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Interplay with … all electronic instabilities ? 

• Magnetism (all SCES families ?) Erik Linnér

• Charge order (NbSe2, Cuprates, Nickelates) Alvaro Adrian Carrasco 
Alvarez

• Nematicity (iron pnictides)
• Multipolar ordering (URu2Si2, PrOs4Sb12)
• Topological properties (band structure) Valentin Taufour

Between Fields:

• “Nano-physics”:

• Phase manipulation (meso phys. - quantum engineering) 
• Current manipulation (non reciprocal superconductivity) Shamashis

Sengupta
• Thin films / surface spectroscopies Florent Condaminas
• Topological properties (Majorana modes)

• Solid-State Chemistry (novel/high quality materials !) Araceli Gutiérrez 
Llorente, Alain Demourgues



Outline: spin-triplet superconductivity

1. Superconducting state in FM-SC

• Spin-triplet superconductivity
• Effect of transverse fields
• Field dependence of the pairing

2. UTe2 
• Spin triplet superconductor (Tsc ~2K) 
• Field reinforced superconductivity
• Multiple superconducting phases
• Comparison with FM superconductors
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Unconventional superconductivity in SCES

Superconductivity the verge of “magnetic instabilities”:

• Pairing mechanism related to the exchange of magnetic excitations ? 

• Competing interactions : which one controls pairing ?

IRON-based HEAVY-FERMIONS
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Saxena et al. Nature 2000
Huxley et al. PRL 2003

Aoki et al Nature 2001
Hardy et al. PRL 2005

Huy et al, PRL 2007
E. Hassinger et al., PRB 
2008
E. Slooten et al., PRL 2009
G Bastien et al. PRB 2016
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FM-SC in uranium-based systems

Three known systems, always with TCurie > Tsc 



Rh, Co
Ge

U

D. Aoki et al. Nature 413 (2001) 613

URhGe: Tsc~0.25K, 
TCurie~9.5K, ms~0.4µB
ne5f~2.61, µL/µS~-2.1

UCoGe: Tsc~0.5K, 
TCurie~2.5K, ms~0.04µB
ne

5f~2.84, µL/µS~-2.3

N.T. Huy et al.: Phys. Rev. Lett. 99 (2007) 
067006

• Orthorhombic, with « zig-zag» U-chains
• Uranium: ~ 5f3 (Fujimori JPSJ 2012, 81, 014703) 

• 5f bands at EF (Fujimori et al. PRB 2014-2015)

• « Ising type » , weak itinerant (?) ferromagnets
• SCES: m*/m0 ≥ 50
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UGe2: Tc_max~0.8K, 
Tcurie~35K, at 12kbars
ms~1.4µB at 0kbar.

S. Saxena et al. Nature 406 (2000) 587

Uranium-based FM-SC

c-axis



In heavy fermion systems: 

•  TCurie>Tsc

•  true coexistence (e.g. muons:

 Huy et al. PRL 2007, 99, 067006)

•  the same 5f-electrons yield

– ferromagnetism

– superconductivity

Why/how is it possible ? 
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Superconductivity in FM-SC

PMSFM

ErRh4B4



Dipolar and exchange fields

Ferromagnet/paramagnet: exchange or dipolar-governed

 

Bdip: real magnetic field, acts on orbital & Pauli limits

Bex: effective field, acts on spins only => Pauli limit ONLY. 



In heavy fermion systems: 

•  TCurie>Tsc
• true coexistence (e.g. muons:

•  the same 5f-electrons yield

– ferromagnetism

– superconductivity

Why/how is it possible ?

9

Superconductivity in FM heavy-fermions

UGe2 URhGe UCoGe

µord / uranium ~1 µB ~0.4 µB ~0.045 µB

Bdip ~µ0M 0.2T 0.09T 0.01T

Bex>(kB/µB)TCurie >50T >13T >4.5T



In heavy fermion systems: 

•  TCurie>Tsc
• true coexistence (e.g. muons:

•  the same 5f-electrons yield

– ferromagnetism

– superconductivity

Why/how is it possible ?

