PHYSICAL REVIEW B 96, 064432 (2017)

£

Magnetic hexadecapole order and magnetopiezoelectric metal state in Ba;_, K, Mn,As,

Hikaru Watanabe™ and Youichi Yanase
Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
(Received 29 May 2017; published 28 August 2017)

We study an odd-parity magnetic multipole order in Ba;_,K,Mn,As, and related materials. Although
BaMn, As, is a seemingly conventional Mott insulator with G-type antiferromagnetic order, we identify the ground
state as a magnetic hexadecapole ordered state accompanied by simultaneous time-reversal and space-inversion
symmetry breaking. A symmetry argument and microscopic calculations reveal the ferroic ordering of
leading magnetic hexadecapole moment and admixed magnetic quadrupole moment. Furthermore, we clarify
electromagnetic responses characterizing the magnetic hexadecapole state of semiconducting BaMn,As, and
doped metallic systems. A magnetoelectric effect and antiferromagnetic Edelstein effect are shown. Interestingly,
a counterintuitive current-induced nematic order occurs in the metallic state. The electric current along the z axis
induces the xy-plane nematicity in sharp contrast to the spontaneous nematic order in superconducting Fe-based
122 compounds. Thus, the magnetic hexadecapole state of doped BaMn, As; is regarded as a magnetopiezoelectric
metal. Other candidate materials for magnetic hexadecapole order are proposed.
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I. INTRODUCTION

Multipole moment, a concept established in the classical
electromagnetism, characterizes the anisotropy of electric and
magnetic charge distribution. Emergent multipole order in
condensed matter physics has attracted fundamental interest
for more than three decades [1]. Ferroic and antiferroic order
of multipole moment has been observed in many d- and
f-electron systems. Although previous studies have focused
on the even-parity multipole order [1], recent studies point
to the odd-parity multipole order which may be realized in
locally noncentrosymmetric systems [2—-8]. Experimentally,
several materials have been identified [9], which can be traced
back to Cr,O5 [10].

Locally noncentrosymmetric systems preserve global inver-
sion symmetry in the crystal structure although the local site
symmetry lacks inversion symmetry. Then, the antisymmetric
spin-orbit coupling (ASOC) entangles various degrees of
freedom such as spin, orbital, and sublattice [11,12]. The
peculiar electronic structure may cause intriguing phenomena
characterizing odd-parity multipole order, such as magne-
toelectric (ME) effect [3,4]. Although previous theoretical
works of odd-parity magnetic multipole order are based on toy
models [3-6], in this paper we show the complete classification
of magnetic multipole order in tetragonal systems and identify
the magnetic hexadecapole order in BaMn;As,. Characteristic
electromagnetic responses in the magnetic hexadecapole state
are clarified.

BaMn;As; is an isostructural compound of BaFe,As,, a
parent compound of Fe-based high-temperature superconduc-
tors (the space group is No. 139, I4/mmm). However, physical
properties of BaMn,As, and doped BaMn, As; are quite differ-
ent from the Fe-based compounds; BaMn;As, undergoes the
G-type antiferromagnetic (AFM) transition below high Néel
temperature 7y = 625 K and shows semiconducting behaviors
[13—15]. On the other hand, BaFe,As, is a metallic compound
with a stripe magnetic structure [15-17] shown in Fig. 1.
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Neither superconductivity nor structural transition, which
have been observed in Fe-based 122 compounds [15-17],
occurs in doped BaMn, As;.

The ground state of BaMn,As, seems to be a conven-
tional Mott insulator with AFM order [18,19], analogous
to cuprate high-temperature superconductors. However, we
notice unusual symmetry of the AFM state, namely, unbroken
translation symmetry. This is, indeed, because of a locally
noncentrosymmetric crystal structure of BaMn,As,. The two
Mn sites are crystallographically nonequivalent even in the
paramagnetic state. In the folded Brillouin zone, the wave
vector of magnetic order is ¢ = 0, and therefore, a ferroic
order parameter may characterize the seemingly “AFM order.”
Because the space-inversion (SI) symmetry is broken instead
of the translation symmetry, an odd-parity multipole moment
may be a relevant order parameter specifying the ground state
of BaMn,As,. Interestingly, BaMn,As; can be metalized by
doping hole carriers (Ba;_,A,Mn;As,, A= K, Rb) [20-24]
or applying high pressure [25]. Then, the AFM order is robust
in the hole-doped regime [20,22-24,26]. Hence, unconven-
tional responses characteristic of itinerant odd-parity magnetic
multipole state are expected, for which studies may open a new
paradigm of multipole physics.

The paper is organized as follows. In Sec. II, we classify
the magnetic multipole order by group theory and identify
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FIG. 1. Contrast of magnetic structure of BaMn,As, and
BaFe,As,.

x

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.96.064432

HIKARU WATANABE AND YOUICHI YANASE

the candidates of order parameter in BaMn,As,. A complete
classification based on irreducible representations (IRs) of a
given point group is carried out as done for unconventional
superconductors [27]. In Sec. III, we microscopically evaluate
the magnetic multipole moment. There remains an ambiguity
of the definition for odd-parity magnetic multipole moment
in crystals, similar to electric polarization in a bulk system.
To avoid this difficulty, we propose a unique definition of
odd-parity magnetic multipole moment by difference from
a reference state. In Sec. IV, we introduce an effective
single-band model Hamiltonian for studies of electromagnetic
responses. In Sec. V, we demonstrate ME effect arising from
the magnetic hexadecapole order and its enhancement in the
metallic state. The AFM Edelstein effect is also shown. In
Sec. VI, we show a counterintuitive current-induced nematic
order, the in-plane (xy plane) rotational symmetry breaking
by out-of-plane electric current (J || Z). This response is a
manifestation of odd-parity magnetic order in the metallic
system. In Sec. VII, a brief summary is given, and we propose
other magnetic hexadecapole compounds showing magnetic
structure similar to BaMn,As,.

II. GROUP-THEORETICAL CLASSIFICATION

In general, a phase transition leads to symmetry reduc-
tion, such as the time-reversal (TR) symmetry breaking by
ferromagnetic order. The crystal symmetry of the system is
represented by point group, and thus phase transitions can be
characterized by the reduction of the point group. In the frame-
work of the group theory, physical quantities are classified
into IRs of a given point group, and symmetry constraints for
emergent responses are obtained. The order parameter of the
phase transition has to belong to the totally symmetric IR of
the point group in the ordered state, but not in the normal state.
This scheme is supported by Landau’s symmetry argument of
second-order phase transitions [28].

In BaMn,As;, the crystallographic point group Dy, de-
scends to the subgroup D,; by the AFM transition. IRs in
the normal state are reduced to those in the ordered state as
shown in Table I. The IRs of D,; do not have subscripts g/u,
which indicate the SI symmetry breaking by the AFM order.
Hence, it is suggested that the seemingly conventional G-type
AFM order of BaMn,As; is identified as a parity-violating
odd-parity multipole order. According to Table I, only the By,
IR in the normal state is reduced to the totally symmetric A; IR
in the AFM state. Following the group-theoretical framework,
we conclude that a basis function belonging to the By, IR is a
relevant order parameter of BaMn;As;.

Now, we classify magnetic multipole moments in the
tetragonal system with the Dy, symmetry, and make a list
of possible magnetic multipole order. The magnetic multipole

TABLE 1. Reductions of IRs Dy, — D»,;. The twofold rotational
symmetry axes of D,, are the x/y axes of Dyj,.

D4h Alg A2g Blg BZg Eg Alu A2u Blu BZu Eu

Dy, { Dy Ay Ay By B, E B B, A A E
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moments are written as [29]
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where ug, I, s, and Y}, are, respectively, Bohr magneton,
orbital angular momentum, spin, and spherical harmonics.
The label i represents electrons in the unit cell and (r;,6;,¢;)
are polar coordinates of the ith electron from a reference
point. The phase factor satisfies Y, = (—D'Y;_,, (Condon-
Shotley phase). When we discuss multipole moments in a
lattice system, it is convenient to use cubic harmonics lefn
defined by
m
7t = = i+ v,

V2

a (_1)m

Zin = e (Vi — Y}, )
gz

for0 </ and 0 < m < [. When m = 0, we denote Z;y = Y.

Accordingly, the multipole moment in the Cartesian coordi-

nates is denoted by

(=™ "
M = T(Mlm + M),
_ (_1)m *
M My — Mj,,). 3

Im i «/E
In our classification, we treat the spin and orbital an-
gular momentum as a classical axial vector (%,9,2) =
usl2l/(I 4+ 1) + 2s] since we take thermodynamical and
quantum mechanical expectation values. Table II shows the
classification of multipole moments of low rank (I < 4) in
the Dg4j, point-group symmetry, revealing candidates of order
parameter of the AFM state in BaMnyAs;. Up to rank-4,
magnetic multipole moments belonging to the By, IR of the
Dy, point group are

M}, (Quadrupole): v/3(x& — y), )

3/52(x% — )z,
M}, (Hexadecapole): —|—§(7z2 —r2)(xx — yy), ®)
— (2 = y)(xk + y9).
These basis functions are certainly invariant under all sym-
metry operations in the AFM state. Thus, the AFM order
may be identified as magnetic quadrupole order or magnetic
hexadecapole order. In Sec. III, we microscopically evaluate
multipole moments and show that the magnetic hexadecapole
moment is the leading-order parameter.

