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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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FIG. 1. (a) Theoretically proposed setup for realizing and de-
tecting spin superfluid transport through the ⌫ = 0 QH state of
graphene. Boundaries between regions with di↵erent filling frac-
tions are represented by dashed lines. Two independently biased
spin-polarized channels on two opposite sides of the ⌫ = 0 re-
gion are used to inject and detect spin current flowing through
the ⌫ = 0 region. The external field B constrains the Néel vec-
tor to lie within the xy plane. A slight misalignment of the edge
spins away from the z axis in the injection and detection regions
may result from the neighboring CAF (see the blow-up illustra-
tion). The spin states of the ⌫ = �2 edge channels are polarized
collinearly to the z axis outside the injection and detection re-
gions. (b) One possible experimental realization of the proposed
setup in (a). Both spin channels biased at V" impinge upon the
gated ⌫ = �1 region, which filters one of the spin channels (the
spin-down channel) from entering the inner ⌫ = �2 region. The
spin-down channel within the inner region can be separately bi-
ased by V# thereby allowing independent control of the electro-
chemical potentials of the two spin channels. An analogous setup
is used for the detection side.

ble experimental realization of the proposed setup is shown
in Fig. 1(b), which also shows how the two spin channels
can be separately biased. Both spin channels biased at V"
impinge upon the gated ⌫ = �1 region, which filters one
of the spin channels (the spin-down channel) from entering
the inner ⌫ = �2 region. The spin-down channel within the
inner region can be separately biased by V#, allowing in-
dependent control of the electrochemical potentials of the
two spin channels that impinge upon the injection region.
An analogous setup can be used for the detection side.

When V" > V#, inter-channel scattering may occur in-
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FIG. 2. A cartoon of the CAF in the dc superfluid state. The
Néel vector rotates within the graphene plane about the z axis
with a global precession frequency ⌦, and harnesses superfluid
spin transport. The phase (the azimuth) of the Néel vector may be
spatially inhomogeneous if spin current is non-uniformly injected
along the injection region. Spin current injected via the injection
region has a static contribution Īs / V� = V" � V# and a dynamic
(spin-pumping) contribution is / ⌦ that pumps spin current back
out into the edge. Two analogous contributions exist also on the
detection side.

side the injection region, entailing redistributed charge cur-
rents, I" and I#, emanating from the region and a net loss of
spin angular momentum, polarized along the z axis, inside
the region. Neglecting any external sources of spin loss
(e.g., spin-orbit coupling, magnetic impurities, etc.) inside
the injection region, the net spin lost in the edge should
be fully absorbed by the CAF, leading to the injection of
spin current (hereafter always defined to be the component
polarized along the z axis) into the CAF. This will eventu-
ally induce the CAF into a dynamic steady-state, in which
the local Néel vector in the CAF precesses about the z axis
with a global frequency ⌦ (see Fig. 2) [10]. The dynamic
Néel texture, in turn, pumps spin current [13] out into the
detection edge channels in the detection region, thus facil-
itating the superfluid spin transport from the injection to
the detection side (the detection region, involving vertices
a0 and b0, is shaded in blue in Fig. 1(a) and defined anal-
ogously to the injection region). Away from the detection
region, the spins of the edge channels in the right ⌫ = �2
region are also oppositely polarized along the z axis, so
that the spin current ejected into the detection edge can be
determined by measuring the di↵erence in spin current en-
tering and exiting the detection region.

Theory and results. A theory for superfluid spin trans-
port through antiferromagnetic insulators has been devel-
oped in detail in an earlier work by the authors [10], and
the discussion below follows directly from the work. Once
the dynamic steady-state is established in the CAF, the to-
tal spin current Is entering the CAF via the injection region
has two contributions: Is = Īs + is, where Īs is the spin
current injected into a static CAF in equilibrium, and is is
the spin-pumping (dynamic) contribution describing spin
current pumped back out to the edge due to the nonequi-
librium Néel dynamics (see Fig. 2) [13]. Within linear-
response, once the static contribution is quantified, the dy-
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Low-temperature interfacial torque
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:
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Two-terminal spin superfluid
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Takei, Halperin, Yacoby, and YT, PRB (2014)
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Ferromagnetic analog
Low-energy dynamics of easy-plane ferromagnet is fully equivalent:
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Spin-current circuit
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Role of thermal magnons
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Negative DC electron drag
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Possible materials: Perovskites

KNiF3 

S = 1

TN ⇡ 275 K

S = 5/2

RbMnF3 

TN ⇡ 83 K

↵ ⇠ 10�4 !

Takei, Halperin, Yacoby, and YT, PRB (2014)

J (s)
c = KLc =

p
AK ! J (c) ⇠ 1012 A/m2

L↵ ⇠ 100 nmdamping length

Lc =
p

A/K ⇠ 100 nmcritical lengthanisotropy: K/J ⇠ 10�5 !

minimal magnetic field providing easy plane: Bc =
p
KJ ⇠ 1 T



Topological magnetoresistance
Circulating current through two metal films in series (a) spins the 
order, reducing the overall dissipation

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

⇢m = � #2

g"# + g↵/2
⇢m = 0

Takei and YT, arXiv (2015)
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AC transresistance
While the DC spin supercurrent (and corresponding drag) can be 
quenched by an in-plane anisotropy, the AC transresistance is still 
fully operative on spin-wave resonances:

3

the interfaces, providing the boundary conditions for the mag-
netic dynamics in the bulk. The electromotive forces in Eq. (3)
(which enter in the modified Ohm’s law) quantify the feed-
back applied by the magnet on the external electric circuit.
Together these ingredients constitute self-consistent magneto-
electric dynamics, which we systematically address below.

