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Why antiferromagnets? 

•  Fast magnetic dynamics 

•  Radiation hard/less susceptible to 
external fields 

•  No pesky internal magnetic fields! 

•  Linear magnon dispersion 
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Abstract 

We report large enhancement of thermally injected spin current in normal metal 

(NM)/antiferromagnet(AF)/yttrium iron garnet(YIG), where a thin AF insulating layer of 

NiO or CoO can enhance spin current from YIG to a NM by up to a factor of 10. The spin 

current enhancement in NM/AF/YIG, with a pronounced maximum near the Néel 

temperature of the thin AF layer, has been found to scale linearly with the spin-mixing 

conductance at the NM/YIG interface for NM = 3d, 4d, and 5d metals. Calculations of spin 

current enhancement and spin mixing conductance are qualitatively consistent with the 

experimental results.  
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We report on the observation of the spin Seebeck e↵ect in antiferromagnetic MnF2. A device
scale on-chip heater is deposited on a bilayer of MnF2 (110) (30 nm)/Pt (4 nm) grown by molec-
ular beam epitaxy on a MgF2 (110) substrate. Using Pt as a spin detector layer it is possible to
measure thermally generated spin current from MnF2 through the inverse spin Hall e↵ect. The low
temperature (2 - 80 K) and high magnetic field (up to 140 kOe) regime is explored. A clear spin
flop transition corresponding to the sudden rotation of antiferromagnetic spins out of the easy axis
is observed in the spin Seebeck signal when large magnetic fields (>9 T) are applied parallel the
easy axis of the MnF2 thin film. When magnetic field is applied perpendicular to the easy axis, the
spin flop transition is absent, as expected.

The field of spin caloritronics has recently attracted
a large amount of attention as a possible new direction
for the world of spintronics [1]. In spin caloritronic de-
vices: information is transmitted by spin current instead
of electrical current, the medium that carries spin cur-
rent can be a magnetic insulator instead of an electrical
conductor, and the primary driver of current is a thermal
gradient instead of an electric field. The longitudinal spin
Seebeck e↵ect (SSE) lies at the center of this burgeon-
ing field as the primary method of thermal spin current
generation from magnetic insulators [2–6].

Recently, it was discovered that in addition to ferro-
magnetic and ferrimagnetic insulators, it is also possi-
ble to generate spin current through the SSE from in-
sulating paramagnetic materials [7]. In these systems
(Gd3Ga5O12, DyScO3) antiferromagnetic (AFM) inter-
actions exist but fail to achieve long range ordering above
a nominal AFM ordering temperature, and spin current
generation is presumed to be due to short range interac-
tions. This immediately leads to the question of whether
thermal spin current generation is possible from the AFM
phase itself. Spin current generation using insulating
antiferromagnets alone has only been theoretically pre-
dicted [8–10] without experimental observation until this
work.

In this letter, we report on the thermal generation of
spin current from the insulating AFM MnF2 through the
longitudinal spin Seebeck e↵ect. This e↵ect is due to
thermal spin wave excitations from a material with a well
defined spin wave spectrum, thus showing that in addi-
tion to ferromagnetic spin waves, antiferromagnetic spin
waves can be used to generate spin current as well. Since
AFM materials are free of stray fields, they are more
immune to parasitic magnetic e↵ects that may occur as
spintronic device scaling becomes more important in fu-
ture applications. AFM insulators are also far more com-
mon than the ferrimagnetic insulators typically used in
spin Seebeck experiments, therefore opening a new larger
class of materials for use in spin caloritronic devices.

MnF2 has a tetragonal crystal structure, and an AFM
Neel temperature of 67.7 K [11] with uniaxial anisotropy
due to dipole interactions between Mn2+ that causes a
magnetic easy-axis along the c-axis direction as schemat-
ically shown in Fig. 1(a) [12–14]. When a magnetic field
is applied along the easy axis that exceeds a critical field
HC , the spins of both antiferromagnetic sublattices sud-
denly rotate and align mostly perpendicular to the c-axis
in a canted state [Fig. 1(a)]. The detection of this abrupt
spin flop transition in the SSE measurement is the pri-
mary evidence used to verify that a spin current is being
generated by antiferromagnetic MnF2. Once in the spin
flopped state, the spins cant further in the direction of
the magnetic field. This canted moment is ⇠ 0.4 µB/Mn
at ⇠90 kOe and is about 8% of the sublattice magneti-
zation [15].

The MnF2 thin film, with an approximate thickness of
30 nm, was grown on a single crystal MgF2 (110) sub-
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FIG. 1. (a) The crystal structure of MnF2 is presented with
AFM spin structure overlaid on Mn2+ ions. The (110) thin
film crystal orientation plane is highlighted in blue. The spin
flop transition in MnF2 is presented. (b) Device schematic
outlining a typical spin Seebeck device geometry.
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Spin Hall magnetoresistance (SMR) has been investigated in Pt/NiO/YIG structures in a wide
range of temperature and NiO thickness. The SMR shows a negative sign below a temperature
which increases with the NiO thickness. This is contrary to a conventional SMR theory picture
applied to Pt/YIG bilayer which always predicts a positive SMR. The negative SMR is found to
presist even when NiO blocks the spin transmission between Pt and YIG, indicating it is governed
by the spin current response of NiO layer. We explain the negative SMR by the NiO ’spin-flop’
coupled with YIG, which can be overridden at higher temperature by positive SMR contribution
from YIG. This highlights the role of magnetic structure in antiferromagnets for transport of pure
spin current in multilayers.