In Table III, we show the complete classification of
magnetic multipole order parameter in the Dy, point group.
The TR odd basis functions in both real space and momentum
space are listed. In the real-space representation, the basis
functions are nothing but the magnetic multipole moments.
On the other hand, the momentum-space representation looks
quite different from the real space representation for the
odd-parity magnetic multipole order. This is because the parity
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TABLEII. List of magnetic multipoles up to rank-4. First and second columns show a rank and symbol of magnetic multipole, respectively.
Third column shows IR in the point group Dy;,. Fourth column shows a representation by local magnetic moment [Eq. (1)]. We also show
toroidal dipole moment 7; and magnetic monopole moment 7 - s, which are not represented by any linear combination of magnetic multipole

moment.
[ M, IR Basis function
I=1 Mo As 2
M1+1 E, x
M, E, y
=2 My Al 272 —xX —yy
M3, E, V3(xz + z%)
M, E, V3(yz +z9)
M, By, V3(xk —y3)
M, By, V3(yx +x3)
T, E, 2y -y
T, E, xZ —z%
T, Ay, yX —xy
Monopole Al xX+yy+z2
=3 Ms Ay 3322 —rHz — 3z(xk + )
M3, E, 2V6zxz + Y8527 — )k — L’k — Ly
M;, E, 2V/6yzz + (5% — r)§ — f ¥y - { yi
M3, By B2 = y)z + VI52(xk — y§)
M, By, V15xyz + V/152(y% + x )
M5, E, 34ﬂ()c2 — )& — 3‘/7xyy
M3, E, (2 — )5 + MOyt
=4 My Ay 22(52% = 3r?)z — 3(52° — rz)(xx +y9)
M E, W0y (522 — 1)z + Y0722 — 312 — 2W0ox(x2 + y§)
My, E, W0 y(522 — )z + L02(722 — 3r?)y — 2Vyz(xk + yF)
M} Bi. 3v52(x2 — yHs + ?(hz — )X —yy) — %(x — )X +yH)
Mg, By, 6v/5xyzz + L(722 — )k + x&) — V5xy(xek +y9)
M E, @x(x2 —y2)z — x(x +y)2 + z(x y)E — 3‘nyzy
Mg E, Pyx? - y)z + Ly + y)z + 20z7(x? — y )y + 2 0xyzk
M3, A 5 (x2 4 Yk + yy) + L2~ yz)(xx Y9 — LB xy(yk +x9)
My, A, LB (% — Y)(y% +x§) + /35xy(xk — yy)

under TR operation is opposite between r and k. It should be
noticed that the odd-parity basis functions in the momentum
space are “spin independent.” They indicate spin-independent
corrections to the energy spectrum, which are characteristic
features of odd-parity magnetic multipole states. Although
both TR and SI symmetries are broken, the combined PT
symmetry is preserved. Therefore, the Kramers degeneracy
at each momentum is ensured, and the deformation of band
structure has to be spin independent.

In the same manner, we can classify the electric multipole
order. The electric multipole moment is given by

le—ez \/214_1 (l7¢l

(6)

We introduce expressions in the Cartesian coordinates as

="
o, = 7 —=(Qim + Qj)-
=" .
Qi = ——7=(Qim — Q1) @)

NG

for 0 <[ and 0 < m < [. Table IV shows the classification
of electric multipole order in tetragonal system based on the
point-group symmetry Dgy,. For example, basis functions of
By, and B,, IRs inreal space represent the electric octapole or-
der, which has been studied in Sr3Ru,07 and a bilayer Rashba
system [2,7]. On the other hand, A, and E, IRs correspond
to the ferroelectric order, and A;, IR shows electric dotria-
contapole order. Electric multipole moment is invariant under
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TABLE III. The TR odd basis functions of IRs in D,,. Basis are represented both in real space and in momentum space. The totally

symmetric IR (A}, ) is not shown.

IR Basis in real space Basis in momentum space
Agg Mo V4 b4

M3 2(x% + y9),7%2 ko (ke® + ky3),k22
By, M, xy2,z(y% +x9) keky 2,k (k% + K, §)
By, M, (* = y)Z,z(x% — y§) (k; — kD)2 k. (k% — Ky §)
E, M (%31 (%, 5]

M [zx2,yz2].[2°%.2°§] [koko2 kyk 21, [K2R K2 5]

[x2%,y%9],[xy%,xy ] [kff,kij’],[kxkyﬁ,kxkyjr]

M3 [xy®,xy 3], [(x> = yH)E, (x> = y*)F] [koky® koky 31,1067 — kDR, (k7 — k)31

A My 222 —xX — yy kokyk (ki — k3)
Monopole XX +yy+z2
My 232,22(xx 4+ yy)
M, (% + Y& + y§), (7 = y)(xk — ¥9)
xy(yx +x3)

Ay, T, yX —xy k,

My, (&2 = yHO% +x§).xy(xk — y)
B, M;i X% —yy kykyk:

M} 2(x? — y?)2

2k = y),(x = y)(xx + y3)

By, M;, yE+x¥ k(K — k3)

My, xyzZ

(% +x9),xy(xx +y)

E, M5 [x2 4+ z&,y2 + z§] [keoky]

T..Ty [zy — yZ.xZ — zX]

M3 [2°x2,2°y2),[2°%, 22§, [ex(x® + y§),yz(xZ + y3)]

M; [x(x? = y)2,y(x* = y)2], [x(x* + yH)2,y(x* + y))2]

[e(x? — yD)&,2(x* — y)J], [xyz&,xyz ]

the TR operation, and therefore, the odd-parity electric mul-
tipole order parameter in k space has “spin-dependent” form
consistent with Fermi liquid theory by Fu [30]. For instance,
the electric octapole order is regarded as spin nematic order in
k space [2]. This is in sharp contrast to the spin-independent
form of odd-parity magnetic multipole order in k space.

III. MAGNETIC HEXADECAPOLE ORDER

Previous studies of multipole order have mainly focused on
even-parity multipole formed by localized electrons [1]. Then,
the local multipole is represented by total angular momentum
multiplets, which can be systematically treated with the aid
of Stevens’ operator-equivalent method [29,31,32]. With this
method, even-parity multipole moment operators are recast
by angular momentum operators with the use of the Wigner-
Eckart theorem. On the other hand, the expectation value of
odd-parity multipole moment operators vanishes when the
local basis has the SI parity. Therefore, the operator-equivalent
method cannot be used to evaluate odd-parity multipole
moments. Hence, we should adopt local basis with mixed
SI parity, which are formed by hybridization of even- and
odd-parity orbitals.

In BaMn, As;, the magnetic moment is formed mainly by
Mn d orbitals, and hybridization with As p orbitals gives

rise to the anisotropic magnetic charge distribution, namely,
magnetic multipole moments. The d-p hybridization leads to
the SI parity mixing. Hence, the odd-parity magnetic multipole
moments [Eq. (1)] are evaluated by calculating local magnetic
multipole moments (LMMMs) of Mn-As clusters [33]. Since
the magnetic unit cell of BaMn;As; is the same as the crystal
unit cell, the unit cell contains two nonequivalent Mn-As
clusters shown in Fig. 2. Thus, we here evaluate LMMMs
on the two Mn-As clusters.

oY rte
As(2)

FIG. 2. Two nonequivalent Mn-As clusters in BaMn,As,. In the
AFM state, the magnetization is opposite between two clusters. Since
one cluster is transformed to the other under the PT operation,
the global PT symmetry is preserved. In the left figure, As atoms
surrounding Mn atoms are labeled by As(1)—-As(4) for discussions.
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TABLE IV. The TR even basis functions of IRs in Dy;,. Bases are represented both in real space and momentum space. In the real-space
representation, electric multipole moments up to rank-4 are shown. The rank-5 dotriacontapole Qy, is also shown for A;, IR.

