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We study superconductivity in a normal metal, arising from effective electron-electron interactions mediated
by spin fluctuations in a neighboring antiferromagnetic insulator. Introducing a frustrating next-nearest neighbor
interaction in a Néel antiferromagnet with an uncompensated interface, the superconducting critical temperature
is found to be enhanced as the frustration is increased. Further, for sufficiently large next-nearest neighbor
interaction, the antiferromagnet is driven into a stripe phase, which can also give rise to attractive electron-
electron interactions. For the stripe phase, as previously reported for the Néel phase, the superconducting
critical temperature is found to be amplified for an uncompensated interface where the normal metal conduction
electrons are coupled to only one of the two sublattices of the magnet. The superconducting critical temperature
arising from fluctuations in the stripe phase antiferromagnet can be further enhanced by approaching the

transition back to the Néel phase.
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I. INTRODUCTION

Recent studies have investigated whether spin fluctua-
tions in a magnetic material can induce attractive interactions
between electrons in an adjacent conductor, leading to a su-
perconducting instability [1-8]. Both ferromagnetic (FMIs)
and antiferromagnetic insulators (AFMIs) have been consid-
ered as potential sources for the magnetic fluctuations. In
order to ensure magnetic ordering, these materials typically
ought to be of a three-dimensional nature [9,10]. Since a
three-dimensional crystal has more than one crystal plane,
the issue arises whether it makes a difference which crystal
plane is exposed at the interface. For the simplest type of
ferromagnet, all lattice sites can be considered to be iden-
tical, and the choice of crystal plane does not affect the
coupling to an external system. For the simplest case of an
antiferromagnet on a bipartite lattice, there are two differ-
ent types of lattice sites. Depending on the chosen crystal
plane, it is possible that either both sublattices (compen-
sated interface) are exposed at the interface, or only one of
the sublattices (uncompensated interface) is exposed at the
interface [11-13].

As outlined in Ref. [14], the presence of an antiferromag-
netic eigenexcitation with spin unity is associated with a large,
and oppositely directed, spin located on each of the two sub-
lattices. An external system that is only coupled to one of the
two sublattices is then essentially interacting with a large spin,
potentially leading to a strong coupling interaction. In ac-
cordance with this picture, uncompensated antiferromagnetic
interfaces have been predicted to enhance the spin transfer to
a neighboring conductor [15], and produce magnon-mediated
indirect exciton condensation [16]. Moreover, importantly for
our purposes, coupling a conductor to an uncompensated,
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instead of compensated, antiferromagnetic interface might
produce a stronger induced electron-electron interaction and
higher superconducting critical temperature [6,7].

In view of the fact that the superconductivity arises from
magnetic fluctuations, it is natural to ask whether amplifying
the fluctuations can be favorable. One way of achieving such
an amplification is to include next-nearest neighbor frustration
in the AFMI. This type of frustration is common in anti-
ferromagnets, and has been predicted to increase the critical
temperature of superconductivity induced on the surface of
a topological insulator [7]. Using the picture from Ref. [14],
this increase in critical temperature can be understood from
the amplified fluctuations increasing the average spin on each
sublattice associated with an antiferromagnetic magnon. The
effect of coupling to only one of the two sublattices then
becomes stronger.

The previous study of the effect of frustration, however,
employed a Holstein-Primakoff treatment of the AFMI, start-
ing from a staggered Néel state [7]. This framework is
expected to accurately describe the system when the anti-
ferromagnetic next-nearest neighbor exchange coupling J, is
relatively small compared to the nearest neighbor coupling J;.
The previous study therefore limited itself to this parameter
region [7]. Hence, it is of interest to investigate the rest of the
phase diagram of the J;-J, Heisenberg model. On a square
or cubic lattice, this model contains two distinct magnetically
ordered phases, a Néel phase for J,/J; < 1 and a stripe phase
for J,/J; > 1 [17,18]. In the stripe phase, the spins in, e.g.,
one column could be aligned with each other and antialigned
with the spins in the neighboring columns, creating alternating
stripes of spins. This state arises from two decoupled, in-
terpenetrating, Néel ordered antiferromagnets (J,/J; — 00),
which align themselves and create a stripe pattern for finite
Ji [19,20]. Given the origin of the stripe phase, it could be
possible that coupling to only the up/down spins of both Néel
ordered antiferromagnets could give a similar effect as only
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coupling to one of the sublattices of a single Néel ordered
antiferromagnet.

The transition between the Néel and stripe phases takes
place in the vicinity of J,/J; = 0.5, with variations de-
pending on the spin quantum number and lattice structure
[17,18,21,22]. For the spin-1/2 system on a square lattice,
it is predicted that there is an intermediate region where the
magnetic long-range order is destroyed by quantum fluctua-
tions [17,23-25]. A similar intermediate region might also be
present for the spin-1/2 system on a simple cubic lattice, in
contrast to the case of a body-centered cubic lattice [18,26].
We will, however, focus on the properties of the ordered
phases. While the Néel phase is more commonly encountered,
the stripe configuration has attracted attention as the magnetic
ground state of the iron oxypnictide LaOFeAs, which is the
original undoped parent compound of the high-7; iron pnic-
tides [27]. This layered material has been found to be well
described by the square lattice J,-J, Heisenberg model with
spin S > 1/2 and J,/J; > 1/2[28,29].

In this paper, we consider an AFMI, with both nearest-
neighbor and next-nearest neighbor antiferromagnetic ex-
change interaction, which is proximity coupled to a normal
metal (NM). The AFMI can be in either a Néel or stripe state,
and the interface can be either compensated or uncompen-
sated. In order to accurately describe the physics of the AFMI
when the system is strongly frustrated, focusing on the case
where the two magnetically ordered phases are separated by a
direct phase transition, we perform a Schwinger boson study,
rather than the usual Holstein-Primakoff treatment which has
been employed for these systems in the past. Conventional
spin-wave theory would in this case, e.g., incorrectly predict a
vanishing magnetization close to J,/J; = 0.5 instead of a di-
rect phase transition between two magnetically ordered phases
[21,30]. Moreover, the two subsystems are coupled through
an interfacial exchange coupling, which produces effective
electron-electron interactions in the NM. We explore the effect
of the induced interactions through a BCS-type mean-field
treatment, and numerically solve the gap equation in order
to determine how the critical temperature depends on the
properties of the AFMI.

