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We study the effect of a parallel magnetic field in a thin and small superconductor. The field suppresses su-
perconductivity through Zeeman coupling while stabilizes the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state
at high fields before superconductivity is destroyed. When the spatial period of FFLO state is comparable to the
size of the superconductor, there is a strong commensuration effect, which modifies the superconducting phase
diagram. We investigate the FFLO state and the phase diagram in the presence of strong commensuration effect
both for the s-wave and d-wave superconductors using the Bogoliubov de Gennes equation, Green function ap-
proach, and Ginzburg-Landau theory. We found that the superconducting phase diagram is strongly modulated.
Interestingly, there is re-entrance of superconductivity upon increasing the magnetic field. The commensuration
effect of the FFLO state can be used to detect the FFLO state in experiments.

I. INTRODUCTION

Advance in nano-fabrication technique has opened many
exciting possibilities to study superconductors with size com-
parable to the superconducting coherence length £&. Gener-
ally, superconductivity is suppressed in small superconductors
due to the level splitting of the electron states [1]. In those
small superconductors, many new properties emerge due to
the strong geometry confinement. For example, the surface
energy barrier for a vortex to penetrate or exit the supercon-
ductor is highly asymmetric, resulting in a large hysteresis in
magnetic field associated with vortex penetrating or exiting
the superconductor [2—4]. Other interesting phenomena orig-
inated from the geometry confinements include the paramag-
netic Meissner effect [5], symmetry-induced anti-vortex state
[6], Landau quantization of the superconducting macroscopic
wave function under magnetic field [7], and destruction of the
global phase coherence when the flux in the superconductor
is half integer of the flux quantum ® = hc/2e. [8] In those
studies, the geometry confinement on the orbital effect in su-
perconductors under magnetic field has been investigated.

Besides the coupling with the orbital motion of Cooper
pairs, the magnetic field also couples to the spin of a Cooper
pair through the Zeeman coupling. In type II superconduc-
tors, the magnetic field induces Abrikosov vortex lattice [9]
through the orbital coupling. At high magnetic field, vortex
cores start to overlap and the superconductivity is destroyed
at a threshold field. This defines an orbital limited upper crit-
ical field Hoy, = ®0/27€2. The Zeeman coupling of Cooper
pairs also suppresses superconductivity with singlet pairing.
By equating the superconducting condensation energy to the
energy gain if the spins of a Cooper pair are fully polar-
ized by magnetic field, one can define another upper critical
field H, = \/§A/ g, which is called the Chandrasekhar-
Clogston limit [10, 11]. Here A is the zero temperature su-
perconducting energy gap, pp is the Bohr magneton and g is
the electron spin g factor. In most superconductors, both the
orbital effect and Zeeman effect are at work to suppress super-
conductivity by magnetic field. When H,, > H,,1,, the upper
critical field is limited by orbital pairing breaking effect; while
in the opposite limit when Hy, > H,, it is limited by Pauli
pair breaking effect.

In superconductors with H,,;, > H,, also known as Pauli
limited superconductors, Fulde and Ferrel [12] and, indepen-
dently, Larkin and Ovchinnikov [13] predicted a new super-
conducting phase with spatially modulated superconducting
order parameter. In their honor, this state is now known as the
FFLO state. The period of the modulation is comparable to &.
In this way, the system can gain superconducting condensa-
tion energy in the region with nonzero superconducting order
parameter and gain Zeeman energy when the superconducting
order parameter vanishes. The phase boundary in the thermo-
dynamic limit has been calculated [14—16]. Finite-size effects
of the FFLO state have been studied using mean-field meth-
ods in Refs. [17, 18]. Using the Bogoliubov-de Gennes (BdG)
equation for a finite system, the order parameter, local density
of states [19, 20], and phase boundary also have been calcu-
lated [21, 22]. Several families of superconductors have been
identified as candidates for the realization of the FFLO state
with encouraging experimental evidence [23-33]. However,
a conclusive experimental detection of the FFLO state in su-
perconductors remains a challenge [34]. Recently, ultracold
atomic Fermi gases in optical lattices provide a new platform
to detect and characterize the FFLO state [35-40].

