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Magnon drag induced by magnon-magnon interactions characteristic of noncollinear magnets
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A noncollinear magnet consists of the magnetic moments forming a noncollinear spin structure. Because of
this structure, the Hamiltonian of magnons acquires the cubic terms. Although the cubic terms are the magnon-
magnon interactions characteristic of noncollinear magnets, their effects on magnon transport have not been

clarified yet. Here we show that in a canted antiferromagnet the cubic terms cause a magnon drag that magnons
drag magnon spin current and heat current, which can be used to enhance these currents by tuning a magnetic
field. For a strong magnetic field, we find that the cubic terms induce low-temperature peaks of a spin-Seebeck
coefficient, a magnon conductivity, and a magnon thermal conductivity, and that each value is one order of
magnitude larger than the noninteracting value. This enhancement is mainly due to the magnetic field dependence
of the coupling constant of the cubic terms through the magnetic-field dependent canting angle. Our magnon drag
offers a way for controlling the magnon currents of noncollinear magnets via the many-body effect.

DOI: 10.1103/PhysRevB.106.064306

I. INTRODUCTION

Drag effects are nonequilibrium many-body effects. In
contrast to electronic and magnetic properties, transport prop-
erties are essentially nonequilibrium because a current makes
a system out of equilibrium. Then, transport properties are
often described by a theory without interactions, but they are
drastically changed by the effects of interactions, many-body
effects. One of such examples is the phonon drag [1,2]. The
total momentum of electrons or phonons is not conserved
with the electron-phonon interaction. As a result, phonons
drag an electron charge current in the Seebeck effect [2—4].
This phonon drag sometimes causes a peak of the See-
beck coefficient [1,3,5]. The other drag effects, including the
Coulomb drag [6,7], the spin-Coulomb drag [8—10], the spin
drag [11-13], and the standard magnon drag [14—17], can be
similarly understood. Since the drag effects change transport
properties qualitatively, understanding their effects is one of
the central issues in condensed-matter physics.

A magnon drag is expected to be realized in noncollinear
magnets, but its possibility and effects have not been clari-
fied yet. Magnets are classified into collinear magnets and
noncollinear magnets. For collinear magnets the magnetic
moments are aligned parallel or antiparallel to each other,
whereas for noncollinear magnets those are not. Typical ex-
amples of collinear and noncollinear magnets are the Néel
state and a canted state, respectively [Figs. 1(a) and 1(b)].
Spintronics or spin-caloritronics phenomena using magnons
were initially studied in collinear magnets [18-22], and they
have been extended to noncollinear magnets [23-30]. Then,
there is another difference between collinear and noncollinear
magnets. The dominant interactions between magnons usu-
ally come from four-magnon scattering processes [Fig. 1(c)].
Meanwhile, three-magnon scattering processes [Fig. 1(d)],
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which are described by the cubic terms in the magnon Hamil-
tonian, appear only for noncollinear magnets [31-33]. By
analogy with the phonon drag, the cubic terms may cause a
magnon drag that magnons drag a magnon current. This is
distinct from the standard magnon drag [14—17] that magnons
drag an electron current; the former works for magnetic metals
and insulators, whereas the latter works only for magnetic
metals. Nevertheless, it is unclear how the cubic terms affect
magnon-transport properties of noncollinear magnets.

Here we demonstrate that the magnon drag induced
by the cubic terms enhances the magnon spin current
and heat current for a noncollinear antiferromagnet. Our
noncollinear magnet is a three-dimensional canted antiferro-
magnet [Fig. 2(a)], such as MnF,, with a magnetic field along
the x axis. We formulate three magnon-transport coefficients
using the linear-response theory [4,34-38] in the presence of
a temperature gradient or a nonthermal external field along
the z axis [Fig. 2(a)]: a spin-Seebeck coefficient Sy, a magnon
conductivity o, and a magnon thermal conductivity k. We
show that the cubic terms lead to the drag terms of Sy,, om, and
Kkm,» Which are proportional to 72, the square of the magnon
lifetime, whereas the noninteracting ones are proportional to
7. We also show that the drag terms cause low-temperature
peaks of Sp, om, and «,, for a strong magnetic field, at
which the cubic terms become large. The Sy, obtained for a
weak magnetic field is consistent with the experiment [24] for
Man.

II. MODEL

A. Magnon Hamiltonian of the canted antiferromagnet

Our noncollinear magnet is described by the spin
Hamiltonian,

N/2 N/2

H=2)8-8-hY S—h) S M
(i,]) i=1 Jj=1
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FIG. 1. Spin structures of (a) the Néel state and (b) the canted
state. The arrows represent the magnetic moments. In the Néel state,
the magnetic moments are aligned antiparallel to each other. Mean-
while, in the canted state, the magnetic moments are canting due to
a magnetic field. Examples of (c) the four-magnon and (d) the three-
magnon scattering processes. The incoming and outgoing arrows
represent the annihilations and creations of a magnon, respectively.
The four-magnon scattering processes consist of annihilation and
creation processes for four magnons under momentum conservation
q, + q; = q, + q,, whereas the three-magnon scattering processes
consist of those for three magnons under momentum conservation
q +q" = q'. The four-magnon scattering processes are possible for

both collinear and noncollinear magnets, whereas the three-magnon
scattering processes appear only for noncollinear magnets.

Here the first term is the antiferromagnetic Heisenberg inter-
action between nearest-neighbor spins, and the others are the
couplings with the magnetic field 4 = —gugB, where g and
g are the g factor and Bohr magneton, respectively. We have
omitted the dipolar interaction because it may be negligible
for MnF, (see Appendix A). We consider a three-dimensional
case on the body-centered cubic lattice [Fig. 2(a)]; i’s and j’s
in Eq. (1) are site indices for sublattices A and B, respectively.
In the range of 0 < h < 4JzS, where z = 8, the canted state
for §; ="(Ssin¢ 0 Scos¢) and §; ='(Ssing 0 — Scos¢)
with sin¢ = g is stabilized. For h =0 or h > 4JzS = he,
the stabilized state becomes the Néel or the ferromagnetic
state, respectively. (Note that the energy of the canted, the
Néel, or the ferromagnetic state divided by N/2 is given

in the mean-field approximation by er = —2Jz5% — ﬁ,
ear = —2J28%, or epy = 2J25% — 2Sh, respectively.) There-
fore, we choose the magnetic field to be 0 < & < k¢, in the
range of which low-energy excitations can be described by
magnons for the canted antiferromagnet. Hereafter we set
ks =1, =1, and a = 1, where a is the lattice constant.

To describe magnon properties, we rewrite Eq. (1) us-
ing the Holstein-Primakoff transformation for noncollinear

magnets [39-46]. As derived in Appendix B, the magnon
Hamiltonian of our canted antiferromagnet is written as

H = Hy + Hiy, ()

where the noninteracting part Hy consists of the quadratic
terms,

dq
. A, B\ | ba
Ho = Z(a; bq 4 bq)<Bq Aq) a%q ’ ®
7 L
+
by

and the interaction part H;,, consists of the cubic terms,

Hyo= Y Sq1qq13(@)(bgaag — agblby) + (He.).

q9.9'.9"

“

We have omitted the constant terms and quartic terms for
simplicity. In Eq. (3), a, and b, are the Fourier coefficients
of the magnon operators, the 2 x 2 matrices A; and B, are
given by (A = (Ag)n = 5(2Jzcos2¢S + hsing) = A,
A1 = A = —2TUPS = A'(q), (Byio = By =
—3JP(9)S = B'(g), and (B = By =0, JF(g) =
(cos2¢ F 1)J(q), and J(q) = 8Jcos (17* cos % cos "7 In

Eq. (4),
[4S
J(q) = N sin 2¢J(q). 5

Equation (4) is similar to that of the electron-phonon inter-
action because the former and latter describe the creation
and annihilation processes for three magnons and for two
electrons and a phonon, respectively.