Magnetoresistance plays essential roles in providing
both a fundamental understanding of electron transport
in magnetic materials and in various technological ap-
plications. Anisotropic magnetoresistance (AMR) [1, 2],
giant magnetoresistance [3, 4], and tunneling magnetore-
sistance [5–8] underpin technologies in sensors, memo-
ries, and data storage. Recent studies of thin film bi-
layer systems comprised of a normal metal (NM) and a
ferromagnetic insulator (FI) revealed a new type of mag-
netoresistance called spin Hall magnetoresistance (SMR)
[9–11], originating from the interplay between the spin
accumulation at the NM/FI interface and the magnetiza-
tion of the FI layer. When the NM layer has a significant
spin-orbit interaction, e.g. Pt, an in-plane charge current
jc induces a spin current via the spin Hall e↵ect, which
in turn generates a spin accumulation near the NM/FI
interface. At the same time, this spin accumulation is
a↵ected by the orientation of the magnetization in the
ferromagnet. The conductivity of the NM layer is thus
subject to a magnetization dependent modification to the
leading order in ✓2SHE, where ✓SHE is the spin Hall angle
in the NM layer.

Since the discovery of SMR, experimental studies were
instigated in various systems [12–19]. The amplitude of
SMR is defined as the di↵erence of the resistivities with
an applied field, H, parallel (⇢k) and perpendicular (⇢?)
to jc: ⇢SMR=⇢k � ⇢?. This is predicted to be always
positive because when H k jc, the FI can absorb more
spin current, by which the backflow required to ensure
the stationary state is reduced at the FI/NM interface,
in turn causing less secondary forward charge current,
and therefore gives : ⇢k > ⇢? [9, 10]. Positive ⇢SMR is
found in most experimental observations.

Very recently, a negative SMR (⇢k < ⇢?) was reported

when an antiferromagnetic (AFM) insulator, in this case
NiO, is inserted between Pt and YIG [20]. The negative
SMR was also found to revert to the conventional positive
sign at higher temperatures. Signal contamination from
other magnetoresistances such as AMR was excluded by a
systematic field angle dependence measurement. This re-
sult challenges the present understanding of SMR. Since
the SMR does not change its sign in the Pt/YIG bilayer
structure, the NiO layer must be the cause. However, it
is not clear why NiO should give a negative SMR since
antiferromagnets are thought only to a↵ect the e�ciency
of the spin communication between Pt and YIG [21–26].

In this letter, we report the temperature dependence
of SMR in Pt/NiO/YIG structures with di↵erent thick-
nesses of NiO. The temperature at which the SMR be-
comes negative is found to depend on the NiO thickness.
The anomalous negative SMR at low temperatures is ex-
plained from a ‘spin-flop’ configuration whereby the Néel
order of the NiO is perpendicularly coupled to the mag-
netization of YIG [27]. As the spin conductivity of NiO
increases with increasing temperature [24–26], the mo-
ments of the YIG beneath have an increasing influence
on the total SMR signal. The positive SMR contribution
from YIG competes the negative SMR from NiO. At the
sign change, the competition leads to a vanishing SMR.
Above, in the high temperature regime, the positive SMR
of the YIG dominates. We introduce a phenomenological
model to describe the competition between the positive
and negative SMR contributions, which reproduces the
NiO thickness dependent SMR sign change behaviors in
Pt/NiO/YIG.

An epitaxial YIG film of thickness 3 µm was grown
on a gadolinium gallium garnet (111) substrate prepared
by the liquid phase epitaxy. NiO films of di↵erent thick-
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FIG. 1. X-ray di↵raction patterns of a 50 nm NiO film on
YIG(111). Inset shows the cross section TEM photo for a
Pt/NiO/YIG trilayer measured in the transport experiment.

nesses were grown by sputtering onto the YIG at 400 �C.
The film was then covered with 4 nm of sputtered Pt.
The X-ray di↵raction patterns of a 50 nm NiO film on
YIG is plotted in Fig. 1, which only shows (111) and (222)
NiO peaks of narrow line width. It suggests that the NiO
film is of high crystallinity and a (111) preferred orienta-
tion. The inset in Figure 1 shows a representative cross-
section TEM picture for a Pt/NiO/YIG sample, which
confirms a good thickness uniformity and clean interface.

Figure 2(a) shows the illustration of the magnetore-
sistance (MR) measurement setup and the definition
of magnetic field angles. Standard four-probe method
is employed for the MR observation at current density
⇠ 108 A/m2, and MR can be detected either by sweep-
ingH along a fixed direction or by rotatingH of the same
magnitude [9]. Figure 2(b) shows the MR measured by
H sweeping in a Pt/NiO(2.5 nm)/YIG sample at field
angle ↵ = 0� for various temperatures. The range of
magnetic field over which the magnetoresistance occurs,
coincides with that of the switching process of YIG [28].
The MR data for T >140 K is consistent with the predic-
tion ⇢k > ⇢? of the SMR theory. When T =140 K, the
MR nearly vanishes. For T <140 K, a sign change of MR
is observed and the MR amplitude increases with decreas-
ing temperature. The MR data from the same sample at
field angle ↵ = 90� is plotted in Fig. 2(c), which shows
the same feature of the sign change. The SMR ratio
�⇢SMR/⇢xx extracted from Fig. 2(b) and 2(c) are plot-
ted in Fig. 2(d). Figure 2(e) and 2(f) show the field angle
dependence of resistance in Pt/NiO(2 nm)/YIG at 260 K
and 20 K, which not only reproduces the MR sign change
behaviour, but confirms the SMR-type field angle depen-
dence symmetry as well [20]. Thus, it looks reasonable
to claim that SMR is the dominant contribution for the
MR in Pt on NiO/YIG, since other mechanisms such as
anisotropic magnetoresistance will cause a di↵erent field
angle dependence [29]. However, the sign change of the
magnetoresistance in the low temperature regime seems
to be at odds with SMR which, conventionally, can only
be positive [10].
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gle dependent resistance measured for Pt/NiO(2 nm)/YIG at
260 K and 20 K with |H|= 20000 Oe, which shows positive
and negative SMR, respectively.

Fig. 3(a) shows the temperature dependence of the
SMR ratio measured in Pt/NiO/YIG devices with dif-
ferent NiO thicknesses, dNiO. The change in sign of the
SMR occurs at higher temperatures in larger dNiO sam-
ples. The dNiO dependence proves to be a key piece of in-
formation for understanding the negative SMR. Further-
more, the SMR ratios have (positive) maxima at higher
temperatures for thicker NiO samples. These dNiO de-
pendent characteristics show a quantitative e↵ect of the
NiO on the SMR modulation, rather than a nuanced in-
terface e↵ect [30].

