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We theoretically study magnon transport in an insulating spin valve (ISV) made of an
antiferromagnetic insulator sandwiched between two ferromagnetic insulator (FI) layers. In the
conventional metal-based spin valve, the electron spins propagate between two metallic ferromagnetic layers, giving rise to giant magnetoresistance and spin transfer torque. Here, the incoherent
magnons in the ISV serve as angular momentum carriers and are responsible for the angular
momentum transport between two FI layers across the antiferromagnetic spacer. We predict two
transport phenomena in the presence of the temperature gradient: a giant magneto-spin-Seebeck
effect in which the output voltage signal is controlled by the relative orientation of the two FI layers
and magnon transfer torque that can be used for switching the magnetization of the FI layers with a
temperature gradient of the order of 0.1 Kelvin per nanometer. Published by AIP Publishing.
https://doi.org/10.1063/1.5018411

In spintronics, spin current plays an essential role in
delivering angular momentum from one layer to another. For
example, a conventional spin valve (SV), consisting of two
metallic ferromagnets separated by either a metallic or insulating non-magnetic layer, can effectively manipulate the
spin current by changing the relative orientations of magnetization of the two magnetic layers. By propagating through
two magnetic layers across the non-magnetic spacer, the spin
of the conduction electrons interacts with both magnetic
layers and leads to two most profound effects: giant magnetoresistance (GMR)1,2 and spin transfer torque (STT).3,4 For
both GMR and STT effects, the magnetic layers must be
metallic since the conduction electrons are essential for providing spin transport.
Besides the electron spin, each quasi-particle magnon is
also known to have an angular momentum h. Magnons are
quantized low-energy excitations of magnetic materials.
Since magnons are charge neutral, an electric field would not
be able to directly drive a magnon current. A temperature gradient, however, can create a magnon current via magnon diffusion from high to low temperature in space. Consequently,
the magnon current can transfer its angular momentum to an
electron spin current of a heavy metal in contact with the
magnetic insulator. Due to the inverse spin Hall effect
(ISHE),5 this electron spin current generates an electric current or voltage in the heavy metal, which can be directly measured; this is also known as the spin Seebeck effect.6–9
Another demonstration of magnons as the angular momentum
carriers had recently been achieved in a trilayer Pt/YIG/Pt
where the electron spin current in one of the Pt layers can
propagate to the other Pt layer mediated by the magnon current in the insulating ferromagnetic YIG layer.10–12 In addition to the magnon transport in ferromagnets, magnons in
antiferromagnetic materials such as NiO are also capable of
carrying an angular momentum current as reported in trilayer
structure YIG/NiO/Pt.13–17 Besides the above experiments,
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there are a number of existing theoretical studies on magnon
transport.18–22 Slonczewski23 discussed the spin-transfer torque initiated by thermal transport of magnons. In
Slonczewski’s model, the magnons induced by thermal gradient are to excite conduction electron spins. Thus, the role of
the thermal magnons is to initiate spin-dependent electron
transport in metal. In our study, the magnon transport in all
insulating spin valves does not involve conduction electrons.
In terms of STT magnitude, both Slonczewski’s work and our
work have estimated that the temperature gradient of the order
of 1 Kelvin across the interface would generate magnetic torque that is 1–2 orders larger than the conventional STT.
However, the thermal gradient is more difficult to maintain in
metals than in insulators, and thus, the all-insulator structure
we proposed here would be more relevant for experimental
verification of magnon transport. All these findings motivate
us to investigate an all-insulator spin valve structure, namely,
a trilayer consisting of two ferromagnetic insulators (FIs) separated by an antiferromagnetic insulator (AFI), subject to a
temperature gradient across the layers, as illustrated in Fig. 1.
In this structure, the magnons are expected to travel between
two FIs through the AFI spacer and the magnon current would
depend on the relative orientations of the two FIs. As a consequence, we show that the magnon valve proposed here displays two distinct phenomena: the giant magneto-spinSeebeck effect (GMSSE) and the magnon transfer torque
(MTT). For the GMSSE, the voltage signal detected by the
heavy metal (HM) layer attached to one of the FI layers, as
shown in Fig. 1, is proportional to the total spin current near
the interface of the HM and the thin FI free layer (MF) via
ISHE. When the magnetization of the two FI layers is parallel
(antiparallel), the magnon current induced by the temperature
gradient in each FI layer is additive (subtractive), leading to a
voltage difference between parallel and antiparallel magnetization alignments. By properly choosing the thickness of the
free FI layer, one is able to achieve a 100% GMSSE ratio (the
spin current generated by the antiparallel configuration is
zero). For the MTT, when the magnetization of the two FI
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FIG. 1. Schematics of the proposed all-insulating spin valve. Two FI layers
are separated by an AFI layer. The attached heavy metal layer is used to
read out the magnon current in the ISV. The temperature gradient is applied
perpendicular to the layer, and we assume that it is uniform in magnetic
layers but zero in the HM layer. In our calculation of GMSSE and MTT, we
fixed the direction of the free layer while allowing the direction of the
pinned layer to rotate from 0 to p.