The thin and small superconductors provide a suitable plat-
form to investigate the FFLO state. In thin superconductors,
the orbital pair-breaking effect can be minimized by apply-
ing a magnetic field parallel to the superconductors. When
the FFLO state is induced by the magnetic field, one would
also expect a strong commensuration effect between the FFLO
state and the geometry of the superconductor, hence resulting
in modulated superconducting phase diagrams with supercon-
ductivity being suppressed (enhanced) when the size of the
superconductor is incommensurate (commensurate) with the
period of the FFLO state. The modulation of the phase dia-
gram due to the commensuration effect can serve as experi-
mental evidence of the elusive FFLO state. We remark that
the experimental setups in Refs. 3, 4, and 41 can be readily
adapted to study the FFLO state in nano-sized superconduc-
tors [42].

In this work, we study the effect from geometric confine-
ment on a small Pauli-limited superconductor under a mag-
netic field. We employ direct numerical calculations of the
BdG equation for a tight-binding BCS Hamiltonian with s-



wave or d-wave pairing interaction to demonstrate the gener-
ality of the commensuration effect. In addition, we compute
the phase boundary between the superconducting and normal
states using the Green function approach [43], which shows
a good agreement with the BdG prediction. We also provide
a more intuitive understanding based on the phenomenologi-
cal Ginsburg-Landau approach [44, 45]. Using the Ginzburg-
Landau approach, oscillatory behavior of the FFLO state in
ring and cylinder geometries has been discussed [46, 47].
Based on these complementary methods, we find that the
temperature-magnetic field phase diagram is strongly modu-
lated due to the geometry confinement. Interestingly, there
exist superconducting pockets separated by the normal region
in the phase diagrams. As a consequence, an increasing mag-
netic field can induce a transition from the normal to super-
conducting phases due to the commensuration effect.

We remark that the re-entrant superconducting phase tran-
sition is also discussed in layered superconductors either due
to the orbital effect [48] or Pauli pair breaking effect [49-51].
The re-entrant transition, however, is different from that orig-
inated from the geometric confinement studied here.

The reminder of the paper is organized as follows. In Sec.
II, we detail our model. The Bogoliubov de-Gennes equation
is derived and solved numerically in Sec. III. In Sec. IV,
we calculate the phase boundary using the Green function ap-
proach. The temperature-magnetic field phase diagram, which
is the main result of the present work, is presented in Sec. V.
The commensuration effect of the FFLO state based on the
Ginzburg-Landau free energy functional is studied in Sec. VL.
The paper is concluded by a summary in Sec. VIL.

II. MODEL

To demonstrate the commensuration effect between the
FFLO state and system size, we consider the mean-field tight
binding Bardeen-Cooper-Schrieffer (BCS) Hamiltonian de-
fined on a square lattice as an example. The generic features
due to the geometric confinement are very general and are ex-
pect to be valid for more realistic model Hamiltonians. The
Hamiltonian of our system reads

H= Z C:jghij_’gcj'g + Z (Aijc,l_c;_ + A;jCj_Ci+) s (1)

ijo ij

where h;; » = —t;; — 150;;. Here, t;; is the hopping coefficient
from site j to site i. We choose t;; = ¢ for the nearest neigh-
bor pairs and ¢;; = 0 otherwise. The lattice constant a used as
the length unit. o = + for spin up and o = — for spin down.
We consider the grand canonical ensemble and combine the
chemical potentials p1y = 1+ gupH /2 with g = (g + p_)/2
and h = (s — u-)/2 = gupH/2, where H denotes the mag-
netic field. We consider a setup with a magnetic field parallel
to the thin sample, therefore the orbital coupling of electrons
to the gauge field is absent. The spin-orbit coupling is ne-
glected, and the spin quantization axis is defined along the
field direction in the following calculations. We consider the
clean limit which is known to favor the FFLO state, and ne-
glect the effect of impurities.

The gap function, which also represents the superconduct-
ing order parameter, is

Aij = Vi (st )~ en-c32)) @
where (A) denotes the thermal expectation value of A and V;;
is the effective attraction between the electrons. The super-
conducting pairing symmetry depends on the functional form
of Vj;. For instance, V;; = V(i — j) stabilizes the s-wave
pairing symmetry, so the order parameter is an onsite quan-
tity. On the other hand, V;; = V§(i — j +r) favors the d-wave
pairing symmetry, where r is a primitive vector. For the d-
wave paring interaction, we use the following definition [52]

AT = Djivg, A = Aj vy,
AF = (A ies + Dijica + Dy ing + Niimg) 4,
d
AY = (Agise + Dijics = Dgivg — Diig) [4, (3)
where & and ¢ are the two primitive vectors. The s-wave
component A is invariant while the d-wave component A¢

changes sign under the Cy rotation. We will consider open
boundary condition in the following calculations.