IR Basis in real space Basis in momentum space
Alg 02 z kzz
[om Z kz4
03, x* —6x2y? 4+ y* ki — OkZk; + ki
xy(x* = y?) kky(k? — k3)
Ang Ou xy(x* = y?) keky (ki — k3)
B, oL, LI ki —k;
p (% = yH(T2* = 1r?) (k7 = k(T — k%)
By, On xy kek,
On xy(722 —r?) k)cky(7kz2 — k%)
E, 05 [zx.yz] ok ey ]
0% [zx(722 = 3r2),yz(722 — 3r2)] [k k (Th2 — 3Kk2),k, k. (Th2 — 3k%)]
0% [zx(x? — 3y?),yz(x* — 3y%)] [keko (k2 — 3k2), kyk.(k? — 3k2)]
Al (05) xyz(x? — y?) kX +kyy + k.2
k.2 — k% k.2 —k,p
Az, Oio Z kyf —k.y
O3 2(52% = 3r?)
By, 05 xyz k& —kyy
By, 05 2(x* = y?) & kY
E, 01 [x,] (ko2 ky 21Tk 2 k. 3]
05 [x(522 = ), ¥(52% = r?)]
05 [r(x? = 3y2),y(3x2 = y)]

In this section, we consider magnetic multipole moment
induced by spin angular momentum, for simplicity. With the
use of the linear combination of atomic orbitals method (LCAO
method), local basis is expressed by superposition of atomic
orbitals on Mn and As atoms. Then, a hybridized d-p orbital
mainly consists of Mn d orbital and contains As p orbitals [34].
With such hybrid local basis, we evaluate odd-parity magnetic
multipole moments.

A. Undoped BaMn,As,

Here, we calculate LMMMSs of the Mn-As cluster in
undoped BaMn;,As;. The formal valence of the Mn atom
is +2 with five 3d electrons and the spin configuration is
the completely high-spin state [35]. Thus, the orbital angular
momentum quenches in the Mn atom. The leading odd-parity
magnetic multipole moment comes from the observed z com-
ponent of spin magnetic moment [13,14]. Therefore, among
the candidates [Eqs. (4) and (5)] the magnetic hexadecapole
moment M, 2’2’ L= 3/5z(x2 — y%)2 is naturally the multipole
order parameter of BaMn,As;.

The expectation value of M jz, . is given by contributions of
five electrons in the Mn-As cluster,

(M5 ) = e (6v52(x> — y)s)L

5
=1 Y (U, | 6v/520% = ) [y ) (s (8)
j=1

where the subscript (. . .); indicates average on the local basis
of the Mn—As cluster and we used Z = 2ugs;. Orbital wave
functions |1pd’p) represent five Mn 3d orbitals hybridized with
As 4p orbitals, and (s;); denotes spin polarization of jth
orbital (j = 1-5).

The two nonequivalent Mn-As clusters have the same
hexadecapole moment (M, jz_ .}, since both the octapole electric

charge distribution (wd]p| 6/5z(x2 — y?) |1,bdjp) and the mag-
netic moment (s;); are opposite between the clusters. Thus,
the hexadecapole moment is a ferroic order parameter as we
expected. This is furthermore ensured by the symmetry; the
odd-parity magnetic multipole moment operators have the
even parity for the PT symmetry and hybrid d- p orbitals of two
nonequivalent Mn-As clusters are transformed to each other
under the PT operation. Therefore, the expectation value of
the hexadecapole moment M, jz‘ . is equivalent between the two
clusters.

Now, we evaluate the magnetic hexadecapole moment by
focusing on a Mn-As cluster with Z?:, (s:); > O without loss
of generality. Considering quenched orbital angular momen-
tum, we approximate the hybrid d-p orbital by the hybrid
s-s orbital |) for a rough estimation. In the s-s orbital,
the s orbitals of four As atoms, |s,As(7)), are perturbatively
hybridized with the s orbital of Mn atom |s,Mn). The As atoms
are labeled by the index i (see Fig. 2). Denoting the hopping
energy between Mn and As atoms as —¢ and the level splitting
as Agp < 0, and assuming |t/Ag4,| < 1, we obtain the wave
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function of the hybrid orbital

4
) = 1sMn) + 5 — D7 I5,AS()) ©
dp i

The hybridized component ), |5, As(i)) is not an eigenstate of
the SI symmetry, indicating the local SI symmetry breaking in
BaMn;As,. This is an essential ingredient of the odd-parity
LMMMs. We calculate the hexadecapole moment up to
O(t/Ayp) as

(M3 )L = (s 35206 — y7) [Yrss) m:

= 2435 Ipo——m. + 0(r2/A2), (10)
Agp
where Izo = (s5,As(1)| z(x?> — ¥?) |s,Mn) is a matrix element
of the electric octapole moment and m, = 2up Z?:, (s2); 1s
the total spin magnetic dipole moment.

We here adopt Slater-type orbitals [36,37], in which orbital
wave functions are approximated by those of hydrogenlike
atoms parametrized by effective principal quantum number
n*, orbital and magnetic quantum numbers (/,m), and shielding
factor «:

Yo 1) = N 1™ Yy, (7), (11)

with N being a normalized factor. Effective parameters n*
and « are determined by the Slater rule [36]. Real Slater-type
orbitals for [ > 0 are represented by using the cubic harmonics
Zf; instead of Y;,,,. Using parameters

(3,0,0,3.52 A"y for |s,Mn),

(n*7l’m’a) =
(3.7,0,0,2.68 A7) for |s,As(1)), (12)

and position of the As(l) atom (x, y z7) = (a/2 0,c¢’) with
lattice parameters a = 4.15 Aand ¢ =149 A [13,14], we

obtain Igg = 0.025 A . Then, the local magnetic hexadecapole
moment is evaluated as

(MZE,Z)L >~

(n*,l,m,0) =

—0.66 A’ (13)
fort/Ag, = —0.1 and m; = Sug.

B. Hole-doped BaMn,As,

Lightly hole-doped Ba;_,K,Mn;As, shows metallic be-
haviors, and doping hole carriers give the rigid band shift
in the band structure [20]. Then, the magnetic structure
remains to be the AFM state with a large magnetic moment
4.21up for x = 0.05 [20,26]. Thus, the hexadecapole moment
(M 15 .) is robust in the hole-doped regime. On the other hand,
the hole doping changes the filling of Mn 3d orbitals and
partially restores the orbital angular momentum, implying
non-negligible effects of LS-coupling (spin-orbit coupling).
This results in anisotropic distribution of magnetic charge
in the xy plane and induces magnetic quadrupole moment
without suppressing the Z-collinear AFM order.

In a heavily hole-doped region, Ba;_,K,MnyAs, also
undergoes the ferromagnetic transition and the ferromagnetic
moment is aligned in the xy plane [21,23,24,38]. The x-ray
magnetic circular dichroism experiment identified that the
ferromagnetic moment arises from the As p orbitals and

PHYSICAL REVIEW B 96, 064432 (2017)

FIG. 3. Sketch of p, and pg orbitals in a Mn-As cluster. (a) The
PDe orbital is directed to the xy plane, and (b) the pg orbital consisting
of p, orbitals extends in the z direction.

coexists with the AFM moment of Mn atoms [38]. Although
the interplay of the magnetic hexadecapole order and the
ferromagnetic order would be an interesting subject, it is left
for a future study. In this paper, we focus on the G-type
AFM state, which realizes in the lightly hole-doped region
x < x. ~ 0.19 [21], although we also show some numerical
results beyond this doping region.

ARPES study [39] and DFT+DMFT calculations [40] have
shown that the valence band of BaMn,As, mainly consists of
Mn 3d,-_,» and As 4p, orbitals. The doped holes occupy the
hybridized d-p orbital, whose wave function is obtained by
the LCAO method

!
[Vap £3) = [dey2 Mn,t3) + == [ po.t3)
Agp

t iA
+ 3| ) o Mo )

A
ST
A
+ 2(A, F 2h) [d:x.M

dy:,Mn,F3)
n,F3), (14)

with f, (tg) being the hopping parameter between the Mn
|dy>—y2) and As |pg) (| pg)) orbitals. Figure 3 illustrates the
Do and pg orbitals, which are given by linear combinations
of p orbitals of four As atoms. The orbital wave functions are
explicitly written as

|Pa) = |Px;AS(1)) = [Py, AS(2)) — | px, AS(3))

+ 1py.As(4)) s)
|pp) = [P, As(D) + | p2, As(2)) + | pz, As(3))

+ [Pz, As(4)) (16)

which are compatible with the symmetry of the Mn d,>_
orbital. Energy levels of As p orbitals, Mn d,, orbital, and Mn

dy(d.,) orbital from the level of Mn d,>_,> orbital are denoted
by Agp, Ay, and A, respectively. The AFM molecular field
—ho, (h > 0 for the Mn-As cluster with m, > 0) has been
introduced for Mn d orbitals, and A is the LS-coupling constant
which is generally small in 3d transition-metal ions.

