l ¼ 1; 2). Here, �Ek is
given by small f–f hopping integrals (j�Ekj < 0:12jtssj) as we
explain in the supplemental material (SM) A.24) Vkl� is the f–s
hybridization term between the nearest sites, given as
Vkl� ¼ ð�1Þlt lsf ðsin ky � i� sin kxÞ.21) To make the analysis
simple, we set Ef

1 ¼ Ef
2 � Ef and t1sf ¼ t2sf � tsf. Then, the

relation D1ð�Þ ¼ D2ð�Þ holds, where Dlð�Þ is the density of
states (DOS) of fl-electrons. This is consistent with the
relation D1ð0Þ � D2ð0Þ given by LDA+DMFT study of
CeCu2Si2.22,25) In the following numerical study, we set tss ¼
�1:0, Ef ¼ 0:1, �0 ¼ 3:0, tsf ¼ 0:62, temperature T ¼ 0:045
and the chemical potential � ¼ �0:143. Then, fðsÞ-electron
number is nf ¼ 0:9 (ns ¼ 0:3).
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In heavy-fermion superconductors, it is widely believed that the superconducting gap function has sign-reversal due to
the strong electron correlation. However, recently discovered fully-gapped s-wave superconductivity in CeCu2Si2 has
clarified that strong attractive pairing interaction can appear even in heavy-fermion systems. To understand the origin of
attractive force, we develop the multipole fluctuation theory by focusing on the inter-multipole many-body interaction
called the vertex corrections. By analyzing the periodic Anderson model for CeCu2Si2, we find that hexadecapole
fluctuations mediate strong attractive pairing interaction. Therefore, fully-gapped s-wave superconductivity is driven
by pure on-site Coulomb repulsion, without introducing electron–phonon interactions. The present theory of super-
conductivity will be useful to understand rich variety of the superconducting states in heavy fermion systems.

�I Heavy fermion (HF) systems exhibit wide variety of
unconventional superconductivities.1–3) For example, anti-
ferro- and ferro-magnetic dipole (rank 1) fluctuations mediate
interesting pairing states, such as d-wave singlet pairing in
CeMIn5 (M = Rh, Co, Ir)4) and triplet pairing in UCoGe.5)

Since the magnetic dipole fluctuations mediate repulsive
pairing interaction, the superconducting gap function inevi-
tably has sign-reversal.6–10) However, there are many pairing
states in HF systems that cannot be understood based by the
rank 1 fluctuations mechanism. In HF systems, it is note-
worthy that higher-rank (r � 2) multipole operators are also
active thanks to the strong spin–orbit interaction (SOI), and
therefore rich multipole physics emerges. Although higher-
rank multipole fluctuations in principle cause exotic pairing
states, theoretical studies have not been performed enough.

CeCu2Si2 is a famous HF superconductor near the
magnetic criticality,11–14) and recently reported fully-gapped
structure in CeCu2Si2 attract considerable attention.15–18) The
absence of nodes is confirmed by the measurements of the
specific heat, thermal conductivity and penetration depth for
T � Tc. In addition, robustness of Tc against randomness
strongly indicates the plain s-wave state without any sign-
reversal.17) Theoretically, magnetic multipole (MM) (r ¼
1; 3; 5) fluctuations will cause sign-reversing pairing states.19)

Therefore, electric multipole (EM) (r ¼ 2; 4) fluctuations that
give attractive pairing interaction would be important in
CeCu2Si2, whereas the microscopic origin of EM fluctuations
is unknown.

The minimum theoretical model of CeCu2Si2 is the four-
orbital (Jz ¼ �5=2;�3=2) periodic Anderson model (PAM)
with on-site Coulomb interaction. However, if we apply the
random-phase-approximation (RPA) to this model, none of
EM fluctuations develop. This negative result indicates the
significance of the vertex corrections (VCs), which represent
the many-body effects beyond the RPA. Recently, it was
revealed that higher-rank multipole fluctuations develop
cooperatively due to the Aslamazov–Larkin (AL) type χ-
VC, which is the VC for the susceptibility, in the study of
multipole order in CeB6.20) Physically, the AL-VC gives
strong interference between EM and MM fluctuations. Also,
the attractive pairing interaction (such as phonon-mediated
interaction) is strongly magnified by the U-VC, which is the

VC for the electron–boson coupling in the gap equation.21)

Considering these VCs properly, mysterious plain s-wave
superconductivity in CeCu2Si2 may be understood in terms of
the EM fluctuation mechanism, even if the e-ph interaction is
absent.