The coupling constant of the cubic terms depends on the
magnetic field though the magnetic field dependence of the

2ha/ (4]28)>—h?

canting angle ¢. Since sin2¢ = e in our canted

antiferromagnet, J3(q) depends on the magnetic field. Fig-
ure 2(b) shows the //J dependence of [J3(q)/J (@)]* for S = %

or % (Note that h, = 4JzS for S = % or % is 80J or 48J,
respectively.) We see the coupling constant of the cubic terms
3

forS = % or 5 is maximum at 4 ~ 57J or 34J, respectively. In

addition, the coupling constant for § = % at h = 65J is much
larger than that at - = 20J. This suggests that the effects of the
cubic terms are more considerable for strong magnetic fields
than those for weak magnetic fields. (In fact, we will show in
Sec. III B that the cubic terms cause the huge enhancement
of the magnon-transport coefficients at 4 = 65J compared
with that at 7 = 20J.) We emphasize that the magnetic-field
dependent coupling constant is characteristic of canted anti-
ferromagnets. (Such a dependence is absent in the case of the

phonon drag.)
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FIG. 2. (a) The spin structure of the canted antiferromagnet on the body-centered cubic lattice with the x, y, and z axes. The case for § = %
corresponds to MnF,. The circles on the corners of the cube represent the sites on sublattice A, whereas that on the center represents the site
on sublattice B. The arrows in the cube represent the canting spins. The magnetic field # = —gugB is applied along the x axis, where g is the
g factor and pp is the Bohr magneton. The temperature gradient VT or the nonthermal external field Es is applied along the z axis; as a result,
the magnon spin current and heat current along it are induced. (b) The h/J dependence of [J3(q)/J(q)]* for S = % or 2 with % = 20% and

2,

J = 1. Here J;(g) is the coupling constant of the cubic terms. The red or blue curve represents that dependence for § = % or % respectively.
The magnon-band dispersion relations along the symmetric lines in the momentum space at (c) & = 20/, (d) 40/, and (e) 60J for § = %
with % = 203. The blue and red curves represent the energies divided by J for the f-band and a-band magnon [i.e., €p(q)/J and €,(q)/J],

respectively. The vertical dashed lines correspond to the values of /.

B. Noninteracting magnon bands

We diagonalize Eq. (3) using the Bogoliubov transforma-
tion,

ag Cg €4 Sq 5 oy
b, 1 g —<; s¢ —sy|| Pa 6
aiq V2 S¢Sy € ¢ aiq - ©
bT_q Sq —sfl Cq c; ,BLI

where ¢, = cosh6,, s, =sinh6,, ¢, =coshf,, and s, =
sinhGl}. By substituting Eq. (6) into Eq. (3) and setting
B'(q) B'(q)

tanh 26, = — 5 A and tanh 29‘; = g Ve obtain
Hy = [ea(@)arjog + €5(@)B] By (7
q
where  €,(q) =2/[A+A (@) —B'(q)> and €4(q) =

2/[A — A'(@)]? — B'(q)*. (Those choices of the hyperbolic
functions are necessary to make the off-diagonal terms zero.)
Figures 2(c)-2(e) show the magnon-band dispersion for
S = % at h = 20J, 40J, and 60J. The band splitting energy
at ¢ = 0 is equal to & and larger than those at the other ¢’s.
This property is distinct from the property of a two-sublattice
ferrimagnet [21,38,47], in which the band splitting energies at
¢q = 0 and the others are the same. Moreover, it indicates that
even for T < h, the upper-branch magnons can contribute to
transport properties. (This is true, as shown in Fig. 3.) Note
that we do not study the interacting magnon-band dispersion
in this paper because the magnon-band energies appearing in
the magnon-transport coefficients are the noninteracting ones
[see Egs. (15) and (16)].

III. MAGNON-TRANSPORT COEFFICIENTS

A. Magnon-drag terms of S,,, o,,,, and «,

The magnon-transport coefficients Sy,, oy, and ky, are con-
nected with jg and j 5, magnon spin and heat current densities:

Cs> <L11 L12> Es

o Ly Lp/\-3)
where Ly = om, Lio(= Ly1) = Sm, L2y = km, E s is a nonther-
mal external field, such as a magnetic-field gradient [48], and
VT is a temperature gradient. (Note that our definition of «,
is enough to analyze its property at low temperatures at which
the magnon picture remains valid [38].) Due to zero magnon
chemical potential in equilibrium, j, = jp holds, where j.
is a magnon energy current density. By using the continuity
equations, we can express Jy = Nj, (k =S, E) as follows
[38,45,49] (see Appendix C):

4
Te=Y" > (@) g,

q lLI'=1

®)

©))

Xp = b i f
qZ - Yq» —q° —q°
v3.(q) = v(g) = viu(g), and v (q) = e (q) = en(q);
the finite terms of wv;/(q) and e;(g) are given by
v23(g) = —via(g) = 5L via(g) = —va(g) = TGP

aq aq
en(q) = —es(q) = —ZA%;‘I), and  e11(q) = ex(q) =

—e33(q) = —ews(q) = 2B'(q) 5L — 24'(q) 5. Hereafter
we concentrate on the magnon transport with Eg or (—=VT/T)
applied along the z axis [Fig. 2(a)].

Since the magnon lifetime 7 is supposed to be long enough

to regard magnons as quasiparticles, we derive Ly, L, and

where x4 = ay, Xp3=a Xq4 =D
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FIG. 3. The temperature dependences of (a) Sy, (b) on, and (c) k,, obtained in the numerical calculations for § = 2 w1th N =203 and

J =1 at a weak magnetic field 2 = 20J. The red curves represent the 7 /J dependences of Sy, = L{,;, 0 = L{, 4, and Km = L22 s> the yellow
curves represent those of S, = le, Om = Lll, and K, = ng, the light blue curves represent those of S, = leﬁ, Om = L1, and «n = Lyog;
and the blue curves represent those of Sy, = L2, om = L1, and ki, = Lpo. LM n unp T lea, where L0 unf and LM are the contributions from
the lower-branch and higher-branch magnons (i.e., the /3 -band and a-band magnons) respectively. L3 = Lm7 +L;, s> Where L; ¢ is part
of the drag term, the contribution from the term for (v, v’, v") = (8, B, B) in Eq. (16). The temperature dependences of (d) S, (¢) o, and
(f) ki obtained in the numerical calculations for § = % with % =203 and J = 1 at a strong magnetic field & = 65J. The same notations as

those at h = 20J are used.

Ly, using the linear-response theory [4,10,34-38,50,51] in the and L;m is the magnon-drag term due to the cubic terms,
limit T — oo. In the linear-response theory, L, (1, n =1,2)

is given b anle,(q)]
given by /uz NZZ Z ]Mw(q)]nvv( g " 9e (q) (@)
) dDEH(a)) — QDE,](O) 4.9 vV v'=a.f
= lim , , (10)
w—0 L x S Sin2 2¢ Z Fv(f)v// (qs q/) (16)
where  ®F (0) = @, (i — 0 +1i8) (=0+), Q,= p=123
2nT
=0 . In Eq. (15), n(x)=1/" 1), ji,.(¢) = vi,(@). and
. Q1 Jan @) = €,(q),  where g, (q) = —vg,(q) = 2vi,(q),
16 Qn — d iQ,T _ TTJZ Jz , 11 2;vv aa BB : 12
12(82) /0 et GRS, D @)+, @), and  6,@) = 2A—¢a@) +
7! o1 e5,(@)]. In Eq. (16),
D1(i€2,) = f dre' "Tﬁ(Trfé(f)J§)v (12) @ ) /
OT 1 F, (g, q) =1{nle, (g — )] — nlev (@), (g, 4)
D (i) = / dreiﬂ"f%<T,J§(r)J§), (13) x 8le,(q) —ev(g) +ev(@g—g)],  (17)
0
3 ’ / 3 ’
and T; is the time-ordering operator [51]. Since JZ and J§ are Fyi(a.4) = — (nle, (g — g1 — nley (@M}, (4, )
written as Eq. (9), we can calculate Eqs. (11)-(13) by using x 8le,(q) + €,(q) — €vlg — g, (18)

a method of Green’s functions [4,38,49-51]; in their calcula-
tions, we treat Hyy in the second-order perturbation theory. As E') (q.q4)=1{1+nle,(qg—g)]+nle, (@M}, (q.q)

derived in Appendix D, L, can be written as follows: Y
" x 8le,(q) — €v(q) — (g — g1, 19

