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Ferromagnetic moment in the magnetoelectric antiferromagnet CosTa;0y:
Evidence of the P1 magnetic space group
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Exploring ferromagnetic moments in magnetoelectric materials is of both fundamental and technological
importance. It enables the control of the correlated state using an uncompensated moment. However, its material
realization is challenging owing to its exclusive microscopic mechanisms. Here, we report a nearly isotropic
ferromagnetic moment in the magnetoelectric antiferromagnet Co,Ta;Og, by performing dc and ac magnetic
susceptibility, magnetization, and neutron diffraction measurements on identical single crystals. Combined with
the group theory analysis, we demonstrate a P1 magnetic space group. This implies that physical activities can
occur along any crystallographic direction, which explains the unusual magnetoelectric property of CosTa;Oy.
The ground state is classified as the M-type altermagnet based on the magnetic point group. Our study provides
essential information to resolve the debate on the magnetic ground state and understand the magnetoelectric
properties of the related compound with the prospect of observing and examining the P1 magnetic space group

or ferromagnet in ferroelectrics.

DOI: 10.1103/7gx9-wx2b

I. INTRODUCTION

Magnetoelectric (ME) and multiferroic materials [1,2]
provide excellent opportunities to utilize the crossed cou-
pling between electric polarization and magnetic moment.
Multifunctional applications can be designed using this cou-
pling by manipulating the magnetic (electronic) state with an
external electric (magnetic) field. Thus, various forms of mag-
netoelectric compounds have been examined, ranging from
three-dimensional [3] and two-dimensional van der Waals
materials [4] to thin films [5].

Most magnetoelectric compounds are ferroelectric and an-
tiferromagnetic, where magnetic moments are canceled in
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typical collinear antiferromagnetic structures. Thus, they do
not have uncompensated magnetic moments. This is disad-
vantageous because the presence of a ferromagnetic moment
in magnetoelectric materials can enable easier manipulation
of this intertwined electronic state [6]. Therefore, ferromag-
netic and ferroelectric materials have been actively searched
for. However, the coexistence of ferromagnetism and ferro-
electricity has been rarely observed in bulk forms. This is
generally because the unpaired electrons of transition metal
ions necessary for magnetism disfavor the off-center ionic
displacement required for ferroelectricity [7].

The ferromagnetic moments in magnetoelectric com-
pounds have thus been scrutinized in heterostructures such as
thin films [8] and composite magnetoelectric materials [9] by
combining several phases with desired properties. Neverthe-
less, numerous factors such as complex growth processes and
effects of interfaces and substrates make experiments and their
analyses more challenging and less straightforward. On the
other hand, ferrimagnets, where the ferromagnetic moment is
uncompensated owing to dissimilar sizes of opposite magnetic
moments, can be suitably alternative systems. They are also
promising for spintronics applications since they possess both

Published by the American Physical Society
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ferromagnetic and antiferromagnetic properties [10]. There-
fore, identifying and understanding magnetoelectric systems
with a ferromagnetic moment in a single phase is of significant
importance. It also holds promise for technological applica-
tions, such as energy-efficient functional devices [11,12].

A series of honeycomb-based magnetoelectric antiferro-
magnets, 445,09 (A = Mn, Fe, and Co, and B = Nb and
Ta) [13], could be potentially relevant in this respect. These
materials have attracted considerable attention in recent years
owing to their wide range of intriguing magnetoelectric prop-
erties. These include magnetodielectric effects in MnyNb,Og
[14], anisotropic magnetoelectricity in MnyTayOg [15], non-
linear ME effects in Fe4NbyOg [16], coexistence of type-II
multiferroicity and linear magnetoelectricity in FesTa;Og
[17], manipulation of electric polarization with a rotating
magnetic field within the honeycomb plane in CosNb,Og [18],
and nonlinear and anisotropic ME effects in CosTa,Og [19].

