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Superconductors
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heavy fermion superconductors:
Cooper pairs formed by electrons with high
effective masses = high critical fields



New heavy fermion superconductor: UTe,

Temperature

Science 365, 684-687 (2019)
Nearly ferromagnetic
spin-triplet superconductivity

16 August 2019
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Spin —triplet superconductivity

* Cooper pair with spin S = 1, (p — wave)
* spin degree of freedom
— multiple superconducting phases

« chiral p-wave states, topological superconductivity
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Extremely high superconducting upper critical field

H., (T)
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Ran et al. Science 365, 684 (2019)

= very large upper critical field
= Spin triplet superconductivity

P
Hc2

HYY = —0.7

Pauli — limit : polarization = condensation energy

Hp = v/2A/gus
1.86 7, =3 T

orbital — limit : Lorentz force on Cooper pairs
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= mechanism enhancing superconductivity under field



Phase diagram H || b axis at zero pressure
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Grenoble
100f  UTe,, #16D 100f 06K 7 [
H || b-axis ’g —?ZEE s . . s .
of —o 2w —* ) ] upper critical field H || b axis angular dependence of upper critical field
—— 04K =
= 05K
E L 06K . . i
g ” - R Hr 380
o — 1.0K 40 T T ] T T l T T | T T T T I T T
40} — 12K 4 T I T o
’-‘“‘/J magnetic field polarized H 60 — 0 Hp ]
or \ 1 Resmemsee- e a e e S Smmmmmmm—maa L UTe, field-
0 @ A i : g 50 O  polarized |
o s 1 15 2 glgou%ousess 30 superconducting paramagnetic - superconducting
: : SC2? o N SC3
40
UTe, T=14K - ° = a gt
200} c . UTe W
T 20f . 2 T a0F .
T ] H||b s#) 3 . 2 paramagnetic paramagnetic
3 i ° H || b axis esc2 ®
o) A - \ 200 @ |
B 10} “5., - o He,
°
Hlle 643 superconducting “ ° 10~ oo’ superconducting © © © © o o LA ]
| = o eeo © © © SC1
H| a t#2) SC1 L T
0 L L 4 .. 0 1 1 | 1 1 | 1 1 | 1 1 I 1 1 | 1 1
0 20 40 60 0 ! ! o
4™ 1SSP Tokvo 0 0.5 1.0 15 2.0 % 60 30 0 30 60 90
| | | | y T(K) a axis ¢ (deg) b axis 0 (degq) c axis
15 UTe, 20 K (+0.8)
L 15 K (+0.5)
HIIb A2 10K (+0.4)

1.0}

/,, 42K (+02 Ran et al. Nat. Phys. 2019
14K -

Phase diagram only determined by transport, no thermodynamic measurement !

M (ug/fu)

0.5F -

1 Knebel et al. JIPSJ 2019, W. Knafo et al. JPSJ 88, 063705 (2019), A. Miyake et al. JPSJ 88, 063705 (2019)
' ' Ran et al. Nat. Phys. 2019, Knafo et al. Commun, Phys. 2021, Helm et al Nature Communications | ( 2024)15, 37




UTe, crystal structure: local inversion symmetry broken

body centered orthorhombic
space group Immm (#71, D3>

= two leg ladder structure of U atoms
» Te2 chains along the b axis
= Jocal inversion symmetry broken

iInversion
center

a=4.161 A, b=6.122 A, c =13.955 A
dy.u = 3.78 A on ladder rung > Hill — limit
(U localized, no superconductivity)

P.W. Anderson PRB 32, 499 (1985)

The energy-gap symmetry is severely constrained by the physical assumption that the attractive interac-
tion involves f-electron pairing in the f~shell heavy-electron superconductors. This suggests that odd-parity
(““triplet””) superconductors must have at least two f-shell atoms per unit cell.
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UTe,: normal state properties
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Characteristic energy scales under field
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Knebel et al., Phys. Rev. B 109, 155103 (2024)

Mechanism for field enhancement of superconductivity ?

Enhancement bulk property ?

Requires increase of pairing strength !
= Noted by experimentalist (Ran et al. Supp. Science 2019, 365, 684)
= |gnored by theoretical models !

= different superconducting phases ?

= symmetry OP, change of OP with magnetic field ? Rotation of d vector?
= Connection with (p,T) phase diagrams ?



Thermodynamic probes under (static) high fields

O Specific heat — semi-adiabatic (10mg UTe,) CEA
- two axes rotation
« 0.06mK /15T (A. Rosuel, J.-P. Brison)

O Specific heat — ac (10ug UTe,)

« 0.4K /36T (A. Rosuel, C. Marcenat, T. Klein) Ac calorimetry

O Thermal dilatation/magnetostriction

1aV| o _ 1a?| /1_131!' 1aM|

v or 'P'B vop'T'B o535 IpT S 77 ap |T'B capacitive dilatometer
= phase transition = magnetic properties AL 1 c-C;
kink in AL/L irreversibilities o cosrd T
discontinuity in «(T) vortex pinning

Rosuel et al. Phys. Rev. X 13, 011022 (2023)



Determination of phase diagram by specific heat
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Two distinct superconducting phases !
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Two distinct superconducting phases with
different pairing mechanisms:

proposal :

spin-triplet at low field

new pairing mechanism (spin singlet) at
high field, driven by critical fluctuations

related to the metamagnetic transition ?

field enhancement of pairing mechanism

Problem :

2nd order

2nd order
2nd order

thermodynamically forbidden



Enhancement of fluctuations approaching the

metamagnetic transition
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High pressure phase diagram
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= from ac calorimetry :

for H || a : multiple superconducting phases
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Ac calorimetry H || b under pressure (end may 2024)

Experimental set up:

20 mm Cu/Be-NiCrAl pressure cell |
Daphne 7373 as pressure medium 140 = UTe -
3He cryostat 2
Cernox thermometer, carbon past as heater 120 -
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T. Vasina et al., in preparation



Ho H (T)
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High temperature superconducting phase under pressure corresponds to high field phase at ambient pressure.




UTe, : Superconductivity tuned by pressure, H|| a

Under pressure,
“high temperature phase” close
to paramagnetic limit (H//a)

Braithwaite et al. Comm. Phys. 2019
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UTe,: progress in crystal growth
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Important information on the electronic structure.
Main Fermi surface branches are detected.
Existence of a small pocket still under discussion.

Aoki et al., JPSJ 91, 083704 (2022)
Aoki et al., JPSJ 92, 065002 (2023)
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Conclusions

=  Extremely rich superconducting phase diagram at ambient pressure
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= Multiple superconducting phases
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= Antiferromagnetic order under high pressure

1 super™,
= Two cylindrical Fermi surfaces determined by dHVA experiments e d“e: ———
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many open guestions: R
« nature/symmetry of the superconducting order parameter in different phases
- triplet < singlet < mixture of singlet triplet o e A
« Pairing mechanism, only AF fluctuations competing with “local” FM . P # sc3
- Why so many superconducting phases T sl m amsanetc |
- Existence of PDW coupled to CDW . e & r

90 60 30 0 30 60 90

Wishes : “static” fields to reach SC3 superconducting phase !

Many thanks to EMFL for continuous support of experiments !



