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Theory of the spin Seebeck effect in antiferromagnets
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The spin Seebeck effect (SSE) consists in the generation of a spin current by a temperature gradient applied in
a magnetic film. The SSE is usually detected by an electric voltage generated in a metallic layer in contact with
the magnetic film resulting from the conversion of the spin current into charge current by means of the inverse
spin Hall effect. The SSE has been widely studied in bilayers made of the insulating ferrimagnet yttrium iron
garnet (YIG) and metals with large spin-orbit coupling such as platinum. Recently the SSE has been observed
in bilayers made of the antiferromagnet MnF, and Pt, revealing dependences of the SSE voltage on temperature
and field very different from the ones observed in YIG/Pt. Here we present a theory for the SSE in structures
with an antiferromagnetic insulator (AFI) in contact with a normal metal (NM) that relies on the bulk magnon
spin current created by the temperature gradient across the thickness of the AFI/NM bilayer. The theory explains
quite well the measured dependences of the SSE voltage on the sample temperature and on the applied magnetic

field in MnF, /Pt.
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I. INTRODUCTION

The spin Seebeck effect (SSE), discovered in 2008 by
Uchida and co-workers [1], refers to the generation of spin
currents in magnetic materials by thermal gradients, and is
the analog of the long-known thermoelectric Seebeck effect
whereby a charge current is created by a temperature gradient
in a metal [2-5]. The effect has been widely studied in
structures containing metallic ferromagnets (FMs) such as
permalloy, or insulating ferrimagnets such as yttrium iron
garnet (YIG) [1-12]. The SSE is usually detected by the
voltage created in a metallic layer (ML) attached to the FM
layer as a result of the conversion of the spin current into
a charge current by means of the inverse spin Hall effect
(ISHE). The FM material can be a metal, a semiconductor, or
an insulator, while the ML is made of a paramagnetic metallic
material with strong spin-orbit coupling, such as Pt or Ta, or a
FM material such as permalloy [13], or an antiferromagnetic
metal such as IrMn [14,15]. Depending on the experimental
arrangement, the spin current generated by the SSE can be
perpendicular or parallel to the temperature gradient, charac-
terizing the so-called transverse or longitudinal configurations,
respectively. While the transverse SSE can be observed in both
metallic and insulating magnetic materials, the longitudinal
spin Seebeck effect (LSSE) is observed unambiguously only
in insulators because they are free from the anomalous Nernst
effect [16]. The longitudinal configuration has proved to be
more interesting for scientific research and for applications
such as in thermopower conversion devices [17]. There is
currently intense effort to understand in detail the origins of
the SSE and to find new materials and structures for possible
applications.

Antiferromagnetic (AF) materials have been gaining re-
newed attention due to the emergence of AF spintronics
[18-31]. Commonly employed passively to pin the mag-
netization of an adjacent ferromagnetic layer in spin-valve
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devices through the interfacial exchange bias [32-34], AF
materials have very unique dynamic features that might have
applications in novel devices [31]. They have been shown
to be efficient spin current detectors by means of the spin
Hall effect [14,15,25,28] and to be operative for dynamic spin
pumping similarly to ferromagnets [26]. Two important recent
developments have been the theoretical demonstration that the
thermal coupling between antiferromagnetic insulators (AFIs)
and normal metals (NMs) is relatively strong [29], and the
experimental observation of the SSE in bilayers made of the
antiferromagnet MnF, and Pt with SSE voltages comparable
to those in ferromagnets [30]. Interestingly, the measured
dependences of the SSE voltage in MnF,/Pt on sample
temperature and applied magnetic field are very different from
the ones observed in YIG/Pt.

In this paper we present a theory for the SSE in AFI/NM
structures that relies on the bulk magnon spin current created
by the temperature gradient across the thickness of the
bilayer. We show that in a two-sublattice antiferromagnet the
spin currents carried by two magnon modes have opposite
directions, so that a relatively intense magnetic field is
necessary to produce a net magnon spin current. As in FMI/NM
structures, part of the spin current in the AFI flows into the
NM layer where it is converted to a charge current by the
ISHE, producing a voltage proportional to the temperature
gradient. The theory is applied to AFI/NM bilayers made with
two well-known AF materials, MnF, and FeF,. The calculated
dependences of the SSE voltage on the sample temperature and
on the applied field are in good qualitative agreement with the
recent measurements of Wu et al. in MnF, /Pt [30].

