
PHYSICAL REVIEW B 98, 220412(R) (2018)
Rapid Communications Editors’ Suggestion

Symmetry analysis of current-induced switching of antiferromagnets

Hikaru Watanabe* and Youichi Yanase
Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

(Received 9 October 2018; published 28 December 2018)

Antiferromagnets are robust to external electric and magnetic fields, and hence are seemingly uncontrollable.
Recent studies, however, realized the electrical manipulations of antiferromagnets by virtue of the antiferromag-
netic Edelstein effect. We present a general symmetry analysis of electrically switchable antiferromagnets based
on group-theoretical approaches. Furthermore, we identify a direct relation between switchable antiferromagnets
and the ferrotoroidic order. The concept of ferrotoroidic order clarifies the unidirectional nature of switchable
antiferromagnets and provides a criterion for the controllability of antiferromagnets. The scheme paves a way
for perfect writing and reading of switchable antiferromagnets.
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Introduction. The spin degree of freedom is highly con-
trollable and has opened a new paradigm of electronics [1–4].
Especially, spin manipulation by an interplay with other de-
grees of freedom such as charge and valley is attracting much
interest in the field of spintronics. The concept is widespread
in condensed matter physics, e.g., superconductors [5] and
topological materials [6].

Recently, the possibility of manipulating antiferromagnets
has been recognized [7–11], while most spintronics devices
are based on ferromagnets. The antiferromagnet, which in
itself has neither electric nor magnetic polarizations, is ro-
bust to external electric and magnetic fields, in contrast to
ferroelectric or ferromagnetic material-based devices. Hence,
antiferromagnets are considered to be a new candidate for a
nonvolatile memory device [12].

The switching of antiferromagnets has been explored in
various ways: by using a spin-transfer torque or spin cur-
rent in heterostructures [13–15] or magnetoelectric effects in
bulk antiferromagnets [16]. In particular, manipulation by an
electric current has significantly promoted the controllabil-
ity of antiferromagnets. The switching mechanism utilizes
current-induced antiferroic magnetization, namely, the anti-
ferromagnetic (AFM) Edelstein effect. Following a theoretical
proposal submitted independently by some groups [17,18],
experimental realizations of switching have been achieved in
CuMnAs [12] and Mn2Au [19].

The key to the AFM Edelstein effect is a locally noncen-
trosymmetric crystalline structure, in which the local symme-
try of certain sites has no parity symmetry in spite of a glob-
ally centrosymmetric crystalline symmetry. The sublattice
degree of freedom plays an important role in such systems.
The parity symmetry is preserved since the atoms in each sub-
lattice are interchanged by the parity operation. Then, spin-
momentum locking arises in a sublattice-dependent manner
although uniform spin-momentum locking is forbidden due
to the globally centrosymmetric crystal symmetry [20–24].
Accordingly, nonequilibrium antiferroic spin polarization is
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induced under electric current. This is an analog to the Edel-
stein effect, that is, current-induced ferroic spin polarization
[25–28].

The switchable AFM order, which shares the same sym-
metry with current-induced antiferroic magnetization, breaks
both of inversion and time-reversal symmetry although it
preserves translational symmetry. It is noteworthy that the
combined symmetry of parity and time-reversal operations,
namely, PT symmetry, is preserved. The PT symmetry for-
bids electric polarization and net magnetization and ensures
invulnerability to external electric or magnetic fields.

The properties of the AFM Edelstein effect have been
investigated in previous studies [17,18,29–31]. The general
criterion for determining electrically switchable antiferromag-
nets, however, remains unclear. An incomplete understanding
of switchable antiferromagnets has disrupted further explo-
rations of candidate materials except for the existing candi-
dates [12,19].