To gain further insight into the temperature depen-
dence of spin transport in NiO, we carried out spin pump-
ing measurements for the same samples, in which spin
current is injected from YIG through NiO to generate
a voltage in Pt via the inverse spin Hall e↵ect (ISHE)
[22]. The Pt/NiO/YIG device is placed on a coplanar
waveguide which serves as a 5 GHz microwave source at
14 dbm, and the details of the experimental setup can
be found elsewhere [24]. The ISHE voltage VISHE from
all the samples is plotted against T in Fig. 3(b), the be-
haviour of which is very similar to the result we found
in Pt/CoO/YIG [24]: spin transmission is nearly zero for
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work.

In this letter, we report on the thermal generation of
spin current from the insulating AFM MnF2 through the
longitudinal spin Seebeck e↵ect. This e↵ect is due to
thermal spin wave excitations from a material with a well
defined spin wave spectrum, thus showing that in addi-
tion to ferromagnetic spin waves, antiferromagnetic spin
waves can be used to generate spin current as well. Since
AFM materials are free of stray fields, they are more
immune to parasitic magnetic e↵ects that may occur as
spintronic device scaling becomes more important in fu-
ture applications. AFM insulators are also far more com-
mon than the ferrimagnetic insulators typically used in
spin Seebeck experiments, therefore opening a new larger
class of materials for use in spin caloritronic devices.

MnF2 has a tetragonal crystal structure, and an AFM
Neel temperature of 67.7 K [11] with uniaxial anisotropy
due to dipole interactions between Mn2+ that causes a
magnetic easy-axis along the c-axis direction as schemat-
ically shown in Fig. 1(a) [12–14]. When a magnetic field
is applied along the easy axis that exceeds a critical field
HC , the spins of both antiferromagnetic sublattices sud-
denly rotate and align mostly perpendicular to the c-axis
in a canted state [Fig. 1(a)]. The detection of this abrupt
spin flop transition in the SSE measurement is the pri-
mary evidence used to verify that a spin current is being
generated by antiferromagnetic MnF2. Once in the spin
flopped state, the spins cant further in the direction of
the magnetic field. This canted moment is ⇠ 0.4 µB/Mn
at ⇠90 kOe and is about 8% of the sublattice magneti-
zation [15].

The MnF2 thin film, with an approximate thickness of
30 nm, was grown on a single crystal MgF2 (110) sub-
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FIG. 1. (a) The crystal structure of MnF2 is presented with
AFM spin structure overlaid on Mn2+ ions. The (110) thin
film crystal orientation plane is highlighted in blue. The spin
flop transition in MnF2 is presented. (b) Device schematic
outlining a typical spin Seebeck device geometry.
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Antiferromagnetic spin Seebeck e↵ect

Stephen M. Wu,1, ⇤ Wei Zhang,1 Amit KC,2 Pavel Borisov,2 John E. Pearson,1

J. Samuel Jiang,1 David Lederman,2 Axel Ho↵mann,1 and Anand Bhattacharya1

1
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

2
Department of Physics and Astronomy, West Virginia University, Morgantown, West Virginia 26506, USA

(Dated: April 4, 2016)

We report on the observation of the spin Seebeck e↵ect in antiferromagnetic MnF2. A device
scale on-chip heater is deposited on a bilayer of MnF2 (110) (30 nm)/Pt (4 nm) grown by molec-
ular beam epitaxy on a MgF2 (110) substrate. Using Pt as a spin detector layer it is possible to
measure thermally generated spin current from MnF2 through the inverse spin Hall e↵ect. The low
temperature (2 - 80 K) and high magnetic field (up to 140 kOe) regime is explored. A clear spin
flop transition corresponding to the sudden rotation of antiferromagnetic spins out of the easy axis
is observed in the spin Seebeck signal when large magnetic fields (>9 T) are applied parallel the
easy axis of the MnF2 thin film. When magnetic field is applied perpendicular to the easy axis, the
spin flop transition is absent, as expected.

The field of spin caloritronics has recently attracted
a large amount of attention as a possible new direction
for the world of spintronics [1]. In spin caloritronic de-
vices: information is transmitted by spin current instead
of electrical current, the medium that carries spin cur-
rent can be a magnetic insulator instead of an electrical
conductor, and the primary driver of current is a thermal
gradient instead of an electric field. The longitudinal spin
Seebeck e↵ect (SSE) lies at the center of this burgeon-
ing field as the primary method of thermal spin current
generation from magnetic insulators [2–6].
Recently, it was discovered that in addition to ferro-

magnetic and ferrimagnetic insulators, it is also possi-
ble to generate spin current through the SSE from in-
sulating paramagnetic materials [7]. In these systems
(Gd3Ga5O12, DyScO3) antiferromagnetic (AFM) inter-
actions exist but fail to achieve long range ordering above
a nominal AFM ordering temperature, and spin current
generation is presumed to be due to short range interac-
tions. This immediately leads to the question of whether
thermal spin current generation is possible from the AFM
phase itself. Spin current generation using insulating
antiferromagnets alone has only been theoretically pre-
dicted [8–10] without experimental observation until this
work.
In this letter, we report on the thermal generation of

spin current from the insulating AFM MnF2 through the
longitudinal spin Seebeck e↵ect. This e↵ect is due to
thermal spin wave excitations from a material with a well
defined spin wave spectrum, thus showing that in addi-
tion to ferromagnetic spin waves, antiferromagnetic spin
waves can be used to generate spin current as well. Since
AFM materials are free of stray fields, they are more
immune to parasitic magnetic e↵ects that may occur as
spintronic device scaling becomes more important in fu-
ture applications. AFM insulators are also far more com-
mon than the ferrimagnetic insulators typically used in
spin Seebeck experiments, therefore opening a new larger
class of materials for use in spin caloritronic devices.

