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Transport property under metallic ferroaxial ordering in an external magnetic field is theoretically investigated.
After presenting the relation between the magnetoconductivity tensor and ferroaxial moment from the symmetry
viewpoint, we analyze the behavior of the unconventional Hall effect and magnetoconductivity for a general five
d-orbital tight-binding model under the point group Cy,, where the ferroaxial moment is activated. We show
that the crystalline electric field that arises from the symmetry reduction from Dy, to Cy, is essential for the
ferroaxial-related magnetotransport, while the relativistic spin—orbit coupling is not required. We also compare
the unconventional Hall effect driven by the ferroaxial moment with the conventional Hall effect, the latter of
which does not require the ferroaxial moment. The present results provide characteristic transport properties in
the ferroaxial systems, which can be observed in various candidate materials like CasIr;Oy;.
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I. INTRODUCTION

Ferroaxial order has attracted much attention as a new
quantum state of matter, which is qualitatively distinct from
ferromagnetic, ferroelectric, and ferromagnetoelectric (mag-
netic toroidal) orders in terms of spatial inversion and
time-reversal parities [1-3]. Its order parameter is character-
ized by a time-reversal-even axial vector, which means that the
ferroaxial moment can be activated even in the paramagnetic
state with centrosymmetric lattice structures. Such ferroaxial
order has been mainly studied in dielectric materials, where
the vortex structure of the electric dipole moments corre-
sponding to a signature of the ferroaxial moment emerges in
nanodisks and nanorods [4—8]. So far, several materials have
been identified to be ferroaxial ordered states in bulk sys-
tems, such as CozNb,Og [9], CaMn; O, [10], RbFe(Mo0Oy),
[11,12], NiTiO3 [12-15], CasIr;O;; [16-19], BaCoSiO4 [20],
K»Zr(POy); [21], Nap,Hf (BO3), [22], and Na-superionic con-
ductors [23].

The microscopic origin of ferroaxial ordering is described
by odd-rank electric toroidal multipoles, such as the electric
toroidal dipole and octupole, whose expression at the classical
level is obtained by performing the multipole expansion under
the assumption that the magnetic charge (monopole) exists in
Maxwell’s equation [24-27]. In this case, the electric toroidal
dipole is described by the outer product of the position vector
and the electric dipole. Meanwhile, recent theoretical studies
revealed an atomic-scale description of the electric toroidal
dipole at the quantum-mechanical level by introducing the
symmetry-adapted multipole basis [28], where it can be also
described by the outer product of the orbital and spin angular
momenta [29]. Such fundamental progress in terms of the
microscopic description of the electric toroidal dipole pro-
vides the possibility of the atomic-scale ferroaxial order and
a way of the quantitative evaluation based on the ab initio
calculations [30].
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In parallel with the development of microscopic expres-
sions, physical phenomena driven by the ferroaxial moment
have been extensively investigated [3,31-36]. As the fer-
roaxial moment breaks the mirror symmetry parallel to its
direction, it acts as a rotator against external stimuli [35].
For example, when the ferroaxial moment lies in the z di-
rection, an input field along the x (y) direction induces the
response of the conjugate physical quantities along the y (—x)
direction. In other words, the ferroaxial moment becomes a
source of transverse responses between the input and out-
put fields/currents with the same symmetry. These intriguing
features would open a new research field with the use of
the ferroaxial moment, i.e., “ferroaxiality,” as with ferromag-
netism and ferroelectricity.

In the present study, we further investigate physical phe-
nomena under metallic ferroaxial ordering. We especially
focus on two transport phenomena under an external magnetic
field: one is the unconventional Hall effect and the other
is the magnetoconductivity, both of which are caused by a
ferroaxial moment as nanometric rotator. The former is char-
acterized by the off-diagonal antisymmetric part of the linear
conductivity tensor proportional to an external magnetic field
H, while the latter is by its symmetric part proportional to
H?. We perform symmetry and model analyses for a general
five d-orbital model consisting of electron hopping, rela-
tivistic spin—orbit coupling, and tetragonal crystalline electric
field under the point group Csn. As a result, we find that
the crystalline electric field arising from the symmetry re-
duction from Dy, to C4, leads to the unconventional Hall
effect and magnetoconductivity characteristic of the metallic
ferroaxial moment. Our results indicate that the ferroax-
ial system exhibits characteristic transport properties, which
would be observed in ferroaxial materials, such as Caslr;Oy,
[37].
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FIG. 1. Lattice structure with the lattice constants a and ¢ under
the point group Cy, viewed from (a) the z axis and (b) the y axis.
The black-filled circles represent the d-orbital sites, while the black-
dashed circles represent the ligand sites. The hopping parameters,
(tl(n Hxs Loy Lins B0 s tz27r)’ are presented.

The rest of the paper is organized as follows. In Sec. II,
we present the tight-binding model in the tetragonal lat-
tice structure. We also introduce the ferroaxial moments
described by the electric toroidal dipole, octupole, and elec-
tric hexadecapole. Among them, we discuss the behavior of
the field-induced electric toroidal dipole. We give symmetry
analysis and numerical results in terms of the magnetoconduc-
tivity tensor under an external magnetic field in Secs. III and
IV. In Sec. III, we discuss the behavior of the unconventional
Hall conductivity with an odd function of H and, in Sec. IV,
we discuss that of the magnetoconductivity with an even func-
tion of H. Section V is devoted to a summary of this paper. We
present the essential model parameters for the field-induced
electric toroidal dipole, unconventional Hall conductivity, and
magnetoconductivity in Appendix A. In Appendix B, we show
the result of the optical unconventional Hall conductivity.

II. SETUP

In this section, we introduce the tight-binding model in
the three-dimensional tetragonal lattice system under the point
group Cyy, in Sec. IT A. Then, we discuss the behavior of the
atomic-scale electric toroidal dipole induced by the external
magnetic field in Sec. II B.

A. Model

We consider the tight-binding model consisting of five
d orbitals, where the lattice structure is set as a three-
dimensional square-lattice structure belonging to the point
group Cyy; the vertical mirror plane perpendicular to the xy
plane is broken. We suppose here that such a lack of vertical
mirror symmetry is caused by the ligand ions (the black-
dashed circles) around the d-orbital sites (the black-filled
circles), as shown in Fig. 1(a); the point group is Dy, if the
ligand ions are absent. The square layers in Fig. 1(a) are
stacked along the z direction, as shown in Fig. 1(b). We set
the lattice constants as a = ¢ = 1 for simplicity. Then, the
Hamiltonian is given by

H = H, + Hsoc + Heer + Hy + Hz, (D
H = Z (ttiiﬂcjaocjﬁ” +H‘C')’ 2
ijapo

Hsoc =1 Y _Li-si, 3)

Hcer = Z(A 1Clcyacixya + Azcjwciw + ASC,TuaCiua), )
io
Hy =V Z(CZ'TXWC"W + Clyy Cixyo ) (®)]
io

Hy=—> H-(i+2s). (6)

where CLJ (ciwo) 1s the creation (annihilation) operator of
an electron with site 7, orbital « = (u = 3z — 1%, v = x* —
y2, vz, zx,xy) for five d orbitals (d,, dy, dy;, d, d,,), and
spin o.