In this Rapid Communication, we present a general crite-
rion for the current-induced switching of antiferromagnets.
A symmetry analysis based on the magnetic representation
theory and the Aizu species clarifies what kind of AFM
order can be manipulated by the AFM Edelstein effect. Fur-
thermore, the analysis links switchable antiferromagnets and
ferrotoroidic order. Thus, this work not only identifies many
candidate materials but also provides a clear viewpoint of
AFM spintronics. In the following, we do not discuss the
effect of spin-transfer torque and spin current, since we focus
on bulk antiferromagnets which are insensitive to surfaces.

Representation analysis. We first present a symmetry anal-
ysis of magnetic modes induced by the AFM Edelstein effect.
The analysis is carried out with the use of a magnetic represen-
tation theory [32–35]. We focus on centrosymmetric systems
where the PT symmetry is preserved, though it is straightfor-
ward to extend the analysis to noncentrosymmetric systems.
Noncentrosymmetric magnets (Ga,Mn)As and MnSiN2 are
exemplified in the Supplemental Material [35–38].

The magnetic modes realized by the AFM Edelstein effect
do not lead to any translational symmetry breaking, and hence
they are characterized by the Néel vector Q = 0. The formula
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of the AFM Edelstein effect is written as

m̂AF = κ̂ j , (1)

where the susceptibility tensor κ̂ has symmetry determined
by the crystalline structure [22,30]. Therefore, supposing
systems in the paramagnetic phase, we here identify the
AFM mode m̂AF and investigate which components of κ̂ are
allowed.

The allowed magnetic symmetry with Q = 0 is described
by a magnetic representation

�
mag
G (H ) = �P

G (H ) ⊗ �M
G , (2)

where G and H denote a crystal group and site-symmetry
group of magnetic sites, respectively. �P

G is a permutation
representation of magnetic sites and �M

G is a representation
of an axial vector. The basis m̂AF of allowed magnetic modes
is explicitly denoted as m(τ )

μ , where τ and μ are indices of the
basis of �P

G and �M
G , respectively.

The response formula (1) is explicitly recast,

m(τ )
μ = κτμ;νjν. (3)

The coefficient κτμ;ν is transformed by a symmetry operation
g ∈ G as [39]

g(κτμ;ν ) =
∑

ρ,λ,κ

κρλ;κ [D(P)(g)]ρτ [D(M )(g)]λμ[D( j )(g)]κν,

(4)
where D(P), D(M ), and D( j ) are representation matrices of the
sublattice permutation, axial vector, and polar vector, respec-
tively. According to Neumann’s principle, the transformed
susceptibility tensor should satisfy g(κ̂ ) = κ̂ [40,41]. Thus,
the susceptibility tensor κ̂ is subject to constraints from the
crystal group G.

An algebraic calculation by Eq. (4) identifies the
symmetry-adapted form of κτμ;ν . To examine the symmetry
constraints between magnetic structures and electric currents,
it is practical to decompose the representation of the suscep-
tibility tensor κτμ;ν into irreducible representations of G, that
is, {�(α)

G }. The decomposition is obtained as

�
mag
G (H ) ⊗ �

j
G =

∑

α

qα�
(α)
G , (5)

where a coefficient qα denotes a frequency of �
(α)
G in the sum-

mation. �
j
G is a representation of the polar vector. The coeffi-

cient q1 for the identity representation �
(1)
G gives the number

of independent components of κ̂ .
Here, we summarize the symmetry constraints for switch-

able antiferromagnets. Each irreducible representation �
(α)
G

has inversion parity, since the crystal group G is centrosym-
metric. Although both �M

G and �
j
G are representations of

vector quantities, they have opposite parity. Thus, the per-
mutation representation �P

G should comprise odd-parity ir-
reducible representations to satisfy q1 �= 0. This means that
a locally noncentrosymmetric property of magnetic sites is
required for the AFM Edelstein effect, as mentioned in previ-
ous studies [17,18,30]. Furthermore, the magnetic representa-
tion �

mag
G should comprise a polar representation �

j
G . Owing

to the time-reversal even/odd (T -even/T -odd) nature of the

representation �P
G/�M

G , the magnetic mode m(τ )
μ is T odd and

leads to time-reversal symmetry breaking.
From the above analysis we conclude that the current-

induced magnetic structure is polar and magnetic (T odd). It
follows that the switchable AFM order by the AFM Edelstein
effect contains a toroidal moment T [42]. We stress that the
Néel vector is Q = 0. Thus, all the switchable AFM order
is regarded as a ferroic toroidal order, namely, ferrotoroidic
order. This is a criterion of materials for AFM spintronics.