Ly, = L .t Lm/’ (14)
) ) ) and the finite components of vw (g, q')’s are given by those
where L0 (M, n = 1, 2) is the noninteracting term, for (v, v, v") = (B, B, B), (B, a, ), (&, B, @), and (a, &, B)
dnfe v(q)] (for their expressions, see Appendix D). The most impor-
- Z Z T @ J (@7 e (I5)  tant difference between Egs. (15) and (16) is that L;,, o< T
q v=uo,B

whereas Lgn o 7. This dependence is different from that of
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the phonon-drag term of L, [4], which is proportional to
Te1Tph, Where 71 and 1y, are the electron and phonon lifetimes,
respectively. Then, since Eq. (16) is proportional to the square
of the coupling constant of the cubic terms, the magnon-drag
term depends on the magnetic field. Because of this property,
our magnon drag causes unusual magnetic field dependences
of the magnon-transport coefficients (see Sec. III B). Equa-
tion (15) is consistent with the expression derived in the
Boltzmann theory with the relaxation-time approximation.

B. Magnon-drag induced enhancement and low-temperature
peaks of Sy, oy, and Ky,

To determine the effects of the cubic terms quantitatively,
we evaluate Sy, o, and kp, numerically. We setJ = l and S =
%. (In the case of § = % the magnon picture for the canted
antiferromagnet is valid in the range of 0 < i < 80J.) The
transition temperature 7, = 1?6S(S + 1)J is consistent with

the Néel temperature Ty of MnF; (S = %) if J = 1.5 K(»
0.13 meV). Note that 7 = 20J and 65/ correspond to |B| =~ 20
and 65 T, respectively, using 7 = —gupB, with g =2 and
J =0.13 meV. We believe such magnetic fields could be
experimentally realized because the magnetic field of the or-
der of 10007 is experimentally accessible [52]. We perform
the momentum summations by dividing the first Brillouin
zone into a N,-point mesh [38] and setting N, = 20°(= N/2).
We consider the temperature range 0 < 7' < 28J(~0.67T;)
because the perturbation theory with magnon-magnon interac-
tions can reproduce the perpendicular susceptibility of MnF;
up to about 0.67y [53]. For simplicity, t is chosen to be
' =9+ W T + T2, where yp = 1072J, y; = 107*, and
¥2 = 1073, We replace the delta functions in Eqs. (17)—~(19) by
the Lorentzian ones using §(x) ~ ﬁ)ﬁ’;y),, where y = 1/2r.

Figures 3(a)-3(c) show the temperature dependences of
Sm, Om, and kp, at a weak magnetic field 7 = 20J. The con-
tributions from the upper-branch magnons are non-negligible
even at sufficiently low temperatures in the absence of the cu-
bic terms (compare the red and yellow curves of these figures).
Even in the presence of the cubic terms, the upper-branch
magnons give the non-negligible contributions (compare the
light blue and blue curves). Furthermore, the magnon-drag
terms enhance S, o, and k. For example, the ratios
L12/L(1)2, L”/L?l, and L22/L(2)2 at T =7.5J are about 1.4, 1.1,
and 1.2, respectively. (As we will show below, these ratios
become much larger for 7 = 65J.) The broad peak of Sy, is
consistent with the experimental result of MnF, [24] because
the voltage observed in the spin-Seebeck effect is proportional
to Sh.

We turn to the results for a strong magnetic field 7 = 65J.
Figure 3(d) shows that the magnon-drag term causes a peak
at a low temperature 7 = 7.5J ~ 0.167T;, at which the ratio
L»/LY, reaches about 22. This low-temperature peak is sim-
ilar to that induced by the phonon drag [1,3]. In contrast to
the phonon drag, our magnon drag induces a low-temperature
peak of oy, as shown in Fig. 3(e). Thus, our magnon drag
could explain a peak observed in oy, [54] if a noncollinear
state is stabilized. A similar peak is observed also in ky,
[Fig. 3(N]. The ratios L;/LY, and Ly/LY, at T = 7.5] are
about 23 and 20, respectively. These results suggest that our
magnon drag can be used to enhance the magnon spin current

and heat current by tuning the magnetic field. The contribu-
tions from the upper-branch magnons are non-negligible also
for h = 65J in the absence and presence of the cubic terms.
Note that the larger enhancement of the magnon-transport
coefficients for & = 65J than for 4 = 20J comes mainly from
the magnetic field dependence of the coupling constant of the
cubic terms.

We emphasize that our magnon drag can induce a similar
peak for any transport coefficient described by magnon cur-
rents. This is an important difference between our magnon
drag and the other drag effects. Therefore, our magnon drag
provides a mechanism for a low-temperature peak of a trans-
port coefficient.

IV. DISCUSSION

We discuss the generality of our magnon drag. The mecha-
nism for our magnon drag will work as long as the magnon
Hamiltonian contains the cubic terms. This is because the
second-order perturbation of the cubic terms leads to the
similar magnon-drag term. Thus, the similar enhancement
of magnon-transport coefficients may be expected to oc-
cur in other noncollinear magnets, such as those with the
Dzyaloshinsky-Moriya interaction or the dipolar interaction.
We should note that our magnon drag does not necessarily
occur in any noncollinear magnets because there is a non-
collinear magnet in which the cubic terms are zero [46].
The cubic terms in the magnon Hamiltonian are vital for our
magnon drag.

We comment on two ways to reduce the critical magnetic
field at which a low-temperature peak appears. One is to make
S smaller; in our model for § = 3/2, the similar peaks of
Sm» Om, and ky, are obtained at & = 40J (see Appendix E).
The other is to reduce the dimension; for example, in a two-
dimensional canted antiferromagnet, a low-temperature peak
could be realized at smaller /’s. Thus, the low-temperature
peaks due to the magnon drag induced by the cubic terms
could be realized in various noncollinear magnets.

Our results suggest a similar drag for phonons or photons.
For example, a phonon drag could be realized in the presence
of the anharmonicity of lattice forces, which leads to the cubic
terms in the phonon Hamiltonian [55]. Our theory is useful to
study transport properties for other Bose quasiparticles.

Finally, we discuss the differences between the present
magnon drag and another one induced by the quartic terms.
The first-order perturbation of the quartic terms causes an-
other magnon drag [38]. In contrast to the present magnon
drag, its effect is described by the drag terms proportional
to t. Thus, the effects of the magnon drag induced by the
quartic terms are to modify the values of the magnon-transport
coefficients. More importantly, it does not cause any peak, and
its effects are negligible at low temperatures [38]. Meanwhile,
the present magnon drag causes the enhancement of S, oy,
and «, even at low temperatures and their low-temperature
peaks for the strong magnetic fields. Since many-body effects
are usually negligible at low temperatures, the enhancement
and low-temperature peaks shown in the present paper may
be unusual many-body effects. Note that since the Holstein-
Primakoff method is based on the 1/S expansion, the effects
of the second-order perturbation due to the cubic terms should
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be compared with those of the first-order perturbation due to
the quartic terms. [The second-order terms of the cubic terms
and the first-order terms of the quartic terms are both O(S?).]