In this letter, we develop a theory of multipole fluctuation
mediated superconductivity in HF systems based on the
multiorbital PAM. Due to the AL-VC for susceptibility
( χ-VC), strong quadrupole and hexadecapole fluctuations
develop even in the absence of e-ph interaction. In CeCu2Si2,
the hexadecapole fluctuations mediate strong attractive
pairing interaction, and it is magnified by the AL-VC for
the electron–boson coupling (U-VC) in the gap equation.
Thus, fully-gapped s-wave state is caused by the hexadeca-
pole fluctuations against strong on-site repulsive Coulomb
interaction. The present pairing mechanism may be signifi-
cant to understand various HF superconductors.

Now, we introduce a two-dimensional J ¼ 5=2 PAM for
CeCu2Si2. According to the LDA+DMFT study,22) the
following f-electron states in Jz-basis are important near the
Fermi level: j f1;�i ¼ j� 5

2
i and j f2;�i ¼ �j� 3

2
i, where

� ¼ � denotes pseudo-spin.21,23) The kinetic term of the
�ð1Þ
7 –�ð2Þ

7 quartet PAM is given by

Ĥ0 ¼
X
k�
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k�ck� þ

X
kl�

Ekl f
y
kl� fkl� þ ðV�

kl� f
y
kl�ck� þ h:c:Þ;

where cyk� ( f
y
kl�) is a creation operator for s ( fl)-electron with

momentum k. Here, we put � ¼ � since the pseudo-spin is
conserved in the present PAM.21) We set �k ¼ 2tssðcos kx þ
cos kyÞ þ �0 and Ekl ¼ Ef

l � ð�1Þl�Ek (l ¼ 1; 2). Here, �Ek is
given by small f–f hopping integrals (j�Ekj < 0:12jtssj) as we
explain in the supplemental material (SM) A.24) Vkl� is the f–s
hybridization term between the nearest sites, given as
Vkl� ¼ ð�1Þlt lsf ðsin ky � i� sin kxÞ.21) To make the analysis
simple, we set Ef

1 ¼ Ef
2 � Ef and t1sf ¼ t2sf � tsf. Then, the

relation D1ð�Þ ¼ D2ð�Þ holds, where Dlð�Þ is the density of
states (DOS) of fl-electrons. This is consistent with the
relation D1ð0Þ � D2ð0Þ given by LDA+DMFT study of
CeCu2Si2.22,25) In the following numerical study, we set tss ¼
�1:0, Ef ¼ 0:1, �0 ¼ 3:0, tsf ¼ 0:62, temperature T ¼ 0:045
and the chemical potential � ¼ �0:143. Then, fðsÞ-electron
number is nf ¼ 0:9 (ns ¼ 0:3).
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 is tuned to its 
critical value 
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In heavy-fermion superconductors, it is widely believed that the superconducting gap function has sign-reversal due to
the strong electron correlation. However, recently discovered fully-gapped s-wave superconductivity in CeCu2Si2 has
clarified that strong attractive pairing interaction can appear even in heavy-fermion systems. To understand the origin of
attractive force, we develop the multipole fluctuation theory by focusing on the inter-multipole many-body interaction
called the vertex corrections. By analyzing the periodic Anderson model for CeCu2Si2, we find that hexadecapole
fluctuations mediate strong attractive pairing interaction. Therefore, fully-gapped s-wave superconductivity is driven
by pure on-site Coulomb repulsion, without introducing electron–phonon interactions. The present theory of super-
conductivity will be useful to understand rich variety of the superconducting states in heavy fermion systems.

�I Heavy fermion (HF) systems exhibit wide variety of
unconventional superconductivities.1–3) For example, anti-
ferro- and ferro-magnetic dipole (rank 1) fluctuations mediate
interesting pairing states, such as d-wave singlet pairing in
CeMIn5 (M = Rh, Co, Ir)4) and triplet pairing in UCoGe.5)

Since the magnetic dipole fluctuations mediate repulsive
pairing interaction, the superconducting gap function inevi-
tably has sign-reversal.6–10) However, there are many pairing
states in HF systems that cannot be understood based by the
rank 1 fluctuations mechanism. In HF systems, it is note-
worthy that higher-rank (r � 2) multipole operators are also
active thanks to the strong spin–orbit interaction (SOI), and
therefore rich multipole physics emerges. Although higher-
rank multipole fluctuations in principle cause exotic pairing
states, theoretical studies have not been performed enough.

CeCu2Si2 is a famous HF superconductor near the
magnetic criticality,11–14) and recently reported fully-gapped
structure in CeCu2Si2 attract considerable attention.15–18) The
absence of nodes is confirmed by the measurements of the
specific heat, thermal conductivity and penetration depth for
T � Tc. In addition, robustness of Tc against randomness
strongly indicates the plain s-wave state without any sign-
reversal.17) Theoretically, magnetic multipole (MM) (r ¼
1; 3; 5) fluctuations will cause sign-reversing pairing states.19)

Therefore, electric multipole (EM) (r ¼ 2; 4) fluctuations that
give attractive pairing interaction would be important in
CeCu2Si2, whereas the microscopic origin of EM fluctuations
is unknown.

