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Antiferromagnet-Mediated Spin Transfer Between Metal and Ferromagnet
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We develop a theory for spin transported by coherent Néel dynamics through an antiferromagnetic insulator
coupled to a ferromagnetic insulator on one side and a current-carrying normal metal with strong spin-orbit cou-
pling on the other. The ferromagnet is considered within the mono-domain limit and we assume its coupling to
the local antiferromagnet Néel order at the ferromagnet|antiferromagnet interface through exchange coupling.
Coupling between the charge current and the local Néel order at the other interface is described using spin
Hall phenomenology. Spin transport through the antiferromagnet, assumed to possess an easy-axis magnetic
anisotropy, is solved within the adiabatic approximation and the e↵ect of spin current flowing into the ferromag-
net on its resonance linewidth is evaluated. Onsager reciprocity is used to evaluate the inverse spin Hall voltage
generated across the metal by a dynamic ferromagnet as a function the antiferromagnet thickness.

PACS numbers: 72.25.Mk, 75.47.-m, 75.50.Ee, 76.50.+g

Spintronics of antiferromagnets (AFs), where AFs take on
the role of the central active component, is identified as one of
the most important emerging topics in the field of magnetism
today [1]. Robustness to magnetic perturbations due to their
total magnetic compensation, as well as characteristic dynam-
ical scale in the THz range may render AFs advantageous over
ferromagnets (Fs) for spintronics device applications. In ad-
dition, recent works on AFs have shown that the important
phenomena responsible for the success of F-based spintron-
ics also have AF counterparts, giving added impetus for AF-
based spintronics research. Indeed, giant magnetoresistance
and current-induced torques [2], anisotropic magnetoresis-
tance [3] and spin superfluidity [4], as well as current-induced
domain wall motion [5] and coupled dynamics between con-
duction electrons and background magnetic texture [6], are all
shown to be possible in AFs as well.

An important aspect of AF-based spintronics is the use of
AFs as a medium to transport spin angular momentum. Spin
transfer through AFs has been the focus of several recent ex-
perimental endeavors. Both Hahn et al. [7] and Wang et

al. [8] demonstrated spin transport through an AF insulator,
NiO, using an YIG|NiO|Pt heterostructure (YIG standing for
the insulating ferrimagnet yttrium iron garnet). Inverse spin
Hall signal showed robust spin pumping from YIG into Pt
even in the presence of the intervening NiO, suggesting e�-
cient spin transport through the AF. More recently, Moriyama
et al. used spin-torque ferromagnetic resonance (ST-FMR)
to demonstrate the propagation of spin excitations through a
metallic AF, IrMn, using a Pt|IrMn|CoFeB trilayer [9] as well
as NiO using a Pt|NiO|FeNi trilayer [10]. Spin current injected
from the Pt was shown to change the FMR linewidth, also sug-
gesting the transfer of spin angular momentum through the
central AF. Given the rising interest in AF spintronics and
the recent experimental focus, a theoretical account of spin
transport through an experimentally relevant normal metal
(N)|AF|F trilayer is highly desirable.

In this Letter, we develop a general phenomenology for spin
transport through an AF by collective Néel order parameter
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FIG. 1. Normal-metal (N)|antiferromagnet (AF)|ferromagnet (F) tri-
layer considered in this work. N sustains a dc charge current j and
F is described by a time-dependent macrospin S(t). Spin transfer
hJ s

exi occurs via the exchange coupling J at the AF|F interface, while
spin transfer across the AF|N interface has a spin transfer torque con-
tribution hJ s

stti (proportional to the e↵ective interfacial spin Hall an-
gle #) and a spin pumping contribution hJ s

spi (proportional to the
interfacial spin-mixing conductance ↵"#). The AF Gilbert damping,
parametrized by ↵0, leads to the loss of spin current hJ s

Gi in the AF
bulk. The central AF can be thought of as an e↵ective interface that
couples j and S with an e↵ective spin Hall angle #⇤.

dynamics, focusing on an N|AF|F trilayer relevant for both the
spin-pumping/inverse spin Hall as well as the ST-FMR exper-
iments mentioned above (see Fig. 1). Spin Hall phenomenol-
ogy, applicable to a wide range of di↵erent AF|N interfaces
obeying certain structural/crystalline symmetries, is utilized
to model the spin transfer at the AF|N interface, while the ex-
change coupling is assumed at the AF|F interface. As one of
the main achievements of this work we develop a simple “cir-
cuit” model, a pictorial visualization of spin flow, that allows
one to keep track of spin transfer through various parts of the
heterostructure (see bottom half of Fig. 1). From the circuit
model, we see that spin is both injected into (i.e., hJ s

stti) and
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A spin current refers to a flow of spin angular momentum
of electrons in condensed matter1. There are types of spin
currents, including a spin current carried by conduction

electrons and one carried by spin waves1. The former type of
spin current, conduction-electron spin current, can be detected
by using the inverse spin Hall effect (ISHE)2–7, the conversion of
a spin current into electric voltage via the spin–orbit interaction
in a conductor, typically in Pt. Although conduction-electron
spin current can reside only in metals and semiconductors, the
latter type of spin current, called spin-wave spin current, can
exist even in insulators.4,8 In fact, spin-wave spin currents
have been studied in magnetic insulators and, very recently, in
antiferromagnetic alloys and insulators9–15.

For spin-current generation, one of the most versatile and
powerful methods is spin pumping, an induction of spin current
from magnetization precession in a magnetic metal into an attached
metal via the exchange interaction at the interface5. Spin
pumping was found to drive spin current also from magnetic
insulators, such as Y3Fe5O12 (refs 4,6,16–22).