V. CONCLUSION

In summary, we showed the magnon drag induced by the
cubic terms. Its effects on Sy, o, and «y, are described by the
terms proportional to 72, whereas the noninteracting terms are
proportional to t. Our magnon drag enhances Sp,, o, and Ky,
even at low temperatures and induces their low-temperature
peaks for the strong magnetic field. It provides a mechanism
for explaining a peak observed in a transport coefficient. The
broad peak of S, for the weak magnetic field agrees with
the experimental result of MnF;, [24]. Our results open a
way to control the magnon spin current and heat current of
noncollinear magnets by tuning the magnetic field.
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APPENDIX A: ESTIMATE OF THE DIPOLAR
INTERACTION ENERGY

We estimate the dipolar interaction energy for MnF,. Ac-

cording to the argument of Ref [56], the dipolar interaction
~ (gus)

energy Ugp, will be estimated from Uy, , Where r
is the distance between two magnetlc d1poles This equa-
tion can be written as Ugp ~ £ (137)2(“0 )~ 27. 2(137)2(“‘J )3
(eV), where ay ~ 0.53 A. For Man, the lattice constant along
the a or b axis is a ~ 4.9 A, and that along the ¢ axis is
c~33 A [57]. (This difference in the lattice constant has
been neglected in our model for simplicity.) Setting » = a
or ¢ in the above relation, we get Ugp, ~ 1.4 or 5.8 peV,
respectively. Since these values are much smaller than the an-
tiferromagnetic Heisenberg interaction, the dipolar interaction
may be negligible for MnF,.

APPENDIX B: HOLSTEIN-PRIMAKOFF
TRANSFORMATION FOR A NONCOLLINEAR MAGNET

Before performing the Holstein-Primakoff transformation,
we need to rewrite the spin Hamiltonian in terms of rotated
spin operators. In general, magnons describe spin fluctua-
tions, the deviations from the ground-state magnetic moments.
Since their directions are site dependent in noncollinear mag-
nets, we need to perform a rotation of the spin at each
site [42,43,46]. In our case, the ground-state magnetic mo-
ments are characterized by S; =7(Ssin¢ 0 Scos¢) and §; =
"(Ssing 0 — Scos¢) when i and j belong to sublattices A
and B, respectively. Thus, we introduce the following rotated
spin operators:

S; = R(=¢)S;, (B1)

S = R(t +$)S}, (B2)

where the rotation matrix R(f) is given by [R(0)]. =
[R(0)]:; = cos O, [R(O)]x; = —[R(0)].x = sinb, [R(O)]yy = 1,
and [R(®)]y = [R®)L:y = [RO)]x = [R(6)],: = 0. The rota-
tion angles have been chosen in order that S} and ', satisfy
S; :S/j ="(00S)when S; ='(Ssing 0 Scos¢) and S; =
"(Ssing 0 — Scos¢). Because of this property, we can ap-
ply the Holstein-Primakoff transformation similar to that for
ferromagnets to the spin Hamiltonian expressed in terms of
S; and S’j [42,43,46]. Combining Egs. (B1) and (B2) with
Eq. (1), we obtain

H EJZ

+27sin2¢ Y (S{'SF — SSY)
(i)

— cos 2¢(S;*S™ + S7°ST) + 5787

—h Z (cos S} + sin pS7)
—hY " (—cos ¢Sy + sin ¢S7). (B3)
J
We now apply the Holstein-Primakoff transformation,
SF=S—aa, S*=,25-daa, = (S5,
(B4)
1z _ i I+ _ T I— QT
Si=8—=bb;, S =.28=0bibjb;, S =(S;)",
(B5)

to Eq. (B3). To consider magnon-magnon interactions, we
apply a 1/S expansion [46,58] to the above equations of S/ﬁE
and 75 *: the result is

it~ N/28a; — ﬁa?aiai, (B6)
S~ ~~/2Sa} — zjxaj'aja,, (B7)
ST~ V/25b; \/_ blb;bj, (B8)

~ V2Sb} - Tbjbjb : (B9)

Substituting Eqs. (B6)—-(B9) and the first equations of
Egs. (B4) and (BS) into Eq. (B3), we obtain Eq. (2) with
Egs. (3) and (4).

APPENDIX C: DERIVATION OF EQ. (9)

We derive Eq. (9) using the continuity equations [49]. This
derivation can be performed in a way similar to those for
another noncollinear magnet [46] and for a collinear magnet
[38].

First, we derive the spin current operator Jg, the k = S
component of Eq. (9). We suppose that the z components of
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S and S} satisfy the following continuity equation:

ds:
- TV Y=o, (@)

where Jf,f) is a spin current operator at site m. Using Eq. (C1),

we have

d 2 : 17 z : V S‘ 2 : S

where | = A or B for m € A or B, respectively. (Note that
m € A or B means that site m belongs to sublattice A or
B, respectively.) In deriving this equation, we have omitted
the surface contributions. Equation (C2) can be rewritten as
follows:

JY = l|:H ZR s/Z} (C3)
JP = l|:H ZR S’Z:| (C4)

Then, the spin current operator Jg is given by
Js=JD +J3. (C5)

Since we consider the magnon system described by H =
Hy + Hiy, we replace the H’s, S, and S’Z in Egs. (C3) and

(C4) by the Hy’s, S
result, we have

J(S) ZIR [a a;, Hy] =

— ai a;,and S — b ]b‘,, respectively. As a
Y iRilajai, Hsl,  (C6)

Iy = ZLR, [bb;. Hol = ZzR [b%bj. Hagl.  (CT)

where
Hig = TS (ab; + ajbl) — 7S S (@b + alb)),
(i, J) (i, ))
(C8)

and J&) = (cos2¢ % 1)J. After some algebra, Egs. (C6) and
(C7) reduce to

JO = zZRS [T (aib; — albh) + T (aib’ — alb))],
(i, )
(C9)

JY = zZR SITDS(@ib; — ajb}) — T (aibl — afb))].
(i J)

(C10)
Combining these equations with Eq. (C5), we have
Js=i) (Ri+R)JDS(ab; — afb})
(L.)
+i) (R = R)TTS(aib’, — afby). (C11)

(i,J)

By using the Fourier coefficients of the magnon operators,

2 ) 2 ;
=y St b= Ene et
q q

we can express Eq. (C11) as follows:

3j(+)(q)
Js=-Y 5g St-abata a' b}
q

37 (q)
_Z r S(agb} + ajby)

J(+)(q)
=—— E |: (a_gbg + a,qbq agh_q — aqblq)
3 () ; ¥ ; T
+ o7 (aqbq + aqbq —a_gbl,—alb_y) |,

(C13)

where J®)(q) = (cos2¢ & 1)J(g). This is equivalent to the
k = S component of Eq. (9).

Then, we derive the energy current operator Jg, the k = E
component of Eq. (9). We suppose that the Hamiltonian at site
m, hy,, satisfies the following continuity equation:

dhy,
dt

where jﬁf) is an energy current operator at site m. In a way
similar to the derivation of Jg, we can determine the energy
current operator J g from

Je = i|:H0, ZRnhn] =i Y Rullm, hal,

where ZN/Z ]’l + ZN/Z h = H(), hi = hiAA + hiAB, and hj =
hjgp + hjps. Here h,AA, h,AB, hjgp, and hjps are given by

2 +v.jP=o, (C14)

(C15)

= (2Jzc0s2¢S + hsin)al a;, (C16)

1 - . o 3
his = =58 Y 13, aiby + alb)) + 7, aib] + alby)],

(C17)

hjss = (2Jzcos 2¢S + hsin ¢)b'b, (C18)

1 N o .
hjpa = —5S > U (amb; + ab bty + IS (awb’ + al b)),
(C19)

where J j) = (cos2¢ £ 1)J;;, and J;; =J for nearest-
neighbor 1 and Jj. Combining these equations with Eq. (C15),
we have

JE ZiZ(Rn — R,)(["maa, huagl + [himaa, hupal

m,n

+ [hmag, hugl + [hmag, hnal + (g, Bupal)
+i ) Ru(lhmas, huas) + Uimsas husal). (C20)

m,n
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After some calculations, Eq. (C20) reduces to

Je =) _i(R; — R)S(2Jzcos 2¢S + hsin $)J. (b’ — afb;)

iJ

in mj m

52 ) -
+ Z z(Rm—RnnJ(*)J(“ T T Wbn + 3 = iRy = ROULTY = J,50T,1a) . (C21)

m,n,i m,n, j

By using the Fourier coefficients of the magnon operators [Eq. (C12)], Eq. (C21) can be written as follows:

- ) 27 27N - )
=Y {(2Jz c0s 245 + hsin ) q(q)S(aquI +aiby) + 52 [a_q(")1<+>(q) - T(q)]()(q):| (ajaq + bgb,,)}

q

Z (2chos2¢S+hs1n¢) 7 )(q)S(a bl +alby —a_gb' , —a' b_,)
- 97q 979 4% —q —-q7 -4

1 [ a7 ) .
£y ESZ[T@ J®q) — (")J< )(q):| (afaq + biby — a_qa’, — b_gb' ). (C22)
q

This gives the k = E component of Eq. (9).