In the hole-doped BaMn;As;, the LS-coupling induces the
local magnetic quadrupole moment M, = ws2/3(xs; — ySy)
[Eq. (4)] which belongs to the same IR as the magnetic
hexadecapole moment M. We here calculate the expectation
value of M;’2 as follows. First, the contribution of one hole in
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the hybrid d- p orbital |, %) is evaluated,

(M) = —up(2v/3(xs, — ys,))L (17)
A 1 t
= —updV3— (1, + L), @8
He A2—2h< Adp+ﬁAdp) (18)
where

Iy = (px,As(D)[ x |dzx ,Mn) + (pr, As(1)| y|dy-,Mn),  (19)

Ig = (p.,As(1)| x |d x,Mn) + {p.,As(1)| y |d,;,Mn) . (20)

Assuming Slater-type orbitals with effective parameters

n*,l,m,@) = (3,2,+1,3.52 A_l) (21)
for the Mn d,; and d_, orbitals, and

n*,l,m,a) = (3.7,1,£1(0),2.68 Afl) (22)
for the As p orbitals, we obtain
I, =—0241 A, I3 =-00563 A (23)

for the lattice constant of Ba;_,K,MnyAs, (x = 0.05), a =
4.16 A, and ¢ = 1.49 A [26]. When we take f,/Ag4, =
tg/Agp = —0.1 and A/(A; —2h) = —0.01, the magnetic
quadrupole moment induced by one hole per Mn atom is
estimated as

(M) = 1.0x1073 g A. 24)

Then, the magnetic quadrupole moment of hole-doped
Ba;_, K .Mn,As, is obtained as

(M) = xx5.0x10™* g A, (25)

The magnitude of the magnetic quadrupole moment (M) L
is reduced by small factors A /(A — 2h) and x. Therefore, the
magnetic hexadecapole moment remains to be the leading-
order parameter of hole-doped BaMn; As;.

C. Order parameter of odd-parity magnetic
multipole order in crystals

LMMMs specify microscopic distribution of magnetic
charge around magnetic atoms or clusters, as we have studied
in previous subsections. However, there are ambiguities in
the definition of macroscopic odd-parity multipole moment
in crystal systems. In order to avoid the ambiguity, we
here introduce a unique definition by removing an irrelevant
component which does not break the SI symmetry.

First, operators of multipole moment defined by Eq. (1)
may depend on the origin of coordinates. Although later this
ambiguity is resolved by subtracting the irrelevant component,
it is convenient to choose an inversion center as the origin.
Then, the magnetic unit cell is defined so that its center is
the inversion center. The inversion center is no longer an
inversion center in the AFM state because the SI symmetry is
spontaneously broken. However, it still remains to be an origin
of the PT operation preserved in the odd-parity magnetic
multipole state.

Second, there remains an ambiguity for the choice of an
inversion center and a magnetic unit cell. Actually, the crystal
structure of BaMn,As; contains four nonequivalent inversion

PHYSICAL REVIEW B 96, 064432 (2017)

FIG. 4. (a) A unit cell of BaMn,As,. The red points show the
inversion centers Py, P,, Ps, and Py. (b)—(e) The magnetic unit cell
corresponding to each inversion center. Configuration of neighboring
Mn atoms is shown.

centers, namely, Py, P», P3, and P4 in Fig. 4. Coordinates
of Mn atoms depend on the choice of inversion center and
corresponding unit cell. The magnetic multipole moment,
indeed, depends on the inversion center when it is simply
defined by the expectation value of Eq. (1) in the unit cell.
For instance, let us first choose the inversion center Pj.
Coordinates originating from the inversion center (X,Y,Z) are
related to the coordinates (x,y,z) used in previous subsections
for Mn-As clusters; (X,Y,Z) = (x +a/2,y,z + ¢/4) for the
Mn(1) atom at (X,Y,Z) = (a/2,0,c/4). Then, the expectation
value of Z(X? — Y?)s, for electrons in the Mn-As cluster is
decomposed into LMMMs and evaluated as
2 2 2 2 a’c
(Z(X" = Y )s)mnay = (2(x” = y7)sz)m) + 1_6(sz)Mn(1)
(26)

because the symmetry-adapted LMMM operators are only the
hexadecapole moment M, IZ, . and the dipole moment Mo  s..
Summing up contributions from two Mn atoms in the unit cell,
we obtain the multipole moment

34/54%¢
(M) p = 2{Mp5 )+ ———m.. 27
Similarly, we obtain
3\/§azc
(M ), = 2(M ) — ————m,, (28)
(M ) = 2(M} )L, (29)
(M Y, = 2(M$ )L, (30)

when we choose the inversion center P, P3, and Py, respec-
tively. We here notice that the contribution from the local
magnetic dipole moment i@mz causes the ambiguity.

To resolve the ambiguity, we redefine the magnetic multi-
pole moment by difference from a reference state, following
procedures used for electric dipole moment [41,42], magnetic
monopole moment [43,44], and magnetic toroidal moment
[45,46]. For this purpose, we consider the virtual crystal
structure illustrated in Fig. 5. In the virtual crystal structure
[Fig. 5(a)], the As atoms lie in the same plane as Mn atoms
and Ba atoms have been removed. Then, the Dy, symmetry
is preserved even in the AFM state since the Mn atoms
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FIG. 5. (a) Virtual crystal structure whose SI symmetry is
recovered in the AFM state. (b) Real crystal structure of BaMn, As;.

are inversion centers. However, the magnetic hexadecapole
moment defined by Eq. (1) remains finite for the inversion
center P; and P, due to the irrelevant terms i@mz.
Thus, we define the order parameter of odd-parity magnetic

multipole order (M;,,) by subtracting the irrelevant component
(Mi) = (Min)r = (Mi)?. @D

where I" denotes an inversion center and (. . .)1(1 indicates the
expectation value in the virtual crystal structure, namely, the
reference state. Although the multipole moment (Mlm)(ll in the
reference state depends on an inversion center, the odd-parity
magnetic multipole moment defined by difference from the
reference state is unique in the sense that it is independent of
the choice of inversion center and unit cell.

The local magnetic hexadecapole moment vanishes in
the virtual crystal, namely, (MZE,Z)E =0, since the Mn-As
clusters preserve the local SI symmetry. In other words, the
macroscopic magnetic hexadecapole moment defined above is
given by the LMMM,

(M) = 2(M} ). (32)
Similarly, we obtain
(M3) = 2(M$5) (33)

for the magnetic quadrupole moment. Thus, the macroscopic
magnetic multipole moment in BaMn;As; is given by the
LMMMs investigated in Secs. IITA and IIIB. It is again
stressed that the local SI symmetry breaking in the crystal
structure plays an essential role for the odd-parity magnetic
multipole order.

PHYSICAL REVIEW B 96, 064432 (2017)

The procedure used in this section can be applied to not only
BaMn;As,, but also to various odd-parity magnetic multipole
states. First, a magnetic and centrosymmetric crystal structure
is considered as a reference state. Second, an irrelevant compo-
nent which is finite in the centrosymmetric state is evaluated.
Then, the odd-parity magnetic multipole moment in real
crystals is uniquely defined by difference from the reference
state. The reference state is not uniquely determined in general.
However, it is reasonable to consider the virtual structure in
Fig. 5 for BaMn,As, as a reference state which restores the
local SI symmetry of magnetic sites. Using this framework,
we are able to estimate odd-parity magnetic multipole moment
more precisely by first-principles calculations [43,44,47-49].
The first-principles study of Ba;_,K,Mn,As; is an important
future work.

For calculations of the multipole moment, additional care
is needed for the multivalued problem [41,44,45]. When
evaluating electric dipole moment by using the Berry phase
formulation [41], we may obtain the electric dipole moment
with the arbitrariness of neR, where n is an integer and
R is the minimal lattice vector along the polarization axis.
The physically meaningful dipole moment should be smaller
than the arbitrary term. Similar multivalued problem may also
occur in calculations of higher-order multipole moment. The
arbitrary term of magnetic hexadecapole moment, namely, the
quantum unit of magnetic hexadecapole moment AM L, 2o 18
roughly evaluated as

AM, .~ a*cm, (34)

which is in the same order as the irrelevant terms iN?T“ZCm 2
in Egs. (27) and (28). Our evaluation of the magnetic
hexadecapole moment (M, Iz,z) ~ 1 ug A3 [Egs. (13) and (32)]
is much smaller than the quantum unit AM;, . ~ 10% up A3,
and therefore our calculation does not suffer the multivalued
problem.

IV. EFFECTIVE MODEL

In the following part of this paper, we show characteristic
properties induced by odd-parity magnetic multipole order.
For this purpose, we introduce a tight-binding Hamiltonian
for the valence band of BaMn;As; mainly consisting of Mn
dy>_ > orbital [39,40].

