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Diffusive magnonic spin transport in antiferromagnetic insulators
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It has been shown recently that a layer of the antiferromagnetic insulator (AFI) NiO can be used to transport
spin current between a ferromagnet (FM) and a nonmagnetic metal (NM). In the experiments one uses the
microwave-driven ferromagnetic resonance in a FM layer to produce a spin pumped spin current that flows
through an AFI layer and reaches a NM layer where it is converted into a charge current by means of the inverse
spin Hall effect. Here we present a theory for the spin transport in an AFI that relies on the spin current carried
by the diffusion of thermal antiferromagnetic magnons. The theory explains quite well the measured dependence
of the voltage in the NM layer on the thickness of the NiO layer.
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I. INTRODUCTION

The continuing discovery of new processes and materials
to generate, transport, and detect spin currents has been
driving the field of spintronics to possibilities not imaginable
one decade ago [1,2]. Nowadays spin currents are routinely
generated by means of the spin Hall effect (SHE) [3-6],
ferromagnetic resonance (FMR) driven spin pumping [7-10],
and spin Seebeck effect (SSE) [11-16]. Detection of spin
currents is usually done through their conversion into charge
currents by means of the inverse spin Hall effect (ISHE)
[3,5,6,10] or the inverse Rashba-Edelstein effect (IRRE)
[17-20], and also by the spin-transfer torque exerted on the
magnetization of attached magnetic layers [21,22].

Spin current phenomena were initially studied with non-
magnetic metals (NMs), in which a pure spin current consists
of electrons with opposite spins moving in opposite directions
[1,2,23]. Nonmagnetic metals with large spin-orbit interaction,
such as Pt, were then widely used to generate and detect spin
currents by the ISHE and SHE, and also to transport spin
information [1,2,5,6]. It was early recognized that the transport
mechanism is the diffusion of spin accumulation generated by
some process, such as spin pumping at the interface with a
ferromagnet under FMR [5-8]. Later it was discovered that
spin currents could also flow in the insulating ferrimagnet
yttrium iron garnet (YIG) with the advantage of not having
Joule losses [24]. This gave rise to the areas of magnon spin-
tronics and insulator spintronics, in which the carriers of spin
information are magnons, the quanta of spin waves [25,26].

Antiferromagnetic (AF) materials, on the other hand,
have had a minor role in spintronics. They are essential
in the most important spintronic device, namely spin-valve
reading heads employed in all hard-disk drives. But they
only have a passive role of pinning the magnetization of the
reference magnetic layer by means of the interfacial exchange
bias [27-29]. However, it has been predicted that, due to
some unique dynamic features, AF materials might have
applications in novel devices [30]. In fact, recent discoveries
of SHE [31,32], SSE [33,34], and spin transport [35-38] in
antiferromagnets have largely increased the possibilities of
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using AF materials for signal processing making possible the
field of antiferromagnetic spintronics [39—45].

Spin transport in antiferromagnetic insulators (AFIs) has
been largely overlooked, probably because these materials
have vanishing net magnetization. However, recently three
groups independently demonstrated unequivocally [35-38]
that a spin current can flow through NiO, a room-temperature
AFI widely used for exchange biasing in spin valves. Two
experiments were done with similar YIG/NiO/Pt trilayer
structures where a spin current was generated by spin pumping
through microwave-driven FMR in the YIG layer. The pumped
spin current flows through the NiO layer and reaches the Pt
layer where it is converted into a charge current by the ISHE.
Recently two theoretical models have been proposed for the
spin transport in FM/AFI/NM trilayers [46,47]. Both are based
on the coherent magnetization dynamics in antiferromagnets
but none of them explain quantitatively the experimental
results in YIG/NiO/Pt trilayers [35-37]. In this paper we
present a theory for the spin transport in AFI based on
the diffusion of thermal antiferromagnetic magnons. The
theory explains the distinctive initial increase and the peak
in the voltage with increasing AFI thickness followed by
an exponential decay. The model is applied to YIG/NiO/Pt
structures and is shown to be in good quantitative agreement
with the experimental data of Refs. [35-37].

II. DIFFUSIVE MAGNONIC SPIN TRANSPORT

We consider the FM/AFI/NM trilayer structure illustrated
in Fig. 1, which corresponds to the configuration used in the
experiments of Refs. [35-37], to demonstrate spin transport
through antiferromagnetic insulators. The precessing spins in
the FM layer, undergoing microwave-driven FMR, generate
a spin current at the FM/AFI interface by the spin pumping
process. The spin pumping into the AFI is made possible by
the interface exchange interaction between the spins in the
FM and in the AFI. The pumped spin current is carried by
magnons in the AFI and flows into the NM layer, where it is
converted into a charge current by the ISHE making possible
the electric detection. In this section we discuss the process
by which the spin current is transported in the AFI while
the boundary-value problem in the trilayer is presented in
Sec. III. As we remarked in the Introduction, it has been
proposed that the spin transport in the AFI takes place by means
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FIG. 1. Illustration of the ferromagnet (FM)/antiferromagnetic
insulator (AFI)/nonmagnetic metal (NM) trilayer structure employed
to investigate the spin transport in the AFI, showing the coordinate
axes, the AF magnon spin current produced by the spin pumping in
the FM/AFI interface, the spin current in the NM layer, and the charge
current generated by the ISHE.

