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Interplay of finite-energy and finite-momentum superconducting pairing
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Understanding the nature of Cooper pairs is essential to describe the properties of superconductors. The
original proposal of Bardeen, Cooper, and Schrieffer (BCS) was based on electrons pairing with same energy
and zero center-of-mass momentum. With the advent of new superconductors, different forms of pairing have
been discussed. In particular, Cooper pairs with finite center-of-mass momentum have received large interest.
Along with such finite-momentum pairs, pairing of electrons at different energies is also central to understanding
some superconductors. Here, we investigate the interplay of finite-momentum and finite-energy Cooper pairs
considering two different systems: a conventional s-wave superconductor under applied magnetic field and a
d-wave finite-momentum pairing state in the absence of magnetic field relevant to correlated superconductors.
Investigating both these systems, we find finite-energy pairs persisting independently of finite-momentum
pairing, and that they lead to odd-frequency superconducting correlations. We contrast this finding by showing
that the even-frequency correlations are predominantly driven by zero-energy pairs for most frequencies. We
further calculate the Meissner effect and find that odd-frequency correlations are essential for correctly describing

the Meissner effect.

DOI: 10.1103/PhysRevB.106.024511

I. INTRODUCTION

Many superconductors can be described by the famous
Bardeen, Cooper, and Schrieffer (BCS) theory [1]. The BCS
theory in its original form is based on the formation of
Cooper pairs of electrons near the Fermi level with oppo-
site momentum k and —k and opposite spins 1 and | in a
singlet configuration. In the presence of time-reversal sym-
metry, electrons with opposite momentum and spins have
equal energy in the band dispersion, leading to pairing be-
tween electrons with the same energy. However, BCS theory
is also applicable in the absence of time-reversal symme-
try, e.g., in the presence of an applied magnetic field. In
this case, the electrons forming the Cooper pairs are at dif-
ferent energies in the band dispersion, see Fig. 1(a). Such
pairs of electrons can aptly be called finite-energy Cooper
pairs. Finite-energy pairing has also recently been proposed
to intrinsically occur in monolayer transition-metal dichalco-
genides [2] and j = 3/2 superconductors [3]. Another known
variant of Cooper pairs is when electrons pair with momentum
different from opposite momenta. In this scenario, the total
center-of-mass momentum of the Cooper pairs is nonzero
and are hence commonly known as finite-momentum pairs.
Finite-momentum pairs have recently attracted renewed at-
tention due to their possible emergence in several intensively
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studied superconductors such as cuprates [4,5], transition-
metal dichalcogenides [6], iron-based superconductors [7],
and kagome metals [8]. Understanding the interplay between
both finite-energy and finite-momentum Cooper pairs will
likely both provide deeper insights into the pairing symmetry
of existing superconductors and open pathways to discover
future superconductors with exotic properties.

A simple example where both finite-energy and finite-
momentum Cooper pairs are present is a conventional
spin-singlet s-wave superconductor under an applied mag-
netic field. The Zeeman effect of the magnetic field splits the
Fermi surface of the 1- and | -spin electrons, thereby straining
the singlet configuration of the Cooper pairs. However, the
condensation energy gain due to the formation of Cooper
pairs still enables superconductivity to survive weak mag-
netic fields. In this weak field regime, BCS spin-singlet pairs
(kg 1, —kp |) are formed by electrons at different energies,
thus turning into finite-energy pairs, see Fig. 1(a), where kg
is the Fermi momentum. For higher magnetic fields, an inter-
play between the magnetization energy and the condensation
energy is known to result in the formation of finite-momentum
Cooper pairs (kg 1, —kp + Q |). This phenomenon was orig-
inally illustrated independently by Fulde-Ferrell (FF) [9] and
Larkin-Ovchinnikov (LO) [10]. While FF proposed finite-
momentum Cooper pairs with Q-momentum modulations in
the phase factor of the superconducting (SC) order parameter,
LO suggested finite-momentum Cooper pairs with modula-
tions in the amplitude of the SC order parameter. Notably,
in the finite-momentum SC state (kg 1, —krp + Q |) elec-
trons are no longer at different energies, as illustrated in
Fig. 1(a). This may give us the naive expectation that finite-
momentum pairs are always zero-energy pairs, such that
the finite-momentum pairing relievies the superconductor of
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FIG. 1. Schematic showing finite-energy and finite-momentum
Cooper pairs in the presence of magnetic field B # 0 (a) and in the
absence of magnetic field B = 0 (b). A typical 1D band dispersion for
1-spin, &4, and |-spin, &, electrons are shown. Black horizontal
line shows the Fermi level with kr being the Fermi momentum.
Q denotes the total center-of-mass momentum and AE denotes the
finite-energy of the Cooper pair.

finite-energy pairs. However, the schematic drawn in Fig. 1(a)
represents a one-dimensional (1D) band dispersion. If we
instead consider a system in 2D or 3D, kf lie either on a line or
a surface, thus giving the possibility of the (kr 1, —kr + QO |)
electrons not being at same energies. This brings us to the first
concrete question we aim to answer in this work: Do finite-
energy Cooper pairs generally exist in a finite-momentum SC
state?

A finite-momentum SC state has recently been found ex-
perimentally in correlated electron systems [4,6,8], even in
the absence of applied magnetic field, often referred to as a
pair density wave state. This state is theoretically proposed
to be spontaneously formed due to the effects of electronic
correlations [11-15]. Such a state with (kg 1, —kgp + Q |)
pairs actually necessarily have finite-energy Cooper pairs,
since the 1 and | electrons are degenerate, for an illustration
see Fig. 1(b). This leads to the second question we aim to
address in this work: what is the nature of the finite-energy
pairs generated due to the presence of finite-momentum pairs
in the absence of applied magnetic field?

Till now we have only discussed Cooper pairs with un-
equal energy or unequal momentum, but still formed at equal
time. A different form of SC pairing can exist where two
electrons pair at unequal times. Such unequal time Cooper
pairs gives the possibility that the pair wave function becomes
odd under the exchange of the electron time coordinates
or, equivalently, odd in frequency [16-21]. Odd-frequency
pairing has been instrumental in understanding several nonin-
tuitive experimental findings in superconductor-ferromagnet
heterostructures [22-26] and is also proposed to exist in sev-
eral bulk superconductors [27-30], particularly in multiband
systems [31-36]. With time, frequency, and energy being
closely related in quantum systems, this begs a third question
we aim to address in this work: Do finite-energy, and also
finite-momentum, superconductors host odd-frequency SC
correlations?

Notably, the odd-frequency pairing discussed in the re-
cent literature mostly involves odd-frequency SC correlations,
which are distinct from the odd-frequency order parameter
originally proposed [16—19] in the context of odd-frequency
superconductivity. But, such intrinsic odd-frequency super-
conductivity may be thermodynamically unstable, [37] due

to a most often found paramagnetic, or negative, Meissner
response [22,38,39]. However, a diamagnetic Meissner effect
has been shown to be restored if odd-frequency pairs also have
finite-momentum [40,41]. This raises the fourth and last ques-
tion we aim to address in this work: How do odd-frequency SC
correlations affect the Meissner response in a superconductor
with finite-energy, or in combination with finite-momentum,
pairs?

To answer all these questions, we consider in this work
two different systems. The first system is a conventional
spin-singlet s-wave superconductor in the presence of ap-
plied magnetic field, where the magnetic field eventually give
rise to finite-momentum pairs. By self-consistently solving
the resulting Hamiltonian, we answer the first question by
showing that finite-energy Cooper pairs are the only pos-
sibility in the BCS phase, but also and clearly prevalent
in the finite-momentum FF phase. Moreover, we find that
odd-frequency SC correlations exist in both BCS and FF
phases and, notably, are only generated due to the presence
of finite-energy pairs. In contrast, we find that even-frequency
correlations are mainly dominated by (near) zero-energy pairs
for most frequencies. This shows both that odd-frequency
SC correlations are intricately linked to finite-energy pair-
ing and thus answers our third question. We also show the
importance of these odd-frequency SC correlations in the
Meissner effect by calculating the superfluid weight. While
we find that odd-frequency correlations give a negative con-
tribution to the superfluid weight, their inclusion is essential
to correctly describe the magnetic field evolution of the su-
perfluid weight and that in total the Meissner effect is still
diamagnetic. This provides a clear answer to our fourth
question. Finally, to generalize our results, we also study
finite-momentum pairing in the absence of magnetic fields.
We do this by studying an unconventional d-wave supercon-
ductor where we find a finite-momentum FF d-wave state
spontaneously formed by self-consistently solving a pair hop-
ping model proposed in the context of cuprates [14]. Also in
this finite-momentum system, we find coexisting finite-energy
pairing and odd-frequency correlations that are directly re-
lated to these finite-energy pairs. This both answers our
second question and, importantly, generalizes our other results
and conclusions derived from the conventional superconduc-
tor in a magnetic field.

