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Spintronics in ferromagnetic metals is built on a complementary set of phenomena in which magnetic
configurations influence transport coefficients and transport currents alter magnetic configurations. Here, we
propose that corresponding effects occur in circuits containing antiferromagnetic metals. The critical current
for order parameter orientation switching can be smaller in the antiferromagnetic case because of the absence
of shape anisotropy and because spin torques can act through the entire volume of an antiferromagnet. We
discuss possible applications of antiferromagnetic metal spintronics.
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I. INTRODUCTION

Many-electron systems can frequently be described in
terms of interacting collective and quasiparticle degrees of
freedom. Driving quasiparticles out of equilibrium by incor-
porating the system in an electronic circuit can influence the
collective state. For example, inserting a superconductor in a
current-carrying circuit drives the superconducting order pa-
rameter into a finite-momentum current-carrying state; the
superconducting order parameter field reacts to the nonequi-
librium configuration of normal metal quasiparticles that re-
flect off the normal/superconductor interface. Another ex-
ample of this idea is spintronics in ferromagnetic metals,1

which is based on both the dependence of resistance on mag-
netic microstructure2 and on the possibility of manipulating
this microstructure with transport currents.3–10 Current ef-
fects are often largest and most robust in circuits containing
ferromagnetic nanoparticles that have a spatial extent smaller
than a domain wall width and therefore have magnetization
dynamics that is nearly spatially coherent. In this paper, we
point out that similar effects can occur in circuits containing
antiferromagnetic metals. The systems that we have in mind
are antiferromagnetic transition metals similar to Cr �Ref. 11�
and its alloys12 or the rock salt structure intermetallics13 used
as exchange bias materials. Both classes of material are well
described by the time-dependent mean-field theory in its
density-functional theory14 setting.

Our proposal that currents can alter the micromagnetic
state of an antiferromagnet may seem surprising since spin-
torque effects in ferromagnets15 are usually discussed in
terms of conservation of total spin, a quantity that is not
related to the staggered moment order parameter of an anti-
ferromagnet. Spin torques are due16 to changes in the ex-
change fields in a magnetic system that follow from differ-
ences between equilibrium and transport-steady-state spin
densities. When the transport spin density is not parallel to
the local magnetization, the exchange field contribution that
it produces will drive magnetization precession. The ex-
change field contribution of transport electrons is usually too
small to substantially alter the relative orientation of neigh-
boring spins, but can compete with anisotropy energies and
induce spatially coherent precessional orientation dynamics.
In an antiferromagnet the magnetic order is staggered. It fol-
lows that only correspondingly staggered torques will drive

coherent order parameter dynamics. The required torques can
be produced by transport-induced spin densities that are per-
pendicular to the moment direction and have the host lattice
periodicicity. The required alteration in torque is then pro-
duced by the alternating moment orientations in the antifer-
romagnet, rather than by the transport electron exchange
field. Surprisingly, we find that the transverse spin densities
necessary for a staggered torque occur generically in circuits
containing antiferromagnetic elements.

The key observations behind our theory concern the scat-
tering properties of a single channel containing noncollinear
antiferromagnetic elements with a staggered exchange field
that varies periodically along the channel and is commensu-
rate with an underlying lattice that has inversion symmetry.
As we explain in detail in Sec. II, for an antiferromagnetic
element that is invariant under simultaneous spatial and stag-
gered moment inversion it follows from flux conservation
and time reversal symmetry considerations in standard one-
dimensional scattering theory17 that transmission through an
individual antiferromagnetic element is spin independent,
and that the spin-dependent reflection amplitude from the
antiferromagnet or any period thereof has the form r=rs1
+rtn ·��, where n is the order parameter orientation and �� is
the Pauli spin-matrix vector; rs and rt are proportional to
sums and differences of reflection amplitudes for incident
spins oriented along and opposite to the staggered moment.
The reflection amplitudes for spinors incident from opposite
sides differ by changing the sign of n while the transmission
amplitudes differ by a system specific phase factor.

