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Ferrotoroidic order has recently been established as a new form of spontaneous long-range order. Its inherent
magnetoelectric properties have the potential to be utilized for spintronics based on magnetization-free systems.
While spintronics applications have been mostly discussed for conducting systems, the ferroic properties of
ferrotoroidic order have been mainly studied in insulating materials thus far. Here we report on the observation
of ferrotoroidic order in a rare-earth tetraboride, NdB,, that shows metallic conductivity and no spontaneous
magnetization. Using optical second harmonic generation (SHG), we spatially resolve the formation, distribu-
tion, and behavior of the ferrotoroidic domains across the ordering temperature. Due to the interference between
the domains with the opposite ferrotoroidic polarity, SHG signals cancel out at the domain boundaries, which
enables us to image the ferrotoroidic domain pattern. This study opens the way to explore unique functionalities
of ferrotoroidic domains in metals, such as an electric-current-induced domain switching.
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Ferrotoroidic order is characterized by a spontaneous vor-
tex arrangement of magnetic dipoles, with the order parameter
of the toroidal moment given by TV « > ;T x m;, where
r; is the position vector of the magnetic dipole m; at the i
site with reference to the high-symmetry point of the unit
cell. Ferroic ordering of toroidal moments in crystals has
been theoretically discussed since the 1980s [1-6]. An ex-
perimental observation of ferrotoroidic domains using optical
second harmonic generation (SHG) [7] and a switching of
the domains by applying electric and magnetic fields [8] in
LiCoPOy have led to the recognition of ferrotoroidic order as
the fourth primary ferroic state of matter [9]. Ferrotoroidic
order simultaneously breaks space-inversion (P) and time-
reversal (7) symmetries, resulting in the emergence of the
linear magnetoelectric (ME) effect [6,10-13] and nonrecip-
rocal optical phenomena [14—17], which have been studied
extensively in insulating materials. By contrast, ferrotoroidic
order has been much less investigated in metallic materials,
even though the coupling between the electric current of a
conductor and ferrotoroidic order has been theoretically dis-
cussed more than twenty years ago [4]. However, the recent
surge of attention in magnetically compensated spintronics
materials [18,19] has heightened the interest in ferrotoroidic
order of metallic materials. For example, the relationship
between the toroidal moment and current-induced antifer-
romagnetic domain switching has been investigated [20,21]
in Mn,Au [22] and CuMnAs [23] thin films. Furthermore,
electric-current-induced magnetization has been discussed for
ferrotoroidic metallic UNiyB [24,25].
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Since any functionality of a ferroic material roots in its
domains, for potential applications of ferrotoroidic order in
future spintronics devices, the observation of responses to
external stimuli on the level of the domains is indispensable.
Yet, before even considering the response of the domains to
external stimuli, a method for the direct observation of fer-
rotoroidic domains in bulk metals needs to be accomplished.
In this study, we therefore demonstrate the visualization of
ferrotoroidic domains in metallic NdB4 by optical SHG. We
perform spatial distribution measurements of SHG signals in
the setting sensitive to ferrotoroidic ordering, which is verified
by the SHG anisotropy measurements.

NdB, is arare-earth tetraboride crystallizing as a tetragonal
system with the space group P4/mbm [see Fig. 1(a) for the
crystal structure] [26,27]. It exhibits the typical resistivity
of a metal (1077 Qcm at 2 K) [28]. Due to their geometri-
cal frustration, some of the tetraborides exhibit noncollinear
magnetic structures which break both P and T symmetries
[29-31]. Recently, an optical ME effect in TbB4 has been
evidenced via the observation of nonreciprocal rotation of
reflected light [32]. Thus, the rare-earth tetraborides constitute
a good platform to explore properties due to P and 7 symme-
try breaking in metallic systems. The Nd moments in NdB4
order at Ty = 17.2 K, where a noncollinear magnetic structure
shown in Figs. 1(b) and 1(c) develops [33-35]. Just below Tj,
the moments lie in the ab plane, and they start to tilt towards
the ¢ axis with decreasing temperature. The tilt angle at 3 K is
about 17° [35]. However, no spontaneous magnetization is ob-
served in the magnetically ordered phase [28]. The magnetic
point group in this phase is 2'/m in which P, T, fourfold rota-
tional, and mirror symmetries are broken. Due to the variety
of symmetry breakings, NdB, exhibits three types of ferroic
order: ferrotoroidic, ferroelastic, and ferroaxial [36—-38]. Note
that the ferrotoroidic order is leading in magnitude as it is
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FIG. 1. (a)Crystal structure of NdBy. (b) The eight domain states
allowed when including the out-of-plane magnetic moments. The
red arrows denote in-plane magnetic moments which are related
to ferrotoroidic order. The blue circles with a dot and cross in the
center denote out-of-plane magnetic moments pointing up and down,
respectively. The left (right) four panels show the domain states with
TM4 (TM-). (c) A pair of ferrotoroidic domain states (TM+ and
TM-) of NdB,. The red and blue arrows denote Nd magnetic mo-
ments. The red and blue circle arrows represent positive and negative
toroidal moments, respectively. The green lines connect the center
of the unit cell to the Nd atoms and are parallel to their position
vector r;. The light red and blue arrows denote the projection of the
magnetic moments into the plane normal to r;, contributing to the
toroidal moment.