Various powerful theories have been constructed to describe
the spin-pumping phenomenon23–25. They commonly predict
that the efficiency of spin pumping is sensitive to dynamical
magnetic susceptibility at the interface between a magnet and a
metal in a spin-pumping system. Therefore, spin pumping is
sensitive to interface magnetic susceptibility, while standard
magnetometry probes bulk properties which often hides interface
signals. This raises an interesting hypothesis: when a very
thin sample film is inserted at the interface of a spin-pumping
system, spin pumping may reflect the dynamical susceptibility,
which is directly related to spin fluctuation according to the
fluctuation-dissipation theory, of the inserted thin sample
film. Here we show that this is the case by using an
antiferromagnetic transition in an ultra-thin film of CoO, and
that spin pumping becomes an in situ microprobe for magnetic
phase transition.

Results
Sample description. Figure 1c is a schematic illustration of the
sample system used in the present study; we inserted an
antiferromagnetic CoO thin film at the interface between
Y3Fe5O12 and Pt layers in a typical spin-pumping system
Y3Fe5O12/Pt to form Y3Fe5O12/CoO/Pt. At low temperatures,
CoO exhibits antiferromagnetic order26. Here, Y3Fe5O12 is a

typical spin-pumping material, by which spin current is
emitted when magnetization precession is excited4,6. Pt is used
as a spin-current detector based on ISHE, in which a spin current
is converted into an electric voltage in Pt perpendicular to the
spin-current spin polarization direction2–4,6. When magnetiza-
tion precession in Y3Fe5O12 is excited by a microwave
application, spin pumping is driven and then a spin current is
injected from the Y3Fe5O12 layer into the Pt layer across the thin
CoO layer23–25.

Spin-pumping signal of Y3Fe5O12/CoO/Pt system. Figure 2a
shows the magnetic field dependence of microwave absorption
spectra of Y3Fe5O12 at various temperatures measured
when a 5 GHz microwave is applied. At T¼ 300 K, absorption
peaks appear around HFMR¼±1.2 KOe, which correspond to
ferromagnetic resonance (FMR) in the Y3Fe5O12. With decreasing
temperature, HFMR is observed to slightly decrease, which is due
to the temperature dependence of magnetization in the Y3Fe5O12.
The microwave absorption power Pab at HFMR is almost constant
with changing T.

In Fig. 2b, we show the voltage V generated in the Pt layer in a
simple Y3Fe5O12/Pt spin-pumping system without a CoO layer
measured by applying a 5 GHz microwave. At the FMR field
HFMR, a clear voltage peak appears at all temperatures. The
sign of the peak voltage VISHE is reversed by reversing the polarity
of the applied magnetic field, showing that the voltage peak is due
to ISHE induced by spin current pumped from the Y3Fe5O12
layer2–4,23–25.

Figure 2d shows the temperature dependence of the peak
voltage VISHE for the Y3Fe5O12/Pt film without a CoO layer. VISHE
decreases monotonically with decreasing the temperature. This
monotonic decrease is attributed to the decrease in the resistivity
of Pt and the increase in the magnetization damping in Y3Fe5O12.

On the contrary by inserting a CoO layer in the simple
spin-pumping system, a clear unconventional peak structure
appears in the temperature dependence of the ISHE signal
(Fig. 2c). Figure 2e shows the temperature dependence of the
voltage peak intensity VISHE for the Y3Fe5O12/CoO/Pt trilayer
film. The VISHE for the Y3Fe5O12/CoO/Pt trilayer film exhibits a
clear peak at T¼ 200 K, which is quite different from that for
the Y3Fe5O12/Pt bilayer film (Fig. 2d). The VISHE peak
temperature is comparable to the Néel temperature of the CoO
layer determined by an X-ray magnetic linear dichroism
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Figure 1 | Concept and sample set-up. (a) Inelastic scattering of polarized neutrons through an antiferromagnetic system. (b) Spin-current transmission
through an antiferromagnetic system. (c) Experimental set-up of the spin-pumping measurement for the Y3Fe5O12/CoO/Pt trilayer device. Js denotes spin
current injected from the Y3Fe5O12 layer into the Pt layer through the CoO layer by spin pumping, which is detected as a voltage signal via the inverse spin Hall
effect in the Pt layer. (d) A cross-sectional TEM image of a Y3Fe5O12/CoO/Pt trilayer device. Scale bar, 10 nm. (e). A Co 2p XPS spectrum and Gaussian fitting
analysis for the CoO layer in the Y3Fe5O12/CoO/Pt trilayer device. TEM, transmission electron microscopy; XPS, X-ray photoemission spectroscopy.
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Interfacial spin transfer
In the absence of spin-orbit interactions and spin-order 
inhomogeneities, the collinear spin of scattered electrons is 
conserved; the phase shift governs the spin-mixing conductance:

Takei, Halperin, Yacoby, and YT, PRB (2014); see also Jia, Liu, Xia, and Bauer, EPL (2011) for YIG
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Spin-current circuit
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Negative DC electron drag (revealed by SHE)
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Nonlocal magnetoresistance
Circulating current through two metal films in series (a) spins the 
order, reducing the overall dissipation

In the parallel configuration (b), the torques are balanced, and the 
magnet remains stationary, causing more friction

⇢m = 0

1

identical metals

ferromagnet

'

z x

y

⇢ ⇢

g"#

n

(a)

V

1

ferromagnet

⇢ ⇢
'

z x

y

n

identical metals(b)

V

El Er

jl jr

El Er

jl jr

tN L tN L

'̇ 6= 0 '̇ = 0

g"#
jsl jsr jsl jsr

⇢m / � #2
SH

2g"# + ↵sL

Cf. Eisenstein and MacDonald, Nature (2004) for BEC of excitons in bilayer electron systems

