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Electron-magnon spin conversion and magnonic spin pumping in
an antiferromagnet/heavy metal heterostructure
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We study the exchange between electron and magnon spins at the interface of an antiferromagnet and a heavy
metal at finite temperatures. The underlying physical mechanism is based on spin torque associated with the
creation/annihilation of thermal magnons with right-hand and left-hand polarization. The creation/annihilation
process depends strongly on the relative orientation between the polarization of the electron and the magnon
spins. For a sufficiently strong spin-transfer torque (STT), the conversion process becomes nonlinear, generating
a nonzero net spin pumping current in the antiferromagnet that can be detected in the neighboring metal layer.
Applying an external magnetic field renders possible the manipulation of the STT driving thermal spin pumping.
Our theoretical results are experimentally feasible and are of a direct relevance to antiferromagnet-based

spintronic devices.
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I. INTRODUCTION

Electronic and magnonic spin currents are central to
spintronics [1-6]. Electronic spin current is generated, for
instance, due to the spin Hall effect (SHE) in a nonmagnetic
metal layer [5,7-9] or through the oscillation of magnetiza-
tion in a ferromagnetic layer (spin pumping) [10-13]. The
magnonic spin current, meaning a flux of nonequilibrium
magnons, results from an applied temperature gradient, mi-
crowave field, or due to electronic spin-transfer torque [2,14—
19]. Spin currents in antiferromagnets (AFMs) are also highly
interesting for AFM spintronics [20-24]. Several spin trans-
port phenomena, including SHE, spin Seebeck effect, and
Néel spin-orbit torque were reported, and their potential for
applications was discussed in AFMs [20-30]. Of a partic-
ular interest is the behavior of a magnonic spin current
flowing from a ferromagnet (FM) across an insulating AFM
layer [27,31-37], which offers a way for integration of
magnonic spintronic and AFM devices allowing to act on the
AFM by exciting the FM layer [27].

AFM hosts two degenerate magnon modes with opposite
angular momenta. The generation of magnonic spin current
entails a symmetry break between modes [22,27,38]. The
degeneracy can be lifted by different means: external mag-
netic field [26,29], and interlayer exchange interaction from
a neighboring FM layer [27,27,32,39,40]. All these methods
lead to a nonzero net magnonic spin current flowing in the
AFM. Magnonic spin currents are usually excited by a tem-
perature gradient (spin Seebeck effect) or microwave field
pumping. However, the thermal gradient is relatively slow for
a swift on-and-off dynamical switching of magnonic spin cur-
rent, while microwave field pumping is energetically costly.
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The direct conversion between an electronic charge signal and
a magnonic signal is advantageous for designing viable AFM
magnonic devices.

Recent studies uncover the possibility of electronic/
magnonic spin current conversion [36,41], indicating that
the spin accumulation at a nonmagnetic metal/AFM inter-
face can break the degenerate magnon modes, leading to a
magnonic spin current with no external magnetic field or
thermal gradient [41]. The mechanism was corroborated ex-
perimentally [36]. The effect depends linearly on the spin
accumulation amplitude and can be controlled by applying
an external magnetic field. A substantial enhancement was
observed at the magnetic-field-induced spin-flop transition.
In the present work we explore finite-temperature magnonic
excitations and develop a theoretical approach for a finite
and uniform temperature electronic/magnonic spin conver-
sion in the heavy metal/AFM insulator heterostructure. The
calculations based on our model offer an explanation of the
experimental results. In particular, we show that the magnonic
spin pumping signal is maximal for the Néel order parallel
to the spin accumulation. The present work proves that due
to finite-temperature magnonic excitations in AFM, the elec-
tronic spin current in heavy metal (HM) can traverse through
the insulating AFM layer. In our model, not FM but the AFM
layer plays the role of the spin-current tunnel junction. We
sandwich the AFM layer between two HM layers, meaning we
consider a HM/insulating AFM/HM heterostructure. At finite
temperatures, the electronic spin current creates (annihilates)
thermal magnons with spin polarization opposite (parallel)
to the polarization of the electron spin. Thus, spins of the
electrons from the HM layer are efficiently converted to AFM
magnons. The induced magnon spins are further delivered to
the second HM layer and eventually are converted back to
the electron spin current via the spin pumping effect. The
effectiveness of the spin transport via magnons depends on
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FIG. 1. (a) Schematics of the studied heterostructure. The in-
sulating antiferromagnet is sandwiched between two HMs (here,
Pt). A charge current with density Jp, flows in one of the metal
layers. The pure electron spin current generated through the spin Hall
effect is denoted by its spin polarization direction u = —z X jp,.
(b) Dispersion relations (i.e., real parts) and (c) imaginary parts of
eigenfrequencies w, (squares) and w_ (circles), with (¢, = 0.0001
THz, open dots) and without STT (c; = 0, solid dots). Bottom
right panel shows the magnon precession trajectories in the y-z
plane for k, = 0. Magnons are excited by a microwave field wy =
(0, hy, h)e™ =@ with h, =3 x 107 THz, h, = 3 x 10~* THz,
and w = Re[w4]. Red and blue arrows represent the sublattice mag-
netizations m; and mj, respectively.