For a Néel AFMI with small next-nearest neighbor frus-
tration, the results for the superconductivity are similar to
the results obtained through a Holstein-Primakoff treatment
of the AFMI [6]. As before, the strength of the effective
interactions is enhanced for an uncompensated interface,
leading to an amplified critical temperature. Increasing the
frustration, the effect of coupling to only one of the two
sublattices of the AFMI becomes stronger, as expected [7].
Further, the increased frustration also lowers the cutoff on
the boson spectrum, and reduces the sublattice magnetiza-
tion in the AFMI, which is found to reduce the strength
of the induced electron-electron interactions. The overall
effect is, however, still typically a rise in the critical tem-
perature when the frustration is increased. For the stripe
phase, coupling to an uncompensated AFMI interface is
found to enhance the critical temperature, like in the Néel
case. Moreover, approaching the transition point between the
two magnetic phases from the stripe side does, like from
the Néel side, leads to a further increase in the critical
temperature.
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FIG. 1. The system consists of a normal metal (NM), which is
proximity coupled to an antiferromagnetic insulator (AFMI). The
AFMI can be either in a Néel phase (a) or a stripe phase (b).

The paper is organized as follows. In Sec. II we introduce
the modeling of the system. In Sec. III the Schwinger boson
treatment of the antiferromagnet is covered for both the Néel
phase and the stripe phase. Next, the NM and the coupling
between the two subsystems is treated in Sec. IV. In Sec. V,
we derive an effective theory of interacting electrons, and in
Sec. VI we investigate the possibility of a superconducting
instability through a weak-coupling mean-field theory. The
results from the numerical treatment of the gap equation are
presented in Sec. VII. Finally, in Sec. VIII, we summarize
our results. Additional details concerning the derivation of the
interaction potential are included in the Appendix.

II. MODEL

The system, consisting of a NM proximity coupled to an
AFML, is displayed in Fig. 1. The real system we have in mind
would consist of a three-dimensional AFMI grown on top of
a thin NM layer. However, in order to capture the physics at
the interface, we apply two-dimensional lattice models, with
continuous boundary conditions, for the two subsystems. The
AFMI is described by a Heisenberg Hamiltonian with nearest
neighbor and next-nearest neighbor exchange interaction, as
well as easy-axis anisotropy (K). By tuning the next-nearest
neighbor interaction, the ground state of the AFMI can then
be changed from a Néel phase to a stripe phase. The NM is
described by a tight-binding hopping model. The two sub-
systems are coupled together through an interfacial exchange
coupling (J) where the spins of the NM conduction electrons
are coupled to the AFMI lattice site spins [3,5,31-33].

For each of the magnetic phases we define two sublat-
tices. In Fig. 1, the lattice sites with blue spins constitute
one sublattice, and the lattice sites with oppositely aligned
red spins constitute the other sublattice. The sublattices are
therefore defined differently for the Néel phase and the stripe
phase. As mentioned earlier, depending on which crystal plane
of the three-dimensional AFMI that constitutes the interface,
it is possible that either both sublattices or only one of the
sublattices is exposed at the interface. In order to describe this,
we apply a model where the NM electrons are coupled to both
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sublattices of the AFMI, but where the coupling strength is al-
lowed to differ for the two sublattices (J /Jz) [6]. This model
allows us to tune between the two cases of a compensated or
uncompensated interface.

The system is modeled by a Hamiltonian H = Hapvg +
Hxm + Hiye where

Haeng = 1) Si-Sj+h Y 8i-S;—KY S%, (la)
(i.J) (.00 i

HNM = —1 Z CtTO'CjG iy 2 cho.ciov (lb)
(i,j)o io
Hint = —2jA Z Cj‘tci . S,' — 2J_B Z C;-‘-‘[Ci . Si. (lC)
i€A ieB

Here, CIT = (clT , cl.T i) and c; creates an electron with spin
o on lattice site i. The electron hopping amplitude is denoted
by ¢, and u is the chemical potential. The easy-axis anisotropy
constant K is taken to be positive, favoring ordering of spins
in the z direction in spin space, which could be either parallel
with or normal to the interface. In the interaction part of the
Hamiltonian, 7 is the vector of Pauli matrices, representing
the NM electron spin which is coupled to the lattice site spin
S; in the AFMI. Further, it should be noted that the lattices are
assumed to be square, the sums over nearest and next-nearest
neighbors include the neighbors in both positive and negative
spatial directions, and we have set i = a = 1, where a is the
lattice constant.

III. ANTIFERROMAGNET

In order to treat the AFMI, we will represent the lattice site
spins in terms of Schwinger bosons [34-36]. For our purposes,
where we will couple an external system to the two sublattices
of the AFMI, it will be useful to define different Schwinger
bosons for the two sublattices A and B [37]:

st = dl,a,, (2a)
SIA_ = a;&am, (2b)
1 .

S:; = E(ajTaiT —_ ai’iail), (2C)
SE = —b],biy, (3a)
SE = —bf,by, (3b)

B Lo i
Sit = =5 (biybir — by biy). (o)

An ordered Néel or stripe state can then be described through
a condensation [35,36,38] of 1-bosons with momentumk = 0
on both the A and B sublattice, producing a spatially uniform
state with opposite magnetization on the two sublattices. In
order to fix the length of the spins, we have the condition [35],

nia= Y al,ai =28,
o
njg =y b bju =2, )

on each lattice site. In the following mean-field treatment,
this condition on the number of Schwinger bosons will be

enforced on the average. In order to rewrite the AFMI Hamil-
tonian in terms of Schwinger boson operators, we introduce
bond operators quadratic in the boson operators. We follow
the recipe of Ref. [39], as outlined in Refs. [38,40]. When the
Schwinger boson operators have been defined equally on all
lattice sites, the bond operators then take the form,

1

Aij = E(amau — a4 ajy), (52)
1

Bij = E(aiT(l;T + awaj-l). (5b)

Here, A;; corresponds to an antiferromagnetic bond and B;;
corresponds to a ferromagnetic bond [19,38]. This choice of
bond operators captures the cost of frustrating bonds, which is
essential for frustrated antiferromagnets, and has been shown
to preserve the time-inversion properties of the spins [19]. As
we have defined different Schwinger boson operators on the
two sublattices, we should perform the following transforma-
tion on the operators living on the B sublattice in the above
definitions of the bond operators,

aip = —bjy,

a;, —> biT~

A. Néel phase

For the Néel phase, the AFMI Hamiltonian can be ex-
pressed on the form,

Hian=h) St-S7+n) 875

icA ieB
Jjnni Jjnni
+hY StSt+nYy SP-S
icA ieB
Jnnni Jjnnni
—KY SE—-K) S (6)
icA ieB

We then introduce the bond operators,

Ayt = %(“nbm +aiybj), (72)
B = %(anb} —aibj,). (70)
A" = %( — biyaj, — birajy), (7c)
W domdy oo
A" = 5 (anayy — aiajr), (7e)
B = %(aiTa;T +aiyal), (79)
45" = %(binji — biybjy). (7g)
B’ = %(bin}T +biyb})), (7h)
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and write out the Hamiltonian as