We organize the rest of the paper in the following way. In
Sec. II, we discuss the case of a conventional superconductor
in the presence of an applied magnetic field. We first give the
details of the model Hamiltonian and discuss the procedure
of self-consistency to obtain the ground state in Sec. Il A. We
then find the SC correlations in the ground state in Sec. II B 1
and then relate the obtained correlations to finite-energy and
finite-momentum Cooper pairs in Sec. II B 2. We then inves-
tigate the case of a spontaneously formed finite-momentum
d-wave FF state in the absence of magnetic field in Sec. III.
Here we first give the details of the model and procedure of the
self-consistency in Sec. III A and then show the obtained SC
correlations in Sec. III B. After that we discuss the effects of
SC correlations in the Meissner effect in Sec. I'V. Finally, we
summarize our findings and also discuss the possible interplay
of finite-energy and finite-momentum pairing in other systems
in Sec. V.
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II. FINITE-ENERGY PAIRING IN THE PRESENCE
OF MAGNETIC FIELD

A. Model and ground state

In the anticipation that finite-momentum superconductivity
eventually appears in the presence of magnetic field, we start
with a generic mean-field Hamiltonian in 2D allowing for the
possibility of forming finite-momentum SC pairs:

Hp = Z (& +oB)c) cio +Z (A,?C—k+Q/2¢Ck+Q/2¢ +H.c.)
k,o k

+ constant. (1)

Here CZU (ko) is the creation (annihilation) operator of an

electron with spin o and momentum k, & is the electron band
dispersion, B is the applied magnetic field causing a Zeeman
splitting of the electron energies with the magnetic moment of
the electron ¢ taken to be unity, AkQ is the spin-singlet s-wave
SC order parameter, and Q is the total center-of-mass mo-
mentum of the Cooper pairs. For simplicity, we set the band
dispersion & = —2t(cos(ky) + cos(k,)) — u, where t =1 is
the energy unit, and tune u such that the average density of
electrons p = ) o (cZU o) 18 kept fixed to a general value of

0.7. A,(Q is obtained by the self-consistency relation,

0 _ i i
AL =D Viwlhsonilirony) )
k/

where Vi is the interaction strength driving the SC order.
In this section we only consider s-wave superconductors with
A,? = Ag, and hence we set V; ,» = —V/, a constant indepen-
dent of momentum. We achieve the BCS zero-momentum
superconductivity if Q = 0 and finite-momentum supercon-
ductivity if Q # 0 [42]. We take V = 2.5 for obtaining a
large SC gap to make the analysis clear. We work with a
square lattice of size N = 1000 x 1000, a value large enough
to mimic the thermodynamic limit and capturing the relevant
values of Q.

The Hamiltonian in Eq. (1) can be written in a matrix form
using the basis W' = (CZ+Q/2T, C_k+0/2y) a8

Hp = Z \IJTI?B\IJ -+ constant, 3)
k
with
. AY
Hy = (5"2%“ 0 ) @
0 =& k1002,

where now &, = & + 0B and Ag is taken to be real-valued
without any loss of generality. We diagonalize the Hamil-
tonian Hp for a fixed Q and solve for the self-consistency
condition Eq. (2) iteratively using the eigenvalues and the
eigenvectors of Eq. (4). However, the self-consistent solutions
of Ag for a particular chosen Q does not guarantee a global
energy minimum. The global minimum, and thus the ground
state solution Ag, can only be obtained by calculating the
ground state energy E = Y, & (e} cro) — (ASP/V + up
as a function of Q, and finding the optimal Q that minimizes
E. We note that Q is a vector with two possible directions in
2D. Here we consider only uniaxial Q along the x-axis and
call it Q, = Q for notation simplicity. Since we consider only

s-wave superconductivity in this section, other directions of O
are expected to give similar results.

We perform the above procedure of finding the ground state
solution Ag for different values of magnetic field to find the
phase diagram as a function of B. For B < B} = 0.35, we
find the Q = 0 solution to be the ground state, showing the
stability of the BCS phase in this range of B. In the range
B.1 < B < B, =~ 0.58, we find that Q # 0 instead gives the
global minimum in energy. Thus, in this intermediate range
of magnetic fields, finite-momentum SC state is stable. Since
we consider a single value of Q in Eq. (1), the SC order in
real space has modulations only in the phase factor and not in
the amplitude, i.e., it is an FF phase. To consider a LO phase
with modulations in the amplitude of the SC order parameter,
at least two Q need to be considered. However, to avoid any
complexity arising from emergent charge density wave orders
in the LO phase, we do not consider the LO phase in this work,
only focusing on the FF phase. Finally, for B > B,,, there are
no nonzero solutions of Ag, which means that the system is
in normal, i.e., nonsuperconducting, state. To summarize, B,
demarcates the transition of the BCS state to the FF state and
B., demarcates the transition of the FF state to the normal
state.

B. Superconducting correlations
1. Theoretical framework and analytical results

Having obtained the ground state of the Hamilto-
nian in Eq. (1), we next look at the SC pair corre-
lations. The SC pair correlator is given by Fp _x(7) =
—(T,cZJrQ/ZT(r)c’h_kJrQ/2l (0)), where t is the imaginary time
and T; is the t-ordering operator. We here choose to not
indicate the Q dependence in Fj _(7) for notational sim-
plicity. After Fourier transforming, F; _;(t) can be written
as Fy _¢(iw), where @ are fermionic Matsubara frequencies.
The SC pair correlator Fj _(iw) can be obtained directly
from the off-diagonal part of the Green’s function G, given
by G~!(iw) = iw — Hg. Thus, by using the Hamiltonian in
Eq. (4), the Green’s function is obtained by inverting the 2 x 2
matrix G~!(iw) and the pair SC correlator is given by

Fi i (io) = Gia(iw) = F (i) + F_; (iw), 5)

where
o —AQ(EroprEirony + (A2 + 2
o . i0AS (Ervopr — ko))
FY i) = =00 SO (7)
2 2
D = (o1 kropn + (M) + )
+ @ (Eropr — E-kro/2))’ (8)

We have here decomposed Fy, _ (iw) into its even- (F_, (iw))
and odd-frequency (F’_;(iw)) components, as “clearly
er,— (iw) and ka_ «(iw) have even and odd-frequency depen-
dence, respectively, in the nominator, while the denominator
D is an even function of frequency.

Already at this stage, we can relate the SC correlations
with finite-energy Cooper pairs. In the BCS phase, (k, 1) elec-
trons pair with (—k, |) electrons and Q = 0. In the absence

024511-3



CHAKRABORTY AND BLACK-SCHAFFER

PHYSICAL REVIEW B 106, 024511 (2022)

of magnetic field B and for inversion symmetric supercon-
ductors, &4 = &_g,. From Eq. (7), we then find ka_k(iw) x
&t — &—r, = 0. Hence, in the absence of magnetic field, there
are no odd-frequency correlations, whereas F?_, (iw) is still
finite, as seen from Eq. (6). In the presence of magnetic field,
but still in the BCS phase, (k, 1) electrons still pair with
(—k, |) electrons and Q = 0, but now &4 # &_x,. As aresult,
it is electrons of different energies in the normal state that form
the Cooper pairs. In this case, F’_ (iw) o< §xp — &) # Oand
thus the odd-frequency correlations are proportional to the en-
ergy difference of the electrons pairing, or equivalently, to the
existence of finite-energy pairs. Finally, in the FF state, (k +
Q0/2, 1) electrons pair with (—k + Q/2, |) electrons with the
difference in their energies being &;,.0/24 — &§_k+0/2,- Also in
this case F?_, (iw) & &0/2¢ — E—r+0/24, se€ Eq. (7), and the
odd-frequency correlations are still proportional to the energy
difference of the electrons pairing. The above analysis thus
shows that odd-frequency correlations necessarily require the
formation of finite-energy pairs in the ground state, whereas
even-frequency correlations exist even if only zero-energy
pairs are present. Already here, we thus answer the third
question posed in Sec. I by establishing a direct analytical
relation of odd-frequency SC correlations with finite-energy
Cooper pairs. A remarkable consequence of this result is that
the odd-frequency correlations act as a direct measure of
finite-energy Cooper pairs as these correlations are directly
proportional to the energy difference of the electrons forming
the Cooper pairs. In fact, we will use this feature in Sec. II B 2
to answer the first question on whether finite-energy pairs are
present in the finite-momentum state.