the electronic spin current and on the external magnetic field.
Due to the influence akin to spin-transfer torque (STT) on the
effective damping of two magnon modes, the spin transport
depends nonlinearly on the electronic spin current, when the
amplitude of STT is large.

The paper is organized as follows: In Sec. IT we specify the
model, in Sec. III we analyze the polarization of magnons and
derive the magnon eigenmodes, and in Sec. IV we explore
the effect of STT. The thermal and spin pumping effects we
discuss in Sec. IV. In Secs. VI and VII we discuss the effect
of external magnetic fields, and we conclude with Sec. VIII.

II. THEORETICAL MODEL

The structure considered in this study is shown in Fig. 1(a).
The AFM layer is sandwiched between two HMs. A charge
current with density Jp, passes through one metal and induces
a transversal spin current due to the spin Hall effect. The elec-
tronic spin current is converted into a magnonic spin current at
the AFM/HM interface via the SHE-based STT [30,42]. The
magnonic spin current is detected in the second metal via the
spin pumping effect [34,35,43-45].

To describe the magnetization dynamics in the AFM,
we introduce the average magnetization vector m = (m; +
m,)/2 and the Néel vector n = (m; — m;)/2. Here, m; and
m, represent sublattice magnetizations of the AFM under
the constraints [m|?> 4+ [n|> = 1 and m - n = 0. The dynamics

of m and n are governed by the stochastic Landau-Lifshitz-
Gilbert (LLG) equations with STTs [44]:

I T GD STT
om = s(@, Xxm+@, xn)+71, +7," +7

m
dn=1@yxn+w, xm+1, +7°+7, . (1)
The frequencies w,, and w, represent the effective fields and

are defined through @,, = — - ‘”‘;% and the ®, = — ‘S%%
The free energy density [46] Eapym has the form ’

Exni = 5 {orm = n) = 2 2E (Y m)? = (V)]

—2wH~m—wA(m§+nf)}, 2)

where wg is the exchange frequency, w, is the easy-axis
(along x) anisotropy frequency, @y is the frequency de-
scribing the external magnetic field, and a is the length of
the antiferromagnetic unit cell. In the stochastic LLG equa-
tions (1), the temperature is introduced by the thermal random
magnetic field torque:

rz;l =h, xm+h, xn,

t,{:hmxn—i—h,,xm. 3)

The Gilbert damping torques are given through

rnciD =a(m X o;m+n x o;n),
r,?D = a(m X 9,n+n x ,m), @)
and the STTs read
T =c/(mx u) xm+nx p? xn),
T =c/(nx pY xm+mx p? xn). 5)

Here « is the Gilbert damping constant, the strength of STT

. . _ 2y hBsu )G, tanh(dp /21)Jp;
is quantified through ¢, = TiodneM.{o TG, cothide /1] [47,48],

thermal fields h,, and h, satisfy the time correlation [49]
<hm,p(r9 t)hm,q(r/s t/)) = <hn,p(rv t)hn,q(r/a t/)> = 8pq5(t - t/)
8(r —r')o?, and 02 = % describes the amplitude of the

random field. uﬂ,\’ = (1,0,0) represents the electron spin
polarization, Jp; is the electric current density, fsy is the
spin Hall angle, o is the electric conductivity, A is the spin
diffusion length, G, is the spin mixing interface conductance
per unit area, dp, and dap are the thicknesses of Pt and
AFM, kg is the Boltzmann constant, 7 is the temperature,
V is the volume of AFM, y is the gyromagnetic ratio,
M; is the saturation magnetization of the sublattice, and
P, q = X, Y, z. In what follows, we consider electric current
density below the threshold value needed for excitation of
magnetization auto-oscillations [42,50]. Therefore we exploit
a finite uniform temperature thermal bath as an energy supply
to compensate damping processes and generate magnonic
excitations.