The minimum theoretical model of CeCu2Si2 is the four-
orbital (Jz ¼ �5=2;�3=2) periodic Anderson model (PAM)
with on-site Coulomb interaction. However, if we apply the
random-phase-approximation (RPA) to this model, none of
EM fluctuations develop. This negative result indicates the
significance of the vertex corrections (VCs), which represent
the many-body effects beyond the RPA. Recently, it was
revealed that higher-rank multipole fluctuations develop
cooperatively due to the Aslamazov–Larkin (AL) type χ-
VC, which is the VC for the susceptibility, in the study of
multipole order in CeB6.20) Physically, the AL-VC gives
strong interference between EM and MM fluctuations. Also,
the attractive pairing interaction (such as phonon-mediated
interaction) is strongly magnified by the U-VC, which is the

VC for the electron–boson coupling in the gap equation.21)

Considering these VCs properly, mysterious plain s-wave
superconductivity in CeCu2Si2 may be understood in terms of
the EM fluctuation mechanism, even if the e-ph interaction is
absent.

In this letter, we develop a theory of multipole fluctuation
mediated superconductivity in HF systems based on the
multiorbital PAM. Due to the AL-VC for susceptibility
( χ-VC), strong quadrupole and hexadecapole fluctuations
develop even in the absence of e-ph interaction. In CeCu2Si2,
the hexadecapole fluctuations mediate strong attractive
pairing interaction, and it is magnified by the AL-VC for
the electron–boson coupling (U-VC) in the gap equation.
Thus, fully-gapped s-wave state is caused by the hexadeca-
pole fluctuations against strong on-site repulsive Coulomb
interaction. The present pairing mechanism may be signifi-
cant to understand various HF superconductors.

Now, we introduce a two-dimensional J ¼ 5=2 PAM for
CeCu2Si2. According to the LDA+DMFT study,22) the
following f-electron states in Jz-basis are important near the
Fermi level: j f1;�i ¼ j� 5

2
i and j f2;�i ¼ �j� 3

2
i, where

� ¼ � denotes pseudo-spin.21,23) The kinetic term of the
�ð1Þ
7 –�ð2Þ

7 quartet PAM is given by

Ĥ0 ¼
X
k�

�kc
y
k�ck� þ

X
kl�

Ekl f
y
kl� fkl� þ ðV�

kl� f
y
kl�ck� þ h:c:Þ;

where cyk� ( f
y
kl�) is a creation operator for s ( fl)-electron with

momentum k. Here, we put � ¼ � since the pseudo-spin is
conserved in the present PAM.21) We set �k ¼ 2tssðcos kx þ
cos kyÞ þ �0 and Ekl ¼ Ef

l � ð�1Þl�Ek (l ¼ 1; 2). Here, �Ek is
given by small f–f hopping integrals (j�Ekj < 0:12jtssj) as we
explain in the supplemental material (SM) A.24) Vkl� is the f–s
hybridization term between the nearest sites, given as
Vkl� ¼ ð�1Þlt lsf ðsin ky � i� sin kxÞ.21) To make the analysis
simple, we set Ef

1 ¼ Ef
2 � Ef and t1sf ¼ t2sf � tsf. Then, the

relation D1ð�Þ ¼ D2ð�Þ holds, where Dlð�Þ is the density of
states (DOS) of fl-electrons. This is consistent with the
relation D1ð0Þ � D2ð0Þ given by LDA+DMFT study of
CeCu2Si2.22,25) In the following numerical study, we set tss ¼
�1:0, Ef ¼ 0:1, �0 ¼ 3:0, tsf ¼ 0:62, temperature T ¼ 0:045
and the chemical potential � ¼ �0:143. Then, fðsÞ-electron
number is nf ¼ 0:9 (ns ¼ 0:3).
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 → 1, a second-order phase transition occurs 

from the paramagnetic to the ferromagnetic state. Near the 
quantum critical point, the exchange of longitudinal spin 
fluctuations mediates spin-triplet superconductivity. In the 
ferromagnetic phase, exchange splitting of the Fermi surface 
gives rise to a separation in majority and minority spin sheets. 
Superconductivity is therefore restricted to the equal-spin 
pairing (ESP) states |↑↑〉 (Lz = 1) and |↓↓〉 (Lz = −1), which 
form on the different Fermi surface sheets in the presence of a 
sizeable exchange splitting.