In contrast to their diverse magnetoelectric properties,
the compound family is all antiferromagnetically ordered at
temperatures below about 20—108 K [15-26]. However, the
magnetic properties at lower temperatures within the an-
tiferromagnetic order are different. Remarkably, CosTa;Oq
[19,23] and Mn4Ta;O9 [15] single crystals exhibit sudden
upward turns in magnetic susceptibility at approximately 6 K
[23] and 48 K [15], respectively. A peak in magnetic suscepti-
bility in polycrystalline MnsNb, Oy powder was also observed
at approximately 45 K [25]. The upturn in magnetic suscepti-
bility is reminiscent of the onset of the ferromagnetic moment
[27]. However, it is unclear whether this characteristic is gen-
uine, and what causes it.

Herein, we tackle this problem by examining high-quality
Co4Tay Oy single crystals. We report an intrinsic ferromag-
netic moment at low temperatures via dc and ac magnetic
susceptibility, magnetization, and neutron diffraction mea-
surements on identical single crystals. The low-temperature
magnetic anomaly showed a periodic magnetic anisotropy
within the trigonal plane and was frequency independent. The
signal was observed in a monostructural domain crystal, but it
was nearly absent in a multistructural domain crystal. These
observations are consistent with the presence of an intrinsic
ferromagnetic moment, which can be used as a control knob
to manipulate the magnetoelectric state. The ferromagnetic
moment was close to isotropic in magnetization measure-
ments. Assisted by the group theory analysis, it means that
the magnetic ground state should belong to a P1 magnetic
space group. This is the first direct demonstration of the mag-
netic state that has only a translational symmetry. It implies
that physical activities are allowed along any crystallographic
directions, by thereby explaining an unusual magnetoelectric
effect observed in Co4Ta;0y, allowing all three ME mech-
anisms. According to the magnetic point group (MPG), the
ground state belongs to an M-type altermagnet, where the-
ory predicts intriguing physical properties for observations,
such as various linear ME, electric polarization, optical, and
second-harmonic generation effects. Our results underscore
the complexity of magnetic properties and emphasize the
need for a thorough investigation of A48,09 (A = Mn, Fe,
and Co, and 5 = Nb and Ta) to determine the magnetic
ground state and understand their unconventional magneto-
electric properties, by providing related materials to search for

the ferromagnetic moment in magnetoelectric systems or P1
magnetic space group.

The rest of this paper is organized as follows: Section II
provides a detailed description of the dc and ac magnetic sus-
ceptibility and neutron diffraction measurement. Section III
explains the crystal structure. Section IV presents the mag-
netic susceptibility results for the dc mode (Secs. IV A and
IV B), ac mode (Sec. IV C), and magnetization (Sec. V). The
neutron diffraction results are presented in Sec. VI. We discuss
the implications of our observations in Sec. VII and summa-
rize our conclusions in Sec. VIII. The Appendices include
additional analysis and information.

II. EXPERIMENTAL DETAILS

Co4TayOy single crystals were synthesized using a flux
method [19]. We chose seven single crystals by screening
several crystals from various batches for systematic and com-
parative susceptibility measurements. They were labeled as
crystals 1-7 (approximately 10-60 mg). The orientation of
the crystals was confirmed using Laue x-ray diffraction. The
crystallographic c axis is normal to the flat surface, a naturally
grown facet. The dc magnetic susceptibility measurements of
all seven crystals were performed with a magnetic property
measurement system (MPMS)-XL magnetometer using a re-
ciprocating sample option for better sensitivity to the induced
magnetic moment. The dc susceptibility measurements were
first performed from approximately 2 to 293 K at 0.1 T, and
then performed from 2 to 30 K for all crystals. The ac mea-
surements were performed on the three selected single crystals
using an MPMS3 with a vibrating sample magnetometer. An
oscillating magnetic field (8 Oe) was applied within the ab
plane in the frequency range of 50-1000 Hz with a 0.05 T
magnetic field.