III. MAGNON POLARIZATION

To construct an analytic model for describing the propaga-
tion of magnons in the AFM we consider slight derivations
from the stable state [mg = (0,0,0) and ny = (1,0, 0)],
m =m + (0, émy, dm;), and n =ng + (0, ény, én;). The
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eigensolutions of the linearized equation (1) have the form
sm, = X,e' = and §n,, = Y,e! ™" where p =y, z. We
insert m and n into Eq. (1) and obtain the equation i3, = Hyr

for the vector ¥ = (X, X, ¥}, ;). With the definitions of the

. a*wgk? a*wgk?
frequencies oy = 2wg + wx — —— and Wy = wp + —,

the Hamiltonian A (without external excitation) reads

J

—ilowy iocy —icy —IWgk
A —ioc —low, i, —ic
b= Xy X Wy Wak —icy (6)
—ICy —lwy — IO Wgj wcy
Iy —icy —iccy — Wy
From this Hamiltonian two eigenfrequencies w.. follow:
' ' 5 alwgk?\? .
0z = &, [(@a — ic)) o —ic)) —a*| 0 — — —acy —ie(@ak + wi)/2. @)

The spin-wave modes w4 correspond to the opposite circular polarizations. Without STT (c; = 0), the two magnon modes are

. . . 2wpk? . .
degenerate, and the magnon dispersion relations Re[w] = :I:\/ Wawr — A% (wp — % )2 of the two modes are symmetric with

respect to @ = 0. Using MnF, as a material with the parameters wz = 9.3 x 10257, @y = 1.5 x 10'' s, M, = 48000 A/m,
o = 0.0002, and a = 4.1 A, we calculated numerically the degenerate modes w. for ¢; = 0. The results are shown in Figs. 1(b)
and 1(c).

To explore the polarization of the two magnon modes, we apply the microwave filed @y = (0, hy, h,)e™ =) The excited

magnon amplitudes are extracted analytically from the linearized equation (1) as

(hy + ih)(—icy — W + iaw) _

(hy — ih)(—icy + war — iaw)

X, =
Y 1e I
_ (=ihy + h;)(—ic; — wa + iow) B (ihy + h)(—ic; + wa — iaw)
zZ lfﬁ lﬁ) k)
h, +ih h, —ih —ih, +h ih, +h
Yy:()t(j z)w_() laf z)w7 Yz:( lyl:i_ Z)w_(l,';;)z)a)7 8)
+ - + -

with [{ := 202 +2[—cy + i(wg—iaw)[—cy £ i(wp — iaw)].
Excited by the microwave field, the local magnetization pre-
cesses around the equilibrium state. The precessions of the
two sublattices are demonstrated in the bottom right panel
in Fig. 1 for the case k, = 0. The magnons of the two
modes wi have opposite chirality. For the mode w,, the
magnons of both m; and m, sublattices precess around +x
direction counterclockwise, meaning that the right-hand po-
larized magnon (identified with m;) is coupled to left-hand
magnon (identified with m;), and the amplitude of magnons
for m; is larger. For the w_ mode, the circular polarizations
of both magnons are reversed (clockwise precession around
+x) and the amplitude of the right-hand magnons for m, is
larger.

IV. EFFECT OF STT

The influence of the SHE-induced STT on the eigenfre-
quencies wy is shown in Figs. 1(b) and 1(c). The changes
due to STT in the real parts of wy are negligible. STT with
¢y > 0 (i.e., electron polarization points along the +x direc-
tion), increases Im[w, ], meaning that the attenuation of this
mode is enhanced. On the other hand, Im[w_] decreases, and
the attenuation is weakened. The change in Im[w] depends
linearly on ¢; [Fig. 2(a)], and Im[w,] (Im[w_]) is decreased
(increased) by reversing the STT (c; < 0).