1
Hifn =i Z[ (Bi") B1 4 (AI.IJ:A)TA;J:A — Zni’A]
icA
Jjnni
lB 1.B 1,B\T 41,B 1
+J12[ (BLP)'BLE — (ALP) Al _an]
ieB

Jjnni

+ JZZ [ BzA B2A (Aisz)TAisz . %"LA]

jlnenéli ®)
+ JZZ [(Blsz) rBz B _ (A?jB)TAiZjB _ j_‘ni’B]

ieB

Jjnnni
—KY S2—KY> S2+ia Y (nia—«)

icA ieB icA
+ Ap Z (ni,B - K)~

ieB

Here k = 2S5 and A4, Ap are Lagrange multipliers that have
been included in order to enforce the constraint on the number
of Schwinger bosons per site. The choice of ¥ = 25 seems
sensible based on Eq. (4), and fixes the magnitude of the spins
to the correct value. For this value of «, the spin fluctuations
are, however, somewhat overestimated [35]. Another possibil-
ity is therefore to adjust « in order to obtain the correct result
for the fluctuations, at the expense of the spin length [41]. We
will mostly be interested in how the results vary depending
on J, for typical values of the rest of the parameters, and the
specific choice of « therefore is not of great importance.

We next perform a mean-field decoupling of a bond vari-
able Cj; as follows:

Gy = (Cij) + (G — (Ciy) ) = (Ciy) + (i,

T ¥
(Gij)'Gij = (Gj)TCij + (Cij) (Cij) " — Gij) I &)
Here, we have neglected quadratic terms in the deviations
from the mean-field values. Moreover, we choose an Ansatz
for the expectation values of the bond operators that will

produce a Néel-type state,

(B') =(B}") =0,

(A = —{alf) = As,,

(Bi') =(B;) = Bs,,

(ax") =(a5") =0, (10)

where all quantities are assumed to be real [40,41]. We also
take A4 = Ap = . For the easy-axis terms we do the same
mean-field treatment as above and take (Sicz) = mc.

We introduce Fourier transformations for the Schwinger
boson operators,

ik-r;
Qv = E e lags, 11a
’ m * (e

ke

= =
——9—9 14
a Ay j.
—_———

SIS

FIG. 2. Unit cell and Brillouin zone for the full lattice and the
sublattices.

w m Zelkrlbkav

ke

(11b)

where N, and Np are the number of lattice sites in the A and

B sublattices, respectively. The momenta live in the reduced

Brillouin zone of the sublattices <>, as displayed in Fig. 2.
The AFMI Hamiltonian then takes the following form:

) =) (8]

1
+ I:k — Z(J1Z1 + JzZz)] kX(; (a;igaka + b;gabkg)
€

o

— Kmy Z aa,taakg + Kmp Z obi{rbkg
ke ke

o o

s =m0 Y (A
8

%

ke<>

akaakff + bkvbka) + KNy (m + mp)

Z bkaafko + ako b lm) —2Nakk, (12)

ke
o

where z; and zp are the number of nearest neighbors and
next-nearest neighbors, respectively. Throughout this paper,
the quantity o = +1 takes on a positive sign for spin-up, and
a negative sign for spin-down. We have also introduced the
form factors,

Al — JIZ.A‘;] cos(k - 81),
3

32 = JzZ 83, COS(k 62)

L2

(13a)

(13b)

where the sums over nearest neighbors (§;) and next-nearest
neighbors (8,) cover both positive and negative directions. We
then define A = A — —(J1Z1 + J,25), rename A’ — A, and ne-
glect constant terms that do not contain any of the mean-field
parameters.

214502-4



SCHWINGER BOSON STUDY OF SUPERCONDUCTIVITY ...

PHYSICAL REVIEW B 102, 214502 (2020)

In order to make progress, we split the Hamiltonian up into
three parts Hyesh, = Eo + H' + HY where

Ey=2Ni[1 Y (As))" =2 ) (Bs.)']
51 82
— 2NyA(k + 1) + KNy (m3 + m3), (14)
and

H° = Z (A + ka2 — UKmA)azgakg

ke

+ Y (A + v + oKmp)bis by,
ke
=Y 7 (bhoa 4y + Ao ko). (15)
ke

We can then perform a Bogoliubov transformation,

_ i
ko = Ugo kg — Vko B4,

"
bfka = Vko Uko

(16)

- ukO'IBjko-’

where uy, and vy, are taken to be real and are parametrized
by up, = cosh(brs ), Vke = sinh(6y, ). The value of G, that
diagonalizes the Hamiltonian is given by

Ay
Yk
tanh(26;,) = a7
ety ok (mp —ma)
In order to simplify the expressions, we take mp = —my,

which is consistent with a Néel phase. The diagonalized
Hamiltonian now takes the form,

Neel + t
HNS = Ef+ ) ono (@, 0o + By Pro)-
ke
o

(18)

where

Wk = \/(k + kaz — oKmA)2 — (7/,?‘)2, (19)

and Ej = Eo+ ) 4, Wko-

The mean-field parameters should be determined self-
consistently from minimization of the free energy. The free
energy per lattice site is given by

— _V - _ﬁwka
= + o k;lna ). 20)

Minimizing the free energy with respect to As,, Bs,, A, and
my, we then obtain the following self-consistent equations for
the mean-field parameters,

1 v
As, = N o (1+2nk(,)cos(k 81), (21a)
ke
1 r+yE —oKm
Bs, = — (+ % ") (14-2nk ) cos(k - 85),
2Nke<> @hko

21b)

_ 1 (A+ v —JKmA)
R=oy kw,m (1+2n5), (21c)
ke
1 O’()\. + B - aKmA)
my = N 2 kwka (1+2nk(,). (21d)

o

The Bose-Einstein occupation factor is here denoted by
N, and we have defined ik = %(K + 1). As mentioned ear-
lier, in our description of the system, a Néel-type state with
myu > 0 arises from condensation of 1-bosons with k = 0. It
should be noted that the condensation only takes place in the
thermodynamic limit and that the bosonic energy cannot be
taken to zero without also taking the system size to infinity.
For condensation to take place, we need |A + y(f P — Kmy| =
|y6“ |. In the following, we will take A, to be positive. For
the interaction potential that will enter into the Hamiltonian
describing the effective theory of interacting electrons, we
need the ground-state properties of the antiferromagnet. From
the Bose-Einstein occupation factors, at zero temperature, we
then only get a contribution from the condensate ng4. Defining
Cko = Vo — 7/0 + B 4 2KmA80 1> we now have

