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We theoretically study spin transfer torques in magnetic tunnel junctions (MTJs) with an anti-
ferromagnetic insulator (AFI) as the tunnel barrier. When a finite voltage bias is applied to the
MTJ, the energy relaxation of the tunnel electrons leads to asymmetric heating of two metallic
layers. Consequently, there would be a magnon current flowing across the AFI layer, resulting a
magnon transfer torque in addition to the electron spin transfer torque. Comparing to MTJs with
a non-magnetic insulator which prohibits the magnon transmission, we find the magnon transfer
torque with an AFI barrier could be several times larger than the conventional spin transfer torque
of the tunnel electrons. This study presents a potential method to realize more efficient switching
in MTJs and provides a motivation of experimental search for AFI-based MTJs.

I. INTRODUCTION

In today’s spin-based information storage technology,
magnetic tunnel junctions (MTJs) [1–4] have been ar-
guably the most important building blocks. Since the
discovery of large tunnel magnetoresistance (TMR) in the
MgO-based MTJs about 14 years ago [5–8], research and
development on MTJs have almost exclusively focused
on MgO barriers. Indeed, MgO tunnel barriers have
shown tremendous advantages over other insulating bar-
riers such as amorphous Al2O3. The superior epitaxial
growth of MgO barrier with transition metal ferromag-
net (FM) electrodes makes the tunnel resistance rather
tunable to meet the different requirement of specific de-
vices, e.g. magnetic reading heads and magnetic random
access memories (MRAMs) [9]. Most importantly, TMR
of MgO-based MTJs is as large as 600% at room temper-
ature [10], far exceeding other known tunnel barriers.

While the large TMR value of MgO-based MTJs
provides unprecedented efficiency for magnetic reading,
switching the magnetization direction of MTJs for the
writing remains challenging. In the first generation of
MRAM devices, an external magnetic field is used for
magnetization switching; this method is not scalable and
would fail for high density MRAMs [11]. The second gen-
eration takes advantage of spin transfer torques (STTs)
where a sufficient large electric current across the tunnel
barrier can reorient the relative magnetizations of two
magnetic layers in parallel or antiparallel, depending on
the polarity of the current [12–18]. Up until now, the
critical switching current density (jc) is very high, of the

order of 106 A cm−2. In the STT switching, the spin an-
gular momentum of tunnel electrons from one electrode
to the other determines the total magnetic torque. Un-
der a typical switching voltage across the junction about
0.5 V, each tunneling electron transfers its spin angular
momentum at maximum of ~/2, but the accompanied
energy of 0.5 eV is completely wasted. Thus, the STT
switching by tunnel electrons are not energy efficient.

In this paper, we theoretically investigate the tunnel
transport with an antiferromagnetic insulator (AFI) as
tunnel barrier. Our central idea and motivation for re-

placing MgO by an AFI barrier are outlined below. Con-
sider a tunnel junction made of two ferromagnetic met-
als separated by a thin antiferromagnetic insulator, as
shown in Fig. 1. When a voltage is applied across the
tunnel barrier, electrons tunnel from the electrode with
the lower voltage to that with the higher voltage. While
the tunneling electron will relax its energy in both elec-
trodes, the majority of the energy is relaxed in the elec-
trode receiving the tunnel electron. Since the inelastic
mean free path is only a few angstroms for the tunnel
electron with the energy about 0.5 eV above the Fermi
level [19, 20], the heat is generated near the vicinity of
the interface. The heat is subsequently diffusing into the
interior of the electrode as well as across the barrier. In
the steady state condition, a temperature gradient is es-
tablished in the structure and one expects a temperature
difference would be created at the two sides of the bar-
rier. It has been experimentally and theoretically shown
that the temperature difference could reach a fraction of
a Kelvin degree for a bias voltage of 0.5-1 V [21, 22]. Con-
sequently, a magnon current would flow across the AFI
barrier from one FM electrode to the other, exerting a
magnon transfer torque on the free magnetization layer.
Theoretically, the magnon current driven by temperature
gradient has already studied in details [23–27].