MnF2 has a tetragonal crystal structure, and an AFM
Neel temperature of 67.7 K [11] with uniaxial anisotropy
due to dipole interactions between Mn2+ that causes a
magnetic easy-axis along the c-axis direction as schemat-
ically shown in Fig. 1(a) [12–14]. When a magnetic field
is applied along the easy axis that exceeds a critical field
HC , the spins of both antiferromagnetic sublattices sud-
denly rotate and align mostly perpendicular to the c-axis
in a canted state [Fig. 1(a)]. The detection of this abrupt
spin flop transition in the SSE measurement is the pri-
mary evidence used to verify that a spin current is being
generated by antiferromagnetic MnF2. Once in the spin
flopped state, the spins cant further in the direction of
the magnetic field. This canted moment is ⇠ 0.4 µB/Mn
at ⇠90 kOe and is about 8% of the sublattice magneti-
zation [15].

The MnF2 thin film, with an approximate thickness of
30 nm, was grown on a single crystal MgF2 (110) sub-

a Mn F 

a 

b c 

b Iheater'

T"
V+'

V*'

MgO 
Ti 

Pt 
MnF2 

MgF2 H 

Low Field High Field 

H||c 

H⊥c 

Spin Flop 

FIG. 1. (a) The crystal structure of MnF2 is presented with
AFM spin structure overlaid on Mn2+ ions. The (110) thin
film crystal orientation plane is highlighted in blue. The spin
flop transition in MnF2 is presented. (b) Device schematic
outlining a typical spin Seebeck device geometry.
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Thermal magnon transport 
without magnetic fields or 

ferromagnets? 

Spin Transport in AFs 



Spin Transport in AFs 

Spin Nernst E↵ect of Magnons in Collinear Antiferromagnets

Ran Cheng,1 Satoshi Okamoto,2 and Di Xiao1

1Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213
2Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831

In a collinear antiferromagnet with easy-axis anisotropy, symmetry guarantees that the spin wave
modes are doubly degenerate. The two modes carry opposite spin angular momentum and exhibit
opposite chirality. Using a honeycomb antiferromagnet in the presence of the Dzyaloshinskii-Moriya
interaction, we show that a longitudinal temperature gradient can drive the two modes to opposite
transverse directions, realizing a spin Nernst e↵ect of magnons with vanishing thermal Hall current.
We find that magnons around the �-point and the K-point contribute oppositely to the transverse
spin transport, and their competition leads to a sign change of the spin Nernst coe�cient at finite
temperature. Possible material candidates are discussed.

PACS numbers: 75.30.Ds, 72.20.-i, 75.50.Ee, 75.76.+j

Recent years have seen a surge of interest in utilizing
magnons for information encoding and processing [1–5].
Being an elementary excitation in magnetically ordered
media, a magnon carries not only energy but also spin
angular momentum [6]. The latter is of intrinsic interest
in spintronics, since it would allow the transfer of spin
information without Joule heating. Such a realization
has led to the emerging field of magnon spintronics [7],
in which magnons are expected to play similar roles as
spin- 1

2

electrons. However, there is one caveat: while the
electron spin forms an internal degree of freedom and is
free to rotate, the magnon spin in a ferromagnet (FM)
is fixed by its chirality, which can only be right-handed
with respect to the magnetization.

By contrast, it is well established that in a collinear
antiferromagnet (AF) with easy-axis anisotropy, symme-
try admits two degenerate magnon modes with oppo-
site chirality [8], and hence opposite spin [9, 10]. These
two modes can be selectively excited and detected via
both electrical [11–13] and optical [14–16] means, which
enables an internal space to encode binary information
similar to the electron spin. It is therefore possible to
explore the magnonic counterparts of phenomena usu-
ally associated with the electron spin. For example, a
spin field-e↵ect transistor of magnons using collinear AF
has been recently proposed [17], in which a rotation in
the magnon spin space can be realized by a gate-tunable
Dzyaloshinskii-Moriya interaction (DMI).

Drawing the above analogy, we theoretically demon-
strate in this Letter a magnon spin Nernst e↵ect (SNE)
in a collinear AF, which is similar to the electron spin
Hall e↵ect [18]. The magnon SNE is intimately related
to the magnon Hall e↵ect [19–24]; it can be viewed as
two opposite copies of the magnon Hall e↵ect for each
spin species, i.e., magnons with opposite spins flow in
opposite transverse directions driven by an applied tem-
perature gradient (Fig. 1). We show that the SNE is
realizable on a honeycomb lattice by including the sec-
ond nearest-neighbor DMI. The SNE coe�cient is calcu-
lated through a semiclassical theory of magnon dynamics,

supplemented by general symmetry analyses. Finally, we
propose MnPS

3

[25], a layered magnetic compound, and
its variances [26] as possible material candidates to real-
ize the magnon SNE. Our results suggest that collinear
AFs can serve as e↵ective spin generators for both spin
orientations in the same device, and provide a promising
platform to explore novel caloritronic e↵ects.
Model.—Let us consider a collinear AF on a honey-

comb lattice with the Néel order perpendicular to the
hexagon plane, i.e., spins on the A and B sublattices sat-
isfy S

A

= �S

B

= Sẑ in the ground state. Since the mid-
point of the A–B link is an inversion center, the nearest
neighbor DMI (D

1

) vanishes [27]. However, the second
nearest-neighbor DMI (D

2

) is allowed by symmetry. The
minimal spin Hamiltonian of such a system is

H = J
1

X

hiji

S

i

·S
j

+D
2

X

hhijii

⇠

ij

·S
i

⇥S

j

+K
X

i

S2

iz

, (1)

where J
1

> 0 is the nearest neighbor antiferromagnetic
exchange coupling, K < 0 is the easy-axis anisotropy
that ensures the Néel vector in the ẑ direction [28], and
⇠

ij

= 2
p

3d

i

⇥ d

j

= ±ẑ with d

i

and d

j

the vectors
connecting site i to its nearest neighbor site j as shown in
Fig. 1. We can include the second and the third nearest-
neighbor exchange interactions J