Neutron diffraction experiments were performed on single
crystal diffractometer [28] at ISIS, where the time-of-flight
Laue technique was used to access large three-dimensional
volumes of reciprocal space in a single measurement. Three
crystals (crystals 1, 4, and 7) characterized by their dc and
ac magnetic susceptibilities were used for neutron diffraction
measurements. Their masses are about 30.4, 22, 24.5 mg,
respectively. These were labeled in the order of the strength of
the low-temperature magnetic anomaly [see the microscopic
images in Figs. 3(a)-3(c) for their shapes and dimensions].
Neutron diffraction measurements were performed in the
paramagnetic phase at 25 K. The neutron data on crystals 1
and 7 were collected at two azimuthal rotation angles (3.5
mA with a typical current rate of 170 uA/h), whereas the data
for crystal 4 were collected at three azimuthal rotation angles
(2.7 mA).

Structural refinements were performed using a JANA2006
software [29]. Extinction corrections were made using the
isotropic Becker and Coppens model (a mixed Lorentzian
model) implemented in the software [29,30]. Absorption
correction was performed analytically using a multifaceted
crystal model [31]. The observed peaks with intensities I >
3.0 x o (I) were utilized in the refinements, where I and o (I)
were the intensity and standard deviation, respectively. Crys-
tal 4 has been examined using neutrons in a previous study
[23]. For a more accurate analysis, we used three integration
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FIG. 1. Crystal structure of CosTa;Og determined by neutron
diffraction at 25 K [crystal 1, Fig. 7(a)]. (a) Crystallographically
distinct Col and Co?2 sites in a unit cell. (b), (c) The buckled (0.15 <
7z < 0.35) and flat (—0.1 < z < 0.1) honeycomb layer, respectively.

methods implemented in an SXD2001 software [32]. Line,
box, and volume integration methods, corresponding to one-,
two-, and three-dimensional integration, respectively, were
tested using 25 K data. Two-dimensional integration data were
then chosen because they gave rise to the lowest reliability
R(obs) value. The group theory and magnetoelectric tensor
analysis were performed using the Bilbao crystallographic
server [33].

III. CRYSTAL STRUCTURE

Co4Tay Oy crystallizes in a honeycomb-based structure that
belongs to A48,09 (A = Mn, Fe, and Co, and B = Nb and
Ta) [13]. It deviates from the well-known corundum crystal
structure, such as Cr O3 [34], where Cr ions are replaced by
four Co and two Ta ions.

Figure 1 shows the refined crystal structure obtained at
25 K using neutron diffraction data. CosTa,Og possesses two
crystallographically distinct sites, Col and Co2 [Fig. 1(a)],
where Col ions form a buckled honeycomb lattice [Fig. 1(b)],
and Co2 ions make a layered honeycomb lattice [Fig. 1(c)].
A face-sharing octahedra is formed in three dimensions
[Fig. 1(a)]. The refined crystal structure is consistent with a
structure previously determined at room temperature via x-ray
diffraction [19].

IV. MAGNETIC SUSCEPTIBILITY

We performed systematic susceptibility measurements to
understand the characteristics of the low-temperature anoma-
lies observed in the flux-grown single crystals [19,23].
Extensive zero-field-cooled (ZFC) and field-cooled (FC) mag-
netic susceptibilities were measured in dc and ac modes.

A. The dc data

Figure 2 presents the dc magnetic susceptibility (x) for
both ZFC and FC. A dramatic drop in the magnetic suscep-
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FIG. 2. The dc magnetic susceptibility of seven single crystals.
Inset shows the extracted size of the bifurcation as a function of the
size of the upturn in susceptibility at the base temperature; filled
symbols depict the crystal 1, 4, and 7, chosen for detailed studies
in this paper. Line 4 symbol (pure line) data are represented as
ZFC (FC).