By projecting the five-orbital model to the valence band
(Appendix A), the effective Hamiltonian is obtained as

‘H = Hhop + Hasoc + Harm = Z C;iH(k)Ck, (35)
k
_ (ek) + [galk) —hal -0 Vas (k)
Hk) = ( Van(h) e(k) + [gn(k) — hg] - a)’ (36)

where ¢ = (0y,0,,0;) is the Pauli matrix and ¢; = (¢, A,+,ck,A,,,ck,B,Jr,ck,B,,)T is a vector representation of annihilation
operators labeled by momentum k, sublattice index t = A, B, and spin o = £. The kinetic energy term is given by

Hiop = . €(K)c} o Chiro + D (Vap(k)ch o o Chp.o + Heo), 37)

k.t,o0

k,o
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where
ki ky k,
€(k) = —2t,(cosk, + cosk,) — 8, cos > cos > cos 5 (38)
Vap(k) = —4f K cos X2 _of, cos (39)
AB(K) = ] COs > cos > 2 COS >

are intrasublattice and intersublattice hopping energy, respec-
tively. The G-type AFM structure of BaMn,As, is taken into
account by the molecular field term Hapy . Since the magnetic
moment is parallel to the z axis and changes its sign between
the A and B sublattices, the AFM molecular field is given by
hA = /’12 and hB = —h2

The k-dependent Zeeman terms gap)(k)- o originate
from the LS-coupling and the interorbital hybridization be-
tween the Mn d,2_,» orbital and other Mn d orbitals, as we
show the derivation from the five-orbital model in Appendix
A. The PT symmetry preserved in the AFM state ensures the
staggered structure ga(k) = —gp(k) = g(k). The g vector
g(k) is decomposed into the odd- and even-parity parts
g(k) = g’(k) + g" (k). The odd-parity component represents
the ASOC term by

. .k .
aj sinky + a; cos % sin 5 cos %

. . ky .
o s1nkx+azs1n%cosi‘cos% . (40)
. cky . ke
o3 sm%sm?‘sm&

g'(k) =

This term arises from the local SI symmetry breaking of
Mn atoms and, therefore, all the coefficients o, a», and a3
are finite in both paramagnetic and magnetic hexadecapole
states. In contrast, the additional component g” (k) denotes an
even-parity spin-orbit coupling, called as symmetric spin-orbit
coupling (SSOC). The derivation from the five-orbital model
gives the expression (see Appendix A)

B sin 7 cos 5 sin 5

ke . ky . /&
—Bcos ¥ sin 3 sin 3 |- 41)

0

The SSOC term breaks the TR symmetry, although it breaks
neither the local nor global SI symmetry. Therefore, the SSOC
term disappears in the paramagnetic state. The broken TR
symmetry by the AFM order gives rise to the SSOC term.

Diagonalizing the Bloch Hamiltonian H(k), we obtain the
energy spectrum

g"(k) =

Ei = et/ Vap? + lg(h) — b2, (42)

with double degeneracy protected by the PT symmetry. In
the undoped system, the Fermi level lies in the gap of the two
bands. Then, the system shows insulating behaviors. Doping
hole carriers lower the Fermi level without reconstruction of
the band structure [20]. Then, the partially filled valence band
leads to metallic behaviors.

In the following sections, we investigate electromagnetic
responses resulting from the SI symmetry breaking. Then,
the SSOC term does not play an important role since it
does not break local or global SI symmetry, as discussed in
Appendix A. Thus, we set 8 = 0 for simplicity, and assume

(

the parameters f; = —0.1, r, = —0.05, f; = 0.05, 7, = 0.01
for the kinetic energy term, 4 = 1 for the AFM molecular
field, and oy = —0.005, o = 0.001, oz = 0.01 for the ASOC
term, unless mentioned otherwise. The interlayer coupling
is moderate in BaMnyAs, compared with a related quasi-
two-dimensional compound LaMnAsO [40]. Thus, moderate
interlayer hopping integrals are assumed. We adopt the unit
for the lattice parameter a = ¢ = 1.

V. MAGNETOELECTRIC EFFECT

A. Uniform magnetoelectric effect

In the previous sections, the AFM state of BaMn;,As; has
been identified as an odd-parity magnetic multipole state,
where the SI and TR symmetry are broken whereas the
combined PT symmetry is preserved. Then, the ME coupling
is allowed in a free-energy expansion in accordance with
group-theoretical discussions [50]. The resulting ME effect,
M = & E, thatis, the electric-field-induced magnetization, has
been observed in experiments [10]. The symmetry argument
tells us that the ME response is attributed to rank-2 magnetic
multipole orders listed in Table II. Decomposing the ME
tensor & = (o) into isotropic, antisymmetric, and traceless
symmetric terms, we have

& =HTra)l + 2@ — e+ [3@+a") - (Ta)i], 43)

corresponding to magnetic monopole moment ), x;£;, mag-
netic toroidal dipole moment }_;, €;cx; %, and magnetic
quadrupole moment x;%; + x;X; and x;%; — x;%; for i # j.
In accordance with the symmetry of magnetic quadrupole
moment M;, o x& — y¥, the ME effect characterized by the
ME tensor

o 0 O
=10 —a O (44)
0 0 O

is allowed in BaMn,As,.
To demonstrate the ME effect, we calculate the ME
coefficient by Kubo formula

_ [op () pglvv ()], f(E,) — f(E,)

eguph
G = To0N kX,,‘; E, (k) — E,(k)+i8 E (k) — E (k)

(45)

where p and ¢ label the band indices, N is the number
of unit cell, § is a scattering rate, and f(E) is the Fermi
distribution function. [0, (k)] - and [v, (k)],, are, respectively,
the band representation of spin operator o, and velocity
operator v, (k) = 0 H(k)/0k,.

We plot the ME coefficient as a function of the chemical
potential p in Fig. 6. Our numerical result is consistent with
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FIG. 6. ME coefficients o, (red triangles) and «,, (blue circles)
as a function of the chemical potential n. We assume the temperature
T =0.01 and the scattering rate § = 0.01, and choose the unit
egugh/2 = 1.

the symmetry argument. Only the ME coefficients o, = —ayy
are finite, corresponding to the magnetic quadrupole moment
M. Dark background in the figure represents the metallic
region where the chemical potential lies in the valence band
or conduction band. Otherwise, the chemical potential lies in
the gap, and the system is insulating. Interestingly, the ME
effect is significantly enhanced in the metallic region. The
magnitude of the magnetoelectric coupling in the insulating
phase (Jax,| = |etyy| ~ 107*) corresponds to ~1073 psm~!
when we take |#;| = 100 meV. This magnetoelectricity is much
smaller than that of the prototypical magnetoelectric material
Cr20;3 (laiL] = loxx| = layy| ~ 107" Psm_], logy| = otz | ~
1 psm~') [51] because only a small magnetic quadrupole
moment is induced by the LS-coupling term. However,
precise estimation of the magnetoelectric coupling requires
more elaborate works. For instance, calculations based on the
multiorbital model, estimation of orbital magnetoelectricity
[52,53], and DFT calculations are desired.

B. Antiferromagnetic Edelstein effect

Next, we show the AFM Edelstein effect, namely, the AFM
spin polarization induced by the electric current. This charac-
teristic response of locally noncentrosymmetric systems [3] is
attracting recent interest for application to antiferromagnetic
spintronics [54-56].

The operator of AFM spin moment is defined as 02" = 0, 7
with the Pauli matrix 7 acting on the sublattice space.
The ASOC term is uniform between sublattices when it is
represented by the AFM spin operator

Hasoc= D gk)- o™V, . crro. (46)

k,t,0,0’

Hence, the AFM spin-momentum locking occurs in locally
noncentrosymmetric systems, that is analogous to the spin-
momentum locking in globally noncentrosymmetric systems.
The above representation of the ASOC term indicates the
staggered ME effect represented by

MAF = g*YE, 47)
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FIG. 7. Staggered ME coefficient o} (= a}) as a function of
the chemical potential p in the AFM state (h = 1, red triangles)

and in the paramagnetic state (2 = 0, blue circles). The shaded area
indicates the metallic region for 7 = 1. We assume 7 = 0.01 and
8 = 0.01 and adopt the unit egugh/2 = 1.

in analogy to the Edelstein effect [57], that is, the spin
polarization due to the current-induced shift of Fermi surface.
Since the ASOC term contains an in-plane component,
koM + k,oAF, which is a basis function of the totally
symmetric A;, IR of the Dy, point group, we have finite
staggered ME coefficients ' = . The ASOC term is
derived from only the local ST symmetry breaking and does not
require the TR symmetry breaking. Therefore, the staggered
ME effect occurs in both paramagnetic state and AFM state.

Replacing o, with 0" in Eq. (45), we calculate the

staggered ME coefficient aﬁf . Figure 7 shows numerical
results of af = o in the AFM state (2 =1) and the
paramagnetic state (h = 0). Although the staggered ME effect
is caused by the in-plane component of the ASOC term,
g.(k) and g;,(k), this component is suppressed in the AFM
state (see Appendix A) since the spin polarization along
the z axis suppresses the spin-flipping process. Thus, we
assume the in-plane components in the paramagnetic state
aj(para)= —0.05 and a;(para)= 0.01, which are larger than
those in the AFM state. Indeed, the staggered ME coefficient
is smaller in the AFM state than in the paramagnetic state.