We apply composition rules for transmission and reflec-
tion amplitudes, known from one-dimensional scattering
theory,17,18 to a compound circuit circuit containing para-
magnetic source and drain electrodes and two antiferromag-
netic elements with staggered moment orientations n1 and n2
separated by a paramagnetic spacer �see Fig. 1�. A lengthy
calculation whose details are not particularly illuminating
proves that the transport electron spin density in the n1
�n2 direction is always exactly periodic in the antiferromag-

FIG. 1. �Color online� The model heterostructure for which we
perform our calculations.
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nets. �A proof of this property is outlined in the Appendix.�
The spin torques that appear in this type of circuit therefore
act through the entire volume of each antiferromagnet.
Physically, this result may be understood in part as a micro-
scopic version of magnetoelectronic spin echo.19 This anal-
ogy is incomplete, however, and does not explain the quali-
tative difference between in-plane and out-of-plane transport
spin densities. The staggered torques on which we focus
arise from out-of-plane spin densities, whereas the in-plane
spin densities can be understood in terms of transport modi-
fication of the in-plane Ruderman-Kittel-Kasuya-Yosida
�RKKY�-type torques that are present even in equilibrium. In
ferromagnets nonequilibrium spin densities decay15 on a
length scale which is inversely related to the momentum
space separation between majority and minority spin Fermi
surfaces. The absence of a decay length scale for out-of-
plane spin densities in the case of perfectly crystalline anti-
ferromagnets is related in part to the absence of spin splitting
in an antiferromagnetic metal’s band structure. The property
that out-of-plane spin densities occur in the first place can be
understood in terms of the difference that occur locally in
phase gradient �wave vector� between majority and minority
spins. �Azimuthal spin-orientation is related to the relative
phase of spin-up and spin-down components of a spinor.�

Our paper is organized as follows. In Sec. II we explain in
more detail some features of the spin-dependent scattering
properties of an antiferromagnet that are important for our
analysis and that follow solely from symmetry consider-
ations and are therefore completely generic. We then turn to
toy-model calculations that use nonequilibrium Greens func-
tion techniques to illustrate potential consequences of giant
magnetoresistance and spin-torque effects in circuits that
contain only antiferromagnetic and paramagnetic elements.
In Secs. III and IV we explain the model system that we
study and discuss the results of our nonequilibrium Greens
function calculations. We focus in this paper on what we
believe to be the most favorable case, that in which the an-
tiferromagnet has a single Q spin-density-wave state with Q
in the current direction. We conclude that under favorable
circumstances, both magnetoresistance and current-induced
order parameter dynamics effects can be as large as the ones
that occur in ferromagnets. Finally, in Sec. V we discuss
some of the challenges that stand in the way of realizing
these effects experimentally and briefly discuss some poten-
tial advantages of antiferromagnets over ferromagnets that
would apply if materials combinations in which these effects
are large and robust can be discovered.

II. SCATTERING IN SINGLE Q ANTIFERROMAGNETS

In this section we find the limitations placed by symmetry
on the single-channel quasiparticle scattering matrix of a
one-dimensional antiferromagnet. In an antiferromagnet the
quasiparticles satisfy a Schroedinger equation with an ex-
change Zeeman field with oscillatory spatial dependence in
the direction of the order parameter of the antiferromagnet.
We assume that a single period of the spin-density wave is
invariant under the combined effects of time reversal and
spatial inversion. �Note that time reversal includes a spin flip

in the present spin-1
2 case.� This assumption is valid for a

spin-density wave that is commensurate with an underlying
lattice that has inversion symmetry. The generalization from
one-dimension to two or three dimensions is trivial for a
single-Q spin-density wave state with the wave vector Q
oriented along the current direction. An antiferromagnet cir-
cuit element composed of any integer number of spin-
density-wave periods is also invariant under this symmetry
operation.

We first define some notation conventions. We denote the
asymptotic wave functions traveling to the right �x→�� and
to the left �x→−�� by

�−��x� = �− �R�eikx + �− �L�e−ikx, �1�

���x� = ��R�eikx + ��L�e−ikx, �2�

where ��R� ,¯ and ��L� ,¯ are the spinor coefficients of the
right and left goers, respectively. The scattering matrix ex-
presses the outgoing spinors in terms of the incoming
spinors: � �−�L�

��R� �=S� �−�R�
��L� � with S in turn expressed in terms of

2�2 transmission and reflection matrices S= � r t�
t r�

�. We
choose the direction of the Zeeman field in the antiferromag-
net, n, to be the spin quantization axis. Invariance under
simultaneous rotation of n and quasiparticle spins allows us
to write each transmission and reflection matrix in the scat-
tering matrix as a sum of a triplet and a singlet parts

S = Ss + Stn · � . �3�

Because the system is invariant under the space inversion-
time reversal symmetry operation, the components of this
transformed scattering wave functions must be related by the
same scattering matrix. This condition imposes the following
symmetry constraint on S:

S† = � 0 �y

�y 0
�S*� 0 �y

�y 0
� . �4�

By rewriting this constraint explicitly in terms of the reflec-
tion and transmission matrices we obtain

rs� − rt��z = rs + rt�z, �5�

ts − tt�z = ts + tt�z, �6�

ts� − tt��z = ts� + tt��z. �7�

It follows that tt= tt�=0 and that rt�=−rt. The most general
form of S allowed by this symmetry operation is

S = �rs + rtn · � ts�

ts rs − rtn · �
� . �8�

However, the parameter space is further constrained by uni-
tarity. This allows us to write

rs = iei� sin � cos 	 , rt = ei� sin � sin 	 ,

ts� = ei��−
� cos � , ts = ei��+
� cos � , �9�

where 
 and � are phases that so far are independent param-
eters, and � and 	 are the polar coordinates of a sphere of
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radius unity. This is the most general form for spin-depen-
dent scattering by a integer number of periods of a one-
dimensional spin-density wave. In terms of the rotation ma-
trix Q	=exp�i	n ·��, we obtain

S = ei�� sin �Q	 cos �e−i
1

cos �ei
1 sin �Q−	
� . �10�

In this form, we can easily conclude that transmitted elec-
trons will preserve their spins orientations, while reflected
electrons will emerge from the system with their spin orien-
tations rotated around the order parameter in opposite senses
depending on their direction of incidence. This is to be con-
trasted with the case of a ferromagnetic scatterer. In that
case, both the transmitted and reflected electrons are rotated,
besides, the rotations are independent of the direction of in-
cidence. As a direct consequence of these elementary, but
general, considerations we reach the conclusion that single
antiferromagnetic layers cannot act as spin filters, in other
words, the spin polarization of a current will be conserved as
it crosses an isolated antiferromagnetic element. We empha-
size that while the transmission coefficients of an antiferro-
magnet are spin singlets, the reflection coefficient are still
nontrivial, indeed for an incoming unpolarized current, while
the transmitted current will be still unpolarized, the reflected
current will be spin polarized along the order parameter di-
rection. This fact is the main property that is behind the
further developments to be described below.

We now briefly discuss the consequences of this result for
circuits with noncollinear antiferromagnetic elements. In an
array for multiple noncollinear antiferromagnets, each one
will fail to induce spin polarization, however, the multiple
reflection process at each interface will lead to a nontrivial
spin-current configuration. Most importantly, for two antifer-
romagnets with respective staggered moment orientations n1
and n2 separated by an arbitrary paramagnetic spacer we are
able to prove that the out-of-plane spin density, i.e., the spin
density in the n��n1�n2 / �n1�n2� direction is periodic
with the lattice in the paramagnetic part of the system, and
periodic with the same period as the spin density wave in the
antiferromagnets. These spin densities will produce a contri-
bution to the exchange correlation field that is out of the
plane of either antiferromagnet; the average out-of-plane
spin density will produce a staggered field that will drive
spatially coherent precession of the antiferromagnetic order
parameter and can lead to order parameter reorientation. Be-
cause the spin density is periodic in each antiferromagnet, it
will not decay away from the interface in either antiferro-
magnet and will therefore lead to spin transfer torques that
act throughout the entire volumes of the antiferromagnet el-
ements. As we discuss later, this surprising property could
potentially lead to low critical currents for induced order-
parameter dynamics. A proof of this property is outlined in
the Appendix. In the next sections we illustrate its conse-
quences for spin dependent transport by performing nonequi-
librium Greens function calculations on tight-binding model
antiferromagnets.

III. ANTIFERROMAGNETIC METAL GIANT
MAGNETORESISTANCE

The results of the previous section provide a simple way
to calculate the dependence of the resistance of a circuit con-
taining antiferromagnetic elements on the relative orientation
of the order parameters, an effect that we refer to as antifer-
romagnetic giant magnetoresistance �AGMR�. For simplic-
ity, we consider two identical antiferromagnets with scatter-
ing matrices given by Eqs. �9� and �10�, with different order
parameter orientations denoted by n1 and n2. Note that
throughout this paper we define n1 and n2 to be the direction
of the moments opposite the spacer. We denote the distance
between the antiferromagnetic layers by L. As discussed in
the Appendix we calculate the scattering matrix of the com-
pound system using standard composition rules.17,18 The re-
sult is given by Eq. �A3�:

��R� = t2Kt1�− �R� , �11�

where the multiple reflection kernel is defined by K= �1
− r1�r2�−1. The net transmission coefficient becomes:

T = Tr�t1
†K†t2

†t2Kt1� . �12�

Using Eqs. �9� and �10� we reduce it to:

T = cos4 �Tr�K†K� . �13�

The trace of the square of the multiple reflection kernel con-
tains the information of the order parameter orientations and
accounts for the dependence of the transmission on their
relative orientations. Straightforward calculation leads to:

���2Tr�K†K� = �2 + 4�1 + n1 · n2�cos�2� − �L�cos2 	 sin2 �

+ 8 cos4 	 sin4 �	 , �14�

where we have used �L to denote the phase shift associated
with the translation of the antiferromagnetic layers and � is
defined in Eq. �A6�. From Eq. �14� we read off the depen-
dence on the angle between the orientations of the order
parameter that enters via n1 ·n2�cos 
.

