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Multipoles in a material, which describe the degrees of freedom of electrons, have recently attracted much
attention from the perspective of a unified understanding of diverse physical phenomena. Therefore, demand has
been increasing for probes that can detect various types of multipoles. Here, we report the detection of multiple
multipoles in collinear antiferromagnet MnTiO3 using optical second harmonic generation (SHG). Utilizing
SHG selection rules and an imaging technique, we detect ferroaxial and antiferromagnetic orders and visualize
their domains, and show that SHG is a powerful tool for the simultaneous observation of underlying multipoles

with different symmetries.
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I. INTRODUCTION

Exploring the relationship between the symmetries of a
material and their functionalities is a central topic in mod-
ern condensed matter physics. Recent studies have shown
that multipoles, which describe the spatial distributions of
electric charge and magnetic moment, are useful quantities
for describing, understanding, and predicting diverse physical
phenomena [1,2]. In particular, the multipoles that break both
space-inversion (£?) and time-reversal () symmetries—
i.e., the magnetic monopole (MM), the magnetic quadrupole
(MQ), and the magnetic toroidal dipole (MTD)—have at-
tracted attention because they induce magnetoelectric (ME)
cross-coupling phenomena such as linear ME effects [3-5]
and nonreciprocal optical effects [6—8]. A contrasting multi-
pole is the electric toroidal dipole (ETD), which breaks neither
& nor 7 [9]; this multipole is related to the ferroaxial (or fer-
rorotational) order that is characterized by a rotational electric
dipole arrangement (or rotational crystal distortion) [9-11]. In
many cases, multipoles with different symmetries are detected
using different experimental techniques [7,8,10-17], but this
makes it difficult to explore the relationships among multi-
poles with different symmetries. Therefore, there is strong
demand for developing probes that can directly detect a wide
variety of multipoles and reveal their mutual couplings.

In this paper, we focus on the detection of multipoles in the
ilmenite MnTiO; using optical second harmonic generation
(SHG). MnTiOs is an antiferromagnet that possesses multiple
multipoles, i.e., MM, MQ, and MTD in the antiferromagnetic
(AFM) phase as well as ETD in the whole temperature range.
Using SHG selection rules and an imaging technique, we
spatially resolve multipolar domain structures and clarify their
characteristics.
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II. MULTIPOLES IN MnTiO;

MnTiOs crystallizes with trigonal symmetry with the
centrosymmetric point group 3 at room temperature
[Fig. 1(a)] [18]. Buckled honeycomb layers consisting of
magnetic Mn?>* ions (S = 5/2) and those of nonmagnetic
Ti** ions are stacked alternately along the threefold c axis.
The rotational displacements of O?~ ions around Mn?>* and
Ti*t ions from the {110} planes [dotted lines in Fig. 1(a)]
break the c-glide plane parallel to {110}, which leads to the
presence of ETD related to the ferroaxial order [11]. Below
the Néel temperature Ty = 65 K, the spin moments on Mn>*
ions are arranged along the c¢ axis to form collinear AFM
order, which is characterized by the Néel vector L [Fig. 1(b)].
The AFM spin structure retains the threefold symmetry but
breaks both &2 and .7, which leads to a symmetry reduction
to the magnetic point group 3’ [19,20]. The antiparallel
spin is represented by a superposition of MM and MQ with
possible combinations of (MM, MQ) = (4, +), (—, —) [21].
Furthermore, adjacent MnOg clusters with opposite spin
moments have opposite chirality, which induces MTD along
the ¢ axis [7]. Because the sign of MTD is determined
by those of ETD and L [7], four types of multipolar
domains may exist below 7Ty, i.e., (ETD, MM, MQ, MTD) =
+++ - =)=+ 4+ ) (== = ).
This situation differs from the case of Cr,Os, which has a
similar collinear AFM spin structure to that of MnTiOs. In
Cr,03, both ETD and MTD exhibit staggered order because
of the presence of twofold axes perpendicular to the ¢ axis [7],
resulting in the absence of macroscopic ETD and MTD.

