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Magnonic analog of the Edelstein effect in antiferromagnetic insulators
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Lincoln, Nebraska 68588, USA
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3Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

® (Received 3 October 2019; revised manuscript received 11 December 2019; published 31 January 2020)

We investigate the nonequilibrium spin polarization due to a temperature gradient in antiferromagnetic insu-
lators, which is the magnonic analog of the inverse spin-galvanic effect of electrons. We derive a linear-response
theory of a temperature-gradient-induced spin polarization for collinear and noncollinear antiferromagnets,
which comprises both extrinsic and intrinsic contributions. We apply our theory to several noncentrosymmetric
antiferromagnetic insulators, i.e., to a one-dimensional antiferromagnetic spin chain, a single layer of kagome
noncollinear antiferromagnet, e.g., KFe;(OH ) (SO, )., and a noncollinear breathing pyrochlore antiferromagnet,
e.g., LiGaCrsOg. The shapes of our numerically evaluated response tensors agree with those implied by the
magnetic symmetry. Assuming a realistic temperature gradient of 10 K/mm, we find two-dimensional spin
densities of up to ~10%%i/cm> and three-dimensional bulk spin densities of up to ~10'#7i/cm?®, encouraging

an experimental detection.

DOI: 10.1103/PhysRevB.101.024427

I. INTRODUCTION

Generation of nonequilibrium spin imbalance is increas-
ingly important for the current spintronics research [1], espe-
cially in the context of nonequilibrium torques [2]. In metal-
lic and semiconductor materials, spin-orbit coupling (SOC)
facilitates the interplay between the orbital and spin degrees
of freedom, which allows feasible electric manipulation of
spins, e.g., for technological applications. One consequence of
such coupling is the inverse spin-galvanic effect [3—5] which
attracted considerable interest in recent years [6—17]. The
nonequilibrium spin polarization contains an extrinsic part
dependent on the transport relaxation time and an intrinsic
part independent of the relaxation time [2], and it can lead to
spin-orbit torques. Both fieldlike and dampinglike spin-orbit
torques can arise due to the nonequilibrium spin polarization
at interfaces between magnetic and nonmagnetic materials
[18-24].

In ferromagnetic and antiferromagnetic insulators,
magnons—the quantum quasiparticles carrying energy
and spin—can mediate various transport phenomena. The
Dzyaloshinskii-Moriya interaction (DMI) [25,26] in such
systems can lead to magnon spin-momentum locking [27],
magnon-mediated magnetization torques [28-30], and
magnonic thermal Hall [31-42] and spin Nernst effects
[29,43-52]. In Ref. [46], two of us speculated about a
possibility of magnon-mediated spin polarization in insulating
antiferromagnets lacking inversion symmetry.

In this work, we study the magnonic analog of the Edel-
stein effect by considering antiferromagnetic insulators [53].
The spin nonconservation in such systems can be caused by
noncollinear spin order or spin-orbit interactions (e.g., re-
sulting in Dzyaloshinskii—-Moriya interactions or anisotropic
exchange). We consider a linear response to the temperature
gradient replicated by a pseudo-gravitational potential [54] in
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the magnon Hamiltonian. The final result for the magnonic
spin polarization is separated into the extrinsic and intrinsic
contributions [53]. We apply our theory to several models
and discuss relevant material candidates. In one dimension,
an antiferromagnetic spin chain with anisotropic nearest ex-
change and Rashba-like DMI serves as a toy model exhibiting
both intrinsic and extrinsic contributions to the magnonic
analog of the Edelstein effect. In two and three dimensions, we
concentrate on realistic noncollinear antiferromagnets on the
kagome and breathing pyrochlore lattices. From the magnetic
point group, we establish the response tensor shapes which
agree with our numerical results.

The paper is organized as follows. In Sec. II, we discuss
the Holstein-Primakoff transformation of magnons in non-
collinear antiferromagnets, introduce the spin-density opera-
tor for magnons, and discuss the diagonalization procedure.
In Sec. III, we derive the expression for the magnonic spin
polarization as a linear response to the temperature gradient.
In Sec. IV, we discuss the symmetry constraints on the
response tensor. In Sec. V, we apply our theory to an antifer-
romagnetic spin chain and to noncollinear antiferromagnets
on the kagome and breathing pyrochlore lattices. We also
estimate the nonequilibrium spin density using real material
parameters. In Sec. VI, we perform atomistic spin dynamics
simulations and compare with our results from the previous
section. Finally, we conclude our discussion in Sec. VII with
a summary and an outlook. Appendixes contain more detailed
information about our derivations.

II. HAMILTONIAN AND EIGENSTATES

We consider a general Hamiltonian of the form

H =Y "[1FseS! + Dy (S x SH]+ > _Hi (1)
i,j i

©2020 American Physical Society


https://orcid.org/0000-0002-5713-1592
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.024427&domain=pdf&date_stamp=2020-01-31
https://doi.org/10.1103/PhysRevB.101.024427

LI, MOOK, RAELIARIJAONA, AND KOVALEV

PHYSICAL REVIEW B 101, 024427 (2020)

where i, j label different lattice sites and «, B stand for
different spin vector components, i.e., x, y, z. Moreover, Jf}ﬂ
is the symmetric exchange energy between «, 8 spin com-
ponents on two sites i and j, while antisymmetric exchange
is described by the DMI vector D;; between spins on sites
i and j. Effects of the on-site anisotropy and magnetic field
may also be included in our analysis via the last term, H; =
Ki(Si - 2)* + (Si - B).

We proceed with the Holstein-Primakoff transformation
[55] in the limit of large spin and map spin operators onto
bosonic creation and annihilation operators, az.L and q;:

S, =.4/25 — a?a[ aixi ;lyi + af\/ZS — afa[ Xi —; i

+ (S — ala)z;. 2)

Here, the unit vectors X;, ¥;, and 2; form a local coordinate
frame at position i with Z; pointing along the ground-state
spin direction of site i determined by a particular magnetic
ordering. Keeping the leading-order terms of bosonic opera-
tors, we obtain the bilinear Hamiltonian written in magnon
particle-hole space as

H= % / dr¥ (r)yHW(r), 3)

where W(r) = (ai(r), ..., ay(r),a;(r), ..., al, ()", H is
the real-space single-particle Hamiltonian describing nonin-
teracting magnons, and r describes the coordinate of a mag-
netic unit cell containing N atoms.

In momentum space, Hamiltonian (3) reads

1 ¥
H=> Zk: W Hy W, )

where Wy = (a1, ..., ank, a4 ...,a,TV ). From the

standard bosonic commutation relation [a; k, a;_k] = §;j,itcan
be shown that '

[Wik, U\ 1= (03)s), (5)

where here and henceforth o; (i =0, 1, 2, 3) stands for the
Pauli matrices acting in particle-hole space (with oy being
the identity matrix). Hamiltonian (4) can be diagonalized
by a matrix T, which introduces Bogoliubov quasiparticles:
Iy = kal\pk with Tx = (Vi1x, - - - VYN k> le,—k’ ceey )/[j/.._k)T.
In terms of the eigenbasis, Eq. (4) reads

N
H= % Xk: FltEka = Z Z&z,k(y,ik)/n,k + %) (6)

k n=1

where & = Diag(eik,.--,ENks E1.—ks ---»EN,—k) 1S the
eigenenergy matrix containing the eigenvalues ¢,x. By
plugging Wy = TxI'x into Eq. (5) and recalling that
the normal-mode quasiparticles are bosons as well, i.e.,
[Tk, F]T.’k] = (03);j, we conclude that 7y is paraunitary:

T 03Ty = Txos T, = o3. @)

To appreciate the differences to a unitary transformation,
let us write the diagonalization in a more suggestive matrix
form,

T He Tk = Ty o3(03Hi) T = &k, (3

where o3 Hy can be regarded as a pseudo-Hermitian Hamilto-
nian. Although it violates hermiticity, it can still be diagonal-
ized by different left and right eigenstates with corresponding
real eigenvalues. TkTa3 and Ty are alignments of left and
right eigenstates, respectively: the I/th entry of the nth left
(right) eigenstate reads (u,|; = (TkTo3)n1[|uf,k), = (Tl
Paraunitarity is then expressed as (ul,  |uf ) = (03)n and
Eq. (8) is equivalent to (uf, \ |osHy|uf ) = (Ex)nnmn. Thus,
the pseudo-Hermitian Hamiltonian matrix in terms of its
eigenbasis reads o3Hy = Zn(gk)nﬂ“f,k)(”ﬁ,ﬂ, from which
follows a pair of eigenequations [56],

o3 Ha U i) = Enic|uf i), ©)

(o3 = (i |En ks (10)

where &, x = (03&k )un- From here on, we will only refer to the
right eigenstates as |uf’k> = |upx), and their left partners can
be always obtained from (u%, | = (i, k|03.

Finally, note that the Iriagnon basis possesses particle-
hole symmetry (PHS) llll: = (01W_g)T so that the Hamilto-
nian obeys o Hyo; = H*,, which leads to &, yx = —&, K
and |u, k) = €% o1|u, . _x)*, where ¢, is a redundant phase
factor.