Always in the mixed state : Paulsen et al. PRL 109 237001 (2012), 

Deguchi et al. JPSJ, 79, 083708 (2010)
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Superconductivity in FM heavy-fermions

<< Hc2orb : no problem for HF

UGe2 URhGe UCoGe

µord / uranium ~1 µB ~0.4 µB ~0.045 µB

Bdip ~µ0M 0.2T 0.09T 0.01T

Bex>(kB/µB)TCurie >50T >13T >4.5T



In heavy fermion systems: 

•  TCurie>Tsc
• true coexistence (e.g. muons:

•  the same 5f-electrons yield

– ferromagnetism

– superconductivity

Why/how is it possible ?
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Superconductivity in FM heavy-fermions

<< Hc2orb

>>HP

UGe2 URhGe UCoGe

µord / uranium ~1 µB ~0.4 µB ~0.045 µB

Bdip ~µ0M 0.2T 0.09T 0.01T

Bex>(kB/µB)TCurie >50T >13T >4.5T

BPauli (~2Tsc) 1.6T .5T 1T



In heavy fermion systems: 

•  TCurie>Tsc
• true coexistence (e.g. muons:

•  the same 5f-electrons yield

– ferromagnetism

– superconductivity

Why/how is it possible ?

TCurie >> Tsc implies a different superconducting state : 
   a spin-triplet, ESP, superconducting state

12

Superconductivity in FM heavy-fermions

UGe2 URhGe UCoGe

µord / uranium ~1 µB ~0.4 µB ~0.045 µB

Bdip ~µ0M 0.2T 0.09T 0.01T

Bex>(kB/µB)TCurie >50T >13T >4.5T

<< Hc2orb

>>HP



Spin-singlet Superconductors

Conventional superconductors
• s-wave (singlet) superconductors
• pairing mechanism: phonons

Unconventional Superconductors (e.g. cuprates):

• d-wave (singlet) superconductivity
• pairing mechanism: AF correlations
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(k, ") (�k, #) with: | >= '(k)(| "#> � #">)

'(k) = '(�k) and '(k) anisotropic (d-wave)
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Spin-triplet superconductors

• Unconventional superconductors (uranium based…)
• p-wave (triplet) superconductivity 
• pairing mechanism: ferromagnetic fluctuations (FM superconductors)
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(k, ") (�k, ") or:(k, #) (�k, #)...
| >= '(k)|"" > or | >= '(k)|## > or

| >= '(k)(| "#> +| #">)

'(k) = �'(�k) and '(k) anisotropic (p-wave, f-wave...)

Odd/
triplet



ESP spin-triplet superconducting state

• Most general form (Cooper pair wave function or Order Parameter):

| >= '11(k)| ""> +'22(k)| ##> +'12(k)| "# + #">



ESP spin-triplet superconducting state

• Most general form (Cooper pair wave function or Order Parameter):

• ESP = Equal Spin Pairing:

Cooper pairs with only or            spin states 
<latexit sha1_base64="UZqIEb13pJzkosQW/DdkzGf/EUc="></latexit>

|## >
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ESP spin-triplet superconducting state

• Most general form (Cooper pair wave function or Order Parameter):

• ESP = Equal Spin Pairing:

Cooper pairs with only or            spin states 
<latexit sha1_base64="UZqIEb13pJzkosQW/DdkzGf/EUc="></latexit>

|## >

| >= '11(k)| ""> +'22(k)| ##> +'12(k)| "# + #">

Phase & amplitude of       and            

may change on the F.S.