We next derive the spin properties of the pair correlation
functions. Due to the fact that a pair correlation function
should always satisfy the Fermi-Dirac statistics, the correla-
tion function under a joint operation of spin permutation (S),
momentum exchange or parity (P), and relative time permuta-
tion (T) of the individual electrons should satisfy SPT = —1.
From Egs. (6) and (7), we find that under P F¢ ,(iw) =
F¢_,(iw), while F°, , (iw) = —F¢_, (iw). Next, spin-singlet
correlations are always odd under S, while spin-triplet are
even. So, in order to satisfy SPT = —1, the spin-singlet
component of the even-frequency pair correlations FY (k, iw)
can be obtained by taking an even combination of F¢; ; (iw)
and F¢_,(iw), as even-frequency spin-singlet correlations
are required to be even under P. Likewise, the spin-triplet
component F¢(k,iw) can be obtained by taking the odd
momentum combination. Following the same argument, the
spin-singlet F,’(k, iw) and triplet F,°(k, i) components of the
odd-frequency pair correlations are obtained by considering
the odd and even combinations of F?, ,(iw) and F_, (iw),
respectively. Using the above analysis, we arrive at

_ F i (io) + F4 (i)

Fe(k, iw) 5 : ©)
Feh, i) = et S Fralie) (10)
Fo(k, i) = Im<F1§fk(iw) g F"k,k(iw)>’ an
Pt o) — (Fk‘fk(iw) ; Fﬂk,kaw))’ "

where we have, for plotting purposes, taken the imaginary
part in the last two lines since F’_, (iw) is purely imaginary,
see Eq. (7). In the BCS phase where Q = 0, using Eqgs. (6)—
(12), we see that only spin-singlet even-frequency F;(k, iw)
and spin-triplet odd-frequency F,°(k, iw) correlations persist,
whereas in the FF phase with finite Q, all the components in
Egs. (9)—(12) are generally finite. Since our main focus is to
compare the BCS and the FF phases, in the rest of this section,
we primarily focus on F/(k, iw) and F,°(k, iw), since they are
both finite in both the BCS and FF phases. We also note that
in the FF phase, the spin-singlet and -triplet components of
the even-frequency correlations have very similar magnitudes
and frequency dependence and the same is true for the spin-
singlet and -triplet components of odd-frequency correlations.
This gives additional good reason to only present our results
for Ff(k, iw) and F(k, iw). We further characterize the total
momentum contribution by defining the following two mo-
mentum sums:

Flliw) =Y |F(k, iw)
k

, (13)

which quantifies the momentum-averaged absolute values and

Foiliw) =Y Fo°(k, io), (14)
k

which quantifies the momentum average with the sign of F:/é”
being incorporated.

2. Numerical results

Based on the theoretical framework developed in
Sec. II B 1, we now evaluate the SC pair correlations numer-
ically. We first show the frequency dependence of the even-
and odd-frequency correlations for different Zeeman fields B
in Fig. 2. Figure 2(a) shows the even-frequency correlations
F{(iw) for both B < B, (dashed lines) in the BCS phase
and B > B, (solid lines) in the FF phase. In the BCS phase,
F¢(iw) has a broad Gaussian-like frequency distribution with
its maximum F;,  at w = 0. The BCS to FF transition at B,
results in a sharp change in the width of the distribution, since
F{(iw) has a sharp peak at w = 0 and decays much faster with
w in the FF phase than in the BCS phase. As seen in Fig. 2(b),
the odd-frequency correlations F(iw) also show dramatic
change in the frequency dependence when the system goes
from the BCS to the FF phase. F,°(iw) has its maximum value
F?., at a finite frequency wmax. Within each of the BCS phase
and the FF phase, wmax changes minimally. However, wmax
shows a sudden jump towards zero at B.;. The difference in
the frequency dependence of odd-frequency correlations in
the BCS and the FF phases becomes even more apparent in
the inset of Fig. 2(b), where we plot F./(iw) which is the
total momentum sum considering also the sign of F,°(k, iw), as
defined in Eq. (14). In the BCS phase, F.;(iw) has a smooth
transition from negative to positive w. In contrast, in the FF
phase F./(iw) has a discontinuity at w = 0, which indicates a
1/w frequency dependence. We here note that one of the defin-
ing feature of F,°(iw), i.e., thatitis zero at @ = 0, is not visible
in F/°(iw) in the main panel, as we do not consider the w =0
precisely. An important distinction has to be made at this
point: wy,x marking the maximum of the SC pair correlations
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FIG. 2. Frequency dependence of the pair correlations at differ-
ent magnetic fields B. Momentum-averaged absolute values of the
even-frequency correlations F;° (a) and odd-frequency correlations
F? (b). (Inset) Momentum-averaged F.;. B < B, = 0.35 leads to
BCS phase (dashed lines) and B > B.; = 0.35 leads to FF phase
(solid lines).

should not be confused with the energy difference of electrons
forming the finite-energy pairs. Still, the energy difference
of the finite-energy pairs can be estimated by looking at the
maximum values F2, , as we show next.

Next we focus on the maximum values of the even- and
odd-frequency correlations and relate them to the formation of
finite-energy pairs. In Fig. 3, we plot the magnetic field depen-
dence of F{,, and F?, , as well as the SC order parameter Ag
since both the even- and odd-frequency correlations depend
on Ag, as is evident from Eqs. (6) and (7). First we note that
Fy.. is zero at B = 0, verifying that odd-frequency correla-
tions are absent in the absence of magnetic field. In contrast,
Fy; ., 1s finite for B = 0, again verifying that even-frequency
correlations exist also in the absence of finite-energy pairs. In

fact, F¢,, nearly equals Ag for B = 0, showing that there is no
distinction between the SC order parameter Ag and the (even-
frequency) SC pair correlations at B = 0. With increasing B,
both F?,. and F, increase throughout the BCS phase. This
increase conforms with the increase in the energy difference
of the Cooper pairs &4 — §_, = 2B with increasing B, given
Ag is constant in the BCS phase. Although both F;{, and F?,
increase with increasing B, the absence of only /%, at B =0
clearly shows that 2, and hence odd-frequency correlations
necessarily need finite-energy pairs. This result numerically
validate our earlier analytical findings in Sec. II B 1 that odd-
frequency correlations are directly related to finite-energy

pairs and answers our third question posed in Sec. I.

. — . -
BCS <—l——><—:—>

1
o

0.7f

FIG. 3. Maximum values of even- and odd-frequency correla-
tions, F,. and F? ., obtained from the main panels of Fig. 2 as
a function of magnetic field B. Note that F¢ and F;  occur at
different frequencies. Ground state values of the SC order parameter

Ag is also plotted for comparison.

With further increasing B, the FF phase forms where
Cooper pairs obtain a finite-momentum Q. Here we can start
addressing the first question asked in Sec. I; whether finite-
energy pairs also exist in the finite-momentum FF phase. In
the FF phase, (k + Q/2, 1) electrons pair with (—k + Q/2, |)
electrons. The energy difference between the pairing elec-
trons is then given by &iyp/2¢ — E—k10/2,- In 2D, there are
only certain points of the Brillouin zone where & g/24 —
&_k+0/2, = 0, but mostly often it is not. As shown in Eq. (7),
FY (o) X &ky0/2t — §-k+0s2,- Hence, showing F1, . # 0 is
actually enough to prove that the finite-energy pairs exist in
the FF phase. As seen in Fig. 3, clearly F?, # O in the FF
phase, which proves the presence of finite-energy pairs. We
here note that both FZ, and F¢, decrease with increasing

B in the FF phase. This reduction is due to the decrease of

Ag with increasing B, since F;, and F;, . are both directly

proportional to AQ, see Egs. (6) and (7). Finally, we also
note that close to the normal state at B = B,,, there is a slight
increase in both F7, . and F¢, . We attribute this to a numerical
anomaly near B = B, due to a large Q (which increases with
B) and small Ag. For fields beyond B = B,,, the system is in
the normal phase with no SC correlations.