The first term in Eq. (1) represents the hopping Hamilto-
nian H; in Eq. (2). We consider nonzero hopping elements
allowed from the symmetry based on the Slater-Koster ta-
ble; we parametrize the nearest-neighbor hopping in the xy
plane, (15, t1,) [Fig. 1(a)], and the nearest-neighbor and next-
nearest-neighbor hoppings along the z direction, (t,1,, ;1)
and (t;50, t;2,) [Fig. 1(b)], where we ignore the § compo-
nent of the Slater-Koster parameters for simplicity. We set
te = —1, ti =0.5, Ll = —0.8, Lix = 0.4, Ine = —0.5,
and t,, = 0.25; t;, is the energy unit of the model. The
second term in Eq. (1) represents the spin—orbit coupling
Hamiltonian Hgoc in Eq. (3), where I; and s; represent the
orbital and spin angular momentum operators, respectively;
we set A = 2 unless otherwise stated by implicitly considering
the 5d materials where A tends to be comparable to the hop-
ping parameters [38]. The third term in Eq. (1) represents the
Hamiltonian for the crystalline electric field (CEF) under the
point group D4, Hcgr in Eq. (4). We take A} = 0.5b, A, =
6.5b, and A; = 10.5b with b = \/5/2, where the atomic-
orbital energy levels E, satisfy E,, = E;x < E, < E, < E,.
The fourth term in Eq. (1) represents the additional CEF
Hamiltonian in Eq. (5) to represent the symmetry lowering
from Dy, to Cy. The CEF parameter V mixes the xy and x2-y?
orbitals; we set V = 0.7. The choice of the model parameters
does not alter qualitative features in the following sections.
In particular, a different ratio of the spin—orbit coupling and
CEF as found in 3d, 4d, and 5d materials does not affect
the following results at the qualitative level; we demonstrate
this argument by performing the method to extract the es-
sential model parameters in response tensors in Appendix A.
The last term in Eq. (1) represents the Zeeman Hamiltonian
in Eq. (6) for an external magnetic field H = (H,,0, H,) =
H(sin6y, 0, cosfy) for 0 < 0y < /2.

B. Ferroaxial moment

In the model in Eq. (1), there are 100 = 10 x 10 inde-
pendent electronic degrees of freedom in the Hilbert space,
which are composed of five orbital and two spin degrees of
freedom (5 x 2 = 10). In spinless space, there are 25 =5 x 5
electronic degrees of freedom. As we consider d orbital with
the orbital angular momentum [/ = 2, the spinless Hilbert
space is spanned by the rank 0—4 multipoles [27,29,39,40]:
the electric monopole (Qy), magnetic dipole (M, M,, M),

electric ~ quadrupole  (Qy, Qu, Oy;, Ozr, Oxy),  magnetic
octupole (Myy., Maa, M3y, M®, M3,, M3,, MP), and electric
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TABLE 1. Relationship between the irreducible representation (irrep) and multipole activated in spinless and spinful spaces under the
point groups D4, and Cyy,. The sign of the superscript in the irreducible representation denotes the time-reversal parity (+: even; —: odd).
The multipole degrees of freedom belonging to the A;g representation correspond to the ferroaxial moment.

Irrep (Day) (Can) Spinless Multipole Spinful Multipole

AT, Af 4 Qo, Qu, Q4 Quu 5 00, 2Qu, O4, Quu

Az AL 1 0, 3 04.G,, G

B}, B 2 0., Qs 4 20, Osu: G

B3, B} 2 0., 0% 4 20,04, G*

E; ES 3 Qe Qs Ol 7 20,.. 05, @iy Gx. Gaa G
Q... 0%,. 0%, 20... 05, 0%, Gy. Gy G3,

Ay, A, 0 4 Msu, Ty, T, T

A3, Ay 2 M., M? 7 2M,, 2M%, M&), M2, T

B, B, 1 M, 5 2M,y., Ms,, Ty, Ty,

By B; 1 m? 5 M ME, T,y T,

E; E; 3 M., M?, M?P 12 2M,, 2Ms,, 2My,, ME), M2 ML T, TS, T
M,, M¢, Mf 2M,, 2My,, 2My,, M), M2 MY | T T, T,

hexadecapole  (Qs. Quu Qav. 0% 0%, Q5. 04 04 00).  TL.TL). ie. 142x342x542x7+9+1143+

ie, 1+34+5+7+9=25 Among them, only 05,
belongs to the A;’g representation of Dy, point group (+
in the superscript means the time-reversal even), which
is related to the ferroaxial moment. The matrix of Hy
in Eq. (5) corresponds to Qf .. The other 75 electronic
degrees of freedom activated in spinful Hilbert space
are as follows: one electric monopole, two magnetic
dipoles, two electric quadrupoles, two magnetic octupoles,
one electric hexadecapole, one magnetic dotriacontapole
(Ms, Msy, ME!, M2!, M21, M22, M22, M2, M5, M5, M),
one electric toroidal dipole (G, Gy, G;), one magnetic
toroidal quadrupole (7,, T,, T,;, T.,, T, ), one electric toroidal
octupole (Gyyz, G, Gap, G7, Gz, G3y,s Gf), and one mag-
netic toroidal hexadecapole (Ty, Tay, T, Tpy, Ty, T}, Tﬁ,

J

0 0 V3 0 0

| o 0 i 0 0

Gz=§—d§i -i 0 0 0

0 0o 0 0

0 0 0 —i 0

0 0 2i 0 0

0 0 =3 0 0

G*=|-2i V3 0 0 0

0 0 0 0 =3

0 0 0 V3 0
000 0O 00 000
00 —i 0 0 00 0 iO0

0¢=10i 0 0 Oloy+|0 0 0 0 ilo,
00 0 0 i 0 —i 0 00
00 0 —i 0 00 —i 00

(10)

5+7+9=75 Among them, there are three multipole
degrees of freedom belonging to the AJ o representation
of Dyp; Qf(z, G;, and G7. The relationship between the
irreducible representation under the point groups D, and Cyp
and multipoles activated in spinless and spinful spaces are
summarized in Table I.