The above discussion leads us to critically examine
whether it is possible to recycle the wasted energy of tun-
nel electrons for magnetization switching. Since a mag-
netic barrier is required for magnon propagation, both
ferromagnetic and antiferromagnetic insulators would be
barrier candidates. However, the ferromagnetic insulator
would be strongly coupled with ferromagnetic electrodes
and thus it is difficult to freely rotate the relative orienta-
tion of the magnetization of two electrodes. An antifer-
romagnetic barrier would be ideal: one can control and
minimize the exchange bias and the antiferromagnetic
material is theoretically and experimentally proven mate-
rials which can efficiently propagate the magnon current
[28–36].

The paper is organized as follows. In Sec. II, we cal-
culate the position-dependent temperature of the tunnel
junction as a function of the bias voltage and current den-
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FIG. 1. (Color online) Schematics of the proposed AFI-MTJ.
Two FM layers are seperated by an AFI barrier and they are
biased by a negative voltage of the order of several hundreds
of mV. Hot electrons tunnel from left FM electrode to right
FM electrode and the excess energy is dissipated over inelas-
tic scattering length to heat up magnons on the right. The
resulting magnons would diffuse from right (hot) to left (cold)
mediated by the magnons in AFI.

sity. The magnon transfer torques due to temperature
gradient is calculated in Sec. III, followed by numerical
estimation on the amplification of the spin torque with
the AFI barrier in Sec. IV. We conclude the paper in
Sec. V.

II. HEAT TRANSPORT AND TEMPERATURE
PROFILE

To model the temperature profile, we specify the ge-
ometrical parameters in Fig. 2(a): the MTJ, made of a
pinned magnetic layer FM1, an AFI barrier, and a free
magnetic layer FM2, is sandwiched by two non-magnetic
(NM) layers (representing the overlayer and underlayer
of MTJs) so that the temperature profile is not simply
limited within the MTJ. Thicknesses of the layers are la-
beled in Fig. 2(b). A time-dependent electric current
je(t) flows perpendicularly to the layers with a bias volt-
age V (t) across the junction. The sign convention for
the current is je(t) < 0 (or equivalently V (t) < 0) corre-
sponding to net electron tunneling from FM1 to FM2.

We model the heat transport by using the layer-by-
layer approach. In each layer, the heat diffusion equation
reads,

ρiCi
∂T (t, x)

∂t
− κi

∂2T (t, x)

∂x2
= Pi(t, x) (1)

where ρi, Ci and κi are the mass density, heat capac-
ity and thermal conductivity of the i-th layer, Pi(t, x) is
the power of heat source generated by the electric cur-
rent. The Joule heating, j2e/σi, is always present for each
metallic layer where σi is electric conductivity. In the
tunnel junction, as illustrated in Fig. 1, the main energy

relaxation of the tunnel electrons occurs near the inter-
face. For the electrode receiving the tunnel electrons, the
energy of tunnel electrons is above the Fermi level up to
the bias voltage V (t). These hot electrons have short
mean free paths, of the order of 1 nm. For the electrode
emitting elecrtons, the holes left by the tunnel electrons,
are also short-lived and thus, the annihilation of holes
takes place near the interface as well.

Therefore, we may parameterize the heat generation
by tunnel electrons as [21, 22],

Pre(t, x) = α
je(t)V (t)

λinel
exp (−|x|/λinel) (2a)

Pem(t, x) = (1− α)
je(t)V (t)

λinel
exp (−|x|/λinel) (2b)

where |x| is the stack position from AFI/FM interface, α
is to parameterize the relative heat power generated in
two electrodes, and λinel is the inelastic scattering mean
free path. The parameter α is always larger than 0.5,
i.e., the electron-receiving electrode generates more heat;
this is because the tunnel probability is larger for tunnel
electrons with higher energy.

Since the characteristic time of magnetization dynam-
ics (about picoseconds) is much longer than the electron-
electron and electron-phonon collision times (about tens
of femtoseconds) which control the rate of change of the
temperature [37], we shall solve the above heat diffusion
in the steady state condition, i.e., we assume that the
source and temperature become constant once an elec-
tric current is turned on. Equation (1) becomes a simple
differential form and we are able to find the general solu-
tions for each layer. The integration constants are then
determined by boundary conditions in which we use the
continuity of the temeperature and heat current across
the interfaces. In Fig. 2(b), we show the typical temper-
ature profile of tunnel junction by using the materials pa-
rameters in bulk form, as indicated in the caption. Since
we assume an asymmetric heating parameter α = 0.9,
i.e., 90% of the Joule heating is generated at the electron
receiving eletrode, the temperature is always higher for
the high voltage side of the junction. The temperature
difference across tunnel barrier could reach tens of mK
for current density of je = 2×106 A cm−2 and voltage of
0.2 V. The actual temperature gradient across the bar-
rier can be even larger when the stack structure and the
passivation materials used in the MTJ device are opti-
mized [38].