of coherent magnetization dynamics [46,47]. Alternatively,
we consider here that the mechanism of spin current is the
diffusion of incoherent thermal magnons due to the gradient
in the concentration of the magnon accumulation produced by
the spin pumping in the FM/AFI interface. This mechanism is
similar to the diffusion of spin accumulation that occurs in a
NM layer under spin pumping in a FM/NM interface [7,8].
We consider a two-sublattice antiferromagnet with quan-
tized spin-wave excitations represented by the Hamiltonian

H=" houaa +opblBo. (1)
k

where a,i, oy and ,8,]:, B are the creation, annihilation operators

of the two normal magnon modes « and 8 with wave number
k and frequencies wqyx and wpgi. In Eq. (1) a,]:ak and /3;,31(
represent the number operators of magnons of each mode. In
easy-axis antiferromagnets, such as MnF,, FeF,, and Cr, O3, in
equilibrium the spins of the two sublattices point in opposite
directions along the easy axis. Each magnon mode involves
excitations of both sublattice spins and in the absence of
an applied magnetic field the two frequencies are the same
[48,49]. By applying a field in the easy-axis direction the
frequency of one mode increases linearly with the field
intensity while the other decreases. If the field exceeds a
critical value the frequency of the downgoing mode becomes
negative and there is a transition to the spin-flop phase,
with the spin vectors pointing nearly in opposite directions
and approximately perpendicular to the field. In hard-axis
antiferromagnets, such as MnO and NiO, in equilibrium the
spins of the two sublattices lie in opposite directions in the
plane perpendicular to the axis and point along the in-plane
easy-axis anisotropy. In this case also the two magnon modes
involve excitations of both spins but even in the absence of an
external field the two frequencies are different, as shown in
Appendix A. In both cases the frequencies of the two magnon
modes are minimum at the center of the Brillouin zone,
k =0, and increase as k increases, reaching the maximum
values at the Brillouin zone boundary. The calculation of the
magnon frequencies for MnF, and FeF,; is in Ref. [49] and
for the room-temperature antiferromagnet NiO is presented in
Appendix A.
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As shown in Appendix B, in both types of antiferromagnets
considered here the spin current is carried by the two magnon
modes and the z-polarized spin current density operator can
be written as

o h N ; - :
T = X (e + Bl @)
k

where U, = l%Ba)Mk /dk is the group velocity of mode p and
V is the volume of the AFI layer. The spin currents carried by
two magnon modes have opposite directions, so that if they
have the same group velocity and the same magnon number,
the net spin current vanishes in antiferromagnets [49,50]. This
is the case of MnF,, FeF,, and Cr,O with no external magnetic
field. On the other hand, in NiO the two magnon modes have
different frequencies near the Brillouin zone center so that the
net spin current can be nonzero in the absence of external field.

Following the work of Zhang and Zhang [51,52] for
ferromagnetic insulators, we introduce here the concept of
magnon accumulation in an AFI and show that a gradient in its
concentration produces magnon diffusion with an associated
spin current. Denote by 1,,(7) the number of magnons in the
u = o, mode with wave number k at a position 7 in the AFI
layer, "2k the number in thermal equilibrium, given by the
Bose-Einstein distribution,

1
0

Mk = Shou/keT _ 1’ 3

and 8n (F) = nu(F) — ”2k the number in excess of equilib-
rium. Since ), nﬁkﬁﬂk = 0, with Eq. (2) we can write the
magnon spin current carried by thermal magnons in excess of
equilibrium as

- h R R N
J5 = 3 2 ek = (1 @) = nie) + prlnpe® = m) |, (4)
k

where pr = vgr/vex is a coefficient expressing the ratio
between the group velocities of the two modes. We define
the effective magnon accumulation & n,,() for the AFI as
the density of the effective number of magnons in excess of
equilibrium

- 1 - -
Snpm(r) = v Z {=[na@) = ngy ] + pe[np) — ”gk]}
k
(5)

The distribution of the magnon number under the influence
of a thermal gradient can be calculated with the Boltzmann
transport equation [51-54]. In the absence of external forces
and thermal gradient, in the relaxation approximation and
steady state, the Boltzmann equation gives for each magnon
mode

N 0 N N 0
nuk(r) — Nk = ~TukVuk V[n/l.k(r) - I’l/Lk], (6)

where 7, is the uk-magnon relaxation time. Using Eq. (6)
in Eq. (4) and approximating the sums by integrals over the
Brillouin zone one can show that the spin current density
due to gradients in the magnon concentrations in excess of
equilibrium is

h
@)’

- tﬁkﬁﬁkﬁﬁk . V8nﬁk]. (7)

unt

dek[Takﬁakaak . V(sn(xk

054412-2



DIFFUSIVE MAGNONIC SPIN TRANSPORT IN ...

In order to calculate the spin current due to the gradient
of magnon accumulation, one needs to relate the integral in
Eq. (7) with 8n,() in Eq. (5). For simplicity we assume
variation only in the y direction in the coordinate system in
Fig. 1. We consider for the solution of the Boltzmann equation
expansions of the nonequilibrium magnon distribution for each
mode as [54,55]

nue(F) = nly + 10,8 (y), ®)

where &, = hw, is the magnon energy, T the temperature,
and g(y) a spatial distribution to be determined by the solution
of the boundary-value problem. With Eq. (8) the magnon
accumulation in Eq. (5) becomes

Srn(y) = / PH[=n0ear + pinSyenJe), ©)

2n)’
so that one can write 6 n,,(y) = (—Ios + log)g(y), where

1
Ia = d3k1’l0 Ea
= o) / aktek

— | Pkpn®, epy.

