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How can we go beyond the pairing paradigm?
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BOX 2:  Electronic band structure and pairing symmetry 
 
The manner in which electrons in a solid behave, in the presence of each other and the surrounding ionic lattice, is well captured by one of 

the staples of condensed matter physics known as band theory. A metal's band structure can convey a simple yet quantitative description of its 
electronic, optical and structural properties, and is the basis for understanding many exotic phenomena. In metals, the energy states that 
participate in determining most properties of a material lie in close proximity to the Fermi energy EF, the level to where available energy states 
are filled (and therefore unavailable) due to Pauli exclusion.  

The band structures of the iron-based superconducting materials have been calculated using first principles density functional theory, finding 
good general agreement with experimental measurements (see main text). The dominant contribution to the electronic density of states at EF 
derives from metallic bonding of the iron d-electron orbitals in the iron-pnictogen (or chalcogen) layer. These form several bands that cross EF, 
both electron- and hole-like, resulting in a multi-band system dominated by iron d character. As shown in Fig. B2a) for the case of Co-doped 
BaFe2As2, the electronic structure is visualized as several distinct sheets of Fermi surfaces within the Brillouin zone, each corresponding to a 
different band that crosses EF.  

Instabilities of this electronic structure to both magnetic ordering and superconducting pairing are widely believed to be at the heart of the 
exotic properties of the iron-based superconducting materials. For instance, in Fig. B2a) one can see that a magnetic ordering vector that spans 
from the center of the Brilliouin zone at k = (0,0) (Γ point) to the corner at k = (π,π)  (M point) will easily nest a circle of points on each of two 
different Fermi surface sheets (e.g., purple and red sheets), resulting in a spin-density wave order that is driven by properties of the band 
structure.  

Superconductivity is another very well known phenomenon that also results in an "ordered" state that has a strong tie to the band structure. 
The superconducting order parameter Δ, or "gap function", is a complex function with both amplitude and phase that describes the macroscopic 
quantum state of Cooper pairs. Its amplitude can in general depend on momentum direction and can change sign via its phase component, but in 
the simplest case is isotropic (i.e., s-wave) and therefore a constant value for all momenta. Details of the pairing potential can instill a less simple 
case that involves a variation of amplitude as a function of k, or even a variation in phase that results in a change in the sign of Δ that necessitates 
the presence of zeros or "nodes" that can take on lower symmetries (i.e., d-wave, etc.).  

Fig. B2b) presents three possible scenarios for the superconducting order parameter symmetry in the iron-based superconductors. With the 
simplest s-wave gap symmetry (i.e., with constant phase) widely ruled out by experimental evidence (see main text), more complicated scenarios 
are required to explain all observed properties. In particular, circumstantial evidence supports a picture where a change in the sign of Δ must 
occur somewhere in the Brillouin zone. With multiple Fermi surfaces, this can be realized by positioning a node either away from the Fermi 
energy (so-called s±) or directly at the Fermi energy (i.e., d-wave). Moreover, a modulation of the gap amplitude can occur such that, even in the 
s-wave case, so-called "accidental" nodes are present on at least some Fermi surfaces, allowing low-energy excitations to flourish even at 
temperatures much below the energy of the gap.  

 

  
 
Figure B2: Fermiology and superconducting order parameter symmetry of 122-type iron-based superconductors. a) Fermi surfaces of BaFe2As2 with 
10% substitution of Co, calculated via density functional theory using experimental atomic positions and drawn using the folded Brillouin zone representation 
with two Fe per unit cell (from [59]). The hole-like FS pockets (purple and blue) are centered on the Γ point [k = (0,0)] and the electron-like surfaces are at the 
M point ([k = (π,π)). b) Schematic picture of the two-dimensional (kx-ky) projection of the Brillouin zone of superconducting FeAs-based materials, with 
multiple bands reduced to single hole (h) and electron (e) pockets. The proposed multi-band pairing gap symmetries, drawn as shaded regions on hole (red) and 
electron (blue) pockets, are shown for s± symmetry with isotropic gaps (left) and anisotropic gaps with accidental nodes on the electron pocket (middle), and for 
a d-wave symmetry (right). 
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2. Simplest case: two components interacting only via the EM field

m
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h = 0

Figure 4: Mean field solution of the free energy as a function of magnetization at zero field at
various temperatures. As we cool the system below Tc, the free energy changes smoothly to a
“Mexican hat” shape, thereby making the m = 0 solution unstable and two new stable solutions
at m = ±m0 appear.

Plots of the free energy at zero field are shown in Figure 4. We can see that as we cool the

system below Tc, the m = 0 solution becomes metastable and any small perturbation causes

the system to spontaneously “roll down” either to m = m0 or m = �m0. When we apply a

weak external magnetic field below Tc, the solution magnetized in the direction of the field

becomes more energetically favorable and more stable (see Figure 5). If the field is strong

enough, the solution magnetized in the direction of the field becomes the only solution.
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Figure 4: Mean field solution of the free energy as a function of magnetization at zero field at
various temperatures. As we cool the system below Tc, the free energy changes smoothly to a
“Mexican hat” shape, thereby making the m = 0 solution unstable and two new stable solutions
at m = ±m0 appear.

Plots of the free energy at zero field are shown in Figure 4. We can see that as we cool the

system below Tc, the m = 0 solution becomes metastable and any small perturbation causes

the system to spontaneously “roll down” either to m = m0 or m = �m0. When we apply a

weak external magnetic field below Tc, the solution magnetized in the direction of the field

becomes more energetically favorable and more stable (see Figure 5). If the field is strong

enough, the solution magnetized in the direction of the field becomes the only solution.
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Figure 4: Mean field solution of the free energy as a function of magnetization at zero field at
various temperatures. As we cool the system below Tc, the free energy changes smoothly to a
“Mexican hat” shape, thereby making the m = 0 solution unstable and two new stable solutions
at m = ±m0 appear.

Plots of the free energy at zero field are shown in Figure 4. We can see that as we cool the

system below Tc, the m = 0 solution becomes metastable and any small perturbation causes

the system to spontaneously “roll down” either to m = m0 or m = �m0. When we apply a

weak external magnetic field below Tc, the solution magnetized in the direction of the field

becomes more energetically favorable and more stable (see Figure 5). If the field is strong

enough, the solution magnetized in the direction of the field becomes the only solution.
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0.55 ≲ x ≤ 1.00, covering a region in the phase diagram with two dif-
ferent s-wave and intermediate s + is states20,25. The zero-field spe-
cific heat and low-field static magnetic susceptibility close to Tc for 
Ba1−xKxFe2As2 single crystals with different doping levels are shown 
in Extended Data Fig. 7. The onset of a strong diamagnetic signal in 
susceptibility indicates the appearance of superconducting screen-
ing currents. Close to this temperature, the electrical resistivity goes 
to zero, as shown in Fig. 2 and Extended Data Figs. 7 and 8, indicat-
ing superconductivity with a long-range phase-coherent state.

