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Outline of the course

1. Superconductivity that breaks time reversal
symmetry.

2. Flux quantum fractionalization and ungquantized
vortices in multicomponent superconductors.

3. Electron-Quadrupling condensates in
multicomponent superconductors with strong phase
fluctuations.

Superconductor with
broken time-reversal
symmetry
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Lecture | - Superconductivity that breaks time reversal
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symmetry

Superconductor with
broken time-reversal
symmetry

The aim of the first lecture:

1. To introduce the concept of multicomponent superconductivity with
broken time reversal symmetry.

2. To introduce experimental techniques that are capable of detecting
this type of superconductivity.

3. To discuss the materials in which these states were detected or
expected.
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Fundamental properties of superconductors
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U Superconductivity is a unique state of matter characterized by zero electrical resistance } ;- <1024 qAm
(for example, | ¢~ 10° g &Am for pure Cupper at T = 4.2 K (liquid He temperature)).

Non-superconductive

Metal \

Superconductivity (zero resistivity) was
discovered in 1911

== Superconductor

Resistance

Heike Kamerlingldnnes o Te  Temperature

U Superconductors repulse magnetic field T ideal diamagnetic materials (Meissner effect).

Walther Meil3ner Meissner effect was discovered in 1933
and his PhD
student Robert Q Superconductors are
Ochsenfeld .
magnetism!
T>Tc T<Tg 4

https://en.wikipedia.org/wiki/Meissner_effect

—



Cooper pairs, superconducting order parameter in
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Bardeeni Cooperi Schrieffer (BCS) theory

U Pairing of two electrons with opposite
spins via exchange of phonons.

= ) ) - | ky k)
) # 1 U In superconductors, the size of a Coopfrpa" -
Sicen.  (ooper Kcamieler Cooper pair is large compared to the l \q ,
crystal lattice unite cell. ! 5 kQ
U Cooper pair is therefore a correlated
state of two electrons. The first was described in 1956 by Leon Coope

Order parameter A = |A| ¢
U The formation of electron pairs results in a phase transition at T, with the

order parameter qp= |cde' Ywhich has amplitude and phase.

U Below T, the state is characterized by an ordered (i resulting in \
spontaneous breaking of Ul gauge symmetry.

U |od characterizes how strong the symmetry is broken below transition
temperature and is the energy characteristic of the state.

https://slideplayer.com/slide/5363094/



Cooper pairs, superconducting order parameter in

. .. : i o
Bardeeni Cooperi Schrieffer (BCS) theory
U] @ corresponds to the energy gap bet Excited states und
U The electrons interacts only in the vicinity of the Fermi energy. T
U For a circular Fermi surface with electron-p honon i nteracti®¥n 0 an
R . : Ground state
waveo symmetry (in analogy for orbita 2 00— 00—O0——CO—C0—
2 |
Momentum-independent ..g , \/
interaction of the electrons in w &1
the vicinity of [ .E ~ |4 - energy gap
20k a | |
E. Energy
A(T)/A(0)
O T mT e Dots - experimental
- The gap in the density of states can be measured in 0.8 TN, perimente
the experiment and is temperature dependent 0.6 e, data, dashed line 1
' 0.4k % BSC theory (1957)
0.2f e
0.|2 0.14 Ofﬁ 0:8 11.[0 6

V.VSshmidE 6t K@aAOa 2F AdZISND2YRdzOG2NEE 6 MpdT 0



Superconducting order parameter symmetry
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Dependence of the order parameter on the direction of the Cooper pair Complex Fermi surface

momentum on the Fermi surface K, S Sy

0 0
ocQo oo
0 0

nodal s d

0 0
oo oo

(@)

Ax = Ag cos 26y

An s- wave order parameter: O O
independent on momentum An d- wave order parameter:
Rev. Mod. Phys., 75, (2003) has 4 nodes Rep. Prog. Phys. 74 (2011) 124508

U The order parameter symmetry is named after the symmetry of the atomic orbitals: s, p, d, etc;
U An s-wave superconductivity is more common in nature- conventional superconductivity;
u Other than an s-wave type of the order parameter imply unconventional superconductivity.