Using Egs. (9) and (10) in Eq. (7) we can write the magnonic
diffusion spin current as

(10)
and ]0,3 =

o 30n,()
J§(0) = —hDy =0, (11)

where

1
D,, = 3—/d3kcos29
QCr) (og — Tow)

X[Vl tarng ek + Vi TpngEn]  (12)

is the diffusion coefficient that can be calculated for a specific
AFI by integration over the Brillouin zone. Considering
that the magnon accumulation relaxes into the lattice with
magnon-phonon relaxation time t,,,, conservation of angular
momentum implies that

aJ3 dn,y,

= —h—. 13
3y o 13)

Using this relation in Eq. (11) we obtain a diffusion equation
for the magnon accumulation that has the same form as in a
ferromagnet [51-54],

9*8nn(y) _ Snw(y)
9y? 7

(14)

where 1,, = (D,,7,,)'/? is the magnon diffusion length. Con-
sidering that the magnon accumulation is created only by the
spin pumping current, the solution of Eq. (14) is

dn,(y) = Asinh(y/l,) 4+ B cosh(y/l,), (15)

where A and B are coefficients to be determined by the
boundary conditions. The y component of the z-polarized
magnon spin current in the AFI, calculated with Egs. (11)
and (15), is

. D, Dy .
Js()’) = _hl_A COSh(y/lm) - hl_B SIHh(y/lm)~ (16)

m m
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Using Eqgs. (15) and (16) one can obtain expressions for
the magnon accumulation and the spin current density at an
arbitrary position y in terms of the spin currents at the two
sides of the AFI layer,

L, /hD,,
S(y) = W{{é«» cosh [(y — d)/l,]
— Ji(d) cosh(y/L)}, (17
Js(y) = —W{JSZ(O) sinh [(y — d)/1]
— Ji(d)sinh(y/l,)}. (18)

Equations (17) and (18) will be used in the next section for
matching the boundary conditions at the two interfaces.

III. MAGNONIC SPIN CURRENT IN A FM/AFI/NM
TRILAYER

In this section we consider the FM/AFI/NM trilayer of
Fig. 1 and calculate the spin current density at the AFI/NM
interface that flows through the AFI layer, reaches the NM
layer, and gives origin to the charge current and the voltage
measured in the experiments. For this we use the boundary
conditions at y = 0 and y = d given by the continuity of the
spin current at the interfaces, J$(07) = J§(07) and J3(d™) =
J$(d) [8.,56].

At the FM/AFI interface the spin current is produced
by spin pumping from the precessing magnetization M in
the FM layer, driven by the microwave field. The spin
current density pumped at the interface is [7,8] Ji’(0,1) =
(h/4nM2)gTr¢(1\7[ x dM /dt), where gff is the real part of the
spin-mixing conductance of the FM/AFI interface, in units of
area”!. The z component of the spin current flowing in the y
direction has a dc contribution, given by the time average of
TP0,1), I (0) = (hagl! /4w M2 Im(m*m ), where m, and
m, are the amplitudes of the transverse components of the
magnetization. In this equation and hereafter, for simplicity,
we omit the superscript z indicating the direction of spin
polarization. Using the expressions for the rf susceptibility
one can show that the spin current pumped at the FM/AFI
interface is [57]

P () —
Jg (0) = N
where # is the amplitude of the driving rf field; AH and Hpg
are, respectively, the linewidth and field for resonance of the
FM layer at the frequency w; L(H — Hpg) is the Lorentzian
line shape; and p is the precession ellipticity. In order to find
the net spin current flowing into the AFI one has to calculate
the backflow spin current produced by the spin excitations
in the AFL Since the FMR frequency is typically orders of
magnitude smaller than the magnon frequencies in the AFI,
the backflow current is not produced by coherent excitations
in the AFIL. Instead, we consider that it is due to spin pumping
by the spin precessions associated with the magnon accumu-
lation at y = 0" corresponding to the thermal magnons in
excess of equilibrium with all frequencies in the Brillouin

I T h 2
%(—) L(H — Hp),  (19)
4
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zone. The spin pumping from coherent spin precession in
antiferromagnets has been calculated in Ref. [58] using a
semiclassical approach. In Appendix B we show that the
spin current produced by spin pumping from the magnon
accumulation is given by

I (0) = bhg! ¥ 5n,(0), (20)

where b is a factor involving integrations over the Brillouin
zone given by Eq. (B11).

As we will show later, the backflow spin current in Eq. (20)
can be written as J ;’f 0) = ,Bg1 ¢JS(O) where $ is a backflow
factor and J5(0) is the net spin current at the FM/AFI interface
flowing into the AFT, given by J5(0) = J37(0) — J</ (0). With
these relations and Eq. (19) one can write the net spin current
pumped into the AFI as

leff/g ) J§p 0)

_ hopgla (h
4 AH

Js(0) =
2
) L(H — Hp), (@2

where glef_f is the real part of the effective spin-mixing

conductance given by gleff =g M+ ,Bg ~!. Equation (21)
provides the input for the first boundary condition at y =0.
The second boundary condition at y = d results from the fact
that the spin current in the NM is produced by the spin pumping
from the magnon accumulation in the AFI. The same reasoning
used to calculate the spin pumping current from the AFI into
the FM can be used here to show that the spin current at the
AFI/NM interface is given by