Nonlocal magnetoresistance.—Our metallic contacts are
integrated into an external electrical circuit such that in the
series configuration [see Fig. 1(a)] the two metals have cur-
rents running in the opposite directions, while in the parallel
configuration [see Fig. 1(b)] they run in the same direction.
For a time-independent E, the hydrodynamic variables take,
according to Eqs. (1), a steady-state form: '(x, t) = f (x) + ⌦t

and n

z

= const [3], where '̇ ⌘ ⌦ is the uniform global pre-
cession frequency of the magnetic texture [to be determined
self-consistently from Eqs. (1) and the boundary conditions
(see below)]. Matching the torques (2) with the spin currents
in the magnet near the two boundaries, we arrive at the fol-
lowing boundary conditions for f (x):

�A f

0(0) = ẑ · ⌧ 0
l

, �A f

0(L) = �ẑ · ⌧ 0
r

. (4)

For the series configuration, we have j

l

= �j
r

= jŷ. By
inserting the steady-state form for ' and n

z

into Eqs. (1) and
(4), the rotation frequency within linear response becomes

⌦ =
#

�"# + �↵/2
j , (5)

with �↵ ⌘ ↵sL. This result is analogous to that obtained in
Ref. [3], but now recast in terms of spin Hall phenomenol-
ogy. In linear response, "

l,r = ±#⌦ŷ, so that the modified
Ohm’s law gains an additional magnetoresistive contribution
(⇢ + ⇢

m

) j = E, where we obtain |E
l

| = |E
r

| ⌘ E under the as-
sumption of identical metals and symmetrical interfaces, with

⇢
m

= � #2

�"# + �↵/2
. (6)

The spin superfluidity thus reduces the e↵ective resistivity
of the circuit, implying that magnetic dynamics reduces net
power dissipation, for a fixed current.

For the parallel configuration, j

l

= j

l

ŷ and j

r

= j

r

ŷ, and
the rotation frequency becomes, within linear response,

⌦ =
#

�"# + �↵/2
j

l

� j

r

2
. (7)

Since the electrical circuit is parallel, E

l

= E

r

. Solving for
the charge currents flowing in the metals, we obtain j

l

= j

r

=
E/⇢, so that the magnetic texture is static, ⌦ = 0, a result
consistent with the mirror symmetry about the x = L/2 plane.
The resistivity of the electric circuit is not modified in this
configuration. SSMR can be distinguished from the spin Hall
magnetoresistance (SMR) recently discussed in the context of
ferromagnet-metal interfaces [7–12]. SMR generates longi-
tudinal corrections to electrical resistivity of order ✓2�

N

/t
N

(when t

N

> �
N

, the electron spin di↵usion length) for both
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FIG. 2. Dynamic transresistance for L = 100` as a function of ac
frequency !. Here, we set ↵ = 10�3 and �"#/s` = 10�3. The solid
line corresponds to the case without inplane anisotropy, while for the
dashed line we use /K = 4 ⇥ 10�4.

circuit configurations [7, 12], contrasting with SSMR, which
is nonzero only for the series configuration.

Coherent ac spin transport.—The ac regime can be ex-
plored by driving the metallic contacts by oscillating electric
fields, i.e., E

l,r(t) = E

(0)
l,r e

�i!t. In this section, we introduce
the in-plane [U(1)-breaking] magnetic anisotropy by adding a
free energy density term F

a

= '2/2 (with  ⌧ K), which
augments Eq. (1) to

'̇ =
K

s

n

z

+ ↵ṅ

z

, ṅ

z

=
A

s

'00 � ↵'̇ � 
s

' . (8)

In the steady state, within linear response, the relevant hydro-
dynamic variables should oscillate at the ac frequency, such
that '(x, t) = f (x)e�i!t and n

z

(x, t) = g(x)e�i!t. The functions
f and g can then be obtained using Eqs. (4) and (8). Through-
out this section, we set j

l

(t) = j(t)ŷ and j

r

= 0. Assuming
a large eccentricity of precession, so that the ratio of torque
coe�cients is |#/⌘| � |g/ f |, the electromotive force induced
in the detector (right) contact reads "

r

(t) = i#! f (L)e�i!t. We
then evaluate the transresistance as ⇢

t

= "

r

(t)/ j(t).
There are two notable lengths scales, which determine the

loss of spin transmission due to Gilbert damping. Previously,
it was shown that a spin current carried by the zero-frequency
mode (the superfluid component) decays algebraically as a
function of system size L, and that the role of Gilbert damp-
ing becomes negligible for L ⌧ L↵ ⌘ �"#/↵s [3]. For the
easy-plane ferromagnet, spin current carried by a coherent
finite-frequency spin wave should decay exponentially at dis-
tances larger than `↵ = v⌧↵�1 ⌘ `↵�1, where v =