Ginzburg-Landau (GL) theory the first phenomenological
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theory of superconductivity

V The theory assumes that superconducting state is more
ordered compared to the normal state and the transition to
superconducting state (in zero magnetic field) is a second order
transition.

V In the GL theory the fE Afl (B (made of Cooper pairs) takes a
role of the order parameter.

Ginzburg-Landau Theory

of Superconductivity, 1950
Zh. Eksp. Teor. Fiz. 20, 1064 (1950)

2003 Nobel Prize in physics

Vitaly Ginzburg Lev Landau

Superconducting transition is continuous at T, but results in spontaneous broken U(1) guage symmetry

+ c I‘I’(r)'2 = ns/z-
5 Lt
o |r "y T n, - the density of superconducting
% < electrons
e o
S @ =T T,<T
o S 2~ 11 Free energy close to T, in zero
'g @ magnetic field, where | [ » |<<1
T B
> L : > Fy = F, + a|¥|? + —2—|\Il|4,
T . dFy,

F dij oA — dl‘I’Izzo



Ginzburg-Landau (GL) theory the first quantum

phenomenological theory of superconductivity

For norhomogeneous superconductor in magnetic field, clos&. foee energy can be expressed:

B (VxA)?2 VxA-Hg
Gort = Gn + f[a|l11|2 + 5*‘1’[4 |—zﬁV‘I‘ - A‘If‘ - - dv
— 2 1 /. 2e . :
oy~Gsp =0 . oV + PP+ —-(zﬁV + = A) v =0 -first GL equation
SAG.H =0 minimization of the energy gives ‘ 4dm | |
’ js = m%h.f(\p*vxp A _|q;|2A - second GL equation, expression
m mc

for supercurrent
The one can define:

A2 Type-l superconductor Type-ll superconductor

?=-——, - GL coherence length —~ ,\
€ 4mla| g 8 8 “O “O e _"O
2 2 ) ) 9 n n e 11/ L -
M= = me P _magnetic penetration depth - 0 0°.0 = Boundary H
TNge 8me | S H Q Y
5 , Boundary 0
®) = whe/e - flux quantum 3 \ I -§ Normal
S ormat 5 metal
O metal ©
¢ ("W‘A) b=+ Phpl2 =0 2 S z
P > A = §
D ¢ 7 A

TN

Js = ('ff) Vip — pVp*) -

‘O -thermodynamic critical field
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Superconductors with broken time-reversal symmetry

At T, broken U(1) T

Order parameter A = |A| ¢ and T(Z,)7 time reversal symmetry: gp=> oo | | qgje'd

A "(A)

Electrical

A _
V4 (A) Magnetic field Gl

Im (A) &
\ / ..... ( Electrical
) i | N current

Magnetic field

Re (A)
https://slideplayer.com/slide/5363094/ ‘ | ’ >
The fundamental symmetry which A~ 0 A
spontaneously waates by any Two energetically equivalent states with cpl o
superconducting state. meaning spontaneously broken Z, symmetry.

U Broken time-reversal symmetry (BTRS) state can be described by two component imaginary order parameter:
® Ep.

G Two different phalsleTghsrradnvsoidifférannceherénce lengths 3y, | 3,.

U The Broken Time-Reversal Symmetry state results in the appearance of spontaneous currents and magnetic fields.

Where these currents come from? 10



Superconductors that break time-reversal
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Two-component order parameter | n,,| € *2with double degenerate states:
{Inid Inaly a6 o=dd Y {Inads[nal 16 o=-d}
Degenerate (symmetry protected) order parameters Non-degenerate or accidentally degenerate order parameter
Intrinsically| ;[ = n,l, dip =+ /2 =T =Tgrrs | 4] 1INyl dior O mmpfine tuning forT, = T
Examplesp, +ip,, d,, +id,,, X ! 2» F127 ¢~ BTRS

Exampless ia 2id,d igz X

Superconductivity 2
T (SC2)

stress

\cemperatu re

Superconductivity 1

uniaxial stress
Lifting degeneracy by strain (SC1) Competition between SC1 and SC2

The degciiciavy 1> nitcu vy any perwiivauutt.