In November last year, Ran et al. [5] reported a new super-
conductor with strong ties to the family of superconducting 
ferromagnets: UTe2. UTe2 with a Tsc of 1.6 K, does not show 
the spontaneous magnetization connected to ferromagnetic 
order, but is positioned exactly at the locus where the ferro-
magnetic and paramagnetic phases meet in the global phase 
diagram of ferromagnetic superconductors. Evidence for this 
critical location has been extracted from the magnetization 
process, that is well described by the Belitz–Kirkpatrick–
Vojta theory of metallic ferromagnetic quantum criticality. 
Measurements of the superconducting phase reveal properties 
that make a strong case for spin-triplet pairing, especially (i) 
the extremely large values of the upper critical field, Hc2, that 
largely exceed the Pauli limit for spin-singlet superconductiv-
ity, HP = 1.86 × Tsc, and (ii) a temperature independent 125Te 
NMR Knight shift upon cooling through Tsc, where a decrease 
is expected for spin-singlet pairing due to the concomitant 
decrease of the spin susceptibility.

Sparked by the e-print of Ran et al. Aoki and collaborators 
immediately turned to their crystal growth labs and, in a blink 
of the eye, prepared high quality UTe2 single crystals, thereby 
benefitting from earlier work [9]. Resistivity, specific heat and 
magnetoresistance experiments were conducted immediately, 
and the results have been reported in JPSJ online on March 27 
[10]. The publication, importantly, confirms the novel super-
conducting features of UTe2 [5]. One of the striking results is 
the electronic specific heat Ce(T) around the superconducting 
transition, traced as Ce(T)/T versus T in Fig. 1. Bulk supercon-

Table  I:  Superconducting ferromagnets and their characteristic parameters: Curie temperature, TC, superconducting transition temperature, Tsc,  
ordered moment, m0, Curie–Weiss effective moment, peff, and linear coefficient in the specific heat, γ. In the last row is listed UTe2, a superconductor  
at the verge of ferromagnetic order.   

Material Structure TC
(K)

Tsc
(K)

m0
(µB/U atom)

peff
(µB/U atom)

γ
(J/mol K2)

Ref.

UGe2 orthorhombic 53 0.8a 1.5 ∥ a 2.9 0.032 1
URhGe orthorhombic 9.5 0.25 0.42 ∥ c 1.8 0.160 2
UIr monoclinic 46 0.1b 0.50 ∥ 2.4 0.049 3
UCoGe orthorhombic 3 0.6 0.07 ∥ c 1.7 0.057 4

UTe2 orthorhombic →0 1.6 →0 2.8 0.117 5
aat a pressure of 1.2 GPa; bat a pressure of 2.7 GPa
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ductivity is clearly demonstrated by the large and sharp step 
in the specific heat with ΔCe(T)/γnTsc = 1.51–1.57 for two 
different crystals. Here γn is the (normal-state) Sommerfeld 
coefficient that attains the enhanced value of 117 mJ/mol K2, 
which indicates UTe2 is a heavy-electron metal. Surprisingly, 
Ce(T)/T for T → 0, deep in the superconducting phase, does 
not go to zero, but levels off at a finite value γn/2. The custom-
ary interpretation of a finite γn value is that the electrons in 
part of the crystal do not pair-up and contribute to the su-
perconducting condensate, but remain normal. However, in 
this case it is expected ΔCe(T)/γnTsc ≈ 0.715, which is half of 
the standard weak-coupling value (1.43) in the BCS model. 
This leads to the appealing conclusion that superconducting 
pairing is restricted to the (spin-polarized) half of the Fermi 
surface only, and results in an exotic equal-spin pairing state 
|↑↑〉 (or |↓↓〉). Hence the Cooper pairs carry a magnetic mo-
ment. Such a superconducting state is termed non-unitary [5].

Aoki et  al. also find extremely large Hc2-values for their 
UTe2 crystals, although there are some important differences 
compared to the data presented in Ref. 5. From an analysis of 
Hc2, the field variation of the coupling parameter λ(H), which 
is a measure of the pairing strength, is deduced. This, in 
turn, provides further evidence for spin-fluctuation mediated 
superconductivity.

These first experiments on the new superconductor, UTe2, 
at the border of ferromagnetic order, provide convincing 
evidence for unconventional superconductivity. A new 
laboratory instrument to investigate and test theories for 
spin-triplet superconductivity has been added to the quantum 
matter tool-box.
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Fig. 1.  Specific heat of UTe2 around the superconducting transition for 
two different crystals #O and #G. Note the finite Ce/T ≈ γn/2 for T →  
0 indicates superconducting pairing takes place on half of the Fermi 
surface only.
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