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Renormalization of antiferromagnetic magnons by superconducting condensate and quasiparticles
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The ability to modify and tune the spin-wave dispersion is one of the most important requirements for
engineering of magnonic networks. In this study, we demonstrate the promise of synthetic thin-film hybrids
composed of an antiferromagnetic insulator (AF) and a normal (N) or superconducting (S) metal for tuning and
modifying the spin-wave dispersion in antiferromagnetic insulators. The key ingredient is the uncompensated
magnetic moment at the AF/S(N) interface, which induces an effective exchange field in the adjacent metal
via the interface exchange interaction. The exchange field spin polarizes quasiparticles in the metal and induces
spinful triplet Cooper pairs screening the magnon. The quasiparticle and Cooper pair polarization renormalizes
the magnon dispersion. The renormalization results in the splitting of the otherwise degenerate AF magnon
modes with no need to apply a magnetic field. It is also proposed that measurements of the renormalized
dispersion relations can provide the amplitude of the effective exchange field induced by the AF in the adjacent
metal.
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I. INTRODUCTION

Magnonics is devoted to the exploration of spin waves
in magnetic structures. Now it is very rapidly developing
mainly due to the impressive advance of nanotechnology, the
development of new experimental techniques, and the promise
of a new generation of devices in which magnons would be
employed [1–3]. In particular, the interconversion between
magnonic spin signals and electron spin signals has been
investigated [4–9].

The other important question is a renormalization of
magnon characteristics in hybrid structures, and, in particular,
the influence of the adjacent metal on the magnon char-
acteristics in thin-film ferromagnet/normal metal (F/N) or
ferromagnet/superconductor (F/S) heterostructures. The abil-
ity to modify and tune the spin-wave dispersion is one of
the most important requirements for engineering of magnonic
networks. In particular, it was found that the adjacent metal
works as a spin sink strongly influencing Gilbert damping of
the magnon modes [10–20]. Also, the adjacent superconduct-
ing layer can result in shifting of k = 0 magnon frequencies
(Kittel mode) [15,18–20]. The exact mechanism is still under
debate now [21,22], but it is probably of an electromagnetic
nature and is not related to the exchange-based proxim-
ity effects between the ferromagnet and the superconductor.
The electromagnetic interaction between the ferromagnet and
superconductor also results in the appearance of skyrmion-
fluxon excitations [23–29], magnon-fluxon excitations [30],
and efficient gating of magnons [31]. Further, it was reported
that the proximity effect in thin-film F/S hybrids, which is the
generation of an effective exchange field in S by the proximity
to F, results in the appearance of composite particles of a
different physical nature. They are composed of a magnon in F
and an accompanying cloud of spinful triplet pairs in S, which
was termed magnon-cooparon [32]. The cloud of triplet pairs
results in the essential renormalization of the magnon stiffness

and its spin. Furthermore, for thin-film S/F bilayers with an
unconventional spinful triplet superconductor, a conversion of
Cooper pair supercurrents to magnon spin currents has been
suggested [33].

On the other hand, antiferromagnets (AFs) have recently
gathered interest as alternatives to ferromagnets as active
components in spintronics applications due to their robust-
ness against perturbation by magnetic fields, the absence
of parasitic stray fields, and ultrafast dynamics [34–36]. In
particular, antiferromagnet/normal metal hybrids have been
actively studied in the context of spin transport experiments
[37–40]. Antiferromagnetic magnons have been predicted
to be effective mediators of the superconducting pairing in
antiferromagnet/metal hybrid structures [41–44].

The influence of superconductivity on the magnon spectra
in antiferromagnetic superconductors has been studied
in Ref. [45]. It was reported that the superconductivity
enhances k = 0 magnon frequency, thus making the magnon
spectrum a nonmonotonic function of the magnon wave
number. However, much less is known about the back action
of the adjacent metal on the magnon characteristics in
thin-film AF/N or AF/S heterostructures. Here we address
this question for an antiferromagnetic insulator/normal
(superconducting) metal interface if the corresponding
interface is uncompensated, that is, there is a nonzero average
magnetization at the interface. Due to the interface exchange
coupling, an effective exchange field is induced in the
adjacent metal producing an electron spin polarization there
[46]. This makes the thin conducting film proximitized by the
uncompensated antiferromagnet very much like a conductor
in a contact with a ferromagnetic insulator. The effective
exchange field generates singlet-triplet conversion in the
superconducting film [47], superconductivity suppression,
spin splitting of the superconducting density of states (DOS)
[48], and giant spin-dependent Seebeck effect [49].
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We study the back action of the spin polarization in-
duced in the superconductor or normal metal on the magnon
spectrum of the antiferromagnetic insulator. We consider an
easy-axis antiferromagnet. It is known that in this case, there
are two oppositely polarized magnon modes, which are de-
generate unless an external magnetic field is applied. We
demonstrate that the back action of the metal removes the
degeneracy with no need for application of the field. More-
over, the group velocities of the oppositely polarized modes
become essentially different. The general reason is that the
sublattice symmetry-breaking exchange at the uncompensated
interface results in the symmetry breaking between the two
opposite-spin magnon modes. The dynamical polarization of
the conduction electrons interacts with the oppositely po-
larized modes asymmetrically. This effect takes place both
for AF/N and AF/S heterostructures. It has two contribu-
tions. The first one is from quasiparticles, which dominate
at small magnon wave numbers k. The second contribution
is caused by the interaction of magnons with a supercon-
ducting condensate and is explained by the appearance of
the magnon-cooparon composite particles, analogously to the
case of F/S hybrids [32]. Further, we show that damping
of the magnon modes can also be renormalized by the back
action of the metal, that is, by magnon-assisted processes of
the electronic quasiparticles’ spin flip. Finally, we demon-
strate the appearance of the additional modes in the magnon
spectrum due to the hybridization between the magnons and
electron paramagnetic resonance mode, which is caused by
the exchange field induced in the metal by the antiferromagnet
itself.