V. Grinenko, S. Ghosh et al. Nat. Phys. 17, 748i 754 (2021). V. Grinenko et al., Nat. Phys. 17, 1254i 1259 (2021).

Spontaneous currents appear as a result of a Aorial phase difference between the components of the
order parameter (internal Josephson effect). What is the internal Josephson effect?



Phase of the order parameter

Phase of the order parameter U is a key to define the properties of a superconductor and
can be measured directly in the phase sensitive experiments such as Josephson effect.

Josephson junction between 2 The evolution of the system can be described
superconductors by time-dependent Schrodinger equation
Brian David
Insulator or Josephson
normal metal v R | | 1962
Superconductor Superconductor Zha = HU with a wave function ‘I’(t) = Z C’a(t)'gba
' ' o
Cgip Coy,
D, dC’
Cooper pair
Nature 474, 589597 doi:10.1038/nature10122 ‘Zh Z Hﬁac (t) Wlth Hﬂa B /¢6H¢a dV

V Here we assume that the system can be in two discrete state y ; and y ¢

V Hg is the energy of the system at state y ;

V Hg 4s the matrix element characterizing the transition of the system from the state y , to the state y  ;
V C; is the amplitude of the state y yjand | C| is the probability to find the system in the state vy ;.



Phase of the order parameter

Phase of the order parameter U is a key to define the properties of a superconductor and can be
measured directly in the phase sensitive experiments such as Josephson effect.

Josephson junction between 2 superconductors

Insulator or
normal metal

., dCh
Superconductor Superconductor zh dt — BVC]_ (t) + KCQ(t), K iS tunneling from
_ | Cp¥s Cols dC energy level 1 to
@ ih—2 = KCy (t) — eV Ca(t). the energy level 2
Cooper pair dt
Nature 474, 589597 doi:10.1038/nature10122
V
Energetical eqUivalent schema of the junCtion F ﬂ. Vﬁ with € as a density of Superconducting
electrons at the level 1 and 2
=
i rsoncurent
14 | dn 2Kn. - Josephson current is
eV] a Js o — = 2 sin(¢, — ®1) propositional to the phase
] dt h .
difference between left
eV )
2 and right
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Phase of the order parameter GL theory

It is useful to consider the Ginzburg-Landau (GL) theory to describe the Josephson effect.

£2 (N + ?-EA) w—yp+ylp2=0 IfOL , then v2y ~y/L2  Since |y|~ 1inthe bulk, one get VZf(r) = 0.

et
////////5///////

With a possible solution:yp = et f(r) + 12€%2(1 — f(r))  where f(r) = 1 in Jand f(r) = Oin 2. 0 L~ :
D¢ OQQI®E D

I'«ifl2

Js = {w Vip — pVyp*) — - expression for supercurrent

In zero field and for[ and [ are independent on r we can get

& (ﬂ, o —a'.wz—ﬂn) £ (r)7 R n(l, — 0,)) F/(r)F - the result depends on the phase difference
2 TR T T e TR A between left and right and the gradient of the
amplitude.

js:

For[ 1 and[ (i)8

0
2m\2

js = =5 [Wif(r)VOL + ¥3(1 — f(7)) VO, + Prehy sin(f, — 61) f'(r)7] - this adds gradients of the phases

Currents in a superconductor appear spontaneously when there is a variation of phase
and amplitude of the order parameter!
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Phase of the order parameter GL theory A N

Now we can understand what will happened if there is a superconductor with a multicomponent order parameter in

the real space [ cle’™Y where U= 1 andl [1 31 0, =0y The order parameter components are

_ _ _ separated in the momentum space.
Domain wall between regions of different ~

chirality of the phase

~
» P, EE P53
\ Ps \/ P
l/cp1 OF
B .
(s-is) (S+is)
m=1 m=-1

Z, Ising order parameter m characterizes an inter-band phase locking



Ginzburg-Landau description of the multicomponent

S+is state

Free energy for a multicomponent order parameter [ logje®Y whereU= 1an®l[i3 0,=0 (ans+isd s at e) .