III. BOGOLIUBOV DE GENNES EQUATION

We use the Bogoliubov canonical transformation to diago-
nalize the grand-canonical Hamiltonian [53]. By introducing
the quasi-particle operator -y, the electron operators can be
written as a canonical transformation

Cio = 2, (Ui = 007 ) el = 3 (ui s = o0y ) )

n n

The quasiparticle operators satisfy the anti-commutation rela-
tions

{99} = Onms {9y Y} = (70,7} =0, )
The diagonalized Hamiltonian has the following form

H=> E,vim + Ey, (6)

where I is the ground state energy. Using the canonical
transformation and the anti-commutation relations

{H, %} = Envn, {Hv’Y:L} = _En’Y:-m (7

one can obtain the equation [53]

> Mij¢; = End, 3
J
where
hij+ 0 0 A ug,
B 0 hij,— Aji 0 n _ UZL,
Mij - 0 Al’fj _hij,+ ol (bz = Uszr . (9)
A;z 0 0 _hij,— ’U;-n_



Since the Bogoliubov-de Gennes (BdG) equation is in a block-
diagonalized form when the spin-orbit coupling is absent, we
can decompose it into two sets of coupled equations:

nl nl nl
~ uz} hzg + Aij i+
Enl (’l),?_l) Z(A* —his )(’U ) (10)

ij,— =

n2 hnl A*. n2
Eﬁg(fﬁz) Z( AT ﬂ)(fﬁ . oan
J

i i P ) \ujs

and

The first equation can be rewritten as

nl* nl * nlx—
BT R iR hlj+ A Ujy
o (i) - (A ) ()

Comparing to the second equation, we obtain the equivalence

n2 nls
Vig | = [ Wi+
(’U,?_Q) ( ’U,Zl_l* )7 (13)

and Fjpe2 = —FEj;. This symmetry allows us to rewrite
the canonical transformation using only the positive-energy
states:

l4

nl
Ci+ = Z (Ui+ YAl —
n
4
nls §
cim = 2 (Wm0 + 05 ) s ei =

n

n2* i T nls 7t n2
Ui+ 7n2)a Civ = (ui+ Ya1 ~ Vit VﬁZ)a

090

( ?—2*%'12 +0]! '77'1)
(14)

Here Y’ denotes the summation over only the positive energy
states. The diagonalized Hamiltonian is

St Ayl
= ZEﬁ7ﬁ7ﬁ+Z?7 (15)
7 g Vij
where n = nl,n2 comes from the Bogoliubov transformation
and we drop the constant ground-state energy.

Using the canonical transformation, the gap function be-
comes

_ U nl nlx-
G

Here kp is the Boltzmann constant. Numerically, the order
parameter can be found by the following procedure: Let A;; .,
be the order parameter of the v-th iteration. With an initial
guess of the order parameter, A;; o, we calculate the eigen-
vectors and eigenvalues using Eq. (10). With the eigenval-
ues and eigenvectors, we then calculate the order parame-
ter for the next iteration, A;; 1, using Eq. (16). We repeat
the process until the order parameter converges, i.e. until
Yij l1A¢j0] = |A¢jueall/t is smaller than a preset tolerance
value of 10716,

Depending on the initial values of the BdG equation, the
system may be trapped in a metastable state rather than con-
verge to the thermodynamically stable state. In order to find
the thermodynamically stable state and the phase boundary
between one superconducting state and another, we need to

”1vﬁ1*) tanh ( B

16
i+ - QkBT) (16)

compare the free energy, which can be obtained as follows.
The entropy of the Bogoliubov quasiparticle in Eq. (15)
is [54]

S = ZBEf(E)ln( Fiy1), (17)
where f(z) = (exp(Bx) + 1)7! is the Fermi function with
B = (kgT)™. From the relation F = (H) — ST we obtain the
free energy.

1 ! -BEsx |A7J|2
F=-— 5 (e +1)+> =L (18
ﬂ A=nl,n2 i, ‘/ij

IV. GREEN FUNCTION APPROACH

The order parameter A is in general not uniform, and Bo-
goliubov de Gennes equation can be used to obtain its profile.
However, a system of size N requires the diagonalization of
2N by 2N matrices, so the size of the system will be limited in
the numerical calculations. If we are interested only in finding
the phase boundary between the superconducting and normal
phases, where the order parameter approaches zero, we can
obtain a semi-analytic solution by expanding the Green func-
tion around the phase boundary where the gap vanishes.