A more detailed understanding of the relation between the
finite-energy pairs and the SC pair correlations can be estab-
lished through looking at the momentum space structure of
the SC correlations. We first look at the momentum-resolved
SC correlations in the BCS phase. In the BCS phase for
B > 0, all the SC correlations are due to finite-energy pairs
as &4 # &_x,. Hence, both even- and odd-frequency corre-
lations are necessarily coming from the finite-energy pairs.
In Fig. 4, we show the momentum-resolved SC correlations
|F¢] [Eq. (9)] and |F?| [Eq. (12)] for a fixed frequency and
fixed B = 0.34 < B.;. In BCS theory, the Cooper pairs are
formed of the states close to the Fermi surface. Thus we also
display the Fermi surface of 1 and | spins, i.e., the contours of
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6 O
7T.,7T |Fy| T, o, —W,T | FY| M,
o) .
16
12
12
0.8
0.8
0.4
0.4
0 0

™, —T
FIG. 4. Color density map of the absolute value of the even-
frequency |F| (a) and odd-frequency |F,°| (b) pair correlations in the
first Brillouin zone at a fixed w = 0.2 in the BCS phase (B = 0.34).
Green lines are the Fermi surfaces of 1 and | spins, i.e., the contours
EkT = 0 and S*kT =0.

&y = 0and & = 0, as green lines in Fig. 4. We find that both
|F?| and |F,°| are mainly restricted to the k points bounded by
the &4 = 0 and & = O contours.

We next turn our attention to the FF phase and its
momentum-resolved pair correlations. Here the two individ-
ual components er/ ’ and F el/cok in Egs. (9)-(12) can peak at
different parts of the Brillouin zone due to the presence of a
finite Q, in contrast to the BCS phase where they always peak
at the same regions. However, F,;” elo " and F_ e/ %, are still mirror
reflections of each other about the ke=0 hne as Q is only
along the x direction. Hence, to get a comprehensive picture,

we plot in Fig. 5 both the total contributions F;{” in (b) and (d)

together with one of the individual component F e/o " in (a) and
(c) for a fixed frequency w = 0.2 where odd- frequency corre-
lations are considerable. There is also another important dis-
tinction between the BCS phase and the FF phase. In the BCS
phase, the SC correlations are restricted between the contours
of the Fermi surfaces &,,, = 0, as also seen in Fig. 4. How-
ever, in the FF phase, (k + Q/2, 1) electrons pair with (—k +
Q/2, | ) electrons and as a result we expect the SC correlations
to be dominant near & p/>+ = 0and &_; 9,n, = 0, instead of
&xr/y = 0. Hence, in Fig. 5, it is most illustrative to overlay
the contours of &g/ = 0 and &_;yp/2;, = 0 as green lines.
As seen in (a) and (c), these two green lines are shifted in the x
direction due to the uniaxial nature of the optimum Q and only
nearly merge for a line of k points in a region k, < 0 satisfying
Ekro/21 ~ E_kr0/2)- As aresult, at these points there can be
no finite-energy pairs. As seen in Fig. 5(a), F¢_; has a clear
maximum exactly in this region where &10/24 ~ &_iy0/2y-
This establishes that the total even-frequency correlations, as
also seen in (b), are largely dominated by zero-energy pairs.
In contrast, we show in Fig. 5(c) that F? _x 1s zero in this
region where $k+Q/2¢ ~E 11072y Instead we find that Fk &
is maximum in regions where the two green lines start devi-
ating from each other, i.e., in the regions where necessarily
&k+0/21 # &—_k+oy2, but still with a proximity to low-energy
excitations indicated by &10/2¢ =0 and §_; 192, = 0. Thus
these momentum space findings show clearly that odd-
frequency correlations are only present for finite-energy pairs,
where &1 0/21 # &_i+0/2,, While even-frequency correlations
are mainly driven by zero-energy pairs where &g/ &
&_kt+0/2)- The results of Fig. 5 are qualitatively similar for

[F¥ ||

—T,T T

—m,T

(C).i .

-, —T k, ™ T

FIG. 5. Color density map of the absolute value of the pair cor-
relations in the first Brillouin zone at a fixed w = 0.2 in the FF phase
(B =0.38) with optimal Q = (0.43,0). Absolute value of Ff_,
(a) and total spin-singlet contribution of the even-frequency corre-
lations [Eq. (9)]. (b). Absolute value of Im(F;’_,) (c) and the total
spin-triplet contribution of the odd-frequency correlations [Eq. (12)].
(d). Green lines in (a) and (c) show the contours of &, oy =0
and &_;1 9,2, = 0. Green lines in (b) and (d) additionally show the
contours Ek+Q/2¢ =0and E*kJrQ/ZT =0.

frequencies other than w = 0.2, except for very low w where
even F¢_, is also generated by finite-energy pairs.

To summarize, in this section we provide answers to the
first and the third questions posed in Sec. I. In particular, we
find that the odd-frequency SC correlations are directly related
to finite-energy pairs by showing both momentum-averaged
and momentum-resolved correlations, while such a relation
is found to be absent for the even-frequency SC correlations
for most frequencies. Further, by using the unique analytical
relation of odd-frequency correlations and finite-energy pairs
in Eq. (7), we show that finite-energy pairs are also present
in a finite-momentum phase formed under applied magnetic
field. Thus the system relaxing into a finite-momentum FF
state with increasing magnetic field, does not remove the
finite-energy pairs nor the odd-frequency pairing.

III. FINITE-ENERGY PAIRING IN THE ABSENCE
OF MAGNETIC FIELD

Having established the existence of finite-energy and odd-
frequency SC pairs in a finite-momentum FF state driven by
an magnetic field in the previous Section, we next aim to
generalize these results by studying a finite-momentum state
without an applied magnetic field. As already explained in
Sec. I, in the absence of magnetic field or, equivalently, in the
absence of any spin-splitting of the Fermi surface, any finite-
momentum spin-singlet pairing state necessarily consists of
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finite-energy pairs. The aim here is therefore to answer the
second question posed in Sec. I, i.e., establish the nature
of finite-energy pairs in a finite-momentum phase generated
spontaneously in the absence of any applied magnetic field.
In order to investigate such a finite-momentum state, we first
need to set up a viable model where a finite-momentum phase
can be spontaneous generated.

A. Model and ground state

Finding microscopic models giving rise to a finite-
momentum SC state in the absence of magnetic fields
has been challenging. In the literature, most works have
been focused on the d-wave cuprate superconductors, where
finite-momentum superconductivity seems to explain several
mysterious experimental findings [43]. In the context of the
cuprate superconductors, finite-momentum superconductivity
is often referred to as a pair density wave state where the
superconducting order parameter modulates in real space even
in the absence of any applied magnetic field [11]. A pair den-
sity wave state can generate secondary charge density wave
modulations with a wave vector twice of the superconducting
modulation wave vector. However, a charge density wave
state, also discussed in the context of cuprate superconductors
[44], is distinct from a pair density wave state since it does not
necessarily lead to modulating superconducting order. Here,
we discuss the microscopic model pertaining to a pair density
wave like finite-momentum SC state and not a charge density
wave state. It has been shown that a finite-momentum SC
state can be obtained in a real space #-J Hamiltonian appro-
priate as a low-energy description for the high-temperature
cuprate superconductors, but only at very strong interactions
strengths [14,45]. In fact, the minimum interaction strength
required to obtain a ground state with finite-momentum su-
perconductivity in this model has been shown to be six times
the hopping amplitude, which is usually considered to be too
large [14]. However, more recently, it has been shown that a
finite-momentum SC state can in fact be obtained with more
reasonable interaction strengths, of the order of the hopping
amplitude, by considering a Hamiltonian with a real space
nearest-neighbor attraction as in the ¢#-J model augmented
with periodically modulated longer range pair hopping [14].
Such pair hopping terms have quite often been proposed in
Hubbard-like models in different systems, including multi-
orbital systems [46,47]. In the context of cuprates, this pair
hopping can be directly motivated from the Josephson cou-
pling in the m-junctions formed near stripe domain walls [43].
The range and the period of the modulation in the pair hopping
interaction are then the same as the experimentally observed
stripe periods in the cuprates [48]. The resulting pair hopping
(PH) model on a 2D square lattice in momentum space can be
written as

Hen = Y &) o

k.o

il T
+ Z Vk,k’,qck+q/2TC,k+q/2¢C*k’+q/2¢ck’+q/2¢a (15)
k.k',q

where the electron dispersion is now &, = —2t(cos(k,) +
cos(ky)) — 4t cos(ky) cos(ky,) — p with ¢ = 1 still the energy

unit and an additional next nearest neighbor hopping ¢’ =
—0.3 to mimic a prototype cuprate band structure [49]. We
further tune p such that the average density of electrons p =
Zk’a (czackg> is fixed to 0.65, a value that is already known
to favor the finite-momentum state [14]. Following Ref. [14],
the pair hopping interaction coming from a nearest-neighbor
attraction is given by