A1
ZQL [ 2 14l W] A + Y | V- ¢>] + Y A1 A cos(, — ) +ZV(|A| Al )+— where” 3 & +3
i=1,2,3

i>j jpz i>j e
SC TRSB _ Change of the phases and
Internal Josephson coupling amplitudes at the domain walls
s m . -
Case || Sign of 712, 713, 723 | Ground State Phases %
/2t
1 V === b1 = ¢2 = ¢3 0 > Y1z >
2 SHL- — + Frustrated ’ oa3
_r /9l ‘
3| Y —++ $r=do=ds+m "/ —
4 SHEY + + Frustrated o ] .
1.2} |12
V Stanev, Z T e g a n PRBi81 (13), 134522 (2010) 1.0
J Carlstrém , J Garaud, E Babaev PRB 84 (13), 134518 (2011) 0.8 v
J Garaud, M Silaev, E Babaev Physica C: 533, 63-73 (2017) 8'2' |[19]? = 3|2
© 0:2—
We also assume that |qy| = const but this is not the case on "o 5 0 5 10
the domain walls or around inhomogeneities! b :
g JulienGaraud thesis, 2022

This s+isOstate breaks time reversal symmetry and induces fields at domain walls and around inhomogeneities.



Spontaneous currents in s+is superconductor

Magnetic field

B 4.0x107 Y12 n Counterflows | 42

» I 2.0x1073 I n/2 ¥ 2.0x1072

. 0.0x10" H O 3.9x10*

- i 2.0x 10 i /2 ‘ 2.0x 10

Defect pins / M _40x10" 7 4.0x10°2

the domain wall J. Garaud and E. Babaev, PRL 112, 017003 (2014); A. Benfenatiet al.,PRBLO1, 054507 (2020)

Bi = O An — Om Ay = —c1nd _am gt tow. ot 1) = (1,2)
e = 0 = O s = —eindi (i) [~ g (VOO0 Y + V10,00, 01| ,Whereszj:{—é £(6.9) = (2.1

The spontaneous fields originate from a second term having the Skyrmionic form of CP? topological charge density. [E.
Babaev, L. D. Faddeev, and A. J. Niemi, Phys. Rev. B65, 100512 (2002).]

In 2 bandcase: [ [ F|f B = curl A = curl 2|¢|2[(¢1w’1 PYi1V) + (B V5 =5 Vib,)] — curl

I?,blZI

[y [
0:0,.
N \wulz] m

B contains products of density gradients and gradients of the phases of the form  9;
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Spontaneous currents in s+is superconductor

Magnetic field
B 4.0x107 P12 n Counterflows ,
. I 2.0x 1073 I /2 . 2.0x 102

L 0.0x10Y MO0 | 3.9x10%

. ' -2.0x 10" ' -t/p i -2.0x1072
. B -4.0x10" . -4.0x 1072
Defect pins / e 8 e

the domain wall J. Garaud and E. Babaev, PRL 112, 017003 (2014); A. Benfenatiet al.,PRBLO1, 054507 (2020)

. c . i€ m 2. - ‘ .
Bk‘ — dIA'm — dm.A.E — _E{.mdf (H{gllz) _{{2‘;‘4 [‘lpﬁdiqﬁdmlp + \DTdIlPdmthI,]

The spontaneous fields originate from a second term having the Skyrmionic form of CP? topological charge density. [E.

Babaev, L. D. Faddeev, and A. J. Niemi, Phys. Rev. B65, 100512 (2002).]

V The fields associated with the magnetic field induced by internal Josephson currents between different bands (in
momentum space), in the presence of relative density gradients caused by inhomogeneities.

V Without inhomogeneities, spontaneous fields are perfectly compensated (counter-flow) since in momentum space all
directions are equivalent, and there is no net current transfer.