p
AK/s

and ⌧�1 = K/s are the spin-wave velocity and easy-plane
anisotropy, respectively. Since it is reasonable to assume
�"#/s` ⌧ 1, we have L↵ ⌧ `↵. When L � `↵, all spin-
wave modes are strongly damped and the transresistance sig-
nal is exponentially small. We will therefore assume L ⌧ `↵.
In the ac regime, a series of resonance peaks appears in the
(modulus of the) transresistance as a function of frequency
(see Fig. 2). For zero in-plane anisotropy (i.e.,  = 0) and
a fixed L, these resonances occur at ! = n⇡v/L, with inte-
ger n, such that the spin-wave velocity can be extracted from

2

1

identical metals

ferromagnet

�

z x

y

� �

g�� g��

n

symmetric 
interfaces

(a)

V

1

ferromagnet

� �
�

z x

y

g�� g��

n

identical metals

symmetric 
interfaces

(b)

V

El Er

jl jr

El Er

jl jr

tN L tN L

FIG. 1. (color online) Schematics of the series (a) and parallel (b)
configurations, as detailed in the text.

peak (at ! = !0) gives a direct measure of the gap. Further-
more, measurements of peak heights and widths allow one to
extract the e↵ective spin Hall angle and spin-mixing conduc-
tance at the interfaces. We show that finite-frequency spin
waves can still transmit spin currents as e↵ectively as a su-
perfluid, the transmission decaying algebraically as a function
of sample length. Therefore, the ac transport studies should
not only serve as a simpler route to realizing nonequilbrium
coherent spin transport, but also as a useful way to charac-
terize the magnetic system and a meaningful precursor to the
ultimate realization of the dc superfluid spin transport.

General considerations.—Consider a magnetic insulator
sandwiched by two normal metals as sketched in Fig. 1. Our
focus is on magnets well below the magnetic ordering temper-
ature, which, in the long-wavelength limit, is characterized by
a slow continuum variable, the U(1) order parameter n(x, t),
encoding magnetic state in the (easy) xy plane. Specifically,
recall that for a ferromagnetic insulator, n corresponds to the
direction of the local spin density, and the U(1) easy plane
can generally be defined by the shape anisotropy [3]. For
an isotropic antiferromagnet, n is the direction of the local
Néel order, and the U(1) plane is defined to be normal to a
uniform external magnetic field [4]. For the axially symmet-
ric magnetic state, the spin density polarized along the z axis
is a hydrodynamic quantity that is approximately conserved.
(Its relaxation is in practice governed by spin-orbit impurities,
which microscopically break the symmetry.) For simplicity,
we take the normal metals and the interfaces to be identical
on the two sides. The metals, treated here as di↵usive films
of thickness t

N

lying parallel to the yz plane, possess strong
spin-orbit coupling with an e↵ective spin Hall angle ✓ at the
interfaces.

The left (l) and right (r) interfaces, located at x = 0 and
x = L, respectively, break translational symmetry along the x

direction, but full translational symmetry is assumed parallel
to the interface (yz) plane. The entire heterostructure can thus
be described using three coarse-grained hydrodynamic fields:

the U(1) phase '(x, t) and out-of-plane spin density s

z

(x, t) in
the magnet and the 2D charge current densities in the left and
right normal metals, j

l

(t) ⌘ ( j

y

l

, j

z

l

) and j

r

(t) ⌘ ( j

y

r

, j

z

r

). For
concreteness, we hereafter focus on an easy-plane ferromag-
net [3]: n ⌘ s/s, in this case, being the direction of the local
spin density s ⇡ (s cos', s sin', s

z

), where s is the magnitude
of the equilibrium spin density associated with the magnetic
order. The formalism is su�ciently general that it can be read-
ily extended to other magnets supporting spin superfluidity;
it is straightforward to show, in particular, that the case of a
Heisenberg antiferromagnet is closely analogous [4]. The dy-
namics of an isolated easy-plane ferromagnet is given by [3]

'̇ =
K

s

n

z

+ ↵ṅ

z

, ṅ

z

=
A

s

'00 � ↵'̇ , (1)

where A and K parameterize the exchange sti↵ness and the
easy-plane magnetic anisotropy, respectively, and ↵ is the
Gilbert damping parameter. The primes (dots) denote di↵er-
entiation with respect to x (time). Recognizing the second
equation in Eq. (1) a the continuity equation for s

z

⌘ sn

z

, the
z-polarized spin current (hereafter referred to as simply spin
current) reads j

s(x, t) = �A'0(x, t).
In the presence of an external electric field E, a uniform

current-carrying state of an isolated metal is governed by
Ohm’s law ⇢j(t) = E(t), where ⇢ is its (2D) resistivity. In
the presence of spin-orbit coupling at metal|magnet interfaces,
current in the metal can induce a torque ⌧ on the adjacent
ferromagnetic moments, and, inversely, the ferromagnetic dy-
namics would induce an electromotive force in the adjacent
metal. According to spin Hall phenomenology [7], the torques
at the left and right interfaces can be written as