layers is not collinear, the thin FI free layer would absorb the
transverse component of the magnon current generated in the
thick FI pinned layer (MP), similar to the conventional STT
phenomenon. If the MTT is sufficiently large, the magnetization of the free FI layer can be switched. We have estimated
that a thermal gradient of about 0.1 Kelvin per nanometer
could produce a magnon transfer torque of the order of
h=eÞ (e is the electron charge), a comparable mag109 A=m2 ð
nitude for the electron current induced STT switching.24–26
We present our theory below.
We start by considering a simplest heat profile with a
uniform temperature gradient rx T across the insulating spin
valve (ISV), i.e., the thermal conductivity is the same for all
insulator layers. The temperature gradient in the heavy metal
layer is negligibly small. At equilibrium, the average number
of magnons in each layer obeys the Bose-Einstein distribution with zero chemical potential. When a thermal gradient
exists, magnons would diffuse across the layers and a nonequilibrium magnon distribution would be established. A
simplest way to describe the magnon diffusive transport is to
introduce an effective magnon chemical potential lFm that
characterizes the local magnon spin accumulation.18,19,27,28
Similar to the case in ferromagnetic metals, the direction
of the magnon chemical potential lFm and magnon current
^ i.e., lF
JFm is always parallel to the local magnetization M,
m
F
F ^
F ^
2
¼ lm M and Jm ¼ Jm M (in units of J=m ), and thus, we may
write magnon Ohm’s law in a simple scalar form19
JmF ¼ Sxm rx T  rFm

dlFm
;
dx

(1)

where we have defined the magnon thermal conductivity Sxm
and spin conductivity rFm as
ð
eq
eq
hsm
csch2
Sxm ¼
d 3 qv2qx
3
k
T
2k
ð2pÞ T
B
BT
ð
2
vq @Nm0 ðqÞ
hsm
d3 q
;
rFm ¼
3
3 @eq
ð2pÞ

where vq is the magnon velocity, sm is the magnon relaxation
time, eq is the magnon energy, and Nm0 ðqÞ ¼ ½exp ðbeq Þ  11
is the equilibrium magnon distribution. The magnon accumulation in Eq. (1) satisfies the diffusion equation, d 2 lFm =dx2
¼ lFm =ðkFm Þ2 , where kFm is the magnon diffusion length.
For the AFI, magnon diffusion is generally more complicated. If the AFI is a single crystal with collinear magnetic
moments for two sublattices, the magnon spectra contain
two degenerate branches with each magnon carrying either h
or h with respect to the order parameter (the staggered
magnetization direction). For a polycrystalline AFI layer,
there are multiple directions for the order parameter and the
description of the magnon transport would be very cumbersome and difficult. Here, we shall consider a simple realization in which the order parameter of the AFI may be
distributed randomly; this is certainly an oversimplification
for modelling a polycrystalline AFI, but the problem
becomes trackable. In this picture, the magnon propagation
in the AFI is similar to the electron spin transport in a nonmagnetic metal in which the spin or magnon currents can be
oriented in any direction dictated by the spin/magnon injection from the neighboring magnetic layer. Thus, magnon
Ohm’s law in the AFI may be similarly defined as
JmAF ¼ rAF
m

dlAF
m
;
dx

(2)

where rAF
m is the magnon spin conductivity of AFI; for a col29
linear AF spin structure, rAF
m has already been calculated.
It is noted that the AFI has no drift term associated with the
temperature gradient since the magnon current from the two
degenerated magnon spectra cancels out;29–31 this is analogous to the electron spin transport where an electric field
induces a spin current drift term in ferromagnetic metal but
not in non-magnetic metal. The magnon chemical potential
in the AFI layer also satisfies the diffusion equation,
AF 2
AF
2
AF
d 2 lAF
m =dx ¼ lm =ðkm Þ , where km is the magnon diffusion
AF
length of the AFI layer. Since lm can take any direction, the
general solution of lAF
m is
 x 
 x 
ðxÞ
¼
A
exp
þ
B
exp
 AF ;
(3)
lAF
m
kAF
km
m
where A and B are the vectorial constants of the integrations.
Clearly, when the magnetization MP and MF are not collinear, the direction of lAF
m is parallel to neither MP nor MF.
The constant vectors A and B would be determined by the
boundary conditions given below.
The first set of boundary conditions involves the longitudinal magnon chemical potential and magnon current. When
neglecting the interfacial spin memory loss, the longitudinal
spin current is continuous across the FI/AFI interfaces, i.e.,
^ P  JAF ð0þ Þ;
JmF ð0 Þ ¼ M
m

