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Spin pumping and spin-transfer torques are two reciprocal phenomena widely studied in ferromagnetic
materials. However, pumping from antiferromagnets and its relation to current-induced torques have not

been explored. By calculating how electrons scatter off a normal metal-antiferromagnetic interface, we
derive pumped spin and staggered spin currents in terms of the staggered field, the magnetization, and their
rates of change. For both compensated and uncompensated interfaces, spin pumping is of a similar

magnitude as in ferromagnets with a direction controlled by the polarization of the driving microwave. The
pumped currents are connected to current-induced torques via Onsager reciprocity relations.
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A major task of spintronics is understanding the mutual
control of spin transport and magnetic properties. This
inspires intense studies in fundamental physics which
opens new avenues in, e.g., magnetic recording technolo-
gies. A new direction in this field aims at harnessing spin
dynamics in materials with a vanishing magnetization, such
as antiferromagnets (AFs) with compensated magnetic
moments on an atomic scale. As compared to ferromagnets
(Fs), AFs operate at a much higher frequency in the
terahertz (THz) ranges [1-3], which makes it possible to
perform ultrafast information processing and communica-
tion. At the same time, since there are no stray fields in
AFs, they are more robust against magnetic perturbations,
an attractive feature of AFs for use in next-generation data
storage material. However, to build a viable magnetic
device using AFs, it is vital to find observable effects
induced by the rotation of the order parameter. The recent
discovery of tunneling anisotropic magnetoresistance in
AFs may potentially fulfill this demand [4,5]. Nevertheless,
in such experiments, the AF is dragged passively by an
adjacent F, which is rotated by a magnetic field. Will an AF
interact directly with (spin) currents without the inclusion
of a F or a magnetic field?

Partial answers are available from recent investigations.
While the observation of a current-induced change of the
exchange bias on a F|AF interface indicates spin-transfer
torques (STTs) in AFs [6,7], theoretical models of STT
have been developed in a variety of contexts [§—15]. To
achieve a general understanding of spintronics based on
AFs, we recall a crucial insight from well-established
ferromagnetic spintronics: STT and spin pumping are
two reciprocal processes intrinsically connected [16-18];
they are derivable from each other [19]. To the best our
knowledge, all existing studies on AFs have focused on

0031-9007/14/113(5)/057601(5)

057601-1

PACS numbers: 76.50.+g, 72.25.Mk, 75.50.Ee, 75.78.-n

STT, whereas spin pumping has received no attention
because it seems to be naively believed that the vanishing
magnetization spoils any spin pumping in an AF.

Spin pumping is the generation of spin currents by the
precessing magnetization [18,19]. When the magnetization
m of a F varies in time, a spin current proportional to m x m
is pumped into an adjacent normal (N) metal. In contrast, m
vanishes in equilibrium in homogeneous AFs and is small
even when the system is driven out of equilibrium. Instead,
it is the staggered field (or Néel order) n that characterizes
the system. A natural question arises: does the motion of n
lead to any pumping effect?

In this Letter, we first argue heuristically that spin
pumping from the compensated magnetization of the
two sublattices constructively adds up rather than cancel.
We confirm this anticipation by exploring electron scatter-
ing across a N|AF interface, and derive analytically the
pumped spin and staggered spin currents. To complete the
reciprocal picture, we finally derive the STT due to an
applied spin voltage.

Antiferromagnetic resonance.—We consider an AF with
two sublattices and an easy axis along Z [20]. The directions
of the magnetic moments are denoted by two unit vectors
m; and m,. The precession of m; and m, are driven by the
exchange interaction, the anisotropy, and a magnetic field
assumed to be in the Z direction. In units of frequency, they
are represented by wg, w,, and wy = yH,, respectively.
The equations of motion are

ml = ml X [a)Em2 - (C()A + C()H)ﬁ]y (la)
mZ = m2 X [C()Eml + (C()A - a)H)z]’ (lb)

where additional damping terms will be taken into account
only when necessary. In linear response, we decompose
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FIG. 1 (color online). The two eigenmodes of Eq. (2) have
opposite chiralities and opposite ratios between the cone angles
of m; and m,. A magnetic field along the easy axis breaks the
degeneracy of the two modes.

m;, into equilibrium and oscillating parts m; =
Z+my e and my=-Z+m, e, and assume
|m | < 1. The resonance frequencies are then

o =wy+twop =0yt \Jos(04+2wg), (2)
and the two corresponding eigenmodes are depicted in
Fig. 1, which are characterized by different chiralities.
From a bird’s eye view along —Z of the left-handed
(right-handed) mode, both m; and m, undergo a circular
clockwise (counterclockwise) precession with 7 phase
difference. In the absence of magnetic field, viz.
oy = 0, the two modes are degenerate.