⌧

l,r = ±(⌘ + #n
l,r⇥)(x̂ ⇥ j

l,r) ⇥ n

l,r , (2)

the upper (lower) sign corresponding to the left (right) in-
terface, and constants ⌘ and # quantifying the field-like and
damping-like torques, respectively. Here, n

l

(t) ⌘ n(x = 0, t)
and n

r

(t) ⌘ n(x = L, t). The coe�cient for the damping-like
torque can be related to the e↵ective interfacial spin Hall an-
gle ✓ via # ⌘ ~ tan ✓/2et

N

[7]. By the Onsager reciprocity,
the torque in Eq. (2) gives rise to an electromotive force "

l,r

in the adjacent metals, thereby modifying the Ohm’s law to
⇢j

l,r = E

l,r + "

l,r, where

"

l,r = ±[(⌘ + #n
l,r⇥)ṅ

l,r] ⇥ x̂ . (3)

In the following, we will retain only the y components of these
electromotive forces, as the z components are counteracted by
an electrostatic buildup along the z axis (supposing the mag-
netic dynamics are slow compared to the relevant RC time of
the metallic terminals).

In addition, a physical contact to the adjacent metals gives
rise to an interfacial contribution to Gilbert damping for the
ferromagnet. This damping modifies the torques to ⌧

l,r !
⌧

0
l,r ⌘ ⌧

l,r � �"#nl,r ⇥ ṅ

l,r, where �"# ⌘ ~g"#/4⇡ and g

"# is the
e↵ective (interfacial) spin-mixing conductance. The torques
⌧

0
l,r reflect the spin currents entering the ferromagnet at each of

derivative of the amplitude of the microwave voltage across the
sample, (dVω/dB)Bmod, as the magnetic field is swept along differ-
ent in-plane directions. At ferromagnetic resonance, a resonance
also appears in Vω , which indicates that a microwave electrical
signal is generated within the sample by the precessing
magnetization.

Magnonic charge pumping is proportional to the rate of change
of magnetization, so the induced microwave amplitude should be
linearly dependent on the precessional amplitude. To check this
characteristic we measured voltage Vω as a function of the preces-
sional amplitude A for a fixed direction of the magnetic field. The
amplitude was controlled by the value of the applied microwave
current. Figure 2d clearly demonstrates a linear dependence on
the amplitude. This excludes the possibility that Vω originates
from mixing between the microwave current and the modulated
resistance during precession, because such higher-order terms

depend nonlinearly on the amplitude (see Supplementary
Information).

Next, we demonstrate that the measured signal is reciprocal to the
SOT. To this end, we modelled charge pumping using equations (3)
and (4) (see Supplementary Section 1E for further details).
Using the Onsager reciprocity relations, the measured SOT fields
hso
y and hso

x determine the values of ΛR
(r) and ΛD

(r), respectively,
while the measured hso

z component determines ΛR
(d) and ΛD

(d). The
expression for ∂m/∂t is found from the solution of the Landau–
Lifshitz–Gilbert (LLG) equation. The resulting voltage signal
across the bar is given by the total current pumped along the bar
direction multiplied by the resistance. Figure 3a,b presents the mag-
nitude of the symmetric and antisymmetric components of the inte-
grated resonances with respect to the field direction. The theoretical
curves are represented by continuous lines and show agreement
with the experimental data in both symmetry and amplitude. This
verifies that the measured voltage signal satisfies its reciprocal
relationship to the SOT. The different symmetries found for the
[100] and [010] bar directions further confirm the crystal, and
therefore SOC-related origin of the effect, and exclude the Oersted
field and artefacts in the measuring set-up as possible origins.
Also, a variation of the impedance matching following the a.c.
change in magnetic susceptibility during precession cannot justify
the resonance in Vω , as in this case the symmetry would be domi-
nated by the symmetry of the anisotropic magneto-resistance (see
Supplementary Information). The slight discrepancy between the
experimental and theoretical curves arises from higher-order
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Figure 2 | Charge-pumping experiment. a, Schematics of the measuring set-up. A 7 GHz microwave signal (red arrow) is launched towards a (Ga,Mn)As
bar via an impedance-matching circuit. The microwave current passed through the bar excites magnetization precession via SOT when an in-plane magnetic
field B is swept through the resonance. The orientation of the field is defined with respect to the bar direction, as shown on the Cartesian plot. The
microwave voltage generated in (Ga,Mn)As by magnonic charge pumping (blue arrow) is transmitted through the same impedance matcher to the
microwave circuitry, where the amplitude of the signal is amplified and detected. A low-frequency lock-in field-modulation technique is used, with a 3.3 mT
oscillating magnetic field Bmod applied at 45° from the bar direction. A directional coupler separates the incoming signal used to excite magnetic precession
from the outgoing signal generated both by magnonic charge pumping and the microwave signal reflected from the circuit. The impedance-matching circuit
also includes a bias tee that allows the rectified voltage along the bar to be measured. b, Derivative of the rectified voltage along the a [100]-oriented bar,
(dVdc/dB)Bmod, measured by a field-modulation lock-in technique as the magnetic field is swept along different in-plane directions. c, Derivative of the
microwave voltage along a [100]-oriented bar, (dVω/dB)Bmod, induced by magnonic charge pumping for the same field directions as in b. d, Amplitude of
microwave voltage Vω as a function of precessional amplitude A. The value of A (in mrad) is obtained from the amplitude of the rectified voltage |Vdc| = |I|
RAMRA/2, where I is the microwave current passing through the bar and RAMR is the anisotropic magneto-resistance coefficient.

