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Beyond the pairing paradigm: fermion quadrupling condensates
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How can we go beyond the pairing paradigm?

/ Multicomponent Superconductors

Multi-band SCs

I.I. Mazin, J. Schmalian,
Physica C 469 (2009) 614.

— Single-band SCs

( ) ( )unconventlonal pairing
NP

p-wave chiral SC:
A(k) = A, sin(k,a) + A sin(k,a)
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How can we go beyond the pairing paradigm?

/ Multicomponent Superconductors

2 Multiple broken symmetries

Inter-component interaction

SC state breaking multiple symmetries in the GS

E'H Z U r I Ch Theoretische Physik
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How can we go beyond the pairing paradigm?

/ Multicomponent Superconductors

2 Multiple broken symmetries

3 “Something” destroying
coherence between Cooper pairs
while preserving coherence
between pairs of Cooper pairs
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. fermion quadrupling condensates

non-SC fermion quadruplets

symmetry of
the normal state

temperature

tuning parameter

V. Grinenko, D. Weston, F.
Caglieris, C. Wuttke, C. Hess, T.
Gottschall, I. Maccari, et al.,
Nat. Physics 17, 1254-1259 (2021)
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Beyond the pairing paradigm: fermion quadrupling condensates

First experimental observation in a multi band iron-based SC
non-SC fermion quadruplets V. Grinenko, D. Weston, F. Caglieris, C. Wuttke, C. Hess, T. Gottschall, I. Maccari, et al.,

Nature Physics 17, 1254-1259 (2021)
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Beyond the pairing paradigm: fermion quadrupling condensates

non-SC fermion quadruplets

temperature

Above T,
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First experimental observation in a multi band iron-based SC

V. Grinenko, D. Weston, F. Caglieris, C. Wuttke, C. Hess, T. Gottschall, I. Maccari, et al.,
Nature Physics 17, 1254-1259 (2021)
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Beyond the pairing paradigm: fermion quadrupling condensates

non-SC fermion quadruplets

symmetry of
the normal state

Z,
<«

temperature

Above T,

tuning parameter
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V. Grinenko et al., Phys. Rev. B 95, 214511 (2017),

First experimental observation in a multi band iron-based SC

V. Grinenko, D. Weston, F. Caglieris, C. Wuttke, C. Hess, T. Gottschall, I. Maccari, et al.,
Nature Physics 17, 1254-1259 (2021)
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Beyond the pairing paradigm: fermion quadrupling condensates

non-SC fermion quadruplets

symmetry of
the normal state

Z;
P

temperature

Above T,

tuning parameter

V. Grinenko, D. Weston, F. Caglieris, C. Wuttke, C.

Hess, T. Gottschall, I. Maccari, et al.,
Nat. Physics 17, 1254-1259 (2021)
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V. Grinenko et al., Phys. Rev. B 95, 214511 (2017), V. Grinenko et al., Nat. Phys. 16, 789 - 794 (2020).

First experimental observation in a multi band iron-based SC
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Nature Physics 17, 1254-1259 (2021)
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Beyond the pairing paradigm: fermion quadrupling condensates

First experimental observation in a multi band iron-based SC

non-SC fermion quadruplets

symmetry of
the normal state
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temperature

Above T,

tuning parameter , ,
ap * Two peaks in the specific heat
V. Grinenko, D. Weston, F. Caglieris, C. Wuttke, C.
Hess, T. Gottschall, I. Maccari, et al.,
Nat. Physics 17, 1254-1259 (2021)
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Calorimetric signatures
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Monte Carlo results on an effective 3D multicomponent model
The role of different intercomponent interactions

I. Maccari and E. Babaev Phys. Rev. B 105, 214520 (2022)

temperature

o Mean—fielod mooels

» Renormalization group approach

v It accounts for the proliferation of topological
phase excitations.