The toroidic nature of switchable antiferromagnets is in-
tuitively understood by the fact that the electric current gives
rise to a shift of the Fermi surface and produces “polariza-
tion” in momentum space. Such polarization shares the same
symmetry with the toroidal moment as we have shown in the
group-theoretical classification [43].

Aizu species. Regarding the switchable AFM order as
ferrotoroidic order, we may clarify the possibility of AFM
domain switching by making use of the Aizu species.

In general, a phase transition reduces the symmetry oper-
ations of a disordered phase. The symmetry relation between
the disordered and ordered phases is formulated by a group-
theoretical method. By supposing the crystal group G(K ) in
the disordered (ordered) phase, the coset decomposition of G
by K is obtained as

G = g1 K + g2 K + · · · gN K , (6)

where g1 ∈ K and gj �∈ K (j �= 1). N is the order of G di-
vided by that of K . A domain state s1, which is invariant to the
symmetry operations of K , is transformed into other domain
states by symmetry operations of gj K (j �= 1). Therefore, the
coset decomposition (6) shows the relation between domain
states {sj },

sj = gjg
−1
i si , (7)

where the domain sj is invariant to the symmetry operations
of K j = gj Kg−1

j .
Domain properties of the ordered phase are classified by

the Aizu species [44–50], the ensemble of pairs of G and
K written as G F K . In the Aizu species classification, the
species G F K is characterized by physical quantities such
as electric polarization, magnetization, strain, and toroidal
moments. In the case of ferrotoroidic order, we first assign
a domain s1 with a toroidal moment T (1). Correspondingly,
we obtain the toroidal moment

T (j ) = gj T (1) (8)

for another domain sj . The number of possible toroidal mo-
ments is determined by a given species, since the species
G F K imposes the algebraic relation between domains as
Eq. (7). Therefore, the Aizu species G F K is classified as
full/partial/zero toroidic, when the domain states are com-
pletely/partially/not distinguishable by the toroidal moment
T . The classification is summarized in Table I.

In a full- or partial-toroidic species, the symmetry-adapted
field for the toroidal moment T , that is, electric current j ,
energetically distinguishes the domain states completely or
partially. The electric current acts on the AFM moment such
that the toroidal moment arising from the AFM mode is
aligned along the injected current. Therefore, classification
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TABLE I. The classification of Aizu species G F K based on
toroidal moments {T (i )}.

{T (i )} G F K

T (i ) �= T (j ) for all i, j Full toroidic
T (i ) = T (j ) for some but not all i, j Partial toroidic
T (i ) = T (j ) = 0 for all i, j Zero toroidic

based on the Aizu species for the ferrotoroidic order clarifies
the AFM domains which are controllable by the electric
current j . With a pair of the crystal group G and the group
for the AFM state K , the feasibility of the electrical switching
of AFM domains is determined by referring to the toroidic
property of the Aizu species [49].

The switchable antiferromagnets should belong to the full-
or partial-toroidic species. We have identified candidate ma-
terials for the switchable AFM order and show a part of
the list in Table II. In the Supplemental Material, we can
find more candidates and more detailed information [35].
In the following, we apply our symmetry analysis to some
antiferromagnets and reveal the toroidic property of the AFM
state.