The STT also affects the magnon excitation efficiency.
Using a polarized microwave field @y = (0, hy, h )e!™®r ="
(hy =3 x 10~ THz, h, = 3i x 10~* THz, ky =0, and o =
Re[w4]) and Eq. (8), we calculate amplitudes of the excited
magnetization oscillations, see Fig. 2. Apparently the positive
(negative) c; decreases (increases) the efficiency of exciting
magnons of the w; mode. The effect is reversed for the w_
mode. In view of the changes in the imaginary parts of eigen-
frequencies [Fig. 2(a)], we conclude that the effectiveness of
the exciting magnon increases if the imaginary parts of w, are
decreased, i.e., the effective magnon damping o is lowered.

Enhancement and annihilation of magnons due to the
STT are asymmetric and nonlinear, and the increase of
the magnon amplitude is much stronger. This finding is in
line with the STT-induced magnon enhancement/annihilation
in FM, where the enhancement (annihilation) occurs when
electron polarization is opposite (parallel) to the magnon
polarization and decreases (increases) the magnon effective
damping [17,48].

V. THERMAL EFFECT AND SPIN PUMPING

From Eq. (1) we infer that the thermal magnons are ex-
cited by the thermal random fields h,, and h,,. By solving the
dynamic equations, we obtain the dynamic magnetic suscep-
tibility matrix % (w), and [,(w) = Zq Xpghg(w) with [} = m,,
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FIG. 2. (a) ¢, dependence of the imaginary parts of eigenfre-
quencies w4 at k, = 0. (b,c) Excited by wy = (0, hy, h,)e®y=ien
with i, = 3 x 107 THz, h, = 3i x 10~* THz, and k, = 0, ¢, de-
pendence of excited oscillation amplitude for (b) @ = Re[w,] and
(c) @ = Re[w_]. Solid squares and open circles are respectively the
amplitudes of the sublattice magnetization, m; and m;.
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hy = hn,z):

= ot feo | ey o _ o o 4 i
I; [ I, +T L L I, + T
B N "R ] o _ o
. I; I I, [ [ I, L
5 oo w4 _d idid |
[ [ I, [ I, I
_e e e @ i idy  do de
[ I, L I I I; [
©))
where ¢y = —ic; &+ (W — loew), and dy := —icy + (o —

icw).

By virtue of spin pumping, the magnetization dynamics in
the AFM can pump into the neighboring metal layer the spin
current [43,44]

hgr
2

I, = (m X 9,m + n X 9,;n). (10)

Here, g, = G,h/e* is the rescaled interface mixing con-
ductance. In contrast to spin pumping current, the fluc-
tuation spin current Iy = —%(m xh,+nxh)) flows
back to the AFM [49]. h), and h) satisfy the time
correlation (h:nqp(r, t)h;nqq(r/, 1)) = (h;qp(r, t)hjlyq(r’,t/)) =

8,g8(t —1)8(r — r/)%, and o = yhg,/(4rM,V). The
net spin current injected into the neighboring metal is Iy =
I;, + 1. Then, with the magnon dynamics described by
Eq. (9), the time derivative of the correlation function for I,

within the macrospin model (k, = 0) is
(L,l,) = oZ/in () (—w)d—“’ (11)
ptql = Ot ~ Xpn Xagn o’

where p,q,n=1,2,3,4. Using the contour integration
method, we derive the finite x component of the spin current
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FIG. 3. ¢; dependence of net current (/,) at 7 =30 K for
(a) macrospin and (b) 1D models. Analytical (solid lines) and nu-
merically simulated (open dots) results are shown.

L, . as

ligro}c (wa + i)
<Isp.x) = L -

. 12
27 (¢ — dPwawyr) (12)

The two other components of the spin current vanish
(Isp,y) = (Isp;) = 0. The above equation indicates that the
spin pumping current’s polarization is parallel to the electron
polarization and the equilibrium Néel order vector. Without
STT, two degenerate magnon modes are equally excited by
thermal fluctuation, and the pumping current (/, ,) = 0. Be-
low the critical value ¢; < «/wawy (above which the STT
changes the stable state), positive c; creates the negative
(Ip,x). The reason is that positive ¢; enhances the w_ mode
polarized towards —x (generating negative pumping current)
but weakens the w, mode polarized towards +x (generating
positive pumping current). The sign of ([, ,) changes with
reversing the direction of the electric current (the sign of
¢y). The change of the magnon density induced by STT is
nonlinear (see Fig. 2), and therefore the amplitude of (I, )
also changes nonlinearly with ¢,;. The fluctuating spin current
vanishes Iy; = 0. Thus the net current is equal to the spin
pumping current (/s ) = (I, ). Numerical results calculated
from Eq. (12) are shown in Fig. 3(a) and support the analytical
findings. These findings are in line with earlier theoretical
predictions based on fluctuation-dissipation theorems [36,41].
Previous works showed that the spin accumulation generates
linear spin current without an external magnetic field and
thermal gradient. The emphasis here is on nonlinearities due
to a large spin-polarized charge current and the implications
for the effective magnon damping and magnonic spin current
(as discussed in Sec. IV).