Takei and YT, PRL (2015)



Quantum phase slips
The parallel magnetoresistance geometry can be used to extract 
the thermal and quantum phase slip rates:

The effective action for a gas of QPS’s in the presence of a spin 
superflow:

3

k̄µ < kµ (for positive µ), meaning that there always exists
the unique saddle point between two nearest metastable
states. See Fig. 1(d) for an illustration.
The rate of transitions, respectively increasing or de-

creasing spin-current magnitude, may be written in the
form

�± = ⌦e��F±/T , (5)

where temperature is measured in energy units so that
kB = 1. Here, �F± ⌘ F0 ·�f± is the free-energy barrier
to reach the intermediate saddle point, and ⌦ is the pref-
actor that depend on details of spin fluctuations around
the extrema [16]. Specifically, for the transitions between
the two metastable states [Eq. (3)] with kµ and kµ�1 via
the saddle point [Eq. (4)] with k̄ = k̄µ > 0, the free-
energy barriers can be directly obtained by evaluating
the di↵erences in the free energy f [Eq. (1)]:

�f�(k̄) = 2
p

1� k̄2 � 2k̄ tan�1[
p
1� k̄2/k̄] , (6a)

�f+(k̄) = �f�(k̄) + 2⇡k̄ . (6b)

Since �f�  �f+, fluctuations tend, on average, to re-
duce the spin-current magnitude and thus give rise to
equilibriation. In the limit of zero current, k̄ ! 0, the
free-energy barrier is �F ⌘ 2F0 = 2S⇠K, which roughly
represents the energy cost due to the out-of-easy-plane
component of the order parameter in the phase slip re-
gion localized within the magnetic coherence length ⇠.
Our second main result, which is derived in the sup-

plemental material [17], is the analytical expression of
the prefactor ⌦ for ferromagnets in the zero spin-current
limit:

⌦(T ) =
1

⇡
p
2⇡

↵K

(1 + ↵2)s

L

⇠

r
�F

T
, (7)

which is analogous to the result for the superconduct-
ing wire in the LAMH theory [5], where ↵ is the Gilbert
damping constant and s is the local spin angular mo-
mentum density. Here, ↵K/(1 + ↵2)s is the inverse of
the relaxation time for the perturbed uniform easy-plane
ferromagnet to return to the equilibrium state; L/⇠ rep-
resents the number of possible independent phase-slip lo-
cations;

p
�F/T stems from the breaking of the transla-

tional invariance of the system by the saddle point [18].
The prefactor for antiferromagnets on bipartite lattice
can be obtained by replacing ↵K/(1 + ↵2)s with K/↵s
for overdamped dynamics [19], where s is the local spin
angular-momentum density per each sublattice.
Decay of persistent spin current.—The persistent spin

current in a closed ring will decay via TAPS at a fi-
nite temperature. From Eq. (5), the winding number
µ = ��/2⇡, which characterizes metastable states, de-
cays with the rate

�+ � �� = �4⇡2(⇠F0/LT )⌦(T )e
�2F0/Tµ , (8a)

⌘ �(T )µ (8b)
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FIG. 2. (color online) (a) Schematics of an experimental setup
for detecting TAPS, in which two identical metals, parallel in
the electric circuit, are connected by a magnetic insulator sup-
porting superfluid spin transport. (b) Schematics illustrating
the origin of an electromotive force in the metals. TAPS un-
wind the equilibrium spiraling structure (at t = t1), resulting
in the uniform state (at t = t2). As the magnet returns to the
equilibrium spiraling structure, the magnetization at the left
(right) interface rotates counterclockwise (clockwise), which
in turn induces a detectable electromotive force in the metals.

to linear order in the winding number µ [20]. The
spatially-averaged spin current Is ⌘ 2⇡µAS/L decays
with the rate (T )Is. Note that (T ) is independent of
the length of the wire since ⌦(T ) / L.
The dissipation of the spin current dictates the pres-

ence of the e↵ective random force on the spin current to
meet the fluctuation-dissipation theorem [21]. The resul-
tant stochastic dynamics of the spin current is described
by

İs(t) = �(T )Is(t) + ⌫(t), (9)

where the white-noise Langevin term ⌫(t) with the cor-
relator h⌫(t)⌫(t0)i = 2(AS/L)(T )T �(t � t0) is intro-
duced to yield the thermal variance of the spin current,
hI2s i = (AS/L)T , which we obtain from the thermal ex-
pectation value of the free energy.
Discussion.—TAPS in superfluid spin transport can be

detected in an experimental setup proposed in Ref. [11],
in which two identical metals connected parallel in the
external electric circuit are linked by a thin easy-plane
magnetic insulating wire (see Fig. 2). In the presence of
spin-orbit coupling at metal|magnet interface, current in
the metal gives rise to a torque in the magnet, and, as an
Onsager reciprocal e↵ect, dynamics of magnetic moments
induces an electromotive force in the metal [22].
At zero temperature, this configuration supports static

spiraling structure of the magnetization [11], with the left
metal injecting and the right metal draining spin current
[see Fig. 2(a)]. The associated electromotive force is ab-
sent, and the e↵ective resistivity of the circuit, therefore,
is not a↵ected by spin superfluid. At a finite temperature,
however, TAPS unwind the spiraling structure stochas-
tically with the net rate of (T )µ(t), where µ(t) is the
winding number at fixed time t. As the magnetization
rewinds to the equilibrium spiraling structure, the mag-
netic moment at the left (right) interface rotates coun-
terclockwise (clockwise), which induces an electromotive

Kim and YT, PRL (2016)

Topological Effects on Quantum Phase Slips in Superfluid Spin Transport

Se Kwon Kim and Yaroslav Tserkovnyak
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We theoretically investigate effects of quantum fluctuations on superfluid spin transport through easy-
plane quantum antiferromagnetic spin chains in the large-spin limit. Quantum fluctuations result in the
decaying spin supercurrent by unwinding the magnetic order parameter within the easy plane, which is
referred to as phase slips. We show that the topological term in the nonlinear sigma model for the spin
chains qualitatively differentiates the decaying rate of the spin supercurrent between the integer versus
half-odd-integer spin chains. An experimental setup for a magnetoelectric circuit is proposed, in which
the dependence of the decaying rate on constituent spins can be verified by measuring the nonlocal
magnetoresistance.