The Green function method for systems in equilibrium is
usually cast in the imaginary time formalism [43]. Follow-
ing Ref. [43], we construct the thermal operator ¢;(7) =
e¥BT ;e FBT with the imaginary time 7. The imaginary time
evolution equations are

haTCii(T) = Z (_hij,:tcj:t(T) F AijC};(T)) s (19)
J

ho.cl, (1) = > (hij,ic;i(r) +Ajicj=(1)).  (20)
J
We define the imaginary time ordered Green functions

Gap (@171, 2270) = - (7; {cx.la (11) CTD?,@ (7'2)}) , 21)

(T {cera (T1) cap (12)}) s (22)

Fop(z1m,20m) = -

Fl g (orm,mom) = (T {ch,o (n) el p (1)) 23)

Here T, denotes imaginary time ordering and «, 5 = +, — .
By using the equations for the fermion operators, we obtain
the equations for the Green function.

(—haq—l Zhwlx :t) 22 (271, 2272)

iZAwh

—h5(7'1—7'2)5(331—$2) (24)

(@7, o)

(—haﬁ + Zhiblw,i) F:Ii(LCTl,.’EQTQ)

+ Z A7 Ges(xT1,2272) = 0. (25)



Using the Green function method to solve for a general case
can be difficult. However, the method can be used to find
the equation determining the normal-superconducting phase
boundary where A — 0.

When A = 0, we obtain the normal state Green functions
using the properties of tridiagonal Toeplitz matrices summa-
rized in Appendix A. Explicitly,

Gowa (0171, 3272) = ) Up, (2171) U, (2272)
k,wn

h

b — (k) (26)

2 . (mc(l)km )
Uk, (2T) = sin x
V(N +1)(N, +1)AB Ny +1
()8
sin (ﬂX;erly) exp (—iTwy) -
where &.(k) = -2 (COS( ke )+ cos(lz;kfl ) - uFh
for the two-dimensional rectangular lattice. Here w, =

(2n + 1) 7/ Bh is the fermionic Matsubara frequency and = =
(M, (), The solutions for G and F'' are

Gii(lela JU27'2)

1
= Gozx (X171, T2T2) F — Z de

h Z3,T4
xGous (w171, 237) A7, o FL, (zam, 2am),  (27)
F;i(l‘lThZZ?QTQ)
2
=+— dr
h 1’§4
XGG;;(.T;;T,l’lTl)A;37I4Gii($47, 1’2’7'2), (28)

which can be verified by plugging it back to Eq. (24) and
(25). Using the definition of the order parameter, A =

T1,T2
V(21— 22) (Fj+(7’1$177'11172) - FI_(Tlitthxg)) /2,  we
obtain the expansion to the lowest order in A,

* 1
A11@2=% Z [dTV(xl—mg)

Z3,T4

X [GS,?(T.’Eg, Tl.’El)A*

13,I4G0++(7$4, T172)

*
Z3,T4

+ Gy, (Txg, 121 A Go__(7x4,71x2)] . (29

The second term inside the square bracket is identical to the
first term except the up spin and down spins are switched. This
equation determines the phase boundary between the super-
conducting and normal states as A vanishes.

A. s-wave pairing interaction

For the system with s-wave pairing interactions, we assume

V(.%‘l—l‘g) :V(S(J}l—xg). (30)
The order parameter can be written as
A;hzz 25($1—$2)A;1. (31)

Summing over zo, the self consistent equation (29) at the
phase boundary becomes

* V * *
A:nl: %Zde [G 0,,(7'(E3,Tlxl)Az3G0++(T$3,T1.’IJ1)

+ (+0 < -0)], (32)

which is in the form of

sz A;& [A(Ig,.rl) —5($3,SC1):| = 0, where A(l‘g,ﬂfl) =
(V/2h) [ dr [Gi__(Tx3,7121)Goss (T3, T121) + (0 < —0)].