We extended the results obtained for the single macrospin
model to the spatially inhomogeneous dynamical modes (i.e.,
excited finite wave vector k) and obtain the time derivative of
the correlation function I,:

@m)t J 1L K@ Rt TR

13)

Uplq) = U%S§
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Here, ¢ = 1 is for the one-dimensional (1D) model (k = ke,
and S is the sample length along y). For the two-dimensional
(2D) model ¢ =2 (k = k.e, + kye,, and S, = Sy, is the area
of the sample plane).

Due to the limited size of discrete unit cell, the value of
the magnon wave vector cannot be too large. We integrate
Eq. (13) in the finite range of —k. < k,, < k. with k. = 7 /l,,
where [, is the unit cell size. For a 1D model, we infer

(Isp,x) = hgray%lycl (wa + wE)

[wHatan(%@) - w.i_atan(%@)]

’

27r2wj+a)j,\/a2(a)A +wp)? — 5

(14)

with

wjr = \/a(:i:\/oﬂ(wA +wp)? — ¢ —awg). (15)

If STT is applied ¢; # 0, the variation of (I, ) for 1D model
is similar to that for macrospin, including the aspects of sign
and nonlinearity, as confirmed by numerical calculations in
Fig. 3(b).

To quantify the effectiveness of the above conversion
process, we compare the difference between the injected elec-
tronic spin current and output magnonic pumping current.
The impact of the spin-transfer torque on the magnetiza-
tion dynamics is proportional to the electronic spin current
flowing inside the attached heavy metal layer, i.e., the spin-

transfer torque amplitude c; = — MO;’Aff - [51-54]. Here J; =

SOsy iJH is the electronic spin current density in a heavy meal
2e P y y
layer, Jy is the charge current density, Osy is the spin Hall an-
Yy g y P
gle, S is the transparency at the interface, and jg is the vacuum
permeability. For ¢; =2 x 107 THz one finds an elec-
tronic spin current density J, = —“kodarMs — 9 73 5 1077

J/m?. The magnonic spin current density reaches —1.47 x
10~7 J/m? (see Fig. 3), and the conversion efficiency is es-
timated to be (—1.47 x 1077)/(—=2.73 x 1077) = 54%.

To support the analytical results, we numerically solved
for the LLG Egs. (1). In the numerical simulation the spin
pumping current’s value is determined from the expression
Eq. (10). Under the same parameters adopted above, we com-
pare the simulation results with the analytical calculations in
Fig. 3, confirming the value of the analytical expressions. The
thickness of AFM used in the numerical simulation is dyr = 5
nm. We also consider the influence of the finite width of AFM,
and the AFM sample with a thickness of dsr =5 nm and
width 100 nm. The result is shown in Fig. 4. The STT-induced
magnonic pumping current is still antisymmetric concerning
the electric current direction, and the nonlinear trend becomes
weaker as compared with the results in Fig. 3. In addition,
we consider the case with the electron spin polarization u =
(0, 1, 0) being perpendicular to the equilibrium Néel order
vector ng. Our calculations show that the STT does not affect
the magnons in the AFM in this case, and therefore ([, ) = 0.
This conclusion is confirmed also by the numerical simula-
tion.

,7£ .

1x10 \D\D

Sx10™ - \D\H\D\D 7
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4 ~
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-1x107 S
-2x10* -1x10™* 0 1x10* 2x10™
¢;(THz)

FIG. 4. Numerically simulated ¢, dependence of net current (/; )
at T = 30 K for AFM film with finite width 100 nm.