determined by the in-plane magnetic moments [red arrows in
Fig. 1(b)], whereas the other orders are determined by the out-
of-plane magnetic moments [blue arrows in Fig. 1(b)]. Hence,
when the out-of-plane components are neglected, we have
the point group 4/m’mm and ferrotoroidic order only. The
toroidal moment points in the ¢ axis direction, and the toroidal
moment per unit cell volume is calculated as 0.012 ug A=2.
Here we used the in-plane magnetic moment at a single Nd
site m;, = 1.8 up at 7.0 K [35] and the lattice parameters
a=b=72349A and ¢ = 4.1101 A at 7.5 K [34]. The three
different ferroic orderings result in a total of eight domain
states as shown in Fig. 1(b). However, with the smallness of
the out-of-plane components, one can focus on just a pair of
ferrotoroidic domain states, TM+ and TM—, which are related
to one another by either P or T operations, as depicted in
Fig. 1(c). The light red and blue arrows in Fig. 1(c) denote the
projection of the magnetic moments on the in-plane normal
to the position vector of each Nd moment, contributing to
the toroidal moment. We note that NdB4 undergoes two more
magnetic transitions at 7.0 and 4.8 K, where the out-of-plane

FIG. 2. The experimental setup for the SHG measurements on
NdB,. Red- and blue-colored pulses denote incident fundamental
and emitted SHG light, respectively. Although no difference in the
SHG intensity between TM+ and TM- is expected (see main text),
destructive interference arises from SHG across different domains.
Consequently, domain boundaries manifest as dark lines with dimin-
ished SHG intensity.

magnetic moments accompany an incommensurate modula-
tion [35]. These transitions do not affect the in-plane magnetic
moments constituting the ferrotoroidic order, however.

The breaking of P and T symmetries allows for SHG in
the electric-dipole approximation [39], which is forbidden in
the centrosymmetric phase temperature above 7 and can thus
provide background-free access to the ferrotoroidic state. The
nonlinear polarization P at frequency 2w is induced by an
incident electromagnetic light field E at frequency o and is
described as

PQ2w) = eoxijkEj(w)Er(w), (1

where & is the vacuum permittivity and x;j; are the compo-
nents of the SHG susceptibility tensor. In the magnetically
ordered phase of NdB, with the point group 2'/m, there is
a total of ten independent tensor COMPONENLS: Xxxys Xyyy» Xyxxs
Xzzys Xyyzs Xaxws Xayys Xyxys Xzaxs @0d Xyz [40]. Here, we set
the crystallographic a, ¢, and b axes in the tetragonal setting
parallel to the orthogonal x, y, and z axes, respectively (see
Fig. 2). Among the ten components, Xxxy,» Xyyy» Xyxxs Xzzy> and
Xyyz derive from the in-plane ferrotoroidic ordering according
to the point group 4/m’mm, and their sign depends on the
ferrotoroidic polarity, i.e., x (TM+4) = —x (TM—). Thus, SHG
from opposite domain states [left and right panels of Fig. 1(c)]
exhibits a 180° phase difference, allowing for the detection of
the domain structure [7,41]. The other five components are
due to the out-of-plane magnetic moments. A SHG polariza-
tion analysis is capable of distinguishing between all of these
components.