tibility is commonly observed below the Néel temperature
(Ty ~ 20.3—20.7 K). In addition, an anomaly is revealed at
a lower temperature (7* ~ 6.1—6.65 K). These two char-
acteristic temperatures are denoted by black and red dashed
lines, respectively, in Fig. 2; they are consistently denoted in
all other figures in this paper. Interestingly, the data at lower
temperatures varied with the size of the bifurcation between
the ZFC and FC data. Susceptibility at the base tempera-
ture showed either a positive or negative value, compared to
susceptibility at 7y. Thus, the low-temperature susceptibility
anomaly depends on the crystal. From these data, we extracted
the size of the ZFC/FC bifurcation and the upturn feature
in the susceptibility, as shown in the inset of Fig. 2. The
inset clearly shows the linear relationship between these two
parameters, which are proportional to each other [see a shaded
line in the inset]. Therefore, the larger the bifurcation size, the
higher the upturn magnitude of the susceptibility below Ty.
Crystals 1, 4, and 7 (marked with solid symbols in an inset
of Fig. 2) were selected based on this observation to perform
the detailed ac and dc susceptibility measurement with the
rotating magnetic field within the ab plane to learn about the
magnetic anisotropy.

B. Direction-dependent dc data

We collected x-ray Laue and neutron diffraction data from
three representative samples, crystals 1, 4, and 7. The Laue
data show the same sixfold symmetry within the ab plane,
as shown in Figs. 3(a)-3(c). After confirming the in-plane
orientation, systematic magnetic susceptibility measurements
were performed.

Figures 3(d)-3(f) present dc magnetic susceptibility data
along with all high-symmetric directions in the ab plane for
both ZFC and FC modes. A common drop in susceptibility
is observed at Ty, followed by a characteristic upturn near
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FIG. 3. (a)—(c) Photos and Laue data of crystals 1, 4, and 7, respectively. The two high-symmetric in-plane directions, the directions 9 and
12, are marked in panel (a). (d)—(f) Direction-dependent dc magnetic susceptibility in the ab plane. Insets in panels (e) and (f) depict expanded
views at the low-temperature region. (g)—(i) Direction-dependent ac magnetic susceptibilities in the ab plane at 250 Hz and 8 Oe. The black
and red vertical dashed lines in panels (d)—(i) denote the two characteristic temperatures 7Ty and T*, respectively. A different transparency of
the rectangle below 7* in panels (d)—(i) corresponds to the magnitude of the upturn of the magnetic susceptibility.

T*. The response diminishes from crystal 1 to 4 and to 7,
consistent with Fig. 2. In Fig. 3(d), a strong low-temperature
upturn is present in all directions. This feature is enhanced in
direction 9 (red solid line), and weakens toward direction 12,
but recovers toward direction 3. This trend is consistent with
our previous observation from neutron diffraction and mag-
netic susceptibility measurements [23], where the easy and
hard axis of the long-range antiferromagnetic order is along [1
1 0] and [1 —1 0], corresponding to the direction 12 and 9 of
crystal 1, respectively. The relative magnitude of the magnetic
susceptibility signal below Ty is maintained down to a base
temperature measured, regardless of the magnetic field direc-
tion [see Fig. 3(d)]. This result indicates that the anisotropy
of the noncollinear magnetic order determined at 15 K (below
Tx) [23] is likely intact through the low-temperature anomaly.
The black arrows in Figs. 3(d) and 3(e) denote the magnetic
susceptibility change at the base temperature from directions
9 to 12 and then to 2. Unlike crystals 4 and 7, this tendency
was consistent for both dc and ac data for crystal 1, possibly
because of the dominant population of a monoclinic magnetic
domain [23].

A similar analysis becomes challenging for the other
two crystals, crystals 4 [Fig. 3(e)] and 7 [Fig. 3(f)], as the
direction-dependent data are less distinguishable. A small in-
crease in magnetic susceptibility is clearly seen in crystal 4 as
well [the data below T* in Fig. 3(e)]. On the other hand, this
feature was effectively suppressed in crystal 7, as shown in
Fig. 3(f). Thus, the determination of the magnetic anisotropy
of crystals 4 and 7 was less reliable.