“Explains” the coexistence FM-SC

     (survival to Bex)

But it does not explain everything…



• URhGe…
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The re-entrant superconducting phase, at the collapse of TCurie

H // bµ0H(T)

S

S

URhGe

Levy et al. Science, 2005, 309, 1343-1346 

Effect of transverse field: reinforced superconductivity

D. Aoki et al., Compt. Rendus. Phys. 12, 573 (2011) 



• Easy axis = c-axis; changed to b-axis for fields ~12T//b
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Effect of transverse field: moment re-orientation

Levy et al. Science, 2005, 309, 1343-1346 



• Easy axis = c-axis; changed to b-axis for fields ~12T//b

• Increase of the magnetic fluctuations (NMR)

URhGe

Tokunaga et al. PRL 2015, 114, 216401 
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Effect of transverse field: magnetic fluctuations

Levy et al. Science, 2005, 309, 1343-1346 
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Effect of a transverse field: a field-induced QCP

IRON-based HEAVY-FERMIONS
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Field dependence of the pairing in FM-SC

Aoki et al. JPSJ 2009Levy et al Science 2005, 
Nature 2007

B. Wu et al., Nature Com. 2017, 8, 14480 

Precise microscopic theoretical model still missing… 



• FM imposes an ESP spin-triplet state:

Chiral and non-unitary (TRS breaking by orbital & spin)

• Pairing due to FM fluctuations:

Reinforced when Tcurie       0 (B    easy axis)
Suppressed when B // easy axis

• 2 gap superconductor (      and      ):

Tsc larger for “non-Ising” type fluctuations

• No microscopic model for:

• the magnetic state 
• d(k) under transverse fields !

Summary – FM-SC



“New” system: UTe2
  

PhD work of Adrien Rosuel
Diplomarbeit Nils Marquardt -> see poster this afternoon

Collaboration with C Marcenat and T Klein 

(High field experiments) 

+ Pheliqs/CEA team: G Knebel, D Braithwaite, A Pourret, 
G Lapertot.
+ D Aoki (IMR Sendai)



UTe2 a correlated anisotropic metal

d3 = 4.91 Å

d1 = 3.78 Å

Field-reentrant superconductivity in UTe2body centered orthorhombic
space group Immm (#71, 𝐷2ℎ25)

a=4.161 Å, b=6.122 Å, c =13.955 Å
dU-U = 3.78 Å > Hill – limit 

(U localized, no superconductivity)  

UTe2: crystal structure

U

Te2

Te1

• maybe strong magnetic frustration: antiferro- and ferromagnetic order 
energetically very close 

� but paramagnetic ground state with strong magnetic fluctuations

Xu et al. PRL 123, 217002 (2019)

¾ U atoms surrounded by face shared Te prism
¾ two leg ladder structure of U atoms
¾ Te2 chains along the b axis

3.05 Å

d4=6.122 Å

d2=4.161 Å

Stöwe 1997
Hutanu 2020

• Superconductivity discovered in 2018 (Ran et al. Science 2019)

• A band insulator, metallic thanks to correlations !

• 3D metal but quasi 2D FS

m*/m0 ~ 50

Aoki et al. JPSJ 2022

Ishizuka et al. PRL 2019



UTe2 a correlated anisotropic metal

• Superconductivity discovered in 2018 (Ran et al. Science 2019)

• A band insulator, metallic thanks to correlations !

• 3D anisotropic paramagnet, with low-D fluctuations 

Ishizuka et al. PRL 2019

Knafo et al. PRB 2021Ran et al. Science 2019

d3 = 4.91 Å

d1 = 3.78 Å

Field-reentrant superconductivity in UTe2body centered orthorhombic
space group Immm (#71, 𝐷2ℎ25)

a=4.161 Å, b=6.122 Å, c =13.955 Å
dU-U = 3.78 Å > Hill – limit 

(U localized, no superconductivity)  

UTe2: crystal structure

U

Te2

Te1

• maybe strong magnetic frustration: antiferro- and ferromagnetic order 
energetically very close 

� but paramagnetic ground state with strong magnetic fluctuations

Xu et al. PRL 123, 217002 (2019)

¾ U atoms surrounded by face shared Te prism
¾ two leg ladder structure of U atoms
¾ Te2 chains along the b axis

3.05 Å

d4=6.122 Å

d2=4.161 Å

Stöwe 1997
Hutanu 2020



UTe2: field reinforced and field induced phases !

• Spin triplet superconductivity: violation of Pauli limit in the three directions.