The matrix elements of four multipoles belonging to the
A;’g representation are given by

00 0 0 0
0 0 0 0 1
0t.=|0 0 0 0 0o, (7
00 0 0 O
01 0 0 0
0 0 0 -3 0
o o o i 0
1o o o o -ilo, ®)
23 —i 0 o 0
0O 0 i 0 0
0 0 0 —2i 0
0 0 0 V3 0
0 0 0 0 V3ilo,, 9)
2 V3000 0 0
0 0 —=V3 0 0

for the basis (d,, dy, dy;, d.x, dy); 0 = (0, 0y, 0;) is the vec-
tor of the Pauli matrices and oy is the 2 x 2 unit matrix in
spin space [35,41]. To distinguish the electric hexadecapole
in spinless and spinful bases, we denote the latter as Qf;.

By numerically calculating the expectation values of
(04, Q4. G., GY) for the Hamiltonian in Eq. (1) at zero field,
one finds that (Q%,), (Q}%), and (GZ) become nonzero but (G;)
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FIG. 2. (a), (b) H, dependence of the expectation values of G_,
(G,), for several electron fillings n. at (a) A = 2 and (b) A = 0. (¢),
(d) The double logarithmic plot for H, > 0 corresponding to (a) and
(b) at n, = 0.2. The black lines are lines proportional to (c) sz and
(d) H;‘. (e), (f) Oy dependence of (G,) at (e) A = 2 and (f) A = O for
H = 0.3 and several n,.

vanishes ((- - - ) stands for the statistical average) [35]. In other
words, the dipole component of the electric toroidal multipole
is not activated in the model Hamiltonian in Eq. (1) even when
it belongs to the totally symmetric irreducible representation
forV #£ 0.

Meanwhile, we find that (G,) becomes nonzero by intro-
ducing an external magnetic field in Eq. (6). Figure 2(a) shows
the H, dependence of (G,) for electron fillings n, = 0.2, 2, 4,
and 6; n, = 10 means the full filling. We take the summation
of the momentum k over 360° grid points in the first Brillouin
zone. The results at n. = 0.2 and 2 are metallic and those at
ne = 4 and 6 are insulating. The data show that (G,) becomes
nonzero irrespective of metals and insulators for H, # 0 at
all n. and its H, dependence is symmetric. Similarly, such
behavior is also found in the case of A =0, as shown in
Fig. 2(b), which indicates that the spin—orbit coupling is not
important in driving the field-induced electric toroidal dipole.
Meanwhile, the H, dependence of (G,) is different in each
case; (G,) is proportional to H? (H?) for 1 # 0 (A = 0), as
shown in Fig. 2(c) [Fig. 2(d)]. One can analytically obtain
such a difference by performing essential-model-parameter
calculations in Appendix A [42].

We also show the 0y dependence of (G;) for H =0.3
at A =2 in Fig. 2(e) and at A = 0 in Fig. 2(f). The result
indicates that (G,) becomes nonzero except for 0y = 0, i.e.,
the z direction. Moreover, one finds that (G;) tends to be

larger as 6y approaches 7 /2. Thus the atomic-scale electric
hexadecapole (Qf.) that arises from V in Eq. (5) is related to
the electric toroidal dipole via the in-plane component of the
applied magnetic field.

The above result that (G;) is symmetric against the mag-
netic field is understood from the time-reversal symmetry.
Since the time-reversal parity of G, is +1, it can couple to
the even order of the magnetic field, whose time-reversal
parity is given as —1. Meanwhile, when the time-reversal
symmetry of the system is broken so as to accommodate
the time-reversal odd and spatial-inversion even multipoles,
such as the magnetic toroidal monopole and quadrupole, (G,)
behaves antisymmetric against the magnetic field [43].

III. UNCONVENTIONAL HALL EFFECT

In this section, we discuss the unconventional Hall effect
under the ferroaxial ordering. We first discuss the general
symmetry condition of the Hall effect in Sec. III A. Next, we
examine the numerical results by comparing the conventional
Hall effect without the ferroaxial moment in Sec. I1I B.

A. Hall conductivity tensor

The Hall conductivity tensor ol is defined by

Hvin

Ju=Y ol EH, (1)

vn

where J,,, E,, and H,, are electric current, electric field, and
magnetic field for u, v, n = (x, y, z), respectively. Since o}fvm
corresponds to the antisymmetric part of the linear conduc-

tivity tensor proportional to H, it satisfies the relation of

olilu n= ol Ly from the Onsager reciprocal relatlons Then,
there are nine independent tensor components in ot} s Which

are represented by

GEQX O‘;ZIQ}' UJEQZ
o H— Uz;l;x ;;cl;y zl:;z
;\I’DC ;\I’;y O—g;z
Qo —0Qu+ 0y Qn + G QO — Gy
= Oy — G Qo —0Qu—0v 0Oy+0Cs
sz + Gy Qyz - Gx QO + 2Qu

(12)

Here the second line of Eq. (12) describes the component of

" in terms of multipoles. Since the antisymmetric 0# is the
second rank polar tensor, the relevant multipoles are the rank
0-2 time-reversal even multipoles, i.e., electric monopole Qy,
electric toroidal dipole (G, Gy, G;), and electric quadrupole
(Qu> Qv, Oyzs Ozx, Oxy) [29]. Once any of the multipoles be-
long to the totally symmetric irreducible representation under
the point group we focus on, the corresponding tensor compo-
nent can be nonzero.

In the case of the point group D4y, Qp and Q, belong
to the totally symmetric irreducible representation. Then, the
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nonzero tensor component is represented by

QO - Qu 0 0
O'H(D4h) = 0 QO - Qu 0 . (13)
0 0 QO + 2Qu

The induced component corresponds to the conventional Hall
effect, where the transverse current occurs perpendicular to
both the input electric field and the magnetic field.

Meanwhile, when the symmetry is lowered from Dy to Cyap
so that the ferroaxial moment is induced, the component cor-
responding to the electric toroidal dipole G, can be nonzero.
The additional tensor component is represented by

0 G, 0
oc"(FAO)=|—-G. 0 0] (14)

0 0 0
Thus O’ZX o = }}ZI ., is expected under the ferroaxial ordering.
Both ¢!l and o)} mean the transverse conductivity under

the magnetic field perpendicular to the ferroaxial moment; all
Ju, E,, and H, lie in the same plane, which corresponds to
the unconventional Hall effect [44] rather than the planar Hall
effect [45-48].