Away from the doping value of x ≈ 0.8, we observed consistent 
values of Tc in the susceptibility and specific heat (Extended Data  
Fig. 7). However, the picture becomes strikingly different for the 
samples with a doping level of x ≈ 0.8 (Fig. 2a and Extended Data 
Figs. 7d and 8a). Similar to the sample with x = 0.77, for all the 
samples with x ≈ 0.80, the specific-heat jump in zero field develops 
at a temperature above any noticeable superconducting response 
(magnification of the a.c. magnetization data by 103 is shown in 
Extended Data Fig. 7f). In contrast, the commonly observed devia-
tions between the resistive and calorimetric probes are in the oppo-
site direction: for inhomogeneous samples, superconducting areas 
with higher Tc start contributing to the diamagnetic screening at 
temperatures higher than that of a discernible specific-heat jump 
(Methods). For samples with x ≈ 0.8, the onset of the strong diamag-

netic response at Tc occurs close to the maximum in the specific-heat 
jump, indicating that formation of fermionic bound states has 
already occurred in most of the volume.

Discussion
First, we would like to discuss a trivial scenario for the appearance 
of BTRS. Namely, time-reversal symmetry may be explicitly broken 
by magnetic impurities or by the presence of an unknown magnetic 
phase with transition temperature 5;

�

D

 close to Tc. In this case, the 
superconducting state is described by the usual two-fermion cor-
relations and the time-reversal symmetry breaking is extrinsic with 
respect to it. The magnetism in question can, for example, be a 
consequence of proximity to a Lifshitz transition20,26 similar to that 
observed in Sr2RuO4 under uniaxial strain13. Using the same argu-
ments as in ref. 13, we conclude that the smallness of the associated 
magnetic moments (below or approximately 10−3μB, where μB is a 
Bohr magneton), the high transition temperature, the character of 
the dependence on external magnetic field and the pronounced spon-
taneous Nernst effect (usually proportional to the magnetization) 
point against a scenario where 

5

;

�

D

 is associated with a conventional 
magnetic transition. As mentioned earlier, time-reversal symmetry 
may also be explicitly broken by magnetic impurities. However, the 
observed features in the specific-heat and ultrasound experiments 
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Fig. 2 | Characteristic temperatures. Temperature dependencies of various physical properties measured in different magnetic fields for the single crystal 
with x!=!0.77 reveal the existence of several characteristic temperatures. a, Temperature dependence of the zero-field high-resolution specific heat ΔCel/T 
and the static magnetic susceptibility measured in B!∥!ab!=!0.5!mT. b, Appearance of the diamagnetic response in susceptibility at Tc corresponds to zero 
resistance and a minimum in the Seebeck coefficient. c, Onset of the specific-heat anomaly is accompanied by the appearance of a strong, spontaneous 
Nernst effect as a consequence of a BTRS state at 5;�

D

. The spontaneous Nernst signal goes to zero at 5MPX
4'

 deep in the superconducting state when 
superconducting fluctuations become negligible. d–l, In the applied magnetic field, the characteristic temperatures decrease and 5;�

D

 shifts further away 
from the onset of the specific-heat anomaly (d,g,j). Superconducting Tc corresponding to zero resistance (e,h,k) reduces below the maximum in the 
specific heat (g,j). The resistance starts dropping substantially at 5;�

D

 due to the increased density of incoherent preformed pairs. In turn, the Nernst 
effect—odd in the magnetic field—shows a maximum at Tc, indicating vortex-lattice melting (f,i,l).
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0.55 ≲ x ≤ 1.00, covering a region in the phase diagram with two dif-
ferent s-wave and intermediate s + is states20,25. The zero-field spe-
cific heat and low-field static magnetic susceptibility close to Tc for 
Ba1−xKxFe2As2 single crystals with different doping levels are shown 
in Extended Data Fig. 7. The onset of a strong diamagnetic signal in 
susceptibility indicates the appearance of superconducting screen-
ing currents. Close to this temperature, the electrical resistivity goes 
to zero, as shown in Fig. 2 and Extended Data Figs. 7 and 8, indicat-
ing superconductivity with a long-range phase-coherent state.

Away from the doping value of x ≈ 0.8, we observed consistent 
values of Tc in the susceptibility and specific heat (Extended Data  
Fig. 7). However, the picture becomes strikingly different for the 
samples with a doping level of x ≈ 0.8 (Fig. 2a and Extended Data 
Figs. 7d and 8a). Similar to the sample with x = 0.77, for all the 
samples with x ≈ 0.80, the specific-heat jump in zero field develops 
at a temperature above any noticeable superconducting response 
(magnification of the a.c. magnetization data by 103 is shown in 
Extended Data Fig. 7f). In contrast, the commonly observed devia-
tions between the resistive and calorimetric probes are in the oppo-
site direction: for inhomogeneous samples, superconducting areas 
with higher Tc start contributing to the diamagnetic screening at 
temperatures higher than that of a discernible specific-heat jump 
(Methods). For samples with x ≈ 0.8, the onset of the strong diamag-

netic response at Tc occurs close to the maximum in the specific-heat 
jump, indicating that formation of fermionic bound states has 
already occurred in most of the volume.

Discussion
First, we would like to discuss a trivial scenario for the appearance 
of BTRS. Namely, time-reversal symmetry may be explicitly broken 
by magnetic impurities or by the presence of an unknown magnetic 
phase with transition temperature 5;

�

D

 close to Tc. In this case, the 
superconducting state is described by the usual two-fermion cor-
relations and the time-reversal symmetry breaking is extrinsic with 
respect to it. The magnetism in question can, for example, be a 
consequence of proximity to a Lifshitz transition20,26 similar to that 
observed in Sr2RuO4 under uniaxial strain13. Using the same argu-
ments as in ref. 13, we conclude that the smallness of the associated 
magnetic moments (below or approximately 10−3μB, where μB is a 
Bohr magneton), the high transition temperature, the character of 
the dependence on external magnetic field and the pronounced spon-
taneous Nernst effect (usually proportional to the magnetization) 
point against a scenario where 

5

;

�

D

 is associated with a conventional 
magnetic transition. As mentioned earlier, time-reversal symmetry 
may also be explicitly broken by magnetic impurities. However, the 
observed features in the specific-heat and ultrasound experiments 