þ
^ F  JAF ðd  Þ: (4)
JmF ðdAF
Þ¼M
m
AF

The magnon current across the interfaces is also related to
the difference in the magnon chemical potential at the two
sides of the interface
GA=F h
k

Jm ð0Þ ¼

2p

i
þ
^P ;
lFm ð0 Þ  lAF
ð0
Þ

M
m

(5)
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k

where GA=F is the conductance addressing spin convertance
efficiency across interfaces.20,22 A similar expression at the
interface x ¼ dAF can also be written.
The second set of boundary conditions relates the magnon chemical potential and magnon current perpendicular to
the local magnetization of the FI layers. Similar to the ferromagnetic metal case where the electron spin chemical potential and spin current transverse to the magnetization direction
are zero,32,33 the transverse magnon chemical potential and
magnon current vanish in the FI layers as well. Thus, the
transverse magnon current and chemical potential at the
boundaries are
h
i
h
i
G?
^ P  JAF ð0þ Þ ¼  A=F M
^ P  lAF ð0þ Þ
^P M
^P M
M
m
m
2p
(6)
and the similar expression for the interface at x ¼ dAF . The
thermally driven interfacial magnon conductance for the
transverse component G?
A=F is analogous to the mixing conductance of electron spin,34,35 and it differs from the longituk
dinal one GA=F . Finally, the boundary conditions at the
interface of the FI and HM layers involve the conversion
between the magnon current and the electron spin current of
the HM layer; it has been previously formulated in Ref. 22.
With these boundary conditions, the magnon chemical
potential and magnon current are determined in each layer.
In the calculation shown below, we shall take the thickness
of the pinned layer much larger than the magnon diffusion
length kFm and the thickness of the antiferromagnetic layer
much less than the magnon diffusion length kAF
m .
Figure 2 shows the thickness dependence of the giant
magneto-spin-Seebeck spin current signal for the two magnetic layers in parallel and antiparallel configurations. In the
parallel alignment, the magnon current at the HM interface
is the sum of the magnon sources from both FI layers. At a
small thickness of the free layer, the main contribution is
from the pinned layer whose magnon current travels through
two AFI/FI interfaces. As the thickness increases, the contribution from the free layer increases and that from the pinned
layer decreases because the magnon current from it is further
away from the FI/HM interface with a higher probability to
be scattered by the free layer. To see the relative contribution
of the magnon current from the two FI layers, we turn off the
temperature gradient either in the pinned or in the free layer,
as shown in the inset of Fig. 2(a). The decrease in the magnon current from the pinned layer is steeper than the increase
from the free layer for a small thickness of the free layer. For
the magnon current generated in the fixed layer, the exponential decaying length involves multiple interface scattering
in addition to the scattering in the free layer, while the magnon current generated in the free layer linearly increases
with its thickness; this explains the initial reduction in the
total magnon current at a small thickness shown in Fig. 2(a).
When the thickness becomes larger, the contribution from
the free layer is more important and eventually dominates
the entire magnon current for the thickness much larger than
the magnon diffusion length. For the antiparallel alignment,
the magnon current from the pinned layer is always opposite
to that from the free layer. As the thickness of the free layer

FIG. 2. Thickness dependence of the GMSSE. (a) The GMSSE spin current
(arbitrary unit) is shown for the parallel (red solid line) and antiparallel (blue
solid line) aligned FI layers and (b) the GMSSE ratio. The parameters used
in the figure are: magnon spin conductance for the FI layer
GF  rFm =kFm ¼ 2:1  1018 m2 , electron spin conductance for the NM layer
GN ¼ 7:7  1018 m2 , and spin conductance for the FI/NM interface
GF=N ¼ 0:3  1018 m2 .