II. SPIN WAVES AND SPIN CURRENTS
IN ANTIFERROMAGNETS

In this section we review the quantum approach to the
properties of spin waves in a two-sublattice antiferromagnet
and derive an expression for the spin current in terms of the
two magnon modes of the spin excitations. We consider the
Hamiltonian of an antiferromagnet consisting of contributions
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from Zeeman, exchange, and magnetic anisotropy energies in
the form [35,36]

H=—yh) §-H+Y 2J;855,-DY (5. (1)
i i#j i

where y = gupg/h is the gyromagnetic ratio, g is the spec-
troscopic splitting factor, wp is the Bohr magneton, £ is the
reduced Plank constant, §,- is the spin (in units of h) at a
generic lattice site i, H is the magnetic field considered to be
uniform and lying in the z direction of a Cartesian coordinate
system, J;; is the exchange constant of the interaction between
spins S; and S 7, and D is the uniaxial anisotropy constant. We
treat the quantized excitations of the magnetic system with
the approach of Holstein-Primakoff [37,38], 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 [35,36]

St =09"a, S; =@, § =85-da,
(2)

S5, = —S+ blb;,
3)

where al-T , a;, and bj, b;, are the creation and destruction
operators for spin deviations at sites 1 and 2, which satisfy the
boson commutation rules [ai,aj] =8, lai,a j] =0, [b,-,bj.] =
dij, and [b;,b j] = 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,] =

Sk lag,ar] =0, [bk,b;t/] = S [br.br] =0,

a; = N~1/? Zeilz';' ay, bi=N"1? Zeizﬂ b, @
k k

St = @92, S; = 28,

where N is the number of spins in each sublattice and kisa
wave vector. Using Eq. (4) in Egs. (2) and (3) we obtain the
Hamiltonian

H= ) h(Awafa; + Beblby + Crarb_y + Cialbl ). (5)
k

where

Ay =yHg+Hys+H), By=y(Hg+Hy—H), (6)

Co=yHey, v=(/2)) explik-8), (D
8

where we have assumed only nearest-neighbor intersublattice
exchange interaction with parameter J, Hg = 25zJ/yh and
Hy = (28 — 1) D/y hare, respectively, the effective exchange
and anisotropy fields, z is the number, and § is the vector
connecting nearest neighbors. In order to diagonalize the
Hamiltonian in Eq. (5) we introduce a canonical transforma-
tion to new magnon operators obtained by linear combinations
of the operators associated with the up and down sublattices
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[35,36],
ax = updy — Uk,Bika (8)

b, = —vax +wpl,, )

where a,t,ak, and ﬂZ,,Bk are the creation and destruction
operators for the two magnon modes which satisfy the boson
commutation rules. With the transformations (8) and (9) the
Hamiltonian (5) becomes diagonal in the form

H =" h@aejo + bl o). (10)
k
where wy and wgy are the frequencies of the two magnon
modes, given by
wok = wp +y H,
o=y [H2+ HE (1= 9],
H, = [Hx (2Hg + Hp)]'?,

wﬁkak—]/H, (]1)
(12a)
(12b)

and the coefficients in Eqs. (8) and (9) that diagonalize the
Hamiltonian are

172 _ 172
WZG@iﬂ),WZG@_ﬂ), (13)

2wy 2wy

where wzp = y(Hg + Hy) and u? —v? = 1. For a body-
centered tetragonal lattice the structure factor in Eq. (7)
becomes

vk = cos(kya/2) cos(kya/2) cos(k,c/2), (14)

where a and c¢ are the lattice parameters. The frequencies
of the two magnon modes are minimum at the center of the
Brillouin zone, k = 0, where y, = 1, wy0 = y (H. + H), and
wgy =y (H. — H). As k increases both frequencies increase
and reach the maximum values at the Brillouin zone boundary,
where yy = 0,w, = wzp +y H,andwg = wzp — y H.Note
that, as the field increases, the frequency of the o mode
increases while the one of the 8 mode decreases. If the field
exceeds the critical value H. the frequency wgy 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.