DOI: 10.1103/PhysRevLett.116.127201

Introduction.—One-dimensional quantum magnetism
has been a natural hotbed to seek and study exotic states
that defy classical descriptions [1,2]. A prototypical exam-
ple showing the importance of quantum effects is provided
by Heisenberg antiferromagnetic spin chains. For isotropic
spin-s chains, Haldane suggested in 1983 [3] that integer-s
chains have disordered ground states with gapped excita-
tions unlike half-odd-integer-s chains, which have gapless
excitations [4]. The existence of the gap has been exper-
imentally confirmed for s ¼ 1 [5].

By considering anisotropic antiferromagnetic spin chains
in the large-s limit, Affleck [6] was able to attribute this
distinction between integer and half-odd-integer spin chains
to the topological term in the O(3) nonlinear sigma model
that describes the dynamics of the local Néel order parameter
[3,7,8]. For sufficiently large s, easy-plane spin-s chains are
in the gapless XY phase, where order-destroying excitations
are vortices of the order parameter in the two-dimensional
Euclidean spacetime. It is the Skyrmion charge Q of a
vortex, quantifying how many times the order parameter
wraps the unit sphere, that serves as the topological charge in
the nonlinear sigma model. Figure 1 illustrates vortices with
minimum nonzero Skyrmion charges Q ¼ "1=2, which are
often referred to as merons [9]. Only for half-odd-integer
spin chains, the topological term creates destructive inter-
ference between vortices and, thereby, suppresses effects of
their quantum fluctuations [1,10].

Superfluid spin transport, a spin analog of an electrical
supercurrent, has been proposed in magnets with easy-
plane anisotropy, where the direction of the local magnetic
order within the easy plane plays the role of the phase of a
superfluid order parameter [11–14]. Spin supercurrent
therein is sustained by a spiraling texture of the magnetic
order, being proportional to the gradient of the in-plane
components of the order parameter. Under the guidance of
established theories for resistance in superconducting wires
[15], we have recently investigated the intrinsic thermal

dissipation in one-dimensional superfluid spin transport,
which arises via thermally activated phase slips [16] (that
unwind the phase by lifting the magnetic order out of the
easy plane [17]). At sufficiently low temperatures, however,
dissipation is mainly induced by quantum fluctuations via
quantum phase slips (QPS) [18,19]. The QPS in super-
conducting wires correspond to vortices of the phase of the
order parameter in the Euclidean spacetime. Likewise, the
QPS in one-dimensional spin superfluidity correspond to
vortices of the magnetic order parameter. Then, there arises
a natural question regrading the role of the topological
term for the integer-s and half-odd-integer-s chains in the
QPS-induced dissipation of superfluid spin transport.
In this Letter, we theoretically study the QPS in super-

fluid spin transport through easy-plane quantum antiferro-
magnetic spin chains. For an integer s, the topological term
is inoperative, and dissipation arises due to the QPS of
the Skyrmion charges Q ¼ "1=2 that change the winding
number by 2π. For a half-odd-integer s, these QPS are
completely suppressed due to destructive interferences.
Instead, the QPS of twice-larger Skyrmion charges,
Q ¼ "1, give rise to dissipation by unwinding the phase
by 4π. See Fig. 2 for illustrations. Dissipation in superfluid
spin transport can be characterized by the spin-current

FIG. 1. Vortex configurations of the local Néel order parameter
in the Euclidean spacetime ðx; τÞ with Skyrmion charges
(a) Q ¼ 1=2 and (b) Q ¼ −1=2.
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decay rate, κðI; TÞ, which depends on the spin current I
and the ambient temperature T. One of our main findings
is a qualitative difference between the decay rates in the
integer-s and half-odd-integer-s spin chains for large
spin s ≫ 1, which can be summarized as κðI; TÞ ∝
½maxðI; TÞ$2μ−3, where

μ ¼
!
πs=2; for an integer s

2πs; for a half-odd-integer s
: ð1Þ

The exponent μ parametrizes the strength of the interaction
between the QPS, which is proportional to the square of
their Skyrmion charges; μ is thus 4 times larger for the half-
odd-integer s than for the integer s. These spin-dependent
transport exponents can be measured through the voltage or
temperature dependence of the electrical resistance of
the magnetoelectric circuit in Ref. [20] (see Fig. 3 for its
schematics), which we propose for probing superfluid spin
transport, using a quasi-one-dimensional easy-plane anti-
ferromagnetic insulator, e.g., ðCH3Þ4NMnCl3 (s ¼ 5=2)
[21] as a spin transport channel.
Model.—We consider an anisotropic Heisenberg anti-

ferromagnetic spin-s chain that can be described by the
Hamiltonian

H ¼ J
X

n

½Sn · Snþ1 − aSznS
z
nþ1 þ bðSznÞ2$ ð2Þ

with S2
n ¼ sðsþ 1Þ, where small positive constants a ≪ 1

and b ≪ 1 parametrize the anisotropy. In the large-s limit,
neighboring spins are mostly antiparallel, Sn ≈ −Snþ1 in
the low-energy states, and the long-wavelength dynamics
of the chain can be understood in terms of the slowly
varying unit vector n ≈ ðS2n − S2nþ1Þ=2s parametrizing the
direction of the local Néel order parameter. The dynamics
of the field n follows the nonlinear sigma model [3,6–8]

with the Euclidean action S ¼ iθQþ S0 (in units of ℏ),
where θ≡ 2πs is referred to as the topological angle. Here,