increases, the magnitude of the total magnon current first
decreases due to partial cancellation of the contributions from
the two magnetic layers. At a certain critical thickness dcr , the
magnon currents from two layers are exactly cancelled and
the total magnon current becomes identically zero. In this
case, we completely achieved an off-state in which the ISHE
voltage is zero. If we define a giant magneto-spin-Seebeck
P
P
AP
are the
ratio by RGMSSE ¼ ðjPs  jAP
s Þ=js , where js and js
magnon spin current magnitudes for parallel and antiparallel
alignments of the FI layers, we arrive at the thickness dependence of RGMSSE shown in Fig. 2(b). It is noted that the 100%
giant magneto-spin-Seebeck effect is always possible by
choosing a proper thickness of the free layer.
We next calculate the magnon transfer torque sMTT on
the free layer. At the interface between AFI and the free layer,
the transverse part of the spin current of the AFI layer is
unable to penetrate into the free layer. Similar to the conventional spin transfer torque, one may identify the MTT as the
transverse magnon current density at the AFI side of the inter^ F  ðJAF ðd  Þ  M
^ F Þ. In Fig. 3, we
face, namely, sMTT ¼ M
AF
m
show the MTT for the two perpendicularly aligned AFI layers
as a function of the magnon diffusion length kFm for dF ¼ 3
nm and for several temperature gradients. The nearly linear
relation between the MTT and the diffusion length is due to
the fact that we have chosen the pinned layer infinitely thick
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FIG. 3. The magnon transfer torque as a function of the magnon diffusion
length at room temperature. The parameters used in the figure are G?
A=F ¼ 1
k
1017 m2 ; GA=F ¼ 1  1018 m2 ; GF ; GN , and GF=N are the same as used in
Fig. 2.

such that the spin current flowing from the pinned layer to the
free layer scales as kB rx TkFm .22 If the thickness is finite, the
linear relation for a large kFm will no longer be held. In determining the absolute value of the MTT in Fig. 3, we have used
the following plausible parameters relevant to typical magnetic
insulators of YIG28 and the YIG/NiO interface: TC ¼ 550 K,
aYIG ¼ 1:39 nm, quadratic dispersion relation eq ¼ Aq2 þ Dg
with exchange stiffness A ¼ 6 meV  nm2 and magnon gap
k
Dg ¼ 106 eV, and GYIG=NiO ¼ 1  1018 m2 .
It is interesting to compare the absolute values of the
MTT with the STT. In the conventional STT devices, one
needs a critical electric current density on the order of
Jc  1010 A=m2 24–26 to switch a metallic ferromagnetic layer.
Assuming that the electric current is 100% spin polarized, the
angular momentum current would be ðh=eÞJc . For switching
an insulating ferromagnet which typically has a smaller
Gilbert damping parameter and lower saturation magnetization, we would expect an order of magnitude smaller critical
angular momentum current. In Fig. 3, the horizontal dotted
line represents this hypothetical critical value for the magnetization switching. Thus, we estimate that a temperature gradient of the order of 0.1 K/nm for kFm ¼ 80 nm12,19 is capable of
achieving the magnetization switching.
If we write the MTT in the vector form, sMTT
^PM
^ F Þ, the magnitude s0
^ F  ðM
¼ s0MTT M
MTT is the transAF 
verse component of Jm ðdAF Þ which depends on the relative
angle between two magnetic layers. In Fig. 4, we show the
angular dependence of the MTT; this behavior is similar to
that of the spin torque in the conventional metal-based SV.33
We emphasize some of the key features in our proposed
magnon valves. First, the GMSSE and the MTT phenomena
proposed here are strongly temperature dependent. Since the
number of magnons in the FI and AFI is much robust at high
temperature, we expect the predicted GMSSE and MTT to
be diminished at low temperature. This temperature dependence is rather general for all magnon driven transport phenomena and has been reported in various experiments related
to magnon transport. Second, the modeling of the magnon
transport in AFI is oversimplified. We have used a simple
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FIG. 4. The angular dependence of the magnon transfer torque, where h is
the angle between the magnetization of MP and MF layers. In the inset, we
show the angular dependence of the MTT without sin h.

magnon dispersion relation with an ideal collinear sublattice
AF Hamiltonian, and we further assume that the AFI can
transmit any direction of the spin current. These simplifications lead to uncertainty in the estimation of the MTT. More
specific models relevant to experimental materials should be
used to give a better estimation. Third, the interaction at the
interface between the AFI and FI could have profound effects.
The exchange bias and coercivity enhancement would complicate the interface magnon conductance compared to that
for an ideal atomically flat interface, and furthermore, other
effects of the MTT on the magnetization switching could
emerge.
In summary, we have proposed a magnon valve structure based on insulating magnetic materials. Similar to the
giant magnetoresistance and the spin transfer torque in the
conventional spin valve, we predict two phenomena in the
giant magneto-spin-Seebeck effect and magnon transfer torque. From the view point of fundamental study of spin transport, the ISV offers an ideal platform for magnon angular
momentum transport, without the complications of metalbased SV where both magnons and electrons are involved in
the transport. In terms of device application, the ISV guarantees zero Joule energy lost for minimizing power consumption and lower damping for faster magnetization switching.
On the other hand, controlling the direction of bi-polar heat
flow and determining the temperature gradient at the nanometer scale for reversibly switching magnetization may present a challenge for device designs.
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