Spontaneous fields in non-chiral pairing states, domain
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domainl domain2 A domain wall stabilized by randomly located
pinning centers for an s+is state

the phase difference

between s and d B Y12
components
20 d 74x107 ®
S
” 3.4x107 m/2
10 e . % X
5 6.2x10™ 0
\ -4.6x1073 -nt/2
> 0 0
. -8.7x1073 T
-5 |¢1 I 0 0
2.3x10 2.0x10
—10 I 1.7x 10° 1.5% 10°
—20 o | LIx10° 1.0x 10°
: |
Z 5.7x 107! 5.0x 107!
A.Benfenatiet al., PRBLO1, 054507 (2020).
0.0x 109 0.0x 109
Domain boundary pinned by defects
produces dipolar spontaneous fields. J.Garaudand EBabaeyPRL 112, 017003 (2014)

Dipolar structure of the field Y the net magnetic flux is zero 19



Spontaneous fields in non-chiral pairing states due to

Inhomogeneity

L. ) Spontaneous magnetic field due to spherical inhomogeneity
Spontaneous magnetlc In s+id superconductor

(a) s+is (b) s+id
yb) 1 %~
t=0.1 jo ’
1 r ————————
0.8F ° = * * « o o o 4 4 4 4 e s e owoe e e
......... e e e e e
06F - - - -+« « . A
........ Vg e v e s
0.4F = = = =+ + « « Vg4t
........ Vpg et
02F = « = ~ =~ =~ =« ®‘ | ‘G) ........
- - - - - S S P l ~ - P N N . - - - ~
AP0 - meeeen e oo par ametyllygls modul us |
ceccrecen il
_02 -------- @ : I :® ------- (b) wz
--------------- 10 10
-04F -+ - 0. A 0.400
........ L 0.375
06 - - e P e 0.350
] I . = 0 0325 > 0
..................... 0.300
_0.8 ................... 0'275
-1 . he A 4 » s s s & 4 " " -10 0.250 -10
-1 -08-06-04-02 0 02 04 06 08 1 -10 0 -10 0
r’ X X
X

(c)

W.-C. Lee, . Zhang, and C. Wu PRR, 217002 (2009) 10° x B,

) () 10° x B,

0.5
>~ 0 0.0 >~ 0
-0.5 2
Non-chiral superconductivity has similarities with i = ~10 T8

antiferromagnetic state -> the average field is zero. coo0 10 S
V. L. Vadimov and M.A. Silaev, PRB 98, 104504 (2018)

—
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Chiral p, ° ip, superconductivity

5
&

Distribution of spontaneous fields and currents in one domapy ¢ ip, )

Chiral edge current
N . L'

Meissner screening current

Dimensionless
vector potential

-0.1 F .
magnetic field v
current density
5 | | : C.Kallinhttp://www.icmr.ucsb.edu/programs/documents/Kallin.pdf
-0.
0 S 10 15 20 J. RKirtleyet al., Phys. Rev. B 76, 014526 (2007).

/&

Furusaki M. Matsumoto, and MSigrist Phys. Rev. B 64 054514 (2001)
M. Matsumoto and MSigrist J. Phys. Sodpn 68, 994 (1999)

Spontaneous currents flow along the surfaces, domain boundaries, and crystalline defects.

Chiral superconductivity has similarities with ferromagnetic state Y spontaneous bulk magnetization.
21



Experimental methods (bulk) sensitive to BTRS

0\ A i 4 %

- - g'UNGiL AO LEE N;';T:JTE
superconductivity 7 et
Vi N
Muon spin rotation/relaxation ( éSR) <9 6 ;

/Q¢> 22ps

Ve https://www.psi.ch/
MSR is a local probe is sensitive to both chiral and non-chiral states with broken time reversal symmetry (BTRS)
" S
Polar Kerr effec _ L e _ .
A change of the reflected light polarizationY Anr el i abl yo sens

superconductivity, only.