Full-toroidic case. As an example of the ferrotoroidic case,
we discuss the tetragonal CuMnAs [61] where AFM domain
switching has been demonstrated [12]. The crystal group is
4/mmm which is represented as G = 4/mmm1′ in magnetic
point group notation. The AFM phase is specified by K =
mmm′〈x〉, where the symbol 〈x〉 means the twofold rotation
symmetry along the x axis. Correspondingly, the Aizu species
is denoted by

4/mmm1′ F mmm′〈x〉. (9)

TABLE II. List of candidate materials. The table lists metallic or
semiconducting compounds, crystal point group (PG), direction of
toroidal moment (T ), Néel temperatures (TN), and references (Ref.).
More candidates are shown in Supplemental Material [35].

Compounds PG T TN Ref.

PrMnSbO 4/mmm 35 < T < 230 [51]

{Tx, Ty} 35 [51]

NdMnAsO 4/mmm 23 < T < 359 [52,53]

{Tx, Ty} 23 [52,53]

DyB4 4/mmm {Tx, Ty} 12.7 < T < 20.3 [54–56]

ErB4 4/mmm {Tx, Ty} 13 [54,55,57]

Mn2Au 4/mmm {Tx, Ty} >1000 [58]

FeSn2 4/mmm {Tx, Ty} 93 < T � 378 [59,60]

{Tx, Ty} 93 � T < 378 [59,60]

CuMnAs 4/mmm {Tx, Ty} 480 [61]

U3Ru4Al12 6/mmm Tz 9.5 [62,63]

CaMn2Bi2 3̄m {Tx, Ty} 154 [64]

SrMn2Sb2 3̄m {Tx, Ty} 110 [65]

Gd5Ge4 mmm Tz 127 [66,67]

UCu5In mmm Ty 25 [68]

YbAl1−xFexB4 mmm Tx [69]

TABLE III. The characterization of the Aizu species of CuMnAs
[49]. “F,” “P,” and “Z” represent full, partial, and zero, respectively.

ε̂ P M T
4/mmm1′ F mmm′〈x〉

P Z Z F

The coset decomposition (6) is obtained as

G = I K + P K + C+
4z K + S+

4z K , (10)

where I , P , and C+
4z(S+

4z) are the identity operation, the parity
operation, and the fourfold (improper) rotation, respectively.
The domain s1 with the polar axis x possesses the toroidal
moment T (1) = T x̂. Accordingly, the toroidal moment of the
domain s2 = Ps1 is obtained as

T (2) = P (T x̂) = −T x̂. (11)

Similarly, T (3) = T ŷ and T (4) = −T ŷ are obtained for the
domains s3 and s4, respectively. Thus, all the domains of
CuMnAs have different toroidal moments, and the Aizu
species (9) is actually full toroidic. Therefore, the AFM state
can be completely manipulated by the electric current.

We summarize the properties of the Aizu species (9) in
Table III. The species (9) is zero electric and zero magnetic,
and hence AFM domains can hold neither electric polarization
P nor magnetic polarization M. These constraints are consis-
tent with the PT symmetry preserved in the AFM state. On
the other hand, the species is partial elastic. It follows that
the AFM domains are partially controllable by stress which
is the conjugate field to the strain ε̂. Thus, the Aizu species
analysis is also useful to elucidate the possibility of an indirect
switching of the AFM state.

To support the Aizu species analysis, we conduct a rep-
resentation analysis. The magnetic Mn ions are positioned
in the crystallographic site with a noncentrosymmetric site-
symmetry group H = 4mm, and CuMnAs is locally noncen-
trosymmetric. The magnetic representation is obtained as

�
mag
G (H ) = �P

G (H ) ⊗ �M
G (12)

= A2g + Eg + A1u + Eu. (13)

Then, the product representation (5) comprises �
(1)
G = A1g ,

since the Eu mode in Eq. (13) is included in the polar rep-
resentation �

j
G = A2u + Eu. Thus, the AFM Edelstein effect

is allowed. The correspondence between the toroidal moment
and the AFM order is clarified by the projection operator
method [32,35]. By the projection operator associated with
the basis of Eu, the AFM moment aligned along the ±x axis is
revealed to have a toroidal moment ±T ŷ. Hence, the in-plane
electric current ±jy stabilizes the AFM state as shown in
Fig. 1. Similarly, the electric current ±jx stabilizes the AFM
moment along the ±y axis which has the toroidal moment
±T x̂. Thus, the representation theory is consistent with the
Aizu species analysis.