- ;ka

- 0. 22
W ot NQo (22a)
o ;ko
ma = Z Sty Qo, (22b)
1 y 1
Ay, = mkz cos(h- 80+ 10, (220
;ka
By, = 7y (22d)
E<>
where
%" 1
= 23
Qo= .1 +3) (23)

Note that the sums no longer include k = 0, 0 =71. We can
then eliminate

~ 1 _ ] /é‘ka
=—0Qy=k — — ,
Qo NQ 2NZ ko 24)
ke
and obtain
I
mA_K+_Z_:O, (25a)
Nke<> @kl
1 At k - o
A—it — — ’MZQ (25b)
2N Wk
ke
_ 1 / é‘ka
B—k- W [ costh +k)—1] =0, @50)
€
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FIG. 3. Schwinger boson dispersion relations wy, for K =
0.001J;, S =1, and o =|. The value for J, varies between the two
subfigures.

where we have taken A = A and B = B;,. In the thermo-
dynamic limit, we can convert the sums to integrals and solve
the coupled set of equations numerically using a multidimen-
sional root finder [42].

Solving the self-consistent equations for the mean-field
parameters, the properties of the antiferromagnet can be deter-
mined, e.g., for different values of J,. In Fig. 3, the Schwinger
boson dispersion relation wy, is presented both deep into the
Néel regime and close to the transition to the stripe phase.
Note how local minima have developed close to the zone
edges of the Brillouin zone for J,/J; = 0.5, which are nearly
degenerate with the dispersion minimum at the zone center.
This indicates the vicinity of an instability of the Néel state
into a new spin-ordered state. For the same parameters, the
Schwinger boson coherence factor uy, is presented in Fig. 4.
All quantities are displayed for o =, because, as we will see
in the following, wy; and u, vi, are the quantities, arising
in the effective electron-electron interaction potential, that
correspond to the magnon energies and coherence factors en-
countered in the Holstein-Primakoff treatment of the AFMI.

B. Stripe phase

For the stripe phase we write out the AFMI Hamiltonian as

Hywi=n > St-SE+n Y st-st

icA icA
j=itx j=ity
§ : B A § : B B
Si .SJ +J1 Sl 'SJ
i€eB ieB
j=itx Jj=ity

—T -7

ky kx

FIG. 4. Schwinger boson coherence factors 1y, for K = 0.001J;,
S=1,and o =|.

A B B QA
+hY SEST+nYy SP-s
icA ieB
Jjnnni Jjnnni

— KZS Z 2, (26)

icA ieB

where we have assumed that the stripes are oriented in the
y direction. The results for the superconductivity are not ex-
pected to depend on the spatial direction of the stripes. The
bond operators, this time, take the form,

1
A 2,A
Ay = 3 (ainbjp + aibj,) = A", (27a)
1
x T Ty _ p2A
Bl = 5 (@b, —aiby)) =B, (27b)
1
Ay
Aij = Flainag, — aiazy), (27¢)
1
y i i
B} = 5 (anaj, +aiaj). (27d)
1
A = 5 (=biaj, = birajr) = A" (27¢)
(I .
B, __ i i 2,B
By = 5 (buaj, —biajy) = B;", 270
g, 1
Aij = z(binji — biibjT)’ (27g)
B = Lbub, 4 buyb 27h
ij_E(N ji T bi jT)' (27h)

Including the Lagrange multiplier terms, the AFMI Hamil-
tonian can then be written out as

Ti oA T 1
Hii = 1 Z [(ny)‘ny - (A;}') A?f - —ni,A]

icA 4
j=it#
T y v\ ! y 1
03 (8 By — () A — gl
J:eiAiﬁ
DY [(B5) 7B — (%) Al — i
joies
T : 1 7
b Y [ - ) L]
_ieB (28)
Jj=ity
+J22[ (A2A) AzA_—n,A_
icA )
Jjnnni
+ JZZ [ BZB BZB (Aisz)TAisz — ini,B_
ieB .

Jjnnni

—KZS,-ZZ—KZSI-ZZ—F)LAZ(HLA—K)

icA ieB icA
+ Ap E (n,-,B—K).
ieB
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FIG. 5. Unit cell and Brillouin zone for the full lattice and the
sublattices.

In order to make progress, we introduce the mean-field decou-
pling from Eq. (9), and choose an Ansatz for the mean-field
parameters that will produce a stripe phase,

() = —(a%) = As.. (292)
(B3;) = (Bi) =0, (29b)
(A7) =(ay) =0, (29¢)
(By) = (B}) = Bs,, (29d)
(B") = (B5") =0, (29¢)
(a5") = —(a5") = As, (29f)

As before, we take A4 = Ap = XA and treat the easy-axis
anisotropy terms in the same mean-field fashion as for the
Néel state. Next, we introduce Fourier transformations for the
boson operators,

dio (30a)

1 .
— m Z ezk~r,ak0’

keO

bie = m Y iy, (30b)

kel

where the sum over momentum covers the reduced Brillouin
zone of the sublattices D, as displayed in Fig. 5. The Hamilto-
nian then takes the form,

A =2Na [0 )0 (As)' =1 Y (Bs)

8y 3y

+ 12 Y (As)’] = 2Nk A KNy (3 + i)

1 &
+ [A - Z(Jm + JzZz)] Z (al'm“k“ + blwak“)

keD
o

— Kmy Z o a,taaka + KmBZ o bzabla7

keD keD
o o

B, [ +
+ Z yk 4 <al|mak‘7 + bk“blt<7>

keD
o

-y (V:
keUD

where we have defined

&) (Bhoa' 4 + ob ks ), G

Vit =AY As, cos(k - 8y), (32a)
[

v’ =0 Bs cosk - 3y), (32b)
3,

=1  As, coslk - 8). (32¢)

8

The sums over nearest neighbors still cover both positive and
negative directions. We then redefine A as we did for the
Néel phase and exclude constant terms not involving mean-
field parameters. Splitting up the Hamiltonian in three parts
H:gﬁ? =FEy+ H" + HY, we write

Ey = 2NA[J1 Z (A,sx)z - Z B,s +J2 Z Asz ]
5, 5,

—2Nah(k + 1) + KNy (m} + m3), (33)

H° = Z (A + ka"' — oKmA)a;wak(,
keD
+ Z (A + ka" + UKmB)bk(,b};7
keD
_ Z Vk +
o]

As in the Néel case, the Bogoliubov transformation of Eq. (16)
diagonalizes the Hamiltonian, where 6, this time is given by

a —ko + aro b ka) (34)