B. d-wave pairing interaction
For the system with d-wave pairing interaction, we assume

Vi(zi—22) =V Y. 6(r+a—x2), (33)

where r = {r,&,-ry&,ryg,-r,g} is the collection of the
primitive vectors to the nearest neighbors. The order parame-
ter can be written as

xr1)

A;hm = 25(7“ +xy —x9) AT

T *
Aam - Aml,l’lﬂ“' (34)
201 (a) 204 (]
1 s-wave d-wave
15 P 8x8 1.5 8x8
;‘3 1.0 _% Normal
T L Normal
0.5 -
BCS
0.0 T T

T T T T T T T T T T !
2020 01 02 03 04 05,500 01 02 03 04 05

(b) 1 (d)

1.5 1 s-wave 1.5 4 d-wave
16x16 16x16

T° 1.0 1
I
T =

0.5 HFry Normal

{ BCs
0.0 +————7—+1+—1+

00 01 02 03 04 05 00 01 02 03 04 05
s Tt

FIG. 1. Phase diagrams of thin and small superconductors at p/t =
—0.4 and V' /t = 2.5. The pockets near the vertical axis are the reen-
trant FFLO state. The superconducting-normal phase boundary can
be obtained from the BdG equation or the Green function method,
and their results agree with each other. The BCS-FFLO phase bound-
ary, on the other hand, is obtained from the BdG equation. The re-
sults are obtained both for the s wave (left column) and d wave (right
column) superconductors with system size (N, Ny) = (8,8) (top
row) and (16, 16) (bottom row). Here N, and N, are the number of
lattice sites in each direction and Ho = 2t/gus.



Here A" = A7 _ since Ay, 4,
the phase boundary becomes

25 (Tl + T — IQ) A:ll*

T1

= A4, »,- The equation for

1
=% > f drV e (r1 + 1 — x2)

r1,72,23,74
x [GS__ (T3, Tiw1) AT
x 0 (7”2 + T3 — .’E4) G0++ (T.’E4,7’1.’L‘2))
+G*0++ (T$3,T1{,C1) A;i*
X5(7’2+(E3—.’L‘4)G0,, (’7’1’4,7’11’2)]‘ (35)

The 6 function is satisfied when x5 = x1 + 71, and the equation
becomes

1
Al = — % [ drv [GS_- (Ta3, Ti21) AT
x Gy (T (rg +23), 71 (11 +21))
+ (+O’ hnd _U)] ) (36)

which is in the form of
Vs AL [A(ro + 3,71 + 1) = 0(23,21)0(r2,71)] =
0, where A(re +x3,71 +21) =
% [ dr[Gy__ (T3, 1x1) Goss (T (r2 +23) , 71 (r1 +21)) +
(+0 < —0)]. Techniques for calculating A (ro + x3,71 + 1)
can be found in Appendix B.

V. PHASE DIAGRAM

Our system can host the normal, BCS, and FFLO states.
The BCS state has uniform superconducting order parameter
except in the region near the sample edges. In the following
discussion, we refer to the superconducting state without any
sign change of the order parameter as the BCS state, and those
exhibiting sign changes as the FFLO state.

To locate the phase boundary between the normal and
superconducting states, we can use either Green function
method or solve the BAG equation numerically. To use the
Green function method, we solve the self-consistent equa-
tions (32) and (36), which are of the form (A - 1)A =0
in matrix notation. It can be shown that A approaches zero at
high temperatures and strong magnetic field, so the only solu-
tion is A = 0. The eigenvalues of A — 1 depend on tempera-
ture and magnetic field, and we need to find the eigenvalue
that maximizes the superconducting region at a given tem-
perature or field. If we approach the normal-superconducting
phase boundary from the normal state, one of the eigenval-
ues of A — 1 approaches zero from the negative side. By lo-
cating the zeros of the largest eigenvalue of A — 1, we find
the phase boundary between the normal and superconducting
states from the Green function method. We also use the BdG
equation to locate the phase boundary by calculating where
the order parameter becomes zero. The results from both
methods agree well.

To find the BCS-FFLO phase boundary, the Green function
method cannot be used since the derivation is not valid when
the order parameter is not small, which is the case inside the

superconducting regime. Therefore, we use the BAdG equation
to locate the BCS-FFLO phase boundary. By using differ-
ent initial values of the order parameter, we obtain different
metastable solutions from the BdG equation. At given values
of temperature and magnetic field, we compare the free ener-
gies of the BCS state and the FFLO state and find the one with
the lowest free energy. By locating where the free energies of
the BCS and FFLO states are equal, we find the phase bound-
ary of the first-order transition between the BCS and FFLO
states.