Table 1 | Coefficients of SOT measured for samples with
current along the [100] and [010] directions, normalized to
a current density of 1 × 106 A cm−2.

μ0hso
x μ0hso

y μ0hso
z sinθ term μ0hso

z cosθ term
[100] −6.1 −8.7 8.5 −13.6
[010] 5.2 −5.5 −5.5 −6.9

All values are in μT. The first-order (sinθ and cosθ) harmonic components of hso
z are extracted from

fits to the experimental data.
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AF-mediated spin transfer
Spin transfer torque and spin pumping mediated by AF:
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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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x
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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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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



Spin transport through 0LL in graphene

2

V �
�V�

V�

� = 0� = �2 � = �2 � = �2 � = �2

�
=

�
1

�
=

�
1

V �
�

� = �2� = �2W � = 0

B

L

� = �1

� = �1� = �1

� = �1

x

y

z

V �
� V �

�V� V�

injection region detection region

(CAF)

I�

I�

I �
�

I �
�a

b

b�

a�
(a)

(b)

|�� |��� |���|��

FIG. 1. (a) Theoretically proposed setup for realizing and de-
tecting spin superfluid transport through the ⌫ = 0 QH state of
graphene. Boundaries between regions with di↵erent filling frac-
tions are represented by dashed lines. Two independently biased
spin-polarized channels on two opposite sides of the ⌫ = 0 re-
gion are used to inject and detect spin current flowing through
the ⌫ = 0 region. The external field B constrains the Néel vec-
tor to lie within the xy plane. A slight misalignment of the edge
spins away from the z axis in the injection and detection regions
may result from the neighboring CAF (see the blow-up illustra-
tion). The spin states of the ⌫ = �2 edge channels are polarized
collinearly to the z axis outside the injection and detection re-
gions. (b) One possible experimental realization of the proposed
setup in (a). Both spin channels biased at V" impinge upon the
gated ⌫ = �1 region, which filters one of the spin channels (the
spin-down channel) from entering the inner ⌫ = �2 region. The
spin-down channel within the inner region can be separately bi-
ased by V# thereby allowing independent control of the electro-
chemical potentials of the two spin channels. An analogous setup
is used for the detection side.

ble experimental realization of the proposed setup is shown
in Fig. 1(b), which also shows how the two spin channels
can be separately biased. Both spin channels biased at V"
impinge upon the gated ⌫ = �1 region, which filters one
of the spin channels (the spin-down channel) from entering
the inner ⌫ = �2 region. The spin-down channel within the
inner region can be separately biased by V#, allowing in-
dependent control of the electrochemical potentials of the
two spin channels that impinge upon the injection region.
An analogous setup can be used for the detection side.

When V" > V#, inter-channel scattering may occur in-
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Īs � V� Ī �
s � V �
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i�s � �

Néel vector

global precession

FIG. 2. A cartoon of the CAF in the dc superfluid state. The
Néel vector rotates within the graphene plane about the z axis
with a global precession frequency ⌦, and harnesses superfluid
spin transport. The phase (the azimuth) of the Néel vector may be
spatially inhomogeneous if spin current is non-uniformly injected
along the injection region. Spin current injected via the injection
region has a static contribution Īs / V� = V" � V# and a dynamic
(spin-pumping) contribution is / ⌦ that pumps spin current back
out into the edge. Two analogous contributions exist also on the
detection side.

side the injection region, entailing redistributed charge cur-
rents, I" and I#, emanating from the region and a net loss of
spin angular momentum, polarized along the z axis, inside
the region. Neglecting any external sources of spin loss
(e.g., spin-orbit coupling, magnetic impurities, etc.) inside
the injection region, the net spin lost in the edge should
be fully absorbed by the CAF, leading to the injection of
spin current (hereafter always defined to be the component
polarized along the z axis) into the CAF. This will eventu-
ally induce the CAF into a dynamic steady-state, in which
the local Néel vector in the CAF precesses about the z axis
with a global frequency ⌦ (see Fig. 2) [10]. The dynamic
Néel texture, in turn, pumps spin current [13] out into the
detection edge channels in the detection region, thus facil-
itating the superfluid spin transport from the injection to
the detection side (the detection region, involving vertices
a0 and b0, is shaded in blue in Fig. 1(a) and defined anal-
ogously to the injection region). Away from the detection
region, the spins of the edge channels in the right ⌫ = �2
region are also oppositely polarized along the z axis, so
that the spin current ejected into the detection edge can be
determined by measuring the di↵erence in spin current en-
tering and exiting the detection region.

