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Qutline

= Possible experimental evidence of the FFLO state in
organic superconductors and other superconducting
compounds;

= Motivation for the present research;

= Quasi-classical description of the FFLO state for layered
superconductors;

« Strong interference of the FFLO modulation with the
orbital motion as a main source of

in-plane upper critical field anisotropy,
resonance in-plane magnetic field effect,
FFLO modulation wave vector lock-in effect;

= Conclusions.



Breakdown of Cooper pairs by a magnetic field

Orbital effect (Lorentz force): H
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Superconducting order parameter
behavior under paramagnetic effect

Standard Ginzburg-Landau
functional:

1 b
F = a\‘lj\z +RWLP‘2 +§M4 The minimum energy corresponds

to W=const

The coefficients of GL functional are functions of the Zeeman field h=pgH !

Modified Ginzburg-Landau functional ! :

F=a¥ V¥ + V2| +..

The non-uniform state Y~exp(igr) will correspond to
minimum energy and higher transition temperature
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W~exp(Igr) - Fulde-Ferrell-Larkin-Ovchinnikov state (1964).
Only In pure superconductors and in the rather narrow region.
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Population polarization due to an
external Zeeman field

quasi-1D

quasi-2D

-k
>
kr + Ak

» Zeeman field splits conduction band;
 Fermi surfaces of the spin-up and -down bands are mismatched.



Fulde-Ferrell-Larkin-Ovchinnikov State

pairing

1‘ » Fermi surface mismatch —> pair breaking;
o It is difficult to form pairs with zero total momentum;

 Can lead to a pairing with non-zero total pair
momentum;
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Requirements for the formation of
the FFLO sate

pairing

o Strongly type-I1 superconductors with
very large Ginzburg-Landau parameter

A
R=—>1
§

 Large Maki parameter, such that the upper
critical field can easily approach the Pauli
paramagnetic limit:

\/§H orb

apr —
Hp

« Very clean, & <! | since the FFLO state is
very sensitive to the presence of impurities.

> 1.8

*Anisotropies of the Fermi surface and the
gap function can stabilize the FFLO state.
Stability of FFLO state crucially depends on
the dimensionality of the system.
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Thermodynamic evidence for FFLO phase
in the layered organic superconductor
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Microscopic evidence for FFLO phase
in the layered organic superconductor

k- (BEDT-TTF), Cu (NCS),

- o 1., Nuclear magnetic resonance (NMR) measurements:
Y 1. H. Mayaffre, et. al., Nat. Phys. 10, 928 (2014)
i ' T... Appearance of spatially localized and spin-polarized
- o mprask o quasiparticles forming the Andreev bound states as a
L e {or hallmark for the FFLO state with nodes of A localising
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13C NMR spectroscopy measurements: J. A. Wright, et
al., Phys. Rev. Lett. 107, 087002 (2011).

A change of behavior of electronic spin susceptibility at
Hs is taken as evidence for a Zeeman driven phase
transition within the superconducting state and
stabilization of inhomogeneous superconductivity.
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Evidence for FFLO phase

in the layered organic superconductor
(BEDT-TTF), SF5CH,CF,S03
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High-resolution specific heat measurements

(thermodynamic technique): R. Beyer, et. al., Phys. Rev.

Lett 109, 027003 (2012)

13C NMR NMR studies: G. Koutroulakis, et al., Phys.
Rev. Lett. 116, 067003 (2016).
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Direct evidence for FFLO phase. Intrinsic Josephson vortex
pinning in the FFLO phase for parallel field orientation.