Partial-toroidic case. Next, we discuss a partially control-
lable AFM state of U3Ru4Al12, which belongs to a partial-
toroidic species.

U3Ru4Al12 crystallizes in a hexagonal structure (G =
6/mmm). The magnetic uranium ions form a kagome lattice
[62,63]. Interestingly, the compound shows a compensated
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FIG. 1. The correspondence between the AFM domain and the
toroidal moment in CuMnAs. The green- (purple-) colored arrows
represent the toroidal (magnetic) moments. The electric current
stabilizing each domain is depicted.

and noncollinear AFM order by which the threefold rotation
symmetries are broken [63]. The Aizu species is given by

6/mmm1′ F mmm′〈z〉, (14)

where 〈z〉 means the twofold rotation symmetry along the z

axis. The species is partial toroidic as shown in Table IV and
allows the domain states to be partially controllable by the
electric current. Following the algebraic relation between the
domain states, half of the six domains host the same toroidal
moment T ‖ ẑ which can be inverted by the out-of-plane
electric current jz.

We also present a representation analysis. The U atoms
are positioned in crystallographic sites with the site-symmetry
group H = mm2. The magnetic representation is obtained as

�
mag
G (H ) = A2g + B1g + B2g + A1u + A2u + B1u

+ 2E1g + E2g + E1u + 2E2u, (15)

which comprises polar representations A2u and E1u. The
basis of A2u (E1u) can be taken as a toroidal moment T ‖
ẑ (T ‖ {x̂, ŷ}), and the AFM Edelstein effect is actually
allowed when j ‖ ẑ ( j ‖ {x̂, ŷ}).

The magnetic order of U3Ru4Al12 [63] is represented by
the A2u and E2u irreducible representations. These repre-
sentations are odd parity, and the former (latter) is polar
(nonpolar). By representing one of the magnetic domains by
the basis φE2u

+ φA2u
, the other AFM domains are labeled as

depicted in Fig. 2. The φA2u
mode corresponds to the toroidal

moment Tz, and hence the electric current jz enables the
switching between the AFM domains having different φA2u

components. On the other hand, the domains with the same
φA2u

components cannot be switched by the electric current.
Thus, the representation analysis is consistent with the Aizu
species analysis in a partial-toroidic case of U3Ru4Al12. To
control the AFM domains perfectly, we may use the mag-
netopiezoelectric effect, which is explained in Supplemental
Material [31,35,43].

Readout of AFM domains. Following the symmetry anal-
ysis revealing an essential role of ferrotoroidic order for the

TABLE IV. The characterization of the Aizu species of
U3Ru4Al12 [49].

ε̂ P M T
6/mmm1′ F mmm′〈z〉

P Z Z P

FIG. 2. The uranium sites in U3Ru4Al12 (left) and the possible
AFM domains (right panels) [63]. C±

3 (S±
6 ) denotes the threefold

(improper) rotation. Each of domains has a toroidal moment ±T ẑ.

electrical switching of AFM domains, we present a complete
readout of the domains using a functionality arising from the
unidirectional nature of the ferrotoroidic order.

In an experiment of CuMnAs, an electrical readout of AFM
domains has been performed by measuring anisotropic mag-
netoresistance (AMR) [12]. The AMR, however, cannot com-
pletely distinguish domains, because domains with opposite
toroidal moments show the same AMR. On the other hand,
we can make use of the unidirectional property of the ferro-
toroidic order to discern the AFM domains in a complete way.