The most direct are
Scanning SQUID or NV center magnetometry

https://doi.org/10.1007/978981-10-61561_108

Spontaneous Nernst and Hall effects in zero Magnetometry

magnetic field

-SQUID on tip

Pick up Loop
/ T Diamond probe
/ w/ single NV center
d3 - -~ .
- d‘2~
b Magnetic sample
Constriction/'

Y due to averaging can be zero in a BTRS state

Magnetization t

o~ Junction
. / Heat or electrical J. Phys. Mater. 7 (2024) 032501 ACS Nano 2025, 19, 8, 8255-8265
%‘ charge flow High sensitivity >~ 10 nm resolution
https://doi.org/10.1080/14686996.2019.1585143 e

Surface fields in BTRS state are not yet reported
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Muon spin rotation relaxation (USR)

Angular distribution of positrons from
the parity violating muon decay:

W(E,O)=1+a(E)cos(0)

The asymmetry parameter a = 1/3
when all positron energies E are
sampled with equal probability.

Positrons preferentially emitted along

& RSGSOGAYT &LIGAFE LRAAGNRY SYAZAAZ2Y drechnofudsyh Oiiafin® y 2

AFM transition in SRuQ,

In typical experiments used 2 detectors schema o = -1.05 GPa

Bc.\l
—_
- Positron — B et -‘ N (t) _ N (t) =
Spin-polarized detector ) Sy F B = At e
muon beam muon beam ¥ () =
n Muon | ample NF (t) + NB (t) =
w detector sampie E
S I muon  positron positron 2
T time 0 forward backward T R
4 Samol detector detector detector ; : el
s 0.00} : y - **é - &® .
S S Minimum sample thickness ~ 10@0m

. . . V.Grinenkq S. Ghosbkt al. Nat. Phys17,748;754 (2021).
g 3D dynamic zero field compensation better than 0.02
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Ordered vs. BTRS magnetism

AFM transition in SJRuQ,

6.0 Well defined fields in every unit cell due to
long-range AFM structure

o0 =-1.05 GPa

< 4.5 2
<
: (R
; 4" 4%
2; _ ' 15 M transition
;;,,. ‘;: ' : - \4 0
0.00; L : L - 8 : + 8

SRHE) SC responséemperature (K) Spontaneous fields in BTRS SC
V.Grinenkq S. Ghoskt al. Nat. Phys17,748(754 (2021).

Random fields decay a2 -

0.020 25 L aira .
020 ]2 Stisola0o U0, [+ S0mK L 608 b St L2y RUO, . 2 where unit size&o<<_ SC penetration deptl
' o 3KZF —— AG/T| | 3
0.221 ° 50mK zF " 0.015- — % _ 74x10
: i : "2 3.4x10°3
£0.20 A P £ 3.
= '%HH“##.“L}" LT ‘ go.ow- T tSC tionl £ » » . ¥y
50 18 | E7N ._% ‘ / ransition i tﬁ -6.2x 10-4
| = 1 S
0.16 T T8O ETT T © 0.005 1 < g
ks S ) . ¢, -4.6x1073
0.14 BTRS ﬂ + .
o 2 4 6 8 10 12 transition 00 05 10 15 20 25 30 -8.7x 10~
Time (us) Temperature (K)

Y. Li et al. arXiv:2512.24585



Where to look for multicomponent states?

f? Band structure
L Insulator Metal i 2 band Metal - single band
D)
& ¢ B S,)% % S .
\ b3 b S o . Theelectronic band
V ® c LI structure of the crystals
L1 b e -
=y S results from electrons
es) Is 5 moving in the periodic
Domain wall = = -«  potential of atoms.
% z g s
F—» a K — -a,—v

We are looking for
multicomponent superconductors

in multiband metals. Holelike FS sheet

N\

(O
O N\
w |0 SO ORIO

Electronlike FS sheet
= )
_/ NG

Fermi surface (FS)
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Where to find multiband superconductors?

Fe base superconductors . .
Fermi surface (electronic
sates at the Fermi energy)

e

7 Crystal structure 4
\M‘Ps vq)z

Ba

R Fe
W As

T max ~ 60 K

Watson, M.D., et al. npj Quantum Mater. 4, 36 (2019).