Viwg = —VI(@y Ry (k) +nkn®)),  (16)

where  y(k) = cos(ky) 4+ cos(k,) and n(k) = cos(ky) —
cos(ky) are the two form factors for nearest-neighbor
attraction on a square lattice and V is the constant attraction
strength. The aspect of longer range pair hopping is embedded
in the factor I'(g) given by

_ (f{x—é)z _ ((Ix+Q)2

INg)=e > +e = , a7

where «, denotes the range of the hopping with the limit
Ky — 0O meaning nearest-neighbor pair hopping. The mod-
ulation Q = 27 /P4 is here introduced to mimic the presence
of stripe modulation, with P = 8 taken from experimental mo-
tivation of the modulation wave vector of stripes in cuprates
[48]. The choice of Q breaks the rotational symmetry since
the modulation is only along x direction. In order to have
only finite-momentum pairing, the hopping range has to be
smaller than the modulation wave vector [14] and thus we
here consider k, = 0.2. A mean-field decomposition of the
Hamiltonian in Eq. (15) in the Cooper channel results in a
similar Hamiltonian as in Eq. (1), but now with zero magnetic
field and given by

Hpn = ) &ciycio + ) (APc-isgpicirgn + He)
k,o k

+ constant, (18)

where AkQ is the spin-singlet SC order parameter obtained by
the self-consistency relation,

0_ i ¢
AP =D Vewolcioprclign)- (19)
-

This self-consistency relation is different from Eq. (2) because
of the explicit Q dependence in Vo, which favors finite-
momentum superconductivity, whereas the self-consistency
relation in Eq. (2) does not need an explicit Q dependence
in Vi, due to the presence of the external magnetic field.
Furthermore, Vi o also has an explicit k, X’ momentum
dependence as seen in Eq. (16). Due to the n(k) and y (k) com-
ponents in Vj ' o, we can decompose A,? as A,? = Agn(k) +
A2y (k), with Ag being the d-wave SC order parameter and
ASQ being the extended s-wave SC order parameter [50]. Be-
low we show results for V = 1.3, a value we have checked
to be close to the minimum interaction strength required to
obtain finite A,?. We have also used other V, finding no
qualitative difference. We further work with the same sys-
tem size as in Sec. Il A. We note here that the effects of
strong electronic correlations in cuprate superconductors are
not explicitly considered in this work. This is a reasonable ap-
proximation since we use a relatively small p = 0.65. When
approaching half-filling, the role of strong correlations is ex-
pected to increase. A finite-momentum superconducting state
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FIG. 6. Ground state energy as a function of Q in the pair hop-
ping model Eq. (18). Q is taken to be along the x axis and Q, = 0.
Minimum in energy is identified with arrow and corresponds to the
optimal Q,.

obtained in the presence of magnetic field has been shown
to be stable when strong correlations are incorporated within
the Gutzwiller approximation [51]. We expect similar stability
of the finite-momentum state even in the absence of magnetic
field and hence the strong correlation effects present if moving
closer to half-filling will likely not change our results.

As in Sec. IT A, the Hamiltonian in Eq. (18) can be writ-
ten in a matrix form Hpy similar to Eq. (4), but now the
diagonal terms do not have a spin index, i.e., g4 Will
be replaced by %'kJrQ/z and é:,kJrQ/zi by §7k+Q/2- We can
then follow the same self-consistency procedure discussed in
Sec. IT A, but now with two self—consistent order parameters
Ag and AQ, instead of only one A . In order to obtain
the global energy minimum, we here calculate the ground
state energy using E = ),  &( c,mcka) — (AQ)Z/(VF(Q)) —
(ASQ)Z/(V I'(Q)) + wp [14]. This expression for ground state
energy is equivalent to the one used in Sec. IT A after appro-
priately including the momentum- and modulation-dependent
interaction strength given in Eq. (16). We find that the self-
consistent value of A? is very small for all Q and negligible
compared to Ag. In Fig. 6, we show the variation of E with Q.
We have considered only uniaxial values of Q along the x axis
to find the global energy minimum, since Q in Eq. (17) is only
along x direction. As seen in Fig. 6, E forms a minima at an
optimal Q = Q,. This obtained Q, matches well with the find-
ings of Ref. [14]. This result establishes that it is possible to
find a finite-momentum SC ground state with the pair hopping
Hamiltonian Hpy for the parameters considered in this work.
Note that, again, since we only consider one Q and conse-
quently, the finite-momentum SC ground state correspond to
the FF state but now in the absence of a magnetic field.

B. Superconducting correlations

After finding the optimal value of O = Q. and the self-
consistent order parameters A¢ and AQ of the ground state,
we next look at the SC correlatlons Usrng the same proce-
dure as in Sec. II B, we first obtain the Green’s function G
by inverting the 2 x 2 matrix G~!(iw) = iw — Hpy (in this

Section we use tilde to indicate quantities for the PH model).
The pair correlator F;__;(iw) is then given by the off- dlagonal
elements of the Green’s function, Gy,(iw). Since Hpy and Hy
have same matrix structure, Fk _x(iw) can also be decomposed
into even-frequency Fk‘j_ ((iw) and odd-frequency Fk‘f_ (i)
components and we find analytically,

2
A2 (&ropbrion + (AD) + w?)
D
iwAkQ(EHQ/z —&_kv0/2)

Fo_ (i) = 2 .o

FE (i) = — ., (20)

where
. 2 2
D = (5iy0péiron + (A7) + )
+ 0 (Eropn — Ekrop). (22)

The functional forms of Fk e Fk _x» and D are the same as
in Egs. (6)—(8), only with the spin labels of & being removed
and AQ with a momentum dependence. Thus, again, the odd-
frequency correlations, Fk‘f_k, is directly proportional to the
energy difference, &10/2 — §_r40,2, Of the electrons forming
the Cooper pairs.

The spin symmetries of the SC pair correlations also follow
the same analysis as in Sec. Il B. Noticing that under momen-
tum exchange F¢ , = F¢_, and F* Ok = = —F¢_,. and from
Egs. (9)-(12), we find that only the spin- smglet components
F¢/°(k, iw) of both odd- and even-frequency correlations per-
sist. This absence of spin-triplet components is a consequence
of the net spin polarization being zero in the absence of
an applied magnetic field. This is an important distinction
between the FF phase obtained here and the magnetic-field
induced FF phase studied in Sec. IT A where both spin-singlet
and spin-triplet components are present. We here also de-
fine the momentum-averaged absolute values of even- and
odd-frequency correlations £¢/°(iw) in the same way as in
Eq. (13). We here do not show the momentum sums keeping
the signs of £¢/°(k, iw) as in Eq. (14), since we find it to give
very similar behavior to the momentum-averaged results.

To be able to gain detailed understanding we numerically
evaluate the SC correlations in Eqs. (20)—(22). In Fig. 7, we
show the frequency dependence of the momentum-averaged
absolute values, F¢ and F°. We find this frequency depen-
dence to be quite similar to the ones obtained in the FF
phase in the presence of magnetic field (solid lines in Fig. 2).
In particular, F° is generally finite and has its maximum at
a frequency w very close to zero. Since the odd-frequency
correlations are directly proportional to the finite-energy pairs
as seen in Eq. (21), this result directly verify the presence of
finite-energy pairs.

Since the ground state SC order parameter A; is found
to be mainly d-wave in nature, it generates the possibility
of finding unconventional momentum space structure of the
SC correlations. Hence, in Figs. 8(a) and 8(b) we show as
a color density plot the momentum-resolved ¢ and F for
a fixed frequency @ = 0.1 where odd- frequency correlatrons
are considerable. As seen, F¢ peaks near the anti-nodal region,
i.e., in the regions around (%, 0) and (0, =), and displays a
clear d-wave signature with sign-changing values. In contrast,
F? shows a sign-change between +k, and —k,, indicating
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FIG. 7. Frequency dependence of the pair correlations in the
pair hopping model, similar to Fig. 2 but here in the absence of
magnetic field. Momentum-averaged absolute values of the even- and
odd-frequency correlations, F’f and FS", respectively.

that these correlations have p-wave character. The p-wave
character is also consistent with Eq. (11) when using the odd-
frequency SC correlations defined in Eq. (21). This finding
is remarkable in the sense that a d-wave finite-momentum
SC order parameter generates significant values of p-wave
odd-frequency pair correlations in the bulk. In the literature,
p-wave odd-frequency correlations have predominantly only

e o
-Tm,T FS T, 7T . —Tm,T FS T, T o
(a) (b)
" 4
2
2
0
ky 0 ky
2
2 4
-4 -6
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(c) (d)
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FIG. 8. Color density map of the even-frequency [(a) and (c)] and
odd-frequency [(b) and (d)] correlations in the first Brillouin zone at
a fixed w = 0.1 in the pair hopping model for optimal Q = (0.75, 0).
Lower plots show absolute values of upper row. Green lines show the
contours of &9 =0and &4 o =0.

been discussed in the context of heterostructures [52-54].
Here, we do need any heterostructures, but the generation of
the p-wave correlations is due to the broken spatial parity in
the FF phase [14].