• Field-reinforced SC for transverse field (H//b)

• SC stopped by metamagnetic transition

Knebel et al. JPSJ 88 063707 (2019)
Ran et al. Science 2019
Ran et al. Nature Phys 2019
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Figure 16. Magnetization versus magnetic field applied along
the b direction at di↵erent temperatures. (taken from Reference
[33])

superconducting pairing interaction, as in a simple
picture �(H) / m

⇤(H) / �(H). It is obvious that the
field-decrease of @S/@H occurs for field along the a axis
and a field-increase of @S/@H for H k b for H k a the
magnetic field will lower the pairing while for H k b

an increase of the pairing is expected. Despite the
complexity of the @M/@T response for H k a, a rough
estimation of @�/H is in agreement with the possible
strong collapse of the pairing, as will be discussed later.

4.2. H k b: Metamagnetism and Tmax

The remarkable feature in the normal state for a
magnetic field applied along the b axis is the occurrence
of a metamagnetic transition at Hm ⇡ 35 T. Its link
with a ferromagnetic instability is not obvious and it
remains an intriguing phenomena. Usually, one would
expect that metamagnetism in a nearly ferromagnetic
system will occur along the easy magnetic axis, as
e.g. observed in UCoAl [50] or in paramagnetic state
above the critical pressure in UGe2 [51, 52]. In a
crude model scheme of density of states the pronounced
maximum in Cel/T at T

⇤ is a mark of the minima of
the density of states at EF, which seems in agreement
with electronic structure calculations [17] and also with
the observation of a maximum in the temperature
dependence of the susceptibility �b along the b axis
at Tmax.

Below 8 K field dependent magnetization measure-
ments clearly show a first order metamagnetic transi-
tion at Hm ⇡ 35 T at M

⇤
b
⇡ 0.4µB with a huge jump

of �M
⇤
b

⇡ 0.5µB and a hysteresis between field up
and down sweeps, which increases to low temperatures
[33, 9] (see Fig. 16). Interestingly, the slope @M

@H
is al-

most the same below and above Hm (see Fig. 16) as if
the metamagnetic instability corresponds mainly to a
jump of the local 5f magnetization. Above a critical

Figure 17. Magnetoresistivity of UTe2 for magnetic field
applied along the b axis. (taken from Reference [32])

Figure 18. Magnetic field dependence of �N normalized to
�N(H = 0) as function of field normalized to Hm. The red
squares are from specific heat measurements in pulsed magnetic
field [54], blue circles from magnetization measurements using
the Maxwell relation [33], and green triangles from the A

coe�cient of the resistivity [32]. The inset gives a zoom on the
field range near Hm. (Figure taken from Reference [54])

end point TCEP ⇡ 6� 8 K, where the hysteresis of the
transition vanishes, the first order transition changes
into a crossover and the magnetization Mb shows a
marked inflection point as function of field along the b

axis. Magnetoresistivity measurements for H k b show
that this jump of the magnetization is accompanied by
a huge jump of the residual resistivity ⇢0 at Hm by a
factor of 4, as shown in Fig. 17. Increasing tempera-
ture above 7 K the first order nature gets lost and the
maximum in the magnetoresistivity and the Hall e↵ect
indicates a crossover which seems to be connected to
the maximum in the magnetic susceptibility �b [32, 53].

In addition, the A coe�cient of the resistivity
increases strongly on approaching Hm and has a strong
maximum at Hm [32]. A rather similar enhancement
is observed in �(H) derived from the temperature

K. Miyake et al. et al. JPSJ 88 063706 (2019)



Re-entrant or reinforced superconductivity under applied field

28

Aoki et al. JPSJ 2009Levy et al Science2005, 
Nature 2007

G Knebel et al. JPSJ 2019

HPauli

4- UTe2 and FC-SC



UTe2: field reinforced and field induced phases !

• At 34T, metamagnetic transition “stopping” superconductivity for H//b
• With re-entrant phase above 40T at 30° between b and c

Ran et al. Science 365 684 (2019)Knebel et al. JPSJ 88 063707 (2019)

T=0.4K



Field enhancement of superconductivity for H || b

• strong enhancement of superconductivity on approaching the metamagnetic transition
• collapse of SC above Hm

magnetic fluctuations, Fermi surface change
change of superconducting order parameter  
� no phase line observed in any experiment right now !
� crossover : continuous rotation of d – vector with field along b axis ?