In contrast to the uniform ME effect, the staggered ME
effect is essentially induced by the electric current. The shift
of Fermi surface under the current results in the AFM spin
polarization, like in the Edelstein effect [57]. Thus, we call
Eq. (47) the AFM Edelstein effect.

The difference between the uniform ME response and
staggered ME response comes from the PT parity of spin
operators. The PT parity is even for the AFM spin moment
o ¥, while the uniform spin operator ¢ is PT odd. Since the
velocity operator v has even PT parity, the ME coefficient
oy, is purely determined by interband effects, whereas the
staggered ME coefficient aﬁf by intraband effects. Thus,
@, o< T while o oc T! with respect to the lifetime of
quasiparticles, indicating the electric-field-induced uniform
ME effect and the electric-current-induced AFM Edelstein
effect. Indeed, the latter does not occur in the insulating state. In
Appendix B, we prove the lemma for Kubo formula supporting
these discussions.
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FIG. 8. (a) The in-plane component of g vector [g’.(k), g’,(k)]
in the ASOC term. The momentum dependence on the k, = 0 plane
is shown by arrows. The electric field along the y direction shifts
the Fermi surface (circle with a solid line). (b) The k-dependent
AFM spin polarization on the Fermi surface. Summation for the
momentum leads to a macroscopic AFM spin polarization in the x
direction.

Here, we show a simplified expression of «f;". The matrix
element of the velocity operator is obtained as

_ 0, (k)

(v (K)] pg ok, 8pq

+Epk) - E(k)]< p(k)‘ q(k)>, (48)

where |u,(k)) denotes Bloch states satisfying H (k) [u,(k)) =
E (k) |u,(k)). Summing up intraband contributions, we obtain

o8 = Bl 5 [0 W], DE, (k) 3f (E)

W dN i ié dky oE E,
—egugh AF 8f(Ep)
= — k —_— 49
SN kgp [a27( )]pp ok, (49)

Because T = 1/4, we confirm a

the staggered ME coefficient " is determined by quasipar-
ticles near the Fermi surface. Slnce the AFM spin moment is
locked to momentum due to the ASOC term, the deformation
of Fermi surface represented by df(E)/dk, gives rise to the
finite AFM moment M2F = (Tr )", o AF(k)), as schematically
shown in Fig. 8.

The AFM Edelstein effect enables electrical switching
of AFM domain [54,55], pointing to the AFM spintronics
[56]. However, the seemingly AFM structure is classified
into the odd-parity magnetic multipole. In other words, the
“AFM domain” switched by the electric current is, indeed,
the domain of ferroic odd-parity magnetic multipole from the
viewpoint of multipole physics. Although it may be expected
that the magnetic hexadecapole moment of BaMn,As; can
be switched by injecting an electric current, it is unlikely
at least in the linear response region. The effective AFM
Zeeman field driven by electric field is confined to the xy plane
and the AFM Edelstein effect cannot switch the z-collinear
AFM domains of BaMn,As,. However, a uniaxial strain
along the in-plane direction reduces the site symmetry of Mn
atoms and accordingly induces another AFM Edelstein effect

F o t!. Atlow temperatures,
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FIG. 9. The tetrahedral modulation of Fermi surface is shown
with the solid lines. Fermi surfaces in the (a) kf;10; — k; plane and (b)
kiti0) — k- plane are shown. kj;10; and k;o; are momentum along the
[110] and [110] directions, respectively. The chemical potential is set
tou = —0.8 and alarge ASOC o3 = 0.3 is assumed for emphasizing
the tetrahedral modulation. Fermi surfaces for i3 = 0 are plotted with
the dashed lines for a comparison.

characterized by a finite coefficient a F. Then, the magnetic
hexadecapole moment may be sw1tched by the electric current
along the z direction: M, jz >0« M Iz < 0. Furthermore, the
electric current along the z direction induces the strain field
in the xy plane, as we show in Sec. VI. Therefore, the
nonlinear effect of the electric current gives the effective
AFM Zeeman field and may switch the magnetic hexadecapole
domain.

VI. CURRENT-INDUCED NEMATICITY

We here show a counterintuitive response in the metallic
magnetic multipole state. The electric current along the z axis
induces the nematicity in the xy plane. As we show in Table III,
the order parameter of odd-parity magnetic multipole order
represented in k space indicates spin-independent asymmetric
modulation of the band structure, which has been demonstrated
in several models [3,4,6,8]. In BaMn,As;, the order parameter
of the By, IR is kykyk. in k space. The corresponding cubic
asymmetry in the energy spectrum results from the coupling
of the AFM molecular field and the z-axis component of the
ASOC term, which is, indeed, —hgg(k) o kykyk, in the long-
wavelength limit. This term induces a tetrahedral modulation
of Fermi surfaces as shown in Fig. 9. The same modulation
also arises from the coupling between the ASOC and SSOC
terms, g'(k)- g’ (k), although this term is negligible as we
discussed in Appendix A.

The electric current along the z axis induces finite expec-
tation value of k,. Then, the tetrahedral modulation leads to
kykyk, — kyk,(k.), indicating the nematicity in the xy plane
resulting from the nematic modulation of Fermi surface. This
is an intuitive explanation of the current-induced nematicity
shown below.

The modulation of Fermi surface may be quantified by the
weighted density operator n ¢ [58]:

1
=¥ > fuck oCha-
k,a

(50)
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FIG. 10. The tetrahedral modulation of Fermi surface (nr).
Parameters are 7 = 0.01 and § = 0.01. The shaded area indicates
the metallic region. (nt) is finite in the presence of a Fermi surface.

where f is the weighting function and the index « specifies
the internal degree of freedom such as spin and sublattice.
For example, fi = cos k, — cos k, represents the d,>_,>-wave
modulation and, then, the spontaneous ordering of (ny) is
called the d,>_,>-wave Pomeranchuk instability. The tetrahe-
dral modulation of k.k,k; type in BaMn,As; is given by the
following weighted density operator:

1
nT = Z TkC,L,,GCk,r,a, (5D

k,t,0

where
Ty = sin ]E sin k—y sin & (52)
2 2 2
As we have discussed, the expectation value of nt can be
regarded as an order parameter of Bj, magnetic multipole
order in the metallic state. In Fig. 10, we plot (n1) in the AFM
state, which is indeed finite in the metallic region. The sign of
the tetrahedral modulation is naturally opposite between the
upper and lower bands because of the sign £ of the energy
spectrum [Eq. (42)].

When we look at the Fermi surface on a k, = constant
plane, the diagonal modulation k.k, appears. However, the
k. ky, modulation is opposite between the k, = ¢ plane and the
k, = —c plane and, therefore, the summation for k, results
in vanishing in-plane nematic order in the equilibrium state.
Now, we notice that the applied electric field perpendicular to
the xy plane causes the imbalance between k, = ¢ and —c,
which gives rise to the diagonal nematicity in the stationary
state. A schematic illustration is shown in Fig. 11.

To investigate the current-induced nematic order, we define
a nematic operator np as follows [59]:

np = % > Dicl o yckpo +He., (53)
k.o

with

k k,
D = sin — sin . 54
K sm231n2 54)
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FIG. 11. Schematic figure for the mechanism of current-induced
nematicity. (a) The tetrahedral modulation of a Fermi surface is
illustrated. The diagonal nematicity of k.k, type is canceled out by
the k, summation. (b) The electric field along the z direction breaks
the balance between the k, > 0 region and k, < O region, giving rise
to the k,k,-diagonal nematic order.

The current-induced nematicity represented by

(np) = xpE; (55
is calculated by using Kubo formula
Xp = —leh [nD(k)]/J,v[vz(k)]vy, f(E/L)_f(E\J) (56)

N k. E;L(k)_Ev(k) + ) Eu(k)_Ev(k) ’
where np(k) is the band representation of np.

Figure 12 shows the numerical result of nematic suscepti-
bility xp. It is indeed shown that the current-induced nematic
order occurs in the metallic region. Since the nematic operator
np is PT even, the nematic susceptibility xp is determined
by intraband contributions as a;jf is. Thus, the nematicity
is essentially “current induced” and it does not occur in the
insulating state. This means that the current-induced nematic
order is a response characterizing the odd-parity magnetic
multipole order in itinerant systems.

By using the lemma proved in Appendix B, the nematic
susceptibility to electric field is obtained as

If (Ep)

o = = D (k)] = r (57)

XD

FIG. 12. The nematic susceptibility to the electric field. Parame-
ters are T = 0.01 and § = 0.01, and we take the unit e/i = 1.
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FIG. 13. Sketch of the current-induced structural transition. The
electric field along the z axis induces the electronic nematicity in
the xy plane, which leads to the tetragonal-orthorhombic structural
transition through electron-lattice couplings.