Jaccarino-Peter mechanism
ppH = pgH — J(S)
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FFLO state in Heavy Fermion superconductors
(thermodynamic and microscopic) CeColns
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Specific heat measurements: (i) 2-order to 1- Ultrasound velocity measurements: reveal
order phase transition; (ii) a second specific heat an important decrease of the
anomaly within SC state. superconducting volume fraction at the
A. Bianchi, et. al., Phys. Rev. Lett. 91, 187004 (2003) FFLO transition.
N - e Penetration depth '(20\(/)\?;anabe, et. al., Phys. Rev. B 70, 020506 (R)
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Model system

A=Hxr [r=(x,y,0)
A, = —xHsina + yH cos«

We assume that the corrugation of the

Fermi surface is small
+ 2t cos (p.d) )
T/ Fr <t << Ty
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Eilenberger equation for layered SC

Taking into account that the system is near the second-order phase
transition, the linearized Eilenberger equation describing layered
superconducting systems acquires the form

[w +iupH + 1VF.V + 2t sin(p.d) sin(Q.r)] fom,r,p.) = A(r)

2
Here: Vg = vUrn Q= EiH (— sin a, , /% cosoa,())
bo ity
—>
H I tsin (Q.r)
_ 9
A= ﬂ'dc}-l

The order parameter is defined self-consistently as (s-wave)

1 g dp, [T
YW =R (L)) = [7 5 [Taet

17
J. P. Brison et al., Physica C 250, 128 (1995).



Choice of the solution

The solution of the Eilenberger equation can be chosen without loss
of generality as a Bloch function N (k T S L)
2 7

—

fo(nr,p.) = @S €M L (w,n,p.)

t/To < 1
m
At the same time, the order parameter can be expanded as
A(I‘) _ eiqr Z eiZmQ.rAQm
o This expansion takes into account the possibility
5 for the formation of the pairing state with finite
-k+q , center-of-mass momentum: %1
Kk q~ gupH/vp

*|q| is taken that maximizes H_, calculated in
the Pauli paramagnetic limit.

H e The direction of the FFLO modulation
vector is fixed by the symmetry of the Fermi
surface.

> M. D. C., M. Houzet, and A. I. Buzdin, Phys. Rev
ky/ ks Lett. 108, 207005 (2012).



Solution

Making use of the self-consistency relation we finally obtain

AO (P + tza,) — AithCi, Here: P = — (TCP — T(’) /AT(.
Ays (P+ 170y +01) = Agt’cu, A—q_ kel OTep
TcP 8uBH

= |q £2Q|=|q]

LD <Ln1<q>> ) <Ln <q1i2Q>>

T=T.p

T, = Tcp/ [1 -+ A(So + SR)] So = t?a

(Cl — bj:) t2 - 6j: t2

General case: Sk = - 5 - 5\/(@ — by — 01/t%)" +4ck

Resonance: S

Out of resonance: St <1 t/ Ty <1

19




Orbital correction (out of resonance)

Normalized orbital correction of the superconducting onset temperature as a
function of in-plane magnetic field H for several angles between magnetic
field and the FFLO modulation vector .
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Orbital correction (resonance)

Absolute value of the wave vector g of the FFLO phase (dashed lines) and of
the wave vectors Q (solid lines) wversus the reduced temperature
T.p/Tw calculated for several values of Fermi velocity 7 = hvpmd/doup

md s
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Resonance condition:
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Resonance condition

 Vector potential of the parallel magnetic field results in a modulation of the
interlayer coupling;

d
Q= 7T—H(—Sinoa,cos a, 0)

AFFLO ®o

—>

E;f\/\/\/\/\/ A (r) = Agcos (q.r) ()

Conducting layer ] A (r) = Ag cos (q.r) eiPrt1(7)

< »
< >

AH

» The period of the magnetic wave vector induced modulation may interfere
with the in-plane FFLO modulation leading to the anomalies in the critical
field behavior;

Resonance condition: lq+2Q|=q| q.Q = FQ’

22



In-plane anisotropy of the onset of
superconductivity

Normalized superconducting transition temperature, 7t (@) /T.r as a function
of the angle between the directions of the applied magnetic field and the
vector q for several values of Zer/Zco.
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Orbital correction (d-wave)

Normalized correction of the superconducting onset temperature as a function

of in-plane magnetic field H for several angles between magnetic field and
the FFLO modulation vector q.