Ishizuka et al. PhysRevLett.123.217001 (2019)

G. Knebel et al. J.Phys. Soc. Jpn. 88.063707 (2019)

but many other proposals: 

S. Fujimoto 
K. Machida
D. F. Agterberg
Yifeng Yang 

A.G. Lebed
V. P. Mineev

(some) Questions in UTe2

Questions (H//b) :

• Two different phases ?

• Difference SC1 / SC2 ?

• Comparison to FM SC ?

 Reinforcement of the 
 zero-field pairing 



Specific heat under magnetic field, H//b
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Field enhancement of superconductivity for H || b

• strong enhancement of superconductivity on approaching the metamagnetic transition
• collapse of SC above Hm

magnetic fluctuations, Fermi surface change
change of superconducting order parameter  
� no phase line observed in any experiment right now !
� crossover : continuous rotation of d – vector with field along b axis ?

Ishizuka et al. PhysRevLett.123.217001 (2019)

G. Knebel et al. J.Phys. Soc. Jpn. 88.063707 (2019)

but many other proposals: 

S. Fujimoto 
K. Machida
D. F. Agterberg
Yifeng Yang 

A.G. Lebed
V. P. Mineev



Specific heat under magnetic field, H//b
0.4 0.6 0.8 1.0 1.2 1.4

T (K)

0.12

0.13

0.14

0.15

C
/T

(J
K

°
2
m

ol
°

1
)

(a) Hkb
18.5 T
18 T
17.5 T
17 T

0.50 0.75 1.00 1.25 1.50 1.75 2.00
T (K)

0.12

0.14

0.16

0.18

0.20

0.22

C
/T

(J
K

°
2
m

ol
°

1
)

35.5 T

34
T

32 T

30 T

28 T

26 T

24 T

20 T

18.5 T

Hkb

(b)

Field enhancement of superconductivity for H || b

• strong enhancement of superconductivity on approaching the metamagnetic transition
• collapse of SC above Hm

magnetic fluctuations, Fermi surface change
change of superconducting order parameter  
� no phase line observed in any experiment right now !
� crossover : continuous rotation of d – vector with field along b axis ?
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but many other proposals: 

S. Fujimoto 
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A.G. Lebed
V. P. Mineev



Specific heat under magnetic field, H//b
Field enhancement of superconductivity for H || b

• strong enhancement of superconductivity on approaching the metamagnetic transition
• collapse of SC above Hm

magnetic fluctuations, Fermi surface change
change of superconducting order parameter  
� no phase line observed in any experiment right now !
� crossover : continuous rotation of d – vector with field along b axis ?

Ishizuka et al. PhysRevLett.123.217001 (2019)

G. Knebel et al. J.Phys. Soc. Jpn. 88.063707 (2019)

but many other proposals: 

S. Fujimoto 
K. Machida
D. F. Agterberg
Yifeng Yang 

A.G. Lebed
V. P. Mineev
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Phase diagram by specific heat
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• Two different superconducting phases, 
• Change of shape of the anomalies

A.Rosuel et al. PRX 2023



Multiphase superconductivity

0.0 0.5 1.0 1.5 2.0
T (K)

0

5

10

15

20

25

30

35

µ
0
H

(T
)

superconducting LF phase

superconducting HF phase

polarised paramagnetic

normal
paramagnetic

UTe2

Hkb

0.8 1.2
T (K)

C
/T

(a
.u

) 12 T

0.5 1.0
T (K)

18 T

1 2
T (K)

26 T

In UTe2, H//b:
- LF phase weakly enhanced under field & narrow transition
- HF phase strongly reinforced by field & wide transition 

- Different from UPt3, CeRh2As2… transition triggered by change of T, H, p => 
different symmetry favoured for the same pairing mechanism

Different mechanism

Khim et al., Science,
2021, 373, 1012-1016

Physica B 280, 165 
(2000)



Pressure – Temperature Phase Diagram

Ran et al. PRB 101, 140503 (2020) 

Thomas et al. Science Advances 6, eabc8709 (2020).
D. Braithwaite et al. Commun. Phys. (2019)

Connection with pressure phase diagram ?