III. MAGNON CURRENT AND MAGNON
TRANSFER TORQUES

With our calculated temperature profile, we now turn
to the calculation of magnon current and its induced
torque on the free layer. We have previously calculated
the giant magneto-spin-Seebeck effect and the magnon
transfer torque in all-insulating spin valves in the pres-
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FIG. 2. (Color Online) a) Proposed AFI-MTJ structure and
b) Temperature profiles for both directions of the current.
The yellow (purple, green) area is AFI (FM, NM). Red (blue)
solid line in (b) denotes electrons tunnel from left (right) to
right (left). The current density used in (b) is je = 2 ×
10

6
A cm

−2
and the voltage is V = 0.2 V. Other material

parameters are [39, 40]: dFM1 = 2dFM2 = 3dAFI = 3 nm,

dN = 30 nm, κ
N

= 401 Wm
−1

K
−1

, κ
F

= 91 Wm
−1

K
−1

,
κ
AF

= 20 Wm
−1

K
−1

, σ
F

= 1.43×10
7

Sm
−1

, σ
N

= 5.96×10
7

Sm
−1

, λinel = 1 nm and α = 0.9 with the choice of Ni as FM,
NiO as AFI and Cu as NM. The temperatures at the outer
boundaries of MTJ are kept at 300 K.

ence of temperature gradient [41]. It is rather straight-
forward to extend our calculation for the magnon current
in structure made of an antiferromagnetic insulator and
magnetic metals.

The magnon current in the presence of a temperature
gradient in FM may be written as,

jFm(x) = −~Sm∇xT (x)M̂F − σ
F
m∇xµm(x)M̂F (3)

where Sm is the spin Seebeck coefficient [26, 41], σF
m is

the magnon conductivity [26, 41] and we use the effective
magnon chemical potential µm(x) to describe the non-

equilibrium magnon accumulation [26, 41–44] and M̂F is
the FM magnetization. Within the AFI layer with two

sublattices, the magnon Ohm’s law is

jAF
m (x) = −σAF

m ∇xµm(x) (4)

where σAF
m is the AFI magnon conductivity. It is noted

that since we consider easy-axis collinear AFI, two de-
generate magnon branches cancels out therefore we don’t
consider magnon spin Seebeck effect in AFI [28, 45].

The exchange interaction at AFI/FM interface is re-
sponsible for the magnon transmission

Hint = −Jint
∑
i

Si,F · Si,a(b) (5)

where Jint is the interface exchange constant, Si,F repre-
sents the spin at the interface of FM layer and Si,a(b) is
the spin of two sublattices of AFI. We here consider that
1) both FM and AFI have in-plane uniaxial anisotropy,
and 2) the AFI interface is a compensated one such that
the exchange coupling between the ferromagnetic spin
and either sublattice spin of the AFI is modeled by the
same Jint. The order parameter of AFI is assumed to
have a angle to the magnetization of FM, thus the sec-
ond quantization of Eq. (5) would be

Hint = −Jint
∑
kq

(SFSAF)1/2

[
CqAkα

†
q(1 + n̂ · M̂F) + CqAkβ

†
q(1− n̂ · M̂F) + H.c.

]
δk,q

(6)

where n̂ is the AFI order parameter, Ak(A†k) repre-
sents the annihilation (creation) operators for the FM

magnons, α†q, αq and β†q, βq are the creation and annihi-
lation operators for the two magnon branches of AFI,
Cq = uq − vq where uq and vq are the Bogoliubov
transformation coefficients of AFI magnons, SF(AF) is the
magnitude of FM (AFI) spin and we have neglected the
high order magnon interactions.