A A
X + 2
tanh(26, ) = e T T O 35)
oK —m)
Taking mp = —my, we obtain the following expression for the
diagonalized Hamiltonian:
Higﬁ? - E/ + Z Wko (algaka + ,3]1-0131(0),
ke[ | (36)
where
_ B, 2 Ay Ar\2 37
ke =\ (A + v —oKma) = (v + %)
and E) = Ey + ) _;, Wko. Minimizing the free energy with
respect to As,, As,, Bs,, A, and my, we obtain
1 My
As == M@ +2my) cos(k - 8,),  (38a)

’ 2N Wk

keD
o
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1 Aoyl
-/432 = ﬁ (yka)—kyk)(l =+ ana) COS(k . 82), (38b)
keD 7
A4+yD oKk
Bs = 1 (A + " — oKms) (1 + 2nko ) cos(k - 8),
» T 2N ko !
keD
(38¢)
1 G —akm)
f=o > _ (1 + 2n, ), (384)
keD
1 a(k + yB" — UKmA)
ma= o "wko (1+2m,).  (38e)

keD
o

Here, we have once again defined ¥ = %(K +1). For a
stripe-type state with my > 0, we will have condensation of
4-bosons with kK = 0, and we then need |\ + y(f"' — Kmy| =
lvg" + v42|. The mean-field parameters Aj;_ and Aj, will be
assumed to be positive. At zero temperature, we once again
only get contributions from ry, from the condensate. We then
define &, = y(f* + y(’;h — y(f Y4 ka" + 2Kmé,, |, and write

_ 1 /gka + 1Q (39 )
K=— — o, a
N &~ wpy NP
keD
1 10 Cko 1
_ 252 4 0o, 39b
ma N ko +NQ0 ( )
keD
L (i + %) !
A = N Z w—ka cos(ky) + ﬁQO, (39¢)
keD
1 +
dym Ly AT Qo, (39d)
2N Wko
keD
1 ’é‘ka 1
B, = I Z - cos(ky) + ﬁQo, (39%¢)
keD
where
A A
(Vo™ +75°) 1
Qo = 22 (g + 5. (40)

ot

and we have taken A, = A; , A
can then once again eliminate Qy,

-1 Lo
Qo= 00 = Zk (41)

= A;,, and B, = B;,. We

| Jo)Jy =06

FIG. 6. Schwinger boson dispersion relations wy, for K =
0.001J;, S =1, and o = . The value for J, varies between the two
subfigures.

and obtain the equations,

my =i — —Z j)lz (42a)
X Az _
A =i+ L Z’ (Vk + Y ) cos(ky) — Cio ’ (42b)

2N W

keD
o

Ay =k +

1 Z (v 4 ) costhe + k) — Grs

2N o
ke D ke

(42c)

é.k(r

+2N o [cos(k)—l] (42d)

In the thermodynamic limit, we can then convert the sums
into integrals and solve the coupled set of equations numeri-
cally.

As for the Néel phase, we present dispersion relations and
coherence factors for values of J, /J; deep into the stripe phase
and close to the transition to the other magnetic phase. These
results are displayed in Figs. 6 and 7. In addition, we also ex-
plore in Fig. 8 how the mean-field parameters depend on J;,/J;
for the two phases. Notably, the factor Oy, which is closely
related to the sublattice magnetization, decreases towards the
phase transition and is reduced more on the Néel side of the
transition than on the stripe side. This factor will show up later
in the effective electron-electron interaction potential.

Jy)Ji = 0.6 Jy)Ji =6

—T -7

—T -7

FIG. 7. Schwinger boson coherence factors uy, for K = 0.001J;,
S=1,and o =|.
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1.2- L) L) L) L) l\l L) L) i
1} i
0.8——__\/—-—
~
LN | Ay
0.6 F A \ —_—A, -
— B \ — B,
04F my my A
_Qo —Qo
02
32 16 8 4 2
Jo/J1

FIG. 8. Mean-field parameters for the Néel and stripe phase for
K/J; = 0.001 and S = 1. The transition between the two phases is
found to take place around J,/J; = 0.549.

IV. COUPLING TO THE NM

When considering the coupling to the normal metal (NM),
we will treat both the Néel phase and stripe phase simultane-
ously as the calculation is identical for both phases. It should
then be understood that the expressions for the factor Qy,
the Schwinger boson energies wy,, and the Schwinger boson
coherence factors uy,, Uk, depend on the magnetic phase.

Through a Fourier transformation, the NM Hamiltonian is
brought on diagonal form,

Hxu = ) €kcj, ko 43)
keO
with
€ = —IZ1Vk — M. 44)

Here, the sum over momentum covers the Brillouin zone of
the full lattice [J and the number of nearest neighbors z; is
the same as in the AFMI. In addition, the NM is exchange
coug)led to the two sublattices of the antiferromagnet, Hjy =
HYY + HYY
int int
n _
H( ) — —2JQ Z(a;aw chiT + a;lam CZTCN)

int
icA

TRy o) cio(alai — af ai)), (45)

icAo

H(B) = 2]_ Z(bjibm CLCm + b;bii C:TCN)

int
ieB

+J Z o} Cio (b biy — b} biy). (46)

ieB
Here, we have defined Q = J,/Jp, as visualized in Fig. 9,
and J = Jp. For magnetic ordering in the z direction in spin
space, the z component of the coupling gives rise to a stag-
gered magnetic exchange field. For asymmetric coupling to

() = L7;4//L7}3 <1
[ AFMI M) [

Q=0
FMI | NM )

oo @
o

o0 @
o
o0 @

® © ©-

® O
0 @
® O
o @

)
®
o
@

(a) (b)

FIG. 9. (a) Illustration of our model where the coupling to the
two sublattices is allowed to differ. The coupling asymmetry is
parametrized by 2. (b) Shown is an uncompensated interface, where
only one of the two sublattices is present, producing a coupling
corresponding to 2 = 0.

the two sublattices, the NM electrons are then exposed to a
net magnetic field, which will influence the superconductivity.
For an in-plane magnetic field, the dominant effect is the Pauli
pair-breaking mechanism, rather than the orbital effect [43].
As described in Ref. [6], this paramagnetic effect, arising from
the z component of the coupling, is not expected to destroy
the superconductivity in the considered system, and can be
counteracted by, e.g., applying an oppositely directed external
magnetic field [44]. The effect of the z component of the
coupling will therefore be neglected in the following.