Under pressure, 

• New “high temperature” SC phase

• Merges with the HF phase ? 

Braithwaite et al., Comm. Phys 2019
Knebel et al. JPSJ 2020 + D Aoki 2022
Lin et al. npj Quantum Materials, 2020



UTe2 competing (pairing) interactions ?

Theory: competition/coexistence of AF and FM fluctuations
increase of f-character of FS under pressure => AF by nesting

• Low Tsc (field) phase: spin-triplet from FM fluctuations
• High Tsc (field) phase: spin-singlet from AF fluctuations

Experimentally: AF fluctuations are dominant 
Durst et al. PRL 125 237003 (2020),        Knafo et al. PRB104 L100409 (2021)
Butch et al. NPJ Qmat. 2022, 7,               Ambika et al PRB 105, L220403 (2022)

PERIODIC ANDERSON MODEL FOR MAGNETISM AND … PHYSICAL REVIEW B 103, 094504 (2021)
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+Ag

FIG. 6. Proposed phase diagrams (a) in the P-T plane and (b) in
the T -Ha plane.

V. MULTIPLE SUPERCONDUCTING PHASES

Based on the superconducting instability evaluated in
Fig. 4(b), we illustrate our interpretation of the experimentally
observed multiple superconducting phases in UTe2 [20–25].
In Fig. 6(a) we draw a superconducting phase transition from
the odd-parity B3u or Au state to the even-parity Ag state under
the applied pressure, coinciding with crossover in magnetic
fluctuations from ferromagnetic to antiferromagnetic. When
the transition temperatures of the two states are close to each
other, the coexistent phase is naturally expected, that is, either
the B3u(Au) + Ag or B3u(Au) + iAg state with mixed even/odd
parity, and the space inversion symmetry is spontaneously
broken. The time-reversal symmetry is preserved in the for-
mer, while the latter is PT symmetric.

We also propose superconducting phases in the magnetic
field H ‖ a under pressure [Fig. 6(b)]. In this magnetic field,
B3u and Au representations are reduced to the same repre-
sentation, and therefore, the Au + B3u state is possible. This
state almost avoids the paramagnetic depairing effect because
the equal spin pairing along the a-axis is dominant. Thus,
the upper critical field is naturally higher than that of the
spin-singlet A1g state, and the superconducting phase diagram
with a tricritical point is expected. Indeed, multiple supercon-
ducting phases as in Fig. 6(b) have been reported in recent
experiments [23,24].

VI. CONCLUSION

In this paper, we constructed a 24-band periodic Anderson
model as a reasonably realistic and easy-handled model for
UTe2. The model reveals not only the ferromagnetic fluctu-
ation with the easy a-axis at ambient pressure but also the

antiferromagnetic fluctuation under pressure. Accordingly,
spin-triplet superconductivity of either B3u or Au represen-
tation is stabilized by the ferromagnetic fluctuation, while
spin-singlet superconductivity of Ag representation is favored
by the antiferromagnetic fluctuation.

These results enable us to draw phase diagrams in reason-
able agreement with experiments. As a consequence, a mixed
even-/odd-parity superconducting state with spontaneous in-
version symmetry breaking is predicted. Such a phase was
referred to in a review article [28] forty years ago published
with the comment “there seems at present no experimental
evidence.” Even at present, spontaneous ordering of mixed
even-/odd-parity superconductivity has not been reported.
UTe2 may be the first material. Exploration of exotic super-
conducting properties will be the next issue.
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APPENDIX A: TIGHT-BINDING MODEL

A periodic Anderson model is given by H = Ht + HI,
where Ht is the tight-binding model for a noninteracting
part and HI represents the on-site Coulomb interaction of
f -electrons. Here, we introduce details of the tight-binding
model for UTe2,

Ht = H0 + HASOC, (A1)

which contains a kinetic energy term H0 and sublattice-
dependent antisymmetric spin-orbit coupling (sASOC) term
HASOC.