III. OPTICAL SECOND HARMONIC GENERATION

To detect these multipoles with different symmetries in
MnTiO3, we use SHG selection rules beyond the electric-
dipole (ED) approximation. In the ED approximation, SHG
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FIG. 1. Crystallographic and magnetic structures of MnTiO;
projected along [110] and [001] (a) above Ty and (b) below Ty. In
both the paramagnetic and AFM phases, the rotational displacements
of 0?~ ions around Mn>* and Ti*' ions from the {110} planes
(dotted lines) break mirror symmetry parallel to those planes, which
leads to the presence of the ETD related to the ferroaxial order.
In the AFM phase, the antiparallel spin pair (S; and S;) of two
Mn*" ions is described by the Néel vector L= S, — S, and can
be decomposed into MM and MQ. In addition, a spin in the chiral
MnOg cluster breaks both &7 and .7, which can be regarded as MTD.
The equilateral triangle marked on the central Ti** ion indicates the
threefold axis.

is allowed only in noncentrosymmetric systems such as
ferroelectrics, surfaces, and interfaces [22]. This so-called
ED-SHG can be expressed as

PED(2C!)) I (X(i)eee + X(C)eee) E(U))E(C{)), (1)

where PEP(2w) is the nonlinear polarization oscillating at
2w, E(w) is the electric field of incident light oscillating at
w, and x V¢ and x(©¢¢ are the time-invariant (i-type) and
time-noninvariant (c-type) nonlinear susceptibilities related to
the crystallographic and magnetic contributions to ED-SHG,
respectively [23,24]. In contrast, SHG processes includ-
ing higher-order multipole contributions such as magnetic-
dipole (MD) and electric-quadrupole (EQ) transitions are
allowed even in centrosymmetric media [23-30]. Because the

MD- and EQ-SHGs show the same polarization depen-
dence [31], we only consider the MD-SHG in the following
discussion. The MD-SHG PMP(2w) is induced by the electric
field E (w) and magnetic field H (w) of incident light and can
be expressed as follows [23,24],

P"P2w) o (xm + x ) : E(0)H (o), )

where x ¢ and x (9" are the nonlinear susceptibilities
related to the crystallographic and magnetic contributions
to MD-SHG. The contribution from another MD-SHG pro-
cess expressed as M(2w) x x™* : E(w)E(w) is negligible
because our SHG wavelength of 400 nm is related to the
charge transfer transition between O 2p and Mn 3d where
the MD transition is forbidden. Above Ty, MnTiOs has a
centrosymmetric crystal structure but the i-type MD-SHG is
allowed. Below Ty, the collinear AFM order breaking both
& and 7 allows the c-type ED-SHG in addition to the i-type
MD-SHG. The c-type MD-SHG is forbidden by the symme-
try because of the conservation of the AFM structure under
the combined inversion-time reversal operation 1 [32]. The
nonzero MD-SHG and ED-SHG tensor components above
and below Ty are summarized in Table 1.

In materials with a threefold symmetry, circularly polar-
ized fundamental light propagating along the threefold axis
is converted only to countercircularly polarized SHG because
of angular momentum conservation [33]. In the present case,
when right-handed circularly polarized (RCP) fundamental
light is incident along the ¢ axis of MnTiO3, left-handed cir-
cularly polarized (LCP) SHG light is emitted, whose intensity
above Ty can be written as

T>T; )2 )2 @iy, (D)=
IRC>P(Iju)—LCP(2w) X |an1‘ + |XW:2 + ZIm(XmllelZ ) 3

As discussed in detail in the Supplemental Material [31], the
term Im( X,flf X,(n’%*) gives opposite signs for opposite ETDs,
thus distinguishing opposite ferroaxial domains as a differ-
ence in SHG intensity [31].