Possibilities: s+is6 as#idl

Domaln wall Nickerares
max
T max — 3.5 K LaNLO T, 50 K
C - .
Bulk Surface + Bulk %: 3 1 1 'Y B M
s BL [
/7 ML [ mnnsita:
BL | $EEEESEEISEEE | 1212
| MLEZZZZIZ:ZZZZZIZ: film
: 2 BL | SavessaRea _
Al T L., o IDX
| kb | oonor
: WU SrLaAlo,
3 GHNHONHNNN®  substrate
hv =116V g hv =21 eV k2 2R XX R R XX RS R A
TC—)O La/Pr ¢ Ni @ Sr/La « O | |
a

A. Tamai et al., Phys. Rev. X 9, 021048 (2019).
Z. Nie et al., Nature 652, 628i 634 (2026).

Possibilities: s+id, d+ig, d+id Possibilities: s+id



Multiband unconventional T s-wave superconductivity in

4 W

Iron based superconductors

Proposal for s-wave superconductivity mediated by spin fluctuation

Crystalline lattice

Schematic representation of the
(@ VZax+vza

superconductingyapsat the Fermisurface

nodal Sy d H = Hﬂ'l'UanETn:EJ, +U Z RigNiy
O O Theoretical treatment of the i<
interactions in  multiorbital 7 Z Z” c
ito :Er:r ita'Cit'o
O O o O O o system using Coulomb (U) i<t 0,0
O 0 and Hu n dX souplings. +J Z Cj“gj“cmcm,
WAET
27

P. J. Hirschfeld et al., Rep. Prog. Phys. 74 124508 (2011)



Multiband unconventional i s. -wave

Q /1:\1;!'& "“Tﬁf
C By FHasy
superconductivity in iron based superconductors g2/ T Do Lk IneTrTuTe
Free energy for a multicomponent order parameter [ logle®Y whereU= 1an®lji3 0,=dy (ans+isdb sat e) .
2
1 1A% AP B’
f=a7 || X 1arve, A+ X [T @i- 00| + X myl Al lcosi@ — +ZV(|A Y )+—
z—123 , i>] ‘k i>j e
SC TRSB
Interband Josephson coupling results in ¥ superconductivity at optimal doping Ba. K Ee.A
0, 7) . ™) a1 x\FEAS,
r \ ’ u 1’\2' Only two leading band
J/ k p » for optimal doping!
Case||Sign of 112, 713, 123 |Ground State Phases ‘
v — — etg] SO g
1 - = = Y1 = P2 = @3 - 71 (7, 0)
2 || stis — — + Frustrated 5
3 v —++ Y1 =P =3+ i
4 | s+is +++ Frustrated \- r :
Yunkyu Bang and G R Stewart 2017 J. Phys.: Condens. Matter 29 123003 T. Sato et al., Phys. Rev. Lett. 103 (2009) 047002

It is broadly accepted that interband interactions between electron and hole Fermi pockets are responsible for

the magnetism and superconductivity.



Why do we choose the Ba ;K ,Fe,As, system?
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D. Evtushinsky at al.,

150 ARPES (unpublished) UThe system is multiband with more then 3
1 r;)é O¢  disconnected Fermi pockets.
X oQ . . . .
U Hole doping results in topological changes of
hole  the Fermi surface (Lifshitz transition) at x,_ = 0.7.
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U The superconducting dome is continuous across the Lifshitz transition.
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Is the BTRS sate possible close to Lifshitz transition?



Specific heat jump in superconductors direct probe of

By Fud i
the order parameter structure & oo
The free energy of the superconductor is related to thermodynamic critical field H_,, of a
F, — Fyo=HZ. /87 duct
n s cm superconductor. Ss — Sny
Using: § = — - S, = : -
The specific heat is given C = T (8S/0T), resulting in c. 1Y
T BH 2 ¢ T OH 2
C cm | c cm
qi:el:Cs_Cn:4ﬂ- ( 8T )TG ,I -477( oT )Tc
|
|
Within the BCS theory the free energy of the superconductor is related to the !
energy gap 3 (the order parameter amplitude at "YO T1). 0 1: -
HEm (0) _ lN(O)Az In a conventional s T wave superconductor qC,/ 2,T. = 1.43, where — 0& ¢
- 0
8 , For, an d T wave superconductor qC,/ 2,T. = 0.95 with — 18 (for weak coupling)

The jump reflects the order parameter structure!