2

and J
3

as well, but

xy
z

S

A

S

B

S

A

S

B
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B

d
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Left-handed
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FIG. 1. (Color online) Left: schematics of the magnon SNE.
Right: the J1–D2 model on a honeycomb AF, the nearest
neighbor and the second nearest-neighbor bonds are labeled
by d

i

and a
i

, respectively.
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FIG. 4. Schematic setup for the detection of piezo-spin cur-
rents. The proposal is based on similar geometries as is
used for the measurement of the spin Seebeck e↵ect23. Un-
der a strain u

yy

a spin current J
s,z

= J

s,z

ŷ is induced in
the piezospintronic material and injected into the NM. In
turn this results in a spin accumulation µ

z

(y) on the NM
(translation symmetry in z is assumed). Due to the spin or-
bit coupling in the NM a transverse charge current J

q

along
x�direction, i.e., a ISHE signal.

is the net spin current flowing through into the NM. The
net spin current is the sum of the injected piezo spin cur-
rent, as given in Eq. (1), and a backflow spin current
Jback

s in the opposite direction due to the induced spin
accumulation on the NM side of the interface. For sim-
plicity, it is assumed that the NM is an ideal spin sink
interface, i.e., the injected spin current is fully absorbed,
and thus we disregard the spin current back flow. More-
over, without loss of generality the piezo spin current is
considered to flow in the y�direction and polarized along
the z� axis. Additionally, in the bulk of NM spin and
charge currents are related through the relations

Jq =
�

e

rµ � �

0

2e

r ⇥ µs, (14)

2e

~ Js,z = � �

2e

@yµs � �

0

e

z ⇥ rµ (15)

with µ the electronic chemical potential and �

0 the spin
Hall conductivity in the NM22. Solving Eqs. (11�15)
leads to an induced Hall charge current density along
the x�direction

⌦
J

x
q

↵
= ��z;ykl

dukl

dt

, (16)

where � =
2e

~
`s

d

tan ✓H tanh

✓
d

2`s

◆
, the Hall angle is

✓H = arctan [�0
/�], and h...i denotes a thickness average.

This e↵ect can be measured by making use of materi-
als with huge potential for spintronic devices24, for ex-
ample the transition metal chalcogenophosphates MPX3

(M=V, Mn; X=S, Se, Te) and NiPSe3. These materi-
als are 2D semiconductors in which the tranision-metal
atoms of the compound are organized in a honeycomb

lattice. Recent theoretical studies25,26 have shown that
these materials might exhibit a Néel order in the ground
state which is not a↵ected under strain. Nevertheless this
setup also works with materials without T I symmetry.
In that case there will be an additional piezoelectric re-
sponse, but the charge current generated in that process
will generate a transversal signal in the metal which will
not a↵ect the Hall signal.

It is worth commenting that a reciprocal e↵ect is also
expected. From Onsager’s relations27,28 a stress is ex-
pected in response to a spin-current injected into the
system.

�ij = �̃l;mijJ
s
l;m, (17)

where � stands as the stress tensor14 appearing in re-
sponse to the spin current Js. This converse piezospin-
tronic e↵ect might lead to novel mechanisms to detect
pure spin currents. In fact, this e↵ect might be useful is
the mechanical resonance of the piezospintronic material.
The idea is to consider an AF-FM interface with the FM
under ferromagnetic resonance. This will inject a spin
current in the PZSP and due to the reciprocal piezospin-
tronic e↵ect (see Eq. (17)). With the proper excitation
frequency it might get even into a resonant state.

IV. CONCLUSIONS

In this paper we have discussed the possibility of gener-
ating and detecting pure spin currents via the piezospin-
tronic e↵ect in honeycomb antiferromagnets. We dis-
cussed the principal characteristics of this e↵ect and the
symmetry properties that lead to a pure spin current
in response to strain. We characterized the piezospin-
tronic response of a honeycomb antiferromagnetic layer,
which fulfills the symmetry conditions to develop a pure
piezospintronic response, and calculated its piezospin-
tronic tensor. In the long wavelength approximation we
showed that the relevant coe�cients of the piezospin-
tronic tensor are proportional to a Chern number. Fi-
nally, we proposed an experimental setup to measure the
spin current generated in this way by converting it into
an electric current through the ISHE. This work extends
the grounds for spin-mechanics29 systems because it pro-
vides a direct coupling between spin current and strain.
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Spin seebeck effect in AF 
Theory: Rezende et al. PRB 93, 014425 (2016) 

Experiment: Wu et al. PRL 116, 097204 (2016)  
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FIG. 3. Dependences of the SSE voltage in MnF2/Pt on the
magnetic field H (a) and on the temperature (b), calculated with
Eq. (29).

temperature values. We have used in the calculation η0 =
1.2 × 108 s−1 for the residual damping, which is the value
that best reproduces the initial slope of the experimental data at
T = 5 K. The other adjustable parameter is the factor relating
the voltage with the integral in the spin-Seebeck coefficient,
VSSE = FBS . We used F = 1.5 × 1015 µVK3 s−1 so as to
obtain a value for the plateau similar to the experimental data
at T = 5 K [30]. At any temperature the voltage vanishes
for zero field, because the two modes have the same thermal
occupation and the same relaxation rate, so their spin currents
cancel out. The voltage increases continuously with field up
to close to the spin-flop transition where the slope changes
abruptly. Note that at low T, as the field increases the thermal
number of the down-going (β) mode increases while the
number of the up-going (α) mode decreases. At the same
time, the relaxation rate of the α mode increases faster than
that in the β mode, so that the difference between the two
terms in Eq. (32b) increases faster. This explains why the
initial slope is larger at lower temperatures. In Fig. 3(b) we
show the variation of the SSE voltage with temperature for
several field values, calculated with the same expression for the
relaxation rate and voltage factor but with aHα = aHβ = 1. The
qualitative agreement of the curves in Figs. 3(a) and 3(b) with
the experimental data of Wu et al. [30] is quite good. Of course,
the quantitative comparison of theory with experiments would
require the full treatment of the problem including magnon
diffusion and spin pumping.