Below Ty, the SHG intensity in the aforementioned config-

uration is expressed as

12

2
]T<TN (c) + ’ x5

(2 (|2
RCP()-LCP2w) X |Xmll + ’Xmlz’ + ’Xel
+20m (Y X+ Xt 25”)
+20Im (45 + Ko Xes )
= 2Re(tpixes” = Xpoxi)- @)
The last two terms, which.represent the interference between
the nonmagnetic tensor x ) and the magnetic tensor x ), play
a significant role in distinguishing the AFM 180° (i.e., L) do-
mains [25] because only x ) changes sign for the opposite L.
Consequently, the SHG signal gives a difference in intensity
of
T <Ty (@), () (@), (©)x
ALy Lepw) & A[Im (X 27" + Xpa X2 )
“Re(ixes" — ke )] (5)

between the AFM 180° domains below Ty [Fig. 2(a)]. Since
(c) d (c) o 1 h : d

X1 and x,," are proportional to the magnetic order parameter

(L), it is possible to investigate the AFM properties by mea-

suring the temperature dependence and spatial distribution of

the SHG signal.
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TABLE I. Nonzero time-invariant (i-type) and time-noninvariant (c-type) SHG tensor components in MnTiO; allowed above and below
Tx. These are derived from the point group 3 and magnetic point group 3’ [32]. Only the tensor components for light incident along the ¢ axis

are listed.
T < TN T > TN
(Magnetic) point group 3 3
(@) [C — i — i — i @ _ 0 — i — i — i
i;keem Xml] = X;;{)Xeem — _X;;)yeem — _X;)z()yeem — X;;&'ecm Xmll = X)E)I();em — _X)g);eem — _X}E)g)eem — _X}E}t)leem
Xr(nl% = X;geem — _Xlé)zc)yeem — _Xi;leem — X;Qreem Xy(nl) = X}(Qveem — _X)E)izveem — _X;;Zfem — _X)(Qfem
(c)eee () — c g g
Xi;keee Xei = X}S)cw)ceee — _X)E;;eee — _Xy(;)))eee — X}E;)){eee
() — eee . : g
X€‘2~“ = X)({;})yeee — _X;;;eee — _Xx(;z’eee — X)(;;eee

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Experimental setup

A single crystal of MnTiO3 was grown by a floating zone
method in Ar flow [7]. The crystal was then cut and pol-
ished into a 230-um-thick plate with large (001) surfaces of
4.9 mm x 4.3 mm, which was mounted on a copper plate with
a hole in a cryostat [Fig. 2(b)]. SHG measurements were
performed with light pulses from a Ti:sapphire laser with a
central wavelength of 800 nm, a pulse width of 130 fs, and a
repetition rate of 1 kHz. The plate was irradiated at the normal
incidence, and the transmitted SHG image was recorded with
a charge-coupled device (CCD) camera [Fig. 2(a)]. The laser
power and the focal diameter were ~40 mW and ~2.5 mm,
respectively, unless stated otherwise. A polarizer, a half-wave
plate, and a quarter-wave plate before the sample were used to
generate the circularly polarized incident light, and a quarter-
wave plate and an analyzer after the sample were used to
extract the circularly polarized SHG component. We con-
firmed the quadratic dependence of the SHG intensity on the
power of the fundamental light both above and below Ty
[Fig. 2(c)].

B. SHG images of MnTiO;

The SHG image at 80 K (7T > Ty) shows a nearly homo-
geneous spatial distribution, except for some bright lines due
to cracks and scratches on the surfaces discernible also in
the conventional optical microscope image [Fig. 3(a)]. This

(a) (b)
LCP(2w) era
YR
P \ o

indicates the absence of ferroaxial twins [31], which agrees
with a recent nonreciprocal optical experiment [34]. In con-
trast, the SHG image at 45 K (T < Ty) after zero-field
cooling clearly shows a spatial inhomogeneity [Fig. 3(b)].
This multidomain structure originates from the interference
between x” and x/, as discussed above, and indicates
the existence of AFM 180° domains composed of MM,
MQ, and MTD. Considering the ferroaxial single domain,
the AFM 180° domains are regarded as two types of mag-
netic (toroidal) multipolar domains, i.e., (MM, MQ, MTD) =
(+9 +, +)a (_1 T _)