A heuristic way to grasp the essential feature of spin
pumping by AF is to consider m; and m, as two
independent F subsystems. Then, spin currents pumped
from them will be proportional to m; X r; and m, X m,,
respectively. From Fig. 1 we see that m; ~ —m, and
m; ~ —m,; thus, the contributions from the two are
basically the same and add up constructively. As a result,
the total spin current is roughly proportional to n X 1,
where n = (m; —m,)/2 denotes the staggered field.
However, a more careful analysis reveals that the cone
angles of m; and m, are different: in the left-handed
(right-handed) mode, 6,/60, =75 (0,/60, =1n), where
n~ 1+ \/ws/wg)?, so that a small magnetization m will
be induced, as shown in Fig. 1.

Furthermore, scattering channels associated with differ-
ent sublattices on a N|AF interface will mix; thus, an AF is
not equivalent to two Fs. To what extent the above heuristic
picture survives is ultimately determined by the interface
scattering of electrons.

Interface scattering.—Typical AF materials are insula-
tors [21,22] and incident electrons from the normal metal
cannot penetrate far. Consequently, only a single atomic
layer of AF directly connected to N suffices to describe the

FIG. 2 (color online). A compensated N|AF interface with
cubic lattice. The interface normal is along . Unit cells (dotted
green circles) are periodic in the [0,1,1] and [0, 1, 1] directions,
which are labeled by y and Z, respectively.

dominant contribution to interface scattering. Therefore,
the essential physics is captured by modeling the N|AF
interface as being semi-infinite in the transport direction
and infinite in the transverse direction. As illustrated in
Fig. 2, the interface is compensated, where neighboring
magnetic moments are located at different sublattices. The
case of an uncompensated interface is analogous to a N|F
(insulator) interface.

Adopting the nearest-neighbor tight-binding model on a
cubic lattice, we denote the hopping energy in N and AF by
t and t,,, respectively. The lattice constant is a, and the
exchange coupling between conduction electron spins and
magnetic moments is J, we define the dimensionless
energies 6 = t,,/t and A = J/t. To linear order in the small
m, we compute that the scattering matrix is

S:S0+SW%160+AS[%3(H&)4‘%0(”1&)], (3)

where 7, , 5 are pseudospin Pauli matrices for sublattice
degree of freedom, 6 are spin Pauli matrices, and 7 and 6
are identity matrices. The last two terms of Eq. (3) with a
common coefficient AS are spin dependent and represent
Umklapp and normal scatterings, respectively [23]. As will
become clear in the following, pumping currents are related
to the coefficients in Eq. (3) through the spin-mixing
conductance Gy = G, + iG;, where G, = (e A/hx*) x
/[|AS|2dkya’kZ and G; = (ezA/hnz)/[Im[SgAS]dkydkz,
where k, and k, are the transverse momenta and A the
interface cross section. Similar to their counterparts in F, G,
typically overwhelms G; by orders of magnitude.

By integrating over the Fermi surface, we obtain G, =
G,(4,8) and plot it in the upper panel of Fig. 3, where G,
reaches the maximum at 4 = 0.86 and § = 0.5. To elucidate
how spin scattering is affected by the staggered field, we
also calculate G, for an uncompensated interface as a
representative for N|F and plot the result in the lower panel
of Fig. 3. Clearly, the two cases are similar in magnitude
[24], implying that spin transfer on a compensated N|AF
interface is as efficient as that on N|F for the case of
insulating magnets. With the current insight of AF dynam-
ics and the reciprocity between spin pumping and STT

057601-2



PRL 113, 057601 (2014)

PHYSICAL REVIEW LETTERS

week ending
1 AUGUST 2014

Compensated interface:
1

=~
~
£
05
Il —
[\
) S
—
0 (]
0 05 1 15 2 25 3 35 4 _g'
A=]/t NN
Q
Uncompensated interface: 8
1 z
Al 2
£ S}
05
Il
%S}

0 05 1 15 25 3 35 4

2
A=]/t

FIG. 3 (color online). Spin mixing conductance G, as a
function of A and & in units of e?/h per a’® for compensated
and uncompensated N|AF interfaces.

discussed below, this feature is consistent with the expect-
ations in Ref. [25] of “no difference for the spin absorbed
by a fully ordered interface with a large net magnetic
moment or a compensated one.”