Two sets of boundary conditions at interfaces are
needed to determine the integration constants from the
Eq. (3) and Eq. (4). The first one is that the lon-
gitudinal magnon spin current is continuous across the
FM/AFI interface,

jFm = M̂F · j
AF
m (7)

and their magnitude is related to the difference of
magnon chemical potential at two sides of the interface

jm = G
‖
A/F

[
µF
m − µAF

m · M̂F

]
(8)

where G
‖
A/F is the longitudinal magnon spin conduc-

tance. For the n̂ · M̂F = 1 case, the interface exchange

interaction in the form of JintAkα
†
q leads to a spin cur-

rent across the interface. The longitudinal magnon spin
conductance has already been calculated in Ref. [46] and
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for temperature much lower than the Curie and Néel tem-

peratures, it scales with J
2
int

(kBTC)(kBTN)

(
T
TC

)1/2 (
T
TN

)2
.

For the case of which the quantization axis of AFI
that is perpendicular to local magnetization of FM, e.g.
n̂ · M̂F = 0 we have both αq and βq that can create a

FM magnon with the interaction JintA
†
k(αq + βq). Since

αq andβq have opposite spin direction, the non-equal ac-
cumulations of these two magnons would create a trans-
verse spin torque on FM. The second boundary condition
would be

M̂F ×
[
M̂F × jAF

m

]
= −G⊥A/FM̂F ×

[
M̂F × µAF

m

]
(9)

where G⊥A/F is analogous to the mixing conductance and
its magnitude is half the longitudinal one. We show the
detailed derivation in Appendix. Note that the magnon
current in FM layers is always parallel to the direction
of the magnetization, as in the case of the electron spin
current.

With these boundary conditions and the temperature
profile we have numerically solved in Sec. II, we can
determine the magnon accumulation and magnon current
in each layers. The magnon torque on the free layer FM2
is simply identified as the transverse component (relative
to the magnetization vector of the FM2) of the magnon
current at the AFI/FM2 interface.

IV. AMPLIFICATION OF SPIN TORQUES

To quantitatively estimate the enhancement of the spin
torque by using AFI barrier, we numerically calculate the
magnon current and obtain the magnon spin torque due
to the temperature difference generated by the tunnel
electrons.

To be more concrete, we choose the critical torque τcr
for the switching of the free layer that is equivalent to the

critical electric current j(0)cr = 5× 106 A cm−2 in the ab-
sence of the magnon spin torque. When the magnon spin
torque is turned on, we numerically determine the new

critical electric current density j(m)
cr needed to generate

the same amount of torque τcr. As the magnon torque
is directly related to the Joule heating, the relative con-
tribution between magnon current and electron spin cur-
rent depends highly on the tunnel resistance. The larger
the voltage (or the resistance), the greater the magnon
torque relative to the electron spin torque.

In Fig. 3 we show the dependence of the ratio of the
switching current density without and with the magnon
spin torques on tunnel resistance area product (RA) for
θ = π/2 (the angle between the magnetization direc-
tions of the two magnetic layers) at different interface
exchange coupling strengths. We note that, in Fig. 3,
all lines represent the exact same total torque τcr: as
the resistance and the exchange coupling increase, the
magnon spin torque increases, and thus the electric cur-
rent needed to generate the same total torque reduces.

1 0 1 0 0 1 0 0 00

1 0

2 0

3 0

4 0

j cr(0)
 / j

cr(m
)

R A  ( �  � m - 2 )

 J i n t  =  1 0  m e V
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FIG. 3. The dependence of the ratio of the switching current
density without and with the magnon spin torques on tunnel
resistance area product (RA) at different interface exchange
coupling strength. We assume the critical electric current

j
(0)
cr = 5×10

6
A cm

−2
with polarization P = 0.5 in the absence

of the magnon spin torque. The RA value scales exponentially
with the barrier thickness, RA = 10 Ωµm

2
at dAFI = 1 nm

and RA = 10
3

Ωµm
2

at dAFI = 2 nm. Other parameters used
in this figure are such: dFM1 = 2dFM2 = 3 nm, TC = 630 K,
TN = 530 K, aF = 0.35 nm, aAF = 0.417 nm, SF = SAF = 2.