Since we are interested in a nonequilibrium spin-density
response to an external force, we must denote the spin-density
operator in terms of the aforementioned magnonic variables.
We introduce the 4 = x, y, z component of the magnonic spin-
density operator as [57]

1 .
¥, = VZ\I{EM, (11)
k

where

- -
%, = —1Diag(z}, .. 2N (12)
and the unit vectors z;* corresponding to directions of mag-
netic moments have been introduced in Eq. (2). We note that

PHS lmphes <un,k|f:p.|un,k) = <un+N,7k|2M|un+N,7k>-

T
s 2N Ty e

III. LINEAR-RESPONSE THEORY

In this section, we perform linear-response calculations of
the nonequilibrium spin density with respect to a temperature
gradient V, T, i.e.,

(B0) = xuw VT = (x5 + x,0) VT, (13)

where we separated the response tensor x,, into extrinsic,
x5%» and intrinsic, X;Tw parts.

We introduce a perturbation corresponding to a pseudo-
gravitational potential ¢ (r):

H = i / dr¥T()(Hp(r) + pmHVE),  (14)

where ¢(r) = —T(r)/T. Up to the linear order, the spatial
gradients of this potential replicate the presence of the temper-
ature gradient in the system. In addition, the pseudogravita-
tional potential also amends the spin-density operator [54,58].
This can be seen by considering a response to magnetic field
in the presence of perturbation (14). The total macroscopic
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spin-density operator becomes

1 . A
%, = V/dr\IlT(r)(ZM + gzu + %

Mq%)\lf(r). (15)

Thus, the nonequilibrium spin density contains two parts:
(Zu)tot = (Zu)neq + <82u)eq = (K;w + Duv)vv¢’ (16)

where the term proportional to K,,, corresponds to the unper-
turbed spin-density operator and it can be calculated within
the Kubo linear-response formalism. The dipole contribution
D,, is evaluated with respect to the equilibrium state as it
originates from the correction to the spin density in Eq. (15)
containing the temperature gradient.

We first calculate K, within the Kubo linear-response
formalism [29,43] in which the spin accumulation is given by

1
(Zphneq = lim —[Iy, (@) — M (OIVg,  (17)

ow—0 1w

where
1/kgT )
M, (iw,) = — / dte ™ (T, 2,(7)J(0)), (18)
0

and w,, is the bosonic Matsubara frequency. The v compo-
nent of the macroscopic heat current, J; = & [drjir), is
derived from the heat current density j¢ = }—‘\DT(r)(’H@v +
vo3H)W(r), with velocity v = i[#H, r]. The heat current den-
sity can be inferred from the continuity equation, i.e., o +
V . j9 =0, with pg being the energy density of the system.
In Appendix A, we provide the detailed calculation of the
response tensor K, divided into intraband and interband

parts: K, = Kj)™ + K[''*", whose explicit forms read

2N
- 1 1 _
K™ = 22 2 o (Fodm (S pOmdensleical, - (19)
k n=1""
i 4 Im[(GS z k)nm(03s7v k)mn]nB [ék n]
inter __ M, s s
AR

(ék,n - ék,m)z

, (20)
k m#n

where ng(x) = 1/(¢*/*7 — 1) is the Bose-Einstein distribu-
tion function, and we used notations X, x = TkT EA]MTk, Tk =
TkTJﬁTk, and J! = %(’Hkagvk + Vo3 Hy) with vg = % As
can be seen from Eq. (19), the phenomenological spectrum
broadening, given by I, is crucial for the intraband com-
ponent, whereas it does not enter the intrinsic contribution.
Plugging J,x = i(fkagf)v,k + 0, xk03&) with D, = TkTvak
into Eq. (19) (see details in Appendix A), we obtain the
intraband (extrinsic) response tensor:

N

X 1 1 8nB(‘E‘n,k)
X;\; = ﬁ F_(Z/A,k)nnvnk,vgn,k[_T , (21)
kn=1""
where vk, = Dy x)n = a;,’("". This result can be also ob-

tained from the Boltzmann transport theory with the re-
laxation time 1, = 1/(2I,). The interband contribution in
Eqg. (20) can be reorganized as

12N

K™ =57 22 L= (900 s = (mi), Js B, 22)
k,n=1

where

Z ZIm[(GSEu,k)llm(a3l~)v,k)l71n]
(én,k - g‘m,k)z

(ka)uv =

m(#n)

—II’I][(O’3E .k)nm(USﬁv.k)mn]
x = K - . 23
(mmk)lw Z (én,k - 2?/‘m,k) ( )

m(#n)

Here (7)), satisfies a relation (7)) = (2, y _j)uv and

asumrule Y20 (QF ), = 0.
The expression for KL“U‘” is not yet the final result for the
intrinsic response. We now show that it can be conveniently

combined with the dipole contribution

Dy, = <% / dr\I/T(r)XA]Mrv\IJ(r)> , (24)

eq

where we used that [f)v, r,] = 0. To calculate this term,
we explicitly introduce a perturbation corresponding to an
external magnetic field B(r) into Hamiltonian A [58-60]:
Hp = —[B(r)- £+ X B(r)], (25)
where B(r) varies slowly in space, i.e., on a length scale much
larger than the lattice constant. The dipole moment can then
be found from a thermodynamic relation [58],

092
D,y = —lim ———, (26)
B0 9(9,,B,.)

where Q2 is the thermodynamic grand potential of the system
and the limit of vanishing magnetic field has to be taken.
Using the Maxwell relation

2l @
aT B.3B 9(9,,B,.) T,B,

we introduce an auxiliary quantity D,, = —%, where
K=Q+TSand /
_ a(BD,,,
ny = (IB s ) (28)
Ip

From the auxiliary quantity D,, we can calculate D,,. The
former is calculated using the perturbation theory applied to

1 2N
K@) =2 ) @)mg@En)Wnx@IK V@), (29)

k,n=1

where |, x(r)) = eik'r|u,1,k). For a perturbation B(r) =
B/gsin(q - r)é,, with q = gé,, we obtain
q—)

. -2
D,, = lin}) VB / dx8K(r)cos(q - r), 30)

where only the leading-order correction 6K (r) due to the mag-
netic field is considered. It is obtained from the expansion:

1 .
SK(r) = 5 ij 88(E) (03 )un (Wt Ko | Wrute)

_g(gnk)(03 )nn <wnk |7'A[B | 1pnk)
+ 8(Eu)(03)un (8 Yk [Ko | ¥rk) + (V| Ko |8 ¥ ),
(31

024427-3
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with

iB i T <Mm,k |(2 k + by Kk )|un.k)
BY) = 5= (03 )m [e B

m#n

where X, x = ¢ TS, e*T = 3, . After substituting Eq. (31)
into Eq. (30) we find (details in Appendix A)
. 1
v = V Zg(én,k)énk (Qr)l:,k)/,w + [g(énk) + g/(én,k)
nk

Xén,k](mflzk)ﬂva (33)

where for quasiequilibrium magnons with nonzero chemical
potential we should have &, — &, — p. Utilizing this ex-
pression as well as Eq. (28), we obtain the dipole contribution:

1 Enk
DMV = V Z [(Q'Ek)lw/o dng(n) + (mr?,k)ﬂvg(én,k)}'
nk

(34)

This result has to be combined with the Kubo part in Eq. (22)
to give us the total intrinsic contribution:

m—%ZZQ

where we used the notation c¢i(x) = (1 +x)In(l +x) —
xIn(x). Note that we have expressed Eq. (35) in particle space
by utilizing the properties of (ka),” [46]; see details in
Appendix A.

Equations (21) and (35) are the main results of this section.
In Sec. V, we use these formulas to make numerical predic-
tions of the nonequilibrium spin density for several relevant
models, including material candidates.

Before proceeding to subsequent discussions, some useful
remarks about the response theory developed above are due.
The validity of magnon representation is well established at
low temperatures. Higher-order magnon-magnon interaction
corrections to the theory start with O(1/S) terms. These
corrections include both effects from thermally activated
processes and spontaneous decay [61,62]. The former are
frozen in the low-temperature regime. The latter contribute to
spectrum broadening and renormalization, both of which are
further suppressed by the weak magnon-magnon coupling fac-
tor and restriction of energy and momentum conservation. The
magnon-phonon scattering effects lead to the phenomenolog-
ical broadening factor I', in our theory [63]. Higher-order
corrections, such as vertex corrections, could in principle be
important in some cases but their consideration goes beyond
the scope of this paper. In a special case, when the magnon-
phonon coupling is strong enough, it may become necessary
to explore the magnon-phonon hybrid system [64,65] where
our theory still applies by treating quasiparticles as a mixture
of magnon and phonon.