We then perform Fourier transformations, where the elec-
tron operators are transformed as

1 ik-r; i(k+G)-r;
CGo=—= Y (ko™ + crig.,e M), (47)
\/NkeRBZ

where G = @ for the Néel phase and G = % for the
stripe phase. The sum over momentum covers the reduced
Brillouin zone (RBZ) of the sublattices. Umklapp processes
where the momentum of the outgoing electron is shifted by a
reciprocal lattice vector of the sublattices, will arise due to the
electrons and Schwinger bosons living in different Brillouin
zones [6,7]. These processes are expected to be important for
induced superconductivity in the case of an AFMI coupled
to a NM close to half-filling [S]. Away from half-filling, the
Umklapp processes are, however, of less importance. In addi-
tion, for a real uncompensated interface, the NM will be lattice
matched with the AFMI sublattice it is coupled to, removing
the Umklapp processes from the coupling. The Umklapp pro-
cesses will therefore not be included in our treatment of the
system.
We are now left with the coupling terms,

2J Q
@) _ t +
Hy = N Z Z (akTak’¢Cq¢ck+q_k’T + H.c.),
qel) 1
€ RBZ

(48)
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2J . .
(B) _ i f
Hy = N Z Z (bk¢bk’TCq¢Ck+q7k’¢ + H.c.).
geld kK
€ RBZ

(49)

Expressing the the sublattice Schwinger boson operators in
terms of the boson operators that diagonalized the AFMI
Hamiltonian, we have the final expression for the electron-
boson coupling,

27 Q
Hyd = == 37 3 Lwnerfy — vkt i)

qe0d kK’
€ RBZ

x (e oy — Ve BL 4 )eh Chpgoiey + Heed, (50)

2J
55 o] (RSN

qe0 ki
€ RBZ

X (Uk’Taik/T — uk’TIBk’T)C;\LCkJrq*k/T + HC:I (51)

In the next section, we will derive effective electron-electron
interactions, mediated by Schwinger bosons, arising from this
electron-boson coupling.

V. EFFECTIVE INTERACTION

We now perform a Schrieffer-Wolff transformation [45]
in order to integrate out the boson operators and obtain an
effective theory of interacting electrons. As we have two bo-
son operators in the initial electron-boson coupling, we will
end up with electron-electron scattering processes where there
are still two boson operators present. The remaining pair of
boson operators will be replaced by its ground-state expecta-
tion value in order to obtain an effective theory of interacting
electrons. We define H = Hy + nH; with

Hy=Ej+ Z Wiy (azdak(, + ﬁ,j”ﬂka)

keRBZ
o
. (52)
+ Z €kCpy Cho s
kel
o
and
nHy = nH" + nH" = Hy + HY. (53)

We then perform a canonical transformation,

2
H =e¢ ™He™ =H +n[H, S]+ %[[H, S1, 81+ O

1
— Ho + n(H, + [Ho, S]) + nz([Hl, S)+ 5 LHo. ) S])

+ O@),
(54)

where we choose nS = nS™ + nS® such that we have
nH{" + [Hy. nS"] = 0. (55)
The result is then

1 ,
(- (L) (L") 3
H =Hy+ 3 LEL’ [nH,”, nS*’14+ O(n”), (56)

where L € {A, B}. We then make appropriate choices for 754
and nS? [46], compute the commutators, consider that we
have condensation of 1-bosons, and restrict ourselves to BCS-
type scattering processes where the two incoming, as well as
outgoing, electrons have opposite momenta. See Appendix for
details. The pairing Hamiltonian then takes the form,

Hpair = kak/czTciklc—k’ick’Tv (57)
kK
where
~ 2wy
Viw = V200 A+, Q)
(e — €x)* — Ory
V2

— =SBk K k@) (58)

heRBZ

% 2(Opyi 41y T @)
(ev — €)? — (g snr +ony)?

and we have defined
1 2 2
Ag, Q) = 5(Q +1)(“q¢+vq¢)_29“ql”qw 59)
as well as

1
B(q.h, Q) = 5(92 + 1)(ugy visy + gyt ) 60)

— ZQu‘nvhlqu/t}w.

Here, we have introduced V = 2J / \/]V . The two momenta
in the sum in Eq. (57) are restricted such that the separation
between them is limited to a momentum living in the reduced
Brillouin zone of the sublattices. The A factor is the same
function as in Ref. [6], but due to different choices for the
sign of the coherence factors, the sign in front of the ug vy,
term is negative instead of positive in this case. Both coher-
ence factors are, in this case, positive for small momenta for
both the Néel and stripe phase. For = 0, the A factor then
grows large, while for 2 = 1, there is a near cancellation
between the positive and negative contributions to the A factor.
The interaction strength is therefore enhanced in the case
of asymmetric coupling to the two sublattices, just like in
Ref. [6]. The second part of the interaction potential includes
a sum over momenta that covers the reduced Brillouin zone of
the sublattices, apart from the point A = —k — k’. This term
displays similar behavior as the first term in the interaction
potential when €2 is varied. Importantly, the above expressions
are valid for both the Néel and stripe phase, meaning that the
previously reported enhancement of the critical temperature
when coupling asymmetrically to the two sublattices of the
AFMI should be expected also for the stripe phase.
Examining the first part of the interaction potential, where
the 1-bosons carry zero momentum, we see that the proper-
ties of the 1-bosons that condense have been absorbed into
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the prefactor Qy. Comparing with the earlier obtained spin-
wave result, it is then clear that the magnon energies and
coherence factors from Ref. [6] have been replaced by the
energies and coherence factors of Schwinger bosons with spin
o =J]. These |-bosons have been gapped by the easy-axis
anisotropy, ensuring ordering in the z direction. Taking the
limit of K — 0, the coherence factors in A(q, 2) diverge,
producing a divergent interaction potential. This is consis-
tent with the Holstein-Primakoff result in the limit of zero
easy-axis anisotropy [6]. In order to treat the possibility of
superconductivity, at least within a weak-coupling framework,
one should then take finite easy-axis anisotropy. If both the
1- and | -bosons had been gapped, as in a gapped spin liquid
state, there would be no condensate and the remaining con-
tributions to the interaction potential would be expected to
take on a form similar to the current second term involving
B(q, h, 2). In that case, there could, however, also be extra
contributions arising from the z component of the interfacial
exchange coupling.

Making further comparisons with Ref. [6], the prefactor
V20 is the same as Eq. (5) in Ref. [6] except that the AFMI
spin quantum number S (representing the sublattice magneti-
zation) has been replaced by Oy which is closely related to the
sublattice magnetization my4. As the sublattice magnetization,
and therefore Qy, is reduced by frustration, this replacement
represents a correction that can strongly influence how the su-
perconductivity depends on the introduction of frustration. In
addition, the Schwinger boson energies and coherence factors
also depend on my (instead of §), which will depend on the
value of J; in this treatment of the system.