+You need to properly account for the cou.pl,iwg
between the different topological defects.

symmetry of
the normal state

Z;
P

tuning parameter
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.6 M‘r‘s
M. Marciani et al, Phys. Rev. B 88, 214508 (2013)
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Monte Carlo results on an effective 3D multicomponent model o rome s
The role of different intercomponent interactions

I. Maccari and E. Babaev Phys. Rev. B 105, 214520 (2022)

temperature
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symmetry of
the normal state

Monte Carlo results on an effective 3D multicomponent model
The role of different intercomponent interactions

I. Maccari and E. Babaev Phys. Rev. B 105, 214520 (2022)
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Monte Carlo results on an effective 3D multicomponent model o s
2 Z,
£

I. Maccari and E. Babaev Phys. Rev. B 105, 214520 (2022) i
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symmetry of
the normal state

Monte Carlo results on an effective 3D multicomponent model

Z>

temperature

I. Maccari and E. Babaev Phys. Rev. B 105, 214520 (2022)
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Beyond the pairing paradigm: fermion quadrupling condensates

. First experimental observation in a Experimental phase diagram of Ba, ,K,Fe,As, Calorimetric signatures
non-SC fermion quadruplets I; i band i b dsc 45 TN T T2 T&eh L. Shipulin, N. Stegani, I. Maccari, et al.,
multi band 1ron-base Nature Communications 14, 6734 (2023)
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Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, Phys. Rev. B 107 (6), 064501 (2023)

MATBG promising candidate
to stabilize fermion quadrupling condensates

1. 2D — more phase fluctuations
2. Single-band SC unconventional ground state
(multicomponent)

Picture from:
X. Liu et al., Nature 583, 221 (2020)
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Key inter-component potential term \
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[D. V. Chichinadze, L. Classen, A. Chubokov, PRB 101, 224513 (2020)]
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To be added to lift the accidental degeneracy

Two complementary regions of parameter space describing a chiral (K>0) and a nematic (K<0) SC
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Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, Phys. Rev. B 107 (6), 064501 (2023)

Large-scale Monte Carlo simulations K >0 e =0
14,1714,

1 2% o’ v >l 2 v 2 2 2
£ =5 [|ABT 18 E V| + == [W@i= )] +5 [(T1801 + (V18517 +2K 18018, P [cos@ldh = o)~ 1]

pP= AP+ 1A, =1 *We looked at the limit of very large penetration length, so we neglect the coupling to the vector potential

K >0
Two possible chiralities: ¢, — ¢, = =

"

Imy

Re v

BKT transition

t,

T22 TRSB transition

7z 7z 7z
Tpgr < T.*? Tpyr = T.*? T2 < Tggr?

SC vortices Fractional vortices + DW string Z, DW
Trigger BKT transition Trigger BKT and Z, transition Trigger Z, transition
E'H Z U r I Ch Theoretische Physik

Stabilising fermion quadruplets is not
easy...

Chiral and nematic SC in 3D

* “Absence of Ginzburg-Landau mechanism for vestigial
order in the normal phase above a two-component
superconductor”

P. T. How et al., Phys. Rev. B 107, 104514 (2023)

* “First order SC phase transition in a chiral p+ip system”
H. H. Haugen et al., Phys. Rev. B 104, 104515 (2021).

Preemptive first-order phase transition

oms Loy

TCU(U T. TCZQ T
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Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, Phys. Rev. B 107 (6), 064501 (2023)

Large-scale Monte Carlo simulations K>0 ¢ =0 ‘ e
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P P model with ken. Algebraically
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Pr= AP+ AP =1 *We looked at the limit of very large penetration length, so we neglect the coupling to the vector potential phase o OO e i
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) 0.55 | i
UGS N N P
N —+— 2 \J V; o g cos(y —dp) 775 5 0 1520 B
S | Y o :
.L; -g ; e T. A. Bojesen, E. Babaev, and A. Sudbg, Phys. Rev. B 88, 220511 (R) (2013).
K% p—— R — —
1
° 5
g s A 4
2 E 0.01 = o
) b4, = ve
<
o0 . .
£ t:i’ Fermionic quadrupling
Tg 0.00 ; =, condensate for all finite values
@ % of K considered!!
k%)
& - . AT, = T2 = Tygy
k= 20 40 .
3= ion
Y K pserve yer
- 057 058 059 — Ti(2) t— Thrr ] andidate to bove Tt
T .ing € ets @
promist q drupl
ETH:urich Theoretische Physik 26.09.2024 21

In other models this phase was found only with
very strong Josephson coupling




Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, Phys. Rev. B 107 (6), 064501 (2023)

Large-scale Monte Carlo simulations K>0

1

o L I’
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A . 2 1 _ —
2p? 2 [V(fﬁl _¢2)] +5 [(V|A1|)2+(V |A2|)2] +2K|Al|2|A2|2[COS(2(¢1 — ) —1]

18PV + 18,2V |+ =

p? =14 12+ | A, =1 *We looked at the limit of very large penetration length, so we neglect the coupling to the vector potential

K Why do vortices proliferate always at lower temperatures than )

domain walls?
CGreat, but... )

« At very small values of K, finite-size effects become prominent,
are the two transition still split apart in the thermodynamic limit? 0.6

N

: « What is the role of relative density fluctuations? )

~
RG approaches could be crucial to shed light on these 0.5
main questions

* Related, but different model previously studied via RG: n 0.00 0 o5 50
G. Bighin et al, PRL 123, 100601 (2019) 0.