The paper is organized as follows. In Sec. II, the system
under consideration and the model under study are described.
In Sec. III, we formulate the theoretical framework to treat
the problem. In Sec. IV, the results for the magnon spectrum
renormalization are presented and discussed: Sec. IV A gives
a general overview of the renormalization and splitting effects,
Sec. IV B discusses the physical reasons and temperature
dependence of the renormalization, Sec. IV C is devoted to
the dependence of the renormalization effect on the value of
the effective exchange field induced in the S(N) layer, and in
Sec. IV D, the dependence on the applied magnetic field is
discussed. A short summary of our research is given in Sec. V.

II. SYSTEM AND MODEL

The model system that we consider is shown in Fig. 1.
It is a thin-film bilayer consisting of an antiferromagnetic
insulator with homogeneous Néel order interfaced to a con-
ventional spin-singlet superconductor. The AF/N interface is
considered as a limiting case, corresponding to temperatures
above the superconducting critical temperature. We assume
uncompensated magnetic moments at the AF/S interface, that
is, the interface possesses finite magnetization. Under these
conditions, we expect the uncompensated AF to induce a
spin-splitting field in the superconductor [46] via an interfa-
cial exchange interaction. It is assumed that the thickness of
the S film dS is smaller than the superconducting coherence
length ξS . Then the induced spin splitting can be considered
as uniform along the y direction. In general, the magnetic
proximity effect at an AF/S uncompensated interface is not

FIG. 1. Sketch of the AF/S bilayer under consideration and a
schematic illustration of the circularly polarized magnon modes,
which are energetically degenerate without a coupling to the S(N)
layer and at zero applied magnetic field H = 0. The equilibrium
(without a magnon) effective exchange field induced in the S layer
by proximity to the AF insulator is denoted as h0.

reduced to the effective exchange only [46], analogously to the
case of the ferromagnetic insulator/superconductor interface
[50,51]. However, in the framework of the present study, we
neglect other terms which can be viewed as additional mag-
netic impurities in the superconductor and focus on the effect
of the exchange field.

We treat S within the quasiclassical framework and solve
the Eilenberger equation to obtain the Green’s function and,
consequently, the electron spin polarization, which is ex-
pressed in terms of the Green’s function. The AF insulator is
treated via the two-sublattice Landau-Lifshitz-Gilbert (LLG)
description. The sublattices A and B are marked by the corre-
sponding superscripts. The two subsystems are coupled due to
the interfacial exchange, which is assumed nonzero between
S and the sublattice A. The AF film is also assumed to be thin
with uniform Néel order along the y direction. The interface
exchange leads to a spin-splitting term in the Eilenberger
equation describing S and a spin torque term describing the
magnetization dynamics for the AF sublattice A. The overall
system dynamics is determined by solving the coupled equa-
tions self-consistently.

We wish to examine wave-vector-resolved excitations of
the hybrid. Thus we can obtain the complete information
needed for examining arbitrary wave packets generated by
a given experimental method. To this end, we assume the
existence of a spin wave with wave vector k in the AF (Fig. 1)
such that the magnetization unit vector mA,B(r, t ) = mA,B

0 +
δmA,B(r, t ) consists of the equilibrium part mA,B

0 = ±ez

and the excitation part δmν
±(r, t ) = δmν

±[cos(kr + ωt )ex ±
sin(kr + ωt )ey] exp(−κt ), where ν = A, B. Unlike the ferro-
magnetic case, in AFs two magnon modes [52] are possible
for the same wave vector k. Please note that in the last
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expression, the subscript ± does not correspond to the sub-
lattice A(B) index and denotes two different magnon modes.
They are described by the excitation parts δmA,B

± (r, t ) and
are called ω± modes. The magnon modes are schematically
shown in Fig. 1. In these modes, the two sublattice mag-
netizations are nearly opposite to each other. They precess
circularly, i.e., counterclockwise in one of the modes and
clockwise in the other. In the quantum language, they corre-
spond to magnons carrying the opposite spins. In the absence
of the applied field and proximity to the superconductor (or
normal metal), these modes are degenerate. The effect of
their own dipolar fields can also remove the degeneracy and
strongly hybridizes the spin carried by the modes [53]. Here
we neglect the effect of dipolar fields because, according to
our numerical estimates, the coupling to the S(N) film gen-
erates larger splitting of the modes, of the order of tens of
GHz, while the splitting due to the dipolar interaction was
estimated as ∼GHz [53]. In addition, the proximity-induced
splitting manifests a very strong temperature dependence at
low (superconducting) temperatures, which makes it possible
to distinguish it. We assume magnon wave vector k to be in
the plane of the AF/S interface.

III. FORMALISM

A. Description of magnons in AF

The magnetization dynamics is described within the
Landau-Lifshitz-Gilbert framework. The LLG equation can
be written for each sublattice separately [54],

∂mi

∂t
= −γ mi × H i

eff +
∑

j

αi jmi × ∂m j

∂t
+ Ni, (1)

where i = A, B is the sublattice index and −γ with γ >

0 is the AF gyromagnetic ratio, H i
eff = Kmi

zez + A∇2mi −
JAFmī + H is the effective magnetic field in the AF con-
taining an external magnetic field H , easy-axis anisotropy
with easy axis along the z direction, and anisotropy con-
stant K , exchange stiffness A, and antiferromagnetic exchange
coupling between two sublattices with coupling constant
JAF > 0. ī = B(A) for i = A(B). αi j is the 2 × 2 Gilbert dis-
sipation matrix [54,55], which can be characterized by two
real positive numbers α and αc as follows: αAA = αBB = α

and αAB = αBA = αc. The last term in Eq. (1) represents the
torque experienced by the sublattice.