JS(d+) = bhgzeffanm(d) (22)

where g;jff is the effective spin-mixing conductance of the
AFI/NM interface that takes into account the backflow spin
current from the spin accumulation in the NM [7,8]. Using
in Eq. (22) the expression for the magnon accumulation in
Eq. (17) and with Eq. (20) we obtain

Js(d) =

c
sinh(d/I,,) + c cosh(d/l,,)

where c is a dimensionless parameter defined by

In

D

Using the result in Eq. (23) in Eq. (17) for y = 0 we obtain
the magnon accumulation at the FM/AFI interface,

Ln |1+ ctanh(d/l,,)
hD,, |: ¢ + tanh(d/l,,)

With this result in Eq. (20) we find for the backflow factor at
the FM/AFI interface

_ lub[ 1+ ctanh(d/l,)
N ¢ + tanh(d/l,,)
As expected, this gives an effective spin-mixing conduc-

tance of the FM/AFI interface that depends on the AFI layer
thickness,

J5(0), (23)

bg Deff* (24

5nm(0) = }15(0)- (25)

(26)

m

—1
G Inb |: I+c¢ tanh(d/lm)] } . @7

d) = 1
gleff() glr{ + &1 D,,| ¢+ tanh(d/l,)
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At this point it is important to check the value of gfeiff in the
limit of vanishing AFI layer thickness. With d = 0 Eq. (27)
gives

1 1 1

, (28)
1l T
gle f(O) 8oett  81r

which is a result similar to the one obtained for the well
studied FM/NM/FM trilayer [7,8] and that suffers from the
same drawback; namely, the spin-mixing conductance for the
FM/NM bilayer without the AFI layer is tied to the values
for the FM/AFI and AFI/NM interfaces, which is nonphysical.
In the case of the FM/NM/FM trilayer this inconsistency is
solved by adding to Eq. (28) a dimensionless resistance to the
intermediate NM layer [7,8]. Here we add a dimensionless
parameter 6 in Eq. (27) so that its value can be adjusted to the
one of the FM/NM interface in the limit of d — 0. Thus we
use for the spin-mixing conductance of the FM/AFI interface

¢ + tanh(d/l,,) }
c(14+r)+ (1 + rc?)tanh(d/l,)
(29)

gleff(d) = glr { +

where r = g ir / gZetf For d =0 this gives gleff(O)
gl i [6+ g2eff / (g 2eff)] so that its value can be adjusted to
the actual spin-mixing conductance of the FM/NM interface.
In the experiments of Refs. [35-37], the voltage is measured
at the edges of the NM layer as a function of the AFI layer
thickness d and expressed in terms of the voltage with d = 0.
Since the voltages are proportional to the spin current density
at the AFI/NM interface, we use Eqs. (23) and (29) to write

c(1+4+7r) s ¢ + tanh(d/l,,)
14+68(1471) c(1+7r)+(1+rc?) tanh(d/L,)

V)
Vo)

1
" [sinh(d /ly) + ¢ cosh(d /Iy)]”

(30)

This is the quantity that has to be compared with the
experimental data. It is valid for a FM/AFI/NM trilayer with
any antiferromagnet. In the next section it is evaluated for the
YIG/NiO/Pt trilayer investigated experimentally [35-37].

IV. APPLICATION TO YIG/NiO/Pt TRILAYER

In order to compare the results of the diffusive magnonic
spin-transport model with experimental results for a specific
AFI one needs detailed information on the dispersion relations
and relaxation rates for the two magnon modes. They are used
to calculate the integrals over the Brillouin zone that appear in
the relevant parameters, such as the diffusion coefficient in
Eq. (12) and the spin pumping parameter in Eq. (B1l).
In a hard-axis AF, such as NiO, the magnon frequencies
in Egs. (A26) and (A27) are

war = y[He(Hax + Hay) + HaxHay

+yHp(Hax — Hap) + HE(1— )] G
wpe = v[He(Hax + Hay) + HaxHa,

— Yo Hp(Hae — Hy) + HE (1 - v))]"%, (32)
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FIG. 2. Spin-wave dispersion in antiferromagnetic NiO at T =
300 K. (a) Solid curves show the magnon frequencies calculated with
Egs. (31) and (32). Symbols represent the neutron scattering data
of Ref. [59]. (b) Blowup of the Brillouin zone center showing the
separation of the frequencies of the o (upper blue curve) and 8 (lower
red curve) magnon modes.