Q≡ 1

4π

Z
dx

Z
ℏβ

0
dτn · ð∂xn × ∂τnÞ ð3Þ

is the Skyrmion charge of n that measures how many times
nðx; τÞ wraps the unit sphere as the space and imaginary-
time coordinates, x and τ, vary, and is thus topological.
The nontopological part of the action is given by

S0 ¼
1

2g

Z
dx

Z
ℏβc

0
dðcτÞ

"
ð∂τnÞ2

c2
þ ð∂xnÞ2 þ

n2z
λ2

#
; ð4Þ

where c≡ 2Jsd=ℏ serves as a speed of “light” for the
theory, d is the lattice constant, and λ≡ d=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðaþ bÞ

p
is a

characteristic length scale (providing the ultraviolet cutoff
for our theory) governed by the anisotropy. Here, g≡ 2=s
is the dimensionless coupling constant, which sets the
quantum “temperature” governing the magnitude of quan-
tum fluctuations [3].
The corresponding partition function is given by

Z ¼
Z

Dnðx; τÞδðn2 − 1Þ expð−iθQ − S0Þ: ð5Þ

We consider the fields n that are periodic in the imaginary
time τ, nðx; τÞ ¼ nðx; τ þ ℏβÞ. The partition function Z is
then a periodic function of the topological angle θ. For the
integer and half-odd-integer s, therefore, we can effectively
set θ ¼ 0 and θ ¼ π, respectively [1].
Spin superfluidity.—The classical action for nðx; tÞ can

be obtained from the above quantum action S0 by a Wick
rotation, τ↦it. Its invariance under spin rotations about the
z axis implies conservation of spin angular momentum
(polarized along the z axis) and leads us to parametrize n
in spherical coordinates, ψ and ϕ, defined by n ¼
ðsinψ cosϕ; sinψ sinϕ; cosψÞ. The density and current

FIG. 2. Elementary vortices, which control the winding number
Δϕ, with Skyrmion charges (a)Q ¼ 1=2 and (b)Q ¼ 1. For half-
odd-integer spin chains, 2π phase slips are prohibited by
destructive interference between vortices with Skyrmion charges
Q ¼ '1=2. See the main text for a detailed discussion.

FIG. 3. A change in the electrical resistance jδρj of the
magnetoelectric circuit as a function of an applied voltage V
on a logarithmic scale. The circuit consists of a quasi-one-
dimensional antiferromagnet (a 3D stack of parallel spin chains)
and two platinum layers. See the main text for a detailed
discussion.
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Possible materials: Perovskites

KNiF3 
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Takei, Halperin, Yacoby, and YT, PRB (2014)
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AF-mediated (coherent) spin transfer
Spin-transfer torque and spin pumping mediated by AF (NiO):

Takei, Moriyama, Ono, and YT, PRB (2015)

Antiferromagnet-Mediated Spin Transfer Between Metal and Ferromagnet
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We develop a theory for spin transported by coherent Néel dynamics through an antiferromagnetic insulator
coupled to a ferromagnetic insulator on one side and a current-carrying normal metal with strong spin-orbit cou-
pling on the other. The ferromagnet is considered within the mono-domain limit and we assume its coupling to
the local antiferromagnet Néel order at the ferromagnet|antiferromagnet interface through exchange coupling.
Coupling between the charge current and the local Néel order at the other interface is described using spin
Hall phenomenology. Spin transport through the antiferromagnet, assumed to possess an easy-axis magnetic
anisotropy, is solved within the adiabatic approximation and the e↵ect of spin current flowing into the ferromag-
net on its resonance linewidth is evaluated. Onsager reciprocity is used to evaluate the inverse spin Hall voltage
generated across the metal by a dynamic ferromagnet as a function the antiferromagnet thickness.

PACS numbers: 72.25.Mk, 75.47.-m, 75.50.Ee, 76.50.+g

Spintronics of antiferromagnets (AFs), where AFs take on
the role of the central active component, is identified as one of
the most important emerging topics in the field of magnetism
today [1]. Robustness to magnetic perturbations due to their
total magnetic compensation, as well as characteristic dynam-
ical scale in the THz range may render AFs advantageous over
ferromagnets (Fs) for spintronics device applications. In ad-
dition, recent works on AFs have shown that the important
phenomena responsible for the success of F-based spintron-
ics also have AF counterparts, giving added impetus for AF-
based spintronics research. Indeed, giant magnetoresistance
and current-induced torques [2], anisotropic magnetoresis-
tance [3] and spin superfluidity [4], as well as current-induced
domain wall motion [5] and coupled dynamics between con-
duction electrons and background magnetic texture [6], are all
shown to be possible in AFs as well.

An important aspect of AF-based spintronics is the use of
AFs as a medium to transport spin angular momentum. Spin
transfer through AFs has been the focus of several recent ex-
perimental endeavors. Both Hahn et al. [7] and Wang et

al. [8] demonstrated spin transport through an AF insulator,
NiO, using an YIG|NiO|Pt heterostructure (YIG standing for
the insulating ferrimagnet yttrium iron garnet). Inverse spin
Hall signal showed robust spin pumping from YIG into Pt
even in the presence of the intervening NiO, suggesting e�-
cient spin transport through the AF. More recently, Moriyama
et al. used spin-torque ferromagnetic resonance (ST-FMR)
to demonstrate the propagation of spin excitations through a
metallic AF, IrMn, using a Pt|IrMn|CoFeB trilayer [9] as well
as NiO using a Pt|NiO|FeNi trilayer [10]. Spin current injected
from the Pt was shown to change the FMR linewidth, also sug-
gesting the transfer of spin angular momentum through the
central AF. Given the rising interest in AF spintronics and
the recent experimental focus, a theoretical account of spin
transport through an experimentally relevant normal metal
(N)|AF|F trilayer is highly desirable.