We see how this simple argument leads us to a finite
AGMR ratio. Its precise value depends on the parameters �
and 	, and, when summing over momenta perpendicular to
the current direction, also on their momentum dependence.
To further illustrate magnetoresistive, and, in the next sec-
tion, spin torque effects, we consider a specific model of an
antiferromagnet in the remainder of this section.

We analyze a two-dimensional single-band lattice model
intended to illustrate generic qualitative features of spintron-
ics in antiferromagnetic metal circuits. The model has near-
neighbor hopping, transverse translational invariance, and
spin-dependent on-site energies, as illustrated in Fig. 1,

Hk = − t 

�i,j�,�

ck,i,�
† ck,j,�

+ 

i,�,��

���i + �k���,�� − �i�̂i · ���,��	ck,i,�
† ck,i,��.

�15�

Here, k denotes the transverse wave number, t the hopping
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amplitude and �k the transverse kinetic energy. The second
term in Eq. �15� describes the exchange coupling �i of elec-
trons to antiferromagnetically ordered local moments �̂i
= �−�in that alternate in orientation within each antiferromag-
net. In the paramagnetic regions of the model system �i=0.
The on-site energies �i are allowed to change across a het-
erojunction to represent band-offset effects.

We use the nonequilibrium Greens function formalism
to describe the transport of quasiparticles across the mag-
netic heterostructure. The essential physical properties of
the system are encoded in the real time Greens func-
tion,18,20 defined by the ensemble average, G�,i;��,j

� �k ; t , t��
= i�ck,i,�

† �t�ck,j,���t���, from which the �spin� current and
�spin� density are evaluated.

To evaluate the strength of the model’s AGMR, we calcu-
late the transmission coefficient as a function of the angle 


between orientations �̂i on opposite sides of the spacer. In
Fig. 2 the transmission coefficient is shown for specific val-
ues of the number of layers N and M, in the first and second
antiferromagnet. The fact that there must be an AGMR effect
can be seen by taking the limit of zero width for the para-
magnetic region. In this case the resistance is greater when 

is zero since this arrangement interrupts the periodic pattern
of exchange fields. The AGMR effect can generally be traced
to the interference between spin current carrying electron
spinors reflected by the facing layers. �This is also the origin
of the spin transfer effect to be discussed later.� At the para-
magnetic spacer layer thicknesses studied here, the model
AGMR depends on the orientation of the layers opposite the
spacer in the usual way, i.e., the resistance is highest for 

=� and lowest for 
=0. Also, we find that the AGMR ratio,
defined as the absolute difference between the maximum and
minimum value of the transmission coefficient normalized to
the minimum, saturates as a function of the length of the
antiferromagnetic elements.

The main point of these calculations is to demonstrate by
explicit calculation that AGMR in antiferromagnetic metal

circuits can in principle have a magnitude comparable to
GMR in ferromagnetic metal circuits. It is instructive to
compare these numerical results with qualitative pictures of
GMR in an effort to judge their robustness. The simplest
picture of transport in a magnetic system is the bulk two-
channel transport Julliere picture21 in which magnetoresis-
tance arises ultimately from the difference between the
majority-spin and minority-spin resistivities of bulk material.
For bulk antiferromagnets the resistivity is spin independent,
so this effect cannot explain the AGMR that appears in our
numerical calculations.

The difference between parallel and antiparallel configu-
rations amounts to merely a shift by one period of the spin-
density wave in the second antiferromagnet. That such a shift
can give rise to AGMR is seen explicitly in Eq. �14�. The
sign of the AGMR for a given channel depends on the phase
shift acquired in the paramagnetic spacer region by the elec-
tron. One must integrate over all such channels in the trans-
port window, and the total AGMR is the sum over each chan-
nel’s value of AGMR. Coherent interference effects are
critical to seeing this effect, and we expect the AGMR ratio
to vanish as the spacer thickness becomes much larger than
the phase coherence length. As we explain in the discussion
section, this will not be a problem in practice. We also expect
that the AGMR effect will be very weak when the magneti-
zation also varies in the plane parallel to the antiferromagnet-
paramagnet interface.