where Hp, Hyu,, and Hy, are the exchange, hard-axis
anisotropy, and in-plane anisotropy effective fields, respec-
tively; y = gup/his the gyromagnetic ratio; g is the spectro-
scopic splitting factor; and y; is the structure factor. As shown
in Appendix A, the values of the parameters for NiO can be
obtained by fitting Eqgs. (31) and (32) to the experimental data
[59-61]. Figure 2 shows the calculated dispersion relations for
zero external field and 7 = 300 K. We assume a spherical
Brillouin zone with a structure factor y; = cos(wk/2k,,),
where k,, = m/a;, a; being the lattice parameter, and use
the following parameters: Hg = 9684 kOe, Hs, = 6.35 kOe,
H,, = 0.11 kOe, and g =2.18. The magnon frequencies
over the whole Brillouin zone are shown in Fig. 2(a) as
a function of the reduced wave number g = k/k,,. The
separation between the curves for the two modes barely can
be seen in Fig. 2(a) but it is very clear in Fig. 2(b) showing a
blowup near the zone center. Note that in MnF, at zero field the
two modes have the same frequency, varying from 260 GHz at
the zone center to 1.6 THz at the zone boundary [62]. Similarly,
in FeF,; at zero field the modes are degenerate with frequencies
that vary from 1.6 to 2.5 THz [63,64]. Thus, in order to have
a sizable separation in the magnon frequencies in MnF, and
FeF, it is necessary to apply a field of tens of kOe [49]. In NiO
the frequency reaches 29.5 THz at the zone boundary due to
the very large exchange field. But a most important fact is that
in the region g < 0.1 the two modes have different frequencies
and consequently different thermal populations. Thus in NiO
the spin currents carried by the two magnon modes do not
cancel out in the absence of an external field, in contrast to
MnF, and Cr,03 [33,34,50] that require the application of a
large magnetic field to enable magnonic spin transport. Notice
that the FMR experiments of Refs. [35-38] are done in a
magnetic field in the range 2-3 kOe. When applied in the
direction of the spin alignment in NiO, the effect of the field is
simply to shift the magnon frequencies by less than 10 GHz.
This is negligible compared to the frequencies in zero field
and for this reason the effect of the field is not considered
here.

The calculations of the diffusion parameter in Eq. (12)
and the spin pumping coefficient in Eq. (B11) are done by
expressing all integrals in terms of dimensionless quantities.
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One can show that Eq. (12) can be written as
_ nltoh?y*HE (Big — Bia)
" 12k2(kpT)? (Bog — Bow)’

m

(33)

where 7y is the relaxation time of the £k = 0 magnon and the
parameters B are given by the integrals

Xo v X
BOa=/dqquxﬂ — BOﬁ=[dqq2ﬂ—ﬂ (34)

9
Vgq € — 1

sin(rq/2)
B, = /dqqz—f
xaknaq(e «—1)

X {—=[(Hax — Hay)/QHEg)] + cos(mq/2)},  (35)

. 2 sin*(rq/2)
Big = [dqq —xﬁkﬂﬁq(exﬁ D
x {[(Hax — Hay)/(2HE)] + cos(tgq/2)}%, (36)

where x,, = hw,/(kgT) is the dimensionless reduced energy,
Nug = Nuk/To is the k dependent dimensionless relaxation rate
relative to the k = 0 magnon, and v, is the group velocity
calculated with v, = dw,k/0k from Egs. (31) and (32),
given by

7 sin(mrq /2)
Vok = Vz—q/[_HE(HAx — Hyuy)+2Hf cos(mq/2)].
4kmwotk
(37)
7 sin(mrq /2)
vgk = yz—q/[HE(HAx — Hyy) + 2H§ cos(nq/Z)].
4kmw,3k

(38)

The integrals in Egs. (34)—(36) were evaluated numerically
with the parameters of NiO and using the relaxation rate at
T = 300K of Eq. (A29) written as

m = nol1 + (1240g + 58604°)], (39)

where the relaxation rate of the k = 0 mode is no = 1/79 =
1.5 x 10° s~! as reported in Ref. [61]. As shown in Fig. 3 the
integrands of By, and Bjg in Eqgs. (35) and (36) are zero for
q = 0 due to the vanishing of the density of states, increase

S 25]

~

(
N
o

L

=

15|
1.0
05

Integrand of B,

0.0 1
0.00 025 050 0.75
q=kik _

1.00

X

FIG. 3. Integrands of the integrals in Eqgs. (35) and (36) for the
two magnon modes in NiO at 7 = 300 K.
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rapidly with increasing ¢, reach apeak atg ~ 0.15, and fall fast
for higher g because the thermal magnon number decreases
exponentially with increasing frequency. For g < 0.25 the
integrand of Byg is larger than in By, because the 8 magnon
mode has smaller frequency, thus a larger thermal occupation
number, and larger group velocity than the o mode. The
integrations lead to By, = 2.59 x 1072, Byg = 2.62 x 1072,
By = 8.15 x 1077, and Big =8.52 x 1077, Using these val-
ues in Eq. (33) and the lattice parameter ¢; = 0.417 nm for
NiO, we obtain for the diffusion parameter D,, = 9.5 cm?/s.
This is about one order of magnitude smaller than the value
for ferrimagnetic yttrium iron garnet at 7 = 300K [53,54].
With the diffusion parameter one obtains the magnon-phonon
relaxation time 7, that enters in Eq. (13) through the relation
Tnp = 1,2 / Dy,. Using for the diffusion length the value [,, &
10 nm estimated in Ref. [37] we obtain for NiO at T = 300K,
Tinp N 10~13 s, which is one order of magnitude smaller than
in YIG.