The eigenstates of the Hamiltonian in Eq. (10) are denoted
by |nqk) and |ngy) and are generated by the successive

application of the creation operators a}: and ,BZ to the vaccum
state |0). These states have a precisely defined number
of magnons and uncertain phase, and they have vanishing
transverse components of the spin, as can be seen by the
relations (nqklag [nax) = 0 and (ngi|Bi Ingr) = 0. In order
to establish a correspondence between classical and quantum
spin waves one should use the concept of coherent magnon
states [39], defined in analogy to the coherent photon states
introduced by Glauber [40]. In an antiferromagnet the coherent
states corresponding to the two magnon modes are defined as
the eigenstates of the annihilation operators,

Bi ld) = di |di), (15)

where the eigenvalues ¢, and d; are complex numbers.
Although the coherent states are not eigenstates of the

oy lck) = ck lek),
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Hamiltonian and as such do not have a well-defined number of
magnons, they have nonzero expectation values for the spins
Sf’ and S; with a well defined phase. It can be shown that
the numbers of magnons in the coherent states |c) and |dy)
are, respectively, |c;|*> and |di|%. Using Egs. (2)—(9) and (15)
one can obtain the expectation values of the spins in the two
sublattices in the coherent magnon state |cy),

(cklSTlex) = 2S/N) Pugcre™ @,
(16)
(cklS5lex) = S — (1/N)ug |ex|?,

(el S lex) = =28/ N) 2 upepeiont
a7
(cklS3lex) = =S + (1/N) v [exl?,

where, for simplicity, we have omitted the exponential spatial
dependence. This result is consistent with the semiclassical
picture [26,41], whereby in the oy mode both up and down
spins undergo a circular clockwise precession with frequency
wqr and tilted with angles that are proportional to the square
root of the magnon number and with ratio u;/vi. Similarly,
for the B; mode the spins are in counterclockwise precession
with frequency wg; and with angles with the ratio vy /uy.

Finally, we derive an expression for the spin current carried
by magnons in the antiferromagnet with simple arguments. The
total z component of the spin angular momentum carried by
magnons is given by S¢ =Y. (S}, + S5,). With Eqgs. (2)—(4)
and (15) one can show that the operator that has nonzero
expectation value in magnon states is given by

$°=Y " hl—ajen + BB (18)
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. Since the two magnon modes
have the same group velocity v,,x = k dwy/dk, the spin current
density operator is

<} Nl

h - 4
= 3 2 Ul —ion + BB (19)
k

In the Appendix we present a more formal derivation of
this equation. Note that the spin current in an antiferromagnet
vanishes when the magnon numbers in the two modes are the
same, as previously pointed out in Ref. [42].

III. THEORY FOR THE SPIN SEEBECK EFFECT
IN ANTIFERROMAGNETS

The bulk magnon spin current model has been developed
for the LSSE in ferromagnets and successfully applied to
explain quantitatively a variety of experimental data in YIG/Pt
[43,44]. Here we extend the model to a bilayer structure made
of an antiferromagnetic insulator, such as MnF, and FeF,,
and a normal metal with strong spin-orbit coupling, such as
Pt. The AFI/NM is subject to a temperature gradient across
the thickness of the bilayer, as illustrated in Fig. 1. While in
the FMI/NM bilayer the spin current created by the thermal
gradient is carried by one magnon mode, here the spin current
has contributions from the two magnon modes. A fraction
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FIG. 1. Illustration of the antiferromagnetic insulator
(AFI)/normal metal (NM) bilayer structure employed to investigate
the spin Seebeck effect showing the coordinate axes, the magnon
spin current produced by the temperature gradient, and the charge
current generated by the ISHE in the NM.

of the spin current in the AFI flows into the NM layer and
is converted into a transverse charge current by the ISHE
[45-47] producing the dc voltage at the ends. The magnon
spin current due to the thermal gradient across the thickness
can be calculated with the Boltzmann equation imposing the
appropriate boundary conditions. We choose a coordinate
system with the z axis parallel to the magnetic field H applied
in the plane along the easy axis of the AFI, and the y axis
perpendicular to the plane, as shown in Fig. 1. Denote by
n, the number of magnons in the i = o, mode with wave
number k in the whole volume V of the AFI layer, by "2k the
number in thermal equilibrium, given by the Bose-Einstein
distribution,