VI. GAP EQUATION

Performing a standard weak-coupling treatment of the su-
perconducting instability [47], both terms in the interaction
potential are found to be attractive for S, = 0 spin-triplet
pairing [6], with gap function,

Ap=— Z Viw .oy (C—ircwy + o Ciy) /2. (61)
-

Here Vig ow) = %(ka/ — V_xx) is the part of the effective
interaction potential that is odd in momentum. The ori-
gin of the spin-triplet pairing is the spin-flip nature of the
electron-boson scattering processes. When combining two
electron-boson scattering processes to an effective pairing
potentlal the spin flips produce an operator ordering of the
type ¢ ciciq, instead of C%T%Q which is the case for
conventlonal phonon-mediated singlet pairing. The exchange
of the spin indices of the destruction operators, combined with
the anticommutation relations of the electrons, introduce a rel-
ative minus sign compared with the case of phonon-mediated
singlet pairing, meaning that the spin-singlet channel is there-
fore no longer attractive.
The resulting gap equation takes the form [47],

Ay Ey
Ak = — Z ka/'o(k)fk, tanh <2kBT ) s (62)
I

1 1 1 | i
Py m=Néel
o 0.75 . -
— ==Stripe
&~
~0.50F -
<
~ 0.25F .
O " [l [l [ |

0 025 050 075 1
Q

FIG. 10. Superconducting critical temperature 7. presented as a
function of the coupling asymmetry parameter Q2 for J; = SmeV,
K =J,/4000, S =1,t =0.8eV, u = —3.5¢t, and J = 13 meV. The
critical temperature has been normalized by its value for Q2 =0
for the Néel phase (J, = 0.5J;) and the stripe phase (J, = 0.6J}),
respectively.

where Ey = | /e,f + |Ag|?, kg is the Boltzmann constant, and

T is the temperature. In order to determine the critical temper-

ature, we consider the linearized gap equation and compute a
Fermi surface average,

AAk = —=Do (Vi o Dx )i Fs- (63)
The critical temperature is then given by [47]
kT, = 114w e/, (64)

where Dy is the density of states at the Fermi level, w, is
the boson spectrum cutoff, and the dimensionless coupling
constant A is the largest eigenvalue of the eigenvalue problem
in Eq. (63).

The eigenvalue problem can be treated numerically by
picking discrete points on the Fermi surface and solving the
resulting matrix eigenvalue problem using a linear algebra
library [48,49]. The density of states at the Fermi level is
obtained from numerical evaluation of the elliptical integral
derived in Ref. [50]. The second part of the interaction poten-
tial, involving the B factor, is found to have little influence on
the dimensionless coupling constant and the critical tempera-
ture. Calculating this part of the potential is computationally
costly as an integral over the Brillouin zone then needs to
be computed for each independent set of momenta k, k" in
Eq. (63). In order to increase the momentum-space resolution,
the following results are therefore obtained without the second
part of the interaction potential.

VII. RESULTS

The critical temperature as a function of the asymmetry
parameter €2 is presented in Fig. 10 for both the Néel and
stripe phase. As expected, based on the discussion in Sec. V,
the critical temperature rises up when 2 — 0 (uncompensated
interface), as the A factor grows larger. The displayed values
for each magnetic phase have been normalized by the critical
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temperature corresponding to the same magnetic phase and
Q=0.

The chemical potential is here tuned to produce a small
Fermi surface where the scattering processes close to the
Fermi surface involve small momentum transfers, taking ad-
vantage of the Schwinger boson coherence factors that grow
large for these processes. Increasing the chemical potential,
the typical scattering processes become more short wave-
length, and the effect of, e.g., the A factor in the interaction
potential becomes smaller. Although a larger chemical poten-
tial leads to a larger electronic density of states, the result
is still a decrease in the critical temperature. On the other
hand, while lowering the chemical potential could produce
a larger critical temperature, taking the chemical potential
too low would challenge the validity of the theory, which,
e.g., relies on the Fermi energy being significantly larger than
the cutoff on the boson spectrum. Based on the result that
an uncompensated interface provides an enhancement of the
critical temperature for both magnetic phases, we focus on the
case of 2 = 0 in the following.

Next, we investigate how the dimensionless coupling con-
stant and the critical temperature depend on the next-nearest
neighbor interaction J, in the AFMI. These results are dis-
played in Fig. 11. For both magnetic phases, we find that
approaching the phase transition leads to a larger dimension-
less coupling constant and critical temperature. For the Néel
phase, the introduction of frustration gives rise to a smaller
cutoff on the boson spectrum (Fig. 3), and a smaller sublattice
magnetization which leads to a reduction of the prefactor Oy
(Fig. 8) in the interaction potential. On the other hand, the
frustration produces larger coherence factors (Fig. 4) and a
flatter boson dispersion relation, which enters in the denom-
inator of the interaction potential. The overall effect is that
the dimensionless coupling constant increases, which leads
to a rise in the critical temperature despite the reduction in
the boson spectrum cutoff. In the vicinity of the transition to
the stripe phase, the 7, curve becomes flatter as the factor Q
drops more quickly. For smaller (larger) AFMI spin quantum
number S, Oy will be reduced more (less) dramatically as one
approaches the transition point. For the spin § = 1/2 case,
where the long-range order can vanish for sufficiently strong
frustration, the critical temperature resulting from the above
calculation will dive down. However, for a three-dimensional
system, with stronger tendency of ordering, the magnetization
will generally be reduced less than for the two-dimensional
model system considered here. The typical result for an actual
three-dimensional AFMI with an uncompensated interface
(potentially excluding the case of spin-1/2 on a simple cubic
lattice [18]), is then expected to be similar to the above result
(Fig. 11) where the dimensionless coupling constant increases
as one approaches the stripe phase, leading to a higher critical
temperature.

For the stripe phase, approaching the transition to the Néel
phase, the cutoff on the boson spectrum (Fig. 6) and the factor
o)) (Fig. 8) are once again reduced. In addition, the maximum
value of the coherence factors also decreases (Fig. 7), in
contrast to the Néel case. This could indicate that the induced
electron-electron interactions are becoming weaker, poten-
tially leading to a smaller A and 7. It is, however, the case
that the region in k space where the coherence factors take

0.6 T
(a)
0.4F -
/<
0.2 -
0 1
20 T
(b)
@ 15F -
=
~10F -
=
o / -
0 1
0 0.5 1

Ja/ Jh

FIG. 11. Dimensionless coupling constant A (a) and supercon-
ducting critical temperature 7. (b) presented as a function of the
next-nearest neighbor exchange coupling J, in the antiferromagnet
for J; = 5meV, K = J,/4000, S =1, t = 0.8eV, u = —3.5t, ] =
13meV, and Q = 0.