C. Direction-dependent ac data

To characterize the low-temperature anomaly, we per-
formed ac magnetic susceptibility measurements by tracing
the real (x') and imaginary (x”) parts. Figures 3(g)-3(i) dis-
play the ac data of three crystals. In all crystals, a clear drop
in x’ is observed below Ty [black dashed lines in Figs. 3(g)-
3(i)], whereas x” remains close to zero. This is because the
antiferromagnetic domain-wall motion is not driven by an
oscillating magnetic field [35], as consistently observed in
other antiferromagnetic materials [36].
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FIG. 4. Direction-dependent ac magnetic susceptibility for crystal 1. In-phase (x') and out-of-phase (x”) components are shown in a
frequency range from 50 to 1000 Hz along the clockwise direction illustrated in Fig. 3(a). Insets show 7™* with frequency.

On the other hand, the ac data reveal an enhanced signal
near T* for both x’ and x”. As shown in Fig. 3(g) for crystal 1,
x' reveals a sharp peak near T* (top panel). A broader signal
in the x” channel (bottom panel) was observed at similar
temperatures. This could be consistent with the ferromagnetic
moment [37] or a spin glass [35,36] (discussed in Sec. VII).

The low-temperature peak in the ac data for crystal 4
was significantly weaker [Fig. 3(h)], but was still observed.
However, this was strongly suppressed in crystal 7 [Fig. 3(1)].
As a result, the low-temperature anomaly in the ac data is
consistent with the size of the upturn and bifurcation between
ZFC and FC near T* in the dc data [Figs. 3(d)-3(f)].

To further examine the nature of the low-temperature
anomaly found in the magnetic susceptibility, we performed
direction-dependent ac measurements on two dissimilar crys-
tals, crystals 1 and 7. The results are summarized in Figs. 4
and 5, respectively.

Figure 4 presents x’ (upper panel) and x” (lower panel)
with the ac magnetic field applied along the different
directions in the ab plane at different frequencies from 50
to 1000 Hz. It shows the strongest signal near 7* for both
the real and imaginary parts along direction 9 (a hard-axis

direction) [Fig. 4(a)], whereas the weakest signal is observed
for direction 12 (an easy-axis direction) [Fig. 4(d)]. Thus, x’
decreases from directions 9 to 12 and increases again toward
direction 3. This behavior is consistently observed in x”. This
is also consistent with the dc data, as shown in Fig. 3(d).
In Fig. 4, x’ is similar regardless of the frequency; a weak
trend for the suppression is only observed with increasing
frequency. This is similarly observed in x” up to 500 Hz,
but it decreases at 1000 Hz for all directions. This significant
decrease in magnetic loss [37] occurs because a rapidly oscil-
lating magnetic field has lesser effect on the magnetic domain
[35]. Insets of Fig. 4 show a rather random distribution of
T* with frequency, disfavoring the spin-glass transition (see
Appendix B for the details).

On the other hand, the direction-dependent ac data were
distinct for crystal 7, as shown in Fig. 5. The signature of the
antiferromagnetic transition at 7y was consistently observed.
However, the low-temperature anomaly at around T7* was
significantly suppressed. Unlike the crystal 1 data (Fig. 4),
x’ along the direction 9 was weak, and did not show a clear
sinusoidal trend in the clockwise direction. For direction 9,
x” shows a continuous decrease with an increasing frequency.
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FIG. 5. Direction-dependent ac magnetic susceptibility for crystal 7. In-phase (x') and out-of-phase (x”) components are shown in a
frequency range from 50 to 1000 Hz along the clockwise direction illustrated in Fig. 3(a).

Notably, x” near T* revealed a strong frequency dependence
with the rotating magnetic field within the ab plane. It even
showed negative signals in directions 11, 12, 1, and 2, at
frequencies higher than 250 Hz. The negative x” clearly
developed below the Ty. In contrast, this behavior was not
observed in the other two crystals (I and 4). It might be
attributed to the multistructural domain (to be discussed).