Finally, in order to connect the SC correlations with finite-
energy pairs, we also show the contours of &g, = 0 and
&_k+o/2 = O as overlaid green lines in the color density map of
Fig. 8 in the same spirit as Fig. 5. As seen from the plot, &1¢/»
and £_; o> intersect only at two k-points. At these k-points
where &0/ =& 1102, |FS"’| in (c) is largest but |17"S"| =0
in (d). Hence, even-frequency correlations are mainly formed
by pairs close to zero energy and with no energy difference,
i.e., zero-energy pairs, whereas odd-frequency correlations re-
quires finite-energy pairs, the same as the findings as in Sec. II.
Additionally, |F¢| is also seen to be large near k ~ (£, 0).
Around these regions, |£x0/2 — &_r40/2| & 0, even though
&k+0/2 # 0 and £_y g2 # 0 individually. Thus also the large
values of |F;’| near k &~ (+m,0) are driven by zero-energy
pairs. We note that similar regions with zero-energy pairs
away from the green contours of &9 =0and é_;p» =0
does not occur in Sec. II due to the nature of the bands con-
sidered. For frequencies other than @ = 0.1, the qualitative
features are similar to Fig. 8, except for very low @ where
|I:ff| turns out to also be generated by finite-energy pairs.

To summarize, our findings of this section show that a
spontaneously formed FF phase in the absence of magnetic
field gives a realistic example where finite-energy and finite-
momentum pairs co-exist instead of competing with each
other. We further show that the finite-energy pairs are also
intimately connected to the odd-frequency correlations, sim-
ilar to the findings of Sec. II. We additionally find that the
odd-frequency correlations have a momentum structure with
orthogonal orbital symmetries compared to the underlying
d-wave SC order parameter, which generates the correlations.
Overall, this clarifies the nature of the finite-energy pairs in an
FF state without an applied magnetic field and thus answers
the second question posed in Sec. I. Combined with the re-
sults in the previous section Sec. II, these findings establish
that finite-energy pairs exist generally in finite-momentum FF
phases and that they directly generate odd-frequency SC cor-
relations. This firmly answers the first three questions posed
for this work.

IV. MEISSNER EFFECT

Having understood the nature of the SC correlations in
different SC phases with finite-energy and finite-momentum
pairs, we calculate in this section the effect of these cor-
relations on the experimentally relevant Meissner effect in
order to address the fourth and final question. We choose the
Meissner effect as it is one of the defining features of a super-
conductor, measuring its expulsion of an external magnetic
field, a so-called diamagnetic Meissner effect. However, odd-
frequency correlations have historically been shown to instead
produce an unusual paramagnetic Meissner effect [39,55-57],
which would mean the superconductor attracts the magnetic
field and subsequently become unstable. It is thus highly in-
teresting to understand the Meissner effect in systems where
odd-frequency correlations are strong. We here primarily dis-
cuss the Meissner effect in the conventional superconductor in
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an applied magnetic field as studied in Sec. II, but comment
on the results for the pair hopping model discussed in Sec. 11
towards the end.

The usual diamagnetic Meissner effect correspond to a
positive superfluid weight of a superconductor [58], whereas
a paramagnetic Meissner effect would indicate a negative
superfluid weight. Within Kubo linear response theory, the
superfluid weight D is given by [59]

Dy = (k) — A(g: =0, qy — 0,iv =0), (23)

where we have ignored the scaling factor %7 to avoid dealing
with very small numbers. We choose the response in the x
direction since the modulation wave vector in the FF state is
also chosen to be in the x direction and then (k,) is the kinetic
energy per site along the x direction. The transverse current-
current correlation function A, is given by

R Y .
Anlg,iv) = & f dte™(j’(q, )’ (—q,0)), (24
0

where N is the system size, g is the bosonic momentum, and
v = 2wmT (m is a positive integer) is the bosonic Matsubara
frequency with T being the temperature. For calculating the
superfluid weight in Eq. (23), we take the long wavelength
(qy — 0) and static (iv = 0) limit of A,,, while setting g, =0
since we look at the response in the x direction [59]. The
current-current correlation A,, can be calculated using the
Green’s function G [40,60-62],

Axx(g, iv)
= — Z Tr[G(k, iw)J (k)G(k 4 q, iw + iv)J(k + g)],
k,iw
(25)
where
J(k) = <JO' 2), (26)

with J; = Vk+0Q/25 J = V_k+0/25 and v, = 0§, /0k [40]. USiIlg
Egs. (23) and (25), we arrive at a total superfluid weight given
by

Dy = (—k,) + Z (J12G11G11 +J2GpnGy + 2J1J2G12G2|)

k,iw

= (—k,) + Z (J12G11G11 +J3GnGn

k,iw
FONIFS G FE + 20 ES L F)
= K, + K¢ + K, 27)

where the first term K" isolates the contribution of the normal
(diagonal) part of the Green’s function and the sum of the
last two terms K, = K! + K7 identifies the contribution of
the anomalous (off-diagonal) part of the Green’s function,
only present in the superconducting state. Here we have used
the fact that contributions being products of even- and odd-
frequency correlations after frequency summation identically
vanish.

We use the solutions for Gy, Gy, F¢_,;, and F,’_, ob-
tained in Sec. II in Egs. (6) and (7) to arrive at the suﬁ)erﬂuid
weight. First, in Fig. 9(a), we analyze the anomalous con-
tribution K, and its even- and odd-frequency contributions,

0.6 : : : :
(@) [BCS|=<—> e — (b)  [BCS|e—+> <>
0.5 1 1 g 0.8 1 1 =
0.4 E’ f g
. p K =2
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FIG. 9. Meissner effect as a function of magnetic field B.
(a) Contribution from the pair correlations to the superfluid weight
K, and individual contributions from even-frequency K¢ and odd-
frequency K? correlations. (b) Total superfluid weight D;, and the
contributions coming from diagonal part of the Green’s function K,
and pair correlations K,,.

K¢ and K7, respectively, as a function of magnetic field B.
We find that K¢ gives a positive contribution to the super-
fluid weight, whereas K gives a negative contribution for all
B < B,,. This means that the even-frequency pair correlations
give a diamagnetic contribution to the Meissner effect, while
the odd-frequency correlations give a paramagnetic contribu-
tion. K7 is even found to increase with B in the BCS phase
(B < B¢1). The reason for this increase is the enhancement
in F¢,. with B is the presence of finite-energy pairs and the
associated increase in the energy difference of these pairs
with increasing B, as seen in Fig. 3. At first glance, this
magnetic field dependence of K¢ would seemingly suggest
that the superconductor increases its superfluid weight with
increasing B and hence the superconductor becomes more
stable in the magnetic field. However, this would be in sharp
contradiction to the established notion that a magnetic field
splits the spin Fermi surfaces and thus causes an energy cost in
a spin-singlet superconductor. Notably, K7, even if it is nearly
three times smaller than K7, exactly balances the increase in
K¢, thus keeping the total K, unchanged for B < B.;. Thus
appropriately including odd-frequency correlations is crucial
for obtaining the correct magnetic field dependence of the
superfluid weight in the presence of finite-energy pairs and
to understand the stability of the superconductor.

Moving on to higher magnetic fields, we find that the total
anomalous contribution K, suffers a sudden reduction at the
BCS to FF transition at B, due to the sudden jump in the SC
order parameter Ag , as seen in Fig. 3. Thus, in the FF phase,
the magnitude of K becomes more comparable to the magni-
tude of K¢, but still the total contribution K, > 0. With further
increase in B, K, further decreases and eventually reaches zero
at the FF to normal transition at B, as is expected. Finally,
in Fig. 9(b), we show the evolution of the superfluid weight
Dy and its individual components K, and K, with varying
B. We find K, ~ K,, for all B. As a result, D, has the same
B-dependence as K, and our above analysis in Fig. 9(a) not
just applies to K, but to the total superfluid weight.