Figure 1 shows the phase boundary between the BCS,
FFLO, and normal states for the s wave and d wave super-
conductors. The phase boundary between the FFLO and nor-
mal states is found by expanding the Green function, and the
boundary between the BCS and FFLO states is found by solv-
ing the BAG equation and comparing the free energies of the
FFLO and BCS states. The transition between the supercon-
ducting and normal states is of the second order, while the
transition between different superconducting states is of the
first order [34, 55].

One anomalous behavior in the phase diagram is the re-
entrance of superconductivity upon increasing field at low
temperatures. On the phase diagrams shown in Fig. 1, one
can see the small superconducting pockets separated by the
normal phase at low temperatures, showing re-entrance of the
FFLO state. The reason for the re-entrance of FFLO state is
that the FFLO state has modulations of its order parameter.
Thus, the system is stable if the modulation fits the finite sys-
tem size. The characteristic length of the modulation is con-
trolled by the magnetic field. If the modulation cannot fit the
system size, the FFLO state can be suppressed. However, if
at higher magnetic field the modulation can match the system
size, the system can re-enter the FFLO state. Note that the re-
entrance mechanism here is different from the one discussed
in Ref. [51], where the thermodynamic limit has been taken
in a bilayer system.

Figure 2 shows the typical spatial profiles of the order pa-
rameter from the BdG equation with s-wave pairing interac-
tion at zero temperature. We used p/t = —0.4 and V' /¢t = 2.5
following Ref. [19]. Because of the absence of translational
invariance due to open boundary condition, the order param-
eter A is not uniform even when H = 0, as shown in Fig.
2 (a). At higher field when superconductivity still survives,
A changes signs in space, which is a defining feature of the
FFLO state. In Fig. 2 (b), A is modulated along one of the
spatial direction. As the magnetic field increases, A starts to
develop modulations in both z and y directions, as shown in
Fig. 2 (c) and (d).

The profiles of A® and A9, defined in Eq. (3), are displayed
in Fig. 3 for the d-wave pairing interaction. In the BCS state,
a subdominant s-wave component is induced at the boundary,
where the Cy rotation symmetry is absent. The presence of the
FFLO state also breaks the Cy rotation symmetry, and a finite
s-wave component is generated. Similar to those in Fig. 2,
the FFLO states can have spatial modulations in the 2 and/or
y directions at high fields.

The re-entrant FFLO state can facilitate experimental de-
tection of the elusive state. The phase diagram may be obtain
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FIG. 2. Profiles of the order parameter for the s-wave pairing inter-
action on a 16 x 16 lattice at T = 0. Here i/t = —0.4 and V' [t = 2.5.
(@ H/Ho=0,(b) H/Hy =0.4, (c) H/Ho = 0.55, (d) H/Ho = 0.7.

by thermodynamic measurement or resistivity measurement.
The appearance of the re-entrant superconducting would pro-
vide strong evidence for the existence of the FFLO state. The
detailed spatial structure of the FFLO state may be visualized
using the scanning tunneling spectroscopy. Ultracold atoms in
optical lattices are promising systems for studying the com-
mensuration effect because the lattice size ranges from tens
to hundreds of lattice sites [56], but cooling the system to the
superfluid regime in 2D lattices remains a challenge [57].

VI. GINZBURG-LANDAU APPROACH

Here we provide a more transparent understanding of
the commensuration effect of the FFLO state based on the
Ginzburg-Landau theory. The Ginzburg-Landau free energy
function has been derived near the tricritical point in the T-H
phase diagram, where both the superconducting order param-
eter and wave vector of the FFLO state are small [45]. The
Ginzburg-Landau free energy functional, up to the order of
1|6, can be written as

F = alg + BV + Al + V0P + pl® [Vl (37)
s [ V) + (V)] + oyl

Here 1 is the order parameter, and 7" and H enter F through
the coefficients. For a clear demonstration, we consider the
1D case. The analysis can be generalized to higher dimen-
sions and the results are qualitatively similar. For instance, for
a disk in 2D, the FFLO state close to the normal state phase
boundary can be described by using the Bessel functions in
the polar coordinates.