1
0 _
Mk = Shou/kaT _ 1’ 20)
and by (Snuk(7) =n,Lk(7)—n2k the number in excess of
equilibrium. Since the contributions of the two modes to
the spin current have opposite signs, we define the magnon
accumulation 8n,, (r) as

/dsk [(nax — noy) — (npx —ng)]. 2D

and the bulk magnon spin current density with polarization z
is [43,44,48,49]

. h R . .
Ji = 2 /dsk Ok [(nak () — nigye) — (npe(¥) — ne) ],
(22)

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

ony,(r) = o)

nﬂk(F) — nzk = —‘Eﬂkl_jmk . V}’lgk—l’#kﬁmk . V[nﬂk(?) — nzk],

(23)
where 7, is the tk magnon relaxation time. Using Eq. (23) in
Eq. (22) one can show that the spin current is the sum of two
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parts, Ji = ]str + J%;,, Where

R h ano ano -

7 3 ak Bk Doy -
JS%T = (27[)3 /d k|:tak aT Tk i 9T ]Utrzk(vmk VT)

(24)
is the contribution of the flow (convection) of magnons due to
the temperature gradient and

-

h 3 L. =
JSZJ(S" = — W / d*k[rakvmkvmk . V(Snak
— Tgk Uk Umk - Vnpi] (25)
is due to the spatial variation of the magnon accumulation.

With the temperature gradient normal to the plane, Eq. (24)
gives the spin current in the y direction

Ji=SiVT, (26)

§ = _ /dk K202 elomlksT gy
S 67T2kBT2 Uk

npr(ehos/ksl — 1)
elwak ks T Ok i|

Nak(ehou/ksT — 1)?

2

27)

where T'is the average temperature and 1,4 = 1/7,; is the pk
magnon relaxation rate. We consider the magnon and phonon
systems to have the same temperature 7 [51]. Equation (27)
contains the most relevant dependences of the SSE on the
sample temperature and applied field. It shows, for instance,
that the spin current, and hence the SSE, vanishes for H = 0,
at any temperature, because the two modes have the same
occupancy, as previously predicted theoretically [42] and
confirmed by experiments [30]. In order to calculate the full
expression for the spin current in the NM layer it is necessary to
consider the contribution from the magnon diffusion given by
Eq. (25), the spin pumping process resulting from the magnon
accumulation at the AFI/NM interface, and the boundary
conditions at the surface and interfaces, as it has been done
for FMI/NM bilayers [43,44]. Here we aim at describing the
dependences of the SSE in AFI/NM structures on temperature
and field, so we simply consider that the spin current in the
NM layer is proportional to the term in Eq. (26),

Ji0) = Cgld 3T, (28)

where C'is a factor that involves the thickness of the AFI layer,
the magnon diffusion length, and other material parameters
[43,44], and gett is the real part of the effective spin mixing
conductance at the interface that takes into account the
spin-pumped and backflow spin currents [52]. Due to the
inverse spin Hall effect, the spin current density J§ flowing
mto the NM generates a charge current density given by
Jc = Osy(2e/h) J“ x 0, where fsy is the spin-Hall angle
and o is the spin polarlzatlon [45—-47], and produces a SSE
voltage at the ends of the NM layer. Since the spin current at
the AFI/NM interface diffuses into the NM [52] with diffusion
length Ay, in order to calculate the voltage at the ends of the
NM layer one has to integrate the charge current density along
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x and y so that the SSE voltage becomes [46,47,53]

2e
V= RNw)\NEQSH tanh ( )JZ(O) (29)

where Ry, ty, and w are, respectively, the resistance, thick-
ness, and width of the NM layer. Thus, with Egs. (28) and (29)
we have for the spin Seebeck effect voltage

=R Ay—0 tanh i
V = w an
SSE N N h SH 2)»

) CeglySivT. (30)

As in FMI/NM bilayers, the SSE voltage is proportional
to the temperature gradient across the magnetic layer, to the
spin mixing conductance of the interface, and to the spin-Hall
angle of the NM. The dependences of the voltage on the sample
temperature and on the applied field are contained mainly in
the spin Seebeck coefficient S5.