Specific heat of Ba ;K ,Fe,As,
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T (K) V. Grinenko et al., Nat. Phys. 16, 7891 794 (2020).
U Inthe BCS theory the specific heat jump gqC,/ 2, T, = 1.43;

U qC./ 2,T. is below BCS value at all doping levels -> multiband behaviour;
U Non-monotonic dependence on T.. 31



Thermodynamic signature of two superconducting
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V. Grinenko et al., Nat. Phys. 16, 789i 794 (2020).

U Non-monotonous doping dependence of qC,/ 9, T, indicates changes of the electronic or the superconducting gap structure;

U Two different scaling behaviors -> two qualitatively different superconducting states.

Possible BTRS state around x &4 0.81 3



Search for BTRS superconductivity in Ba, K, Fe,As,
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V. Grinenko et al., Nat. Phys. 16, 789 - 794 (2020).



Search for BTRS superconductivity in Ba, K, Fe,As,
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Search for BTRS superconductivity in Ba, K, Fe,As,
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Search for BTRS superconductivity in Ba, K, Fe,As,

Tl .
@) Fud s

%

TSUNG-DAO LEE INSTITUTE

with USR

s = | Muon-spin relaxation rate is enhanced
. . =1 QO . .
Muon-s pin relaxati = x=0.78@3)11 < in the superconducting state!
change across T ; 0.08 - 2 .
9 c g o — 5  Average spontaneous field

P': 0.08 = g ------ - S— 40 g <B,,>=0qgs/ey ~0.1G.

2 x=0.85(2 Q L2 0.06 - o} 5

< ( ) o T 0.06 8 by Thomas Tietze

) 5 N =

© 0.06 - %00 {0 o S =

S g S 0.04 - -

S T ~9K 3 o : < _ R

8 004 - 2 2 0 IN Rel axation doesnot

kS 171 = < = across T,

8 T T T T T T T 5 ) Z

2 0 10 20 30 40 > = 0.68(3 o

Temperature (K) X2 < — x=0.68(3) 1 s
3] o 0.04 - o)
© - "
< e -
ST N S
— )]
© — -

© < = 0.02 2
T X = =
SO < S.
o d (@) —
N o 0 Z
T - 0 3
g 0.6 - ﬁ . Q f
% | Temperature (K) R

8 12 16 20
Grinenko et al., Phys. Rev. B 95, 214511 (2017). 36

4
= itical T (K 2
X 1 Critical Temperetie; °( ) X a O . \ﬁGrEenko et al.,, Nat. Phys. 16, 789 - 794 (2020).



BTRS superconductivity in Ba ;K Fe,As,
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Density Functional Theory calculations of the
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The Moun-spin depolarization rate is enhanced around T, in a limited doping range only.

A narrow BTRSdome( 8 M e M 8 ) close to the Lifshitz transition between two different superconducting states.

V. Grinenko et al., Phys. Rev. B 95, 214511 (2017). 37
V. Grinenko et al., Nat. Phys. 16, 789 - 794 (2020).
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BTRS superconductivity driven by Lifshitz transition
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The result is consistent with a scenario where s+is superconductivity is driven by a Lifshitz transition.
J. Biker et al., Phys. Rev. B 96, 014517 (2017).
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ARPES measurements of Ba, K,Fe,As,

The electron pocket is still

Three hole pockets Three hole pockets | jfshitz transition present in BTRS state
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Zhi-Xun Shen

Elena Corbae

a) Ba, K,Fe,As,

—
hole doping

1.0 pre-Lifshitz post-Lifshitz
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k, (A")

3 nearly equal components for BTRS state .
y equ P Elena Corbae et al., arXiv:2510.06435