V. MAGNETIZATION

Figure 6 presents the magnetization (M) of crystal 1 as a
function of the applied magnetic field (H) at around 2 K (well
below T*) along all high-symmetric directions, same as those
in the susceptibility measurements [left panel of Fig. 3(a)].
Figure 6(a) shows a linear magnetization trend in all direc-
tions, indicating the dominant antiferromagnetic exchanges.
However, a magnetic hysteresis is revealed in the magnified
view in Fig. 6(b) for all directions, which is consistent with
the ferromagnetic moment observed in the susceptibility mea-
surements [Figs. 3(d), 3(g), and 4]. A magnificated view in
Fig. 6(c) shows the feature of a nearly isotropic ferromagnetic
moment regardless of the direction of the magnetic field.

A similar magnetic hysteresis is observed in the magneti-
zation along the H || ¢ axis at 2 K, with an out-of-plane
ferromagnetic moment component, indicating nearly isotropic
ferromagnetism below 7 (also see Appendix A and Fig. 9 for
the details).

VI. NEUTRON DIFFRACTION

Neutron diffraction measurements were performed to un-
derstand the nature of the distinct magnetic susceptibilities
of the three crystals. Figure 7 shows the structural refinement
results. The nuclear structures of all three crystals were refined
at a paramagnetic temperature of 25 K. The refined crystal
structure was nearly the same as that obtained in previous
studies using neutrons at 25 K [23] and x-rays at room tem-
perature [19]. With the given reflection list, we chose the
best isotropic extinction model while fitting the scale factor,
followed by refinement of isotropic thermal parameters and
atomic positions.

Importantly, refinements with a single structural domain
worked well for crystals 1 and 4, as shown in Figs. 7(a) and
7(b). The calculated structure factor (Fgq) Was very close to
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FIG. 6. Magnetization of crystal 1. (a) Comparison of magnetization data. External magnetic fields are applied along both in-plane and
out-of-plane directions illustrated in Fig. 3(a). (b) Magnetic hysteresis revealed in an expanded view of panel (a). (c) Nearly isotropic magnetic
hysteresis in an further expanded view of panel (b). Hysteresis is denoted through shading for all directions measured.

the observed structure factor (Fops); i.€., the reflection symbols
were located very close to the linear line. However, the struc-
tural refinement of crystal 7 with a single structural domain
was significantly worse, as shown in Fig. 7(c). There is a large
number of Bragg reflections whose observed structure factors
are stronger than those of the calculated structure factors. This
means the remaining of the signal that is not accounted for.
However, including the second structural domain significantly
improves the fit, as shown in Fig. 7(d).

The two structural domains found in crystal 7 are the same
by a vertical mirror symmetry along the a axis in Fig. 7(e),
as follows: Domain 1 in Fig. 7(e) is the same as that after a
clockwise rotation by 120° with the right-hand rule, as shown
in Fig. 7(f). This is because [1 0 0], [0 1 0], and [-1 —1 O]
are chemically equivalent by a threefold rotation symmetry
along the characteristic ¢ axis of a trigonal unit cell. Domain

1 in Fig. 7(f) is then equivalent to the domain in Fig. 7(g) in
terms of a vertical mirror plane along the horizontal direction.
This is domain 2, which was revealed by Rietveld refinements
in the neutron diffraction analysis [Fig. 7(d)]. That is, the
two structural domains are the same by the mirror symmetry.
The relationship between two structural domains is given by
a =b, b =a, and ¢’ =¢, and in terms of the reciprocal
lattice components &' = k, k' = h, and I’ = [, where the prime
notation denotes the second structural domain. Note that the
definition for the reliability parameter such as R(obs) can be
found in the literature [38]. The fitted lattice parameters of
crystals 1, 4, and 7 are a = 5.1594(24), ¢ = 14.1225(66) A,
a = 5.1627(22), ¢ = 14.1188(64) A, and a = 5.1601(21),
c = 14.1188(62) A, respectively, confirming the consistency
across samples. The refined nuclear space group P3¢ 1 is the
same for all.