The integrals entering in the spin pumping parameter are
calculated in a similar manner. From Eq. (B11) one can write
the spin pumping coefficient as

_ ajkpT (Byp — Bay)

= , 40
27‘[2;7, (B()ﬂ — B()oz) ( )
where the new integrals are given approximately by
H
By = / dq q2<y E)n;’kxik, (41)
wy
y He
Byg = /dq qz(w—>pkn2kx§k, (42)
k

where wy = wgr ~ wy in the region g > 0.2 that contributes
mostly to the integrals. Numerical integration with the parame-
ters for NiO gives By, = 0.1226 and B,g = 0.1237. With these
values and the factorin Eq. (40) we geth ~ 7 x 10710 cm? s~
We can now obtain a value for the relevant parameter ¢ in
Eq. (24). For this we use the calculated diffusion parameter
D,, = 9.5cm? /s, the estimated diffusion length /,, &~ 10 nm
[37], and a spin-mixing conductance for the NiO/Pt interface
similar to the one for YIG/Pt, gl% ~ 10'S cm~2 [5,6]. With
Eq. (24) we obtain ¢ &~ 8 x 1072

Having the value for the important parameter c that contains
information on the AFI and the AFI/NM interface, we are in the
position to compare the model with the experimental results.
The measured dependence of the voltage on the AFI thickness
is fit with Eq. (30) allowing the four adjustable parameters
to vary in the following ranges: ¢ = [0, 1],r =[1, 10],6 =
[—5, 4511, =[5, 15] nm. Figure 4 shows the least-squares
deviation fit to the data of Ref. [37], obtained with the following
parameters: ¢ = 0.1, r =4.2, § = —0.15, and [, = 7.4 nm.
The value of the parameter ¢ obtained from the fit is in excellent
agreement with the one calculated for NiO. The diffusion
length is also very close to the value of 9.8 nm obtained
from the fit of an exponential variation to the experimental
data [37]. From the value of the ratio r obtained from the
fit we find that gI{IlG /N0 = 4.2g§ﬁ¢0 sp- This result provides a
physical explanation for the initial increase of the voltage with
increasing AFI thickness. The coupling of the spin excitations
atthe YIG/NiO interface is larger than in NiO/Pt and in YIG/Pt,
so that when a NiO layer is introduced between YIG and
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FIG. 4. Voltage measured at the Pt layer in YIG/NiO(d)/Pt
trilayers as a function of the NiO layer thickness. The symbols
represent the experimental data of Ref. [37] and the curve represents
the best fit with Eq. (30).

Pt, the spin current pumped by the magnetization precession
in YIG increases. Of course, as the thickness of the NiO
increases the spin current tends to decrease due to magnon
diffusion and loss of spin angular momentum to the lattice.
The overall behavior of the voltage with increasing d is the
peak followed by an exponential decay as in Fig. 4. Finally
we note that for d > [,, the dependence of the voltage on the
AFI thickness is V(d) o exp(—d/l,,), as assumed in Ref. [37].
However, this exponential decay breaks down for thickness
smaller or comparable to the magnon diffusion thickness, as
demonstrated here.

In summary, we have presented a model for the spin
transport in an antiferromagnetic insulator based on the
diffusion of thermal magnons. In easy-axis AFs such as MnF,,
FeF, and Cr,03, in the absence of an external magnetic field
the spin currents carried by the two magnon modes cancel out.
However, in the room-temperature AFI NiO, even in zero field,
the two magnon modes have different frequencies and hence
different thermal populations, so that magnonic spin transport
is made possible. We have shown that in a FM/AFI/NM
structure with the FM layer under ferromagnetic resonance,
the spin current pumped into the AFI is carried by the diffusion
of magnons. Solution of the spin current boundary-value
problem for the trilayer yields an expression for the voltage
detected in the NM layer that depends on the thickness of
the AFI layer and on the spin-mixing conductance of the two
interfaces. We have used in the model the magnon diffusion
and spin pumping properties of NiO calculated based on the
actual magnon dispersions and damping rates. The calculated
dependence of the voltage on the AFI layer thickness is in
quite good quantitative agreement with the experimental data
of Refs. [35-37].
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APPENDIX A: SPIN WAVES IN THE HARD-AXIS
ANTIFERROMAGNET NiO

Nickel oxide is a prototype two-sublattice hard-axis anti-
ferromagnet with Néel temperature 7y = 523 K. It has a fcc
crystal structure with a hard-axis anisotropy perpendicular to
(111) planes [59]. At temperatures below T the spins of one
sublattice are aligned along (112) directions in (111) planes
and the spins of the other sublattice are oppositely aligned
in neighboring (111) planes. In the absence of an applied
magnetic field, the spin Hamiltonian with exchange interaction
and out-of-plane (x) and in-plane (y) anisotropy energies can
be written as [59]

H= 27,55+ D.(55)" + Dy (7).
i#j i

(AD)

where z is the direction of spin alignment; S; isthe spin (in units
of h) at a generic lattice site i; J;; is the exchange constant
of the interaction between spins S; and § i3 Dy and D, are,
respectively, the anisotropy constants in the hard direction and
in the plane. We treat the quantized excitations of the magnetic
system with the approach of Holstein-Primakoff [65], which
consists of transformations that express the spin operators in
terms of boson operators that create or destroy magnons. In the
first transformation the components of the local spin operators
are related to the creation and annihilation operators of spin
deviations at site i. Since there are two sublattices we introduce
different spin deviation operators for each sublattice. Denoting
the spins of the up and down sublattices by subscripts 1 and 2,
respectively, we have in the linear approximation [65]

St =S—dala, (A2

St =029, S; =28

S§=@82bl, S5 =(285)2b;, §5,=—S+blb, (A3)

where aiT , a; and bj , b; are the creation, destruction operators

for spin deviations at sites 1 and 2, which satisfy the boson
commutation rules [a,-,a;] = dij, [a,-,aj] =0, [b,-,bj] = dij,
and [b;,b = 0. The next step consists in introducing a
transformation from the localized field operators to collective
boson operators that satisfy the commutation rules [ak,a,i/] =