Lcilne(€nx)]s (35)

IV. SYMMETRY CONSTRAINTS

In this section, we discuss constraints on the magnon
response tensor x,, posed by the symmetries. To generate

—(q— —Q)], (32

énk - ém,k+q

(

the nonequilibrium spin density with magnons one needs a
system in which spin is not conserved locally or globally,
at least for one direction of the spin polarization. This is
often the case in noncollinear antiferromagnets or in systems
with Dzyaloshinskii-Moriya interactions. For example, for
inversion symmetric systems spin density is globally con-
served [46]. To see this, note that inversion symmetry implies
Hx = H_k, which leads to Tx = T, & = €k and v, =
—V, —k- Substituting these relations into Eq. (21) results in

Xiv = — Xy = 0. Furthermore, inversion symmetry also en-
forces the relation (%), = —(2>_, )., Which results in

XL“V = — X}:‘v = 0, that is, in a vanishing intrinsic response.
Below, in Sec. V, we show several examples of collinear and
noncollinear systems in which spin can be generated, because
inversion symmetry is broken.

In general, the response tensor will be constrained by sym-
metry operations of a specific material under consideration.
The constraining relations can be readily found within the
framework of linear-response theory [66,67]. Assuming that
a system respects a symmetry operation represented by g,
we find for an arbitrary operator A that (g(¥,u)lA|g(Vmk)) =
(Vngaio) | g‘IAngg(k)) when the operation is unitary, and

(W) A8 (V) = (Vngiolg™ ' Agl¥imgan), when the oper-
ation is antiunitary. Operators transform as g~ 9;,g = Z RO

and g 'E;g= Zj R}; 2,-, where R/ is the correspondmg
matrix representation of g with respect to the Cartesian com-
ponents 9; or 3;. We find R' = £R and R® = £det(R)R
where + refers to unitary (+) or antiunitary (—) symmetries,
respectively. Under the above premises, the following symme-
try requirements on elements of the response tensor arise:

X,Z)l(; = det(R)RmRvj X[ejxa

. - (36)
Xuv = :I:det(R)RmRva,'j,

where £ corresponds to unitary and antiunitary symmetry
operations, respectively. Later on, we show that these two
relations result in different shapes of the response tensors,
which is useful for distinguishing extrinsic and intrinsic con-
tributions. Notice that tensors x ), and x}fv transform differ-
ently under antiunitary operations which is a consequence of
a complex factor in the expression for (2%, ),,, corresponding
to taking the imaginary part in Eq. (23). ‘Given the transfor-
mation properties of velocity and spin, one finds that x} is

even and x“‘ is odd under the time-reversal transformatlon

Consequently, a reversal of the magnetic ordering causes X
to flip sign while x 7}, is invariant under such transformatlon

X (S = —xh [{=Si}1.
X [{SiH] = x5, [{=Si}.

Thus, it is possible to disentangle extrinsic from intrinsic
contributions by measuring the nonequilibrium spin density
for two antiferromagnetically ordered states related by the

(37a)
(37b)
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time-reversal transformation. Such approach has been used in
studies of the spin Hall effect [68].

A short note on the similarity to the electronic Edelstein
effect is in order. In principle, the latter also consists of a
time-reversal even extrinsic and time-reversal odd intrinsic
contribution [67,69,70]. However, since the Edelstein effect is,
for historic reasons, mainly studied in nonmagnetic materials,
the extrinsic contribution has been analyzed in more detail.
On the other hand, since the very notion of a magnon is tied
to magnetism, both contributions are, in general, expected to
be of equal importance.

V. MODELS

In this section, we apply our theory to specific models.
To obtain some intuition, we first focus on a toy model
of collinear antiferromagnetic spin chain with anisotropic
exchange and inversion asymmetry resulting in Rashba-type
DMI. We then focus on more realistic noncollinear kagome
and breathing pyrochlore antiferromagnets, for which we use
material parameters established in the literature. To satisfy
the requirement of inversion asymmetry, we assume that
the kagome antiferromagnet can have interfacial inversion
asymmetry, e.g., due to thin-film geometry in contact with
another material. The breathing pyrochlore antiferromagnet
has bulk inversion asymmetry. For details of the Holstein-
Primakoff transformations and explicit expressions of the
magnon Hamiltonians, we refer the reader to Appendix B.

A. Antiferromagnetic spin chain

As a simple model, we first consider the antiferromagnetic
spin chain shown in Fig. 1(a). Similar to Eq. (1), the Hamilto-
nian

H = Z Z [J(VST,I' 24w T S{,isé,iﬂ + )‘S?.isé,i-&-v)
i v==1

+Di,e; - (S1.i X S2.i4)] (38)

contains the anisotropic symmetric exchange interaction,
which is given in terms of an energy J and dimensionless
factors y and A, and the antisymmetric exchange interaction
described by DMI vectors along z direction. We choose y < 1
and A > 1, such that the collinear state with Néel vector along
z direction is the classical magnetic ground state. For y # 1,
the anisotropy causes the magnons to experience the effect of
“squeezing” [71]. Note that A has to be larger than a critical
value to avoid the spins from canting due to DMI. The DMI
strength is set to DTZ = D; and D}, = D,, where v = =+ refers
to the direction of the bond [+ for going from the left to the
right in Fig. 1(a)].

It is convenient to reparametrize the DMI as Dy = (D; +
D»)/2J and §p = (D) — D;)/2J. The staggered contribution
to DMI is necessary for the model to exhibit both intrinsic
as well as extrinsic effects. To see this, observe that only in
the absence of the inversion symmetry we can have Dy # 0.
However, when 8p = 0, the system still holds a T % M,
symmetry, where 7T is time reversal and M, is the mirror sym-
metry with respect to the y-z plane passing through the atoms.
Applying the corresponding Cartesian representation matrix
R = Diag{—1, 1, 1} of T % M, to Eq. (36), the intrinsic part

1 z
Loy 1

D,
1
(©
3 8
= 76 0— Band 1
Band 2
-1
o'iﬂ’. 0 z e T

2 2 2 2
2 @ e
X I_,/""‘M«M =
15 % £ _o05
5 7 -
= 1.0 § o
& /' — 6D/3=0. 2 —1.0{ . py3=0.1

; :
5% 0.5 s 6D/1=—0.05 Y Dy/I=02
= §D/3=—0.1 —-1.5/ . p/1=0.3
0.0
00 0.2 04 0.6 08 1.0 0.0 0.2 0.4 06 0.8 1.0
ksT/3S ksT/3S

FIG. 1. (a) Spin order and DMI vectors in the antiferromagnet
spin chain model. (b), (c) Magnon dispersion and magnon spin
expectation value in the one-dimensional (1D) Brillouin zone. We
used Dy/J =0.2, §D/J = —0.1. (d), (e) Extrinsic and intrinsic
response coefficients. In (d), t =JS/(2T",) is the dimensionless
magnon lifetime (7 is set to 1). Parameters read A = 1.05, y = 0.95,
J=2meV,S =3/2,and Dy/J = 0.2.

Xzi; is rendered zero. Therefore, we set §p 7~ 0 to ensure the
appearance of intrinsic contributions.

In Fig. 1(b), we show the magnon band structure. The
degeneracy of spin-up and -down modes is lifted by the DMI
and y # 1. On top of that, since y # 1, spin is not conserved
and we observe the magnon spin-momentum locking [27] as
shown in Fig. 1(c), which is in agreement with Ref. [71]. This
is in contrast to the usual case of uniaxial collinear antiferro-
magnets (AFMs) that feature two eigenmodes with opposite
spin quanta /. Figures 1(d) and 1(e) show the extrinsic and
intrinsic response coefficient, respectively. For the calculation
of the extrinsic response, we regarded the broadening as a
constant, I',, = /i/2t, where 7 is the magnon lifetime [72]. In
Figs. 1(d) and 1(e), the extrinsic spin accumulation dominates.

To obtain an intuitive understanding of the extrinsic con-
tributions, we recall the usual electronic Edelstein effect sce-
nario in a Rashba system. Upon shifting the spin-momentum
locked Fermi circles in reciprocal space due to application
of an electric field, electronic states with a particular spin
polarization are more occupied than those with opposite spin
polarization (e.g., see Fig. 13 of Ref. [73]). Consequently, this
redistribution leads to a nonzero macroscopic spin density in
nonequilibrium. A similar explanation can be given for the
magnonic case. First, we consider the band 2 [cf. Fig. 1(b)].
According to Fig. 1(c), magnons in band 2 have a positive
(negative) spin for negative (positive) momentum k, which
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FIG. 2. Noncollinear antiferromagnetic PVC order on the kagome lattice. (a), (b) Ground-state spin configuration from above and front
view. Lattice vectors are denoted by @ and b. (c) Left: intrinsic DMI vectors; right: Rashba DMI vectors. Arrows along the bonds indicate

ordering of sites in DMI terms. (d) Magnon dispersion with Dg/J = 0.06. (e), (f) Extrinsic and intrinsic response tensor elements x

in
XX

 and x

X

respectively. 7 is the dimensionless magnon lifetime and a denotes the lattice constant. We used the material parameters of KFe;(OH)s(SO4);:
Ji =3.18 meV, J, = 0.11 meV, |D,|/J; = 0.062, D./J; = —0.062, and S = 5/2.

corresponds to magnon spin-momentum locking discussed in
Ref. [27]. Upon application of the temperature gradient (or
the pseudogravitational potential) we redistribute magnons
from k to —k (or vice versa, depending on the direction of
the gradient), causing an excess of magnons with positive
spin. Although there is some cancellation between the lower
and upper band, the different thermal occupation ensures that
there is a nonzero resulting net spin density in nonequilibrium.
There is no such simple picture for the intrinsic contributions,
which arise due to interband mixing [2].