In this Letter, we develop a general phenomenology for spin
transport through an AF by collective Néel order parameter

x = 0 x = L
x

z

N AF F

S(t)
�

⌧
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FIG. 1. Normal-metal (N)|antiferromagnet (AF)|ferromagnet (F) tri-
layer considered in this work. N sustains a dc charge current j and
F is described by a time-dependent macrospin S(t). Spin transfer
hJ s

exi occurs via the exchange coupling J at the AF|F interface, while
spin transfer across the AF|N interface has a spin transfer torque con-
tribution hJ s

stti (proportional to the e↵ective interfacial spin Hall an-
gle #) and a spin pumping contribution hJ s

spi (proportional to the
interfacial spin-mixing conductance ↵"#). The AF Gilbert damping,
parametrized by ↵0, leads to the loss of spin current hJ s

Gi in the AF
bulk. The central AF can be thought of as an e↵ective interface that
couples j and S with an e↵ective spin Hall angle #⇤.

dynamics, focusing on an N|AF|F trilayer relevant for both the
spin-pumping/inverse spin Hall as well as the ST-FMR exper-
iments mentioned above (see Fig. 1). Spin Hall phenomenol-
ogy, applicable to a wide range of di↵erent AF|N interfaces
obeying certain structural/crystalline symmetries, is utilized
to model the spin transfer at the AF|N interface, while the ex-
change coupling is assumed at the AF|F interface. As one of
the main achievements of this work we develop a simple “cir-
cuit” model, a pictorial visualization of spin flow, that allows
one to keep track of spin transfer through various parts of the
heterostructure (see bottom half of Fig. 1). From the circuit
model, we see that spin is both injected into (i.e., hJ s

stti) and

ar
X

iv
:1

50
2.

04
12

8v
1 

 [c
on

d-
m

at
.m

es
-h

al
l] 

 1
3 

Fe
b 

20
15

↵(i)
F =

1

S

g"# + #
!F

j
⇣
cosh

L
� +

1
⌘ sinh

L
�

⌘2
↵(b)
F =

↵AF

S

L
� +

1
2 sinh

2L
�⇣

cosh

L
� +

1
⌘ sinh

L
�

⌘2

3

(a)

(b)

L/�

��
F

��
F

FIG. 2. The interfacial contribution �↵(i)
F

(dashed lines), the bulk
contribution �↵(b)

F

(dotted lines) and the total contribution �↵
F

(solid
lines) to the extrinsic FMR linewidth (S set to unity) are plotted as a
function of the (normalized) system size L/�. We fix the following
parameters: ⌘ = 1, # j

y

/b0 = 0.01 and ↵"# = 0.01. Two regimes
are considered for the AF Gilbert damping ↵̃: (a) the strong damping
regime ↵̃ = 0.2; and (b) the weak damping regime ↵̃ = 0.01 (see text
for more details).

frequencies, respectively. Within this approximation, the AF
Néel texture is first solved for an arbitrary static S, the result
denoted by n(0)(x,S). Since S(t) varies su�ciently slowly in
time compared to the characteristic AF time scale, the Néel
texture in the adiabatic limit will arrange itself into the static
configuration corresponding to S(t) at every moment in time
and is given by n(x, t) ⇡ n(0)[x,S(t)] ⌘ n(0)(x, t). The above
calculation does not account for spin current losses due to the
AF dynamics (i.e., spin-pumping at the AF|N interface and
Gilbert damping in the AF bulk). Taking these losses into ac-
count up to linear-order corrections to the adiabatic result, the
spin current hJ s

exi entering F, time-averaged over a cycle of
FMR precession (the angle brackets h· · ·i hereafter represent-
ing time-average over a cycle of FMR precession), is given
by hJ s

exi = hJ s

stti � hJ s

spi � hJ s

Gi (c.f. Fig. 1), where the spin-
transfer torque contribution is given by inserting the adiabatic
result for the Néel texture into Eq. (6)

hJ s

stti = JhS(t) ⇥ n(0)(L, t)i , (8)

and the loss terms read

hJ s

spi = ~↵"#hn(0)(0, t) ⇥ ṅ(0)(0, t)i ,

hJ s

Gi = s↵0
Z

L

0
dx hn(0)(x, t) ⇥ ṅ(0)(x, t)i .

(9)

The first term in Eq. (9) describes (time-averaged) spin current
lost due to spin pumping at the AF|N interface and the second
term corresponds to Gilbert damping in the AF bulk.