IV. SPIN SEEBECK EFFECT IN MnF, AND FeF,

In this section we apply the SSE theory for two anti-
ferromagnetic insulators that attracted considerable attention
in the past, namely, the fluorides FeF, and MnF,. Both
crystallize in the tetragonal rutile structure exhibiting simple
three-dimensional (3D) antiferromagnetic ordering with two
sublattices at temperatures below the Néel temperature Ty and
have had their magnetic, thermodynamic, and dynamic prop-
erties extensively studied [54]. Their magnetic interactions
are dominated by nearest-neighbor exchange, having effective
intersublattice exchange fields on the same order of magnitude,
Hg =~ 550 kOe, and consequently similar Néel temperatures,

v & 67 and 78 K, respectively, for MnF, and FeF, [54]. In
FeF, the ground state configuration of its magnetic Fe>* ions
is 3d°(°D,), which has a finite orbital angular momentum and
consequently a large effective anisotropy field H4 = 190 kOe,
arising from the single-ion spin-orbit coupling [55,56]. The
large uniaxial anisotropy of FeF, makes it a prototype 3D
Ising system with its characteristic critical behavior at the
AF-paramagnetic transition at Ty [57,58]. On the other hand,
in MnF, the ground state configuration of the magnetic Mn>*+
ions is 3d°(%Ss /2), with no orbital angular momentum and thus
very small single-ion anisotropy. The origin of the magnetic
anisotropy of MnF, lies mainly in the dipolar interaction,
which is sizable in the tetragonal arrangement of the magnetic
ions Hy ~ 8 kOe [59,60], but much smaller than in FeF,. The
representation of the magnetic anisotropy of MnF; in the form
of Eq. (1) is an approximation that holds very well for most
applications.

For the numerical evaluation of the integral in Eq. (27)
we assume a spherical Brillouin zone with radius k, ~
mw/a and use an approximate expression for the struc-
ture factor in Eq. (14), yx = cos(mw k/2k,,), so that the
magnon dispersion relation in Eq. (12) becomes w; =
y [H? + HZ sin’( k/2k,,)]"/. Figure 2(a) shows the fre-
quency versus wave number measured in MnF, by inelastic
neutron scatteringat 7 = 3 Kin zero field [61]. The frequency
increases from 0.27 THz at the zone center to 1.63 THz at the
zone boundary due to the effect of exchange. The thick curve
in Fig. 2(a) is the fit of Eq. (12) to data obtained with g = 2.0,
H =0, Hy = 8.02 kOe, and Hr = 575 kOe, demonstrating
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FIG. 2. Magnon frequencies in MnF, and FeF, at low tempera-
tures. In (a) and (c) the symbols represent inelastic neutron scattering
data of Refs. [61,63] at H = 0 and the solid curves are the dispersion
relations calculated with Egs. (11) and (12). In (a) the two thin curves
correspond to H = 50 kOe. (b) and (d) show the variation of the
k = 0 frequencies with magnetic field intensity.

that it represents quite well the actual dispersion. This value
of Hp is larger than the actual intersublattice exchange field
because Eq. (12) does not take into account the intrasublattice
exchange that exists in MnF,. The thin curves are the disper-
sion relations for the two magnon modes with H = 50 kOe.
In Fig. 2(b) we show the behavior with field of the zone-center
magnon frequencies. The frequency of the down mode (8) goes
to zero at H = H_. where there is the transition from the AF
to the spin-flop (SF) phase. The stability limit of the AF phase
has been accurately measured in MnF, by antiferromagnetic
resonance (AFMR) techniques [62]. The value H, = 92.9
kOe measured at 7 = 4.2K is a little smaller than the one
calculated with Eq. (12b) and the fields obtained from the fit
because the intrasublattice exchange does not contribute to the
zone-center frequency.