Spin pumping.—Although the AF resonance frequency
reaches the THz region (1 ~ 10 meV), the motion of the
staggered field remains adiabatic, as evidenced by compar-
ing (A times) the resonance frequency with two character-
istic energy scales: (i) the Fermi energy in N is a few eV,
(i1) the exchange coupling between conduction electron
spins and magnetic moments can be as large as eV. As a
result, the spin eigenstates and the scattering matrix Eq. (3)
adiabatically adapt to the instantaneous configuration of
AFs. Regarding the staggered field n and the magnetization
m as two independent adiabatic parameters [26], we obtain
the pumped spin current with the scattering matrix S in

Eq. (3):
€

hls =G, (nxn+mxm)—Gm, (4)

where I is measured in units of an electrical current. Since
n=(m —m,)/2 and m= (m, +m,)/2, Eq. (4) can
indeed be interpreted as arising from a coherent sum of
two independent F spin pumping contributions by m,; and
m,, which justifies the naive result envisioned at the
beginning. However, the spin-mixing conductance G,
and G; are different from those of F due to the mixing
of scattering channels from different sublattices. Moreover,
AF dynamics is much faster than F; thus, a stronger spin
pumping is expected from AFs.

By taking a time average of Eq. (4) over one period of
oscillation, only the first two terms survive and contribute
to the dc component of spin current /9. Despite that
lm| < |n|, the contribution of m xm to I% can be
comparable to that of r x 7. This is because 7% is propor-
tional to 6 (@ labels the cone angle of precession) and the
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FIG. 4 (color online). Upper panel: dc components of spin and
staggered spin currents as functions of ® in units of
(n/e)G,(yh,)? ns for wy =0, wg = 1 THz, \/w,/wr = 0.4,
and Gilbert damping o = 0.01. Lower panel: for fixed microwave
power, the resonance value of I% (in the same unit as above)
increases with increasing /w4 /wg; it is also improvable by
increasing wy (—@y) when the right-handed (left-handed) mode
is excited.

cone angle associated with the staggered field is much
smaller than the one associated with the magnetization,
0,~0 but 6,, ~ /2, as shown in Fig. 1.

Consider now the AF motion generated by a microwave
with oscillating magnetic field &, perpendicular to the easy
axis. If the microwave is circularly polarized, only the
mode with matching polarization depicted in Fig. 1 is
driven into resonance at certain frequency. When the
magnetic field vanishes, 7% is an odd function of @ and
is plotted in the upper panel of Fig. 4, where the peak (dip)
for positive (negative) @ corresponds to the resonance of
the right-handed (left-handed) mode. Hence, an important
consequence is implied: the direction of the dc spin current
is linked to the circular polarization of the microwave.

Since the sublattice degree of freedom is involved in the
AF dynamics, we can also derive a staggered spin pumping.
A staggered spin current represents the imbalance between
the spin current carried by the two sublattices. It has three
components Ig), Ig), 12? associated with three pseudospin
Pauli matrices. In a similar manner as spin pumping, we
find that

%1@ — G, (n x 1 +mxn) -G, (5)
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and (e/R)IYY = —Im[G,Jm and (e/A)IS = —Re[G, i,
where G,, = (e A/hx?) [[S;,ASdk,dk, results from inter-
sublattice scattering that is unique to AFs. When we take
the time average, I§;) and Ig) drop out, only Ig) survives.
This time, the dc component /% is an even function of @
in the absence of static magnetic field, which is plotted in
Fig. 4 (upper panel). We emphasize that elastic scattering in
the normal metal will destroy any staggered spin accumu-
lation, which decays on the time scale of #2/t. Therefore, the
staggered spin current can only be well defined within a
distance of the mean free path away from the interface.
Detections.—When a spin current is injected into a heavy
metal with strong spin-orbit coupling, it will be converted
into a measurable transverse voltage via the inverse spin
Hall effect [27-29]. This effect has been widely used in the
detection of spin pumping by F resonance, and we expect to
verify our prediction with the same technique. However, in
a recent experiment using Pt{MnF, [30], no clear signal is
found at a similar level of microwave power as in a
conventional Pt|YIG. To explain this null observation,
we resort to the efficiency of the microwave absorption

at resonance point, which is proportional to /@, /@g in an
AF, whereas no such factor exists in a F. To see it more
explicitly, we plot in Fig. 4 (lower panel) the resonance
value of 1% versus \/w,/wg. In MnF, [21], \/@4/ 0 is
only a few percent, which we believe is responsible for the
suppression of the signals. Fortunately, there are better
candidates; e.g., FeF, has the same crystal and magnetic
structures as MnF,, but the ratio /w4 /wg = 0.6 is extraor-
dinarily large [22]. Thus, we expect a sizable microwave-
driven spin pumping using Pt|FeF, heterostructure.