One might be surprised that the SSE voltages measured
in MnF2/Pt at T = 5 K are comparable to those in YIG/Pt
at T = 300 K, since MnF2 besides being an antiferromagnet
has a magnon energy gap two orders of magnitude larger
than that in YIG and thus relatively smaller thermal number.
The reason for this is twofold and is based on the fact that
in the bulk magnon SSE model the spin current is determined
by the thermal numbers and the relaxation rate. First, the
density of states of gap magnons with q ≈ 0 is negligible,
and in YIG at T = 300 K the magnons that contribute most
to the SSE have q ≈ 0.3−0.5. Since the frequency of the
zone-boundary magnons in YIG is on the order of 7 THz,
the modes with q ≈ 0.3−0.5 have frequency in the range 1–3
THz, which is larger than in MnF2. The second reason is
that in MnF2 at T = 5 K the magnon relaxation rate in the
important wave number range is ηk ≈ 2 × 108 s−1, while in
YIG at T = 300 K it is two orders of magnitude larger [43].
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FIG. 4. Dependences of the SSE voltage in FeF2/Pt on the
magnetic field H (a) and on the temperature (b), calculated with
Eq. (29).

The calculation of the SSE for FeF2/Pt was done fol-
lowing the same route used for MnF2/Pt. The integral in
Eq. (32b) was evaluated numerically using the magnon
dispersion in Eqs. (11) and (12) with g = 2.2, HA = 192 kOe,
HE = 620 kOe, and the magnon relaxation rates. These
were calculated numerically with four-magnon scattering
processes, as in Refs. [35,36], and fitted with ηµk = η0 +
7.5 aHµ q3 (T/20)3 × 1010 s−1, where η0 is the residual damp-
ing, and aHµ is a factor that expresses the field dependence for
each mode. The factors were calculated numerically for fixed
T and q = 0.4, where the integrand in Eq. (32b) peaks, and
fitted with the following expressions:

T = 5 K : aHα = 1 + 0.477 (e0.03H − 1),
(35)

aHβ = 1 + 0.505 (e0.032H − 1),

T = 10 K : aHα ≈ aHβ = 1 + 0.23 (e0.0195H − 1),
(36)

T > 20 K : . aHα ≈ aHβ ≈ 1,

where the field H is in kOe. We use for the residual damping
the value η0 = 2 × 109 s−1 obtained from the extrapolation
to T = 0 of the data in Ref. [55] and for the voltage factor
the same value used for MnF2/Pt, F = 1.5 × 1015 µVK3 s−1,
to allow a comparison. Figures 4(a) and 4(b) show the
results for the SSE voltage dependences, respectively on the
magnetic field intensity for four temperature values and on
the temperature for several values of H. Figure 4(b) shows
the voltage only up to 200 kOe because this is the maximum
field that is available in most laboratories. The first obvious
difference from MnF2/Pt is that the voltage is two orders of
magnitude smaller. This is due to three facts: (1) The higher
magnon frequencies in FeF2 that result in smaller thermal
magnon numbers compared to MnF2; (2) the smaller group
velocity in FeF2, as clearly seen in Fig. 2(c); and (3) the larger
magnon relaxation. For the same reasons, the dependence of
the voltage on H in Fig. 4(a) is quite different from the one
in Fig. 3(a), especially at low T. The voltage is negligible at
T = 5 K, increases with increasing T, and only for T > 20 K
does it decrease as in MnF2/Pt. However, the dependence of
the voltage on T with fixed field shown in Fig. 4(b) is similar
to that for MnF2/Pt in Fig. 3(b). Although the SSE voltage in
FeF2/Pt is in the nanovolt range, it might be experimentally

014425-6
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Hamiltonian and as such do not have a well-defined number of
magnons, they have nonzero expectation values for the spins
S+

1 and S+
2 with a well defined phase. It can be shown that

the numbers of magnons in the coherent states |ck⟩ and |dk⟩
are, respectively, |ck|2 and |dk|2. Using Eqs. (2)–(9) and (15)
one can obtain the expectation values of the spins in the two
sublattices in the coherent magnon state |ck⟩,

⟨ck|S+
1 |ck⟩ = (2S/N )1/2ukcke

−iωαk t ,
(16)

⟨ck|Sz
1|ck⟩ = S − (1/N ) u2

k |ck|2,

⟨ck|S+
2 |ck⟩ = −(2S/N )1/2vkcke

−iωαk t ,
(17)

⟨ck|Sz
2|ck⟩ = −S + (1/N ) v2

k |ck|2,

where, for simplicity, we have omitted the exponential spatial
dependence. This result is consistent with the semiclassical
picture [26,41], whereby in the αk mode both up and down
spins undergo a circular clockwise precession with frequency
ωαk and tilted with angles that are proportional to the square
root of the magnon number and with ratio uk/vk . Similarly,
for the βk mode the spins are in counterclockwise precession
with frequency ωβk and with angles with the ratio vk/uk .

Finally, we derive an expression for the spin current carried
by magnons in the antiferromagnet with simple arguments. The
total z component of the spin angular momentum carried by
magnons is given by Sz =

∑
i (Sz

1i + Sz
2i). With Eqs. (2)–(4)

and (15) one can show that the operator that has nonzero
expectation value in magnon states is given by

Sz =
∑

k

![−α
†
kαk + β

†
kβk]. (18)

The opposite signs in the angular momenta of the two
modes is consistent with the semiclassical picture of the spins
precessing in opposite directions. Since the two magnon modes
have the same group velocity

⇀

vmk = k̂ ∂ωk/∂k, the spin current
density operator is

J⃗ z
S = !

V

∑

k

v⃗mk[−α
†
kαk + β

†
kβk]. (19)

In the Appendix we present a more formal derivation of
this equation. Note that the spin current in an antiferromagnet
vanishes when the magnon numbers in the two modes are the
same, as previously pointed out in Ref. [42].