First, let us calculate 7,.(H ) as a function of the field H in
the thermodynamic limit L. — oo, where L is the system size.
Close to T, we only keep the quadratic terms

F(T = T.) = aly]? + B'10.9] + 6|02
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FIG. 3. Profiles of the order parameter, defined in Eq. (3), of d-
wave pairing interaction in a 16x16 system at T = 0, 1/t = 0.4, and
V [t = 2.5. The left and right columns show A° and A%, respectively.
(a) and (e): H/Hy = 0 in the BCS state, (b) and (f): H/Hy = 0.52 in
the FFLO state, (c) and (g): H/Ho = 0.65 in the FFO state near the
normal-superconducting phase boundary, (d) and (h): H/Ho =1 in
the re-entrant FFLO sate due to the commensuration effect.

For a parabolic dispersion of the electron band, the coeffi-
cients are [45]

]_ _
a=-m (K- KNy, 8 = ZngNoh%%, § = = K5 Noh*v,

16
Re[¥(2)] ~2kpTRe [V (2)]
Kl == ) K3 = 3 ’
™ 2(2rkpT)
3 —ZkBTRe(\I/(4)(Z)) Lo 1 _ igMBH
T MQ@2rksT)s T2 AnkgT’

where U(") is the n-th derivative of the poly digamma func-
tion, v is the Fermi velocity, and Ny is the density of state

at the Fermi surface. Here K) = —Re [\Il (% - %)]/m

where H is the field corresponding to the second-order tran-
sition into the uniform superconducting state. Moreover, we
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FIG. 4. (a) Superconducting phase diagram and (b) FFLO wave
vector versus H obtained using the Ginzburg-Landau theory in 1D.
The red line in (a) corresponds to the normal-superconducting phase
boundary by assuming a BCS state with go = 0. Here 7' = 0.47% in

(b).

have the following relation:

T _pol w(t LM)]
lnT‘Re[\I’(Q)“P(z o | L

The FFLO solution is stable when 8’ < 0 and § > 0, and
its order parameter can be written as ¢ = Aexp(igr) with a

B _  2Kj :
25 = Ksh?oZ with K3

and K defined above, and T, (H ) is determined by K, - K7 =
1(K3)?/Ks. The resulting phase diagram is shown in Fig. 4
(a).

The Ginzburg-Landau energy functional F can only be
derived rigorously near the normal-superconductor phase
boundary. However, one can still obtain qualitative feature
about the dependence of gt on H deep inside the supercon-
ducting phase. The field dependence of gop; at T'/T. = 0.4 is
displayed in Fig. 4 (b). The period of modulation is of the or-
der of £. Moreover, qopt increases with I because the separa-
tion between the Fermi surfaces of the up-spin and down-spin
channels increases. The Cooper pair with opposite electron
spins thus also has large momentum, which is just gop¢ of the
FFLO state.

continuous q. The optimal q is qut =-

Now we consider a superconducting wire of length L sub-
jected to the boundary condition 9,¢) = 0 at both ends. The
FFLO state is now described by ¥ = Aexp(ig,r), where

_7n

qn = 77+ with an integer n. The phase boundary is given by
a+B'q: +qk=0.

The optimal g, is the ¢,, that maximizes the superconducting
phase region. Close to the phase boundary, we can expand

72
=5 =L, Gop = —2Am + G, (39)
with g the g valueat H = H. , Ay = % and H., the upper

critical field for L — oo. Both ¢ and co are positive. The first
(second) expression in Eq. (39) is even (odd) in Ay because
the free energy (wave vector q) is even (odd) under the time-
reversal operation, H — —H. Then, the phase boundary is
given by

F=0(EAY -20G00 -2 + )" - 1A% =0,

When the system is commensurate with gope, f is negative
for Ay < 0. In contrast, when gop is incommensurate with
the system size, f can be positive and the system is in the
normal state. When c; is large, gopt changes rapidly with
the field, and the commensuration effect is more prominent.
Meanwhile, ¢; determines the energy gain in the FFLO state
with respect to the normal state. Therefore, for a large co
but small ¢, it is easier to drive the system into the normal
state when g is incommensurate with the system size, re-
sulting in the re-entrant superconducting phase transition with
increasing field.

For a parabolic band in 1D, the phase boundary is given by

1 1
f= —1—6K5(qnhvp)4 + ZKg,(qnwa)2 - (K, -K?)=0.

The calculated phase boundary and the corresponding gops
are depicted in Fig. 5. For this particular Fermi surface,
there is no re-entrant superconducting transition as a func-
tion of the magnetic field. However, the Ginzburg-Landau
approach shows that, because of the commensuration effect,
there are modulations of the phase boundary as different opti-
mal wavevectors of the FFLO state are found.