IV. CURRENT-DRIVEN SWITCHING OF AN
ANTIFERROMAGNET

To address the possibility of current-induced switching of
an antiferromagnet we evaluate spin transfer torques in the
second antiferromagnet. The spin transfer torque originates
from the contribution made by transport electrons to the
exchange-correlation effective magnetic field and is given16

by �=�i�̂iÃ �si� /�, where �si� is the nonequilibrium expec-
tation value of the quasiparticle spin. �In effect, the presence
of a bias voltages separates a transport window from the
quasiparticle system and redirects its spin-density contribu-
tion, creating two subsystems that can mutually precess. The
torque acts on the spins of quasiparticles outside the trans-
port window while the orientations of transport spins are
instantaneously fixed by the transport bias voltages and the
generally noncollinear exchange fields through which they
travel.� In our model system we distinguish the spin-torque
component in the plane spanned by n1 and n2 and the com-
ponent out of this plane. In Fig. 3 we show the in-plane and
out-of-plane transport-induced spin torques. As anticipated
the in-plane spin transfer torque in this model is exactly stag-
gered �for any � / t value� and is therefore extremely effec-
tive in driving order-parameter dynamics. We have checked
numerically that staggered in-plane spin-transfer torques that
do not decay also occur in continuum toy models of an an-
tiferromagnet with piece-wise constant and sinusoidal ex-
change fields. These persistent spin torques are a generic
property of antiferromagnetic circuits and related to the ab-
sence of spin splitting in the Bloch bands. The staggered
in-plane spin transfer is produced by an out-of-plane spin

FIG. 2. Landauer-Buttiker conductance as a function of the

angle 
 between the magnetization orientations �̂i on opposite
sides of the paramagnetic spacer layer. There is a sizable giant
magnetoresistance effect, with larger conductance at smaller 
 and
weak dependence on layer thicknesses. These results were obtained
for � / t=1 and �i=0.
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density that is exactly constant in our lattice model antifer-
romagnet and exactly periodic in a continuum model antifer-
romagnet.

The effect can be understood qualitatively as follows.
Transport through an antiferromagnet-paramagnet interface
will tend to be dominated by the top layer spin. When these
spin-polarized electrons enter the second antiferromagnet the
exchange field in the top layer induces a precession to an
orientation that has an out-of-plane component. Exchange
fields in subsequent layers produce a periodic oscillation
which leaves the out-of-plane spin density at a nonzero av-
erage value. The out-of-plane spin density in the paramag-
netic and upstream ferromagnetic layers has to be understood
in terms of reflection from the downstream material, just as
in the ferromagnetic case. While this simple explanation
does not fully capture the effect since it does not capture the
difference between in-plane and out-of-plane spin densities,
we believe that it has some qualitative validity and can use it
as a guide in anticipating the influence of the elastic, inelas-
tic, and spin-dependent scattering that is not included in our
model calculation. It is clear, for example, that as in the
ferromagnetic case, the antiferromagnetic spin-torque effect
will occur only if the width of the paramagnetic spacer layer
is less than a spin-coherence length. On the basis of the
picture explained above, we expect that the torque will act
over the portion of the antiferromagnet that is within an in-
elastic scattering length of the interface with the paramag-
netic spacer, compared to the full volume effect in the ab-
sence of scattering and the Fermi wavelength attenuation
scale that applies for ferromagnets. It is also reduced when

the antiferromagnetic order parameter has zero spatial aver-
age in planes perpendicular to the current direction, which is
the case when antiferromagnetic domains are present.

Since the exchange interactions that stabilize the antifer-
romagnetic will normally be very strong compared to the
transport-induce spin torques, the magnetization dynamics of
each antiferromagnetic element will be coherent and respond
only to the staggered component of each spin torque. In Fig.
4 we show the total staggered torque acting on the down-
stream antiferromagnet, as a function of the angle 
. Clearly,
the out-of-plane component of the torque is small compared
to the in-plane component. Since the angular dependence of
the spin transfer torque is ��g�
�sin�
�, the value for g���
can be extracted by evaluating �
� at 
=�. This quantity is
shown in Fig. 5, and we will see that the critical current for
reversal is inversely proportional to this quantity.