The emergence of the unconventional Hall effect under the
ferroaxial ordering is intuitively understood from the nature
of the ferroaxial moment as a nanometric rotator that causes
the transverse responses between the conjugate physical quan-
tities [31,35]. We consider the case of aZ” as an example.
When the magnetic field is applied in the x direction, the
system exhibits the magnetization along the perpendicular y
direction in addition to the parallel x direction [36]. Such an
induced magnetization along the y axis can contribute to the
ordinary Hall effect in the zx plane. In the end, one can find
the emergence of the unconventional Hall effect aH under

the ferroaxial ordering. In addition, one finds that o,“ is an
odd function of the magnetic field owing to the time-reversal
parity of the ferroaxial ordering. In the following, we focus on

the behavior of 0., induced by the ferroaxial ordering.

B. Numerical results

We compute a »(H,) by using the Kubo formula within the
linear response theory [49] as

Juke Lok’
€nk — €Emk T id '
15)

where e is the elementary charge, i = h/(2r) is the reduced
Planck constant, V is the system volume, § is the broadening
factor, f(e) is the Fermi distribution function, and JZ‘L'" =
(nk|J,|mk) is the matrix element of the current operator in
the direction u = (x, y, z), J,. €, and |mk) are the mth eigen-
value and eigenstate of H, respectively; we include the effect
of an external magnetic field as the Zeeman coupling in H (n
represents the magnetic-field direction) and hence the higher-
order contribution of H is included in the conductivity tensor.
We set e2/h =1, § =0.01, and temperature 7 = 0.001.
The summation of k is taken over the 3603 grid points in
the Brillouin zone.

e 1 Z flew) — fem)

H
o (Hr]) =
e €nk — Emk

(a) 0.03

A#0O =
0.02 NZ0 o

0.01
ne = 0.2

(b)

o a1 o0 1 2

FIG. 3. H, dependence of the unconventional Hall conductivity
H(H )at L = 0 and 2 for (a) n. = 0.2 and (b) n, = 6. The inset of
(a) represents o, (H ) for small positive H,.

Figure 3(a) shows the H, dependence of UE(HX) atA =0
and 2 for n. =0.2. As expected from the symmetry con-
sideration in Sec. Il A, o, (H ) becomes nonzero and is an
odd function of H,, as the conventlonal Hall effect. We also
confirm the relation of o (H,) = —o(H,), although o'} (H,)
is not linear to H, for small H,, as shown in the inset of
Fig. 3(a); this might be ascribed to the higher-order effect in
terms of H, included in Eq. (15). Furthermore, one finds that
the spin—orbit coupling A does not play an intrinsic role in
inducing Gg (H,), as shown in the comparison of the results at
A = 0 and 2. Since a larger Hall response is obtained for larger
|H,|, a larger magnetic field is preferred in order to detect it in
experiments. Note that the interband process with €, 7 €,
in Eq. (15) contributes to o, (H ).

In order to analytlcally obtam the essential model param-
eters to cause o, "(H,), we perform an expansion method to

H(H ) [42]. As a result, we find that O'H(H ) is proportional
to VH)?'”“ 8ty toy); m is integer and g(t,24, f7) 1S an
appropriate function depending on t,5, and t,5,; g(0,0) =0
which is consistent with both the symmetry and the numerical
results. From the above expression, we find that the next-
nearest-neighbor hopping along the z direction (¢,24, t;0) iS
important to obtain nonzero o, (H ). The details of the expan-
sion method are presented in Appendlx A.

A similar behavior is found in the insulating case at n. = 6,
as shown in Fig. 3(b). Although og(Hx) =0 for |Hy| < 1.4 at
A =2 and for |H,| < 0.45 at A = 0 in the insulating region,
H,-odd behavior becomes prominent once the band gap is
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FIG. 4. H, dependence of the conventional Hall conductivity
oy (H,) at 2 = 0 and 2 for (a) n, = 0.2 and (b) n. = 6.

closed by a larger magnetic field. In other words, it is dif-
ficult to observe the Hall response in the insulating case in
experiments, since the large magnetic field comparable to the
band gap is necessary; such an issue is evaded by considering
the optical Hall conductivity by applying an ac electric field
instead of a dc one. We also present the result of the optical
unconventional Hall conductivity, which can give a signal of
ferroaxial ordering in the insulating case, in Appendix B.

We also calculate the ordinary nonplanar Hall conductivity
O’;ZI (H,) while the field direction is kept. Figures 4(a) and 4(b)

J

show the H, dependence of chHZI(HX) at ne = 0.2 and n. = 6,
respectively. As compared to the result of the unconventional
Hall effect in Fig. 3, the behaviors are similar to each other;
ayPZI (H,) becomes nonzero for H, ## 0 and an odd function of
H,. On the other hand, we find the difference in their essen-
tial model parameters; the unconventional Hall conductivity
Ug(Hx) needs the CEF parameter V, while the conventional
Hall conductivity UVI'ZI (H,) does not, as detailed in Appendix A.

IV. MAGNETOCONDUCTIVITY

We discuss the magnetoconductivity under the ferroaxial
ordering. Similar to the unconventional Hall effect in Sec. III,
we show the symmetry condition and the relation to the
multipoles in Sec. IV A. Then, we compute the magnetocon-
ductivity tensor based on the Kubo formula in Sec. IV B.

A. Magnetoconductivity tensor

The magnetoconductivity tensor corresponding to the rank-
4 polar tensor is defined by

_ MC
Jy = E O iy EvHyHy (16)
vy
MC : MC _ ,MC _
wl{l/lire Oy 18 the symmetric tensor as G”vﬁ/?y = Oppuy =
O viyy- The 1ndependent. 36 components in 0, are repre-
sented by the 6 x 6 matrix as follows:
MC MC MC MC MC MC
UXX XX GXX Yy GXX 322 GXX 3yZ GXX 32X UXX Xy
MC MC MC MC MC MC
Oyyx  Oyy Oz Oz Oz Oy
MC MC MC MC MC MC
MC O—zz;xx Uzz;yy Gzz;zz Uzz;yz Uzz;zx ozz;xy
o= MC MC MC MC MC MC
Uyz XX Oyz Yy Uyz 22 Gyz Yz Gyz X O}'Z Xy
MC MC MC MC MC MC
O xixx GZX;yy Oxizz sz;yz O xizx sz;xy
MC MC MC MC MC MC
Ovvx Oayyy %z O%yyz Oy Oayny

— GMCM) | GMCD) | (MCQ)  MCO) 4 MCH),
(I7)

where gMEM) MCD)  ;MCQ) ;MCO) 453 MCH) denote the
monopole, dipole, quadrupole, octupole, and hexadecapole
components in o M€, The correspondence between the tensor
components and multipoles is given by