A single crystal of NdB4 was grown by the floating-zone
method using a furnace equipped with a laser diode that bears
five laser heads arranged in a circumferential configuration
(Quantum Design Japan L-FZ 2000) [42]. The obtained crys-
tal was oriented using Laue x-ray diffraction and cut into
plates with the widest faces perpendicular to the b axis. One
of these plates was mechanically prepared using lapping films.
For SHG measurements, an amplified Ti:sapphire laser with a
pulse duration of 130 fs and a repetition rate of 1 kHz was
used. An optical parametric amplifier converts the 800 nm
emission to a wavelength of 1200 nm. The experiments were
performed in a near-normal-incidence reflection geometry
(angle of incidence < 4°), and the SHG light emitted from the
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FIG. 3. Temperature dependence of the SHG intensity obtained
in the setting where the polarization of the incident fundamental light
(P,,) and that of the detected SHG light (P,,,) were parallel to the y
axis (P, || P, || ¥).

tetragonal ac plane was detected with a photomultiplier tube
detector or a liquid-nitrogen-cooled charge-coupled-device
camera (see Fig. 2 for illustration). The laser fluence and the
beam diameter were 10 uJ and 1.5 mm, respectively. In this
setting, the frequency-doubled polarization is expressed as

P2w)

XxxxEx(w)z + 2XxxyEx(w)Ey(w) + X)cnyy(w)2
= 20 [ Xy By (©)* 42Xy Ex(@) By (@) + XpaeEx(@)?
0
@)

A commercial liquid-helium-operated cryostat (Janis SVT-
400) was used to control sample temperature.

Figure 3 shows the temperature dependence of the SHG
intensity, where the polarization of the incident fundamental
light (P,) and that of the detected SHG light (P,,) were
both parallel to the y axis (P, || P2, || ). In this setting, one
addresses the y,,, component, which, as mentioned, couples
to the ferrotoroidic order. No SHG signal was observed above
17 K, suggesting that contributions from surface SHG are neg-
ligible. By contrast, a SHG signal was observed below 17 K,
corresponding to the ferrotoroidic transition. Furthermore,
the temperature dependence of the SHG signal was in good
agreement with that of the intensity of the (110) reflection
obtained by polarized neutron diffraction which corresponds
to the in-plane magnetic order parameter [35], corroborating
that SHG from the x,,, component successfully extracts the
ferrotoroidic ordering in NdBy4.

Next, we performed spatially resolved SHG measurements
at 10 K (<Tp). Figure 4(a) shows the obtained SHG image
in the polarization setting of P,, || Py, || y. The SHG inten-
sity is almost uniform aside from a distribution of curved
dark lines with diminished SHG intensity all across the im-
age. These dark lines are the domain boundaries, where the
SHG from neighboring domains causes destructive interfer-
ence, as Xy, (TM+) = — xy,,(T™-). Therefore, the pattern in
Fig. 4(a) corresponds to the distribution of the ferrotoroidic
domain walls and, hence, of the domains in our NdB,4 sample.

FIG. 4. SHG image obtained in the polarization setting of P, ||
P,, || y at 10 K. The images of (a) and (b) are obtained after the
first and second cooling run, respectively. The curved dark lines
correspond to the ferrotoroidic domain boundaries. The domain sur-
rounded by red dashed lines were memorized across the ordering
temperature. Panels (c) and (d) show schematic illustrations of ex-
tracted domain structures from the domain-boundary maps shown in
(a) and (b), respectively. The dark red and blue regions correspond to
either TM+ or TM-.

Figure 4(c) shows a sketch of the domain pattern extracted
from the SHG map in Fig. 4(a). Note that although the do-
main pattern is clearly identified, the ferrotoroidic polarity
of the respective domains cannot be uniquely associated by
this SHG-map measurement. The domains are hundreds of
micrometers in size, and everywhere they exhibit curved de-
limiters without directional preference. After obtaining the
first image, the sample was heated up to 20 K (>7) and
cooled down again to 10 K. Figures 4(b) and 4(d) show the
resulting SHG map and the domain pattern, respectively, after
this second cooling. Differences to Figs. 4(a) and 4(b) are
observed in several areas, suggesting that the domains were
reconstructed across the ordering temperature with only lim-
ited memory effects, visible, for example, in the top left part
surrounded by red dashed lines in Figs. 4(a) and 4(b).