An analytical result for the FMR linewidth can be ob-

tained if we consider small deviations of S(t) away from
the z axis (parallel to the static FMR field and the AF easy-
axis); we take j = j

y

e
y

+ j

z

e
z

and assume |j | to be weak
such that a linear-response treatment is su�cient. In this
case, the Néel unit vector n should not deviate far from the
z axis and we may evaluate the above results with respect
to small transverse fluctuations, i.e., S(t) ⇡ S [s

x

(t), s
y

(t), 1]
and n(x, t) ⇡ [n

x

(x, t), n
y

(x, t), 1] with |s
x

(t)|, |s
y

(t)| ⌧ 1 and
|n

x

(x, t)|, |n
y

(x, t)| ⌧ 1. Within this treatment, the trans-
verse components n? = (n

x

, n
y

)T obey �s

2n̈? + s↵ṅ? =
A@2

x

n? � n? [c.f. Eq. (4)], and n(0)(x, t) has the form

n(0) ⇡ e
z

+ f (x)[e
z

⇥S(t)]⇥e
z

+g(x)e
z

⇥S(t)+h(x)e
x

, (10)

where the functions f (x) and g(x) (to linear-order in the cur-
rent) are given by

f (x) =
1
S

cosh x

�

cosh L

� +
1
⌘ sinh L

�

, (11)

g(x) =
1
S

sinh L�x

� +
1
⌘ cosh L�x

�
⇣
cosh L

� +
1
⌘ sinh L

�

⌘2
# j

yp
A
, (12)

and h(x) / # j

z

is not explicitly shown here since this term will
not contribute to the linewidth within the current theoretical
treatment. Here, ⌘ ⌘ JS/

p
A, and � ⌘ pA/ is the AF

healing length.
The spin current J s

ex entering F modifies the F dynamics as

~Ṡ = b ⇥ S � ~↵F

S

S ⇥ Ṡ + J s

ex , (13)

where ↵
F

is the intrinsic Gilbert damping parameter in F and
b = �b0ez

is the static FMR field (in units of energy). Insert-
ing Eq. (10) into Eqs. (8) and (9) and performing the time-
average over the last two terms in Eq. (13), the full FMR
linewidth can be read o↵ directly by summing the coe�cients
appearing in front of hS ⇥ Ṡi. The total Gilbert damping pa-
rameter is then given by ↵0

F

= ↵
F

+ �↵(i)
F

+ �↵(b)
F

⌘ ↵
F

+ �↵
F

,
where the extrinsic contribution �↵

F

has the interfacial contri-
bution �↵(i)

F

and the AF bulk contribution �↵(b)
F

:

�↵(i)
F

=
1
S

⇣
# j

y

b0
+ ↵"#

⌘

⇣
cosh L

� +
1
⌘ sinh L

�

⌘2 , (14)

�↵(b)
F

=
↵̃

S

L

� +
1
2 sinh 2L

�⇣
cosh L

� +
1
⌘ sinh L

�

⌘2 , (15)

where ↵̃ = s↵0�/2~. The former originates from spin injection
and spin-pumping at the AF|N interface while the latter from
Gilbert damping in the AF bulk. Eqs. (14) and (15) constitute
the main result of this work.

As seen from Eqs. (14) and (15), the healing length � sets
the distance over which spin propagation decays inside the
AF. The healing length is determined from the slope of the
linewidth vs. j

y

curves for various thicknesses L and by ex-

Exp: Hahn et al., EPL (2014), Wang et al., PRL (2014), Moriyama et al., APL (2015)

Js / g"#n⇥ ṅ Js / Jn⇥ S

#⇤

strong AF bulk damping

weak AF bulk damping



AF-mediated (thermal) spin transfer
Spin pumping mediated by AF (CoO and NiO):

Qiu et al., Nat. Comm. (2016)

A spin current refers to a flow of spin angular momentum
of electrons in condensed matter1. There are types of spin
currents, including a spin current carried by conduction

electrons and one carried by spin waves1. The former type of
spin current, conduction-electron spin current, can be detected
by using the inverse spin Hall effect (ISHE)2–7, the conversion of
a spin current into electric voltage via the spin–orbit interaction
in a conductor, typically in Pt. Although conduction-electron
spin current can reside only in metals and semiconductors, the
latter type of spin current, called spin-wave spin current, can
exist even in insulators.4,8 In fact, spin-wave spin currents
have been studied in magnetic insulators and, very recently, in
antiferromagnetic alloys and insulators9–15.

For spin-current generation, one of the most versatile and
powerful methods is spin pumping, an induction of spin current
from magnetization precession in a magnetic metal into an attached
metal via the exchange interaction at the interface5. Spin
pumping was found to drive spin current also from magnetic
insulators, such as Y3Fe5O12 (refs 4,6,16–22).

Various powerful theories have been constructed to describe
the spin-pumping phenomenon23–25. They commonly predict
that the efficiency of spin pumping is sensitive to dynamical
magnetic susceptibility at the interface between a magnet and a
metal in a spin-pumping system. Therefore, spin pumping is
sensitive to interface magnetic susceptibility, while standard
magnetometry probes bulk properties which often hides interface
signals. This raises an interesting hypothesis: when a very
thin sample film is inserted at the interface of a spin-pumping
system, spin pumping may reflect the dynamical susceptibility,
which is directly related to spin fluctuation according to the
fluctuation-dissipation theory, of the inserted thin sample
film. Here we show that this is the case by using an
antiferromagnetic transition in an ultra-thin film of CoO, and
that spin pumping becomes an in situ microprobe for magnetic
phase transition.

Results
Sample description. Figure 1c is a schematic illustration of the
sample system used in the present study; we inserted an
antiferromagnetic CoO thin film at the interface between
Y3Fe5O12 and Pt layers in a typical spin-pumping system
Y3Fe5O12/Pt to form Y3Fe5O12/CoO/Pt. At low temperatures,
CoO exhibits antiferromagnetic order26. Here, Y3Fe5O12 is a

typical spin-pumping material, by which spin current is
emitted when magnetization precession is excited4,6. Pt is used
as a spin-current detector based on ISHE, in which a spin current
is converted into an electric voltage in Pt perpendicular to the
spin-current spin polarization direction2–4,6. When magnetiza-
tion precession in Y3Fe5O12 is excited by a microwave
application, spin pumping is driven and then a spin current is
injected from the Y3Fe5O12 layer into the Pt layer across the thin
CoO layer23–25.