The Hamiltonian of the kinetic energy term is given by

H0 =
∑

k,s

â†
ks

[
HU(k) HU-Te(k)
H.c. HTe(k)

]
âks, (A2)

where

HU(k) =
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f d
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, (A3)
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FIG. 3. Magnetic susceptibility χa(q, 0) (a–f), χb(q, 0) (g–l), and χc(q, 0) (m–r). Momentum dependence on the qx-qy plane at qz = 0 is
drawn for p = 1.0, 2.0, and 3.0 with T = 0.003. We set U = 1.5 for p = 1.0 and U = 1.9 for others.

susceptibility matrix of f -electrons (see Appendix B), and the
momentum dependence is shown in Fig. 3. For p = 1.0, we
see a ferromagnetic fluctuation with Ising anisotropy along
the a-axis [Figs. 3(a), 3(g), and 3(m)]; χa ! 10 at maximum
is much larger than χb ! 2.5 and χc ! 2.25. This is in good
agreement with experiments at ambient pressure [1,5]. On
the other hand, with increasing p, ferromagnetic fluctuation
gradually changes to the antiferromagnetic fluctuation. This
result implies that the magnetically ordered phase observed
under pressure [20,23–25] is an antiferromagnetic phase. The
magnetic anisotropy at the ordering vector is reduced by pres-
sure; for instance, (χa,χb,χc) ! (5, 4, 4.5) at q = (π , 0, 0)
for p = 3.0.

Growth of antiferromagnetic fluctuation originates from
the change in orbital characters. Although the FSs show
nesting property irrespective of the factor p, the f -electron

FIG. 4. (a) Eigenvalues λ of the Eliashberg equation for various
irreducible representations of the D2h point group. The parameter
p > 1 indicates applied pressure. We set T = 0.003. The Coulomb
interaction U is set so that the Stoner factor is αsf = 0.98. (b) Transi-
tion temperatures of the Au, B3u, and Ag superconducting states with
a fixed U = 1.9.

component is negligible on the nested part of FSs for p =
1.0. Therefore, f -electrons around the X -point enhance the
ferromagnetic fluctuation rather than antiferromagnetic one.
However, for p = 3.0 the f -electron component is sizable on
the nested FSs, and therefore, antiferromagnetic fluctuation
develops around a nesting vector q = (π , 0, 0). The q-vector
corresponds to antiparallel alignment of the magnetic moment
along Uranium chains. As for an intra-unit-cell structure, par-
allel alignment of magnetic moment between sublattices is
favored. This means that, from the view point of augmented
cluster multipole [49,50], the obtained magnetic fluctuation
is classified as even-parity magnetic dipole fluctuation, and
the odd-parity magnetic fluctuation [51] is not pronounced in
UTe2.

IV. SUPERCONDUCTIVITY

Now we clarify superconducting instability by solving the
linearized Eliashberg equation (see Appendix C). In the D2h
point group symmetry, the order parameter of superconductiv-
ity is classified as one of the eight irreducible representations.
In general, the Eliashberg equation is separable for each rep-
resentation, and thus we obtain eight eigenvalues for each
parameter set. Superconductivity occurs when the maximum

TABLE I. Maximum magnitudes of intrasublattice components
of gap function dµ(k) obtained from the linearlized Eliashberg equa-
tion. The B3u, Au, and Ag states for p = 1.0, 2.0, and 3.0 are shown.
Predominant components are labeled with a star %.

d0 dx dy dz

B3u 1.8 × 10−5 2.5 × 10−6 1.0 × 10−4 %4.3 × 10−3

Au 1.0 × 10−3 4.0 × 10−4 %1.7 × 10−3 3.8 × 10−5

Ag
%1.1 × 10−3 2.5 × 10−5 1.0 × 10−4 7.4 × 10−9
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Experimental support for HF-spin singlet