Theory and results.—A theory for superfluid spin trans-
port through antiferromagnetic insulators has been devel-
oped in detail in an earlier work by the authors [10], and
the discussion below follows directly from the work. Once
the dynamic steady-state is established in the CAF, the to-
tal spin current Is entering the CAF via the injection region
has two contributions: Is = Īs + is, where Īs is the spin
current injected into a static CAF in equilibrium, and is is
the spin-pumping (dynamic) contribution describing spin
current pumped back out to the edge due to the nonequi-
librium Néel dynamics (see Fig. 2) [13]. Within linear-
response, once the static contribution is quantified, the dy-

3

namic contribution can be determined using Onsager reci-
procity, as we show below.

The static contribution to the spin current within linear-
response reads Īs = (~/2e)[gQ(V" � V#) � (Ī" � Ī#)],
where gQ ⌘ e2/h and e > 0 is the magnitude of the
electron charge; Ī� denotes the charge currents emanat-
ing from the injection region in the static limit. Due
to charge conservation, and the fact that equally-biased
edge channels leads to equal outgoing charge currents (i.e.,
V" = V# implying Ī" = Ī#), the charge currents emanat-
ing from the injection region can be written generally as
Ī� = gQ[V+ + �(1 � �)V�]/2, where V± = V" ± V# and
� = ± corresponds to the " and # channels, respectively.
The real parameter 0  �  1 characterizes the strength of
inter-channel scattering in the injection region (it is explic-
itly computed using a simple microscopic model at a later
point in this work). The limit of no inter-channel scatter-
ing corresponds to � = 0, while the limit of strong scatter-
ing (full equilibration between the channels) corresponds
to � = 1. Inserting Ī� into the expression for Īs, one ob-
tains

Īs =
~

2e
gQ�V� . (1)

The dynamical contribution is follows from Eq. (1) and
Onsager reciprocity. Let us first define two continuum
variables in the CAF that are slowly varying on the scale
of the magnetic length: n(x) and m(x), n(x) being a unit
vector pointing along the local Néel order and m(x) be-
ing the local spin density. The global frequency ⌦ of the
rotating Néel texture e↵ectively acts as an additional mag-
netic field in the z direction and introduces a uniform fer-
romagnetic canting of the CAF spins along the z direction
in addition to the existing canting due to the external field.
Therefore, in the dynamic steady-state the CAF is char-
acterized by a uniform m(x) = mzez. Defining the total
spin Mz = mzLW, where L and W are the dimensions of
the CAF region [see Fig. 1(a)], the dynamics of Mz in the
presence of the injected spin current Is is given by

Ṁz = Is + · · · , (2)

where the ellipsis denotes terms arising from the intrinsic
dynamics within the CAF. Inserting the static contribution
Eq. (1) in for Is in Eq. (2) introduces terms linear in V" and
V#, which are the forces conjugate to the charge currents I"
and I#, respectively. Onsager reciprocity then endows the
static contributions Ī� with a dynamic contribution as

I� = Ī� � �
~

2e
gQ� fMz , (3)

where fMz ⌘ ��Mz F is the force conjugate to Mz and F is
the free energy of the CAF [in obtaining Eq. (3), we have
assumed a symmetry S of the device in Fig.1(a) under
time-reversal followed by a ⇡ spatial rotation about the x
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FIG. 3. A cartoon energy diagram at a ⌫ = 0 to ⌫ = �2 transi-
tion region. In the ⌫ = �2 region, energies of the two spin states,
oppositely polarized along the z axis, are drawn; the Zeeman ef-
fect gives an energetic advantage to the spin-down state. In the
⌫ = 0 region, the two occupied branches of the CAF spectrum
are shown. There, an external field in the positive z direction
results in a ferromagnetic canting of spins in the negative z di-
rection inside the antiferromagnet. Spin orientations of the chiral
modes are intermediate between the up and down spin eigenstates
within the ⌫ = �2 region (left side) and the canted spins within
the CAF (right side). The black lines are merely a rough guide for
the energies of the spin states in the transition region. The above
illustration does not contain two other branches of the spectrum
that are a part of the zLL but not essential for the edge physics in
the transition region.

axis]. Noting that the force fMz relates to the local Néel
vector via fMz = �(n⇥ ṅ) ·ez ⇡ �⌦ [10], the total injected
spin current Is = (~/2e)[gQ(V" � V#) � (I" � I#)] can be
obtained using Eq. (3) as

Is =
�

4⇡
(eV� � ~⌦) ⌘ Īs + is . (4)

Based on a fully analogous consideration on the detection
side, the total spin current injected into the edge from the
CAF becomes I0s = �(�0/4⇡)(eV 0� � ~⌦) ⌘ Ī0s + i0s, where �0
is the inter-channel scattering parameter, analogous to �,
for the detection side. Fixing the voltages of the electron
reservoirs on the detection side to zero, i.e., V 0",# = 0, we
obtain I0s = i0s.