B. Kagome antiferromagnet

In several real materials, spin nonconservation naturally
emerges due to noncollinear antiferromagnetism. For exam-
ple, noncollinear antiferromagnets (NAFMs) exist in lay-
ered quasi-two-dimensional kagome and triangular magnetic
structures, and in three-dimensional pyrochlore magnetic
structures. We first take the kagome antiferromagnet in the
so-called q = 0 phase with positive vector chirality (PVC)
[62,74,75], which is depicted in Fig. 2(a), as an example.

The spin Hamiltonian under consideration is

H= 08 S;+D;;-(Si xS))+ Y _ hS;-S;, (39)
(i) (i)

where the three terms describe the nearest-neighbor exchange
with J; > 0, DMI, and the second-nearest neighbor exchange
with J, > 0. The DMI vector D;; is composed of intrinsic
DMI and extrinsic Rashba DML, i.e., D;; = Dy, + Dg. The
intrinsic DMI D;, =D, + D, ;;%Z has out-of-plane contribu-
tions D, ;; as well as in-plane contributions D, = D,#;; along
f;j. The DMI vectors are arranged as shown in the left part
of Fig. 2(c). Accounting for the antiferromagnetic exchange
interactions and only for the intrinsic DMI, the classical
ground state is the 120°-ordered antiferromagnetic state [cf.

Fig. 2(a)] with a small out-of-plane canting, with an angle
given by n = %tan’l(%) [cf. Fig. 2(b)]. Thus, there

is a weak ferromagnetic moment in the z direction and the
texture is not fully compensated. Here, we are concentrating
on nonequilibrium spin densities in the x and y directions,
along which the texture is compensated.

Although nonzero D, breaks the mirror symmetry of the
kagome lattice, the system is still inversion symmetric. Thus,
we need the Rashba-like DMI described by Dy that we
envision to arise in an inversion-symmetry breaking environ-
ment, as caused, e.g., by putting a single kagome layer on
a substrate. The vector Dg lies in the kagome plane and has
directions similar to D, but with the crucial difference that its
directions are always pointing in the same direction relative
to the bond [compare the left and right parts of Fig. 2(c)].

024427-6



MAGNONIC ANALOG OF THE EDELSTEIN EFFECT IN ...

PHYSICAL REVIEW B 101, 024427 (2020)

TABLE I. The shape of spin-polarization response tensors en-
forced by magnetic point-group symmetry for selected noncollinear
antiferromagnets.

Structure Extrinsic Intrinsic
0 —x xa 0
Kagome (PVC,SVC) (X;; 0 ) < 0 X,if‘(
0 X xa 0
Kagome (NVC) (Xye? 0 ) ( 0 Xé)"
. 0 —x xa 0
Triangle (X }c; 0 ) ( 0 X;Q
0 0 O X 0 0
Pyrochlore (AIAO) 0 0 O 0 xjn 0
0 0 O 0 0 xin

We also note that a large Rashba-DMI can twist the system
into a spiral state. We confirmed numerically that this does
not happen for |Dg|/J < 0.06 using computational package
SpinW [76].

The kagome NAFM described above exhibits two symme-
tries: (i) the mirror reflection with respect to the y-z plane
plus time reversal, g; = M, T, and (ii) the threefold rotation
about the z axis, g» = C3,. According to Eq. (36), these two
symmetries fix the extrinsic and intrinsic response tensors to
the forms in Table I (kagome PVC), where only the in-plane
spin polarizations are allowed.

Based on what we have discussed so far, we propose
potassium iron jarosite KFe3;(OH)s(SO4), as a candidate
material. Concentrating on a single kagome layer of this
material and assuming that the mirror symmetry is broken
due to a proper environment, the magnon dispersion is given
in Fig. 2(d). We used the parameters J; = 3.18 meV, J, =
0.11 meV, |D,|/J; =0.062, D./J; = —0.062, and S =5/2
[36,77]. The spin-density response is captured by virtue of
Egs. (21) and (35). The results for the extrinsic x;; and

intrinsic contributions, X,i;, are shown in Figs. 2(e) and 2(f),
respectively. The effect becomes stronger as we increase
Rashba DMI. The contributions x& and x! are zero in
agreement with tensor shapes in Table I. )

Approximating the magnon band broadening I', ~ /i/27
as a constant, with a magnon lifetime 7 ~ 10710, and
using a lattice constant a = 10~° m, a Rashba DMI Dy =
0.06J, a temperature gradient 9,7 = 10 K/mm [78], and a
temperature 7 = 0.5JS [which corresponds to a temperature
~46 K for KFe3(OH)(SO4),], we obtain the extrinsic part
of the temperature-gradient-induced spin density (Xy)ex
5 x 10%h/cm?, and the intrinsic part (X,)i, ~ 2 x 10°7/cm?.
With larger temperature gradients, the extrinsic contribution
can be made comparable to spin densities generated by the
electronic Edelstein effect [14], which are of the order of
108-10'°%/cm?.

C. Breathing pyrochlore antiferromagnets

The 3D pyrochlore lattices, which consist of corner-
sharing tetrahedra, are well known for exhibiting noncollinear
spin structures. Here, to break bulk inversion symmetry,
we concentrate on the so-called “breathing” pyrochlore

[10%%/(Ka?)]
A

in
XX
|

@

.

00 0.1 0.2 0.3 04
ksT/3S

FIG. 3. (a) Breathing pyrochlore lattice with indicated lattice
vectors d; (i = 1, 2, 3) and nearest-neighbor exchange in up-pointing
(blue, J') and down-pointing (yellow, J) tetrahedra. (b) Spin order in
the all-in—all-out configuration. (c) Magnon band structure. (d) The
intrinsic response x", with a denoting the lattice constant. Parame-
ters read J ~ 50 K (4.3 meV), J'/J = 0.6, D/J = —0.2,S =3/2to
mimic the material LiGaCr4Og.

antiferromagnets that possess different exchange interaction
in up-pointing (#) and down-pointing (d) tetrahedra [see
Fig. 3(a)]. The minimal Heisenberg model is [79]

H=J ) Si-S;+J Y Si-S;+DY (Si-2). (40

(i,j)eu (i,j)ed i

The first two terms describe the antiferromagnetic exchange
interactions in up-pointing and down-pointing tetrahedra, re-
spectively. The last term comprises easy-axis anisotropy (D <
0), with 2; being a unit vector pointing either towards or
away from the tetrahedon’s center of gravity. This model
can be energetically optimized to different spin configurations
depending on the values of J'/J, and D/J [79,80], but here we
only concentrate on the all-in—all-out (AIAO) order depicted
in Fig. 3(b), in which all spins of a single tetrahedron are either
pointing inward [yellow tetrahedron in Fig. 3(b)] or outward
(blue tetrahedra).

The ATAO order respects the magnetic point group T; =
Span{Cs, G5, T x o4, T * S4} [81,82]. Here, we give the rep-
resentative generators of these symmetries: Cs is the threefold
rotation with respect to the [1,1,1] axis; C, is the twofold
rotation about the [1,0,0] axis; T * o, is time reversal fol-
lowed by the reflection about the 1,1,0) plane; and 7 * S4
is time reversal followed by the combination of the fourfold
rotation about [1,0,0] and the reflection about (1,0,0). We
find that this symmetry constraint eliminates any extrinsic
response and enforces the intrinsic response tensor to be
proportional to a unit matrix; see Table I. In Fig. 3(c), we
plot the dispersion of the four magnon bands for the AIAO
phase with J ~ 50 K (4.3 meV) and J'/J = 0.6, which is the
breathing ratio of LiGaCr4Og [83]. We used D/J = —0.2 to
stabilize the ATAO order. In Fig. 3(d), we show the intrinsic
response X;; = X;;l = Xzi‘;, which are the only nonzero tensor
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elements, in agreement with the symmetry analysis. If we
assume 9,7 = 10 K/mm, T = 0.12JS, and a ~ 10~° m, the
intrinsic spin accumulation is estimated to be (X)j, >~ 5 X
10"7/cm®. We can compare this result with the electronic
Edelstein effect by converting its 2D spin density to a bulk
density: (E)gllgctmn/a ~ 10-10"x/cm?. Thus, the intrinsic
contribution in breathing pyrochlores is comparable with the
electronic Edelstein effect. We believe that this result is
detectable in experiment either by transport measurements
similar to those used for detection of the inverse spin Hall
effect, by magneto-optical Kerr microscopy, or by magnetic
sensing based on the nitrogen-vacancy (NV) centers [84].