The above analysis of the Meissner effect in the presence
magnetic field shows the importance of SC correlations in
experimental observables. In particular, we show that the odd-
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frequency correlations are essential to correctly describe the
magnetic field dependence of the Meissner effect, especially
when finite-energy pairs are present. It should here especially
be emphasized that the common notion that odd-frequency
correlations make the superconductor thermodynamically un-
stable due to a paramagnetic Meissner effect is thus not
applicable as the total K, is never close to being negative. This
thus provides the answer to the fourth and final question posed
in Sec. L.

Finally we note that for the pair hopping model discussed
in Sec. III, the calculation of the Meissner effect becomes
much more involved. The main reason is that the current oper-
ator in the pair hopping model contains higher order terms due
to the modulating nature of the interaction [14]. These higher
order terms appear when the current operator is calculated
using the continuity equation. The current-current correlation
in Eq. (25) will thus involve many terms which substantially
add to the complexity. Still, we believe the dominant con-
tribution of the SC correlations to the superfluid weight is
from the lowest order terms of the current operator and hence
the Meissner effect in the pair hopping model should give
qualitatively similar results as in Fig. 9.

V. CONCLUSION AND DISCUSSION

In summary, in this work we first show that applying
magnetic field to a conventional spin-singlet s-wave su-
perconductor generates finite-energy Cooper pairs both in
the low-field BCS phase and high-field finite-momentum
FF phase. Our results thus illustrate that finite-energy pair-
ing exists even in the finite-momentum superconducting FF
state. Furthermore, we find a direct connection between
the odd-frequency SC correlations and finite-energy pairing
by showing analytically that finite-energy pairs necessarily
generate odd-frequency SC correlations. In contrast, even-
frequency correlations originate primarily from zero-energy
pairs for most frequencies, especially in the FF phase. We
then study the interplay of finite-energy and finite-momentum
Cooper pairs in a very different system, an unconventional
d-wave superconductor with a spontaneous finite-momentum
superconducting FF state driven by stripe formation even in
the absence of any applied magnetic field. Here we find very
similar relationships between odd-frequency SC correlations,
finite-energy, and finite-momentum paring as in the magnetic-
field driven FF state. These results establish that finite-energy
and odd-frequency pairing are intimately linked and both
prevalent in finite-momentum superconducting states. In par-
ticular, the formation of finite-momentum pairing does not
remove either finite-energy or odd-frequency pairing. Finally,
we investigate the experimental consequences of the interplay
between different variants of Cooper pairs by calculating the
Meissner effect. Focusing only on the conventional s-wave

superconductor under applied magnetic field, we show that
odd-frequency correlations are necessary to correctly describe
the magnetic field dependence of the superfluid weight or
equivalently the Meissner effect.

Our finding of a close connection between finite-energy
pairs and odd-frequency SC correlations raises the question
whether such a relation is also present in other systems where
odd-frequency SC correlations are known to be present, but
in the absence of finite-momentum superconductivity. Here
we comment on such possibilities. Odd-frequency pairing is
often discussed in the context of multiband superconductors
[31,35]. In multiband superconductors, odd-frequency corre-
lations can also be connected to finite-energy pairing. For
example, if we consider a two-band case with no intra-band
pairing, such that the two individual bands can still be treated
with individual normal state band dispersions &, and &, the
interband odd-frequency pairing can be shown to be directly
proportional to the difference of the energies of pairing elec-
trons in the two bands, &,-&, [31]. Hence, also in multiband
superconductors, odd-frequency correlations are directly re-
lated to the energy difference of the pairing electrons. A
similar analogy can also be drawn for Ising superconductors.
In such systems it has been shown that finite-energy Cooper
pairs can be present in the ground state and odd-frequency
correlations are then only present for Cooper pairs with finite-
energy [2]. A close connection between finite-energy pairs
and odd-frequency SC correlations will likely also appear in
a finite-momentum superconducting phase of both multiband
and Ising superconductors. There exists for example already
experimental evidence of a finite-momentum superconduct-
ing phase in the multiband superconductor FeSe [7] at high
magnetic field. However, the additional presence of multiple
bands and spin-orbit coupling may give additional interest-
ing findings that can open new possible research directions.
Another possible future prospect is to find a model for a
finite-momentum pairing state in the absence of magnetic field
in these systems, which to the best of our knowledge is still
absent.

ACKNOWLEDGMENTS

We thank M. Granath for useful discussions. We gratefully
acknowledge financial support from the Knut and Alice Wal-
lenberg Foundation through the Wallenberg Academy Fellows
program and the European Research Council (ERC) under
the European Unions Horizon 2020 research and innova-
tion programme (ERC-2017-StG-757553). The computations
were enabled by resources provided by the Swedish National
Infrastructure for Computing (SNIC) at the Uppsala Mul-
tidisciplinary Center for Advanced Computational Science
(UPPMAX) partially funded by the Swedish Research Coun-
cil through Grant Agreement No. 2018-05973.

[1] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108,
1175 (1957).

[2] G. Tang, C. Bruder, and W. Belzig, Phys. Rev. Lett. 126, 237001
(2021).

[3] M. Bahari, S.-B. Zhang, and B. Trauzettel, Phys. Rev. Research
4,1.012017 (2022).

[4] M. H. Hamidian, S. D. Edkins, S. H. Joo, A. Kostin, H. Eisaki,
S. Uchida, M. J. Lawler, E.-A. Kim, A. P. Mackenzie, K. Fujita,
J. Lee, and J. C. S. Davis, Nature (London) 532, 343 (2016).

[5] S. D. Edkins, A. Kostin, K. Fujita, A. P. Mackenzie, H. Eisaki,
S. Uchida, S. Sachdev, M. J. Lawler, E.-A. Kim, J. C. Séamus
Davis, and M. H. Hamidian, Science 364, 976 (2019).

024511-11


https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRevLett.126.237001
https://doi.org/10.1103/PhysRevResearch.4.L012017
https://doi.org/10.1038/nature17411
https://doi.org/10.1126/science.aat1773

CHAKRABORTY AND BLACK-SCHAFFER

PHYSICAL REVIEW B 106, 024511 (2022)

[6] X. Liu, Y. X. Chong, R. Sharma, and J. C. S. Davis, Science
372, 1447 (2021).

[7] S. Kasahara, Y. Sato, S. Licciardello, M. Culo, S. Arsenijevié,
T. Ottenbros, T. Tominaga, J. Boker, I. Eremin, T. Shibauchi, J.
Wosnitza, N. E. Hussey, and Y. Matsuda, Phys. Rev. Lett. 124,
107001 (2020).

[8] H. Chen, H. Yang, B. Hu, Z. Zhao, J. Yuan, Y. Xing, G. Qian, Z.
Huang, G. Li, Y. Ye, S. Ma, S. Ni, H. Zhang, Q. Yin, C. Gong,
Z. Tu, H. Lei, H. Tan, S. Zhou, C. Shen et al., Nature (London)
599, 222 (2021).

[9] P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964).

[10] A. I. Larkin and Y. N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 47,
1136 (1964).

[11] D. F. Agterberg, J. S. Davis, S. D. Edkins, E. Fradkin, D. J. Van
Harlingen, S. A. Kivelson, P. A. Lee, L. Radzihovsky, J. M.
Tranquada, and Y. Wang, Annu. Rev. Condens. Matter Phys.
11, 231 (2020).

[12] Y. Wang, D. F. Agterberg, and A. Chubukov, Phys. Rev. Lett.
114, 197001 (2015).

[13] D. Chakraborty, M. Grandadam, M. H. Hamidian, J. C. S.
Davis, Y. Sidis, and C. Pépin, Phys. Rev. B 100, 224511 (2019).

[14] J. Wardh and M. Granath, Phys. Rev. B 96, 224503 (2017).

[15] P. Choubey, S. H. Joo, K. Fujita, Z. Du, S. D. Edkins, M. H.
Hamidian, H. Eisaki, S. Uchida, A. P. Mackenzie, J. Lee, J. C. S.
Davis, and P. J. Hirschfeld, Proc. Natl. Acad. Sci. USA 117,
14805 (2020).

[16] V. L. Berezinskii, Pisma Zh. Eksp. Teor. Fiz. 20, 628 (1974).

[17] T. R. Kirkpatrick and D. Belitz, Phys. Rev. Lett. 66, 1533
(1991).

[18] A. Balatsky and E. Abrahams, Phys. Rev. B 45, 13125 (1992).

[19] J. R. Schrieffer, A. V. Balatsky, E. Abrahams, and D. J.
Scalapino, J. Supercond. 7, 501 (1994).

[20] F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Rev. Mod. Phys.
77, 1321 (2005).