on large values is stretched out in the direction of the stripes
(the k, direction), followed by a flattening of the dispersion
relation in this direction. In order to take advantage of favor-
able scattering processes in the k, direction, while keeping
the involved electrons on the Fermi surface, the magnitude
of the gap function is shifted towards the k, axis compared
to the standard p-wave gap function of the unfrustrated Néel
state [6]. More scattering processes with large and moderately
large contributions compensate for the reduction, instead of
increase, in the maximum value of the coherence factors. The
dimensionless coupling constant therefore still grows as one
approaches the phase transition. As the sublattice magnetiza-
tion is more robust for the stripe phase than the Néel phase
(Fig. 8), the maximum value of XA actually ends up being
slightly higher for the stripe phase due to a larger value for
Qo. As the critical temperature is very sensitive to A, the
critical temperature rises up quite dramatically on the stripe
side of the transition in our calculation. The main conclusion
from the stripe phase is that increasing the fluctuations by
approaching the transition to the Néel phase can be favorable
for the superconductivity and that the more stable sublattice
magnetization of the stripe phase can be an advantage.
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VIII. SUMMARY

We have investigated superconductivity in a normal metal,
induced by an interfacial coupling to an antiferromagnetic
insulator. We have shown that next-nearest neighbor frus-
tration in a Néel antiferromagnet with an uncompensated
interface can lead to an enhancement of the superconducting
critical temperature. Moreover, coupling to an uncompensated
antiferromagnetic interface is found to be favorable for the
superconductivity regardless of whether the antiferromagnet
is in a Néel phase or a stripe phase. For the stripe phase,
arising from large next-nearest neighbor interaction in the
antiferromagnet, we find that amplifying the magnetic fluc-
tuations by approaching the transition to the Néel phase, once
again, can lead to a rise in the critical temperature.
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APPENDIX: DERIVATION OF THE EFFECTIVE
INTERACTION

In order to obtain an effective theory of interacting elec-
trons, we choose

ZJQ
775( ) — _ [ kk'qukTuk¢akTak/i
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where
M = ! (A3a)
kikq 6k+q—k/ — €& + wk’iot — Wita ’
1
A . (A3D)
€k+q7k/ —_ eq + C()kﬂs — C()k"“g
_ 1
Zk kT/\L - 5 (A3C)
Ek+q7k/ — € — Wkta — (,()k/l/g
1
w = . (A3d)
T gk — €T O o T Okt
and, e.g.,
1
+1M
Y= , (Ada)
KRG g — €+ Orra T 0pp
1
-t _
Wy kg = . (A4b)

Cktq—k — €q T WO |g — Wikt
Prior to commencing a calculation of the commutators, it
turns out to be advantageous to further split up the terms in

the interaction Hamiltonian,

oY — g&) + HED)

int int int ’

(A5)

where

27 Q
Hi(rﬁ'+) = Z Z (Mk¢“k’¢a£¢ak/¢

qed kK’
€ RBZ
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1 ¥
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Foro\At
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When calculating the boson commutators, leaving us with
four electron operators and two boson operators, and exchang-
ing the pair of remaining boson operators with its ground-state
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expectation value, we find that only processes where the two
incoming electrons have opposite spins give nonzero contri-
butions. These processes then conserve the electron spin and
are of the same type as the processes one obtains from a
Holstein-Primakoff treatment of the magnetic system [3,5,6].
The pairing Hamiltonian can then be written as

1 -

Hyie = 5 3 [y ™ 8@ =], (A10)

Ll'o
where
2J Q
A+)
qed  kk'

€ RBZ

+ ykk/ UkT”k’Ug wy Bt — Zkk/ “kT”k’io‘ka Kl

+11
— W Vet U 0k Bk ) g Chg (A11)

o _219
n IDINC kk/ o U U 0 O

qe0 ki
€ RBZ

-4t i gt
= Goitg WL VK% By

(A12)

+ yf,ji Ve v B NS

+10 i
~ Wi g Ukl “k’Tak’T'B—ki)chck-i—q—k/i ’

2J :
B.+) _ M f
N N E E (y:,k«qvklvk’Ta_k/Tafkl

qe0 ki
€ RBZ

Bt i +1
T X g M i By By = G g Vi iy iy By
-1 T T\ LT
Wy kg Wil vk’Ta—k’¢ﬂk¢)Cq¢ck+q—k’T’
(A13)

2J
B,—) __ A1 T
nSET =% 2 Oyt @kt

qed kK’
€ RBZ

+ x , umuk l'BkT'Bkl -7 kT Vrp Uy | 0kt By,

_ wk,}j;”kT vkr¢a_k,¢,3,;T)chck+q,kf¢.
(Al14)
Computing the commutators, grouping together terms, and
exchanging the boson operator pairs by their ground-state
expectation value, we obtain

Hpsir = H* + HPE + HAP {5, (A15)
where
V2
AA 2 adt X% N
3 M Ly
ql kK
e[ eRBZ

x (WET“H)_<O‘1t’¢“k'i>)+(y£kuq - y,f, %)vmvk &
x (1B Ban) =By B )+ (5l —wiih)

X u,%Tv,%ri((Ot,}OlkT) + (,Bikflﬂ—k’i) + 1)

ST i
+ (Zk’kl Wik q)va“ki(w—kT'B—kT)

+ <a;/l0‘k’¢> + 1) }C;¢ck+q—k’Tc;Tck’+l—k¢v (A16)
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i il
X Cq¢ck+q—k'Tcchk/+l—kL' (Alg)
Here, we have defined, V = 2J/+/N.
When considering the ground-state expectation value of the
boson operator pairs, we only get contributions from 1-bosons
with momentum k = 0, as the ground state is a condensate of
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1-bosons. Further, restricting to the BCS case of incoming, as
well as outgoing, particles with opposite momenta, the result
for the effective interaction is Hysir = H, W4 g where

pair pair
(1 v? 2 2
Hpair = W(MO¢ + vOT)noT Z ZA(k’ Q)
qel ke
RBZ
20)k¢

Fonet
(€g+k — €9)* — @}, CqiCq+k1C_gyC—q—ki» (A20)

and

HZ) = Vﬁz > > Bk.K.Q)

q kK
e eRBZ

2wy + )

(€grik — €)° — (Wky + g )?

X C;¢Cq+k*k,7*ciq1*c7q+k/fk$' (AZI)

The functions A and B are defined in the main text. The
contributions to Hrf;i)r come from the expectation value of the
1-bosons with momentum k = 0, ng4, while the contributions

to Héfi)r originate with the terms without boson operators.
Moving the contributions from Hgi)r where k = 0 over to H;;i)r,

and using u(zm, v(%T > 1, we can rewrite H;;i)r as

B —v0 Y Y Ak
qel ke
RBZ
2a)k¢

T ¥
(€g+k — eq)2 — a),%¢ CqiCa+ktCgy C—g—kl> (A22)

where Oy is a quantity of order unity, closely related to the
sublattice magnetization.
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