VI. COMPUTER EXPERIMENTS

To better understand the nonequilibrium spin density
brought about by the magnonic counterpart to the Edelstein ef-
fect, we use atomistic spin dynamics simulations. We describe
spin dynamics using the stochastic Landau-Lifshitz-Gilbert
(sLLG) equation

8= a8 X Bt aS x S x Bl @D
comprising the damped precession of S; about its lo-
cal field B; =b; — dH/dS;. The stochastic field b;(t) =
2akgT i/ (y At) G(t) simulates thermal noise [85,86]. G()
is a three-dimensional Gaussian random number distribution
with zero mean. «, y, and pu = 2ug+/S(S + 1) are the di-
mensionless Gilbert damping, the gyromagnetic ratio, and
the modulus of the magnetic moment at each lattice site,
respectively. The numerical integration of Eq. (41) is done by
the Heun method [86] with time steps A¢ < 1 fs.

We consider the antiferromagnetic spin chain introduced in
Sec. V A and study this model in a nonequilibrium situation.
As was shown in Sec. V A, the extrinsic contribution to
the nonequilibrium spin density dominates over the intrinsic
contribution for the spin chain model. Thus, we focus on
the extrinsic contributions and set D; = D, = D such that
dp = 0, rendering intrinsic contributions zero by symmetry.

We simulate a spin chain of N =480 spins with spin
Hamiltonian as in Eq. (38). First, to characterize the chain in
terms of magnon variables, i.e., in terms of (i) the magnon dis-
persion and (ii) the magnon spin, we calculate the dynamical
structure factor

f(k, (,()) =

1 ) e .
mN Zelk(xifxf)‘/_ooelwt(S?»(t)S;(O)> dt, (42)

L]

i.e., the time and space Fourier transform of the spin-spin
time-correlation function. x; denotes the x coordinate of the
ith spin and §* = ¥ £ iS).

The numerically determined magnon spectra for the spin
chain are shown in Figs. 4(a), 4(c) 4(e), and 4(g); they
agree with those obtained analytically in the previous section
[shown as black lines in Figs. 4(b), 4(d) 4(f), and 4(h)]. In
Fig. 4(a), we depict the dispersion of the isotropic antifer-
romagnetic spin chain (A =1, D =0, y = 1) with the two
degenerate linear Goldstone modes. This degeneracy is lifted
in the presence of spin-nonconserving anisotropies A > 1 and
y < 1 [cf. Fig. 4(c)]. In Fig. 4(e), we show the Rashba-like
spin-split dispersion in the presence of nonzero DMI and
A > 1, and in Fig. 4(g) the dispersion in the presence of both

Energy (meV)

|
El
o
IE]

FIG. 4. Magnon spectra of the antiferromagnetic spin chain as
obtained from numerical simulations for selected parameters. Top
row: dynamical structure factor; bottom row: the spin of magnons
or Stokes parameter ratio o (k, w) (red: negative; gray: zero; blue:
positive). Black solid lines show the analytically obtained magnon
dispersion (within linear spin-wave theory). Parameters read J =
ImeV, and (a), (b)) A=1,D=0,y =1, (¢c), (d) L =1.05,D =
0, y =09, (e), (f) A =1.05, D=0.3meV, y =1, and (g), (h)
A=1.05,D=03meV, y =0.9. A small simulation temperature
T = 0.01 K and Gilbert damping o = 0.001 were chosen to reduce
lifetime broadening.

anisotropies as well as DMI, for which the band degeneracy
at k = 0 is lifted [as compared to Fig. 4(e)].

The magnon spin is extracted by computing the
Stokes parameters I(k, ) = |S*|*> + |S’|> and V(k, w) =
—2Im(5*S”*) [87], where § = S(k, w) is the space and time
Fourier transform of the spin configuration {S;(¢)}. The quan-
tity o (k, ) = V(k, w)/I(k, w) measures the ratio of circular
to total polarization intensity; its sign reveals the sign of the
magnon spin. There is no feature of o(k, w) in Fig. 4(b),
in agreement with the previous section. In contrast, o (k, ®)
becomes zero (gray color) in Fig. 4(d), indicating that the
magnon spin is suppressed due to ellipticity or “squeezing,”
which is in agreement with Ref. [71]. Without squeezing but
nonzero DMI we identify spin-up and spin-down magnons by
the antisymmetric blue-red features in Fig. 4(f). In the pres-
ence of squeezing and DMI this asymmetric feature survives
[panel (h)] and shows that the spin expectation value continu-
ously goes through zero upon crossing k£ = 0, an observation
which is in agreement with Fig. 1(c).

In the previous section, we obtained a nonzero magnonic
spin polarization for the case in Figs. 4(g) and 4(h) [which are
respectively reminiscent of Figs. 1(b) and 1(c)], but zero effect
for the other cases. We will now put this prediction to the test.

To do so, direct nonequilibrium simulations with an im-
printed temperature gradient were performed. The spin chain
was separated into three parts of equal length (160 spins
each). The terminating parts have temperature 7 + AT /2,
while the temperature in the central part linearly interpolates
between the two ends. Following this temperature profile, a
heat bath with temperature T; is assigned to each spin i. After
establishing a steady state in this nonequilibrium situation,
the spin density (S) = % ;-20161 (S;) of the central chain
segment is measured and normalized to the number of spins
in this segment. (This nonequilibrium averaged (S) takes over
the role of (X).)
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FIG. 5. Results from direct nonequilibrium spin dynamics sim-
ulations of the thermally induced magnonic analog of the Edelstein
effect in an anisotropic antiferromagnetic spin chain; parameters read
J=1meV, A =1.02,and @ = 107%. (a) Nonequilibrium spin den-
sity (S*) in dependence on temperature difference AT for selected
parameter combinations. (b) (S’) (i = x, y, z) in dependence on AT .
An average temperature of 7 = 0.2 K was used for all simulations.

There is an additional technicality of the simulation: Since
two neighboring spins in the central chain segment experience
slightly different temperatures (7; # T;+1), their net moment
does not compensate exactly. Repeating this argument for all
spins of the central segment, we conclude that there is a tiny
net magnetization simply due to the temperature dependence
of the sublattice magnetizations. The sign of this artificial
magnetization is determined by the direction of the first spin at
the cold end of the central segment. This artificial effect would
superimpose with the magnon analog of the Edelstein effect.
Thus, to avoid the non-Edelstein contribution, we simulate
two uncoupled spin chains with opposite spin textures in
parallel. The non-Edelstein contributions are exactly opposite,
because the sublattice magnetization is reversed, and sum to
zero. In contrast, the extrinsic Edelstein contributions are time
reversal even as shown in Eq. (37b) and do not cancel out.

Our simulation results are presented in Fig. 5. The z
spin accumulation (S°) is zero in equilibrium [AT =0 in
Fig. 5(a)], as expected for an antiferromagnet in zero magnetic
field. It stays zero in nonequilibrium (AT # 0), if either DMI
or squeezing (or both) are absent [compare brown, blue, and
purple marks in Fig. 5(a)]. However, it becomes nonzero if
DMI and squeezing are present (red marks), in full agreement
with theory.

The other Cartesian components of the spin density, i.e.,
(S¥) and ($”), are zero even in nonequilibrium [blue and green
marks in Fig. 5(b)]. This is not surprising, because no magnon
state has a nonzero x or y spin. Thus, a nonequilibrium
state cannot give rise to spin density of those components.
In contrast, (S°) increases approximately linearly with the
external force AT.

We note in passing other results that are not explicitly
shown. We found that (i) reversing D reverses (S*) due to the
reversion of the magnon spin, (ii) increasing A increases the
magnon gap, leading to a decreasing (S%), and (iii) increasing
the Gilbert damping « diminishes (S°), because the magnon
transport lifetime decreases.

Overall, we find excellent qualitative agreement with the-
ory (Sec. V A). However, we mention that we cannot compare

() (b)

FIG. 6. (a), (b) Noncollinear spin textures on the kagome lattice,
with (a) negative vector chirality (NVC) and (b) staggered vector
chirality (SVC). (c) Noncollinear antiferromagnetic ground state on
the 2D triangular lattice.

numbers, because the classical white noise used to model
the temperature bath results in a Rayleigh-Jeans distribution
rather than in the true Bose-Einstein distribution. Thus, the
simulation suffers from the classical equipartition and does
not account for the quantum freezing of degrees of freedom
as temperature goes to zero.

VII. CONCLUSION

We have shown that a temperature gradient can induce a
nonequilibrium spin density due to magnonic transport in an-
tiferromagnetic insulators with inversion asymmetry and spin
nonconservation. Our linear-response theory revealed both
intrinsic and extrinsic contributions that behave differently
under time reversal. Consequently, these two contributions
correspond to different elements of the response tensor, which
can facilitate their experimental disentanglement, e.g., in the
presence of magnetic domains. Our proposal can be real-
ized in (quasi-)2D and 3D noncollinear antiferromagnets, for
which we find sizable effects in realistic material candidates.
Our predictions can be tested by transport measurements sim-
ilar to those used for detection of the inverse spin Hall effect,
by magneto-optical Kerr microscopy, or by magnetic sens-
ing based on the nitrogen-vacancy (NV) centers. Given the
omnipresence of inversion-symmetry-breaking interfaces (or
surfaces) in experimental setups, observation of the magnonic
analog of the Edelstein effect can stimulate further develop-
ments in the field of spintronics. In particular, with the impor-
tant role played by the electronic Edelstein effect in modern
spintronics in mind, we hope to have stimulated experimental
research on the magnonic analog of the Edelstein effect.