Thus, xp o ! as expected. Note that the nematic susceptibil-
ity appears with the same sign between the upper and lower
bands, in contrast to the tetrahedral modulation (Fig. 10). This
is because the nematic operator is defined by the intersublattice
hopping. By using operators for bonding and antibonding
orbitals [60]

1
bro = —=(ck.a.c + Ck.B.o) for bonding orbital,

/2

axs = —=(Ck.A.c — Ck.B,o) for antibonding orbital, (58)

V2

the nematic operator is recast to

1 t
mp = kZ Db} bk — af ko). (59)

Owing to the negative sign in front of a;aakﬁ, the translation
of Fermi surface by electric current induces the nematicity
with the same sign in the upper band and the lower band.

Although we have discussed an electronic nematic order so
far, the nematicity induces a structural deformation through
electron-lattice couplings. Thus, the electric current along
the z axis induces the lattice structural deformation in the
xy plane illustrated in Fig. 13. The structural nematic order
which has been observed in Fe-based 122 compounds [15-17]
is essentially different from the current-induced nematic
order proposed by this work. In BaFe,As;, the orthorhombic
transition spontaneously occurs at low temperatures. On the
other hand, in the odd-parity magnetic multipole state of
BaMn;As,, the nematicity is induced by the external electric
current. Furthermore, the SI symmetry is not broken in
the orthorhombic stripe AFM state of BaFe,As;, while the
spontaneous SI symmetry breaking plays an essential role in
BaMn;As,;. As expected from an intuitive explanation for the
current-induced nematic order, the electric current along the x
axis (y axis) also induces the structural transition of yz type
(zx type).

The structural deformation driven by the electric field can
be regarded as a (inverse) piezoelectric effect. For insulators,
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a piezoelectric-coupling constant is given by

P,

—_— 60
e (60)

Cijk =

9
E=0
where P is an electric dipole moment and € j; is a strain tensor.
Alternatively, it is recast

Sij = ZekijEk, (61)
k

where s;; is a stress tensor and we assume €;; = 0. The Dy
symmetry allows piezoelectric couplings

€xy; = €xzy = €yxz = €yzx,
€zxy = €zyx; (62)

and e, and e.,, represent the stress in the [110] direction
or the [110] direction induced by the electric field along
the [001] direction. This piezoelectric effect is similar to
the current-induced nematic order studied in this work.
However, there are significant differences in their mechanism,
symmetry, and manifestation. In insulators, the piezoelectric
deformation is mainly caused by ionic displacements induced
by electric field. Then, the polar rank-3 tensor e;;; has the
even parity under the TR operation [61]. On the other hand,
the piezoelectricity we propose, namely, the current-induced
nematicity, is characteristic of metallic systems, and then the
“piezoelectric” tensor &;;; has the odd parity under the TR
operation [62]. In other words, the direction of the strain,
the [110] direction, or the [110] direction is reversed by
applying the TR operation. Therefore, the inverse piezoelectric
effect is switchable by changing the AFM domain. Thus, the
metallic magnetic hexadecapole state may be called “magne-
topiezoelectric metal.” Interestingly, hole-doped BaMn,As;
realizes such an exotic state which may be useful for device
applications.

We have confirmed that the conventional piezoelectricity
does not occur in the magnetopiezoelectric metal from the
viewpoint of symmetry. Both of e;;x and &, are polar
tensors, and require the SI symmetry breaking. The TR
even piezoelectric tensor e;;; is forbidden in the magnetic
hexadecapole state since the PT symmetry is preserved.

Then, the electric field does not directly couple to the
strain, but indirectly couples through the electric current. The
response is represented by the same form as Eq. (61), although
the response tensor is replaced by the TR odd one &

Recently, a related phenomenon has been proposed by
Ref. [63]. The authors have revealed the electric current
generation by a time-dependent strain in metallic systems
where both of SI symmetry and TR symmetry are broken. This
is a dynamical and inverse response of the current-induced
nematic order which we reveal in this work.

VII. SUMMARY AND DISCUSSION

In this paper, we investigated the odd-parity magnetic
multipole order in BaMnyAs, and clarified characteristic
responses. The obtained results are summarized below.

First, we have classified the magnetic multipole order
on the basis of the IRs of point-group symmetry, similar
to the classification of unconventional superconductivity by
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Sigrist and Ueda [27]. The symmetry argument indicates the
odd-parity magnetic multipole order in the AFM state of
BaMn;As,, which belongs to the Bj, IR of Dy, point group.
Possible multipole moments are magnetic quadrupole moment
M5, and magnetic hexadecapole moment M,).

Next, the microscopic analysis of seemingly conventional
collinear G-type AFM state in undoped BaMn,As, and
hole-doped Ba;_,K,Mn;As, reveals the leading magnetic
hexadecapole order. In the hole-doped metallic system, the
orbital angular momentum of Mn 3d electrons is partially
restored, and then the LS-coupling induces the magnetic
quadrupole moment M, as an admixed odd-parity magnetic
order parameter. The microscopic study implies that the local
SI symmetry breaking at magnetic sites plays an essential
role for the odd-parity magnetic multipole order. Furthermore,
we propose a definition of macroscopic order parameter of
odd-parity magnetic multipole order, in which ambiguities due
to the choice of unit cell are removed.

Then, we have introduced an effective Hamiltonian and
shown electromagnetic responses induced by the odd-parity
magnetic multipole order. The ME effect occurs in accordance
with the existence of the magnetic quadrupole moment. The
AFM Edelstein effect has also been shown, and the electrical
switching of magnetic multipole moment has been discussed.
Interestingly, the metallic odd-parity magnetic multipole state,
where both of TR and SI symmetry are spontaneously
broken, shows an asymmetric modulation of Fermi surface.
The tetrahedral modulation of k. k,k, type occurs in doped
BaMn,As,, and induces a counterintuitive current-induced
nematic order. The in-plane nematic order is induced by
the out-of-plane electric current. Thus, the itinerant magnetic
hexadecapole state is identified as magnetopiezoelectric metal.
These exotic phenomena are derived from the ASOC term
arising from local SI symmetry breaking.

Although odd-parity multipole order has been discussed
for only a few crystalline materials so far, a variety of
magnetic compounds may be identified as odd-parity magnetic
multipole state. Indeed, we have revealed that a seemingly
conventional AFM state of BaMn,As, is identified as the
magnetic hexadecapole state. This work is a proposal of
magnetic hexadecapole order, although magnetic monopole,
toroidal dipole, and magnetic quadrupole compounds have
been studied [10,46,64,65]. From our analysis of BaMn,As,,
we immediately notice that many other compounds show
the magnetic hexadecapole order with the magnetic structure
similar to BaMn,As,. For instance, we identify other Mn-
based 122 systems [BaMn, Pn, (Pn=P, Bi)] [66,67], Cr-based
122 systems [RCr,Si; (R=Ho, Er, Tb) and AeCr;As, (Ae=Ba,
Sr)] [68-71], Mn-based 112 systems [XMnBi, (X=Ca, Sr, Eu)]
[72,73], Mn-based 111 systems [KMnPn (Pn=As, Sb, Bi)]
[74,75], and Mn-based 1111 systems [LaMnPO and RMnAsO
(R=La, Nd)] [76,77] as magnetic hexadecapole compounds.
The local SI symmetry breaking of magnetic sites and
staggered alignment of magnetic moment are satisfactory
condition for the odd-parity magnetic multipole order. This
condition may be satisfied in various magnetic systems
we have not noticed. More elaborate study of odd-parity
multipole order will refine understanding of spontaneous
parity violation and resulting exotic phenomena in condensed
matter.
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APPENDIX A: DERIVATION OF THE EFFECTIVE MODEL

Five-orbital tight-binding Hamiltonian for Mn 3d orbitals
is represented by

H = Heven + Hoad + Hrs + Hcer + Haru, (A1)

where Heyen and Hoqq are hopping terms with even and odd
parity under the SI operation, respectively. The LS-coupling
term is written as

His = A Zli,r “Sic

it

(A2)

where A is the coupling strength, [ (s) is orbital (spin) angular
momentum operator, and the labels i and t indicate the site
and sublattice index, respectively. The crystalline-electric-field
term Hcgr Which mainly arises from the ligand field due to As
atoms (Fig. 2) gives rise to the level splitting of Mn d orbitals.
The d levels are classified by the local point group D,,; of Mn
sites,

dy + dyy +de_yp+dy;,dy,
Ay B, B, E

(A3)

where the IR of the point group is indicated for each d level.
We here neglect electron correlation effects in the AFM state
and take into account the molecular field term

HAFM = Z _2h7-'z5,'z,ra

1,7

(A4)

where 7 is the Pauli matrix acting on the sublattice space.