APPENDIX D: DERIVATIONS OF EQS. (15) AND (16) WITH THE EXPRESSIONS OF vw,,,u (g, 4')’s APPEARING
IN EQS. (17)-(19)

We derive Egs. (15) and (16), Lgﬂ and L;/m (n,n = 1,2) in the limit T — oo, and show the expressions of viﬁ?v,,(q, q)’s

(p =1, 2,3) appearing in Eqs. (17)—(19). Since we can derive L?l, L(z)z’ L},, and L), in a way similar to the derivation of L(1)2
and L},, we explain the derivations of LY, and L}, below. Their derivations can be performed in a Way similar to those of the

spin-Seebeck coefficient of a collinear magnet [38] and of the Seebeck coefficient of a metal [4]. The vw,v,, (g, q')’s are given by
Eqgs. (D64)—(D75) with Egs. (D76)-(D92).

First, we derive Eq. (15), the expression of Lgn in the limit T — oo. After deriving the general expression of L), [Eq. (D22)],
we derive its expression in the limit T — oo [Eq. (D28)]. Then, we explain how LY, and LY, are obtained from L{, and show
their expressions in the limit t — oo [Egs. (D29) and (D30)]. Substituting Eq. (9) into Eq. (11), we have

4
. 1 .
P1if2) = N Z Z Vi, (@€, @G 1,1, 45120, (D1)
q.9' L.b,13,14=1
where
T 1
G}IIZZIBZA (q’ q,; IQ") - / dfelQ”T (Trx;ll (T)quz (r)x;lzx‘l’lzt)‘ (DZ)
0 3

The expectation value in Eq. (D2) can be calculated by using the method of Green’s functions [49-51]. Equation (D1) provides
a starting point to derive L{,, and L},. To derive LY,, we evaluate Eq. (D2) without the effects of H, using the Wick’s theorem;
the result is

G (G 45 i90) = 80T Y Gty (q. i2)Giyty (q. iQm). (D3)

m

where Gy (q, i€2,,) is the magnon Green’s function in the Matsubara-frequency representation,

7! 7!
Gir(q,iS2,) = / dte®™ Gy(q,t) = —/ dre'n (T, qu(f)xqp> (D4)
0 0
and €2, = 2w Tm. Substituting Eq. (D3) into Eq. (D1), we obtain
(i) = Z Z vi 1, (@€, (@T Z G, (4, 192Gy (@, iR 1m)- (D5)

q L,h,5,0=1

By using the Bogoliubov transformation [Eq. (6)],

Y= Y. (P, (D6)

v=ay,Bi,02,8
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where
x;al =y, x‘;ﬁl = ﬂ’l’ xl/IUtz = (XLI’ x'/lﬂz = ﬁj‘l’ (D7)
1
(Pq)lozl = (Pq)2a1 = (Pq)?)otz = (Pq)4ot2 = E cosh 9(17 (D8)
1
(Pyey = (Ppae, = (Pey, = (Pyploe, = E sinh 6, (D9)
1 i
(Ppig, = —(Ppap, = (Py)zg, = —(Ppap, = E coshf,, (D10)
|
(Py)sp, = —(Ppap, = (Ppig, = — (P, = E sinh 6, (D11)
we can rewrite Eq. (DS5) as follows:
. 1 . .
q>§g)(lg2n) - ]V Z Z vi’v(q)eiv’ (Q)T Z Gv’ (‘I, lQm)Gv(qv lQn+l71), (D12)
q vv'=a,pi,a,b m
where
4
Vi@ = D Py Piuvi, (@), (D13)
I, b=l
4
En@)= > PuPyive, (@), (D14)
I, ly=1
Gy, (q,182,) ! Gg, (g, 12,) ! (D15)
o 9 l m = .—7 9 l m = .—7
! iy —ealq) " i — €p(q)
1 1
Gy (q,iQ)=————, Gp(q,i,) = ———. D16
W@ = et RO = e @ (B16)

Then, to perform the analytic continuation, we replace the Matsubara-frequency summation in Eq. (D12) by the corresponding
integral [38,50]; the result is

T Z Gv’ (q, iQm)Gv (‘I, iQn-‘rm)

m

d
= / gzin(Z)Gv’ (q, Z)Gv(qv z+ lQn) + T[Gu’(qy O)Gv (q, iQn) + Gv’(qv _lQn)Gv(qa 0)]
C

® dz . .
- / S fG@ 2+ 1[G 9,0 - G,V@ 0]+ [6Vg. 9 - GY @, 0]GV @ e — i), D17)

where the contour C is shown in Fig. 4(a), n(z) is the Bose distribution function n(z) = 1/ /T —1), Gf)R) (g, z) and GSJA)(q, 2)[=
Gf)R)(q, z)*] are the retarded and advanced magnon Green’s functions, respectively,

P, 2) = _ R, 2)= _ (D18)
24 iy — €(q) A z+iy —€(q)
1 1
CRg=—"——""— Gog2)=———"——, D19
(¢.2) = 7+ iy +€(q) , @2 = 2+ iy +€p(q) b1

and y(= 1/27) is the magnon damping. By combining Eq. (D17) with Eq. (D12) and performing the analytic continuation
iQ, > w+1id[ie., CDR( )(a)) QDE%)(IQH — w + i8)], we obtain

NO(0) = Z > w,@E, @ / ﬁ.n(z)

q v,v'=a,pi,02,6
x [GR(g, z+ )[R (g, 2) — GV, 9] + [P(g,2) — GM (g, )]GV (g, z — w)}. (D20)
After some calculations, Eq. (D20) reduces to

RO () ~ dRO(0) — £ Z Z vi,v(q)eiv,(q)/oo % a’1(2)[—4ImG(vR)(¢1, HImGN(q, 2)]. (D21)

0z
q vv=a,pr.e,p
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(a) (b)

Z
™\ N
Imz=0
\ e/
N N
_Qf/_"_: ————— Imz =-Q,

FIG. 4. The contours (a) C, (b) C’, and (c) C”. Blue lines and curves correspond to the integral paths. Crosses for C, C’, and C” represent the
poles at Imz = 0 and —€2,,, at Imz’ = 0, ,,, and —€2,,, and at Imz’ = 0, —2,,,, and €2, respectively. In these panels, we neglect the horizontal
shifts due to the noninteracting energies, such as €,(g), for simplicity because the most important information is about the imaginary parts; in
the actual calculations, we consider them correctly. The C is used to derive Eq. (D17); its contributions from the region for —2, < Imz < 0
are considered to replace the sums over m in Egs. (D41)—-(D43) by the integrals. The C’ or C” is used to replace the sum over m’ in Eq. (D41)
or (D42) or in Eq. (D43), respectively.

In deriving this equation, we have used f(z = w) = f(z) + w"f(” + O(0?), v (q) =% (q),and € (q) = €, (q). Combining
Eq. (D21) with Eq. (10), we have

o (@) = 21570) 1 > R
=32 2 @@ / ——ImGP(g, )ImGV(g,2).  (D22)

q v,v'=a,pi,0,b

LY = lim
12 w—0 iw

Then we take the limit T = 1/2y — oo. In this limit, the integral part in Eq. (D22) reduces to

L dnlea(@)] o
® dz an(z) 2y 3ea(qq) v =V =a;,m),
/ = D (R) (R) ~ ] 1 dnles(@)] o
L (q) /;oo o ImG,™ (¢, 2)ImG,,"(q, z) 3 der@) =V =81, B), (D23)
0 v #V).