FeF, has much larger anisotropy than MnF, so that the
magnon frequencies over the whole Brillouin zone lie in the
few terahertz range, as shown in Fig. 2(c). The inelastic neutron
scattering data of Ref. [63], shown in the figure, can be fitted
with Eq. (12) withg = 2.2, H =0, Hy = 192kOe and Hg =
620 kOe. As in MnF,, the value of Hg is larger than the
actual intersublattice exchange field because of the effect of the
intrasublattice exchange. In FeF, the k = 0 magnon (AFMR)
frequency in zero field is 1.6 THz and its properties have
been studied in detail with far-infrared lasers [64]. The field
dependence of the AFMR frequency in Fig. 2(d) shows that
even with a field as high as H = 200 kOe the frequency of
the down mode is 1 THz. The spin-flop transition (Hgp =~
500 kOe) has been investigated only with very high pulsed
magnetic fields [65] existing in few facilities in the world.
Note that, as recently shown [66], the high magnon frequencies
in AFIs might also be used to operate spin-transfer-torque
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nano-oscillators with terahertz frequency driven by dc electric
currents.

In order to evaluate the integral in Eq. (27) one needs the
magnon group velocity v,,, = dwy/dk, which is the same for
both modes. From Eq. (12) with the approximate structure
factor for the tetragonal lattice one obtains

y?Hz 7 sin(r q)
4km Wi

where g = k/k,, is the normalized wave number. With this
expression the coefficient in Eq. (27) becomes

, 3D

Umk =

km 4H4 FL3
si= 2V ZEL g (32a)
24 ky
1 S
B; = T3 dqgq ?sm (r q)

[ e xg e’ Xy

x —

npe(e” — 1) nax(e’ —1)°
where x = hwy/kpT and x, = hw,/kpT are normalized
energies.

Initially we apply the theory for the SSE to MnF,, for
which there are recent experimental results by Wu et al. [30].
The integral in Eq. (32b) can be evaluated numerically using
the magnon dispersion in Egs. (11) and (12) with g = 2.0,
H, = 8.02 kOe, and Hg = 575 kOe, and magnon relaxation
rates with dependences on ¢, T, and H. These dependences,
which have decisive roles in determining the behavior of the
SSE with varying temperature and field, can be obtained with
a combination of experimental and theoretical inputs. The
magnon damping in MnF,, measured with high-resolution
inelastic neutron scattering at 7 = 30 K in zero field [67], can
be represented very well by 1, = (0.06 + 7.5¢% — 6.0¢>) x
10" s~! . We have calculated the magnon relaxation rate due
to four-magnon processes, as in Refs. [35,36], and used the
data to determine the adjustable parameters in the theory. The
result agrees quite well with the g-dependent terms of the
measured damping, so we use the four-magnon relaxation
calculation to obtain the temperature and field dependences
of 1, for the two modes. The calculated T dependence for
q in the range 0.10-0.40, from where most contribution to
the integral in Eq. (32) comes, is n; & aT?, which is also in
agreement with experiments [67]. Thus we use (g, H,T) =
no + an,(1.5¢* — 6.0¢%) (T/30)* x 10" s7!, where 1o is the
residual damping, considered an adjustable parameter, and
ap, is a factor that expresses the field dependence for each
mode. This has been calculated numerically for ¢ = 0.2 and
fixed T and fitted with the following expressions:

:| ., (32b)

T =5K:ap, =1+0.04H +0.014 ("PH — 1),
(33)
app = 1+ 0.0005H + 0.095 ("% — 1),

T = 10K :ay, =1+ 0.01H + 0.008 (¢*%84 _ 1),
(34)
app = 1+ 0.0005H + 0.074(* 54 — 1),

and for T > 20K, ape =~ apg ~ 1, where H is in kOe.
Figure 3(a) shows the calculated dependence of the SSE
voltage in MnF, /Pt on the magnetic field intensity for four
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FIG. 3. Dependences of the SSE voltage in MnF,/Pt on the
magnetic field H (a) and on the temperature (b), calculated with
Eq. (29).

temperature values. We have used in the calculation ny =
1.2 x 108 s! for the residual damping, which is the value
that best reproduces the initial slope of the experimental data at
T = 5K. The other adjustable parameter is the factor relating
the voltage with the integral in the spin-Seebeck coefficient,
Vssg = FBg. We used F = 1.5 x 10 uVK3s~! so as to
obtain a value for the plateau similar to the experimental data
at T = 5K [30]. At any temperature the voltage vanishes
for zero field, because the two modes have the same thermal
occupation and the same relaxation rate, so their spin currents
cancel out. The voltage increases continuously with field up
to close to the spin-flop transition where the slope changes
abruptly. Note that at low 7, as the field increases the thermal
number of the down-going (8) mode increases while the
number of the up-going («) mode decreases. At the same
time, the relaxation rate of the « mode increases faster than
that in the 8 mode, so that the difference between the two
terms in Eq. (32b) increases faster. This explains why the
initial slope is larger at lower temperatures. In Fig. 3(b) we
show the variation of the SSE voltage with temperature for
several field values, calculated with the same expression for the
relaxation rate and voltage factor but withay, = apypg = 1. The
qualitative agreement of the curves in Figs. 3(a) and 3(b) with
the experimental data of Wu et al. [30] is quite good. Of course,
the quantitative comparison of theory with experiments would
require the full treatment of the problem including magnon
diffusion and spin pumping.