Having demonstrated the presence of spin transfer torques
in a heterostructure containing two antiferromagnetic ele-
ments, we estimate the critical current for switching the sec-

FIG. 3. Local spin-transfer torques in the downstream antiferro-
magnet. The in-plane spin transfer is staggered and therefore effec-
tive in driving coherent order parameter dynamics. The out-of-plane
spin-transfer component is ineffective because it is not staggered.
These results were obtained for � / t=1, �i=0, 
=� /2, N=50, and
M =50.

FIG. 4. Total spin transfer torque action on the downstream
antiferromagnet, as a function of 
. We used the parameters � / t
=1 and �i=0.

FIG. 5. Derivative of the total spin transfer torque per unit cur-
rent, Mg�
=��, acting on the downstream antiferromagnet with
respect to the angle 
 at 
=� as a function of M. We used the
parameters � / t=1 and �i=0.
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ond antiferromagnet assuming that the first is pinned. To il-
lustrate our ideas, we use the crystalline anisotropy energy
density for Cr,11,22 given by

E�n� = K1�ẑ · n�2 + K2�x̂ · n�2�ŷ · n�2, �16�

where n is a unit vector in the direction of the staggered
moment and Q is taken to be in the ẑ direction. The first term
favors a staggered moment that is either parallel or perpen-
dicular to the ordering vector Q and changes sign at the spin
flop transition.11 The term proportional to K2 captures cubic
anisotropy in the plane perpendicular to Q.

As we have seen, the spin transfer torques act coopera-
tively throughout the entire antiferromagnet. We can focus
our description on a single domain, characterized by the ori-
entation of one ferromagnetic layer within the antiferromag-
net since all layers will have definite relative orientations
when the order parameter dynamics is spatially coherent.
The order parameter equation of motion �for the downstream
antiferromagnet, for example� is therefore

dn2

dt
= n2 � 
−

�

Ms

�E�n2�
�n2

� + g�
�� jn2 � �n1 � n2�

− �n2 �
dn2

dt
. �17�

Here, ���B/� denotes the gyromagnetic ratio, and Ms
��B/a3 denotes the saturated staggered moment density,
where a�0.3 nm denotes the lattice constant of Cr. The term
containing � j ���j / �2eaMs�, with j the current density and
e the electron charge, describes the in-plane spin transfer
torque. We neglect the out-of-plane component because, as
we have seen, it averages to a small value. The last term in
Eq. �17� describes the usual Gilbert damping, with a dimen-
sionless damping constant for which we take the typical
value �=0.1.22 The anisotropy constants are given by K1
=103 J m−3 and K2=10 J m−3.22 Since the out-of-plane com-
ponent of the spin torque competes with the anisotropy,
whereas the in-plane component competes with the damping
term, it turns out that �even in ferromagnets� the in-plane
component of the spin torque is most important in determin-
ing the critical current for current-driven switching, provid-
ing a second justification for the neglect of this term. �Of
course both terms can be calculated using standard tech-
niques for any specific atomic and magnetic arrangement.� A
linear stability analysis of Eq. �17� shows that for the optimal
situation n1=−x̂, the fixed point n2= x̂ becomes unstable if j
exceeds

jc =
e�a

g����
�K1 + 8K2� � 105 A cm−2, �18�

where we have taken a value for g��� �g����0.05	 from our
toy model numerical calculations. In practice g��� will de-
pend on the specific materials combinations in the circuit.
This critical current is smaller than the typical value for cur-
rent switching of a ferromagnet primarily because the spin
transfer torques act cooperatively throughout the entire anti-
ferromagnet and also because of the absence of shape aniso-
tropy in antiferromagnets. Using the model of Eq. �17� we

also find that, depending on the applied current, the stag-
gered moment n2 can relax to stable fixed points at n2= ± ŷ
or completely reverse its direction.

V. DISCUSSION AND CONCLUSIONS

The most obvious potential application of this effect is for
purely antiferromagnetic spin valve structures, like those il-
lustrated schematically in Fig. 1. Say, for example, that the
circuit consists of perfectly epitaxial materials including
commensurate antiferromagnets with moment alteration in
the current direction and facing moments that are originally
parallel. Because of the antiferromagnetic spin-torque effect,
a high current can make this arrangement unstable. If we
assume that the one of the two antiferromagnets is free and
the other is pinned, a high current can cause a transition to a
configuration in which the facing moments are antiparallel.
This transition may be detected with the AGMR effect.