III. THEORY FOR THE SPIN SEEBECK EFFECT
IN ANTIFERROMAGNETS

The bulk magnon spin current model has been developed
for the LSSE in ferromagnets and successfully applied to
explain quantitatively a variety of experimental data in YIG/Pt
[43,44]. Here we extend the model to a bilayer structure made
of an antiferromagnetic insulator, such as MnF2 and FeF2,
and a normal metal with strong spin-orbit coupling, such as
Pt. The AFI/NM is subject to a temperature gradient across
the thickness of the bilayer, as illustrated in Fig. 1. While in
the FMI/NM bilayer the spin current created by the thermal
gradient is carried by one magnon mode, here the spin current
has contributions from the two magnon modes. A fraction

AFI NM

y

x
H

z
SJ

sp
SJ

0y

T

CJ

FIG. 1. Illustration of the antiferromagnetic insulator
(AFI)/normal metal (NM) bilayer structure employed to investigate
the spin Seebeck effect showing the coordinate axes, the magnon
spin current produced by the temperature gradient, and the charge
current generated by the ISHE in the NM.

of the spin current in the AFI flows into the NM layer and
is converted into a transverse charge current by the ISHE
[45–47] producing the dc voltage at the ends. The magnon
spin current due to the thermal gradient across the thickness
can be calculated with the Boltzmann equation imposing the
appropriate boundary conditions. We choose a coordinate
system with the z axis parallel to the magnetic field H applied
in the plane along the easy axis of the AFI, and the y axis
perpendicular to the plane, as shown in Fig. 1. Denote by
nµk the number of magnons in the µ = α,β mode with wave
number k in the whole volume V of the AFI layer, by n0

µk the
number in thermal equilibrium, given by the Bose-Einstein
distribution,

n0
µk = 1

e!ωµk/kBT − 1
, (20)

and by δnµk(r⃗) = nµk(r⃗) − n0
µk the number in excess of

equilibrium. Since the contributions of the two modes to
the spin current have opposite signs, we define the magnon
accumulation δnm(r⃗) as

δnm(r⃗) = 1

(2π )3

∫
d3k

[(
nαk − n0

αk

)
−

(
nβk − n0

βk

)]
, (21)

and the bulk magnon spin current density with polarization z
is [43,44,48,49]

J⃗ z
S = !

(2π )3

∫
d3k v⃗mk

[(
nαk(r⃗) − n0

αk

)
−

(
nβk(r⃗) − n0

βk

)]
,

(22)
where v⃗mk is the k magnon velocity. The distribution of the
magnon number under the influence of a thermal gradient
can be calculated with the Boltzmann transport equation
[50]. In the absence of external forces and in the relaxation
approximation, in steady state the Boltzmann equation gives
for each magnon mode

nµk(r⃗) − n0
µk = −τµkv⃗mk · ∇⃗n0

µk−τµkv⃗mk · ∇⃗
[
nµk(r⃗) − n0

µk

]
,

(23)
where τµk is the µk magnon relaxation time. Using Eq. (23) in
Eq. (22) one can show that the spin current is the sum of two

014425-3

3

FIG. 3. Temperature dependence of the spin Seebeck voltage
response at various magnetic fields. The inset represents the
140 kOe data with the 70 kOe subtracted out to judge the
temperature dependence of just the spin-flopped phase.

low magnetic fields there appears to be a low tempera-
ture peak whose position increases in temperature with
magnetic fields strength. At fields above the spin flop
transition this peak becomes broader and approximately
matches the peak in thermal conductivity of MnF2 from
literature [21]. Many longitudinal spin Seebeck systems
have a correlation between the size of the spin Seebeck
signal and the thermal conductivity, which is believed to
be a consequence of magnon-phonon interaction [22, 23].
In our device geometry there is typically an inverse de-
pendence on the size of the signal to the thermal conduc-
tivity of the thin film since a constant power is applied
to the material instead of a constant temperature di↵er-
ence �T [7, 24, 25]. Here, V/ �T/ P

 , where V is the
measured voltage due to the inverse spin Hall e↵ect, P
is the applied power, and  is the thermal conductivity
of the film. Since our measurement suggests V scales
with , there is minimally a stronger than linear depen-
dence of the spin Seebeck signal size on . This could be
due to especially weak interaction between magnons and
phonons in this system due to higher frequency gapped
AFM magnons, leading to a larger temperature di↵er-
ence between non-equilibrium phonon and magnon pop-
ulations [26]. Both the heat capacity and thermal con-
ductivity of MnF2 is dominated by phonon conduction,
and therefore the e↵ect of magnetic field on the thermal
conductivity of MnF2 is negligible and cannot account
for the spin flop behavior in the SSE [26, 27]. The lack
of magnon thermal conduction is also evidence that the
magnon-phonon relaxation times are long due to weak
interaction in MnF2 [27]. The inset of Fig 3. shows the
data from 120 kOe with the contribution at 70 kOe sub-
tracted to isolate the temperature dependence of the SSE
in the spin-flopped phase. The data show a sharper peak

at ⇠20 K, suggesting that the SSE in the spin-flopped
phase is strongly correlated with the MnF2 thermal con-
ductivity.
To confirm that the origin of the jump in the spin See-

beck signal is from the spin flop transition, measurements
were made on a separate device fabricated simultane-
ously on the same film, with the pattern oriented 90�

to the original device. In this device, spin current due to
spin components perpendicular to the c-axis are detected.
The voltage response from the new device, performed un-
der the same conditions as in Fig. 2(a), is compared to
the data for magnetic field parallel to the c-axis. The
results are summarized in Fig. 4, where the jump in spin
Seebeck signal is absent with magnetic field in the ? to
c-axis direction, while still present in the k to c-axis case.
At 80 K, above TN , both signals are roughly equivalent.
As the temperature is lowered below TN , the signal in
the kc device is lower than in the ?c device for H < HC ,
but the two signals roughly agree with each other for
H > HC . Because the two devices are identical except
for the direction of the Pt bar, it is unlikely that the
observed phenomena are due to proximity magnetic in-
teractions or di↵usion of magnetic ions into the Pt layer
since this anisotropic behavior is specific to only MnF2.