K
Coupled XY models studied with an interlayer coupling o cos(¢; — ¢,) G N m
K
Working in progress with —— T(%)  —— Toxr
Benjamin Liégeois,
Chitra Ramasubramanian,
and Nicolo Defenu
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Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, Phys. Rev. B 107 (6), 064501 (2023)
I. Maccari, J. Carlstrom and E. Babaev, In preparation (2024)

MATBG promising candidate
to stabilize fermion quadrupling condensates

1. 2D — more phase fluctuations
2. Single-band SC unconventional ground state
(multicomponent)

Picture from:
X. Liu et al., Nature 583, 221 (2020)

Proposed pairing ad n = — 2:
d*id —(Ag,Ag,)

Key inter-component potential term \
V(Ag, Ap) = 2K | Ay 71 A5 [cos(2(ey — $)) — 1]

[D. V. Chichinadze, L. Classen, A. Chubokov, PRB 101, 224513 (2020)]
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To be added to lift the accidental degeneracy

Two complementary regions of parameter space describing a chiral (K>0) and a nematic (K<0) SC
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Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, In preparation (2024)

Large-scale Monte Carlo simulations K < 0
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Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, In preparation (2024)
Large-scale Monte Carlo simulations K < 0
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Hunting fermion quadruplets: the case of twisted bilayer graphene

I. Maccari, J. Carlstrom and E. Babaev, In preparation (2024)

Large-scale Monte Carlo simulations K < 0 K=-La=1
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Conclusions and future directions

non-SC fermion

quadruplets * Fermion quadrupling condensates are novel fascinating states of matter so far observed only in

two real materials.

% V. Grinenko, D. Weston, F. Caglieris, C. Wuttke, C. Hess, T. Gottschall, I. Maccari, et al., Nature Physics 17, 1254-1259
(2021)

% . Maccari and E. Babaev, Phys. Rev. B 105, 214520 (2022)

% [ Shipulin, N. Stegani, I. Maccari, et al., Nature Communications 14, 6734 (2023)

symmetry of
the normal state

temperature

tuning parameter * Twisted-bilayer graphene may be a promising candidate for the observation of fermion
quadruplets above T,

% L. Maccari, ]J. Carlstrom and E. Babaev, Phys. Rev. B 107 (6), 064501 (2023)
% L. Maccari, J. Carlstrom and E. Babaev, In preparation (2024,

R@ invegtigationg
on thege modelg

= How to engineer materials in such a way as to observe higher order fermionic condensates:

0 20 40 . . . .
K what symmetries are important? what interactions?
—= TlZ) —— TBKTJ '

= How to manipulate the nucleation of specific topological excitations?
= What are the new emergent properties of these states?

ETH:urich Theoretische Physik 26.09.2024
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I. Maccari and E. Babaev Phys. Rev. B 105, 214520 (2022)
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V. Grinenko, et al., Nat. Phys. 17, 1254 - 1259 (2021).
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BaCkup Slldes V. Grinenko, et al., Nat. Phys. 17, 1254 - 1259 (2021).

200 1 T, T
(@) x=0.711" = 100 o _ 1-1
ZFC g (b x=0.81 50
100 e e n
> 504 o <
< A
0 FC 0 1 f= 26.6 MHz = 0.
f=24.3 MHz, £ 0o, 0 =
o b
-100. (Crr*erz+2Ce0) & 2 50 f=34.4 MHz §
f=28 MHz -8 (C11+c12+2C66)/2 (:,; '50
’ = Lo
200 | | (011|'C12)/2 | 11 B -1001 | P | 11
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(c)x=1 11
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(C14-C12)/2
f=98 MHz
(C19+Cy9+2Cq6)/2
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temperature (K)

Extended Data Fig. 6 | Ultrasound data. Temperature dependence of the relative change of the sound velocity (left) for the longitudinal (¢, + ¢,, + 2¢,.)/2
and transverse (¢, — ¢;,)/2 acoustic modes with subtracted background (see Fig. S3 in the supplementary information) compared with temperature

dependence of the magnetic susceptibility in B]lab=0.5 mT (right) measured after cooling in zero magnetic field (ZFC) and cooling in the applied field
(FC). The data for the samples with x=0.71, 0.81, and 1 are shown in panels (a), (b), and (c), respectively. The sample with x=0.81 exhibits a kink in the
velocity of the transverse acoustic mode at a position which agrees with the onset of the broad feature in the specific heat shown in Extended Data Fig. 8
for the same sample. The position of the kink agrees with the position of the Z, transition indicated by the thermal transport experiments for the sample

with x~ 0.8 (Fig. 2 in the main text).
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V. Grinenko, et al., Nat. Phys. 17, 1254 - 1259 (2021).

