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Current-Induced Torques Due to Compensated Antiferromagnets
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We analyze the influence of current-induced torques on the magnetization configuration of a ferro-
magnet in a circuit containing a compensated antiferromagnet. We argue that these torques are generically
nonzero and determine their form by considering spin-dependent scattering at a compensated antiferro-
magnetic interface. Because of symmetry dictated differences in the form of the current-induced torque,
the phase diagram which expresses the dependence of the ferromagnetic configuration on the current and
external magnetic field differs qualitatively from its ferromagnet-only counterpart.
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Introduction.—Current-induced torques in noncollinear
ferromagnetic metal circuits were predicted over 10 years
ago [1,2], and have since been the subject of an extensive
and quite successful body of experimental and theoretical
research [3]. Almost all studies of current-induced torques
consider either their role in ferromagnetic (F) spin-valve
circuits [4—8] or their influence on magnetic domain wall
motion [9-13]. In both cases, the current-induced torques
can be understood as following from the transfer of con-
served spin angular momentum from current-carrying qua-
siparticles to the magnetic condensate. The total current-
induced torque acting on a F nanoparticle can be expressed
in terms of the difference between incoming and outgoing
spin currents [1]. The spin current in a F layer becomes
aligned with the magnetization within a few lattice con-
stants of the interface [14], so that the net spin-current flux
and ensuing current-induced torque can be found by com-
puting spin currents at the interface alone.

It has recently been predicted that current-induced tor-
ques are generically present whenever nonequilibrium qua-
siparticles interact with noncollinear magnetic order
parameters, even [15,16] in circuits containing only anti-
ferromagnetic (AF) elements. Experiments [17] have es-
tablished a dependence of unidirectional exchange bias
fields on current, providing indirect evidence that
current-induced torques are present in AFs, but the absence
of a simple conservation law constraint makes quantitative
comparisons between theory and experiment much more
challenging than in the ferromagnetic case. Achieving
quantitative control and understanding of the interrelated
current-induced torques which act on the moments of both
ferromagnetic and antiferromagnetic circuit elements
would enrich the palette of spintronics, potentially offering
advantages for applications [18].

In this Letter we analyze the influence of the current-
induced torques acting on a F thin film in a circuit con-
taining a compensated AF. Because of a key difference in
symmetry compared to purely F spin-valve circuits, we
find that the phase diagram which expresses the depen-
dence of the magnetic configuration of the F on current and
external magnetic field differs qualitatively from the famil-
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iar F-only spin-valve phase diagram [19]. In particular, we
find that transport currents can drive the F to a stable steady
state with magnetization perpendicular to the AF layer
moments. The proposal here offers unique qualitative pre-
dictions of current-induced torques arising from AF which
should be robust to system imperfections, such as multi-
domain AF structure.

Symmetry considerations.—For this simplified analysis,
we treat F simply as a source of current polarized along 7i,
and consider scattering at the interface with a compensated
AF with moment orientation 7i,r (see Fig. 1). Because the
effective magnetic field in the quasiparticle Hamiltonian of
the AF will in general have components perpendicular to
fig, scattering off the AF can flip spins, leading to spin
currents transverse to 7ip and hence to a current-induced
torque acting on the F. Invariance under global spin rota-
tions when spin-orbit interactions are negligible places
powerful restrictions on the form of the torque. Global
rotations by 180 degrees about an axis in the plane of 7ig
and 71, invert the angle @ between the two directions. It
follows that the torque on the ferromagnet must be an odd
function of € and therefore expandable in terms of a sine-
only Fourier series, vanishing for parallel and antiparallel
orientations. In a compensated AF, reversal of the AF
moment direction is equivalent to a lateral translation
which cannot influence the current-induced torque. It fol-
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FIG. 1 (color online). Spin-dependent reflection of an incident
electron with sublattice state y = | ) and spin | 1) at a compen-
sated AF interface with moment orientation 6. Scattering which
preserves the sublattice state (light arrow) also preserves spin,
while scattering between vy channels (dark arrow) results in spin-
rotation by 26.
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lows that in the compensated AF case the torque is also
invariant under 8 — 6 + 7, restricting its Fourier expan-
sion to terms proportional to sin(276). The torque therefore
also vanishes when 7ig is perpendicular to 7ig, and under-
goes a sign change for § — 7 — 0. The property that the
current-induced torque acting on a F due to a compensated
AF vanishes not only for collinear but also for perpendicu-
lar orientations is primarily responsible for the novel
current-induced torque phase diagram that we discuss later.