FIG. 4. (a)-(f) Spin Seebeck voltage responses on two de-
vices, one aligned to detect spin current parallel to the c-axis,
and one aligned to detect spin current perpendicular to the
c-axis. The spin flop transition is only present in the parallel
configuration.

Current theories on the origin of the spin Seebeck e↵ect
involve a non-equilibrium population of magnons accu-
mulating at the interface between the magnetic insulator
and metallic spin detector layer [23, 28, 29]. This could
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We report on the observation of the spin Seebeck e↵ect in antiferromagnetic MnF2. A device
scale on-chip heater is deposited on a bilayer of MnF2 (110) (30 nm)/Pt (4 nm) grown by molec-
ular beam epitaxy on a MgF2 (110) substrate. Using Pt as a spin detector layer it is possible to
measure thermally generated spin current from MnF2 through the inverse spin Hall e↵ect. The low
temperature (2 - 80 K) and high magnetic field (up to 140 kOe) regime is explored. A clear spin
flop transition corresponding to the sudden rotation of antiferromagnetic spins out of the easy axis
is observed in the spin Seebeck signal when large magnetic fields (>9 T) are applied parallel the
easy axis of the MnF2 thin film. When magnetic field is applied perpendicular to the easy axis, the
spin flop transition is absent, as expected.

The field of spin caloritronics has recently attracted
a large amount of attention as a possible new direction
for the world of spintronics [1]. In spin caloritronic de-
vices: information is transmitted by spin current instead
of electrical current, the medium that carries spin cur-
rent can be a magnetic insulator instead of an electrical
conductor, and the primary driver of current is a thermal
gradient instead of an electric field. The longitudinal spin
Seebeck e↵ect (SSE) lies at the center of this burgeon-
ing field as the primary method of thermal spin current
generation from magnetic insulators [2–6].

Recently, it was discovered that in addition to ferro-
magnetic and ferrimagnetic insulators, it is also possi-
ble to generate spin current through the SSE from in-
sulating paramagnetic materials [7]. In these systems
(Gd3Ga5O12, DyScO3) antiferromagnetic (AFM) inter-
actions exist but fail to achieve long range ordering above
a nominal AFM ordering temperature, and spin current
generation is presumed to be due to short range interac-
tions. This immediately leads to the question of whether
thermal spin current generation is possible from the AFM
phase itself. Spin current generation using insulating
antiferromagnets alone has only been theoretically pre-
dicted [8–10] without experimental observation until this
work.

In this letter, we report on the thermal generation of
spin current from the insulating AFM MnF2 through the
longitudinal spin Seebeck e↵ect. This e↵ect is due to
thermal spin wave excitations from a material with a well
defined spin wave spectrum, thus showing that in addi-
tion to ferromagnetic spin waves, antiferromagnetic spin
waves can be used to generate spin current as well. Since
AFM materials are free of stray fields, they are more
immune to parasitic magnetic e↵ects that may occur as
spintronic device scaling becomes more important in fu-
ture applications. AFM insulators are also far more com-
mon than the ferrimagnetic insulators typically used in
spin Seebeck experiments, therefore opening a new larger
class of materials for use in spin caloritronic devices.

MnF2 has a tetragonal crystal structure, and an AFM
Neel temperature of 67.7 K [11] with uniaxial anisotropy
due to dipole interactions between Mn2+ that causes a
magnetic easy-axis along the c-axis direction as schemat-
ically shown in Fig. 1(a) [12–14]. When a magnetic field
is applied along the easy axis that exceeds a critical field
HC , the spins of both antiferromagnetic sublattices sud-
denly rotate and align mostly perpendicular to the c-axis
in a canted state [Fig. 1(a)]. The detection of this abrupt
spin flop transition in the SSE measurement is the pri-
mary evidence used to verify that a spin current is being
generated by antiferromagnetic MnF2. Once in the spin
flopped state, the spins cant further in the direction of
the magnetic field. This canted moment is ⇠ 0.4 µB/Mn
at ⇠90 kOe and is about 8% of the sublattice magneti-
zation [15].

The MnF2 thin film, with an approximate thickness of
30 nm, was grown on a single crystal MgF2 (110) sub-

a Mn F 

a 

b c 

b Iheater'

T"
V+'

V*'

MgO 
Ti 

Pt 
MnF2 

MgF2 H 

Low Field High Field 

H||c 

H⊥c 

Spin Flop 

FIG. 1. (a) The crystal structure of MnF2 is presented with
AFM spin structure overlaid on Mn2+ ions. The (110) thin
film crystal orientation plane is highlighted in blue. The spin
flop transition in MnF2 is presented. (b) Device schematic
outlining a typical spin Seebeck device geometry.
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Ĥ

AF

= J
X

hiji
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ĤI = �
Z

d3x

 
Ja
X

i2a

Si(x) + Jb
X

i2b

Si(x)

!
· s(x)

Si(x) ⇡ |�i(x)|2 Si

k0

k



P
ri

n
te

d
 b

y
 M

a
th

e
m

a
ti
c
a
 f

o
r 

S
tu

d
e

n
ts
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(µ⇥ n� ~ṅ) + Cn⇥ ṁ

Umklapp channel: 
k0
k � kk = G

“specular” channel: 
k0
k � kk = 0

+H.c. 

AF/NM coupling (microscopics) 



P
ri

n
te

d
 b

y
 M

a
th

e
m

a
ti
c
a
 f

o
r 

S
tu

d
e

n
ts

ĤI = �
Z

d3x

 
Ja
X

i2a

Si(x) + Jb
X

i2b

Si(x)

!
· s(x)

Si(x) ⇡ |�i(x)|2 Si
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⌧n = (fm � ↵S~ṁ)⇥ n� ↵A
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Outline 

•  Brief overview of antiferromagnets 

•  Classical AF dynamics 

•  Ballistic transport 
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Spin biasing 
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Experimental estimates 
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Conclusion 
•  Both symmetric and antisymmetric electron scattering at N/

AF interfaces contribute 

•  Enhanced magnon conductance near spin flop transition 

•  Current work: magnon-magnon, magnon-phonon scattering, 
elastic disorder scattering for thicker films 