These limiting expressions can be obtained by using Eqs. (D18) and (D19) and doing the integral [38]. Combining Eq. (D23)
with Eq. (D22), we obtain the expression of LO2 in the limit 7 = 1/2y — oo,

L0~ —— Z S @, @ 6“(("))] (D24)
q v=ay,p,02,6 €v

where €,,(q) = €4,(q) = €,(q) and €g,(q) = €g,(q) = €p(q). In addition, using Eqs. (D13) and (D14) and Eqgs. (D8)-(D11), we
have

Varon @) = =55 (@) = =54, (@) = Vg4, (q) = 2075(q), (D25)
€0, (@) = =€, , (@) = 2[e,(q) + €, ()] (D26)
€5.6,@) = —eg 5 (9) = 2[—ef,(q) + €], ()], (D27)
where v,(g), €,(¢), and ¢, (g) are defined below Eq (9). Thus, Eq. (D24) reduces to
L), ~-= Z Zﬁ Vi, (@€, ()T ';[E”((q))] (D28)
7 v—a

where v, (q) = —vgﬂ(q) = V5,4, (@) €54 (@) = €, ,,(q), and efgﬂ(q) = efglﬁ] (g). Then Egs. (9) and (11)—(13) show that L‘l)1 and

oo
ng are obtained by replacing €%,(g) in Eq. (D28) by v, (¢) and by replacing v (¢g) in Eq. (D28) by €3, (q), respectively.
Therefore, LY, and LY, in the limit T — oo are given by

LY ~ ——Z 3 @@ '5[6”(")] (D29)
pa— (@)
10 n[ev(q)]
%~ ——Z > @@ S0y (D30)
q v=a,p

Equations (D28)—(D30) give Eq. (15).
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Next, we derive Eq. (16), the expression of L, in the limit T — oo [Egs. (D93), (D97), and (D98)], and show the explicit

expressions of vf)‘z)v (g, q')’s [Egs. (D64)—(D75)]. (This derivation can be done in a way similar to that of the phonon-drag term

of a metal [4].) Before evaluating Eq. (D2) with the effects of Hiy, we express Hiy in terms of the operators x,; and x;I. Since
H;y, is defined as Eq. (4), we have

1 : ! . .
Hin =3 > Sqrqr a3 @ (bgal ag — agbl by + b_ga’ ya_g —a_gh’ b_gr) + (He.)

q,q/,q//
1 2 4
=2 Z Sqiqrq 3 (q)|:z sgn(l)(qux;,l-xq”[ + x;,x;,,ixq,,—) + Z Sgn(l)(quxq,,ix;,l- + x;lxq,,x;/,l-)], (D31)
q9.9'.9" =1 =3
where
2 (=1,
_[-ra=13. ;_ |1 a=2.
Sg“(l)—{1 (=24, '=Va q=73) (D32)
3 (1=4).

To derive L|,, we evaluate Eq. (D2) in the second-order perturbation theory [49,51] using the Wick’s theorem and Egs. (D6) and
(D31); the result is

-1 -1 -1

/oo iQ,T 1

MG i) = [ dre® [ [ g T (005 (005 i () Hi( )
0 0 0 :

-1 -1 -1
= / dT@lQnr / dt f dr Z (Pq)llvl (Pq)hUZ(Pq’)13u3(Pq’)l4V4
0 0 0

V1,V2,V3,Va,V5=0a1, 1,02, B2

x Z Vv(lkv)szws (q’ q/)flffcgszm (q’ q/; T, 7:2)’ (D33)
k=a,b,c

where

4
7 / 1 i
Vs @ 4D = = 7 > sen(ysgn(l)[J3(@)* (Ppiv, Py, Py Vi, Py Vi, Par—g)is Py —g )i
1,I'=1

+ J3(¢1)JS(¢I/ - q)(Pq)lv1 (Pq)l_’vz (Pq/ )f’v; (Pq’ )1_1)4 (Pq’—q)l_\;5 (Pq’—q)l’V5
+ J3(q, - q)-]S(q)(Pq)fu] (Pq)l’vz (Pq’ )171;3 (Pq’)iv4 (Pq’fq)lvs (Pq’fq)l_/ps
+ J3(q/ - q)z(Pq)l_v] (Pq)l_/vz (Pq’)l_’u3 (Pq’ )l_u4 (Pq’—q)lvs (Pq/—q)l’v;;], (D34)

4

VO @) =~ > sen(Dsgn()[J3(q' Y Py, (P, Py vy Py i, (P iy (Py—g i
V1VaV3V405 N0 4 q)v \Lq )1, \Lg v \Eg' )1'vy \Lq—q' JTvs \Lq—q' )75
1LI'=1

+J3(4)3(q — 4P, Pty Py vy (P i, (P—g V7os (Py—q Dirvs
+ JS(q - q,)JS(q/)(Pq)[’ul (Pq)[vz (Pq/)[u3 (Pq/)l’w; (Pq—q/ )IV5 (Pq—q/ )[’US
+ I3 — 4"V (P, P, Py iy Py i, (Py—g Divs (Py—g s |, (D35)

4

. . 1 ,
Vi s @ @) = =7 D senDsen()[J5@)* Py, v, Py iy P i, P Voos Paea i
LU=l

+ J3(q)J3(q,)(Pq)lu| (Pq)l_’v2 (Pq’)l_v3 (Pq’)l/w (Pq+q’)1_’y5 (Pq+q’)l_y5

+ J3(¢I/)J3 (q)(Pq)l'ul (Pq)l’vz (Pq’ )ll)3 (Pq’ )1'/1;4 (Pq+q’)['/1;5 (Pq+q’)['u5

+ J3 (q/)z(Pq)iul (Pq)[’uz (Pq’)IV3 (Pq’)l’v4 (Pq+q’)l7y5 (Pq+q’)ivs]a (D36)
and

L s @ T, T1.T2) = G (g, 11 — T)G, (¢, T — )Gy (¢, )G, (¢, —71)Gus(d — ¢, 11 — T2), (D37)

L @ 431,11, 12) = Gy (q. 12 — 7)G,(q. T — 11)Gy (¢ 11)G, (¢, —12)Gos (g — ¢/, 11 — T2), (D38)
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L) s @ 43711, 12) = Gy, (q. 11 — T)G,(q. T — 12)G, (¢ 1)Go, (¢ . —12)Gos (g + ¢/, T2 — 7). (D39)
By combining Egs. (D33)—~(D39) with Eq. (D1) and doing the integrals about t, 7|, and t; in Eq. (D33), we obtain
. 1 , .
AP = 5D > V@6 @) Y TR @@ g2, (DA0)
q.q' vi,v2,v3,v4,v5=0a1,P1,02,8 k=a,b,c
where
I s @ 45120 = T7 Y~ G (@, i9)Go, (@, iQ01m)Gor (@ 1901 )G, (4 192G (@ = G, 19—, (D41)
I s @ @5 120) = T7 Y Go,(q, iQm)Gor (G, iQu4m)Goy (¢ 1901 )G, (G iQ)Gos(q — @ iQnm), (D42)
I s @ 45 120) = T Y G, (q. 1920)Go, (q. iQ0m)Gos (q . i2)Go, (g i) G (@ + G iQm)- (D43)

Then, to perform the analytic continuation, we replace the Matsubara-frequency summations in Eqgs. (D41)-(D43) by the
corresponding integrals in a way similar to that for metals [50]. Namely, since an intraband pair of the retarded and advanced
Green’s functions, such as GM(g, 2)G®)(q, z), gives the leading contribution in the limit T — oo [50], we can express
Eqgs. (D41)—(D43) in this limit as follows:

ilg|a32V3v4v5 (q, q/; lQn) ~

j(b)

]V1V2V3v4vs (q.9:i2) ~

By, / T O[~6M g, 96R@. < + )]
V1,27 V3, 04 27Ti 12 ) Vv 4 n
—00

0 dZ/ / / / !
x / |-G + 126D GG 4.7 )
oo 2T

+GP(G. 7 +2+i2)GC P, 7 +)[GCR —q.7) -GV —q.7)]
+ 6P, HGM (g 7 — )G —q.7 — 72— i)}