The torque Ni can be calculated starting from the effective
exchange interaction between the spin densities on the two
sides of the AF/S interface,

Hint = −
∫

d2rJSA · s, (2)

where s is the electronic spin density operator in the S film,
SA is the localized spin operator in the AF film, belonging
to the sublattice A. J parameterizes interfacial exchange in-
teraction between AF and S and the integration is performed
over the two-dimensional (2D) interface. It has been shown
[46] that this exchange interaction Hamiltonian results in the
appearance of the exchange field h(r) = JMmA(r)/(2γ dS )
in the S film, where M is the sublattice saturation
magnetization.

From Eq. (2), one obtains the additional contribution to
the Landau-Lifshitz-Gilbert equation written in the form of
an interface torque acting on the magnetization,

NA
int = Jδ(y − yI )mA(y) × s, NB = 0, (3)

where the interface is located at y = yI . We assume that the
antiferromagnetic film is thin and its magnetization for a given
sublattice is homogeneous in the y direction. In this case,
Eqs. (1) and (3) can be averaged over the thickness dAF of
the AF film. For the averaged torque, we thus obtain

NA = JmA × s
dAF

= J̃mA × s, NB = 0. (4)

Here, J̃ ≡ J/dAF. We expand the electronic spin polarization
over the three perpendicular vectors as

s = s0ez + δs‖δmA + δs⊥(δmA × ez ), (5)

where s0 is the equilibrium value of the electron spin polar-
ization in the superconductor, corresponding to the absence
of the magnon. δs‖ and δs⊥ describe the dynamic corrections
to the spin polarization due to the magnon. The components
s0, δs‖, and δs⊥ are, in general, functions of (ω, k) and are
calculated in the framework of the Usadel equations below.
Substituting the expressions for s and mA,B(r, t ) = ±ez +
Re[δmA,Beikr+iωt ] in Eq. (1) above and linearizing this equa-
tion with respect to δmA,B, we obtain

(−ω − iκ ± B+ ± δω± ± iωα − iχ± ±γ JAF ± iωαc

∓γ JAF ∓ iωαc −ω − iκ ∓ B− ∓ iωα

)(
δmA

±
δmB

±

)
= 0, (6)

where B± = γ (K + JAF + Ak2 ± H ) = B ± γ H . Equa-
tion (6) decouples, giving two independent circularly
polarized magnon modes δmA(B)

± = δmA(B)
x ± iδmA(B)

y . Terms
δω± and χ± result from the torque acting on the AF from the
superconductor. δω± = J̃[δs‖(±ω,±k) − s0(±ω,±k)] and

χ± = J̃δs⊥(±ω,±k). Neglecting the small terms resulting
from (ωα)2, (ωαc)2, and χ2

± in Eq. (6), we obtain the
following expression for the mode frequencies, which are
determined by the real part ω of the solution ω± + iκ±,
providing zero determinant of the matrix in Eq. (6):

ω± = ±
(

δω±
2

+ γ H

)
+

√(
δω±

2

)2

+ ω2
0 + δω±B, (7)
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where ω0 = γ

√
(K + JAF + Ak2)2 − J2

AF is the AF magnon
frequency at H = 0 and without any contact with the S(N)
layer. It is seen from Eq. (7) that the interaction of the AF
magnons with polarized electrons in the adjacent metal layer
removes degeneracy of the magnon modes even at zero mag-
netic field.

The magnon decay rate κ is also renormalized by the influ-
ence of the metal layer. The renormalized κ is determined by
the imaginary part κ of the solution ω± + iκ± providing zero
determinant of the matrix in Eq. (6) and, up to the linear order
with respect to α, αc, and χ±, takes the form

κ± = αω
(
B + δω±

2

) − JAFωαc ∓ χ±
2 (B− ± ω)√(

δω±
2

)2 + ω2
0 + δω±B

. (8)

B. Electron spin polarization in S(N)

Now our goal is to calculate the electron spin polarization s
in the superconductor. The approach closely follows Ref. [32],
where it has been used for treating S/F bilayers. Here we
provide the corresponding equations for consistency and gen-
eralize the calculations for the case of two magnon modes. s
can be calculated via the quasiclassical Green’s function as

s = −NF

16

∫
dεTr4[στzǧ

K ], (9)

where ǧK is the Keldysh component of the quasiclassical
Green’s function ǧ, which is an 8 × 8 matrix in the direct
product of Keldysh, spin, and particle-hole spaces. It obeys
the Usadel equation,

iD∇(ǧ ⊗ ∇ǧ) = [ετz − hστz + iτy, ǧ]⊗, (10)

where [A, B]⊗ = A ⊗ B − B ⊗ A and we work in the
mixed (ε, t ) representation with A ⊗ B = exp[(i/2)(∂ε1∂t2 −
∂ε2∂t1 )]A(ε1, t1)B(ε2, t2)|ε1=ε2=ε;t1=t2=t . In case A[B](ε, t ) =
A[B](ε) exp[i�A[B]t], the ⊗-product is reduced to A(ε, t ) ⊗
B(ε, t ) = A(ε − �B/2)B(ε + �A/2, t ) exp[i(�A + �B)t].
τx,y,z and σx,y,z are Pauli matrices in particle-hole and
spin spaces, respectively.  is the superconducting order
parameter. The explicit structure of the Green’s function in
the Keldysh space takes the form

ǧ =
(

ǧR ǧK

0 ǧA

)
, (11)

where ǧR(A) is the retarded (advanced) component of the
Green’s function and gK is the Keldysh component. Further,
we express the Keldysh part of the Green’s function via
the retarded, advanced Green’s functions and the distribution
function ϕ̌ as follows: ǧK = ǧR ⊗ ϕ̌ − ϕ̌ ⊗ ǧA.