0

–1

9 10 11 12 13 14 15

0

10

20

30

6 7 8 9 10 11 12

0

10

20

–1.5

–1.0

–0.5

0

0.5

1.0

5 6 7 8 9 10 11
–5

0

5

10

15

–2

–1

0

1

S
usceptibility,4πχ

101

100

10–1

10–2

10–3

10–4

101

100

10–1

10–2

10–3

101

100

10–1

10–2

10–3

101

100

10–1

10–2

10–3
10–4

0

10

20

0

2

4

6

S
po

nt
an

eo
us

 N
er

ns
t

(µ
V

 K
–1

)

Temperature (K) Temperature (K) Temperature (K) Temperature (K)

Temperature (K) Temperature (K) Temperature (K) Temperature (K)

Temperature (K) Temperature (K) Temperature (K) Temperature (K)
10 11 12 13 14 15 16

9 10 11 12 13 14 15 6 7 8 9 10 11 12 5 6 7 8 9 10 1110 11 12 13 14 15 16

9 10 11 12 13 14 15 6 7 8 9 10 11 12 5 6 7 8 9 10 1110 11 12 13 14 15 16

0

20

40

60

S
pe

ci
fic

 h
ea

t
∆C

el
/T

 (
m

J 
m

ol
–1

 K
2 )

E
le

ct
ric

al
 r

es
is

tiv
ity

ρ x
x 

(µ
Ω 

cm
)

S
po

nt
an

eo
us

 N
er

ns
t

(µ
V

 K
–1

)
S

pe
ci

fic
 h

ea
t

∆C
el
/T

 (
m

J 
m

ol
–1

 K
2 )

E
le

ct
ric

al
 r

es
is

tiv
ity

ρ x
x 

(µ
Ω 

cm
)

S
po

nt
an

eo
us

 N
er

ns
t

(µ
V

 K
–1

)

S
pe

ci
fic

 h
ea

t
∆C

el
/T

 (
m

J 
m

ol
–1

 K
2 )

E
le

ct
ric

al
 r

es
is

tiv
ity

ρ x
x 

(µ
Ω 

cm
)

S
po

nt
an

eo
us

 N
er

ns
t

(µ
V

 K
–1

)

S
pe

ci
fic

 h
ea

t
∆C

el
/T

 (
m

J 
m

ol
–1

 K
2 )

E
le

ct
ric

al
 r

es
is

tiv
ity

ρ x
x 

(µ
Ω 

cm
)

T low
B = 0 T B = 1 T

Tc TcTcTcTc
Z2Tc

Z2Tc
Z2Tc

Z2

B = 6 T

–4

–2

0

2

4

–0.4

–0.2

0

0.2

0.4

0

10

20

–1.0

–0.5

0

0.5

0

10

20

B = 9 T

N
ernst, S

xy (µV
 K

–1)

N
ernst, S

xy (µV
 K

–1)

N
ernst, S

xy (µV
 K

–1)

S
eebeck, S

xx (µV
 K

–1)

S
eebeck, S

xx (µV
 K

–1)

S
eebeck, S

xx (µV
 K

–1)

S
eebeck, S

xx (µV
 K

–1) 0

10

–0.6

–0.4

–0.2

0

0.2

0.4

a d g j

b e h k

c f i l

SF
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 deep in the superconducting state when 
superconducting fluctuations become negligible. d–l, In the applied magnetic field, the characteristic temperatures decrease and 5;�
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 shifts further away 
from the onset of the specific-heat anomaly (d,g,j). Superconducting Tc corresponding to zero resistance (e,h,k) reduces below the maximum in the 
specific heat (g,j). The resistance starts dropping substantially at 5;�
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 due to the increased density of incoherent preformed pairs. In turn, the Nernst 
effect—odd in the magnetic field—shows a maximum at Tc, indicating vortex-lattice melting (f,i,l).

NATURE PHYSICS | www.nature.com/naturephysics

Main experimental evidences

✴ Muon-spin relaxation measurements 

✴ Spontaneous Nernst effect 

✴ Ultrasound measurements

✴ Two peaks in the specific heat

Calorimetric signatures 
I. Shipulin, N. Stegani, I. Maccari, et al.,  
Nature Communications 14, 6734 (2023)
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Monte Carlo results on an effective 3D multicomponent model 
The role of different intercomponent interactions

26.09.2024

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

๏ Mean-field models

S. Maiti and A. V. Chubukov,  Phys. Rev. B 87, 144511 (2013)

✓ It accounts for the proliferation of topological 
phase excitations.  

✦You need to properly account for the coupling 
between the different topological defects.

๏ Renormalization group approach 

M. Marciani et al, Phys. Rev. B 88, 214508 (2013)

Increasing x= hole doping

๏ Monte Carlo numerical simulations

✓They allow for a systematic and unbiased study of 
the proliferation of different topological defects and 
their interactions.

D
om

ai
n 

W
al

ls

Vo
rt

ic
es

It i
s a beyon

d-m
ean-fi

eld
 

state d
riv

en by top
olo

gica
l 

excit
atio

ns!



Theoretische Physik 14

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

26.09.2024

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

Starting point: 

f =
1
2

(∇ × A)2 + ∑
i

1
2

| (∇ + ieA)ψi |
2 + ai |ψi |

2 +
bi

2
|ψi |

4 + ∑
i< j

ηij |ψi | |ψj |cos(ϕi − ϕj)

Three-component GL model with phase frustration

+Andreev-Bashkin 
interaction 

A. F. Andreev and E. P. Bashkin,  
Sov. Phys. JETP 42, 164 (1975); 

A. J. Leggett, Rev. Mod. Phys. 47, 331 (1975).

f =
1
2

(∇ × A)2 + ∑
i

1
2

| (∇ + ieA)ψi |
2 + ai |ψi |

2 +
bi

2
|ψi |

4 + ∑
i< j

ηij |ψi | |ψj |cos(ϕi − ϕj) − ν∑
j>i

⃗Jj ⋅ ⃗Ji

At zero external magnetic field: any BTRS quadrupling fermionic condensate 

in the type-II regime  
 
What are we missing?