5o b | 2 n ()G iQ,)GR
+ 1,2 93,04 %H(Z) vy (‘I,Z—l n) vy (qu)

—00

> dZ/ ! . , .
x/_ S =G 7 +iQ)GNG DG —g.7 =2+ i)

o0
+GR(q .7 +2GV(G. 7 +z2—iQ) GG —q.7) -G —q.7)]
(R) (A) (A) g/
+GN(q. G 7 —i2)GP (G —q.7 — )}, (D44)

* dz .
Surmsunme f A [~ DGR (g 2 + i2)]

oo 2T

o0 d/
x / L -G + 196N g )G g gz~ 2)
oo 2T ;

— G +2+i)G . +[GP @~ ¢~ - GP g — ¢ )]
+GR(g. )G (g 7 — )G (G — gz — 7 +iQ)}

o0

dz

oo [ @G @z - 1960 .2
—o0

o0 d /
X / gzin(z/){_G(R)(q L7+ i )G(A)(q/, Z/)Gi,;\)(q B q/, —7 — iQ,)
—00

— G 7+ )GV + - i) [GCPg—q . ) -G g—q. -]
+GP(q .G 7 - )G (g —q.z— 7)), (D45)

[e¢]

¢ ;. dz .
T s @ €3 120) ~ 8, 1,80, 0, / —n(@)[-GM (g, DGR (g, z + i)

oo 2T
*dZ G® A g GR (g ; ;
X —n(@)-GCR (.7 +i2)GCV(q . )G +q.7 + 2+ i)
o0 2T
+GR(q .7 -GN 7 —2—iQ)[GR (G +4.7) -G +4q.7)]
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+GN(g. G 7 — iGNV +4q.7 +2))

oo
dz .
+8v1,v28v3,v_4 /;oo i n(Z)G(A)(q, Z lQn)G](}l;)(q,Z)

o0 d !
x/ 2;. N-GR(q.7 +i2)GNq . )GP +q.7 +2)

—00

+G(q .7~ 2 +iQ)G G 2 ~D[CR ¢ +4.2) ~ GP(d +q.2)]

+ G GV 7 — Q)G +q.7 +2—iQ))}. (D46)
In replacing the sums over m in Eqgs. (D41)—(D43) by the contour integrals, we have considered the contributions only from
the region for —€2, < Imz < 0 in the contour C shown in Fig. 4(a) because they include the pair of the retarded and advanced
Green’s functions. Furthermore, in replacing the sums over m’ in Egs. (D41)—(D43) by the integrals, we have used the contours

C', C', and C”, respectively; the C’ and C” are shown in Figs. 4(b) and 4(c). We now perform the analytic continuation of
Egs. (D44)—(D46) using the replacement i€2,, — w + i§; the results are

Alfv({:)/,(q q 6()) vuvvv”(q q (,()) - ]1}‘}(3)‘) v”(q q O)

. dZ on(z Z ’
~ iw / 2 ® @, 2) / —[n(@) = n(Z - Dlgw(q, MG (g —q.2' - 2), (D47)
oo 2 0Z 0 T
AL (. g 0) =T\, (4. 450) =T\, ,(q.4;0)
. dz an(z) <dZ , ;o / /
~ i f o 80(g,2) / —[n(@ = 2) = n()lgv (g, MG (g — ¢, 2 — D), (D48)
oo 2 0Z o T
ALY (g, 45 0) =T530,,0(q. 45 0) = I, (4, 45 0)
, dz on(z ©d7 ,
~ i [ &) g, / = [n(@) = n(@ + )gw(q'. MG (g +¢.7' +2), (D49)
oo 2 0Z o0 T
where we have introduced g,(q, z) = G*(q, 2)G®(q, 2), used n(z) — n(z + w) ~ '3"(1) , and neglected the O(w?) terms.
Combining Egs. (D47)-(D49) with Eq. (D40) and ACD y(w) = AP (IR, — w+id), we obtam
. A‘lez(w)_ Aq)lf2(0) 1 / (k) I (k) /
= lim — =2 2 @@ Y Vi@ dl.@q). D50
q.9' v,V V'=ay,pr1,02, k=a,b,c
where
v (q.4) =V (a4 (D51)
a ! o dZ 8n(Z) *© dz, ! / / ! ! !
19.(q.q) =/ P gv(q,Z)/ — () — n(@ — )gv (g, HNImGR (¢’ — q.7 —2), (D52)
oo 2 0Z oo T
® dz on(z) ®© d7
1 (q.4)= / — 8v(q,2) / —[n(Z = 2) — n(gv(q, NG (g — ¢,z — 2), (D53)
oo 2 0Z 0 T
c , * dz 0n(z) *d7 , ,
15,4, 9) =f 3 gu(q,z)/ — () — n(@ + )gv (g, HImGR(q' + ¢, 7 + 2). (D54)
oo 2 0Z oo T

Note that V* .(q,q')’s have been given by Eqs. (D34)—(D36). In the limit T = 1/2y — oo, we can easily do the integrals in

vov'v'v”

Egs. (D52)—(D54) by using the approximate relations,
1
[+ (=D& (@) + y?

4
~(=1)° -1’ > D
E+ Chra@p+,2 DR EDA@ (Ds6)

where (—1)" = —1 for v = «y, f; and 1 for v = a», B,. Combining these equations with Egs. (D52)—(D54), we obtain

8v(q,2) =GN (g, 2GN (g, 2) =

%5[1 + (=16, (@), (D55)

ImGP(g, 2) = (~1)

19 (g g~ danle,(g)]
e 2y* de(q)

S[(—1)"e(g) — (=) eu(g) + (1) e(g — ], (D57)

(nl(=1)" e, (g)] — nl(=1)" Me(q — @l(=1)"
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a v " 7 V/ / V!/
1,@.9) ~%M{n[(—l)“ e (g — )] — nl(=1)" ey (@)} (—1)
272 de,(q)
x S[(—1)"e, (@) — (—1) €n(g) — (—1)" € (g — )], (D58)
0 v 4 / v’ / v
15, >~%M{n[(—1>v+‘ew(q )N —nl(=1)" el + 1 (—1)
2% 0e,(q)
x S[(=1)Ve (@) + (=1)e(g) — (=1)" e (g + @)1, (D59)

where the delta functions represent the energy conservation relations in the scattering processes due to the second-order Hiy,.
These equations can be obtained also by using Eqgs. (D18) and (D19) and the relation W ~ gé(x), instead of Egs. (D55)
and (D56), and doing the integrals in Egs. (D52)—(D54). This is the reason why we have used that relation about the Lorentzian
function in the numerical evaluations of Sy,, o, and kp,. Then, performing some calculations using Eqs (D51), (D34)—(D36), and
(D8)—(D11), we find that the finite terms of v (q,q")’s (p =1,2,3) are given by those for (v, v, V") = (8, B8, B), (B, @, a),

(o, B, @), and (&, «, B), which are expressed ;; Ufollows

Vi@ d) =V, @ d) + V) @ a) V0@ a) V@ )+ V@ —a) V(g ), (D60)

IRV vVyV| Vv

Vi, q) =V (g.4)+ V5 @)+ V) (q.d)+ V) (g.4)+ V) (g —q)+ V) (g —¢),  (D6])

vy Va1 Vv vy V)V VoV vy Vv,V
Vi@ d) =V, @.d) + V) L @.a)+ V) @ a) V@ )+ Ve —a) V(e ). (D62)
[Note that if (v, V', V") = (B, @, @), we have (vi, v}, v)) = (B1, a1, @2), (12, V5, v]) = (B2, o2, 1), etc.] Since VU(V,)V,(q q)’s
(k=a,b,c) 1nclude the square of the coupling constant of Hy, [see Egs. (D34) —(D36) with Eq. (D51)] and J3(q) =
N % sin 2¢J(q), we can write the finite terms of y ) (q,49')s (p=1,2,3) as follows:

vy'v”