One might be surprised that the SSE voltages measured
in MnF,/Pt at T = 5K are comparable to those in YIG/Pt
at T = 300K, since MnF, besides being an antiferromagnet
has a magnon energy gap two orders of magnitude larger
than that in YIG and thus relatively smaller thermal number.
The reason for this is twofold and is based on the fact that
in the bulk magnon SSE model the spin current is determined
by the thermal numbers and the relaxation rate. First, the
density of states of gap magnons with ¢ =~ 0 is negligible,
and in YIG at 7 = 300K the magnons that contribute most
to the SSE have g =~ 0.3—0.5. Since the frequency of the
zone-boundary magnons in YIG is on the order of 7 THz,
the modes with ¢ =~ 0.3—0.5 have frequency in the range 1-3
THz, which is larger than in MnF,. The second reason is
that in MnF, at T = 5K the magnon relaxation rate in the
important wave number range is n; ~ 2 x 108 s~!, while in
YIG at T = 300K it is two orders of magnitude larger [43].
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FIG. 4. Dependences of the SSE voltage in FeF,/Pt on the
magnetic field H (a) and on the temperature (b), calculated with
Eq. (29).

The calculation of the SSE for FeF,/Pt was done fol-
lowing the same route used for MnF,/Pt. The integral in
Eq. (32b) was evaluated numerically using the magnon
dispersion in Egs. (11) and (12) withg = 2.2, H4 = 192kOe,
Hg =620 kOe, and the magnon relaxation rates. These
were calculated numerically with four-magnon scattering
processes, as in Refs. [35,36], and fitted with 5, = 1o +
7.5am, g (T/20)* x 10'%s~!, where nq is the residual damp-
ing, and ay, is a factor that expresses the field dependence for
each mode. The factors were calculated numerically for fixed
T and g = 0.4, where the integrand in Eq. (32b) peaks, and
fitted with the following expressions:

T =5K:ay, =1+ 047737 — 1),
(35)
apg = 1+0.505 (" — 1),

T =10K:apy ~apg =1+0.23 (LO1H _ 1),
(36)
T >20K:.ap, ~appg ~ 1,

where the field H is in kOe. We use for the residual damping
the value o = 2 x 10° s~! obtained from the extrapolation
to T = 0 of the data in Ref. [55] and for the voltage factor
the same value used for MnF, /Pt, F = 1.5 x 10" ,uVK3 s,
to allow a comparison. Figures 4(a) and 4(b) show the
results for the SSE voltage dependences, respectively on the
magnetic field intensity for four temperature values and on
the temperature for several values of H. Figure 4(b) shows
the voltage only up to 200 kOe because this is the maximum
field that is available in most laboratories. The first obvious
difference from MnF, /Pt is that the voltage is two orders of
magnitude smaller. This is due to three facts: (1) The higher
magnon frequencies in FeF, that result in smaller thermal
magnon numbers compared to MnF;; (2) the smaller group
velocity in FeF,, as clearly seen in Fig. 2(c); and (3) the larger
magnon relaxation. For the same reasons, the dependence of
the voltage on H in Fig. 4(a) is quite different from the one
in Fig. 3(a), especially at low 7. The voltage is negligible at
T = 5K, increases with increasing 7, and only for T > 20K
does it decrease as in MnF, /Pt. However, the dependence of
the voltage on T with fixed field shown in Fig. 4(b) is similar
to that for MnF, /Pt in Fig. 3(b). Although the SSE voltage in
FeF,/Pt is in the nanovolt range, it might be experimentally
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detected, as in recent observations of the SSE in paramagnets
[68].