(e → 0)

Phase frustration via a biquadratic Josephson coupling

Mapping to a two-component 
London effective model 

J. Garaud, M. Silaev, and E. Babaev, Physica 
C 533, 63 (2017)

f =
1
2 (∇ × A)2 + ∑

i=1,2

ρi

2 (∇ϕi − eA)2 − ν (∇ϕ1 − eA) ⋅ (∇ϕ2 − eA) + η2 cos[2(ϕ1 − ϕ2)]
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Phase frustration via a biquadratic 
Josephson coupling

f =
1
2 (∇ × A)2 + ∑

i=1,2

ρi

2 (∇ϕi − eA)2 − ν (∇ϕ1 − eA) ⋅ (∇ϕ2 − eA) + η2 cos[2(ϕ1 − ϕ2)]

(ρ1, ρ2e
−iπ

2 )

(ρ1, ρ2ei π
2 )

Two possible chiralities:

Key intercomponent 
interactions:

✦ : coupling with the EM field  Increasing  decreases the cost of (1,1) vortices 

✦ : biquadratic Josephson coupling  Increasing  increases the cost of domain walls 

✦ : : Current-current interaction  Increasing  decreases the relative cost of phase sum fluctuations

e → e
η2 → η2

ν → ν

Z2 U(1)

m

FMF(m)
T = Tc
h = 0

-m0 m0
m

FMF(m)
T < Tc
h = 0

Figure 4: Mean field solution of the free energy as a function of magnetization at zero field at
various temperatures. As we cool the system below Tc, the free energy changes smoothly to a
“Mexican hat” shape, thereby making the m = 0 solution unstable and two new stable solutions
at m = ±m0 appear.

Plots of the free energy at zero field are shown in Figure 4. We can see that as we cool the

system below Tc, the m = 0 solution becomes metastable and any small perturbation causes

the system to spontaneously “roll down” either to m = m0 or m = �m0. When we apply a

weak external magnetic field below Tc, the solution magnetized in the direction of the field

becomes more energetically favorable and more stable (see Figure 5). If the field is strong

enough, the solution magnetized in the direction of the field becomes the only solution.

13

ρ1 = ρ2 = 1 f =
1 − ν

4 (∇ϕ1 + ∇ϕ2 − 2eA)2 +
1 + ν

4 (∇ϕ1 − ∇ϕ2)2 + η2 cos[2(ϕ1 − ϕ2)] +
1
2

(∇ × A)2



Theoretische Physik 16

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

26.09.2024

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

 Ising parameterZ2

m= +1 m= -1

[ϕ1 − ϕ2]−π,π > 0 [ϕ1 − ϕ2]−π,π < 0
Binder cumulant

U =
⟨m4⟩

3⟨m2⟩2

f =
1 − ν

4 (∇ϕ1 + ∇ϕ2)2 +
1 + ν

4 (∇ϕ1 − ∇ϕ2)2 + η2 cos[2(ϕ1 − ϕ2)];Extreme type-II limit: λ → ∞ e = 0

Helicity modulus sum 
(superfluid stiffness)

(ϕ′ 1(r)
ϕ′ 2(r)) = (

ϕ1(r) + δ ⋅ rμ

ϕ2(r) + δ ⋅ rμ) .

Υμ
+ =

1
L2

∂2F({ϕ′ i})
∂δ2

μ δμ=0

Tc TZ2
c

Fermion quadrupling 
condensate with TRSB
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ρ1 = ρ2 = 1 f =
1 − ν

4 (∇ϕ1 + ∇ϕ2 − 2eA)2 +
1 + ν

4 (∇ϕ1 − ∇ϕ2)2 + η2 cos[2(ϕ1 − ϕ2)] +
1
2

(∇ × A)2

e = 0

η2 = 0.1

It decreases the relative cost of 

phase sum fluctuations

ν = 0

η2 = 0.1

It decreases the cost 

of (1,1) vortices

(a) (b) (c)

ν = 0.2

η2 = 0.1

 It increases the cost of 

domain walls

e = 0

ν = 0.4
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Beyond the pairing paradigm: fermion quadrupling condensates
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Calorimetric signatures 
I. Shipulin, N. Stegani, I. Maccari, et al.,  
Nature Communications 14, 6734 (2023)
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Main experimental evidences
✴ Muon-spin relaxation 

measurements 

✴ Spontaneous Nernst effect 

✴ Ultrasound measurements

✴ Two peaks in the specific heat

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.,  
Nat. Physics 17, 1254–1259 (2021)

J. Ge et al. , Phys. Rev. X 14, 021025 (2024)

Main experimental evidence:

✴ h/4e and h/6e quantization 
of magnetic flux in 
magnetoresistance 
oscillations.

First experimental signatures in a Kagome SC ring device 
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K > 0

SC + BTRS

U(1) × Z2
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Hunting fermion quadruplets: the case of twisted bilayer graphene

Proposed pairing ad :
   

n = − 2
d ± id →(ΔE1

, ΔE2
)

V (ΔE1, ΔE2) = 2K |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1]
[D. V. Chichinadze, L. Classen, A. Chubokov, PRB 101, 224513 (2020)]

Key inter-component potential term

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

MATBG promising candidate  
to stabilize fermion quadrupling condensates

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

f =
1
2

( ⃗∇ × ⃗A )2 + ∑
i=1,2

[ 1
2

| ( ⃗∇ − ie ⃗A )Δi |
2 ] + V(Δ1, Δ2); V(Δ1, Δ2) = 2K |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1]

γ

ϕ12 = ϕ1 − ϕ2

Δ1 = |Δ1 |eiϕ1;
Δ2 = |Δ2 |eiϕ2;

|Δ1 |2 + |Δ2 |2 = ρ2 = 1.

Δ1 = |cos( γ
2 ) |eiϕ1;

Δ2 = |sin( γ
2 ) |eiϕ2;

V (Δ1, Δ2) =
K
2

sin2(γ)[cos(2(ϕ1 − ϕ2)) − 1]

K < 0

 

To be added to lift the accidental degeneracy

V6(Δ1, Δ2) =
λ
2 [(Δ1 − iΔ2)3(Δ*1 − iΔ*2 )3 + c . c . ]

Nematic SC

U(1) × Z3

19

Two complementary regions of parameter space describing a chiral ( K>0) and a nematic (K<0) SC

1. 2D  more phase fluctuations
2. Single-band SC unconventional ground state  

(multicomponent)

⟶
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Hunting fermion quadruplets: the case of twisted bilayer graphene

TZ2 TRSB transition

m

FMF(m)
T = Tc
h = 0

-m0 m0
m

FMF(m)
T < Tc
h = 0

Figure 4: Mean field solution of the free energy as a function of magnetization at zero field at
various temperatures. As we cool the system below Tc, the free energy changes smoothly to a
“Mexican hat” shape, thereby making the m = 0 solution unstable and two new stable solutions
at m = ±m0 appear.