Spin-dependent scattering from a compensated AF.—
We now present a more microscopic, but still qualitative,
discussion of current-induced torques due to scattering
from a compensated AF. For definiteness we consider
electron flow from F to AF through a normal () metal
spacer and focus on the reflection of spin-polarized flux
from a compensated AF interface. The reflected spin-
current flux determines the torque on F (see Fig. 1).

A simple compensated AF has a bipartite lattice with
two sublattice sites (labeled |1) and [2) in Fig. 1). The local
quasiparticle Hamiltonian on these sites differs only in the
sign of the effective magnetic field. It is instructive to
expand wave functions for both F and AF in the basis
|=£) = (1) = [2))/+/2. Scattering at a N/AF interface
then has four channels: (y, o) where y = (+, —),
o = (1,1), and reflection and transmission are described
by 4 X 4 matrices. The crucial point is that spin-flip scat-
tering occurs if and only if the sublattice state is also flipped
between |+) and | —) states. This property follows from the
invariance of the AF Hamiltonian under the combined
operations of sublattice interchange (|1) < [2)) and time
reversal [20]. This observation can be motivated by noting
that only the spin-dependent effective magnetic field term
mixes |+) and |—).

Let r(’g/, denote the amplitude for an incident state |y, o)
to be reflected into state |y’, /). From the above analysis,
the spin dependence of the reflection coefficients can
be expressed explicitly: r:f;:, =r=*8,, and r(f;, =
r= (g * T4.or), Where 7 is a vector of Pauli spin matri-
ces. Scattering that preserves vy is spin independent, while
scattering from one 7y channel to another is due entirely to
an effective magnetic field along 7ip,p. We take iy = Z,
Aiap = sin(@)% + cos(6)Z, and consider incoming spin-
polarized eigenstates of N with momentum k|, transverse
to the direction of current flow. For k| = 0, the incoming
state is |+, 1), and the reflected state is ¢, = r**|+,1) +
r*[cos(8)|—, 1) + sin(d)|—, |)]. Since (+|v|—)=0
where v is the current-direction velocity operator, it fol-
lows that the reflected spin-current is proportional to

Q =R™z+ R" [cos(20)z + sin(20)x], €))

where R??" = |r??'|2. Figure 1 illustrates the separate spin
dependence of the two y scattering channels. For k) # 0,
the incident state is a linear combination of |+) and |—),
and the reflected spin current contains terms proportional
to sin(26) and sin(#); however, the sin(6) term is canceled
exactly by the state with wave vector —k [21]. The spin

currents and ensuing torques satisfy the symmetry require-
ments discussed in the previous section. The presence of
the F layer in the circuit will induce a spin-polarized
current, and the component of the spin current noncollinear
with the AF director will be deflected as described above.
Since the current-induced torque is proportional to the
component of spin current transverse to the F (in this
case the x direction), the angular dependence of the
current-induced torque is of sin(260) form, in contrast to
the conventional sin(#) form. A similar analysis holds for
electron flow from AF to F.

We have performed detailed ab initio transport calcula-
tions for an AF-F interface between antiferromagnetic
NiMn and ferromagnetic Co, using the geometry described
in Ref. [22], calculating the current-induced torque using
the methods of Ref. [23]. These calculations, which will be
detailed in a subsequent paper, produce a current-induced
torque with the sin(26) angle dependence predicted here on
the basis of general arguments. To determine the current-
induced torque present on the AF layer, calculating incom-
ing spin currents is no longer sufficient [15], so that the
previous analysis does not apply. We find nevertheless that
the angular dependence is again of the sin(20) form by
adding the torques on individual atoms in the AF lattice.
The same qualitative results are found for mean-field cal-
culations on toy model lattice systems with on-site
electron-electron interactions.