The exchange field is taken in the form of a time-
independent component and a circularly polarized magnon,

h± = h0ez + δh cos(kr + ωt )ex ± δh sin(kr + ωt )ey. (12)

Then,

δh±σ = δh±e∓i(kr+ωt )σzσx. (13)

Please note that h±, respectively induced by the ω± magnon
modes, does not have a sublattice index. In the framework of
the considered simplified model, the superconductor is only

coupled to the A sublattice of the antiferromagnet and the
induced exchange field is just an imprint of this sublattice
h± = JMmA

±/(2γ dS ). In reality, of course, a weaker exchange
coupling of the exponentially decaying electron wave function
to the B sublattice is also possible. However, it does not
change the physics qualitatively and only reduces, to some
extent, the amplitude of the effective exchange field δh± ∝
(δmA

± − wδmB
±), where w is a factor taking into account the

relative density of the electron wave function at the A and B
sublattices. The quasiclassical Green’s function is to be found
in the form ǧ± = ǧ0 + δǧ±, where ǧ0 is the Green’s function
in the absence of the magnon and δg± is the first-order cor-
rection with respect to δh±. Taking into account that ∇g0 = 0
(we assume that in the absence of the magnon, the bilayer is
spatially homogeneous along the interface) from Eq. (10), we
obtain the following equation for δǧ+:

iDǧ0 ⊗ ∇2δǧ+ = [ετz − h0ezσzτz + τẑ, δǧ+]⊗
−[δhe−i(kr+ωt )σzσxτz, ǧ0]⊗. (14)

Introducing the unitary operator Û = e−i(kr+ωt )σz/2, we can
transform the Green’s function as follows:

δǧ+ = U ⊗ δǧm ⊗ U †. (15)

In the case where the system is spatially homogeneous except
for the magnon, δǧm does not depend on coordinates. Then,

∇2δǧ+ = −k2

2
Ǔ ⊗ (δǧm − σzδǧmσz ) ⊗ U †= − k2δǧ+, (16)

where, when passing to the second equality, it is used that
δǧ+ = δĝxσx + δĝyσy and has no z component in the spin
space according to the spin structure of the magnon exchange
field δh+.

From the normalization condition ǧ ⊗ ǧ = 1, it fol-
lows that ǧ0 ⊗ δǧ+ = −δǧ+ ⊗ ǧ0. It gives us ǧ0 ⊗ δǧ+ =
(1/2)[ǧ0, δǧ+]⊗. Equation (14) takes the form

[ετz + i
Dk2

2
ǧ0 − h0ezσzτz + τẑ, δǧ+]⊗

−[δhe−i(kr+ωt )σzσxτz, ǧ0]⊗ = 0. (17)

From Eq. (17), the following equation for δǧm is obtained:

[�̂dτz + �̂od iτy, δǧm]

= δh[σxτz,
1
2 ((g0,s + g0,aσz )τz

+( f0,s + f0,aσz )iτy)]. (18)

It does not contain time dependence and ⊗ products. In
Eq. (18), we use the following definitions:

g0,s(a) = g0,↑
(
ε + ω

2

)
± g0,↓

(
ε − ω

2

)
, (19)

f0,s(a) = f0,↑
(
ε + ω

2

)
± f0,↓

(
ε − ω

2

)
, (20)

where g0,↑(↓) represent the bulk Green’s functions for the
superconductor in the exchange field h0,

gR
0,↑(↓) = |ε ∓ h0|√

(ε + iδ ∓ h0)2 − 2
, (21)

f R
0,↑(↓) = sgn(ε ∓ h0)√

(ε + iδ ∓ h0)2 − 2
, (22)

174521-4



RENORMALIZATION OF ANTIFERROMAGNETIC MAGNONS … PHYSICAL REVIEW B 107, 174521 (2023)

and g( f )A
0,↑(↓) = −g( f )R∗

0,↑(↓), g( f )K
0,↑(↓) = [g( f )R

0,↑(↓) −
g( f )A

0,↑(↓)] tanh[ε/2T ],

�̂d = �0
d + �z

dσz = ε + iDk2

4
g0,s

+
(

ω

2
− h0 + iDk2

4
g0,a

)
σz, (23)

�̂od = �0
od + �z

odσz

=  + iDk2

4
f0,s + iDk2

4
f0,aσz. (24)

Solving Eq. (18), we obtain

δǧm = δgmxσxτz + δ fmxσxiτy, (25)

where

δgmx = δh
[

f0,s�
z
od − g0,a�

0
d

]
2
[
�0

d�
z
d − �0

od�
z
od

] . (26)

The distribution function also acquires a correction due to
the magnon: ϕ̌+ = ϕ̌0 + δϕ̌+. It is convenient to work with
the transformed distribution function Û †ϕ̌+Û = ϕ̌m + δϕm,
which does not depend on time and spatial coordinates.