Plots of the free energy at zero field are shown in Figure 4. We can see that as we cool the

system below Tc, the m = 0 solution becomes metastable and any small perturbation causes

the system to spontaneously “roll down” either to m = m0 or m = �m0. When we apply a

weak external magnetic field below Tc, the solution magnetized in the direction of the field

becomes more energetically favorable and more stable (see Figure 5). If the field is strong

enough, the solution magnetized in the direction of the field becomes the only solution.

13

Two possible chiralities: 

K > 0
ϕ1 − ϕ2 = ± π

2

Re ψ

Im ψ

BKT transition

TBKT

Tight pair of vortices 
Single vortices

TOPOLOGICAL PHASE TRANSITIONLOWER TEMPERATURE HIGHER TEMPERATURE

Illustration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences

Large-scale Monte Carlo simulations K > 0

f =
1

2ρ2 [ |Δ1 |2 ⃗∇ ϕ1 + |Δ2 |2 ⃗∇ ϕ2]
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+
|Δ1 |2 |Δ2 |2

2ρ2 [ ⃗∇ (ϕ1 − ϕ2)]
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+
1
2 [( ⃗∇ |Δ1 | )2 + ( ⃗∇ |Δ2 | )2] + 2K |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1]

ρ2 = |Δ1 |2 + |Δ2 |2 = 1 *We looked at the limit of very large penetration length, so we neglect the coupling to the vector potential

e = 0

SC vortices

Trigger BKT transition

 DWZ2

Trigger  transitionZ2

Fractional vortices + DW string

Trigger BKT and  transitionZ2

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

TBKT < TZ2
c ? TZ2

c < TBKT?TBKT = TZ2
c ?

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

26.09.2024
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Hunting fermion quadruplets: the case of twisted bilayer graphene

⟨ψ1,2⟩ = 0
⟨ψ1ψ*2 + ψ*1 ψ2⟩ ≠ 0

Fermionic quadrupling 
condensate for all finite values 
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Promising candidate to observe fermion 

quadruplets above !Tc

T. A. Bojesen, E. Babaev, and A. Sudbø, Phys. Rev. B 88, 220511 (R) (2013).

•2D three-band 
model with 
phase 
frustration

Josephson coupling
∝ g cos(ϕα − ϕβ)

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

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

26.09.2024

e = 0
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Hunting fermion quadruplets: the case of twisted bilayer graphene

Large-scale Monte Carlo simulations K>0

f =
1

2ρ2 [ |Δ1 |2 ⃗∇ ϕ1 + |Δ2 |2 ⃗∇ ϕ2]
2

+
|Δ1 |2 |Δ2 |2

2ρ2 [ ⃗∇ (ϕ1 − ϕ2)]
2

+
1
2 [( ⃗∇ |Δ1 | )2 + ( ⃗∇ |Δ2 | )2] + 2K |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1]

ρ2 = |Δ1 |2 + |Δ2 |2 = 1 *We looked at the limit of very large penetration length, so we neglect the coupling to the vector potential

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

26.09.2024

Great, but…

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

• Related, but different model previously studied via RG:  
G. Bighin et al, PRL 123, 100601 (2019) 
Coupled XY models studied with an interlayer coupling  ∝ cos(ϕ1 − ϕ2)

• Why do vortices proliferate always at lower temperatures than 
domain walls?  

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

• What is the role of relative density fluctuations?

Working in progress with 
Benjamin Liégeois,  

Chitra Ramasubramanian,  
and Nicolò Defenu
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Hunting fermion quadruplets: the case of twisted bilayer graphene

Proposed pairing ad :
   

n = − 2
d ± id →(ΔE1

, ΔE2
)

V (ΔE1, ΔE2) = 2K |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1]
[D. V. Chichinadze, L. Classen, A. Chubokov, PRB 101, 224513 (2020)]

Key inter-component potential term

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

MATBG promising candidate  
to stabilize fermion quadrupling condensates

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

f =
1
2

( ⃗∇ × ⃗A )2 + ∑
i=1,2

[ 1
2

| ( ⃗∇ − ie ⃗A )Δi |
2 ] + V (Δ1, Δ2); V (Δ1, Δ2) = 2K |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1]

γ

ϕ12 = ϕ1 − ϕ2

Δ1 = |Δ1 |eiϕ1;
Δ2 = |Δ2 |eiϕ2;

|Δ1 |2 + |Δ2 |2 = ρ2 .

Δ1 = |cos( γ
2 ) |eiϕ1;

Δ2 = |sin( γ
2 ) |eiϕ2;

V (Δ1, Δ2) =
K
2

sin2(γ)[cos(2(ϕ1 − ϕ2)) − 1]

K < 0

 

To be added to lift the accidental degeneracy

V6(Δ1, Δ2) =
λ
2 [(Δ1 − iΔ2)3(Δ*1 − iΔ*2 )3 + c . c . ]

Nematic SC

U(1) × Z3

K > 0

SC + BTRS

U(1) × Z2

23

Two complementary regions of parameter space describing a chiral ( K>0) and a nematic (K<0) SC

17.09.2024

1. 2D  more phase fluctuations
2. Single-band SC unconventional ground state  

(multicomponent)

⟶

I. Maccari , J. Carlström and E. Babaev, In preparation (2024)
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Hunting fermion quadruplets: the case of twisted bilayer graphene

Large-scale Monte Carlo simulations K < 0

17.09.2024

BKT transition

TBKT

Tight pair of vortices 
Single vortices

TOPOLOGICAL PHASE TRANSITIONLOWER TEMPERATURE HIGHER TEMPERATURE

Illustration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences

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

f =
1

2ρ2 [ |Δ1 |2 ⃗∇ ϕ1 + |Δ2 |2 ⃗∇ ϕ2]
2

+
|Δ1 |2 |Δ2 |2

2ρ2 [ ⃗∇ (ϕ1 − ϕ2)]
2
+

1
2 [( ⃗∇ |Δ1 | )2 + ( ⃗∇ |Δ2 | )2]+

−2 |K | |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1] + λ [cos(3γ) + 3 cos(γ)sin2(γ)sin2((ϕ1 − ϕ2))]

γ = 2 arctan( |Δ2 | / |Δ1 | )



M2
nematic =

1
N 2 (∑

i

sin(γi)cos(θ12,i))
2

+ (∑
i

sin(γi)sin(θ12,i))
2

+ (∑
i

cos(γi))
2

Nematic  phase transitionZ3

f =
1

2ρ2 [ |Δ1 |2 ⃗∇ ϕ1 + |Δ2 |2 ⃗∇ ϕ2]
2

+
|Δ1 |2 |Δ2 |2

2ρ2 [ ⃗∇ (ϕ1 − ϕ2)]
2
+

1
2 [( ⃗∇ |Δ1 | )2 + ( ⃗∇ |Δ2 | )2]+

−2 |K | |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1] + λ [cos(3γ) + 3 cos(γ)sin2(γ)sin2((ϕ1 − ϕ2))]
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Hunting fermion quadruplets: the case of twisted bilayer graphene

Large-scale Monte Carlo simulations K < 0

17.09.2024

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

γ = 2 arctan( |Δ2 | / |Δ1 | )
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Hunting fermion quadruplets: the case of twisted bilayer graphene

Large-scale Monte Carlo simulations K < 0

17.09.2024

These preliminary results seem 
to suggest:

  

TBKT > TZ3
c

e− e−

e− e−

Charge-4e SC phase?