VI. APPLYING MAGNETIC FIELD ALONG x

An applied magnetic field impacts the magnon polarization
and leads to the nontrivial phenomena of electron-magnon
spin conversion in the AFM/heavy heterostructure. Here, we
mainly consider the case with the external magnetic field wy,
applied along the easy axis (x axis) for wyy < v/ 2wpws = 1.7
THz. In this range, the linear antiparallel structure [mgy =
(0,0,0) and ny = (1, 0, 0)] is stable. In the same manner we
obtain the eigenfrequencies w.:

io
wy = +£/Fs + 0y — gwjk, (16)
where
1
F, = ( — 4c§a)Hx + a3CJ[4C()%1X + (a);k)z]

2wen
+052wa [863 — 4o’ — (a);k)z] + 4wy wrwa
—dicjwpwl, + 4a [c} — (O W0

—¢;Qujy, + o)), (17)

where w., = wy, — acy, and a)i = wy + wy. For the param-
eters considered above, we calculate the magnon dispersion
relations [Figs. 5(a) and 5(b)]. The real parts of both modes
w4 and w_ are shifted upward, and the values of the corre-
sponding imaginary parts are changed, steering the separation
between Im[w.y]. These changes increase linearly with wgy,
as demonstrated in Figs. 5(c) and 5(d). STT affects mainly
the imaginary parts, and Im[w,] (Im[w_]) is increased (de-
creased) by a positive c; (cf. the calculated results in Fig. 5).
The magnetic field induces a separation between the two
degenerate modes w4, and at a finite temperature leads to
a nonzero pumping current I, . along the external magnetic
field. The fluctuation spin current (/7 ) is opposite to the
pumping current ([, ), and the net current I is O if STT
is not applied (c¢; = 0). STT can further enhance one of two
thermal magnon modes and weaken the other one, generating
a nonzero I, see Fig. 6(b). Surprisingly, the negative current
(I,.x) induced by the positive ¢; also increases with wy,. When
calculating the dependence of the net current (/; ) on the c; at
finite wy, = 0.7 THz, we find that the positive wy, enhances
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FIG. 5. (a) Dispersion relations (i.e., real parts) and (b) imagi-
nary parts of eigenfrequencies of w, (squares) and w_ (circles) when
wyx = 0.1 THz and ¢; = 0 (solid dots) and ¢; = 0.0001 THz (open
dots). (c) Real and (d) imaginary parts of eigenfrequencies w. as
functions of wy, under ¢; = 0 (solid dots) and c¢; = 0.0001 THz
(open dots).

the negative (I ), while it weakens the positive (/; ), as com-
pared to the case wy, = 0 [Fig. 3(b)]. This effect leads to an
asymmetric spin pumping in AFM induced by STT and acts
in favor of converting the electronic current into a magnonic
spin current and vice versa.

VII. EXTERNAL MAGNETIC FIELD ALONG y

Under the influence of a strong magnetic field, wg, applied
along the x axis or wy, applied along y axis, the linear antipar-
allel orientation of AFM magnetization loses its stability and a
spin-flop transition occurs. In this case, a nonzero net magne-
tization builds up along the magnetic field and increases with
the amplitude of the magnetic field. The equilibrium Néel
order vector is perpendicular to the magnetic field. To explore
the influences of the spin-flop on the net magnetization, we
mainly study the case when wy, is applied along the y axis.

=0 o
N»%
2x10%F 2 '

(a) (b) E\A (©)

T e e Ve | Lsxi07t
0.0 0.8 0.0 08 %104 0
0y, (THz) ¢, (THz)

2x10*
@y, (THz)

FIG. 6. For a 1D model at the temperature 7 = 30 K, (a) spin
pumping spin current (I, .) (black squares for c; = 0, red circles
for ¢; =1 x 107* THz) and (b) net spin current (/; ) (when ¢; =
1 x 10~* THz) as functions of magnetic field wy,. (c) At wy, = 0.7
THz, ¢, dependence of net current (/). Here, the strength of DC
magnetic field H, is given in the unit of frequency, i.e., wy, = Y H,.
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FIG. 7. For 1D model at T =30 K, the x component (I, )
(squares line) and the y component (I, ) (circles line) of the spin
pumping currents are shown as functions of the magnetic field wpy,
under ¢; = 0 (solid dots) or ¢; = 1 x 10~ THz (open dots) with
(@) ¥ = xand (c) u¥ =y. Withc; = 1 x 107* THz and (b) ¥ = x
and (d) uV =y, the net spin currents (I ,) (squares line) and (/)
(circles line) as functions of the magnetic field wy,. (¢) When wy, =
5.2 THz, c¢; dependence of the net spin currents (/; ) (squares line)
and (/) (circles line).