The current-induced torque tends to drive the orientation
of downstream material (AF or F) parallel to that of the
upstream, and to drive the upstream material orientation
perpendicular to the downstream (so that for electron flow
from AF to F, the F tends to align to AF, and the AF tends to
become perpendicular to F, within their common plane).

Phase diagram for a pinned antiferromagnet.—We now
consider the implications of this new form of current-
induced torque for systems with the usual thin film geome-
try, assuming for the sake of definiteness that the AF mo-
ment director 71, = *Z is pinned and lies in the plane, and
that the external magnetic field H is applied along the same
axis. We use a spherical coordinate system for the F mo-
ment direction, taking 7izr as the polar direction and the %
direction as the film normal. We assume that a nonmag-
netic spacer layer is placed between the F and AF layers
which is sufficiently wide to make exchange interactions
negligible. We also omit easy-axis anisotropys; its inclusion
would not substantially change the picture described be-
low. With these ingredients the polar and azimuthal torques
acting on the ferromagnet are

1
I, =— 3 sin(6) sin(2¢p)H,; + sin(20)H,

1 (2)
I'y =sin(0)H + 3 sin(26)cos?(¢p)H .

Here we have parametrized the current-induced torque by
H; and chosen a sign convention in which Hq; < 0 when
it favors perpendicular alignment. H,; denotes the demag-
netizing field. Steady-state solutions satisfy I'y, =1y = 0
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and are stable for small deviations when Gilbert damping is
included. We have determined the stability regions of the
steady-state solutions discussed below by following the
procedure described in Ref. [24]. We present all of our
results in terms of the dimensionless fields 7 = H/H,; and
hep = Her/Hy.

For the geometry we consider, the behavior of F is very
simple in the absence of the current-induced torques: the
magnetization simply lines up with the magnetic field
applied in the easy plane. The influence of the current-
induced torque on F is particularly dramatic for Hq; < O.
Because the torques then tend to push the magnetization
perpendicular to 7i s, the field-aligned solution loses stabil-
ity for

a 1
=_(|nl +=
Ineil =5 (11 + 3 @)

where « is the Gilbert damping parameter. For sufficiently
strong currents and external fields that are not too strong, a
perpendicular-to-plane steady state becomes stable:
o

0= E + h, ¢ = _2hC]h + nir. (4)
These equations have been derived assuming that /& and A
are small. In the above n is an even integer for solutions
which point approximately in the +£ direction, and an odd
integer for the —X direction. The region of stability for this
solution is

2 \ hsinh — cos2h ®)
where the denominator on the right-hand side of the above
inequality must be less than 0, implying that |k| < 0.608,
or equivalently |H| < woM,(0.608). Again, Egs. (3) and
(5) are for hep <O.

The stability of the counter-intuitive stable steady state
given by Eq. (4) is explained in Fig. 2. This figure illus-
trates the situation when the excursions from the easy plane
are small. For simplicity we first consider no external field.
In the absence of the current-induced torque a small fluc-
tuation out of the easy plane would initiate precession
about the hard axis which damps back into the easy plane.
The presence of the sin26 torque, however, drives the
magnetization perpendicular to 7izr within their common
plane. As the magnetization orientation M precesses
around the hard axis, this torque vector has a component

o] = a <h sinkh — 2cos2h>
cl == :
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FIG. 2. Saddle shape illustrates the out-of-plane torque vs S
for small excursions of the magnetization orientation 7z from the
easy plane. The out-of-plane torque is always positive.

which points out of the easy plane. If the angle between
fiar and the in-plane component of 7 is 8, the magnitude
varies as I, = 2H;m,sin’ 8, as shown in the figure. The
crucial point is that this torque is always positive through-
out the precession. When this torque exceeds the damping,
the out-of-plane configuration is stabilized. The eventual
out-of-plane orientation can be +X or —x depending on the
direction of the initial fluctuation out-of-plane. The pres-
ence of an applied field changes the trajectory of the
magnetization upon excursions from the easy plane. For
a sufficiently large applied field, the torque is unable to
stabilize the out-of-plane configuration, and no steady state
is reached.