The abundance of antiferromagnetic materials holds great
promise for the identification of well-suited experimental can-
didates. In kagome noncollinear antiferromagnets, the copla-
nar magnetic order can exhibit three types of vector chirali-
ties: positive, negative, and staggered, which are respectively
abbreviated by PVC, NVC, and SVC [75,88] and depicted in
Figs. 2(a), 6(a), and 6(b). Their distinct magnetic symmetries
cause distinct magnonic spin polarization responses, which
are tabulated in Table I. Besides kagome magnets, quasi-2D
triangular antiferromagnets [cf. Fig. 6(c)] with the 120° spin
order [89,90] could be suitable candidates. Such systems
as RbFe(Mo00Q,), [91] and Ba3;NiNb,Og [92] share symme-
tries with the PVC kagome noncollinear antiferromagnets,
resulting in identical response tensor shapes (cf. Table I).
Similar to kagome noncollinear antiferromagnets, the 3D
breathing pyrochlores can exhibit magnetic orders different
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from the all-in—all-out order [79,80], which changes their
magnetic symmetries and, thus, the expected response tensor
shapes. Experimentally, the breathing pyrochlore materials
Ba3zYb,Zns01; [93,94], LiInCr,Og [95] have been studied, all
of which may be considered for a proof-of-principle study of
our predictions.

Note added. Recently, we noticed that Ref. [96] discussed
the intrinsic magnon spin polarization for a compensated fer-
rimagnet with different g factors for two magnetic sublattices
but did not consider Dzyaloshinskii-Moriya interactions.
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APPENDIX A: LINEAR RESPONSE FOR
ANTIFERROMAGNETS

1. General theory

For the u component of a spatially averaged observable
A, = % f dr\I/T(r)AM\IJ(r), the nonequilibrium response to a

J

temperature gradient is

.1
{Ane = lim Z[Huv(w) — I, (O]V, 9, (AD)

where the correlator in frequency space is defined as
p ‘
My (iwn) = — f dre (A, (1)][(0)).  (A2)
0

In momentum space, A, = % Zk \l/]iAﬂ.k\l/k and J! =
Zk \Ifijjk\lfk, with ij = %(HkO}VV'k + Vv,kG3Hk)- Here, J,‘f
comes from % = %[H ,H'] = JIV,¢; see the Supplemental
Material of Refs. [29,43]. Plugging in the above expressions,
the correlation tensor can be presented as

, 1 .
(i) = = > / dre ™ (W (1A, kWi ()W), I W)
0

k.k

1 B . .
=) /0 dTe ™ Ay (T13) (T Wy (Wi, (W, (0¥ (0).

k.k’

According to Wick’s theorem,

(A3)

(T (D)W (DY, ()W 6 (0))connected = (T Wi () (DT Wi, (1)WY, (0))

+ (T (O, ()T W, (1) W 5 (0)).

(A4)

Here, the second anomalous term can be shown to be equivalent to the first term. First, we note that the basis Wi obeys the
particle-hole symmetry, Vg = (\IJikol )T, which leads to the relation

1 ; 1
Ap =3 2 Vi AuidapYicp = 7 D Wi (0147 1) Vo

k.ap

(A5)
k.Ay

Hence, we gain the relation alAlf, .01 = Ay i, which will be used repeatedly in the later proof. Second, the systematic linear-
response analysis needs a plain expression of the particle-hole space Green function, whose definition is G(k, t;K’, 0); ; =
Gk K1) =—(T; \Ifk,,v(r)\lll:’ j(O)). We derive the Green-function expression by virtue of its equation of motion,

arg(k7 k,; T)a/S = _8(f)03,aﬂ8k,k’ - (U3Hk)ayg(ka k/; T)yﬁa

where we used the relation

1 [
ar\llk,a(r) =[H, “pk,a(‘[)] = _E(G3Hk)ay\yk,y + _\Iﬁ_k,y(kaO‘Z)ya = _(GSHk)ay‘I’k,y'

The equation of motion [Eq. (A6)] in matrix form reads

(3: + o3HK)G(K, K 7) = —038(7)dk ks

. _ —038(T)y fos _ 03
so that G(k, K'; 1) = —" ¢ and G(k, K'; ik,) = ﬂzt_{;ﬂk

Now we show that the anomalous term in Eq. (A
in the form of a Green function,

(A6)

5 (A7)

(A8)

Sk x in frequency-momentum space.
) can be alternatively expressed, with the help of particle-hole symmetry,

(LW (DY, (0) = (Tr01,0V ks (W], ,(0)) = =01 0sG(—K, K'; T)sp,
(T: Wi, ()W 0 (0)) = (Ty Wi, ()W, (0)01 o) = =G (K, —K'57),,01 uo-

Therefore, Eq. (A4) and the correlation tensor in Eq. (A3) are rewritten in terms of a Green function as

(T (O Wy (DY, ()W 5 (0)) = Goo (K, ks —1)G,, (K, K';T) + [01G(—k, K3 T)]ap [G(K, —K';T)01 16,

(A9)

024427-10



MAGNONIC ANALOG OF THE EDELSTEIN EFFECT IN ... PHYSICAL REVIEW B 101, 024427 (2020)

and
uv(lwm) i Z/ drelme(Au k)oty( k,)pa{g(roz(k/ T)gyp(k9 k/; T) + [alg(_k7 k/; T)]ap[g(ks _k/; T)Ul]ya}9
Kk’
(A10)
respectively. Furthermore, with the aid of the Green-function relation G(—k, 1) = —01G(k, —17)l o7, we can prove the

equivalence of the first and second part on the right-hand side of Eq. (A10). As a result, the correlation function becomes

B
M, (i) = —‘% Z/O dre " u{A, xG(k, 1) Gk )], (A11)
k

where G(k, 7) = . Let’s transform the Green function to frequency space with G(k; t) = é Ziq” e TG (k;ig,), then

g3
ikn—03Hk

2 T dw, d —
Mation) = = 3 / 2 1A S, Sk, )] ), (A12)

w; — wy — lwy,

Here, we performed the Matsubara summation and utilized G(k; ik,) = f +;° ’;7‘;’ flik "C’U) with S(Kk, w) being the spectral function.

Going back to the real time space and taking the zero frequency limit, we obtain the response tensor

K;w = —31-[,,_,,((1) + l0+) w—0
dw
Gk 9G4
= — Z/ —nB(s)tr[(GR GA)<Auk¥J\?k —ijEAuk>i|, (A13)
where we used the relation
/'°° dw Sk, ) _ 0 [®do Sk,w) _ dGR/A (Al4)
02T (e —w+i0t)? e ) 2me—w+i0F  Be

and the expression S(k, &) = i(GR — G*).

2. In the eigenstate basis

To distinguish the intraband and interband contributions, we rewrite the response tensor in Eq. (A13) in the eigenstate basis
via the transformation Wy = TxI'x. By definition, we have the Green-function transformation G(k;t) = Txg(k, r)TT, where

gk, t)= —(T,Fk(r)Flt(O)) and gf4(k, &) = ez After this transformation, we obtain
2 0 e gk ¢!
K/,w = ‘7 Xk:[m EnB(S)trl:(gR - gA)<A;/.,k¥jv,k - jv,kgAu,k>i|a (A15)

where J, x = TkTJf WJioand A,k = Tl:r A, kTx. We split the expression into two parts: intraband and interband contributions.
Owing to the hermitian conjugate property of operators, we write the response tensor elements as

2 oo g
K;u) = ‘7 ZZ‘[ inB(S)[(gﬁl gA)((A/A k)mn gR(Jv k)nm (Jv k)mn gA(A;L k)nm)i|
k mn o0

= & 03.mm 3. un{nB[(03E ) mm] — ne[(03E)unl}
=7 > %;(Au,k)mn(jv,k)nm o — T 0T (A16)

where we took the approximation gR gA i21m(g§1) = —i27 03, mmdéle — (03Ek )mm]. If we incorporate the magnon spectrum
broadening I, into the Green function, i.e., g8 (¢) = ‘E_(mzﬁ, the response tensor can be naturally divided into two parts,
K. = Kanm + KI‘L“JC', where

K;i;n;m = Z Z (jk v)nn(-A;/. k)nna ns [(o"igk)nn] (A17)

and

i 2i 03 mmO3 nn{nB[(U?ySk)mm] — np [(635k)ni1]}
Kinter — A 1O mn (T k nm — > ) AlS
=5 ;g( ok (Jui) TSP AE (A18)
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The limit I',, — O for K}L“lfe‘ is taken here. In consideration of AT =A, and (J! )" = J{, Eq. (A18) can be transformed to

Klin‘fer . Z Z Im[(G3Au k)nm(03u7k v)mn]nB [(U3gk)nn] ]

(U3€k)mm (U3Sk)nn]2 (Alg)

k m#n

The intraband response Eq. (19) in the main text can be recovered if we consider J , = i(€k03 Uk.» + Dk,03E) whose diagonal
components read