400+ Q) —200+0Q;, —200+Q, 0 0 0
200+ 0, 400+Qy —200+0Q, O 0 0
meony | 290+ 0y —200+0; 400+0Q, 0 0 0
7= 0 0 0 300 0 0| (18)
0 0 0 0 30 O
0 0 0 0 0 30
0 0 0 -2G, 2G,
0 0 2G, 0  —2G.
0 0 -2G, 26, 0
oMCD) _ 0 26, 26, 0 _G.Z e | (19)
2G, 0 —-2G, G, 0 —G,
-2G, 2G; -Gy G, 0
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Qu + QU _Q;—s—) _ Qz(;) + 2Q§)—) Q1(4+> + QE}—) Qﬁj—) Qg{-&-) Q;(;)
-0 =00 + 20" 0. — 0, o -0 o oL o5p
OMC(Q) _ QL—)~+ Q§)+) Q;—{_ Qg—&—) _~2Qu Q/y(z-s-) Qg{-&-) Q)(c;_) 0)
o o) o) 30, — 30, 30y 30x |
o oy o) 30y 30.+30, 30
o5 o5 0 30.. 30, —60,
0 Gy —Goy: —2G# G +G -G+ GF
—Gyy: 0 Gy ~GY+GF —2GF G* +GF
e _ Gy —Giy: 0 GI+Gf —GY+GP —2GP on
2G* ‘-Gl —G*—GP 0 —2G* 260 |
-G¥ -G 2G# Gi - Gb 2G¢ 0 —2G¢
G? — Gf -G} — Gf 2Gf —QG;‘ 2G¢ 0
205 = Qu+ Qs —0i+20u  —0i— Qu— QO 20, -0%, — 0h 05 — 0L
— 04 + 204 204 — Qu— Qu  —Q4— Quu+ Qs 05, — 0l 205, -0 — 0%
SMCH) _ —04—Qu— Qs —04— Qi+ Qu 204 + 204, -4 — 04 05, — 0f, 208,
204, 05 — 04 04— 0h 04— Qu+ 0 201, 200 |
—05, - 0l 204, 03, — 0k 201, —04 = Qu — Ou, 201,
01 - i 0~ O 20, 20}, 20, ~0i+20u,
(22)
[
where There are seven independent components of o€,

(0, 0F) = (=40, — 20,7, —40, + 0/ £30,7),

(Qv. 077 = (4Q, + 2017, —40, + 01" £ 0,7,
O, 0f) = (-4 + 0. £ 0,7, 20 + 07 £ 0,7,

(23)

for ¢ = (yz, zx, xy). Thus rank-0—4 multipoles can contribute
to oMC,

For the point group Dgj,, the multipoles belonging to the
totally symmetric irreducible representation up to rank 4 are

Qo, Ou, O4, and Qy,,. Then, nonzero components of oMC under
Dyy, are given by

O 03 Q. 0 0 O

03 O 0, 0O 0 0

1095 O O, 0 0 0
MOw=7 T 0 o0 0 ol @

0 0 0 0 Os 0

0O 0 0 0 0 O

where

01 = 4Qy + Q) + Ou + 204 — Ou, (25)
0> = 4Q0 + O — 20, + 204 + 204, (26)
03 =200+ Q) — 0" — 0\ — Q4 +20u, (27)
Os = =200+ Q)+ O — Q4 — Quu, (28)
Os = =200+ Q) + 0. — Qs — Quu, (29)
06 = 3Q0 + 30, — Q4 — Quus (30)
07 =300 — 60, — Q4 + 204, 31

For the point group Cyy, the electric toroidal octupole G?
and electric hexadecapole QF, belong to the totally symmetric
irreducible representation in addition to the electric toroidal
dipole G,. Then, the additional nonzero components of oMC
are given by

O 0 0 0 0 G
0 0 0 0 0 -G
e o o 0o 0o o o
o FAO)=14 o o 0 -6 o0 |
O 0 0 G 0 0
G, -G, 0 0 0 0
(32)

where G, = —(2G; — G — 0%.), G» =2G; - G? + 0f,
and G3 = G; + 2GY. Thus oMC(FAO) has three independent
components:  oNG. = —oNS . oNG =—o)N$, and
MC _ MC | . e .
Opye = —Oyrzye We focus on oy, in the following
calculations, since other components, oMy, and oM<,

XXXy
also show a similar behavior to O’gl,.gx.

B. Numerical results

We calculate oM by using the Kubo formula in Eq. (15),
where the effect of the magnetic field is included in the
Hamiltonian. In contrast to the unconventional Hall effect,
the intraband process proportional to 1/§ contributes to the
magnetoconductivity tensor. Figure 5(a) shows the H, depen-
dence of a\\“(H,) in the metallic ferroaxial ordered state at
ne = 2 for A =0 and 2. Similar to the unconventional Hall
effect in Sec. III B, ag,lc(Hx) becomes nonzero for H, # 0
irrespective of A. On the other hand, it is the even function of
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(@ 0.0

(b) 0.16% —

0.04

0.00
-2 -1 0 1 2

FIG. 5. H, dependence of qf}’fg at A =2 for (a) n. =2 and
(b) ne = 4.

H, owing to the opposite time-reversal parity of o, Indeed,
the essential model parameters of G;\;,[C(Hx) are obtained in the
form of VH>", as shown in Appendix A. These features are

common to the insulating ferroaxial ordered state, as shown in
Fig. 5(b).

V. SUMMARY

To summarize, we have investigated metallic ferroaxial
ordering, which is characterized by mirror symmetry breaking
without the breaking of spatial inversion and time-reversal
symmetries, by focusing on its transport property in the exter-
nal magnetic field. We analyzed a fundamental five d-orbital
model to include the electric toroidal dipole, electric toroidal
octupole, and electric hexadecapole degrees of freedom corre-
sponding to the ferroaxial moment under the tetragonal lattice
structure. As a result, we find three characteristic features
under the magnetic field. First, the electric toroidal dipole is
induced by the in-plane magnetic field. Second, the uncon-
ventional Hall effect is induced as an odd function of the
applied magnetic field. Third, the magnetoconductivity as an
even function of the applied magnetic field occurs. In all the
cases, we derive the essential model parameters out of the

hoppings, spin—orbit coupling, and crystalline electric field.
Our results indicate that the metallic ferroaxial ordered state
becomes the source of unconventional magnetotransport phe-
nomena in which the spin-orbit coupling is not necessary; it is
noted that similar transport phenomena can be also expected
in the insulating ferroaxial ordered state by applying an ac
electric field. The present transport property can be detected
in various materials without mirror symmetry parallel to the
ferroaxial moment, such as Co3Nb,Og [9], CaMn;0, [10],
RbFe(MoOy4), [11,12], NiTiO3 [12-15], Caslr;O;, [16-18],
BaCoSiO4 [20], K»Zr(POy), [21], Nap,Hf (BO3), [22], and
Na-superionic conductors [23]. By using tight-binding model
parameters obtained from density functional theory (DFT)
calculations, one can quantitatively evaluate the transport ten-
sors in these materials. Since such model parameters were
obtained for CasIr;O;, [38], it is intriguing to examine the
transport behavior in the ferroaxial system, which is left for
future study.
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APPENDIX A: ESSENTIAL MODEL PARAMETERS