The dynamic Néel texture leads to Gilbert damping in
the CAF bulk. The amount of spin current lost in the
bulk reads Is � I0s = ↵s⌦LW [10], where ↵ is the bulk
Gilbert damping parameter (whose microscopic origin is
discussed at the end of the paper), and s ⌘ ~S/V is the
saturated spin density, with V denoting the area per spin
of the CAF. The global frequency is then given by

~⌦ =
�

� + �0 + �↵
eV� , (5)

where �↵ = 4⇡↵sLW/~. Then the amount of spin cur-
rent generated on the detection side by the superfluid spin
transport reads

I0s =
1

4⇡
��0

� + �0 + �↵
eV� . (6)

Eqs. (5) and (6) constitute the main results of this work.
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FIG. 4. The line junction on the injection side. Charge currents
entering vertices a and b redistribute according to scattering prob-
ability matrix Ŝ . Mixing of charges between the two channels in
the line junction is quantified by an e↵ective conductance per unit
length g(y). The green box denotes the injection region.

This phenomenological result can be derived in a rotating
frame, in which the spin spaces of all the edge electrons
and the CAF rotate about the z axis with frequency ⌦. In
this frame, the voltages of the edge channels emanating
from the reservoirs are shifted as V� ! Ṽ� ⌘ V���~⌦/2e
and V 0� ! Ṽ 0� ⌘ V 0� � �~⌦/2e. Since the Néel texture is
static in the frame, the full spin current injected into the
CAF on the injection side can be obtained by substituting
Ṽ� in for V� in the expression for the static contribution,
i.e., Īs. With this substitution, one arrives directly at the
result Eq. (4) [14].

Kinetic theory for injection/detection regions.—Here,
we develop a simple microscopic model for the parame-
ters � and �0. On the injection side, � quantifies the extent
to which the two edge channels equilibrate inside the injec-
tion region. Within linear-response, � can be evaluated for
the (static) CAF in equilibrium. Due to the adjacent CAF
order, the spin states along the line junction may deviate
away from the ±z directions due to the e↵ective field cre-
ated by the CAF [see blow-up in Fig. 1(a) and Fig. 3]. The
spin quantization axes there are thus expected to be canted
away from the ±z axis and we label them * and +. At ver-
tices a and b, the relative spin misalignment between the
(", #) and (*, +) states, together with sources of momen-
tum non-conservation there, e.g., edge disorder and the
sharp directional change of the edge, can give rise to inter-
channel charge scattering. The redistribution of charges
at these vertices must obey charge conservation, and can
be parameterized by an energy-independent transmission
probability t 2 [0, 1] (under the assumed symmetry S , the
two vertices are characterized by an identical probability)

 
I*(0)
I+(0)

!
= gQŜ

 
V"
V#

!
,

 
I"
I#

!
= Ŝ

 
I*(W)
I+(W)

!
, (7)

where I�(y) (with � =*, +) is the local charge current
flowing along the line junction in edge channel �, Ŝ =
t�̂0 + (1 � t)�̂x is the scattering probability matrix at the
vertices, and �̂0 and �̂x are the 2 ⇥ 2 identity matrix and
the x component of the Pauli matrices, respectively.

For inter-channel scattering inside the line junction, one
requires: (i) spatial proximity of the two channels, such
that there is su�cient overlap of their orbital wave func-
tions; (ii) elastic impurities, providing the momentum non-

G
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� � W/L
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FIG. 5. E↵ective spin conductance Gs
e↵ ⌘ I0s/eV� as a function

of the aspect ratio ⇢ ⌘ W/L. We fix the edge equilibration length
` and the system length L so that l ⌘ L/` = 10. The red and
blue curves are, respectively, for full (t = 1/2) and no (t = 1)
inter-channel mixing at the vertices, and e↵ective Gilbert damp-
ing ↵e↵ = 0.05 is used. The solid and dashed black lines, respec-
tively, correspond to the weak (↵e↵ = 0.05) and strong (↵e↵ = 5)
Gilbert damping with a transmission probability at the vertices of
t = 0.9.

conserving mechanism necessary to overcome the mis-
match in Fermi momenta of the two channels; and (iii)
a spin-flip mechanism, assumed here to be provided by
the neighboring CAF. All three factors go into defining
the tunneling conductance g(y) per unit length between the
edge channels. In terms of g(y), the change in current on
channel � is given by �I*,+(y) = ⌥g(y)[V*(y) � V+(y)]�y,
where V� is the local voltage on edge channel � [we as-
sume that the edges are always locally equilibrated at all
points y such that the voltage at each point is related to the
local current through V�(y) = I�(y)/gQ]. Then, the cur-
rents inside the line junction satisfy

@I*
@y
= �@I+
@y
= �g(y)

gQ
[I*(y) � I+(y)]. (8)

Assuming a position-independent tunneling conductance g
and defining the edge equilibration length ` ⌘ gQ/2g, the
currents entering vertex b is then given by

 
I*(W)
I+(W)

!
=

1
2

 
1 + e�W/` 1 � e�W/`

1 � e�W/` 1 + e�W/`

!  
I*(0)
I+(0)

!
. (9)

Combining Eqs. (7) and (9), the parameter � (on the injec-
tion side) reads

� = 1 � (1 � 2t)2e�W/`. (10)

A fully analogous consideration on the detection side leads
to �0 = 1�(1�2t0)2e�W/`0 , where t0 is the transmission prob-
ability at vertices a0 and b0, and `0 is the edge equilibration
length associated with the line junction on the detection
side.