There are obvious challenges that make the scenario we
have outlined less easy to realize than in the ferromgnetic
case, even taking away the body of knowledge on ferromag-
netic metal spintronics that has been built up over the past
two decades. One trivial difference is that shape anisotropy
can no longer be used to pin one of the ferromagnets. More
challenging is the difficulty of realizing antiferromagnetic
material in which the magnetization orientation of the sur-
face layer is fixed. This aspect of antiferromagnet material
physics figures prominently in efforts to increase the strength
of exchange bias effects in coupled ferromagnet/antiferro-
magnet systems and to achieve a quantitative understanding
of the behavior of exchange bias. Indeed, exchange bias
might provide a useful tool for studying spin-torque effects
in antiferromagnets. At a ferromagnet-antiferromagnet inter-
face the spin orientation of the layer of an antiferromagnet
that is in contact with the ferromagnet is variable because of
surface roughness, domain structure in the antiferromagnet,
and because of the influence of the ferromagnet on the mo-
ment arrangement within the antiferromagnet.23 As a corol-
lary of our ideas, we expect that a strong current will also
alter the magnetic microstructure of the antiferromagnet in a
hybrid heterostructure containing one pinned ferromagnetic
and one antiferromagnetic element. Using the same methods
as presented in the present paper, we have explicitly checked
analytically and numerically that spin torques occur in such
hybrid heterostructures, and we will report in more detail
about these findings in a future publication. Hence, we ex-
pect that current-driven antiferromagnetic order parameter
dynamics could in this case be observed by comparing ex-
change bias properties before and after application of a large
current perpendicular to the interface.

The toy model calculations we have performed to date are
all for disorder free epitaxially matched antiferromagnetic
and paramagnetic elements. We expect the AGMR will be
weakened by disorder, and in particular that the property that
the spin transfer torque acts throughout the volume of the
antiferromagnet will apply only in this idealized disorder
free case. We do not, however, expect that the disorder and
electron-lattice scattering that is present at room and elevated
temperatures in real materials will completely destroy the
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effect, but instead limit spin torques to within one mean-free
path of the paramagnet-antiferromagnet interface. Using the
approximate25 universal expression for the product of resis-
tivity � and mean-free-path �

�� � 10−5�� cm2 �19�

and taking ��10 �� cm for the resistivity of a typical an-
tiferromagnetic metal gives ��10 nm. Films with a thick-
ness of 10 nm will consist typically of 50 atomic layers,
close to the number chosen for our model calculations and
comparable to the film thicknesses used in ferromagnetic
metal spintronics circuits. We do not expect scattering to be a
major obstacle to realizing this effect. Indeed, other phenom-
ena relying on phase-coherent interference such as oscilla-
tory exchange coupling and oscillatory GMR have been seen
experimentally in ferromagnetic metallic multilayers.24

The materials combinations that will exhibit the effects
we have in mind most strongly depend on a large variety of
considerations and could be identified by a combination of
experimental and theoretical work which follows in the foot-
steps of the successful ferromagnetic metals materials re-
search of recent years.

In conclusion we propose that experimental and theoreti-
cal studies of the influence of current on microstructure in
circuits containing antiferromagnetic metal elements will re-
veal interesting physics only partly anticipated in this paper,
and that microstructure changes can be sensed by resistance
changes.
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APPENDIX: OUTLINE OF A PROOF OF THE
PERIODICITY OF THE TRANSVERSE SPIN DENSITY

In this Appendix we proof that the out-of-plane spin den-
sity is constant and equal in the left lead, spacer, and right
lead of a heterostucture containing two antiferromagnets
separated by a paramagnetic spacer. The proof that the out-
of-plane spin density is periodic in the antiferromagnets pro-
ceeds along the same lines, but is much more involved.

The general manipulations are cumbersome when the two
antiferromagnetic layers are misaligned. However, the polar
representation introduced in Sec. II reduces most manipula-
tions to standard trigonometry. We are interested in the spin
densities in the regions at the left, the center �in between the
scatterers�, and the right, for a wave incoming from the left.
We use the notation �±�R/L� for the states at ±�, moving to
the left and right, respectively and �0R/L� for the states at the
center of the system. We need to find the combined scattering
matrix of an antiferromagnetic element, a paramagnetic ele-
ment, and a second antiferromagnetic element that has been
translated with respect to the first and rotated in spin orien-

tation. We first note the following behavior of scattering ma-
trices under translation by x0:

T�x0�S = �e2ikx0r t�

t e− 2ikx0r�
� . �A1�

The spin-dependent scattering matrix S12 for two scatterers

described by S1=� r1 t1�
t1 r1�

� and S2=� r2 t2�
t2 r2�

� is

S12 = �r1 + t1�r2Kt1 t1�Kt2�

t2Kt1 r2� + t2Kr1�t2�
� , �A2�

where we have defined the multiple reflection kernel K= �1
− r1�r2�−1. Using this composition rule, along with the transla-
tion property and the results explained in Sec. II for the
scattering matrix of a single spatially coherent antiferromag-
net in Eq. �10� �with the constraints in Eq. �9�	, allows us to
infer general properties of spin dependent transport through
two antiferromagnets.