1. Hamiltonian in terms of electronic multipoles

In this section, we present the model Hamiltonian ex-
pressed as the linear combination of the symmetry-adapted
multipole basis (SAMB) [41,50], which enables us to clarify
the hidden multipole degrees of freedom in the present sys-
tem. First, we introduce the atomic multipole basis defined
in the spinful d orbitals at a single site and the momentum
multipole basis defined as the function of the wave vector k
[28,29,51]. Then, we show that the SAMB is decomposed as
the linear combination of the products of these two multipole
bases.

a. Atomic multipole basis

Let us first introduce the atomic multipole basis within
the spinful d orbitals. There are 25 (75) independent spin-
less (spinful) atomic multipoles. Here, we only show the
multipoles that appeared in the Hamiltonian and some rele-
vant ones discussed in the main text, Qf , Z’;, G;, and GY.
The explicit expressions of these multipoles are summarized
in Table II and their matrix elements in the five d orbitals
(dy, dy, dy;, d.y, dyy) are given by
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TABLE II. Operator expressions of the atomic multipole basis in the point group Dg;. Only the multipoles appearing in the Hamiltonian
and some relevant ones are summarized. E, M, ET, and MT stand for electric, magnetic, electric toroidal, and magnetic toroidal, respectively.
The superscript (a) denotes the atomic multipole. I and /2 represent the dimensionless orbital and spin angular-momentum operators. The
upper and lower parts separated by the horizontal line represent the spinless and spinful multipoles, respectively.

Rank Type Irrep Symbol Expression
0 E A, 6 1
1 M Ay, M® L
M E; MO, MO L, 1y
2 E A1+g Ql(la> 372 — 2
E Bi; an) X2 — yz
E Ef oY, 0% vz, ZX
E B3, oW xy
3 M E; M5, M) (% = YL = 2xyly, 2xyl, + (% — ),
M E; MY MY (522 — ¥l + 2x(5zl, — r - 1), (522 — r¥)l, + 2y(5zl. —r - 1)
4 E AE ia) x4 _ 3x2y2 _ 3)6222 + y4 _ 3y2z2 + Z4
E ATg A(S‘) —(X4 _ 12x2y2 + 6X222 +y4 + 6y212 _ 224)
E By, o @? =) +y? —62%)
E A3, 03 xy(x* = y?)
E B3, e xy(722 = %)
E Ef W04 y2(y* = 2%), 2x(2* = x%)
E Ef A yz(7x* — r?), zx(Ty* — r?)
0 E A, A l.o
1 ET A7, G® loy — Lo,
3 ET A, Ga® Mo, — MPo,
! E A% o Mo, + Mo
1 00 0 O
@ 1 0O 1 0 0 O
D———10 0 1 0 O0]o
0 0>
VIOlo o 0 1 o0
0 0 0 0 1
0 0 0 0 0 0 0 V3 0 0
' J5 0 O 0o 0 -2 , J5 0 0 i 0O O
M = 0 0 0 0 i 0 |o MP= T V3 —i 0 0 0]oo,
0O 0 —i O 0 0 0 0 0 i
0 22 0 0 O 0 0 0 —i 0
0 0 0 =3 0
0 0O O i 0
. 5
M® = “1/—(: 0 0 0 0 —ilo,
V3 =i 0 0 0
0 0 i 0 0
2 0 0 0 O 0o -2 0 0 0
0O -2 0 O 0 -2 0 0 0 0
) 7 7
oW = l—f 0 0 1 0 0 |o 0OF= ‘l/—; 0 0 —v3 0 0]o,
0 0 0 1 0 0 o0 0 V3 0
0 0 0o 0 =2 0 0 0 0 0
0 0 1 0 0 0 0 0 1 0
0 0 -3 0 0 0 0 0 V3 0
7 7
W = “1/—; 1 =3 0 0 0 |op, QW= “1/—_ 0 0 0 0 3]0,
0 o0 0 0 V3 1 ¥/3 0 0 0
0 0 0 V3 0 0 0 3 0 0
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0 0 0 0 -2
0 0 0 0 0
7
g):% 0 0 0 3 0 oo
0 0 V3 0 O
-2 0 0 0 0
00 0 0 0 0 0 0 0 0
00 — 0 0 0 0 0 i 0
2 2
=210 i 0 0 ol M2=2[o 0 0 0 ilo
Y10 0 o o 1o = 0o 0 o
00 0 —i 0 0 0 —i 0 0
0 0 2i 0 0 0 0 0 —2i 0
0 0 V3 0 0 0 0 0 V3 0
V10 V10
M§2)=—0 —2i N3 0 0 0 |oo. ng‘}_z— 0 0 0 0 3i|oo,
0 0 0 0 —/3i 2i 300 0 0
0 0 0 V3 0 0 0 =3 0 0
30 0 0 0 30 0 0 0
03 0 0 0 0 -3 0 0 0
V15 V21
W=""l0 0 -2 0 0 fo, OY="f0 0 -2 0 0]o,
30010 0 0 —2 o0 210 0o 0 -2 0
00 0 0 =2 0 0 0 0 4
0 —/3 0 0 0
w T -3 0 0 0 0
On = 7 0 0 2 0 0]oo
0 0 0 -2 0
0 0 0 0 0
00 0 0 0
(o0 0 01
@W=-[o 0 0 0 0o,
210 0 0 0 0
01 0 0 0
0w YO
3
1 1 1
Gga) _ M(a)o. M(.a)O'x , Got(a) I M(a)O'- _ M(a)o.x , a(@) .~ M(a)O'- +M(a)o.x , (A1)
z 2( x 7y y ) z ﬁ( 3u ™Yy 3v ) 4z ﬁ( 3a ~Y 3b )

where the superscript (a) denotes the atomic multipole, o; (i =
X, y, z) are the Pauli matrices, and oy is the 2x 2 identity matrix
in spin space. In this A(p;)endix, these atomic multipoles are
normalized as Tr(X;"'Y ") = 8xy8;; (XY = Q/M/G).

b. Momentum multipole basis

To decompose the real and imaginary parts of the nearest-
neighbor hopping in the xy plane, we introduce the electric
and magnetic toroidal momentum multipole bases as

Al O = cos(ky) + cos(hy), (42)
Bf, : 0\V(k) = cos(k,) — cos(k,), (A3)

E; : TO() = V2sink,), T,V (k) = V2sin(ky), (A4)

where the superscript (1) denotes the nearest-neighbor hop-
ping within the xy plane.