Spin-pumping signal of Y3Fe5O12/CoO/Pt system. Figure 2a
shows the magnetic field dependence of microwave absorption
spectra of Y3Fe5O12 at various temperatures measured
when a 5 GHz microwave is applied. At T¼ 300 K, absorption
peaks appear around HFMR¼±1.2 KOe, which correspond to
ferromagnetic resonance (FMR) in the Y3Fe5O12. With decreasing
temperature, HFMR is observed to slightly decrease, which is due
to the temperature dependence of magnetization in the Y3Fe5O12.
The microwave absorption power Pab at HFMR is almost constant
with changing T.

In Fig. 2b, we show the voltage V generated in the Pt layer in a
simple Y3Fe5O12/Pt spin-pumping system without a CoO layer
measured by applying a 5 GHz microwave. At the FMR field
HFMR, a clear voltage peak appears at all temperatures. The
sign of the peak voltage VISHE is reversed by reversing the polarity
of the applied magnetic field, showing that the voltage peak is due
to ISHE induced by spin current pumped from the Y3Fe5O12
layer2–4,23–25.

Figure 2d shows the temperature dependence of the peak
voltage VISHE for the Y3Fe5O12/Pt film without a CoO layer. VISHE
decreases monotonically with decreasing the temperature. This
monotonic decrease is attributed to the decrease in the resistivity
of Pt and the increase in the magnetization damping in Y3Fe5O12.

On the contrary by inserting a CoO layer in the simple
spin-pumping system, a clear unconventional peak structure
appears in the temperature dependence of the ISHE signal
(Fig. 2c). Figure 2e shows the temperature dependence of the
voltage peak intensity VISHE for the Y3Fe5O12/CoO/Pt trilayer
film. The VISHE for the Y3Fe5O12/CoO/Pt trilayer film exhibits a
clear peak at T¼ 200 K, which is quite different from that for
the Y3Fe5O12/Pt bilayer film (Fig. 2d). The VISHE peak
temperature is comparable to the Néel temperature of the CoO
layer determined by an X-ray magnetic linear dichroism
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Figure 1 | Concept and sample set-up. (a) Inelastic scattering of polarized neutrons through an antiferromagnetic system. (b) Spin-current transmission
through an antiferromagnetic system. (c) Experimental set-up of the spin-pumping measurement for the Y3Fe5O12/CoO/Pt trilayer device. Js denotes spin
current injected from the Y3Fe5O12 layer into the Pt layer through the CoO layer by spin pumping, which is detected as a voltage signal via the inverse spin Hall
effect in the Pt layer. (d) A cross-sectional TEM image of a Y3Fe5O12/CoO/Pt trilayer device. Scale bar, 10 nm. (e). A Co 2p XPS spectrum and Gaussian fitting
analysis for the CoO layer in the Y3Fe5O12/CoO/Pt trilayer device. TEM, transmission electron microscopy; XPS, X-ray photoemission spectroscopy.
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measurement using a synchrotron facility as shown in Fig. 2f
(for detailed data, please see Supplementary Note 1 and
Supplementary Figs 1 and 2). Furthermore, the temperature
dependence of VISHE is similar to that of the magnetic
susceptibility in a bulk CoO, in which the susceptibility is
maximized around the Néel temperature TN (refs 27,28).

Spin pumping with different CoO layer thickness. Figure 3a
shows the temperature dependence of VISHE measured for various
thicknesses of the CoO layer in Y3Fe5O12/CoO/Pt trilayer films.
In CoO films, the Néel temperature is known to decrease with
decreasing the thickness of the film due to the finite size
effect29,30. The observed CoO-thickness dependence of the peak
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Figure 2 | Spin-pumping detection of antiferromagnetic transition. (a) Magnetic field (H) dependence of microwave absorption power (P) for a Y3Fe5O12

film (3 mm in thickness) at various temperatures. Pab denotes absorption power at FMR field. (b) Magnetic field (H) dependence of electric voltage (V)
generated in the Y3Fe5O12 (3 mm)/Pt (10 nm) bilayer film at various temperatures. (c) Magnetic field (H) dependence of electric voltage (V) generated in
the Y3Fe5O12 (3mm)/CoO (6 nm)/Pt (10 nm) trilayer film at various temperatures. VISHE denotes the voltage signal at the FMR field. (d) Temperature
dependence of VISHE for the Y3Fe5O12 (6mm)/Pt (10 nm) bilayer film. (e) Temperature dependence of VISHE for the Y3Fe5O12 (3 mm)/CoO (6 nm)/Pt
(10 nm) trilayer film. The inset shows the theoretical prediction of the spin conductance versus temperature in an antiferromagnetic system with S¼ 1/2
(ref. 38). Coefficient D denotes the spin conductance at a given frequency scaled by its maximum value Dmax. (f) Temperature dependence of the XMLD
signal DRL3 for the Y3Fe5O12 (3 mm)/CoO (6 nm)/Pt (1 nm) trilayer film (details are shown in Supplementary Note 1). The error bars in d–f represent the
s.d. of multiple measurements at the same condition. XMLD, X-ray magnetic linear dichroism.
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Summary
While antiferromagnets possess magnetic order that is hidden from 
generic electromagnetic probes, they may serve as efficient 
interconnects for spin transport (manifested, e.g., through spin Hall, 
spin Seebeck, and FMR probes)

It is natural to invoke a two-fluid picture, with the spin superfluid 
taking over the transport at low temperatures and thermal 
magnons at elevated temperatures

Quantum phase slips, which exhibit unique properties in the AFM 
materials, dominate dissipation of spin transport at low 
temperatures
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