Sus [ aw] = 0, [bibl,] = S, [bibie] = 0,
a; = N*l/ZZei/;.?iak’ bi — N71/2 Zei/;f,'bk’ (A4)
k k
where N is the number of spins in each sublattice and kisa
wave vector. Using Eq. (A4) in Egs. (A2) and (A3) one can

write the Hamiltonian quadratic in boson operators in the form

H=1hY_ Auala; +blb) + Buab_i +alb'))
k

1
+ ECk(aka,k + byb_ + H.c)), (AS)
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where
A = y[Hg + (Hax + Hay)/2], (A6)
Be=yyHg, v =(1/2)) exp(ik-5), (A7)
8
Ci = y(Hyy — Hyy). (AB)

We have considered only intersublattice exchange interac-
tion between the z nearest neighbors with parameter J and
defined the effective exchange and anisotropy fields as

Hg =28zJ/yh, Ha, =28D./yh, Hay =28D,/yh,
(A9)

where y = gup/h is the gyromagnetic ratio, g is the spec-

troscopic splitting factor, up the Bohr magneton, and # the

reduced Planck constant. We wish to find a transformation to
normal mode magnon creation and destruction operators a,ﬂ,

oy and ,8,1 ,Bx that leads the Hamiltonian to the diagonal form

H= Z h(waka}:ak + wﬁkﬂglgk),
/<

(A10)

where wqx and wpgy are the frequencies of the two magnon
modes. We follow White et al. [66] and write Eq. (AS) in
matrix form

H=7%) He. H=X)H(X), (Al1)
k>0
where the matrices are
aI’F Ay Br Cy 0
I _ B, A, 0 Ci
W= || m=nle Y g A1)
bk 0 Ck Bk Ak

The next step consists of introducing a linear transformation
to new operators

(&7

]
X)=101(2), (2)= 5?’( ; (A13)

—k

Bx

such that the Hamiltonian in Eq. (A11) can be written as

H=h) (D)l(2) (Al4)
k

where [w] is a diagonal eigenvalue matrix. In order to find
the transformation matrix [Q] one needs a few relations. The
first follows from the introduction of (A13) in (All) and
comparison with (A14). This leads to

[Q1'[HI[Q] = hi[w].

Another relation is obtained from the boson commutation
rules. They can be written in matrix forms

(A15)

X, X1 =X(X) —(x*x") =g, (A16)

(2,21 = 2(2) —(z*2") =g, (A17)

054412-7
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where
1 0 0 0
0 -1 0 0
g=1o 0 -1 0 (A18)
0 0 0 1

Using Eq. (A13) in (A16) and in (A17) we obtain an
orthonormality relation for the transformation matrix,

[QllgllQl" = gl
With (16)—(A19) one obtains an eigenvalue equation
[HI[Q] = [¢]'[Q] [g]h[w].

Solution of Eq. (A20) yields the elements of the transfor-
mation matrix and the frequencies of the two magnon modes,

(A21)

(A19)

(A20)

Wl = A7 — (B — Cp)%,

wp = Ay — (B + Co)”. (A22)
Note that since (S¥)* + (S))? = §* — (S7)%, if D, = D,
the anisotropy becomes easy axis in the z direction, with
Hy =2SD,/gnp and Cy = 0. In this case the two magnon
frequencies are w, = wp, = w; = A} — B}, where

172

we =ty [2HgHa + Hi + Hz (1 —y)] ", (A23)

which is the known result for the AF with easy-axis anisotropy
and no applied external field [49]. In this case the transforma-
tion of the magnon operators is

ar = we — v, (A24a)

b, = —viax +wp',, (A24b)

where

up = [(Ax + o) /201", ve = [(Ax — wp) /200"

(A25)

The transformation coefficients satisfy the orthonormality
condition u? — v} = 1. In NiO the parameter Cy is very small
compared to the others, C; & 1073 Ay, so that in most parts
of the Brillouin zone the two frequencies are approximately
the same and the transformation of the magnon operators is
approximately given by Eq. (A24) [66,67].

Using the relations (A6)—(A8) in (A21) and (A22) one can
write the frequencies of the two magnon modes in terms of the
effective fields,

w02tk = yz[HE(HAx + HAy) + HAxHAy
+ v He(Hay — Hay) + Hp (1 - 10)], (A26)

a)/23k = yz[HE(HAx + HAy) + HAXHAy
—yeHe(Hax — Hay) + HE (1 — y7)]. (A27)

For Hg > Hay,Hy,, the frequencies of the zone center
k = 0 (yx = 1) magnons are

weo X y(2HaHp)'?,  wpo ~ y(2Ha He)'?. (A28)
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The magnetic parameters for NiO are determined by fitting
the calculated frequencies in (A26) and (A27) to three sets
of data. Fitting to the neutron scattering measurements of
Hutchings and Samuelsen [59] gives the value of the exchange
field Hr = 9684 kOe considering for the g factor g = 2.18.
Since the neutron data do not have sufficient resolution to
determine the frequencies of the zone-center magnons, we
use the value wgo/2m = 0.140 THz measured by Brillouin
light scattering [60] and wyo/2m = 1.07 THz obtained from
magnetization oscillations in the far infrared [61]. With these
values in (A28) we determine the anisotropy fields, Hs, =
6.35 kOe and Hy, = 0.11 kOe. Figure 2 shows the dispersion
relations calculated with Eqs. (A26) and (A27) assuming a
spherical Brillouin zone and using for the structure factor
yx = cos(w k/2k,,), where k, = 7w /a;, a; being the lattice
parameter.