Here, ϕ̌m = (1/2)[ϕm,s + ϕm,aσz], with ϕm,s(a) = tanh[(ε +
ω/2)/2T ] ± tanh[(ε − ω/2)/2T ] the result of the unitary
transformation of the equilibrium distribution function ϕ̌0 =
tanh[ε/2T ]. From the Keldysh part of the Usadel equa-
tion (18), we can obtain the following equation for the
first-order correction to the distribution function δϕ̌m:

iDk2
[
δϕ̌m − ǧR

m0δϕ̌mǧA
m0

] + ǧR
m0[Ǩ, δϕ̌m] − [Ǩ, δϕ̌m]ǧA

m0

+ǧR
m0[ϕ̌m, δhσxτz] − [ϕ̌m, δhσxτz]ǧ

A
m0 = 0, (27)

where

Ǩ = [ε + (ω/2 − h0)σz]τz + iτy, (28)

ǧR,A
m0 = Û † ⊗ ǧR,A

0 ⊗ Û = (1/2)
[(

gR,A
0,s + gR,A

0,a σz
)
τz

+(
f R,A
0,s + f R,A

0,a σz
)
iτy

]
. (29)

The structure of Eq. (27) dictates that

δϕ̌m =
(

0 δϕ↑
m

δϕ↓
m 0

)
. (30)

Substituting Eq. (30) into Eq. (27), we obtain the following
result:

δϕσ
m = −δhϕm,a

2h0ωG−,σ + iσDk2
(
gR

mσ − gA
mσ̄

)
4h2

0ωG−,σ + 4h0ωiσDk2
(
gR

mσ − gA
mσ̄

) − (Dk2)2G+,σ

, (31)

where we introduce the spin subband index σ =↑ (↓) in
the subscripts/superscripts and σ = ±1 for spin-up (-down)
subbands, respectively, if it is as a factor. Here, σ̄ = −σ ,
h0ω = ω/2 − h0, g( f )R,A

mσ = g( f )R,A
0,σ (ε + σω/2), and G±,σ =

1 − gR
mσ gA

mσ̄ ± f R
mσ f A

mσ̄ .
The electron spin polarization s+, induced in the supercon-

ductor by the equilibrium magnetization mA
0 and the magnon

mode δmA
+, is calculated from Eq. (9). It can be decomposed

into three orthogonal components according to Eq. (5). The
corresponding components take the form

s0 = −NF

4

∫ ∞

−∞
dε tanh

ε

2T
Re

[
gR

0,↑ − gR
0,↓

]
, (32)

δs‖(ω, k) = −NF h0

8δh

∫ ∞

−∞
dε

{
2ϕm,sRe

[
δgR

mx

]
+

∑
σ

(
gR

mσ − gA
mσ̄

)
δϕσ

m

}
, (33)

δs⊥(ω, k) = NF h0

8δh

∫ ∞

−∞
dε

{
2ϕm,aIm

[
δgR

mx

]
+i

∑
σ

σ
(
gR

mσ − gA
mσ̄

)
δϕσ

m

}
. (34)

The electron spin polarization induced by the mode δmA
−

can be obtained from Eqs. (33) and (34) by the substitution
ω → −ω and k → −k.

IV. RESULTS AND DISCUSSION

A. Splitting and renormalization of the AF magnon mode

The dispersion relations for the both AF magnon modes
ω±(k) at H = 0 are presented in Fig. 2. Figure 2(a) represents
the general view of the mode frequencies on a large scale of
the order of 0, where 0 is a value of the superconducting
gap in the bulk superconductor at T = 0 and without a prox-
imity to the antiferromagnet. The numerical parameters of the
AF/S bilayer are taken to be close to the material parameters
of MnF2 (AF) [52] and Nb (S). The upper mode is the original
AF mode, split and renormalized by superconductivity. While
the characteristic AF frequencies ω0 ∼ 0 are of the order
of THz, all the effects of splitting and renormalization are
caused by δω±, as is seen from Eq. (6). Here, δω± ∝ J̃δs‖. The
characteristic value of δs‖ in the superconducting state is of
the order of NF 0 (in the normal state, it is NF h0). Therefore,
the quantity δω± ∝ J̃NF 0 ≡ β. Therefore, the parameter β

quantifies the back action of the electron polarization induced
in the superconductor by the magnon on the magnon itself.
Taking dAF = dS , M ∼ 230 G, γ = 2μB/h̄, and NF ≈ 1.3 ×
1035 erg−1 cm−3 for Nb, we obtain, for chosen materials,
β ∼ 0.05h0. The equilibrium effective exchange field in the
S(N) layer for the results presented in Fig. 2 is assumed to be
h0 = 0.20. This value corresponds to the available estimates
of the effective field at the uncompensated AF/N interfaces of
real materials [46].

For the chosen parameters, we obtain that the
superconductivity-induced splitting of the AF magnon
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FIG. 2. Magnon dispersion ω(k) for h0 = 0.20. ω is measured
in units of 0 and k is measured in units of 2c−1, where c is
a length scale of the order of the interatomic distance. We take
c = 3.3 Å in accordance with the lattice period along the ĉ axis of
MnF2 [56]. (a) The general view of the magnon modes’ dispersion
in the AF/S bilayer at T = 0.20. (b) The temperature evolution
of the dispersion in the rectangular region in (a) on a large scale.
Different colors correspond to different temperatures. The ω+ mode
is plotted by solid lines and the ω− mode is plotted by dashed lines.
The original AF dispersion ω0(k) is shown by a gray line in (b).
(c) The zoom of the ω2h0 mode, which is seen as a black point in (a).
Different colors are again different temperatures. The decay rate is
encoded by the brightness of the corresponding line. We take β =
0.05h0, α = 2 × 10−4, αc = 10−4, ξS = 10 nm, 0 = 18K , γ K =
0.0610, γ JAF = 3.920, and γ A(c/2ξS )2 = 2.260 throughout
the paper.

mode is of the order of tens of GHz. For this reason, Fig. 2(b)
represents the upper mode on the appropriate scale. First of
all, it is seen from Fig. 2(a) that the magnon modes are split
even at zero magnetic field. Both ω±(k = 0) and the magnon
velocity vm,± = dω±/dk are renormalized by the proximity
to the adjacent metal. The physical reason for this splitting
is that only the magnetization of A sublattice mA is coupled
to the conductor. The amplitudes of magnon magnetizations
at A sublattice are different for m± modes; see Fig. 1. This
results in different effective exchange fields, induced in
the conductor by these modes, which, in its turn, results in
nonequivalent back action of the electron polarization on the
magnon.