Applying positive wy, generates a net magnetization mg =
(0, mg y, 0) with mg , > 0. The thermal fluctuation of this net
magnetization exerts a positive pumping current (/;, ,) along
v, as shown by Fig. 7. This behavior is similar to the features
of a thermal pumping current in FM [49]. Along the x axis, the
dynamics of opposite sublattice magnetizations are symmet-
ric, and the pumping current in this case is zero ([, ) = 0.
Applying STT with Y = (1,0, 0) only affects (I, ), and a
positive ¢; drives a negative (I, ) and hence a negative net
current (I ) [see Figs. 7(a) and 7(b)]. This effect is similar
to the effect described above (Fig. 3). However, the increase
in wyy strongly weakens this effect, and ([, ) and (I ) ap-
proach 0 for larger wy,. To understand this phenomenon, we
also analyze the change in Im[w. ] induced by STT. However,
this effect is negligible for lager wy, (not shown).

Applying STT with polarization u" = (0,1,0) im-
pacts the dynamics of the net magnetization along y. It
enhances/weakens the thermal fluctuation of the net mag-
netization and hence ([, ;). As demonstrated in Figs. 7(c)
and 7(d), the positive ¢; decreases the ([, ), generating a
negative (/). The induced (I, ,) increases with the net mag-
netization mp , and thus magnetic field wg,.

After reversing the sign of ¢y, the current (I ,) becomes
positive [Fig. 7(e)]. With further increasing of the amplitude
of ¢; (not shown), we observe a nonlinear variation in (I ),
where the negative (/;,) can be larger than the positive (I ,)
under the same |c;|. This nonlinear and asymmetric variation
in the net magnetization fluctuation resembles the effect in
FM [17]. Noteworthy, as compared with the case in absence
of the magnetic field and uY || ny, the current (I5,y) is much
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FIG. 8. The magnetic field wy, is applied along x and u¥ =y
(c; =1 x 107* THz). The net spin current I, as a function of wy,
has a sharp peak for the spin-flop field 1.7 THz.

smaller (cf. Fig. 3), even when the magnetic field is suffi-
ciently strong (wgy = 5.2 THz). Based on this observation we
conclude that when a finite net magnetization builds up along
the external magnetic field, the induced spin pumping current
is smaller than in the case of Néel order vector.

The results obtained in our work are relevant to experi-
mental studies [36]. In particular, a large nonlocal spin signal
R.; was detected for the Néel vector n oriented parallel to the
electron spin polarization u. A sharp peak was observed at
the spin-flop transition point when n turns to the direction of
uY. When n is perpendicular to uY, the signal R, is very
small. These experimental facts are in a good agreement with
our theoretical results. In our case as well we find that the
electron-magnon spin conversion is most efficient when n is
parallel to . Besides, when the average magnetization m
is parallel to uY, the asymmetry of pumping current I; with
respect to the direction of electric current contributes to the

detected thermal signal R,;,. The sharp peak induced by the
spin accumulation at the spin-flop transition point was theoret-
ically predicted in Ref. [41]. A similar observation of the sharp
peak at the spin-flop transition point is demonstrated in Fig. 8.
Below the spin-flop transition point, the pumping current is
small, as n is perpendicular to . At the spin-flop transition
point (wy, = 1.7 THz) where the Néel order parameter n
aligns with the direction of u a sharp peak is observed. The
large increase in the pumping current is related to a closing of
the magnon gap of one of the modes [36,41]. The gap reopens
at a higher field, and the pumping current becomes smaller
again.

VIII. CONCLUSION

We studied the electron-magnon spin conversion process
in a HM/AFM/HM heterostructure. A charge current in the
metallic layer drives the spin dynamics in the AFM via
spin transfer torque (STT) effects. Two degenerate AFM
magnon modes with opposite polarization are involved. De-
pending on the electron polarization, STT enhances one of
two modes and suppresses the other. At finite temperatures,
the creation/annihilation of the two magnon modes in AFM
by the STT leads to a net spin pumping current. This cur-
rent increases nonlinearly with the electric current density
in the HM layer. An external magnetic field can control the
conversion process, which is shown to be quite efficient and
potentially useful for designing antiferromagnetic-based spin-
tronic devices.
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