We argue that the SHG maps shown in Fig. 4 reflect
ferrotoroidic domains as they were obtained in the setting
P, || P2, || y, where only the toroidally arranged in-plane
magnetic moments contribute to SHG. A SHG signal from
Xyyy 18 permitted by the ferrotoroidic order but does not
exclude contributions from the out-of-plane magnetic mo-
ments. Therefore, we acquired a SHG image by rotating
the polarization of the fundamental light and the SHG light
simultaneously and performed a SHG polarization analysis.
The measurements were done at 5 K. The intensity of all
pixels within a single-domain area was averaged and plot-
ted against the angle of the polarization of the fundamental
light. Figures 5(a) and 5(b) show the SHG anisotropy data
obtained on the two adjacent domains 1 and 2 [see the red
and blue boxes in Fig. 5(e)] in the parallel-Nicols setting (the
polarization of the fundamental light and the SHG light are
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FIG. 5. SHG polarization analysis. (a)—(d) The intensity of SHG
at 5 K in the two adjacent domains [areas in the red box (domain
1) and the blue box (domain 2) in panel (e)]. Panels (b) and (d)
[(c) and (e)] show the SHG anisotropy obtained in parallel-Nicols
(pN) setting and crossed-Nicols (cN) setting in domain 1 [domain 2],
respectively. The data were obtained with rotating the polarization of
the fundamental light and the SHG light simultaneously in either pN
or cN setting. The red and blue curves show the results of the fitting.
(e) SHG image obtained in the polarization setting of P, || Py, || y
at5 K.

parallel, P,, || P,,), while Figs. 5(c) and 5(d) show those in
the crossed-Nicols setting (the polarization of the fundamen-
tal light and the SHG light are orthogonal, P, 1P,,). The
obtained patterns do not exhibit a noticeable dependence on
the choice of domain. They are fitted by assuming the tensor
components derived from both the in-plane and out-of-plane
magnetic moments, which yields normalized tensor compo-
nents deriving from the in-plane magnetic moments as Xy, =
0.63 £ 0.02 (0.63 £ 0.02), x,y, = 0.83 £0.02 (0.84 £ 0.02),
and X, = —0.90 £0.01 (-0.90 & 0.01) for domain 1 (do-
main 2). Again, there is no significant difference between
the tensor components of domain 1 and domain 2. On
the other hand, the components deriving from the out-of-plane
magnetic MOMmeNts, Xyxr, Xxyy» and Xy, are zero within the

fitting errors and therefore at least ten times smaller than those
from the in-plane magnetic moments. This is reasonable by
considering that the tilting angle of magnetic moments at 5 K
is about 8° [35] and the out-of-plane magnetic moments are
14% of the in-plane magnetic moments, leading to an approx-
imately 50-fold difference in the SHG intensity between the
in-plane and out-of-plane components (0.14> ~ 0.02). Thus,
by considering that the SHG tensor components are well
matched with those expected for the in-plane magnetic or-
der, we conclude that the observed SHG signal constitutes a
background-free representation of the ferrotoroidic domains
in NdB4. SHG measurements in another setting sensitive to
the out-of-plane components, such as using the ab-plane re-
flection, will be interesting future work for observations of
magnetically induced ferroelastic and/or ferroaxial order and
successive magnetic transitions at 7.0 and 4.8 K in NdBy.

Recently, antiferromagnetic domains in TbBy4, a sister
compound of NdBy4, have been spatially visualized via non-
reciprocal rotation of reflected light (NRR) [32]. NRR is
allowed in systems with finite diagonal components of the lin-
ear ME tensor, such as TbB, (magnetic point group: 4/m’'m’'m’)
but not in systems free from such diagonal components, such
as ferrotoroidic NdB4 (magnetic point group: 2'/m) [43-45].
Therefore, NRR cannot be applied to study ferrotoroidic or-
der. On the other hand, the off-diagonal components of the
ME tensor and the associated ferrotoroidic order and do-
mains may be probed by nonreciprocal directional dichroism
[14—17], which, however, is detected in transmission and thus
not feasible in opaque metallic systems such as NdBy. Thus,
SHG is the method of choice here because it is sensitive to
ferrotoroidic order and domains in metallic systems.

In conclusion, we obtain images of the ferrotoroidic do-
main pattern of a metallic tetraboride, NdB4, by SHG. The
domains were visualized via the observation of domain
boundaries using the SHG interference between the domains
with the opposite ferrotoroidic polarity. We note that the
present study reveals the spontaneous formation of ferro-
toroidic domains in a metallic material, whereas earlier studies
on ferrotoroidic domains have been performed for insulating
magnetoelectric materials. In these, the simultaneous appli-
cation of electric and magnetic fields is required for domain
switching [8,16], where as in metallic materials, it is predicted
that domain switching is achieved by just applying electric
current [20,21]. Our findings hence constitute the preparation
for such an experimental demonstration.
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