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

f =
1

2ρ2 [ |Δ1 |2 ⃗∇ ϕ1 + |Δ2 |2 ⃗∇ ϕ2]
2

+
|Δ1 |2 |Δ2 |2

2ρ2 [ ⃗∇ (ϕ1 − ϕ2)]
2

+
1
2 [( ⃗∇ |Δ1 | )2 + ( ⃗∇ |Δ2 | )2]+

−2 |K | |Δ1 |2 |Δ2 |2 [cos(2(ϕ1 − ϕ2)) − 1] + λ [cos(3γ) + 3 cos(γ)sin2(γ)sin2((ϕ1 − ϕ2))]

BKT transition

TBKT

Tight pair of vortices 
Single vortices

TOPOLOGICAL PHASE TRANSITIONLOWER TEMPERATURE HIGHER TEMPERATURE

Illustration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences

Nematic  phase 
transition

Z3
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Conclusions and future directions

Thank you for your attention!

• Fermion quadrupling condensates are novel fascinating states of matter so far observed only in 
two real materials. 

• Twisted-bilayer graphene may be a promising candidate for the observation of fermion 
quadruplets above Tc
★ I. Maccari , J. Carlström and E. Babaev, Phys. Rev. B 107 (6), 064501 (2023) 
★ I. Maccari , J. Carlström and E. Babaev, In preparation (2024)

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) 

★ I. Maccari and E. Babaev,  Phys. Rev. B 105, 214520 (2022) 
★ I. Shipulin, N. Stegani, I. Maccari, et al.,  Nature Communications 14, 6734 (2023)

26.09.2024

RG investigations 
on these models 

are very welcome!➡How to engineer materials in such a way as to observe higher order fermionic condensates: 
what symmetries are important? what interactions?  

➡How to manipulate the nucleation of specific topological excitations?  

➡What are the new emergent properties of these states? 
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Backup slides

Υ+(∞, TBKT ) =
Υ+(L , TBKT )

1 + (2 log(L /L0))−1
,

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

26.09.2024
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Backup slides

26.09.2024Theoretische Physik

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

ρ1 = ρ2 = 1 f =
1 − ν

4 (∇ϕ1 + ∇ϕ2 − 2eA)2 +
1 + ν

4 (∇ϕ1 − ∇ϕ2)2 + η2 cos[2(ϕ1 − ϕ2)] +
1
2

(∇ × A)2

e = 0

η2 = 0.1

It decreases the relative cost of 

phase sum fluctuations

ν = 0

η2 = 0.1

It decreases the cost 

of (1,1) vortices

(a) (b) (c)

ν = 0.2

η2 = 0.1

 It increases the cost of 

domain walls

e = 0

ν = 0.4



Theoretische Physik 31

Backup slides

17.09.2024

V. Grinenko, et al.,  Nat. Phys. 17, 1254 - 1259 (2021). ARTICLESNATURE PHYSICS

0.55 ≲ x ≤ 1.00, covering a region in the phase diagram with two dif-
ferent s-wave and intermediate s + is states20,25. The zero-field spe-
cific heat and low-field static magnetic susceptibility close to Tc for 
Ba1−xKxFe2As2 single crystals with different doping levels are shown 
in Extended Data Fig. 7. The onset of a strong diamagnetic signal in 
susceptibility indicates the appearance of superconducting screen-
ing currents. Close to this temperature, the electrical resistivity goes 
to zero, as shown in Fig. 2 and Extended Data Figs. 7 and 8, indicat-
ing superconductivity with a long-range phase-coherent state.

Away from the doping value of x ≈ 0.8, we observed consistent 
values of Tc in the susceptibility and specific heat (Extended Data  
Fig. 7). However, the picture becomes strikingly different for the 
samples with a doping level of x ≈ 0.8 (Fig. 2a and Extended Data 
Figs. 7d and 8a). Similar to the sample with x = 0.77, for all the 
samples with x ≈ 0.80, the specific-heat jump in zero field develops 
at a temperature above any noticeable superconducting response 
(magnification of the a.c. magnetization data by 103 is shown in 
Extended Data Fig. 7f). In contrast, the commonly observed devia-
tions between the resistive and calorimetric probes are in the oppo-
site direction: for inhomogeneous samples, superconducting areas 
with higher Tc start contributing to the diamagnetic screening at 
temperatures higher than that of a discernible specific-heat jump 
(Methods). For samples with x ≈ 0.8, the onset of the strong diamag-

netic response at Tc occurs close to the maximum in the specific-heat 
jump, indicating that formation of fermionic bound states has 
already occurred in most of the volume.

Discussion
First, we would like to discuss a trivial scenario for the appearance 
of BTRS. Namely, time-reversal symmetry may be explicitly broken 
by magnetic impurities or by the presence of an unknown magnetic 
phase with transition temperature 5;

�

D

 close to Tc. In this case, the 
superconducting state is described by the usual two-fermion cor-
relations and the time-reversal symmetry breaking is extrinsic with 
respect to it. The magnetism in question can, for example, be a 
consequence of proximity to a Lifshitz transition20,26 similar to that 
observed in Sr2RuO4 under uniaxial strain13. Using the same argu-
ments as in ref. 13, we conclude that the smallness of the associated 
magnetic moments (below or approximately 10−3μB, where μB is a 
Bohr magneton), the high transition temperature, the character of 
the dependence on external magnetic field and the pronounced spon-
taneous Nernst effect (usually proportional to the magnetization) 
point against a scenario where 

5

;

�

D

 is associated with a conventional 
magnetic transition. As mentioned earlier, time-reversal symmetry 
may also be explicitly broken by magnetic impurities. However, the 
observed features in the specific-heat and ultrasound experiments 
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Fig. 2 | Characteristic temperatures. Temperature dependencies of various physical properties measured in different magnetic fields for the single crystal 
with x!=!0.77 reveal the existence of several characteristic temperatures. a, Temperature dependence of the zero-field high-resolution specific heat ΔCel/T 
and the static magnetic susceptibility measured in B!∥!ab!=!0.5!mT. b, Appearance of the diamagnetic response in susceptibility at Tc corresponds to zero 
resistance and a minimum in the Seebeck coefficient. c, Onset of the specific-heat anomaly is accompanied by the appearance of a strong, spontaneous 
Nernst effect as a consequence of a BTRS state at 5;�

D

. The spontaneous Nernst signal goes to zero at 5MPX
4'

 deep in the superconducting state when 
superconducting fluctuations become negligible. d–l, In the applied magnetic field, the characteristic temperatures decrease and 5;�

D

 shifts further away 
from the onset of the specific-heat anomaly (d,g,j). Superconducting Tc corresponding to zero resistance (e,h,k) reduces below the maximum in the 
specific heat (g,j). The resistance starts dropping substantially at 5;�

D

 due to the increased density of incoherent preformed pairs. In turn, the Nernst 
effect—odd in the magnetic field—shows a maximum at Tc, indicating vortex-lattice melting (f,i,l).

NATURE PHYSICS | www.nature.com/naturephysics
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Backup slides V. Grinenko, et al.,  Nat. Phys. 17, 1254 - 1259 (2021).

ARTICLESNATURE PHYSICS

Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | See next page for caption.
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ARTICLES NATURE PHYSICS

Extended Data Fig. 6 | Ultrasound data. Temperature dependence of the relative change of the sound velocity (left) for the longitudinal (c11!+!c12!+!2c66)/2 
and transverse (c11!−!c12)/2 acoustic modes with subtracted background (see Fig. S3 in the supplementary information) compared with temperature 
dependence of the magnetic susceptibility in B∥ab!=!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 Z2 transition indicated by the thermal transport experiments for the sample 
with x!≈!0.8 (Fig. 2 in the main text).

NATURE PHYSICS | www.nature.com/naturephysics
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V. Grinenko, et al.,  Nat. Phys. 17, 1254 - 1259 (2021).

The residual resistivity  very 
weakly dependent on doping

ρ0

ρ(T ) = ρ0 + AFLT 2
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F =
J2

2e2ϱ2
+

1
2

B2 + ∑i

1
2

(∇ |ψi | )2 + ai |ψi |
2 +

bi

2
|ψi |

4 + ∑i<j

|ψi |
2 |ψj |

2

ρ2

[∇(ϕi − ϕj)]
2

2
+

ηijρ2 cos(ϕi − ϕj)
|ψi | |ψj |

.

J ≡ ∑i
e Im (ψ*i Dψi)

Bk = ϵlmk∂lAm = ϵlmk∂l ( Jm

e2 |Ψ |2 )+

+ϵlmk
i

e |Ψ |4 [ |Ψ |2 ∂lΨ†∂mΨ + Ψ†∂lΨ∂mΨ†Ψ]
Spontaneous Magnetic Fields

[J. Garaud and E. Babaev., PRL 129, 087602 (2022)]
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I. Shipulin, N. Stegani, IM et al. Nat. Comm. 14, 6734 (2023)
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I. Shipulin, N. Stegani, IM et al. 
Nat. Comm. 14, 6734 (2023)
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Figure S3. STM data for the sample SNP (a) STM Topograph recorded from the disordered surface of a
Ba1-xKxFe2As2 sample with x = 0.77 (image size: (50◊50)nm2, Vb = 80mV, It = 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, Is = 200pA, amplitude of
bias modulation used Vmod = 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 (�2 = 3.1meV) and a
smaller gap with node(�1 = 2.1meV). There is no "CDW" gap feature in the spectrum.

4/5

T = 300 mK

No CDW evidences from STM data 



SC vortices carrying a temperature-dependent fractional quantum flux
Yusuke Iguchi et al. Science 380, 1244 - 1247 (2023)

Alternatively, we obtained the fractionally
quantized flux in the fractional vortices by
fitting a fractional vortex with fitting parame-
ters of the penetration depth and the fraction
(fig. S9) or by integrating flux over a frac-
tional vortex without use of the penetration
depth (fig. S10). We also verified that the fit-
ting with theF0 point source model does not
work for the observed fractional vortices (fig.
S8). The obtained fraction FF/F0 showed a
similar temperature dependence in three
tested regions (Fig. 3), suggesting that these

objects are unconventionally quantized frac-
tional vortices.

Mobility of fractional vortex

The fraction of the flux quantum gradually
decreased with decreasing temperature, and
below T/Tc = 0.8, it could not be resolved
from the background noise. This temperature
dependence could be caused by the fraction
of carried flux further dropping to a very small
value at low temperatures and/or by the effect
of magnetic flux delocalization of fractional

vortices (18). When we cooled to 3 K, well be-
low the temperature where we can resolve
fractional vortex objects, then heated back
above 9 K, we observed the reemergence of
the fractional vortex objects with similar mag-
netic flux pinned at the same location (the
fractional vortex object in Figs. 1D and 2B is
the reemergent one; the initially created vortex
is not shown), but sometimes cooling and sub-
sequent heating resulted in disappearance of
the object from the scanned area.
To determine whether the observed vortex-

like object was a true quantum vortex, the mo-
bility of the object needed to be demonstrated.
We checked this by monitoring the positions
of these objects when we cooled or heated the
sample. We found that fractional vortex–like
objects sometimes randomly moved to other
positions (Fig. 4, A and B). The observed pro-
cess was akin to the mobility of conventional
vortices moving between pinning positions.
Next, we were able to manually change the
position of the fractional vortex–like objects
by applying a local repulsive force created by
the scanning SQUID field coil (Fig. 4, C and D).
We demonstrated that the scanning SQUID
manipulated both the fractional vortex–like
object and the conventional vortex at the same
time (Fig. 4D).
In superconductors with very weak inter-

layer coupling, magnetic probe manipulation
can break a vortex into two small magnetic
excitations that are described as a broken
stack of pancake vortices (12). To investigate
this scenario, we manipulated integer flux
vortices in a similar way but did not observe
such behavior, which is consistent with the
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Fig. 1. Scanning SQUID imaging fractional vortices and conventional
vortices in the same area of Ba1−xKxFe2As2. (A) Optical image of the sample
with scan regions 1 to 4. (B) Pickup loop and field coil of the SQUID
susceptometer are covered with superconducting shields, except for the loop
area to detect local magnetic flux. (C to E) SQUID measurements. Isolated
(C) fractional vortex carrying ~0.3 of the flux quantum, (D) fractional antivortex,