Moreover, due to the resonance shape of δω±(ω) [see
Eq. (37) below], the nonlinear equation (7) gives additional
solutions for magnon frequencies, which do not occur in
the absence of the adjacent conductor. The corresponding
magnon frequencies are located at ω2h0 ≈ 2h0. Their physical
origin is from the hybridization of the magnon modes and
the electron paramagnetic resonance mode in the conduc-
tor. However, the important point is that in the considered
case, the electron paramagnetic resonance mode does not
occur in the S(N) layer by itself and appears due to the in-
teraction with the antiferromagnet. They are represented in
Fig. 2(c). We discuss the additional modes in more detail
below.

FIG. 3. Dependence of the mode frequencies ω+(blue) and
ω−(red) on temperature for three representative values of the magnon
wave number k: (a) k = 0, (b) kc/2 = 0.009, (c) kc/2 = 0.03.
For all panels, the black dashed line is ω0. The vertical gray
line marks the superconducting critical temperature of the AF/S
bilayer. h0 = 0.20.

B. Physical reasons of the renormalization
and temperature dependence

Let us first concentrate on the physical reasons of renor-
malization of the AF magnon mode. In Fig. 2(b), the
corresponding frequencies are plotted for several tempera-
tures. Different colors correspond to different temperatures.
Solid and dashed lines of the same color represent ω± for
the same temperature. The renormalization of the magnon
modes is originated from two different physical sources. One
of them is the influence of quasiparticle polarization and the
other one is the effect of an accompanying cloud of Cooper
pairs. To study both contributions in more detail, in Fig. 3
we plot the dependence of the mode frequencies ω± on tem-
perature for three representative values of the magnon wave
number k.
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FIG. 4. Magnon dispersion in the AF/S bilayer at (a) h0 =
0.350 and (b) h0 = 0.50. The inset in (b) demonstrates the ω2h0

mode. Temperature T = 0.20 for both panels. The decay rate κ/0

is encoded by the brightness of the corresponding line, and the scale
is the same as in Fig. 2.

From Fig. 3(a), one can see that at k = 0 (Kittel mode), the
renormalization is fully suppressed at T = 0. That indicates
the quasiparticle nature of the effect. Due to the presence of
the superconducting gap, the quasiparticles in the S layer are
suppressed at T → 0. Physically, the renormalization of the
k = 0 AF frequency can be understood as follows. The AF
magnetization, including the equilibrium magnetization and a
magnon, induces an exchange field h in the superconductor.
This exchange field polarizes quasiparticles. If the AF mag-
netization were static, the quasiparticle polarization would
be aligned with it and would not generate a torque on the
AF magnetization. However, due to the dynamical nature of
the AF magnetization with finite frequency ω0, the instanta-
neous quasiparticle polarization in S is not aligned with it and
works as an additional contribution to the anisotropy field,
but different for both AF magnon modes. The perpendicular
component of the polarization is determined by the differ-
ence δs‖(±ω, k = 0) − s0(±ω, k = 0), which disappears at
ω±/0 → 0. This clearly indicates that the asymmetric shift
of the k = 0 magnons originates from the retardation effects.
As seen from Fig. 3(a), the k = 0 frequency shift is the most
pronounced in the normal state when the superconducting gap
disappears. In this limit, the induced electron polarization in
N can be found analytically,

δs‖,N = NF
ωh0(ω − 2h0)

(ω − 2h0)2 + (Dk2)2
, (35)

δs⊥,N = −NF
ωh0Dk2

(ω − 2h0)2 + (Dk2)2
, (36)

FIG. 5. (a) Dependence of the modes ω±(k = 0) and ω2h0 on
the external magnetic field, applied along the easy axis. Gray lines
correspond to ω0,±(k = 0). While ω0,+ is seen in (a), ω0,− cannot be
distinguished from the renormalized red line ω−. (b) Difference be-
tween the renormalized magnon frequencies of the AF/S(N) bilayer
and ω0 as a function of the applied field. k = 0. Solid lines represent
the difference ω+(H ) − ω0,+(H ) (blue) and ω−(H ) − ω0,−(H ) (red)
at T = 0.40, and the dotted lines correspond to the same differ-
ences but plotted at T = Tc. h0 = 0.20 for both panels.

while s0,N = 0. For the ω+ mode, this results in the following
expressions for δω and χ :

δω+,N = NF J̃
ωh0(ω − 2h0)

(ω − 2h0)2 + (Dk2)2
, (37)

χ+,N = −NF J̃
ωh0Dk2

(ω − 2h0)2 + (Dk2)2
. (38)

δω−,N (ω) = δω+,N (−ω), and the same is valid for χ−,N . It is
seen that δω+ �= δω−. The most important contribution of the
coupling δω± to the AF mode splitting in Eq. (7) is via the
last term, δω±B. Disregarding the smaller terms containing
δω± in this equation, at H = 0 and k = 0 we obtain that

ω± ≈
√

ω2
0 + δω±B ≈ √

2γ JAF(γ K + δω±/2). That is, δω±
acts on the AF magnetization at k = 0 in the same way as an
anisotropy field does, but the contribution to the anisotropy
field is different for both magnon modes.