(Jk,v)nn = %(0'3gk)nn(f)v,k)nna (AZO)
where
Ok = Ok, Ek — (O T Y H Tk — T, Hic (3, T (A21)

From the paraunitary relation of 7y and 9, (7Tx03 TkT) =0, we get 9, TkT = —Tx03 (0, Tx)o3 Tl:. From TkT’Hka =& and (Ty)~' =
03 Tlfc73, we have TkT’Hk = &o3 ka03. Therefore, the diagonal elements of ¥y , are shown to be

k) = O, Edn + (1 030k, T3 E D — (Ex03 T 030k, Tidun = (D Eicuns (A22)
thus,
(T = 5(03E)un (O, Enn- (A23)
By inserting Eq. (A23) into Eq. (A17), we arrive at

K/i,_nJra = Z Z 2F (-Ap. k)nnak gk nn (O3gk )nn8 npg [(USgk)nn] (A24)
k n=1
Given the relation ng(x) = —1 — ng(—x), the band index can be confined to the particle space, i.e., 1 <n <N,
Kliln]fra = Z Z 2F [(Au k)nn + (A/L k)(n+N)(n+N)]8k gk nngk rm8 ng [gk nn] (A25)
k n=1

Applying particle-hole symmetry (PHS), (A, i) = (Au —k)n+N)n+n), Teplacing A, x by S,k and taking V,¢ = =V, T/T
into account, we can obtain the intraband response Eq. (19).

On the other hand, by plugging the expression of 7, x into Eqs. (A18) or (A19), the interband part can be reorganized as
below:

G3,m1n03,nn{nB [(U3gk)nn] - nB[(O'?)Ek)mm]}
[(U3gk)mm - (635k)nn]2 '

K:Ln‘fer = V Z Z é(Au,k)nm[(o'Sgk)mm(vv)mn + (V) (03Ek)n]

k m#n
== Z Z 1) 1y Erk1B (81) = (1) (B i) (A26)
k n=1
with
2Im[(U3A ,k)nm(U3l~) ,k)mn] _Im[(G3A ,k)nm(O'ST) ,k)mn]
(2, = 2 S () = D koS ko, (A27)
K’ (Sn.k —&m k) H Enk — Emk
m(zn) , ' m(zn) : :
When we identify the operator AM as magnon spin operator 3. u» the tensors above become spin-dependent tensors,
2Im (w1 | 20 [, i) (i [0y U ))
(@), = D ©3)un(03)mm e : (A28)
m(£n) (Sn,k - 8m,k)
I (o, i | 200 10 k) (Ui k|00 [ %))
(m2) 0 == Y (@03 e = (A29)
m(£n) nk m,k

The tensor (sz),ﬂ, defined in Eq. (A28) exists in both particle and hole space, and we can verify that this tensor fulfills two
relations:
(1) Summation rule:

2N

k|2 m m viUn k| 2 n n m
> (@), = ng)m(ag)mmlm[(” el Bt 0 o) B i) Ui *">] —0. (A3
=1 men (811,k - 8m,k) (Sn,k - gm,k)

In the middle step, we utilized the property that the band indices m, n can be interchanged.
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(2) Mapping between particle and hole space. We note that the velocity vy satisfies

=01/ (A3 1)
01Vk0O o o —V_y.
1Vk01 = 01 91 1= —k

o1 Eual = EM. (A32)

Using the particle-hole symmetry property of the eigenstates and eigenvalues, we are able to show

5 21m(<”n,k|2p.|um,k><Mm,k|vv,k|un,k>)
(Qﬂyk)p,v

(gn,k - ém,k )2

Z (03 )nn (03 )mm
m(#n)

2Im((utyy o1 X0 |ty i) (U, il O100 kO [y )

(én-&-N, -k — ém-&-N, -k )2

Z (03)n4-N,04N8 (03N m N
m~+N(#n+N)

2Im [ ((nn, —x | 2, —1) ) (i, —x | — Vv, —k |[Upv,—x))*]

(BniN,—k — Em,—k)?

Z (03 )n+N,n+N (03 )mm

m(#n+N)

= (2w —k) o (A33)

3. Detailed calculation of dipole contribution coefficient D,
As an example, we calculate Dy, by choosing B = gsin(ql -r)e, with q; = g&,. Substituting Eq. (31) into Eq. (30), we
obtain

(Unk |03 tim xtq, ) (Ui kg, | (Byx + 2y kg, )| Un k) }
X—hm— £0)(03)1(03)mmEn . — . — — — — +c.c.
e = him o E E g( x)(03)nn(03) k|: Bk — Emira, (@ q1)

(Unk |03 | Wi kq; ) (i kg | (Zyk + By krq ) Unk)
= lim ZZZZ [(Enk)Enk — 8(Emictan)Em kg, 103 (03 )y — M ZINE T I TR 4 ce

q—0 2V o Enk — Em.k+q,
(A34)
Taking the limit, we get for m # n,
~ 1 1 _ _ _ _ i(”ll,kIGS|akyum,k><um,k|2 |un,k)
Dy = =YY ~[8Em)Emk — Enk)Enk(03)nn (03 e R
v k m#n 2 Enk — Emk

1 1 [ n x 1 Wm m 2y n
- V ZZ _E[g(émk)émk - g(én,k)én,k](03)nn(a3)mml(u ’k|v |_u k><ft Yk| }|M ’k> +c.c.. (A35)

k m#n (Sn,k - 8m,k)2

For m = n, we have

(Dy)2 = lZX:l[g(é k) + & B )En k[, k103 0k i, 1) (i, k| oy [t ) + (03 ) (Ot | 2y [t 1) ] + .
VX v . - 2 n, n, n, n, 30k, Un, n, yIUn, 3 )nn\Ok, Un, yiUn, L.

1 1 - /- - i(“n,k|vx|um,k><um,k|Ey|un,k)
V Z Z _E[g(gn,k) + 8 (en,k)gn,k](a3 )nn (03 )mm én,k — ém,k +c.c (A36)

Above v, = 0¢ H. In total, we have
L - - 1 PPN
Dy = Dy + Dy = Y 8EuBk (), + [8En1) + & EnadBarl (), (A37)

The calculation of the other components is analogous and the general result is

== Zg(snmenk (274) ,, + [8E01) + € EniBuil () .- (A38)
nk
Finally, by using Eq. (28) we obtain
1 rf _ . 1 5 Enk 5 B
D= [ dBD. =5 T (@5, / dng(n + (m%,) 2w ). (A39)
0 K 0

Euk

Here we used the relation 5 fo dBg(En)Enk = [ dng(n) with g(n) = i and 5 [BgEi)] = &Enk) + & Eni)Enk-
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4. Total intrinsic response coefficient )(2',,

Adding the Kubo formula Eq. (22) and dipole moment contributions Eq. (34) [or Eq. (22)], the total response reads

Kinter D _ gukd Enkd dg(rl)
ot ,w——z xw[ Enk&(Enk) + ng(ml = ——Z uv nd_n

=——Z ) L C1(Enk),s (A40)

where ¢;(x) = fo dnndfl(;’) with g(n) = eﬁ,] ;- Using the relation —g(—n) = 1 + g(n), we have &(x) = ¢(—x). Therefore, the

response function can be reduced to

A 1 Y 1 N
K;Tvter + D/‘W = _v Z ; [(Q )//.uc] (811k) + ( n+N, k)/u)c]( €n, k) Z ; Q,}l:k Qf—kN,—k)#v]El(gn,k)

n:l

1 & a0
_ _VZZ[(QEI()WJF(QE%k)ﬂy](al(en,k)—/o dnn fi(nn))
k

ke 2T
= —BT Z Z [(an,k)/w + (27 k),w]ﬁ [g(enk)] = ‘f Z Z (Q,);‘Yk)wcl[g(sn,k)]. (A41)
K K

n=1

Here we used the properties of Berry curvature shown in Eqgs. (A30) and (A33), and the relation — f > ndfl(n") cl[g(sn)]

Considering the relation X,TUVUT = (K}L“vter +D,,)V,¢ and V,¢p = —V, T /T, we obtain the total intrinsic response coefﬁ01ent
in Eq. (35).