VII. CONCLUSION

To summarize, we have presented a detailed study of the
commensuration effect of the FFLO state in small and thin su-
perconductors under a parallel magnetic field. We employ the
Bogoliubov de-Gennes equation, Green function approach,
and Giznburg-Landau theory to study the various supercon-
ducting states and phase diagrams both for the clean s-wave
and d-wave superconductors. The three methods complement
each other and offer a consistent picture.

As a consequence of the strong geometry confinement, the
superconducting phase diagram is strongly modulated. More-
over, there exist several FFLO pockets with different wave
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FIG. 5. Superconducting phase diagram of a 1D superocnductor with
L = 8hvr/kpT.. The optimal g, in units of kgT./hvr is labeled at
the phase boundary (solid line). The dashed line corresponds to the
normal-superconducting phase boundary by assuming a BCS state
with go = 0.

vectors of the order parameter separated by the normal state.
Therefore, re-entrance of superconductivity by increasing the
magnetic field is observable at low temperatures. Although
we have restricted ourselves to a simple model, the generic
features due to the commensuration effect should be valid for
more realistic models relevant for experimental systems. The
commensuration effect of the FFLO state can therefore offer
additional evidence in experiments.
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Appendix A: Tridiagonal Toeplitz matrix

To obtain the Green function in the normal state, we need to
use some properties of the tridiagonal Toeplitz matrices. For
a one-dimensional lattice with open boundary condition, the
hopping term of the Hamiltonian can be written as a tridiago-
nal Toeplitz matrix, whose eigenvectors are

ok = 2 (sin( Lk ),...,sin(NWk)). (A1)
N+1 N+1 N+1

The corresponding eigenvalues are

k
AL = 2tcos( T
N

N w

where k =1,..., N, and N is the system size.

For a two dimensional lattice, the hopping term can be writ-
ten as a Kronecker product of a tridiagonal Toeplitz matrix and
the identity matrix of the same dimension. The eigenvectors

are
2 ( , ( 17k, ) . (Nﬂkm))
sin s, SIN
N, +1 N, +1 +1
® 2 . 1wk, .
SN ..., 81N
Ny +1 Ny+1)777

and the eigenvalues are

=
+
—

mky wky
Ay by = 2tcos(Nx N 1) +2tcos(Ny N 1). (A4)

Here k; =1,...,Nyand k, = 1,..., N, with IV, x N, being

the system size. Using these eigenvectors, the normal Green
function with open boundary condition can be evaluated.

Appendix B: Evaluation of Eqgs. (32) and (36)

In Egs. (32) and (36), we need to evaluate the function of
the form

1 .
5 f drGy__ (tx1,1122) Gors (T3, T14) .  (BI)

Using Eq. (27), the function becomes

ug, (T1)ug, (v2)up, (23)ur, (T4)
P (e yor e B

2
2 sin(”(l)k“)sin mrPky )
(1+N) (1+N,) Na+1 Ny+1

We carry out the summation over w,:

k1,k2,wn

where ug(z) =

1 1
g wZn (_ihwn - 5*) (Zhwn - £+) ’

(B3)

where w,, = (2n + 1) w/Bh for fermions. Using the contour
integral method, the above expression is equivalent to

h 1 1
Ton 5’5 G e Gheey et BY

where the contour encircles the real axis. Deforming the con-
tour to encircle the poles on the imaginary axis, the integral
becomes

F(3G - -l rel)
1€ + &

f(% (& — &+ &4 +£—D)
1€ + & ’
(BS)

where f(z) is the Fermi function. Using the following iden-
tity
1 1 sinh (%5%)
et +1 e’ +1  cosh(%?) +cosh(%2)

;. (BO)



Eq. (B5) becomes

sinh(5¢)
2¢ (cosh(B¢) + cosh(B¢))
where § = (£, +&-) /2 and ¢ = (&, —&_)) /2. After applying
a similar calculation to the other term with (o < —o) and
collecting the terms, Eq. (32) becomes

N sinh(¢)
o, 2 (cosh(BC) + cosh(5E))

XU, (1) Uk, (02)Up, (21)up, (T2), (B8)

(B7)

AL =V

and Eq. (36) becomes

Tk _ To* blnh(ﬁf)
Bar'= Vkl,k§2,r2 Am 2¢ (cosh(B¢) + cosh(B¢))

xug, (21)uk, (T2)uk, (T1 +r1)ug, (X2 +12). (BY)
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