The SHG image below Ty changed every time when
the temperature was increased and decreased across 7y,
indicating no memory effect across 7y [31]. The AFM domain
structure is similar to those of other antiferromagnets such
as YMnOs; [35]. The typical lateral dimension of the AFM
domains in MnTiOj3 is submillimeter, which is smaller than
that in Cr,O3 (~1 mm) [25]. In general, materials with larger
exchange energy are preferable for forming larger domains
to reduce the energy cost at domain walls. The values of the
in-plane nearest-neighbor exchange energy in MnTiO3 and
Cr,03 are reported to be —0.627 and —3.27 meV [36,37],
respectively, which may explain the smaller in-plane AFM
domain in MnTiOs3.

C. Temperature dependence of SHG intensity

The AFM origin of the multidomain structures can be
clearly seen by tracking the temperature dependence of the
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FIG. 2. (a) Schematic of experimental setup. RCP-fundamental light [RCP(w)] propagating along the ¢ axis of MnTiO; generates LCP-
SHG [LCP(2w)]. AFM 180° domains (4L and —L domains) give a contrast in SHG intensity. (b) Optical microscope image of MnTiO3. SHG
images were taken in the region surrounded by the dashed line. (c) Log-log plots of SHG intensity as a function of incident laser power at 100

and 45 K.
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(a) T=80K(>Ty)

FIG. 3. SHG images taken in RCP(w)-LCP(2w) configuration at
(a) 80 K (above Ty) and (b) 45 K (below 7y). The homogeneous
image in (a) indicates a ferroaxial single domain, whereas the bright
and dark regions in (b) correspond to AFM +L and —L domains,
respectively. Scale bar: 500 um.

spatial average intensity of bright (circles) and dark (squares)
areas of the SHG image [Fig. 4(a)]. Above Ty the SHG in-
tensities are temperature independent and almost the same
for both areas but they clearly show a difference below Ty,
reflecting the development of the AFM order of the opposite
L. According to Eq. (5), this can be estimated directly by
taking the difference in the two SHG intensities, assuming
that the temperature dependence of X,(,:; and er;% is negligibly
small. Figure 4(b) shows the temperature dependence of the
AFM order parameter L. This can be approximately fitted to
a power law L o< (1 — T/Ty)? with the exponent g = 0.32,
which is consistent with the value of the sublattice magne-
tization obtained by neutron scattering measurements [38].
Compared to the bulk value of Ty = 65 K, the slightly lower
one of Ty = 63.2 K obtained from the fitting may be ascribed
to a deviation between the actual temperature of the sam-
ple and the temperature monitor, or it may reflect 7y near
the sample surface, because the present SHG only detects
signals from tens of nanometers on the backside of the sam-
ple because of the strong absorption at the SHG wavelength
(400 nm) [7]. This could be another tool for investigating the
depth-dependent nature of AFM orders and their domains by
tuning the SHG wavelength.

(a) 8 T T T T T T

SHG intensity (arb. units)

AFM order parameter L (arb. units)

Temperature (K)

FIG. 4. Temperature dependence of (a) SHG intensity for +L
(circles) and —L (squares) domains in Fig. 3(b), and (b) the AFM
order parameter L calculated from (a) using Eq. (5). L is fitted with
the power law L o« (1 — T/Tx)? with B =0.32 and Ty = 63.2 K.
The SHG data were taken in a warming run.

V. CONCLUSIONS

In summary, we detected multiple multipoles and vi-
sualized their domain structures in MnTiO3 by using the
SHG selection rules beyond the ED approximation. We re-
vealed the absence of ferroaxial twins related to the ETD
order above Ty and multi-AFM domains related to the MM,
MQ, and MTD orders below Ty, whose order parameter
is consistent with the behavior of the sublattice magnetiza-
tion. Our study shows that SHG can detect multipoles with
different symmetries (odd/even parities and electric/magnetic
multipoles). This feature is critically important for visu-
alizing various multipole domains and their mutual cou-
plings, and also for searching new functionalities at domain
walls [39].

The data are available from the authors upon reasonable
request.
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