[21] J. Linder and A. V. Balatsky, Rev. Mod. Phys. 91, 045005
(2019).

[22] F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. B 64,
134506 (2001).

[23] A. 1. Buzdin, Rev. Mod. Phys. 77, 935 (2005).

[24] M. Eschrig and T. Lofwander, Nat. Phys. 4, 138 (2008).

[25] A. Di Bernardo, S. Diesch, Y. Gu, J. Linder, G. Divitini, C.
Ducati, E. Scheer, M. G. Blamire, and J. W. A. Robinson, Nat.
Commun. 6, 8053 (2015).

[26] J. A. Krieger, A. Pertsova, S. R. Giblin, M. Débeli, T. Prokscha,
C. W. Schneider, A. Suter, T. Hesjedal, A. V. Balatsky, and Z.
Salman, Phys. Rev. Lett. 125, 026802 (2020).

[27] C. Triola and A. M. Black-Schaffer, Phys. Rev. B 97, 064505
(2018).

[28] D. Chakraborty and A. M. Black-Schaffer, New J. Phys. 23,
033001 (2021).

[29] P. Dutta, F. Parhizgar, and A. M. Black-Schaffer, Phys. Rev.
Research 3, 033255 (2021).

[30] J. Cayao and A. M. Black-Schaffer, Phys. Rev. B 105, 094502
(2022).

[31] A. M. Black-Schaffer and A. V. Balatsky, Phys. Rev. B 88,
104514 (2013).

[32] L. Komendov4, A. V. Balatsky, and A. M. Black-Schaffer, Phys.
Rev. B 92, 094517 (2015).

[33] Y. Asano and A. Sasaki, Phys. Rev. B 92, 224508 (2015).

[34] L. Komendova and A. M. Black-Schaffer, Phys. Rev. Lett. 119,
087001 (2017).

[35] C. Triola, J. Cayao, and A. M. Black-Schaffer, Ann. Phys. 532,
1900298 (2020).

[36] J. Schmidt, F. Parhizgar, and A. M. Black-Schaffer, Phys. Rev.
B 101, 180512(R) (2020).

[37] R. Heid, Z. Phys. B 99, 15 (1995).

[38] K. Hashimoto, Phys. Rev. B 64, 132507 (2001).

[39] A. Di Bernardo, Z. Salman, X. L. Wang, M. Amado, M.
Egilmez, M. G. Flokstra, A. Suter, S. L. Lee, J. H. Zhao, T.
Prokscha, E. Morenzoni, M. G. Blamire, J. Linder, and J. W. A.
Robinson, Phys. Rev. X 5, 041021 (2015).

[40] S. Hoshino, Phys. Rev. B 90, 115154 (2014).

[41] S. Hoshino, K. Yada, and Y. Tanaka, Phys. Rev. B 93, 224511
(2016).

[42] Q. Cui, C.-R. Hu, J. Y. T. Wei, and K. Yang, Phys. Rev. B 73,
214514 (20006).

[43] E. Berg, E. Fradkin, and S. A. Kivelson, Phys. Rev. B 79,
064515 (2009).

[44] R. Comin and A. Damascelli, Annu. Rev. Condens. Matter
Phys. 7, 369 (2016).

[45] F. Loder, A. P. Kampf, and T. Kopp, Phys. Rev. B 81, 020511(R)
(2010).

[46] J. Herbrych, N. Kaushal, A. Nocera, G. Alvarez, A. Moreo, and
E. Dagotto, Nat. Commun. 9, 3736 (2018).

[47] G. L. Japaridze, A. P. Kampf, M. Sekania, P. Kakashvili, and P.
Brune, Phys. Rev. B 65, 014518 (2001).

[48] J. M. Tranquada, Adv. Phys. 69, 437 (2020).

[49] M. R. Norman, Phys. Rev. B 75, 184514 (2007).

[50] K. Fossheim and A. Sudbg, Superconductivity: Physics and
Applications (Wiley, England, 2005).

[51] M. M. Maska, M. Mierzejewski, J. Kaczmarczyk, and J. Spatek,
Phys. Rev. B 82, 054509 (2010).

[52] A. A. Golubov, Y. Tanaka, Y. Asano, and Y. Tanuma, J. Phys.:
Condens. Matter 21, 164208 (2009).

[53] Y. Tanaka, M. Sato, and N. Nagaosa, J. Phys. Soc. Jpn. 81,
011013 (2012).

[54] T. Lothman, C. Triola, J. Cayao, and A. M. Black-Schaffer,
Phys. Rev. B 104, 094503 (2021).

[55] T. Yokoyama, Y. Tanaka, and N. Nagaosa, Phys. Rev. Lett. 106,
246601 (2011).

[56] M. Alidoust, K. Halterman, and J. Linder, Phys. Rev. B 89,
054508 (2014).

[57] S. Mironov, A. Mel’nikov, and A. Buzdin, Phys. Rev. Lett. 109,
237002 (2012).

[58] M. Tinkham, Introduction to Superconductivity, 2nd ed., Inter-
national Series in Pure and Applied Physics (McGraw Hill, New
York, 1996).

[59] D. J. Scalapino, S. R. White, and S. Zhang, Phys. Rev. B 47,
7995 (1993).

[60] H. Bruus and K. Flensberg, Many-Body Quantum Theory in
Condensed Matter Physics: An Introduction, 1st ed. (Oxford
University Press, USA, 2004).

[61] Y. V. Fominov, Y. Tanaka, Y. Asano, and M. Eschrig, Phys. Rev.
B 91, 144514 (2015).

[62] F. Parhizgar and A. M. Black-Schaffer, Phys. Rev. B 104,
054507 (2021).

024511-12


https://doi.org/10.1126/science.abd4607
https://doi.org/10.1103/PhysRevLett.124.107001
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1146/annurev-conmatphys-031119-050711
https://doi.org/10.1103/PhysRevLett.114.197001
https://doi.org/10.1103/PhysRevB.100.224511
https://doi.org/10.1103/PhysRevB.96.224503
https://doi.org/10.1073/pnas.2002429117
https://doi.org/10.1103/PhysRevLett.66.1533
https://doi.org/10.1103/PhysRevB.45.13125
https://doi.org/10.1007/BF00728448
https://doi.org/10.1103/RevModPhys.77.1321
https://doi.org/10.1103/RevModPhys.91.045005
https://doi.org/10.1103/PhysRevB.64.134506
https://doi.org/10.1103/RevModPhys.77.935
https://doi.org/10.1038/nphys831
https://doi.org/10.1038/ncomms9053
https://doi.org/10.1103/PhysRevLett.125.026802
https://doi.org/10.1103/PhysRevB.97.064505
https://doi.org/10.1088/1367-2630/abe15d
https://doi.org/10.1103/PhysRevResearch.3.033255
https://doi.org/10.1103/PhysRevB.105.094502
https://doi.org/10.1103/PhysRevB.88.104514
https://doi.org/10.1103/PhysRevB.92.094517
https://doi.org/10.1103/PhysRevB.92.224508
https://doi.org/10.1103/PhysRevLett.119.087001
https://doi.org/10.1002/andp.201900298
https://doi.org/10.1103/PhysRevB.101.180512
https://doi.org/10.1007/s002570050003
https://doi.org/10.1103/PhysRevB.64.132507
https://doi.org/10.1103/PhysRevX.5.041021
https://doi.org/10.1103/PhysRevB.90.115154
https://doi.org/10.1103/PhysRevB.93.224511
https://doi.org/10.1103/PhysRevB.73.214514
https://doi.org/10.1103/PhysRevB.79.064515
https://doi.org/10.1146/annurev-conmatphys-031115-011401
https://doi.org/10.1103/PhysRevB.81.020511
https://doi.org/10.1038/s41467-018-06181-6
https://doi.org/10.1103/PhysRevB.65.014518
https://doi.org/10.1080/00018732.2021.1935698
https://doi.org/10.1103/PhysRevB.75.184514
https://doi.org/10.1103/PhysRevB.82.054509
https://doi.org/10.1088/0953-8984/21/16/164208
https://doi.org/10.1143/JPSJ.81.011013
https://doi.org/10.1103/PhysRevB.104.094503
https://doi.org/10.1103/PhysRevLett.106.246601
https://doi.org/10.1103/PhysRevB.89.054508
https://doi.org/10.1103/PhysRevLett.109.237002
https://doi.org/10.1103/PhysRevB.47.7995
https://doi.org/10.1103/PhysRevB.91.144514
https://doi.org/10.1103/PhysRevB.104.054507