sol@  Crystalt  “1lb) = Crystal4 lle) = crystal7 1@ = crysta7 ]
(Domain 1) (Domain 1) (Domain 1) (Domain 1+2)
S 60t 4+ 1F °§ 4 °® .
o ; 298 ° g8 °
"o 40 b N 4F 4tk O@O@ 4k 4 4
@ éﬁj l) 4
L Q
20 + /&?g 1r y 1F F .
ol & . Rl(obs) = 4.71 .% . Rl(obs) = 5.051% 5 R((I)bs) =l12.12l%' . Rl(obs) = 6.071%
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80
Fops (a.u.)
(e) Domain 1 (f) Domain 1 (g) Domain 2
c b
3R ‘ m ,
b a — a

.

FIG. 7. Structural refinements using neutron diffraction at 25 K for (a) crystal 1, (b) crystal 4, and (c), (d) crystal 7. A monostructural
domain was used in panels (a)—(c), whereas two domains were used in panel (d). The crystal 4 data were replotted based on a previous study

[23]. (e)—(g) The unit cell transformation from domain 1 to 2.
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VII. DISCUSSION

In this study, we performed in-depth magnetic suscep-
tibility and neutron diffraction measurements on identical
Co4Ta; 09 crystals to understand low-temperature anomalies
found in magnetic susceptibility. The increase and ZFC/FC
bifurcation in the magnetic susceptibility below 7* could be
due to a weak ferromagnetic moment or spin glass. Crystals
1 and 4 had monostructural domains, as determined by neu-
tron diffraction. For those crystals, an upturn in the magnetic
susceptibility below T* was detected up to 1000 Hz [see
Figs. 3(d), 3(e), 3(g), 3(h), and 4]. T* did not show any
meaningful change with frequency for all directions in the ab
plane for crystal 1 (see insets of Fig. 4). This is less compatible
with a spin-glass phase [36,39]. A short-range order with
spin clusters would be present in the spin-glass state with its
relaxation time [39]. This can be deduced from the Argand
plot and nonlinear susceptibilities [36,40], but our data did
not observe such characteristics (see Appendix B and Fig. 10
for the details). Crystal 7 has two structural domains, with the
second domain comprising approximately 20% and exhibiting
significantly suppressed magnetic susceptibility [Figs. 3(f),
3(i), and 5]. In addition, if the 7* anomaly were due to a spin
glass with random spins, the multistructural domains would
not necessarily affect the low-temperature feature in magnetic
susceptibility. Thus, our results indicate that the contribution
from a spin-glass phase below 7* would be minor even if
present.

Instead, our data are more consistent with ferromag-
netic moments [36]. The low-temperature magnetic anomaly
followed an intrinsic magnetic anisotropy of the antiferro-
magnetic state below Ty in both dc and ac data [Figs. 3(d),
3(g), and 4]. x” in the ac magnetic susceptibility showed
a peak at around T* [Figs. 3(g) and 4]. This observation
can be understood through domain walls in ferromagnets
affected by an oscillating magnetic field, which have some
characteristic timescale yielding the x” in the ac measurement
[35]. In contrast, the low-temperature anomaly was nearly
absent in crystal 7, which contains two structural domains.
Interestingly, x” reveals a sign change from a positive to
negative signal with frequency, which was not observed in
the other two crystals. This might be explained by the more
complex magnetic domain-wall structures originating from
multistructural domains; in principle, six magnetic domains
can be realized from two structural domains for crystal 7.
Magnetic domain-wall motion [36] may be associated with
this phenomenon. Our results suggest that the absence of
the low-temperature magnetic anomaly in crystal 7 is likely
due to a multidomain effect, smearing the intrinsic magnetic
properties shown in crystals 1 and 4. The role of multistruc-
tural domains in magnetic properties can be elucidated using
our findings. When two structural domains are equally pop-
ulated (50% each), the out-of-plane ferromagnetic moment
cancels due to the reversed ¢ axis. Similarly, the in-plane
ferromagnetic moment also cancels. However, the in-plane
ferromagnetic moment can experience partial cancellation, as
it does not undergo the same inverse transformation as the
out-of-plane ferromagnetic component. This explanation as-
sumes a single antiferromagnetic domain formed from a
single structural trigonal domain. In reality, three antifer-