Interesting new steady states can in principle also be
induced by the current-induced torque for Ho; > 0. For
|H| = H,, the steady-state stability analysis identified con-
figurations in which the magnetization is approximately
antialigned with the applied field:

6 = cos™'(—h), ¢ = —2hch, (6)

which is stable for the range of applied fields and currents
al2—h?

her = —(=——). 7

Cl ) <3/’l2 — 1) ( )

For Hy; > 0 and |H| = H,, the equilibrium solutions are
m, = *1. In this case the solution and stability condition
for steady state with magnetization antialigned with the
field are

—H a 1
"= TH] her = §<|h| - 5) ®)
This state only occurs if the magnetization is initially
nearly antialigned with the applied field. The reason for
its stability is that this form of the current-induced torque
does not distinguish between +Z and —Z—it merely tends
to make to direct the F to the nearest available Z axis, even
if it is opposite to the applied field. The region for such a
solution is shown in Fig. 3, labeled *z. It is seen that the
applied field must be sufficiently large for this solution to
be stabilized. This misaligned steady state may not be
experimentally relevant, however, because it occurs only
when the magnetization is initially nearly antialigned to an

applied field of finite magnitude |H| > H,/1/3.

Figure 3 shows the x and z components of the magne-
tization as a function of applied field and current, deter-
mined numerically. We have taken the damping o = 0.01,
and the applied field and spin transfer torque are scaled by
the demagnetization field H,. Also shown is the magnitude
of the power spectrum peak of z(¢) ( labeled “P,”)—a
nonzero value indicates a precessing solution. Also shown
are the stability boundaries defined by Eqgs. (3), (5), (7), and
(8). The numerics verify the stability of the unusual out-of-
plane and field-antialigned solutions. The conversion of the
dimensionless /¢; into a real current density for a material
with demagnetization field of 1 T is J = (h¢yt) X 3.8 X
10° A/cm?, where t is the thickness of the F layer in nm.
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FIG. 3 (color online). Magnetic configuration (M,, M) and
peak of power spectrum P, (arbitrary units) versus applied field
and current. Also shown are stability boundaries found analyti-
cally (the labels *x, *z refer also to solutions that point
approximately in these directions). The stability boundary plot
also shows the reduced out-of-plane solution space for negative
to positive field sweep with dotted lines.

The data for each (k, hc;) point in Fig. 3 are obtained
beginning from an initial condition close to the solution
given by Eq. (4). These equilibrium solutions are not
universal attractors, and are attained for a subset of initial
conditions. To see the effect of initial conditions, we have
also swept the applied field from negative to positive for
each applied current, using the slightly perturbed final
coordinates of a trajectory as the initial condition for the
next value of applied field. The out-of-plane solution space
is reduced, shown by the dotted lines in Fig. 3 in the
stability boundaries plot.

We now comment on the experimental possibilities of
seeing these effects. In the preceding analysis, we assume
that the AF is fixed. This can be accomplished by placing a
large F adjacent to the AF, so that the AF is pinned via the
exchange bias effect (the overall stack structure would be
pinning F—AF-spacer—free F). The presence of this pin-
ning F may influence the dynamics of the free F, but its
signature should be very distinct from the influence of the
AF layer on the free F. The orientation of the free F should
be observable from magnetoresistance effects with the
pinning ferromagnet.

A virtue of the out-of-plane F configuration is that the
surface of the AF need not be single domain for its obser-
vation. As long as the magnetization of the AF is compen-
sated and points in the plane (which is the preferred
direction for NiMn [25,26]), different orientations of do-
mains at the AF surface should cooperatively push the F
out of the plane. The encouraging aspect of this proposal is
that the signature of the AF current-induced torque is so
unique, helping to provide a distinguished characteristic
for its observation.

In summary, we show that current-induced torques are
present on a F layer due to the presence of a compensated

AF. The signature of these torques is an out-of-plane
configuration of the F layer. We believe that observation
of such a F configuration would provide unambiguous
evidence of AF current-induced torques, demonstrating
that these torques are a more general phenomenon than
previously considered.
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