Small grains are unavoidable in large area N|AF inter-
faces since the typical grain size is below ym [30]. As the
optimal microwave absorption occurs only when the local
easy axis is perpendicular to the oscillating magnetic field,
the noncollinearity of the anisotropy fields of individual
grains will somewhat reduce the net spin pumping upon
averaging over the entire interface. However, progress in
fabrication of N|AF heterostructures and reduced cross
sections should lead to improved surface quality with less
disorder in the form of grains.

The microwave absorption can also be enhanced by
reducing the resonance frequency with a strong magnetic
field, as illustrated by the lower panel of Fig. 4. But this
brings about a challenge that it is hard to take full advantage
of the high frequency and the high microwave absorption
efficiency together.

Spin-transfer torques.—The reciprocal effect of spin
pumping is STT, which describes the backaction that a
spin current exerts on the AF. In linear response, an AF is
driven by two thermodynamic forces f, = —6F/én and
fm =—06F/ém (energy dimension), where F = (7/2) x
de[a)Omz/QS + wnZi:x,y,z(ain)z/a - a)HH : m/(Ha3)]

is the free energy [31]. Here we have scaled each term by
the frequency in order to be consistent with our previous
discussions; @, and , are the homogeneous and inho-
mogeneous exchange frequencies, respectively. It can be
easily shown that @y = w4 + 2wg. Enforced by m -n =0
and |n|> ~ 1, the symmetry allowed dynamics are hn =
(@/V)fn xn and hm = (a®/V)|f, xn+f,, xm] [11],
where V is the system volume. Inserting them into Eq. (4)
gives the response of the spin current to f,, and f,. Invoking
the Onsager reciprocity relation [19], we derive the
response of n and m to a given spin voltage V, in the
normal metal, which are identified as two STT terms 7,
and 7,,. To linear order in m, we obtain (in frequency
dimension)

3

Ty = - L [G,J’l X (m X Vs) - Gin x Vs]v (63)
eV
@

T, = —EGrn X (nx V), (6b)

which are consistent with the proposed phenomenological
model [14] that treats STTs on the two sublattices as
completely independent.

In solving the AF dynamics, it is instructive to eliminate
m and derive a closed equation of motion in terms of n
alone [10-12,32,33]. Truncating to linear order in V, m,
and n, we obtain the effective dynamics

wya*G,

n x (ii + awgn + win ) = nxmxVy), (1)

e

where a is the Gilbert damping constant, and n, are
perpendicular components of n with respect to the easy
axis. Since the STT only acts on the interface and we
consider a thin AF film, we have disregarded a possible
nonuniform motion of n; otherwise a term wyw, a’n x V’n
should be included in Eq. (7). For thick metallic AFs where
electrons propagate into the bulk, Eq. (7) should be
replaced by its bulk counterpart [11,12].

As an example, we consider the uniform AF dynamics
driven by STT. Assume V, is collinear with the easy
axis, we solve the spectrum by virtue of Eq. (7):
w/wy =1 [—ia £ V=0 +dw, /oy + 4ia’G,V ] (eVay)).
For small V, w has a negative imaginary part so that any
perturbed motion will decay exponentially in time and the
system is stable. However, a sufficiently large V; will flip
the sign of Im[w]|, which makes the system unstable and
marks the onset of uniform AF excitation. By setting
Im[w] = 0, we obtain the threshold spin voltage

eVoawpg
a’G,

vih =+

: (8)
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where +(—) corresponds to the excitation of the right-
handed (left-handed) mode. The chirality selection by the
sign of the spin voltage is just consistent with the direction
control of spin pumping by the microwave polarization.
Since G, scales linearly with the interface area, Vih scales
linearly with the thickness of the AF layer.

In real experiments, a challenge arises from the large
wpg, but we can still get reasonable V! by reducing the
layer thickness. For MnF, and FeF, of few nm thick, the
threshold spin voltage is estimated to be 10-100 uV.
The STT-driven AF dynamics suggests the feasibility of
building a spin-torque nano-oscillator using AFs, which
generates a THz signal from a dc input without the need of
static magnetic field.
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