In order to calculate the diffusion parameter it is necessary
to have the lifetime of magnons as a function of the wave
number. The lifetime of @ mode with k = 0 has been measured
in NiO from the decay time of the magnetization oscillations
[61]. However, there are no damping data for the magnons with
wave numbers in the range ¢ = 0.1 — 0.5 that dominate the
integrals in Eqs. (35) and (36) at room temperature. Thus we
have calculated the spin-wave relaxation due to four-magnon
processes that are known to explain the experimental data
in other antiferromagnets [68,69]. The calculation is done
numerically by integrations over a spherical Brillouin zone
of the transition probability for four-magnon scattering at a
fixed temperature 7 and varying the wave number k [68,69].
Figure 5 shows the calculated relaxation rate for magnons
in NiO as a function of the wave number for 7 = 300K
using the parameters obtained from the fit to data of the
calculated magnon frequencies as explained earlier. We use
for the residual damping at k = O the value obtained from
the Gilbert damping parameter o = 2.1 x 10~* measured in
Ref. [61] for the mode at 1.1 THz. Figure 5 also shows a
polynomial fit to the calculated four-magnon relaxation rate

6
‘T’(; 4T m Calculated
o — Fit
=
—2r
NS
0 L 1 1 1 L
00 02 04 06 0.8

Wave number q=k / k _

FIG. 5. Magnon relaxation rate in antiferromagnetic NiO. Sym-
bols represent the calculation with four-magnon scattering processes
at 7 = 300 K while the solid line is the polynomial fit with Eq. (A29).
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with the residual damping described by

= 1.5 x 10° + (2.35g + 8.3¢°) x 102571, (A29)

This is the expression used to evaluate the integrals in Egs. (35)
and (36).

APPENDIX B: SPIN CURRENT AND SPIN
PUMPING IN NiO

Initially we derive an expression for the spin current
carried by magnons in a hard-axis antiferromagnet simply by
considering that it expresses the flow of angular momentum.
The total z component of the spin angular momentum carried
by magnons is given by S =, (S}; + S5,). With Egs. (A2)-
(A4) one can write the z component of the spin angular
momentum as

$°=Y"—aja; + blby. (B1)
k

Using the transformation to the magnon operators given by
(A24) and keeping only terms with magnon number operators
we have

§° =" (—ajou + BLAO. (B2)
k

The opposite signs in the angular momenta of the two
modes is consistent with the semiclassical picture of the spins
precessing in opposite directions. Considering for each mode
w the group velocity v wk = IEZ)a)M / 0k, the spin current density
operator is

>, h . -
Ji= v Z [—vakaiak + Uﬁkﬂ;ﬂk]a (B3)
X

which is the same expression derived for easy-axis antiferro-
magnets [47].

The spin pumping from coherent magnetization precession
in an antiferromagnet has been studied by Cheng et al.
[56] using a semiclassical approach. Here we calculate the
spin pumping from thermal magnon accumulation in an AFI
using a quantum formulation based on the transformation of
the spin variables into magnon operators. In terms of the
magnetizations of the two sublattices M, M, the spin current
pumped by an AFI into an adjacent NM layer is at the interface
[7.8,56],

-, hgTi - dM]
JSP — r M x
§ 47'[M12 : dt

n he!’ o 42 (B4)
47 M3 22 ar )

where g,T ¥ is the real part of the spin-mixing conductance of the
interface. From Eq. (B4) one can show that the z component
of the spin current pumped by the precessing magnetization of
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the AFI sublattices is given by

N -
Ji = hg_’i _m+dﬂ
7T 4n M2 2i U dr
dm;r +dm2_ dmzr
h — > , B5
T T g T dz> (BS)

where mf and m| are the transverse circularly polarized
components of the magnetization of the up sublattice, related
to the spin deviation operators by Eq. (A2),

m-li— = ()/h/V)\/ﬁZa,‘, ml_ = (J/h/V)\/ﬁZalT

(B6)

Similarly, for the down sublattice we have

my = (yh/VIN2S D bl my =(yh/VIV2S Y b;.

B7)

Using (B6) and (B7) in (BY), replacing the spin deviation
operators by magnon operators by means of transformations
(A4) and (A24), and keeping only terms with magnon number
operators we obtain for the z component of the spin current
density pumped at the interface

. )/hzngi
ST 2aMV

37 (2 + v}) (~waajon + omBlB).  (BY)
k

Replacing the sum on the wave number by an integral
over the Brillouin zone in the usual way, considering for
expectation values of the magnon numbers the numbers in
excess of equilibrium, and using (A25) we obtain

A

B2 ™
Ji=—Ll8 /d3k(—>(5nak%k — Sngwpr). (BY)
2rM(Q2n)} i
With Eq. (8) this becomes

go___vielt /d%(ﬂ)
N 3
2 MQ2rm) Wy

x (19 ke War — ”%kgkﬂwﬁk)g()’)~

Finally, using Egs. (9) and (10) the spin current pumped by
thermal magnons in the AF in excess of equilibrium can be
written as

Ji = —bhg!V8n,,(0), (B10)
where
1 A
=t ()
Qr)2rM (log — loa) Wy
X (—ngiar + PKNgERL)- (B11)
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