For the situation of an incoming beam from the left we
write all amplitudes in terms of �−�R�:

�0R� = Kt1�− �R� , �0L� = r2Kt1�− �R� ,

�− �L� = �r1 + t1�r2Kt1��− �R� ,

��R� = t2Kt1�− �R� , �A3�

which solves the scattering problem at all the positions in the
system. With the explicit form of the wave functions we
evaluate the densities �and spin densities� at any position in
the system.

S−�
� �x� = �− �R�S��− �R� + �− �L�S��− �L�

+ ��− �R�S��− �L�e−2ikx + �− �L�S��− �R�e2ikx� ,

S0
��x� = �0R�S��0R� + �0L�S��0L�

+ ��0R�S��0L�e−2ikx + �0L�S��0R�e2ikx� ,

S�
��x� = ��R�S���R� + ��L�S���L�

+ ���R�S���L�e−2ikx + ��L�S���R�e2ikx� .

We split our result in spatially dependent and independent
parts. First, we focus on the spatially dependent spin density
in the center of the system. It is of the form

��0R�S��0L�e−2ikx + h.c.� = �− �R�t1
†K†S�r2Kt1�− �R�e−2ikx + h.c.

The expectation value becomes a trace when summed over
all incoming channels, while the fact that the transmissions
are spin independent allows us to factor them out of the
trace. We find

��0R�S��0L�e−2ikx� � �t1�2�Tr�K†S�r2K�e−2ikx� .

The trace itself can be simplified

Tr�K†S�r2K� = r2
sTr�K†S�K� + r2

t n2
�Tr�K†S�S�K� .

We calculate explicitly the traces with the aid of Eq. �9�.
We evaluate them projecting the expression along the per-
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pendicular axis using n�=n1�n2 and find that

���2Tr�K†�n� · S�K	 = 4RS sin���sin2 
 , �A4�

and

���2Tr�K†�n� · S��n1,2 · S�K	 = − 4iRS sin���sin2 
 ,

�A5�

where we have introduced the denominator

���
,�,	��2 = 1 + R4 + 4R2S2 + 4R�1 + R2�S cos �

+ 4RT�2RS + �1 + R2�cos �	cos 


+ 4R2T2 cos2 
 , �A6�

with R=sin2 �, T=sin2 	, and S=cos2 	 characterizing the
joint reflection amplitudes and the joint triplet and singlet
relative weights of the reflection of the antiferromagnets, and
�= �2�−�L� the phase shift associated with the reflections.
Their identity up to a factor −i compensates the identity of
the rs,t up to a factor i, and their net contribution cancels. So
there is no spatially dependent part. Hence, the out-of-plane
spin density is constant in the spacer.

Now, we focus on the constant parts of each expression.

S−�
� = �− �R�S��− �R� + �− �L�S��− �L� ,

S0
� = �0R�S��0R� + �0L�S��0L� ,

S�
� = ��R�S���R� + ��L�S���L� .

These expressions can be reduced to expressions involving
only �−�R�. We obtain

S−�
� = �S� + �r1

† + t1
†K†r2

†t1�
†�S��r1 + t1�r2Kt1�� ,

S0
� = �t1

†K†�S� + r2
†S�r2�Kt1� , S�

� = �t1
†K†t2

†S�t2Kt1� ,

where the expectation value �·�= �−�R� · �−�R�. Summing
over the incoming unpolarized current those expectation val-
ues become a trace

S−�
� = Tr��r1

† + t1
†K†r2

†t1�
†�S��r1 + t1�r2Kt1�	 ,

S0
� = Tr�t1

†K†�S� + r2
†S�r2�Kt1	 , S�

� = Tr�t1
†K†t2

†S�t2Kt1� .

We take the difference:

S0
� − S�

� = Tr�t1
†K†�S� + r2

†S�r2�Kt1	 − Tr�t1
†K†t2

†S�t2Kt1� ,

�A7�

which can be written as

S0
� − S�

� = �t1�2Tr�K†�S� + r2
†S�r2 − t2

†S�t2�K	 . �A8�

This is easily proven to cancel when projected on the out-of-
plane direction, by making use of the relations in Eqs. �A4�
and �A5�.
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