In summary, we have presented a model for the spin
Seebeck effect in bilayers made of an antiferromagnetic
insulator and a normal metal, based on the bulk magnon
spin current created by the temperature gradient across the
thickness of the AFI/NM. As in FMI/NM structures, the spin
current generated in the AFI flows into the NM layer where
it is converted to a charge current by the inverse spin-Hall
effect, producing a voltage proportional to the temperature
gradient. The theory is applied to AFI/NM bilayers made with
two well-known AF materials, MnF, and FeF,. The calculated
dependences of the SSE voltage on the sample temperature and
on the applied field are in good qualitative agreement with the
recent measurements of Wu et al. in MnF, /Pt [30].
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APPENDIX: DERIVATION OF THE SPIN
CURRENT DENSITY IN AN AFI

Consider the exchange interaction between the spins §1 ;
and §; of the two sublattices 1 and 2 described by the second
term in Eq. (1),

(AD)

Ey; = 212 gli'gzj,
J

where we have considered only the intersublattice exchange
interaction. To find the expression for the exchange spin current
in the antiferromagnet we apply the continuum approximation
to Sl, and Szj In Eq (Al) we write Sl, as Sl(r) and
its neighboring spin 52 2j as Sg(r + a), where 7 represents
a position vector and a is the displacement vector of the
J site in sublattice 2, relative to the i site in sublattice 1.
Szj = Sz(}" + a) is expanded as

2S5 . 13522

$2(F + @) = SH(F) + — -
2r +a) = $0) + —= o At 5ama

(A2)

Due to symmetry the second term in the expansion vanishes
in the sum in Eq. (Al) so that the the dominant term in the
expansion is the third one and higher-order terms are neglected.
Thus, the exchange effective field is

- 1 8Ey(S 2Ja%z 3%S A
Hexen = 1( ) = - 4z _,2 = __V2M27
yh 5511 yh 0r? M,
(A3)

where z is the number of nearest neighbors, M 1,2 represents
the sublattice magnetizations, and A =2Ja’zS/y h is the
stiffness parameter. Using this exchange field in the Landau-
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Lifshitz equation of motion for M, we obtain
My A vt = =T (P x v

—_—=—y— X =-V.|ly— X .
a1 Y M, 1 2 14 M, 1 v

(A4)

Equation (A4) has the form of the conservation of angular

momentum oM /dt = — V - Jy,, so that one can write

for the magnetization current density in the y direction

[48,69]

A (- a -
Ty, = My x —M, ). A5
My =Y 7 M, < 1 3y 2) (A5)
From this equation, we can show that the z-polarized spin
current density in the y direction, related to the magnetization
current by J§ = J§, /v, is given by

A dm; dm?t
Ji = —j ot 2 +mT 2 , A6
s l ZMz[ Vay T ay (A0)
where mli = m;, & im;y,. Using the linear transformations

given by Egs. (2) and (3), we can write the circular components
of the magnetization in terms of the local creation and
annihilation operators of spin deviations,

m{ = (J/Vh>V2SZa,~, m; = (g)«/ZSZa;(,

(A7)

mgz(%h)mzbj, mz—z(%ﬁ)mzbﬂ
1 1 (A8)

Using the transformations given by Eqs. (4) we can express
the spin current (A6) in terms of the collective boson operators
Ay and bk,

hA
=12 |:Zk(akb ¢ —|—a,ibT_k):| (A9)
Finally, with the transformations (8) and (9) to the magnon
operators we have in the normal order
J§=—"- Zzukvkk«xkak BLBY). (A10)
where the coefficients u; and v, are given by Eq. (13)
and we have disregarded products of operators for different
modes because they give vanishing expectation values for
any magnon state. From Eqgs. (11)-(13) we can show that
2uivy = y Hyy, /wy. Considering the simple geometrical fac-
tor ¥, = coska and ka < 1, consistent with the continuum
approximation, the group velocity obtained from Eq. (12) is

dog 2)/2H§yka2k
k 20

so that with Hg = 2SzJ/y h the spin current density in terms
of the two magnon mode operators becomes

Uk =y Hga’kQuivy), (All)

h
5§ == D vmeer — Bp0.  (Al2)
k

which is the same as Eq. (19) obtained with heuristic
arguments.
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