APPENDIX B: DETAILS OF THE MODELS

1. Antiferromagnetic spin chain

We recapitulate that the Hamiltonian for the antiferromagnetic spin chain is

H Z Z X SJZC i+v + S S; i+v + )‘Sk Si 1+v) +D‘1}262 : (Sl-i X SZJJF")] (Bl)

i §==%1

with exchange and DMI parameters as stated in the main text. After performing the Holstein-Primakoff transformation, the
quadratic Hamiltonian written in the basis Wy = (a x, a2k, a;f & a;_k )T reads

2) 2A_cosk 0 2A4 cosk + io

_ 2A_cosk 21 2A; cosk +ip_g 0
Hie = 0 2A cosk — igy 2X 2A_cosk ’ (B2)

2A  cosk —io_i 0 2A_cosk 2

where Ay = 15X o, =Y 8D,e*" /] = i2Dg sink + 26p cos k, with Dy = 222 and §pp = 2Pz

2. Noncoplanar kagome antiferromagnet
We consider the noncoplanar kagome antiferromagnet described by

H=ZJ1S,‘-SJ‘+D,']"(S,'XSj)+ ZJle"Sj, (B3)

(i) (i
where D;; = D,,;; + D_ ;;Z. The spins cant out of the 2D plane with a small angle 7, and the spins’ projection on the the x-y

plane forms angles 6; (i = 1, 2, 3) with respect to the x axis, specifically, 8 = —x /6, 6, = 7 /2, and 63 = 7x /6. For each spin
S;, we choose a local reference frame defined as follows:

€y = {sinf; —cosh;,0}, e ,={sinncosé;,sinnsinb;, —cosn}, €;, = {cosncosb;, cosnsinb;, sinn}. (B4)
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For a given spin S;, in the global frame, its components can be connected to the local frame expression S; by

S* =e, - (SPei) = RiapS’, (B5)
where R; .4 = €, - €; g, or in matrix form,
sin 6; sinncos#; cosncosb;
R = —cosf; sinnsing; cosnsind; |. (B6)
0 —cos7n sin 7

For the general spin-spin interaction a correspondence between the two frames can be written as S} I‘;’éSf = §f‘ (RTTYR;)y ﬁS‘ f .

The interaction matrices are Fgﬂ = J8qp for exchange and Fé’é = Dipjepo‘ﬂ for DMI. Using these relations, we express the
noninteracting magnon Hamiltonian in terms of the local reference frames as

Hj =J, Zcos@i_,si -S; + 2sin*(6;;/2)( cos? nSlyS’; + sin? 175‘,75;) +sinnsin;;2 - (S; x S)),

(ij)
Hy, =J Z cos6;;8; - S; + 2sin*(6;;/2)( cos’ nS‘l‘S’; + sin? r}SfS’j) +sinnsin6;;2 - (S; x S)),
((ij))
Hp, = )  —s;iD.[sin6;;(5}S} + sin® n8}S) + cos® n8;8%) — sinncos ;2 - (Si x §)],
(ij)

0\ pm e o 0.\ . -
Hp, = Z —si‘]-Dp|:sin(2n) sin (#)(SfS; — §8%) + cos ncos (7])? - (Si x Sj)i|,
(i)

0ii\ jmr = my 0; -~ =
Hp, = Z —sijv,»jDR|:sin(2n) sin (i) (SfS; — SZVS;) + cosncos <l>2 - (S; x Sj):|. (B7)
(i) 2 2
Here we used the notation that 6;; =6, — 0; = —si‘,-%”, D.;j =D.sjj,and D, ;; = —s,-ij[cos(Oi;a’ x4+ sin(eizg’ )91, where s;;
is used to express the sign convention: s;; = 1 as the indices i, j run clockwise around the triangle loop and s;; = —1 when

they run counterclockwise. The notation v;; takes care of the opposite convention for Rashba-DMI in upward and downward
triangles with v;; = %1 for (ij) € A/V. Plugging in the expression of 6;; and performing the Holstein-Primakoff transformation

Sy = \/g (bl +b),8 = i\/g (bl — b;), § = (S — b} b;), we can obtain the nearest-neighbor interaction

1 0 0 T i 1 / AYA
Hyx = 58 D A + v AR ) B]bi + biby) + (A ij + vijArij)blb; + He. + (A} + v Apbibt +he]  (BS)

(ij)

with

A = Ji(1 = 3sin® ) — V/3[D.cos’ n + D, sin(2n)],  Ayij = AT +is;; A,

AT = 1[(1 = 3sin® )J; + V3(1 +sin’ P)D, — V3sin@n)D,], A = cos nD, + sin n(D, + v/3J),

A} = {[cos? n(v/3D, — 3J1) + ~/3sin(2n)D, ], (B9)
and

3 3
Ag)) = —+/3Dgsin 2y, Agij = —%_DR sin(2n) + is;jDrcosn, Ap = \/7— sin(2n)Dkg. (B10)

In a similar way, we get second-nearest neighbor interaction, i.e., the second-nearest exchange, as
1 .
Hyxy = 58 D IAD(B]bi + bibj) + Agijblb; + He. + Ayb[bT + Hee.] (B11)
(i)
with
AP = k(1 =3sin’n), Ay =AY +is; A, AY = 11— 3sin? n),

A = V3 sin s, Al = —% cos’ 0. (B12)
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Let’s denote Hnn and Hnnn by Hy and H,, respectively. The total Hamiltonian can be written as H = H; + H, + Hg. By
performing Fourier transformation, H,, (m = 1, 2) becomes

S 1 .
Hy =3 > Zl 3 {AD[BL ()b (r) + bl (r + 2805 by (r + 180%) ] + Amapbl (r)bs(r + 180%) + Hee.
r,af A=+

+ AL ()bl (r 4+ 2803)) + He.)

S m m
=5 D (480 80p + 28005 cos (k- 8, ]b], g+ A}, 005 (K - 8,) (b by i+ by, ). (B13)
k,af

Here 8') = e3,80) = e1,8\) = e, and 60 = ¢}, 8%} = e/, 6.2 = e}. We choose 8&”,;) = —8;";) ande; = (—1, —4), e, =(1,0),

€3 = (—%, ‘/7§), e; =e; —e3 e, =e;3 — e, e; = e — e. Inasimilar way, we can show

S . . ot T
Hy =3 > " i2Agapsin (k- 8L by + i, sin (K- 8 (DL bE _\ + baxbp i)- (B14)

k,ap

Finally, the Hamiltonian is expressed in the basis Wx = (b x, b2k, b3 x, b;fk, b;ﬁk, b;ﬁk)T as H = % Dk WM Wi with

_ (Ap +Ax By
Hy = ( Bx A+ AL ) (B15)
Here, Ay = Z(A(lo) + Ago))]l3x3 and
0 cosk3A; cosky A} 0 cos p3Ay cos pr A 0 isinksAgp —isinkyAj
Ax = [ cosk3 AT 0 coski Ay | + | cosps A} 0 cospiAy | + | —isinkzAj 0 isinkiAg |,
cosky Ay coskiAj 0 cos paAy cos p1 A} 0 isinkyAgp —isinkAj 0
0 cosks coskp 0 cos p3  COS pr 0 isinks —isinky
By = A | coskz 0 cosky | + A} | cos p3 0 cospi | + Ax| —isinks 0 isink; |. (B16)
cosk, cosk 0 coSpy  COS Py 0 isink, —isink; 0
[
We abbreviated the notations: k; =k - e;, p; =k-€, Ay, = by straightforward calculation that A%, = —1, T, = —3,
Al +iIA (m=1,2), Ag= —§DR sin(2n) +iDgcosn  and Q,, = Fe where ¢o1 = ¢z = —%, doo = 13 = %,
and considered the convention that s;, = 553 =531 = 1 and ¢o3 = ¢12 = 7, and other terms can be generated by ¢, =
Sij = —Sji. ¢v (U # v). By substituting the magnon representation of
spin-spin interaction Eq. (B18) into Eq. (B17) and performing
3. Breathing pyrochlore antiferromagnet Fourier transformation, we obtain the noninteracting magnon
. Hamiltonian
We consider the model
A2 1 ik
H=1J Z St - St +J' Z Sr, - Sy, +DZ(Sr, %) H =Y S[(J+J =2D)§, — S+ * )l ax
(ij)eu (ij)ed i K, v
(B17) I o
+ 55(1 +J e Kol ya,y +He., (B19)

Similar to the two-dimensional model, the magnon excitation

is represented via the local Holstein-Primakoff transforma- . |
where d,, =a, —a, with ap=(0,0,0), a; = 5(0, 1, 1),

i —(S—a‘az S N — i /S, —

t19n as S, =(S aﬂau)zﬂ + \/;(aﬂ —i—aﬂ)xﬂ z\/:(aﬂ ay = %(17 0. 1), and a; = %(1’ 1.0).
a, )y, Therefore, the exchange interaction between two

neighboring spins is expressed as

S-S, = S; SZZ Afff) — 52 Aifv — S( aL a, + a: a) A/va TABLE II. Local coordinates of AIAO breathing pyrochlore.
S . by y b4
+ S lapanTy + aua @ + Hel, ®18) X " e "
1 1 1
1(=1,1,0) L(-1,-1,2) L1

— AXX W Ay P VX _ AXX
where T, = A/w + Ay — A +iAy, and Q= Auv

, v - 1 L(~1,-1,0) L(~1,1,-2) L, -1,-1)
Ay — i}, — i}, Here AL = ¢, - d, with ¢,, d, being - ve v
the ¢, d axis of the local frame of p and v atoms, respec- 2 ﬁ(l’ 1,0) ﬁ(]’ —1.-2) f(_]’ L=
tively, i.e., c,d = x,y,z and w,v € (0, 1,2,3) with p # v. 3 %(1, —1,0) %(1, 1,2) %(—1, -1,1)

We choose local frames as shown in Table II. It can be shown
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