V.0 (q.q) =), 5y sm2 2¢, (D63)

where
v55(q.4)) = +va0(q. 4)C; — vo(q. 4)Cp — ve0(q. 4)C;_y — va0(q- 4 )C;CyCp_y + i80Sy ) (D64)
v575@.4) = —va0(q. 4)C, + v0(q. 4)Cpy — ve0(q. 4)C)_y — va0(q. 4 NCyCyCy_yo + SiSySy_y)- (D65)
vins(@. 4) = —va0(q, 4)C; — v0(q. 4)Cpy + ve0(q. 4)Cy_y — va0(q, d NCyCpCy g + SiSySa_g)- (D66)
Vi@ 4) = +041(q. 4)C) — v11(q. 4 )Cq — ve1(q.4)Cq—g — Va1 (q. 4 )C;CyCygr + SySySq—g)- (D67)
Vi @.4) = —va1(q. 4)C, + v51(q. ¢ )Cp — ve1(q. §)Cqg — va1(@. 4 NC,CqCqg + Sy SqSq-—gq')- (D68)
Vi, (@.4) = —v41(q. 4)C) — v11(q. 4 )Cq + 1(q. 4 )Cq—g — Va1 (q. 4 )NCCyCygr + SySySq—g)- (D69)
Voo @.4) = +va2(q. 4)Cq — v12(q. 4)C)y — ve2(q. §)Cqg — va2(q. 4 )CyCpCyg + SgSySq—q')- (D70)
V9. (@.4) = —v2(q. 4)C; + vi2(q. 4)Cpp — v2(q. 4)Cq—g — va2(q. §)NCyCyCyg + SgSypSq—g)- (D71)
00, (q.4) = —v2(q. 4)C; — v12(q.4)C)) + v62(q. 4 )Cq—g — va2(q. 4 )NCyClyCygy + SgSiySq—g)- (D72)
Veus @ 4) = +v23(q. 4)C; — v13(9. 4 )Cq — v3(9.4))C;_y — va3(q. 4 )NCoCyCy_y + SgSySy_y)- (D73)
v5(q.4) = —v23(q. 4)C;y + v13(q.4)Cp — v3(q-4))C;_y — va3(q. 4 ) CoCyCl_y + SgSySy_ ) (D74)
Vo @-4) = 0034 4)Cy = v13(q. 4)Cy + 34 4)Cy gy — V038 4 )CoCyrCyy + S4SySyy): (D75)

and

C; = cosh 29;, S(/; = sinh 20;, C, =cosh26,, S, =sinh26,, (D76)
vao(q.4) = T (@I (q) + (g + T (g — 4 (@) — ()], (D77)
un(g,q') = J(@)I (@) +J (@] —J(q—q)I(g)— (g, (D78)
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veo(q.q) =J(q— )@+ () +T(q—qg)] = J(@JI(q), (D79)
vao(q.4") = [J () + I (@) — T (@) (q)+ (g — g (@) +Tg)+T(g—q)] (D80)
va1(q.4) = (@l (q) — J(g)] = J(q — ¢ (g) + ()], (D81)

v (g.q) = J(@)I(g) —J (@l +J(q— g () + ()], (D82)

vei(q.9) = J(qg— g (g —q)—J(@+ I+ (@) (q), (D83)
va1(q.4) = 1 (@) — J@ P + T @) q)+ (g —g)NIqg—q)— I+ )] (D84)
va2(q.4) = (@l (@) — J (@) +J(q — ¢ () + ()], (D8S5)

un(g.q) = J(@)lI(g) —J(@] —J(q—q)J(g) + ()], (D86)

ve2(q. ) = J(q — g (q) —J(q)+ (g — g +J(@)J(q), (D87)
vax(q.4") = [J (@) — (@ + (@) (q)+ (g — g (@) —Tg)+ (g —q)]. (D88)
va3(q.4) = (@l (@) + (@) = J(q - ¢ () — ()], (D89)

us(g.q) = J(@)I(g) + T (@l +J(q— g () — ()], (D90)

ve3(q.q) =J(q—q)I(q—q)—J(q) —JI(g)] - (@I (g), (D91)

va3(q. 4) = V(@) + T (@ =T @) q)—Tq— g (@) +I(q)—Ig—q)] (D92)
[Note that the hyperbolic functions Eq. (D76) satisfy tanh 26, = /ﬁ%) and tanh 26, = AB%), as described in Sec. 11 B.]

Equations (D64)—(D75) with Egs. (D76)—(D92) give the expressions of the 7 (q,49")’s (p =1, 2, 3) appearing in Egs. (17)—

v’y

(19). By combining Eqgs. (D63)—-(D92), (D57)—~(D59), and (D25)—~(D27) with Eq. (D50), we can express L}, in the limit T — oo
as follows:

, onle, . /

L/IZ _N2 Z Z vvv(q)ev v ( ) ’;[ (q)] lnz 2¢ Z Fv(f’)v”(q’ q )’ (D93)
& (@)
q.9' v,V ,V'=a,p p=12.3
where

ED (q.4) =" (g, 41 +nle, (g — q)] + nle,s (g)}8len(q) — €(q) — € (g — g1, (D94)
F2 (q.4)=v2,,(q ¢)nle, (g — g)] — nle, (g NSlen(q) — v (q) + (g — g1, (D95)
Fy2(4.4) = —vp),(q. ¢)inlev (g — g1 — nlew (g}l (9) + € (@) — € (g — g (D96)

In deriving them, we have used the identity n(—x) = —1 — n(x). Then, since Eqgs. (9) and (11)-(13) show that L}, and L/, are
obtained by replacing ¢, ,(¢') in Eq. (D93) by v¢,,(¢') and by replacing v}, (q) in Eq. (D93) by €% (g), respectively, we can
express L}, and L), in the limit T — oo as follows:

onle, (@], . ’
L/ll — 2 Z Z vvv(q)vu v (q )T : a ———=Ssin’ 2¢ Z Fv(f'i)”(q’ 7). (DI7)
N de€v(q)
q.9 vy, V'=a,B p=123
/ o 0nle,(q)]
Ly=152. D 6@e, @)= (‘1) Ssin?2¢ Y F0).(q.9) (D98)
q.q9 v,V V'=a,p p=123

Equations (D93), (D97), and (D98) yield Eq. (16).
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FIG. 5. The temperature dependences of (a) Sy, (b) o, and (c) k,, obtained in the numerical calculations for § = % with % =203 and
J =1 at h =40J. The red, yellow, light blue, and blue curves represent the 7/J dependences of S, = L(I)Zﬂ’ om =LY g and Ky = ngﬂ,
those of Sy, = LY,, 0 = LY}, and &y, = LY, those of Sy, = Liag, 0m = Liig, and ky = Lnog, and those of Sy, = Lz, oy = L1, and &y = Loo,
respectively. Lgn p is part of the noninteracting term, the contribution from the lower-branch magnons (i.e., the f-band magnons); Lgn and

Liy(= Ly
from the term for (v, v', v") = (8, B, B) in Eq. (16).

APPENDIX E: ADDITIONAL NUMERICAL RESULTS
OF S, 01ns AND Ky,

We present the additional results of the numerically
evaluated Sy, o, and ky, for S = 3 with § =20%and J = 1.
(In the case of § = %, the magnon picture for the canted
antiferromagnet is valid in the range of 0 < h < 48J.) Since
the transition temperature for S = % becomes T, = 20J, we
choose the temperature range to be 0 < T < 12J(= 0.61;).
Figures 5(a)-5(c) show the temperature dependences of

- Lgn) are the noninteracting and drag terms, respectively. L3 = Lﬂ,] +L

4

o where Ll/m 5 is part of the drag term, the contribution

Sm, Om, and «, for S:% at h=40J. For § = %, the
low-temperature peaks are observed at the h lower than
65J. Then, the ratios L12/L?2, L11/L(1)1, and L22/L82 at
T = 5J(= 0.25T;) reach about 60, 66, and 52, respectively.
The larger enhancement for § =% than that for S :%
comes from the property that the smaller the S is, the more
considerable the effects of magnon-magnon interactions
become. This general property is due to the difference
between the S dependences of Hy and Hijy.
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