The similar shift of the Kittel mode k = 0 also takes place
for S/F bilayers [20,32], but in that case the characteristic
magnon frequencies are of the order of GHz and, conse-
quently, ω0/0 � 1. This leads to the fact that the effective
dynamical contribution to the anisotropy field is small. There-
fore, the k = 0 shift is negligible for ferromagnetic magnons
and the main renormalization there is due to the Cooper pairs
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[32]. Here, for the AF problem, both sources of the renormal-
ization are essential. For small magnon wave numbers k, the
main contribution is due to quasiparticles. This contribution is
suppressed at k ∼ √|ω − 2h0|/D, as seen from Eq. (35).

To effectively generate equal-spin pairs screening the
magnon, the spatial inhomogeneity of the exchange field
in the superconductor is required [32]. Consequently, this
process is more efficient at large k, comparable to the
inverse superconducting coherence length ξ−1

S = √
D/0,

which in our case corresponds to kSc/2 = ξ−1
S c/2 = 0.0165.

Figure 3(c) demonstrates the temperature dependence of the
magnon frequencies’ renormalization at large k > kS . It is
seen that the temperature dependence is opposite to the k = 0
limit, presented in Fig. 3(a). This is because the quasiparticle
renormalization is already not effective at such wave numbers
and the main effect is due to the screening of the magnons
by the Cooper pairs. Figure 3(b) shows an intermediate case
when the pair contribution only starts to come into play.

C. Additional modes and dependence of the renormalization
on the value of the effective exchange

Figure 4 demonstrates how the renormalization of the
magnons depends on the value of the induced exchange
field h0. While our basic consideration presented above cor-
responds to 2h0 = 0.40 < ω0(k = 0), Figs. 4(a) and 4(b)
illustrate two other possible cases: 2h0 ≈ ω0 and 2h0 > ω0,
respectively. It is worth mentioning that the amplitude of the
effective exchange is ∼d−1

S and, therefore, can be tuned by
varying the metal layer thickness.

The induced exchange field h0 gives rise to the electron
paramagnetic resonance mode in the S(N) layer. In the con-
sidered case, only spin-up magnons with frequency 2h0 can be
emitted and absorbed by the electron paramagnetic resonance
mode. Spin-up magnons correspond to the ω+ mode. For
this reason, only the ω+ mode can interact with the electron
paramagnetic resonance mode. It is seen from Eq. (37) that
the correction δω+ has a resonance shape peaked at 2h0,
which is originated from the interaction with the electron
paramagnetic resonance in the N layer. On the contrary, the
ω− mode does not exhibit the resonant behavior at ω ≈ 2h0.
For the superconducting system, the expression for δω+ is
more complicated, but it also has a similar resonance shape.
That results in additional solutions of nonlinear Eq. (7) located
at ω2h0 ≈ 2h0. Moreover, if h0 is chosen in such a way that
ω0(k = 0) is close to ω2h0 , the ω+ mode interacts strongly
with the electron paramagnetic resonance mode, giving rise
to the peculiar behavior shown in Fig. 4(a). The details of the
corresponding solution are presented in the Appendix.

When ω0(k = 0) and ω2h0 are well separated, the corre-
sponding additional branches are above or below the main AF
split modes and do not disturb them, as shown in Fig. 2(a)
and Fig. 4(b). In principle, the additional mode, originated
from the electron paramagnetic resonance, can serve as an
experimental probe of the effective exchange field induced in
the metal layer.

D. Dependence of the magnon frequencies on the applied field

Further, in Fig. 5, we present the dependence of the split
magnon frequencies at k = 0 on the external field H , applied

along the easy axis of the antiferromagnet. The typical linear
field-induced splitting of both modes is shown in Fig. 5(a).
As already discussed above, the renormalization of the AF
frequencies by the adjacent conductor is not clearly seen on
the scale 0. For this reason, in Fig. 5(b), we plot the differ-
ence between the magnon frequencies in the AF/S(N) bilayer
and the corresponding magnon frequency of the bare antifer-
romagnet ω±(k = 0) − ω0,±(k = 0) as a function of H . Here,
ω0,± means the corresponding mode without the proximity to
the metal. The solid lines represent low-temperature results
calculated in the superconducting state at T = 0.40, and the
dotted lines are the high-temperature results at T = Tc, which
actually correspond to the normal state. It is seen that the
difference ω± − ω0,± grows with temperature, supporting the
quasiparticle origin of the k = 0 renormalization, discussed
above. It is also important that ω± − ω0,± is an asymmetric
function of the applied field. This is obviously due to the
presence of the effective exchange h0 in the metal layer. In
this case, the applied field also contributes to the effective
exchange as h0 → h0 + μBH . The difference ω± − ω0,± goes
to zero at γ H = −2h0. This provides another method of
experimental measurement of h0: the induced exchange is
determined by the applied field when the difference between
ω+(k = 0) in the superconducting and normal states of the
metal layer disappears.

V. CONCLUSIONS

In the present paper, we have investigated the renormal-
ization of the magnon modes in a thin-film antiferromagnetic
insulator caused by the proximity to a thin metal layer, which
can be normal or superconducting. The key point is the
presence of an uncompensated magnetic moment at the AF/S
interface, which induces an effective exchange field in the
adjacent metal via the interface exchange interaction. The
exchange field spin polarizes quasiparticles in the metal and
induces spinful triplet Cooper pairs screening the magnon,
which provide an additional dynamical contribution to the
magnetic anisotropy and influence the magnon velocity. The
renormalization results in the splitting of the AF magnon
modes with no need to apply a magnetic field. The physical
reason for this splitting is asymmetric coupling of two
antiferromagnet sublattices to the metal. The proximity
effect also leads to the appearance of additional modes in
the magnon spectrum due to the hybridization between the
magnons and electron paramagnetic resonance mode, which
is caused by the exchange field induced in the metal by the
antiferromagnet itself.