Discussion.—For clarity, the results are now discussed

2

V �
�V�

V�

� = 0� = �2 � = �2 � = �2 � = �2

�
=

�
1

�
=

�
1

V �
�

� = �2� = �2W � = 0

B

L

� = �1

� = �1� = �1

� = �1

x

y

z

V �
� V �

�V� V�

injection region detection region

(CAF)

I�

I�

I �
�

I �
�a

b

b�

a�
(a)

(b)

|�� |��� |���|��

FIG. 1. (a) Theoretically proposed setup for realizing and de-
tecting spin superfluid transport through the ⌫ = 0 QH state of
graphene. Boundaries between regions with di↵erent filling frac-
tions are represented by dashed lines. Two independently biased
spin-polarized channels on two opposite sides of the ⌫ = 0 re-
gion are used to inject and detect spin current flowing through
the ⌫ = 0 region. The external field B constrains the Néel vec-
tor to lie within the xy plane. A slight misalignment of the edge
spins away from the z axis in the injection and detection regions
may result from the neighboring CAF (see the blow-up illustra-
tion). The spin states of the ⌫ = �2 edge channels are polarized
collinearly to the z axis outside the injection and detection re-
gions. (b) One possible experimental realization of the proposed
setup in (a). Both spin channels biased at V" impinge upon the
gated ⌫ = �1 region, which filters one of the spin channels (the
spin-down channel) from entering the inner ⌫ = �2 region. The
spin-down channel within the inner region can be separately bi-
ased by V# thereby allowing independent control of the electro-
chemical potentials of the two spin channels. An analogous setup
is used for the detection side.

ble experimental realization of the proposed setup is shown
in Fig. 1(b), which also shows how the two spin channels
can be separately biased. Both spin channels biased at V"
impinge upon the gated ⌫ = �1 region, which filters one
of the spin channels (the spin-down channel) from entering
the inner ⌫ = �2 region. The spin-down channel within the
inner region can be separately biased by V#, allowing in-
dependent control of the electrochemical potentials of the
two spin channels that impinge upon the injection region.
An analogous setup can be used for the detection side.

When V" > V#, inter-channel scattering may occur in-
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FIG. 2. A cartoon of the CAF in the dc superfluid state. The
Néel vector rotates within the graphene plane about the z axis
with a global precession frequency ⌦, and harnesses superfluid
spin transport. The phase (the azimuth) of the Néel vector may be
spatially inhomogeneous if spin current is non-uniformly injected
along the injection region. Spin current injected via the injection
region has a static contribution Īs / V� = V" � V# and a dynamic
(spin-pumping) contribution is / ⌦ that pumps spin current back
out into the edge. Two analogous contributions exist also on the
detection side.

side the injection region, entailing redistributed charge cur-
rents, I" and I#, emanating from the region and a net loss of
spin angular momentum, polarized along the z axis, inside
the region. Neglecting any external sources of spin loss
(e.g., spin-orbit coupling, magnetic impurities, etc.) inside
the injection region, the net spin lost in the edge should
be fully absorbed by the CAF, leading to the injection of
spin current (hereafter always defined to be the component
polarized along the z axis) into the CAF. This will eventu-
ally induce the CAF into a dynamic steady-state, in which
the local Néel vector in the CAF precesses about the z axis
with a global frequency ⌦ (see Fig. 2) [10]. The dynamic
Néel texture, in turn, pumps spin current [13] out into the
detection edge channels in the detection region, thus facil-
itating the superfluid spin transport from the injection to
the detection side (the detection region, involving vertices
a0 and b0, is shaded in blue in Fig. 1(a) and defined anal-
ogously to the injection region). Away from the detection
region, the spins of the edge channels in the right ⌫ = �2
region are also oppositely polarized along the z axis, so
that the spin current ejected into the detection edge can be
determined by measuring the di↵erence in spin current en-
tering and exiting the detection region.

Theory and results. A theory for superfluid spin trans-
port through antiferromagnetic insulators has been devel-
oped in detail in an earlier work by the authors [10], and
the discussion below follows directly from the work. Once
the dynamic steady-state is established in the CAF, the to-
tal spin current Is entering the CAF via the injection region
has two contributions: Is = Īs + is, where Īs is the spin
current injected into a static CAF in equilibrium, and is is
the spin-pumping (dynamic) contribution describing spin
current pumped back out to the edge due to the nonequi-
librium Néel dynamics (see Fig. 2) [13]. Within linear-
response, once the static contribution is quantified, the dy-

interplay between damping, vertex scattering, and interedge scattering:
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Summary
While antiferromagnets possess magnetic order that is hidden from 
generic electromagnetic probes, they appear as potentially efficient 
interconnects for spin transport

It is natural to invoke a two-fluid picture, with the spin superfluid 
dominating transport at low temperatures (compared to TN)

Spin transport can be transmitted through interfaces with normal 
metals and ferromagnets, and thus manifested through spin Hall and 
FMR probes; exhibiting long-ranged and topological characteristics

Intriguing prospects for edge transport in strongly-correlated 
symmetry-broken graphene under strong magnetic field