Clearly, a large tunnel resistance generates a larger
magnon spin torque and therefore a thicker tunnel bar-
rier is favored. A thick barrier thickness usually improves
the tunnel magnetoresistance. However, for device appli-
cations, the tunnel resistance has to match with other
parts of the electronics and thus we cannot increase the
resistance indefinitely.

V. DISCUSSIONS AND CONCLUSIONS

The spin currents, or the angular momentum currents,
of tunnel electrons and diffusive magnons, are not always
additive. One may simply understand the relative sign of
spin and magnon currents as follows. Consider the mag-
netization of two magnetic electrodes in parallel. If the
majority electrons have a larger tunnel conductance than
the minority electrons, the electron spin current would be
additive to the magnon current, because the spin direc-
tion of magnons is always antiparallel to the majority
electrons and the flow direction of magnons from asym-
metric tunneling heating is opposite to the (spin) electron
current. Thus, it is essential to choose a MTJ in which
majority electron tunneling dominates.

We have shown in this paper that there is a theo-
retical possibility that an AFI-based MTJ could signif-
icantly reduce the critical current density compared to
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non-magnetic barrier based MTJ, particularly, the MgO
based MTJ. The major challenge is to identify an AFI
barrier that displays a large TMR and other techno-
logically friendly parameters such as tunable tunnel re-
sistance, favorable temperature and bias dependence of
TMR, and high transparent AFI for magnons to prop-
agate across. We recall that at the early stage of MTJ
development, Ni/NiO/Co junction was reported to have
small TMR at low temperature [47]. When the Al2O3-
based MTJ with more than 10% room temperature TMR
was discovered in 1995, many experimental groups were
racing to find better MTJs with a larger TMR value. Af-
ter the MgO-based MTJs were discovered in 2004, the
search for new tunnel junctions was no longer interested
in many groups. Research effort has been focused on
optimizing MgO-based MTJs which become the exclu-
sive material choice for all spintronics applications. This
work illustrates a need for a completely different MTJ in
which the barrier is an antiferromagnetic material. There
are many classes of antiferromagnetic insulators and the
present work provides a strong motivation for experimen-
tal search of AFI-based MTJs.

Our simplified model illustrates the possible advantage
of using AFI barrier based MTJs. However, there are a
number of complications. As we have learned that a large
TMR of MgO based MTJ has its origin in the electronic
state matching between the MgO layer and the ferro-
magnetic electrodes for a particular spin channel [5], it
is unclear whether a particular AF material would also
have this spin-dependent electronic state matching such
that an extremely large TMR can be found. We also
expect that the orientations of the crystalline and stag-
gered magnetic moments would play an important role
for both TMR and the spin/magnon transfer torques. In
addition, our study completely ignore the influence of the
inelastic scattering in the AFI barrier.

In conclusion, we have demonstrated theoretically that
an AFI barrier based MTJ can achieve a much lower
switching current density by ”reuse” the wasted energy
of tunnel electrons. The advantage of AFI over NM bar-
rier is that the AFI barrier provides a magnon propagat-
ing gateway for additional spin transfer torques created
by the tunnel electrons induced thermal gradient. If a
proper AFI based MTJ is realized experimentally, one
would generate a new perspective of lowering switching
current density of spin transfer torque based MRAMs.

This work was partially supported by the U.S. National
Science Foundation under Grant No. ECCS-1708180.

Appendix: Derivation of the interfacial magnon spin
conductance

Consider the exchange interaction at the interface of
antiferromagnet and ferromagnet. The Hamiltonian be-
tween two spins would be simply,

Hint = −Jint
∑
i

Si,F · Si,a − Jint
∑
i

Si,F · Si,b (A.1)

where Si,F represents the ferromagnetic spin and Si,a(b)
is the spin of the two sublattices of collinear antiferro-
magnet.

We choose plane normal as x axis and the easy axis of
FM as along z axis. We assume the easy axis of AFI is
in y-z plane but having an angle of to z. Therefore we
have the spin rotation as

Sxi,a(b) = Sx
′

i,a(b) (A.2)

Syi,a(b) = Sy
′

i,a(b)n̂ · M̂F − S
z
′

i,a(b)n̂× M̂F (A.3)

Szi,a(b) = Sy
′

i,a(b)n̂× M̂F + Sz
′

i,a(b)n̂ · M̂F (A.4)

where n is the Néel order of AFI, M̂F is the magnetiza-
tion of FM, x′y′z′ is the local coordinate of AFI and the
easy axis of AF is along z′ axis.