Now, we derive the single-band Hamiltonian for the valence
band. Because the LS-coupling is small in 3d electron systems,
the Russell-Saunders picture is appropriate. The crystalline
electric field is much larger than the LS-coupling. Therefore,
we can perturbatively treat the LS-coupling term. Then, the
eigenstate of atomic Hamiltonian Hcgr + His + Hapm for
mainly d,2_,> orbital is obtained as

iAo,
|Gz = :t’fz> = |dx2—)'2’0zarz> + A_l |dxyvaz,fz)
A
R
20— 2hory e T T

Ao,

— = |d.., AS
+ 2(A, —2hazrz)| ¢ (AS)

- GZ’TZ> b}

where s = %a, and A (Aj) is the energy level of d,, orbital
(dy and d orbitals) from the level of d,>_,> orbital.
Projecting the five-orbital model [Eq. (A1)] to the Hilbert
space spanned by |0, ), we obtain the projected Hamiltonian
as Eq. (35). The coupling constants of the ASOC term and the
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SSOC term for the A sublattice, g - o, are obtained as

2t 100

ap = m (A6)

o o
o = 4(tzxz§ _%;ZZAAZ’ (A7)
ay = 2k, (A8)

B(11) 5 + 12, 1h

W

The hopping integrals are written as
— tx,1 = (dzx,(a,0,0)| Hin |dy2-2,(0,0,0)) (A10)
~tia2 = {deas (55,5 [Hiinldie-y2.0.0.0), (ALD)
—tiy = s (55 55 5) [Hun [di2-,2,(0,0,0)) . (A12)
—try3 = (dey. ($.%.5) [ Hin |di2-,2.,(0,0,0)) , (A13)

where Hiin = Heven + Hodds dy,(x,y,2)) denotes the orbital
wave function of Mn 3d, orbital on the A sublattice, and
(x,y,z) are the Cartesian coordinates.

The entanglement of spin and orbital due to the LS
coupling results in the k-dependent spin-orbit coupling terms.
According to Egs. (A6)—(A9), the in-plane components of the
g vector originate from the hybridization of |d,>_,2,0,) with
|d.x(dy;), — o). Therefore, the coupling constants specifying
the in-plane component, namely, o, o2, and $, are suppressed
by the large AFM molecular field. On the other hand, the
out-of-plane component of the ASOC term, g’ (k)o, is robust
against the AFM order.

The SSOC term g”(k) - o is induced by the AFM order,
although it disappears in the paramagnetic state. This term does
not play an essential role for the electromagnetic responses
studied in this paper. Because the SSOC term remains finite in
the reference state shown in Fig. 5(a), it does not induce the
ME effect characteristic of the odd-parity magnetic multipole
state. From Eq. (42), we notice that the coupling between the
ASOC term and the SSOC term also induces the tetrahedral
modulation of the band structure, which is given by

g'(k) - g"(k)
ke k . Cky ke Lk
=20 B( sink, sin = cos = — sink, sin = cos — | sin —.
2 2 2 2 2
(A14)

Although the current-induced nematicity studied in Sec. VI
also arises from this term, it is a higher-order correction
with respect to the LS-coupling constant A. Since the LS
coupling is much smaller than the AFM molecular field
and the crystalline electric field, Eq. (Al4) is negligi-
ble compared with the leading-order term proportional to
has. Therefore, we neglect the SSOC term in Secs. V
and VL.
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APPENDIX B: LEMMA FOR KUBO FORMULA

Electromagnetic responses in the linear response region
are generally given by Kubo formula. When the Hamiltonian
is represented by a quadratic form of one-body operators,
the response function for uniform and static perturbation is
obtained as a simple form

[AG)] g [BUO),,  f(Ep) — f(Ey)

=C ’

B

where C is a constant factor, p and g are band indices, [A (k)] P
and [B(k)],, are band representation of uniform operators A
and B, respectively. The band energy is denoted by E,(k),  is
a constant scattering rate, and f(E) is the Fermi distribution
function. For instance, the electric conductivity tensor o, is
obtained by assigning the current operators j, and j, to A and
B, respectively.

Here, we consider the Hamiltonian which preserves the
PT symmetry. The PT symmetric system has at least
double degeneracy at each momentum k (Kramers pair), and
single-particle states are labeled by o, = & with Pauli matrix
acting on the degenerate Hilbert space. The Bloch states of
the Kramers pair are transformed to each other by the PT
operation

PT |n,k,0) = (i02),, |n.k,0'), (B2)

where |n,k,0) is denoted by the band index n, crystal
momentum k, and (pseudo)spin o. The band index p (and
q) is specified by the combination of n and o (n’ and o). The
intraband contributions to the response function (B1) come
from pairs (p,q) with n = n’. Thus, intraband contributions
are regarded as intra-Kramers pair contributions. On the
other hand, interband contributions are given by bands with
nonequivalent energy n # n'.

Now, we show a lemma about the relation between the PT
parity of A and B and the response function:

(i) When the product of PT parity of operators A and B is
odd, the response function y 4 is determined by the interband
contributions.

(i) When the product of PT parity is even, the response
function is given by the intraband contributions.

To prove the lemma, we consider two Kramers pairs
protected by the PT symmetry: |n,k,o), |m,k,0). By inserting
the PT operator the matrix element [A(k)],, for (p,q) =
[(n,0),(m,0")] is transformed as

[A(k)](n,a),(m,(f’) (B3)
= [AU) im0y, (.0) (02 (02 g (B4)
= [AU) o). (0.0) (02 (102 gro (= 1)FA, (BS)

where A = (PT)A(PT)~" and P, denotes the PT parity of
the Hermitian operator A. Here, we use (PT)k = k and the
anti-Hermitian property of PT operator

(@l Aly) = WGI(PTA(PT) " |9), (B6)

#) = PT1$), |¥)=PT|y). (B7)

By using the relation (BS5), the summation for the band index
in Eq. (B1) is simplified.
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First, the intra-Kramers pair contributions [p,q = (n,0),
(n,07)] to the response function are given by

(intra)
AB
C of(E) Z
=y —— LA 1,0, 00.0/ [BU .07 n.0)-
e 10 0E g os
(B8)
The right-hand side is transformed by
> TA®) ) 1.0),00,0 [BE) 1.0, 1.0 (B9)
= Z [A(k)](n,a’),(n,a)[B(k)](n,a),(n,zr’)(_1)PAB ’ (Blo)
where Pop = P4 + Pp. Hence, we obtain
S = (DM (B11)

Similarly, the inter-Kramers pair contributions [p,q =
(n,0),(m,0") with n # m] are simplified as follows. We divide
the inter-Kramers pair contributions

grllgter) — Xg;ter,odd) + grl;ter,even)’ (BIZ)
with
(inter,odd) — Z o f(En) - f(Em) Anm
AB = Aum A%m +52
X Y LA .00, 0m.0) [BUO o, .00 (B13)
(inter,even) __ f(En) - f(Em) —id
AB =) e A2 157
n,m,k m nm
X Z [A(k)](n,a),(m,a’)[B(k)](m,a’),(n,a)’ (B14)
and A,,, = E, (k) — E,,(k). Then, we obtain
xas" Y = DR B15)
Slz;er,even) — (_1)PAB Xi‘ilger,even). (B16)

An arbitrary scattering rate § is set to zero for interband
contributions, as usual. Thus, we have

X5 = =DM . ®17)
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Equations (B11) and (B17) clarify the relation between
the combined PT parity of A and B and the response
function.

XM — 0 for odd Pyp, (B18)

(inter)

Xap =0 foreven Pyp. (B19)

Thus, the response function is given by the intraband con-
tributions for even Psp, while it is given by the interband
contributions for odd P4 . This is the lemma which is proved in
this section. Our results in Secs. V and VI have been discussed
on the basis of the lemma.

The scaling with respect to the scattering rate is also
obtained from the proof
for even Pyp,

Xap o< 87! (B20)

XAB X 1 for odd PAB~ (BZl)

The response function x4p for even P4p originates from the
deformation of Fermi surface and, therefore, disappears in the
insulating state lacking Fermi surface. On the other hand, for
odd P,p, the response function comes from the deformation
of wave function. Then, a finite response function may be
obtained even in the insulating state.

The lemma is an extension of Onsager’s reciprocity relation.
It is straightforward to prove other relations for response
functions, for instance ensured by TR symmetry.

APPENDIX C: NEMATIC OPERATORS

In this paper, we adopt the nematic operator np in Eq. (53).
However, the nematic operator quantifying the deformation of
Fermi surface is not unique. Indeed, we may consider other
nematic operators

1

mo1 =+ Yk Dich g o Chr (@)
1 .

npy = N Zk,r,(r D]ZC]L,T,ng,t,(m (C2)

with weighting functions D; =sink,sink, and D} =
sin (k, /2) sin (k, /2) cos (k;/2). These nematic operators cor-
respond to the next-nearest-neighbor intralayer hopping and
nearest-neighbor interlayer hopping, respectively. The nematic
order parameters (np;) and (npp) belong to the same IR
(Byg) of the Dy, point group as (np). Hence, we do not have
any unique definition for the nematic operator. In this paper,
we adopt np corresponding to the nearest-neighbor Mn-Mn
hopping. In fact, the nematic susceptibility defined for the
nematic operator np shows larger value than those for np;
and np2.
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