The ferrotoroidic order induces a unidirectional anisotropy
in various transport phenomena: In a nonlinear electric con-
ductivity up to the second order |E|2 denoted by

jμ = σμνEν + σ̃μνE
2
ν , (16)

the ferrotoroidic moment T ‖ x̂μ gives rise to a finite longitu-
dinal component σ̃μμ, which changes sign between domains
with opposite toroidal moment [43]. Therefore, the nonlinear
conductivity may distinguish the domain states of switchable
antiferromagnets in a complete manner. Thus, both the manip-
ulation and detection of AFM states can be electrically carried
out.

The nonlinear conductivity σ̃μμ indicates a dichromatic
transport. Indeed, dichromatic transport is an emergent phys-
ical property induced by the ferrotoroidic order. Although
dichromatic transport has been observed in noncentrosym-
metric systems under an external magnetic field [70–73] and
several ferromagnetic materials [74,75], it may be realized
in ferrotoroidic AFM states without a magnetic field. Such
dichroism induced by the ferrotoroidic order is tunable by the
current j through AFM domain switching. When we vary an
electric current, a hysteretic behavior may be observed as a
signal of AFM domain switching.

It is noteworthy that the manipulation and detection of
the ferrotoroidic domain by a tunable electric current are
realizable only in metallic systems, in contrast to previous
observations of ferrotoroidic order in magnetic insulators
[42,76,77]. The toroidic domain in insulators can be manip-
ulated by making use of the magnetoelectric effect. To be
specific, the toroidic domain in insulators is inverted by simul-
taneously applying both electric and magnetic fields [76,77].
In contrast, the toroidic domains in metals are controllable by
only injecting the electric current.

To summarize, we provide a general criterion of electri-
cally switchable antiferromagnets based on the complemen-
tary use of the Aizu species and the representation theory.
Both approaches unveil the direct correspondence between
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switchable AFM states and ferrotoroidic order. The concept
of ferrotoroidic order uncovers functionalities of antiferro-
magnets and gives a clear viewpoint in AFM spintronics.
It is desirable for further developments of AFM spintronics
to explore the functionalities of various antiferrromagnets.
On the basis of a symmetry analysis, we provided a list of
electrically switchable antiferromagnets, which will be useful
for future studies.

Recently, we became aware of an experiment of CuMnAs
which demonstrated the switching and reading of the AFM
domain states with opposite toroidal moments [78]. The do-
main states have been distinguished by the nonlinear Hall con-
ductivity which is described by Eq. (16). The toroidal moment

T ‖ x̂μ gives rise to a transverse nonlinear conductivity σ̃μν

[79], and hence the experimental result [78] is consistent with
our symmetry analysis.
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[63] R. Troć, M. Pasturel, O. Tougait, A. P. Sazonov, A. Gukasov,
C. Sułkowski, and H. Noël, Phys. Rev. B 85, 064412 (2012);
Although this paper mentioned that the magnetic order is
identified as the �12(E2u) mode, the A2u mode should be
admixed to realize the magnetic structure in Fig. 3 of the paper.

[64] Q. D. Gibson, H. Wu, T. Liang, M. N. Ali, N. P. Ong, Q.
Huang, and R. J. Cava, Phys. Rev. B 91, 085128 (2015).

[65] N. S. Sangeetha, V. Smetana, A.-V. Mudring, and D. C.
Johnston, Phys. Rev. B 97, 014402 (2018).

[66] L. Tan, A. Kreyssig, J. W. Kim, A. I. Goldman, R. J.
McQueeney, D. Wermeille, B. Sieve, T. A. Lograsso, D.
L. Schlagel, S. L. Budko, V. K. Pecharsky, and K. A.
Gschneidner, Phys. Rev. B 71, 214408 (2005).

[67] E. M. Levin, V. K. Pecharsky, K. A. Gschneidner, and G. J.
Miller, Phys. Rev. B 64, 235103 (2001).

[68] V. H. Tran, D. Kaczorowski, R. Troć, G. André, F. Bourée, and
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