HF phase connected to Hm: l(H) = l(H/Hm) 
 distribution of Hm => distribution of Tc=Tc(H,l)
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Moreover, when the sample is misaligned in the (b, c)
plane the transition shifts to lower temperatures and the
amplitude of the jump decreases; see Fig. 16 for an applied
field of 18.5 T (more data in Appendix L). At 15° the
HF transition almost disappears. Taking into account only
the angular dependence of Hm [12], and a hypothetical
mosaicity of 3° in our crystal, we can roughly reproduce
the huge broadening of the anomaly at finite angles, with
the same dependence of Tc on Hm (dash-dotted lines in
Fig. 16), and otherwise a constant ideal specific heat jump.
This is another support for this explanation of the large
broadening of the specific heat anomaly relying on the
spin-singlet scenario.

VI. PERSPECTIVES

Amain result from this work is the requirement of a field-
dependent pairing strength along all directions of the applied
field, as shown by the anomalous temperature dependence
of Hc2 along the a, b, and c axes already close to Tc. The
strong decrease of the pairing strength along the a axis is
reminiscent of the results on UCoGe along its easy mag-
netization axis, and at first sight, it seems best compatible
with a pairing mechanism involving true ferromagnetic
fluctuations. Even subtle differences between the two
systems are explained by such a mechanism. For example,
in UCoGe, the slope of Hc2 along the easy axis is strongly
suppressed already at Tc, showing that dλ=dH is large and
negative. In UTe2 for Hka, comparison of Hc2 and Hc1
showed that ðdλ=dHÞ ≈ 0. This is consistent with the
predictions for ferromagnetic and paramagnetic super-
conductors, respectively, where dλ=dH due to the suppres-
sion of “ferromagnetic” fluctuations is proportional to
Mzð∂Mz=∂HÞ (Mz being the magnetization along the easy
axis) [38]. So dλ=dH at Tc (H ¼ 0) should be zero in
paramagnetic systems (like UTe2), and nonzero in ferro-
magnets below the Curie temperature, as long as the
magnetization is not completely saturated.
There are also several theoretical studies exploring other

mechanisms leading also to spin-triplet pairing, like finite
momentum magnetic fluctuations [35], or only local ferro-
magnetic correlations within a unit cell [25]. The field
dependence of such mechanisms has not been explored.
However, the Fermi-surface instability observed at 6 T along
the easy axis [39] could play a key role if Q-dependent
pairing is important. Hence, even though ferromagnetic
fluctuations are a likely mechanism for the LF phase of
UTe2, we cannot exclude that future investigations of these
alternative mechanisms could also yield satisfying explan-
ations of the present measurements.
Concerning the results along the hard b axis, the perti-

nence of the comparison of UTe2 with the ferromagnetic
superconductors becomes more suspicious. For this field
direction, the main result is the existence of two different
bulk superconducting phases already at ambient pressure.

FIG. 16. Temperature dependence of C=T measured on sample
3 at 18.5 T for different angles in the (b, c) plane. Dash-dotted
lines are the transitions calculated from a distribution of Hm,
controlled by its angular dependence [12] and a finite mosaicity
of 3° in the sample.

FIG. 15. The HF transition at 18, 24, and 30 T, Hkb, measured
by specific heat. Data (color) and fits (black lines) of the specific
heat anomalies calculated for the spin-singlet (g ¼ 2, continuous
line) or spin-triplet (g ¼ 0, dash-dotted line) superconducting
state in the HF phase. The broadening in the fits arises from the
measured distribution of Hm, however, multiplied by a factor 2.3.
For the spin-triplet state, even with a distribution of Hm twice
larger than given by our measurement, we fail to reproduce the
broadening. By contrast, for the same larger distribution of Hm,
the agreement is good for the spin-singlet scenario.

FIELD-INDUCED TUNING OF THE PAIRING STATE IN A … PHYS. REV. X 13, 011022 (2023)
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Perspectives
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Competing pairing interactions
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Open questions:
- Explaining the phase diagram H//b
- Connection with pressure phase diagrams
- Order of transitions

- Theory of field-reinforced phases 

And see Poster Nils Marquardt & Daniel Braithwaite