and (E) conventional vortex appear in different cooling cycles in the same area
at 11 K after local field (C) 6 mA, (D) −6 mA, and (E) 1 mA cooling to 10.5 K
from 25 K and heating to 11 K. (D) The conventional vortex was moved
to this location by applying the local field at 10.8 K in the same way as in Fig. 4D.
(F to H) Simulations of (F) 0.3 F0, (G) −0.3 F0, and (H) F0 point source
models show similarity to the data in (C) to (E), respectively.
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Fig. 2. Temperature dependence of the magnetic field of a fractional versus conventional vortex.
(A) Comparison of the temperature dependence of the maximum flux through the pickup loop with the
loop above the centers of the fractional vortex and the conventional vortex. The measurement indicates that
the carried fraction of the flux quantum drops continuously as temperature decreases. (B and C) Measured
cross sections of (B) the fractional vortex and (C) the conventional vortex along the x axis, where the
y position is indicated by horizontal arrows in Fig. 1, C and E. Solid lines are fitting results of point source
models. Note that London model–based ansatz for fractional vortices can overestimate the field at the
vortex center and underestimate the field at the vortex tail owing to nonlinear effects important for fractions
other than one-half (18).
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Alternatively, we obtained the fractionally
quantized flux in the fractional vortices by
fitting a fractional vortex with fitting parame-
ters of the penetration depth and the fraction
(fig. S9) or by integrating flux over a frac-
tional vortex without use of the penetration
depth (fig. S10). We also verified that the fit-
ting with theF0 point source model does not
work for the observed fractional vortices (fig.
S8). The obtained fraction FF/F0 showed a
similar temperature dependence in three
tested regions (Fig. 3), suggesting that these

objects are unconventionally quantized frac-
tional vortices.

Mobility of fractional vortex

The fraction of the flux quantum gradually
decreased with decreasing temperature, and
below T/Tc = 0.8, it could not be resolved
from the background noise. This temperature
dependence could be caused by the fraction
of carried flux further dropping to a very small
value at low temperatures and/or by the effect
of magnetic flux delocalization of fractional

vortices (18). When we cooled to 3 K, well be-
low the temperature where we can resolve
fractional vortex objects, then heated back
above 9 K, we observed the reemergence of
the fractional vortex objects with similar mag-
netic flux pinned at the same location (the
fractional vortex object in Figs. 1D and 2B is
the reemergent one; the initially created vortex
is not shown), but sometimes cooling and sub-
sequent heating resulted in disappearance of
the object from the scanned area.
To determine whether the observed vortex-

like object was a true quantum vortex, the mo-
bility of the object needed to be demonstrated.
We checked this by monitoring the positions
of these objects when we cooled or heated the
sample. We found that fractional vortex–like
objects sometimes randomly moved to other
positions (Fig. 4, A and B). The observed pro-
cess was akin to the mobility of conventional
vortices moving between pinning positions.
Next, we were able to manually change the
position of the fractional vortex–like objects
by applying a local repulsive force created by
the scanning SQUID field coil (Fig. 4, C and D).
We demonstrated that the scanning SQUID
manipulated both the fractional vortex–like
object and the conventional vortex at the same
time (Fig. 4D).
In superconductors with very weak inter-

layer coupling, magnetic probe manipulation
can break a vortex into two small magnetic
excitations that are described as a broken
stack of pancake vortices (12). To investigate
this scenario, we manipulated integer flux
vortices in a similar way but did not observe
such behavior, which is consistent with the

Iguchi et al., Science 380, 1244–1247 (2023) 23 June 2023 2 of 4

1 2
3

4

y 
[µ

m
]

x [µm]

0

-100

0-100

A Ba0.23K0.77Fe2As2

Simulation

Φ [mΦ0]

HGB Φ0 point source 
model

-0.3Φ0 point source model

]mµ[ x]mµ[ x y [µm]

Φ
[m

Φ
0]

Φ
[m

Φ
0
]

20

40

0

-20
-10 0 -10 010

20

40

0

-20
-10 0 -10 0

10

y [µm]

Fractional vortex vortex

T = 11.0 K

Φ [mΦ0]

ED

region 2

x [µm] x [µm]
y [µm]

Φ
[m

Φ
0]

Φ
[m

Φ
0
]

20

40

0

-20
-90 -70 -40-30

20

40

0

-20
-90 -70 -40

-30
y [µm]

10 10

1 µm

Field coil

Pickup 
loop

shield

-45

45

-45

45

λ = 2.3 µm

F
0.3Φ0 point source model

x [µm]

Φ
[m

Φ
0
] 20

40

0

-20
-10 0 -10 0 10

y [µm]

Fractional vortex

C

x [µm]

Φ
[m

Φ
0] 20

40

0

-20
-90 -70 -40 -30

y [µm]

10

Conventional

Fig. 1. Scanning SQUID imaging fractional vortices and conventional
vortices in the same area of Ba1−xKxFe2As2. (A) Optical image of the sample
with scan regions 1 to 4. (B) Pickup loop and field coil of the SQUID
susceptometer are covered with superconducting shields, except for the loop
area to detect local magnetic flux. (C to E) SQUID measurements. Isolated
(C) fractional vortex carrying ~0.3 of the flux quantum, (D) fractional antivortex,

and (E) conventional vortex appear in different cooling cycles in the same area
at 11 K after local field (C) 6 mA, (D) −6 mA, and (E) 1 mA cooling to 10.5 K
from 25 K and heating to 11 K. (D) The conventional vortex was moved
to this location by applying the local field at 10.8 K in the same way as in Fig. 4D.
(F to H) Simulations of (F) 0.3 F0, (G) −0.3 F0, and (H) F0 point source
models show similarity to the data in (C) to (E), respectively.
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Fig. 2. Temperature dependence of the magnetic field of a fractional versus conventional vortex.
(A) Comparison of the temperature dependence of the maximum flux through the pickup loop with the
loop above the centers of the fractional vortex and the conventional vortex. The measurement indicates that
the carried fraction of the flux quantum drops continuously as temperature decreases. (B and C) Measured
cross sections of (B) the fractional vortex and (C) the conventional vortex along the x axis, where the
y position is indicated by horizontal arrows in Fig. 1, C and E. Solid lines are fitting results of point source
models. Note that London model–based ansatz for fractional vortices can overestimate the field at the
vortex center and underestimate the field at the vortex tail owing to nonlinear effects important for fractions
other than one-half (18).
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T = 11 K < TC

Observation of vortices carrying 
fractional quantum fluxes

The fractional quantum flux shows a temperature 
dependence, that cannot be explained just in terms of 

. Decreasing the temperature also the fractional 
quantum flux decreases.
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