The dependence of the renormalized magnon modes in
the AF/S(N) bilayer on the applied magnetic field is also
studied. It is proposed that measurements of the renor-
malized dispersion relations can provide direct information
about the amplitude of the effective exchange field induced
by the AF in the adjacent metal. Our study demonstrates
the promise of synthetic thin-film hybrids for tuning and
modifying the spin-wave dispersion in antiferromagnets by
manipulating the temperature or thickness of the metallic
layer.
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APPENDIX

Here we present the details of the numerical solution for
the ω± and ω2h0 modes, presented in Figs. 2 and 4. The mode
frequencies are obtained as solutions providing zero real part
Z of the determinant of the matrix in Eq. (6), that is,

Z = Re

[
det

(
−ω − iκ ± B ± δω± ± iωα − iχ± ±γ JAF ± iωαc

∓γ JAF ∓ iωαc −ω − iκ ∓ B ∓ iωα

)]
≈ ω2 − ω2

0 + δω±(∓ω − B) = 0. (39)

Here we consider H = 0. For this reason, B+ = B− = B.
Equation (39) is nonlinear due to the dependence δω±(ω).

The superconducting corrections δω± as functions of ω at
kc/2 → 0 are shown in Figs. 6 and 8 for two different values
of the effective exchange field h0 = 0.20 and h0 = 0.350,
respectively. It is seen that ω+ manifests a resonant behav-
ior at ω = 2h0, while ω− has no resonance features. As
already discussed in the main text, this is because only the
ω+ mode interacts with the electron paramagnetic resonance
mode.

Figures 7 and 9 demonstrate the dependence Z (ω) for
h0 = 0.20 and h0 = 0.350, respectively, taking into ac-
count the superconducting correction. Blue curves correspond
to Z (δω+) and red curves represent Z (δω−). Far from ω =
2h0, Z (δω+) almost coincides (on the scale of the figure)
with Z (ω0) = ω2 − ω2

0, corresponding to the isolated antifer-
romagnet. Z (ω0) is shown by gray lines in Figs. 7 and 9.
Z (δω−) is visually indistinguishable from Z (ω0) everywhere.

FIG. 6. Top panel: δω+ as a function of ω. Bottom panel: δω− as
a function of ω. h0 = 0.20, T = 0.20, kc/2 = 0.0003.

Intersections of the blue and red curves with the horizontal
line Z = 0 give the solutions ω±. The regions in the vicinity
of the intersection points are shown on the bottom panels of
Figs. 7 and 9 on a larger scale. In Fig. 7, ω+,3 provides the
renormalized value of the bare antiferromagnetic mode ω0

and is called ω+ in the main text. ω+,1 is the additional mode
caused by the interaction of the magnonic subsystem with the
electron paramagnetic resonance mode and is called ω2h0 in
the main text. ω+,2 is not discussed in the main text due to
its very strong decay. Physically, it means that we hardly can
think about this solution as a real mode. We cut the lines if
κ/0 > 0.3.

The key difference between the considered cases h0 =
0.20 and h0 = 0.350 is that for the last case, the resonance
region ω ≈ 2h0 is very close to ω0 ≈ 0.6940, which leads
to much stronger renormalization of the bare antiferromag-

FIG. 7. Z (δω+) (blue) and Z (δω−) (red) as functions of ω. Bot-
tom panels represent regions in the vicinity of the intersections
of the curves with zero level on a larger scale. Three solu-
tions of the equation Z (δω+) = 0 are marked by the blue points
and the only solution of the equation Z (δω−) = 0 is marked by
the red point. The mode frequency ω0 for the isolated antiferro-
magnet is marked by the gray point. The parameters correspond
to Fig. 6.
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FIG. 8. Top panel: δω+ as a function of ω. Bottom panel: δω− as
a function of ω. h0 = 0.350, and other parameters are the same as
in Fig. 6.

netic mode and its overlapping with the additional modes.
It is the reason for the very unusual behavior presented in
Fig. 4(a). The solutions ω+,1 and ω+,3 in Fig. 9 correspond
to two ω+ branches seen in Fig. 4(a) at k → 0. Analogously
to the previous case, ω+,2 is also strongly decaying. For
this reason, the corresponding branch is not seen at small
k in Fig. 4(a).

Figure 9 is plotted for the case k → 0. However, the num-
ber of solutions of the equation Z = 0 depends on k. Upon
increasing k, the decay rate of the solution ω+,2 decreases and
this solution splits into three different solutions. As a result,
we have five branches of ω+(k) in Fig. 4(a). Upon further

FIG. 9. Z (δω+) (blue) and Z (δω−) (red) as functions of ω. Bot-
tom panel represents regions in the vicinity of the intersection of the
curves with zero level on a larger scale. The parameters correspond
to Fig. 8.

increase of k, solutions of the equation Z = 0 continue to
evolve, which leads to the fact that at first, there are three
branches and then only one.

For the curves, presented in Fig. 4(b) and corresponding to
h = 0.50, the intersection ω0 ≈ 2h0 occurs at large k, where
δω+ is strongly suppressed. For this reason, in Fig. 4(b), we
do not obtain any unusual features in the vicinity of this
intersection.
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