BES Backup slides

| Ba, K Fe As,

@ 7, (1SR samples)
O 7, (transport 0.5R)
% Tgrrs (USR)

> o,

Temperature (K)
> & 3

&)

10 09 08
x (K doping)

-
(@)

-
o

@)
p,(LOhm cm)

The residual resistivity p, very
weakly dependent on doping

p(T) = py+ Ap, T?

33



PAUL SCHERRER INSTITUT

BS Backup slides

lwi Ly [ [V — )T N n;p* cos(¢; — b))
p? 2 VARA

1 1 b.
F===—+-B"+ ) (VgD +alyl’+=lyl*+ )
202 T3 i2( lw: )™+ a; |y 2Il/fll -

J= 2 Im< *le)

RN - et

P

/ \\\\
e, [|‘11| 0,70 W+ WioWo \Pw] ™
z kﬁ o z 1 i

T —— e
————. e

Spontaneous Magnetic Fields

[J. Garaud and E. Babaev., PRL 129, 087602 (2022)]

34



PAUL SCHERRER INSTITUT

Backup slides

o = 0.1

0.6; n

N. Stegani, IM et al. Nat. Comm. 14, 6734 (2023)

I. Shipulin,

1.09

0D
<
—_—
I~
=
- —
o 0 © <t
— S o -]
1
v S XEeS I
REREan
o
<
R
0
S
= =
o0 © — ~ o
LT
(M/AN) 3suseN snosuejuodg (WAM) § "osgeeg
S 0 S o o
-— o o I7e) N N - o 0
T S M‘lal % T T —
L *
" *
o I *
¥ - s
« Ll "u B % h —_
N ﬁ‘ * "l * ulh\
TC lllllllllllllllllllll ll.. - o ||||||||0|0 |||||||||| (o)
[] ™ . mn 5
a - ooo- * [ m
o o L I o..‘ 0.0 m
. s T ot
. o o.‘ Q
" o * * +|N E
a "~ ¢ AR
. . (1]
W . . M A
- . *
| ] o *
k H — < S
o~ - —_— . t
w\ Ill - w o. “0 -
T T T =~ = +
o o o o .. o )
g g % @ = = = 2
owyrw) /°n 9eay oyoad (wo t5r) *d ‘Ruansisey
” |
8 o
o I
®
o .R,.Iv ml
0 S
S o
N 3
= ©
N 5
g o g
- X
S, % S k.
S No &z - )
© .
© )
=) =) =) o° e
o™ N - e

(wo ty) *d “‘Kyansisay

(M low/rw) 1/°D 1eay oyoads o)

T/T.

T/T.

35



PAUL SCHERRER INSTITUT

- e Backup slides

No CDW evidences from STM data

(a) (b)

L. Shipulin, N. Stegani, IM et al.
Nat. Comm. 14, 6734 (2023)

di/dV (a.u.)

T =300 mK

8 6 -4 2 0 2 4 6 8
Bias (mV)

Figure S3. STM data for the sample Syp (a) STM Topograph recorded from the disordered surface of a
Baj_xKxFeaAsy sample with o = 0.77 (image size: (50 x 50)nm?, 3, = 80mV, I; = 100pA). The disordered surface
was likely caused by the mixture of Ba atoms and K atoms.(b) dI/dV —V spectrum taken from a defect-free
position (the red point) on the surface shown in (a) (Spectroscopic set-point: Vs = 10mV, I, = 200pA, amplitude of
bias modulation used V04 = 0.25mV), showing a "V"-shaped superconducting gap. The black circle was experiment
result. Red solid curve was fitting result using double-gap Dynes equation with a larger gap (A2 =3.1meV) and a
smaller gap with node(A; =2.1meV). There is no "CDW" gap feature in the spectrum.
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SC vortices carrying a temperature-dependent fractional quantum flux

Yusuke Iguchi et al. Science 380, 1244 - 1247 (2023)
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