085124-

Similarly, the electric and magnetic toroidal momentum
multipole bases for the nearest-neighbor hoppings along the
z direction are given by

A7, 0P (k) = V2 cos(ks), (AS)
Ay, TP (k) = V2sin(k,), (A6)

and those for the next-nearest-neighbor hoppings along the z
direction are given by

A, - O (k) = V/2[cos(k,) + cos(ky)] cos(k;), (A7)

Bf,: 0 (k) = v2[cos(k,) — cos(ky)] cos(k.),  (A8)
E;j : QP (k) = 2 sin(ky) sin(k;),

0P (k) = 2 sin(k,) sin(ky), (A9)
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Ay, TP (k) = V2[cos(k,) + cos(k,)]sin(k,),  (A10)
T (k) = V2[cos(k,) — cos(k,)]sin(k;),  (All)

E; : T (k) = 2 sin(k,) cos(k,),
TP (k) = 2 sin(ky) cos(k), (A12)

where the superscripts (2) and (3) represent the nearest-
neighbor and next-nearest-neighbor hoppings along the z
direction. The momentum multipoles are normalized as
S TX )Y ()] = Sxy 8y (XY = Q/T.n=1,2,3).

¢. Multipole decomposition of the tight-binding Hamiltonian

Next, we express the model Hamiltonian by using the
atomic and momentum multipoles given in Secs. A la and
A 1b, respectively [41,51-53]. Through this procedure, we
can clarify the microscopic multipole degrees of freedom in
the present system.

Let us consider the total Hamiltonian given in the main
text, h(k) = H; + Hsoc + Hcer + Hy . The crystalline elec-
tric field Hepr is expressed by using the spinless atomic
multipoles belonging to the Afg irreducible representation as

Hepr = €09 4+ €08 4 €0 (A13)

J

By using A, A,, and Aj defined in the main text, €}, €;, and
€3 are expressed as follows:

1
€1 = —=(=3A1 —3A2 + A3),

NZ
V15
€= T(Az + Az),
1
€= ﬁ(éAl — Ay + 5A3). (A14)

The atomic spin—orbit coupling, Hsoc = (A/2)I - o, is repre-
sented by using the spinful atomic monopole an) in Afg as

Hsoc = 2/ 15201

Similarly, the symmetry-breaking term Hy in Dy is reP
resented by using the spinless atomic hexadecapole Q4 %)

(A15)

belonging to A7, 5, irreducible representation,
Hy =2V 05, (A16)
Since the kinetic energy term, H, = 7{,(1) + 7{,(2) + ﬂt(S) ,

is also fully symmetric for all the symmetry operations in the
point group Duy, only the independent products of the atomic
and momentum multipoles belonging to A, , irreducible rep-
resentation contribute to ;. Considering A . ® Ai = Ai ®

Ai = ATg, we obtain

H =100 () + 2000 (k) + 15,01 0 (k) + 1057 0 (k) + 1504 0 (k) + 1604 0L (k),
HP = 105705 (k) + 1507 0F (k) + 1504 07 (k) + th“‘)Q@(k)

H = 1105705 () + 1201705 () + 113087 0P (k) + 114 —=

(Q§;‘>Q<3><k> + 0508 M) + 15017057 (k) + 11604, 05 (k)

170000 K + 11y —= QP02 0 + Q490D h) + 19 —= QPO ) + 0V 0D k). (A17)
2 2
(
By using the Slater-Koster parameters given in the main text,
tos trs Lzlos Liixs 120, tox, i (i = 1-19) are represented V10
7 = _(2tz1n + tzla)a
by 5
N
Iy = 27(tzln + tZlU)v
H = T\/—(Z[IU + tln)v fo = _F(Ah‘zln - 3tzla),
£/21
b= __V714 @t + 1), o = == @zt = 3taio). (A19)
24/10
V42 = —
I3 = ——(4t10 + tiz), = 5 (2t + 20,
7
430 _ V7
t4 (3t10 tl]‘[)v ha = 7 (tz27r + tzZa)a
1
24/42 ==
t5 = _—(3tl(r - tln)a s = 7 (tzzﬂ +tzzg)’
24/21
2\/ ==
te = (3tla fln), (A18) ty = 7 (tzer + tz2a),
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V15
s = T(“'tﬂn — 3t ),

5421
te = W(A"IZZU - 3t126)7

5V

t7 = __8(4t12n - 3t220),
tig =0,

J7
tg = 7(4122:1 — 3t ). (A20)

Notably, although there are 19 independent parameters
allowed by the symmetry, only the six independent Slater-
Koster parameters appear in the hopping Hamiltonian. This
is because the Slater-Koster approach assumes the axial sym-
metry along the bond direction and neglects the surrounding
environment of the actual system.

2. Essential model parameters in response tensors

In this section, we show the essential model parameters to
give a nonzero thermal average of the electric toroidal dipole
under the external magnetic field along the x direction H, # 0
and the linear electric conductivity tensors under the exter-
nal magnetic fields, by using the systematic analysis method
given in Refs. [51] and [42], which has been used to analyze
the essential model parameters of nonlinear (spin) transport
[42,54-58] and nonreciprocal magnon dispersion [59].

a. Thermal average of the electric toroidal dipole

Let us begin with the essential model parameters for the
thermal average of the electric toroidal dipole G;a) given in
Eq. (8) in the main text. The essential model parameters for
(Gga)) # 0 under H, # 0 are extracted by analytically eval-
uating the low-order contributions of the following quantity
[42,51]:

r(G») = ZTr [GWh (k)] (A21)

where hi(k) denotes the ith power of the Hamiltonian matrix
including the Zeeman coupling with H, # 0 at wave vector k.
The summation of the momentum k is taken over a 103 grid.
The lowest- and next-lowest-order contributions i = 5 and
i = 6 are explicitly given by
r(e) =

—120VH?, (A22)

r*(G») = —6va

X [100[{;t ( 8t1ntla_ 2l — 32tla_t22U)HX2]'

(A23)

As aresult, V is the essential model parameter for (Gga)) #0
under H, # 0. Notably, the second term in Eq. (A23) indicates
that the coupling between V and A gives rise to the additional
contributions proportional to H; % in (G(“)) These results are
consistent with the numerical calculatlon results shown in
Figs. 2(a) and 2(b) in the main text.

b. Unconventional Hall conductivity tensors

We also identify the essential model parameters in the
unconventional Hall conductivity tensors O'};IU(HX) given in
Eq. (11) in the main text by evaluating the following quantity
[42]:

L) (Hy) = ZTr[Jﬂkh’ (k) W (k)], (A24)
k
where J, is the p directional electric current operators at
k and h(k) includes the Zeeman coupling with H, # 0. The
summation of the momentum k is taken over a 10° grid.
Since the essential model parameters are contained in any
pairs of (i, j) in Eq. (A24), we only show several lowest-order
contributions to Eq. (A24).
First, we focus on the F (H ) that corresponds to the
unconventional Hall conduct1v1ty tensor o, (H ) The lowest-

order contributions to Im[T'%(H,)] = —Im[I"{, (H )] that are
proportional to H, and H? are explicitly given by

32
Im[rgj(Hx)] = - TVHX(Stlntzlntdﬂ - 3tlntzlnt12a
- 12tlatzlnt12cx_12t10tzlatz2n_6tlatzlotz2a)a
(A25)
32
m[FS(Hx)] = - I_OVH3(148tlntzlnt12n - 36t1ntzlnt120'

+ 12t12 1000 + Mintiiotne — 138t 1n 00

- 180t1(rtzl(rtz2n - 72tlatz](rt12(r)- (A26)

We find that all the terms in Im[F (H,)] are proportional to
VH?"! and hence o(H,) is an odd function of H,:

ol (H,)
vy m
m=0

X F;n(v’ )\'7 AI’ AZ» A3a s tes Lins Blos B2ms tzZo)a
(A27)

where F;, is a function of the parameters Therefore, the essen-
tial model parameters for o, (H ) # 0 are V under H, # 0.
These results are cons1stent w1th the numerical calculation
results shown in Figs. 3(a) and 3(b) in the main text.

On the other hand, the lowest-order contributions to
Im[Iy] '(Hy)] = —Im([I'3{(H,)] that correspond to the conven-
tional Hall conductivity tensor ay}Z’ (H,) are explicitly given by

32

Im[[2(HO)] = ——=H:@ntanton + 3atiota

+ 12t10tz17rt12o + 12t10tzlatz2a),

124/2
5

(A28)

m[FS?(Hx)] = - H)?(gtlntzlﬂtdn + 9tl7rtzl(rtz2(r

+ 36t10tzlntz2a + 39[10tzlat120)- (AZQ)

We find that all the terms in Im[['jl(H,)] are proportional
to the odd power of H,. Unlike the unconventional Hall
conductivity tensor aH(H ), V 1is not essential for the con-
ventional Hall conductivity tensor o (H ) # 0. These results
are consistent with the numerical calculatlon results shown in
Figs. 4(a) and 4(b) in the main text.
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¢. Magnetoconductivity tensors

We show here the essential model parameters in the mag-
netoconductivity tensors oM (H ) for H, = H, = H given in
Eq. (15) in the main text by evaluatmg Eq (A24).

1
——VHZ (25602,

First, we focus on the F (H ) that corresponds to the mag-
netoconductivity tensor o (H ) by setting n = y = x. The
lowest-order contrlbutlons to Re[T'Y, Y(H)] = Re[F;{((HX)] that
are proportional to sz and Hf are exphcltly given by

Re[I'Y(H,)] = SE — 1536t toantog — 19261 15, + 6144t 111515, — 14592t 1115t 05 t00
— 8448t 111515, + 614411 15 — 3072011 tontay — 1152061 15, + 768t
—1728tz32ﬂtzzg 4632t12n s 1644tz2ntz32(, 135tz20) (A30)
3
Re[I'Y) (H,)] = —ﬁVHj(12544rfnt32n 729617 tonts — 12481 15 + 29696t 111515,
— 68224111 t15t 00t 20 — 39552115 t15t e T 26624t10 o 145408t126t12nt220
—52992t,(,t e T+ 45441‘127T 8640tz2nt120 23328t12ﬂ o 8256tzznt,2[, 747t220) (A31)
We find that all the terms in Re[T" (H )] are proportional to VH 2m and hence axc (H,) is an even function of H,:
O’)?)/;IC(HX) = V ZHszFm(Vv )"’ Alv AZ& A3’ tl?'rs tlo‘s tZlTrs tZlO‘s t22n7 tz2a), (A32)

m=0

where F,, is a function of the parameters. Therefore, the essential model parameters for axC(Hx) # 0 are V under H, # 0.
These results are consistent with the numerical calculation results shown in Figs. 5(a) and 5(b) in the main text.

Finally, let us discuss the lowest-order contributions to Re[l"éf; (H)] = Re[T';L(H)] that correspond to the magnetoconductivity

tensor o}’ (H) for H, = H. = H and are explicitly given by

Re[TX(H)] =

Re[r)]

72
- ?Hz (tZZZJT + tZ220' ) ’

144
= —TH‘*(U@,,

(A33)

1013,). (A34)

Unlike the magnetoconductivity tensor O’MC (H,), O’MC (H) # 0 can be realized without the ferroaxial ordering term V.

There are other contributions, Im[T" Z,((H )] = —Im[

xZ(H )], that correspond to the unconventional Hall conductivity tensor

oz';[ (H,) with H # 0. The lowest-order contributions are explicitly given by

3J2

m[F?j(H)] ——OVH(Shnlenl 2w —

mfrSn) = 222

_360tlotzlat12n - 162[ldtzlat12a )

3t1ntz1ntz20 -

0 VH3(296I1;TIZ17-[IZQ;-, — 90t 1 2 tintne + 1261210t 00 + Mintiiotne + A8tiotinton —

12015t ntn0 — 12t 16t 20 — Ot1otz10120), (A35)

366tldtzlntz20

(A36)
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FIG. 6. w dependence of o;' (H,) at A = 2 for (a) n. = 0.2 and
(b) ne = 6.

Similar to Eq. (A27), all the terms in Im[FZ (H)] are propor-
tional to VH>"*!,

APPENDIX B: OPTICAL UNCONVENTIONAL
HALL CONDUCTIVITY

We show the optical unconventional Hall conductivity
og (H,) by considering finite frequency w in Fig. 6. The data
are calculated at fixed H, = 0.3 and A = 2 for n. = 0.2 in
Fig. 6(a) and n. = 6 in Fig. 6(b). As shown in Figs. 6(a)
and 6(b), ag(Hx) becomes nonzero for finite frequency o,
although it shows a complicated behavior including the sign
change with changing w. In the insulating case in Fig. 6(b),
ag(Hx) remains zero for a low frequency smaller than the
band gap, but it becomes nonzero when the frequency is larger
than the band gap. Thus the optical unconventional Hall con-
ductivity is one of the measurements with which to identify
the ferroaxial ordering when the materials are insulating.
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