We first apply transformation that relate the compo-
nents of the local spin operators to the creation and an-
nihilation operators of spin deviations,

Hint = −Jint
4

∑
i

(
S†i,FS

†
i,a(b) + Si,FSi,a(b)

)
(1− n̂ · M̂F)

+
(
S†i,FSi,a(b) + Si,FS

†
i,a(b)

)
(1 + n̂ · M̂F) + Szi,FS

z
′

i,a(b)n̂ · M̂F

+
2

i

[
Szi,F

(
S†i,a(b) − Si,a(b)

)
−
(
S†i,F − Si,F

)
Sz

′

i,a(b)

]
n̂× M̂F

(A.5)

Within the spin wave approximation, one can express
such exchange interaction in terms of boson operators
that create or destroy magnons,

Hint =
−Jint

2

∑
i

√
SFSAF

{
[Ai(ai + b†i ) + H.c.](1− n̂ · M̂F)

+ [Ai(a
†
i + bi) + H.c.](1 + n̂ · M̂F)

}
− (SF −A

†
iAi)(a

†
iai − b

†
i bi)n̂ · M̂F

+

√
2

i

{√
SF(Ai −A

†
i )(a

†
iai − b

†
i bi)

+
√
SAF[(SF −A

†
iAi)(ai + b†i −H.c.)]

}
n̂× M̂F

(A.6)

where we have used the Holstein-Primakoff transforma-
tion in linear approximation: S†i,F =

√
2SFAi, S

z
i,F =

SF−A
†
iAi for FM and S†i,a =

√
2SAFai, S

z
′

i,a = SAF−a
†
iai,

S†i,b =
√

2SAFb
†
i , S

z
′

i,b = −SAF + b†i bi. The creation (A†i ,

a†i and b†i ) and destruction ((Ai, ai and bi) operators for
spin deviations satisfy the common boson commutation
rules.

We procede by introducing the Fourier transform of
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the collective boson operators

Ai =
1√
N

∑
k

e−iq·RiAq

A†i =
1√
N

∑
k

eiq·RiA†q

ai =
1√
N

∑
k

e−iq·Riaq

bi =
1√
N

∑
k

e−iq·Ribq

a†i =
1√
N

∑
k

eiq·Ria†q

b†i =
1√
N

∑
k

eiq·Rib†q

and the diagonalisation of the quadratic part of the AF
Hamiltonian

aq = uqαq − vqβ
†
−q

b†q = −v−qα−q + u−qβ
†
q

a†q = uqα
†
q − vqβ−q

bq = −v−qα
†
−q + u−qβq

where N is the number of spins and the coefficients sat-
isfies u2q − v

2
q = 1.

Therefore the second quantization of the interfacial
Hamlitonian is

Hint = −Jint
∑
kq

(SFSAF)1/2

[
CqAkα

†
q(1 + n̂ · M̂F) + CqAkβ

†
q(1− n̂ · M̂F) + H.c.

]
δk,q

(A.7)

where we have neglected the high order magnon interac-
tions.

It would be straightforward to calculate the longitu-
dinal and transverse spin current across AF/F interface
(per interface cross area AI) by using the Fermis golden
rule

jAF/F =

〈
1

iAI

[∑
q

a†qaq, Hint

]〉
(A.8)

where <> refers to the thermal averaging over all states.
Using the rough interface approximation, we find

j
‖
AF/F = G

‖
AF/F(µF

m − µ
α
m) (A.9)

j⊥AF/F = G⊥AF/F[µF
m − (µαm − µ

β
m)] (A.10)

where the magnon conductance is

G
‖
AF/F = 2G⊥AF/F =

πSFSAFJ
2
inta

2
Fa

2
AF

2kBT

∫
dεqdεq′(uq − vq)

× gFm(εq)gAF
m (εq)× csch2 εq

2kBT
(A.11)

where aF(AF) is the lattice constant of the FM(AFI) ma-
terial and gm is the density of states of magnon.
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