FFLO modulation vector Orbital correction
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In-plane anisotropy of the onset of
superconductivity (d-wave)

Normalized superconducting transition temperature, 7t («) /T.p as a function
of the angle between the directions of the applied magnetic field and the
vector g for several values of Tcp/Tw.
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Anisotropy of the onset of
superconductivity (quasi-1D)

Normalized superconducting transition temperature, 7t (@) /T.r as a function

of the angle between the directions of the applied magnetic field and the
vector q for several values of Zer/Zco.
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FFLO modulation vector q vs resonance

Influence of the orbital
modulation wave vector q:

contribution on the absolute value of the FFLO
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M. D. C. and A. I. Buzdin, Phys.

Rev. B 89, 224506 (2014).
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FFLO lock-in: a Frenkel-Kontorova study

Model:

Ep = zzf:z%m + 2ty cos (pydy) + 2t cos (p.d.) g

Expansion of the Eilenberger in small A (r)

Fow = 72 [ dza|A @) + 810, (r)f

Dz

+A[1 = cos (2Q,2)] |A (r)|* + pQ? [1 — 7 cos (2Q,2)] |A (r)?
+6 624 (x)|” + nsin® (Quz) |0, A (r) [

At the transition line the solution is
Px
A (r) = Ag cos [qr]

We seek the solution in the form:

Dy
A(r) = Agcos [Qr + ¢ (z)]

with ¢'(z) € @
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FFLO lock-in: a Frenkel-Kontorova study

In the vicinity of the resonance: ¢ ~ ¢

2
(F£)o = 1= [dzgalf — £uhQ? (¢ — 0q)” — 5t207Q + 5t%07.Q? cos [2¢ (¢)]
where: 0¢ = Q) — g

A continuum limit approximation of the Frenkel-Kontorova Hamiltonian intro-
duced by Frank and Van der Merwe leads to the sine-Gordon equation for ¢ (x)

v=0 o (x)=Cx

gi;o +vsin [2p ()] =0

vzi—z go(a:):am[\/ff_”ac,ﬁ]
F

The normalized energy of the state with the spatial distribution of the order
parameter:

6 s () v EH'2
(Fé) = Has - |l- 2+ 5 ( )]



FFLO lock-in: a Frenkel-Kontorova study

The normalized energy of the state with the spatial distribution of the order
parameter:

<F90>:5_<1 TV2U_ v 1_l_|_iE("") E ]
SN 64 kK (Kk?) 64 K2 k2 K(k?2) | 08} /ﬁ/” ]
oL . El.ﬁ: /’/
Minimization of the energy: < //
0.4
Py = 4/ == ve = T26q° /8 02| //
E(x2) Ve c q /
e e e e e e e e e e e e e e T
0.0 02 04 0.6 0.8 1.0
4
25 e
| / g - e B NN N
20} / ’ — N L ]
i / y 4 osfl || ||| AR I'| | [ ||| ||
st / L
; /7 — HAN |||!|i||||||

0o 10 20 30 40 50 0 20 40 50 80 100

M. Croitoru and A. Buzdin, PRB, Dec. 2016



Conclusions

FFLO modulation stron%ly interferes with the orbital effect and provides
the main source of the critical field anisotropy in quasi-LD
superconductors.

The change of the anisotropy of the critical field as well as of its fine
structure may give important information about the FFLO state and
unambiguously prove its existence.

As soon as the vector potential of the applied magnetic field is
commensurate with the wave vector of the FFLO phase the resonance
peaks appear in the field-direction dependence of the onset of
superconductivity.

At the resonance the interplay between the orbital and paramagnetic
effects may result in a lock-in effect.

These effects can open up a new possibility to unambiguously evidence
spatially modulated superconducting phase in quasi-LD conductors.
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