Cc' c2 P1" c2’' Cc

FIG. 8. Group-subgroup diagram. A hierarchy of magnetic space
groups is displayed from C2/¢" and C2'/c to the lowest possible
group P1. Five magnetic space groups, which support a ferromag-
netic moment, are depicted with green and blue rectangles.

romagnetic domains can arise from the single structural
trigonal domain, further diminishing the in-plane ferromag-
netic moment. This can account for the nearly absent 7*
anomaly in crystal 7, compared to crystal 1. In this mech-
anism, multistructural domains significantly influence the
intrinsic low-temperature magnetic properties by destabiliz-
ing the ferromagnetic moment below 7*. Consequently, the
ferromagnetic moment can exist in high-quality CosTa;Oq
single crystals. Further investigation of the ferromagnetic mo-
ment and its characteristics in high-quality CosTa,0g single
crystals, particularly regarding multistructural domains, will
be insightful using complementary experimental techniques
such as coherent x-ray scattering, transmission electron mi-
croscopy, magnetic force microscopy, or the magneto-optical
Kerr effect in future studies.

We further performed the group theory analysis to under-
stand the magnetic ground state. Two primary magnetic space
groups, C2/¢’" (No. 15.88) and C2'/c (No. 15.87) (two red
ellipsoids in Fig. 8), were previously considered at 15 K in
Co4Ta; 09 [23]. However, both do not support a ferromagnetic
moment and thus cannot be the magnetic space group below
T*. To find the magnetic ground state below T*, a subgroup
analysis was performed by lowering the symmetry from two
magnetic space groups, as illustrated in Fig. 8. Accordingly,
six magnetic space groups with lower symmetries were ob-
tained. Among them, five candidates, Cc¢’ (No. 9.39), C2 (No.
5.13), C2" (No. 5.15), Cc (No. 9.37) (green rectangles in
Fig. 8), and P1 (No. 1.1) (a blue rectangle in Fig. 8), can
support the ferromagnetic moment. None of them have an in-
version symmetry, which allows the finite electric polarization
at zero magnetic fields. This sharply contrasts the current con-
sensus on the linear magnetoelectricity in CosTa;Og9 below
Tx. The symmetrically allowed components of the ME tensor
for all five magnetic space groups were obtained via group
theory analysis, as listed in Table 1.

A nearly isotropic ferromagnetic moment was observed in
magnetization measurements [see Fig. 6(c)]. The magnetic
point groups of the five magnetic space groups found in this
study are m', 2, m, 2, and 1. The very first (the next) two
cannot have a ferromagnetic moment along (perpendicular
to) the y axis as it is canceled by the given symmetry. As a
result, a ferromagnetic moment having all three components is
only compatible with P1, the lowest possible magnetic space
group. Moreover, P1 is consistent with the reported polariza-
tion in Co4Tay Oy [19]. The electric polarization in CosTa;Og
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TABLE 1. The ME tensors of five candidate groups at a zero magnetic field. The tensor is defined as P, = «;; H;, where P; (H;) is the
electric polarization (magnetic field) along the principal direction i (j). The principal axes are [1 1 0], [1 —1 0], and [0 O 1] in the trigonal

lattice.

Cc’ (No. 9.39) Cc (No. 9.37) C2' (No. 5.15) C2 (No. 5.13) P1 (No. 1.1)

MPG: m’ MPG: m MPG: 2 MPG: 2 MPG: 1
2451 0 o3 0 a2 0 0 a2 0 (o478 0 g3 2401 Qi 03
0 a2 0 (6531 0 Q23 (2531 0 o023 0 (69) 0 QO 03
a3y 0 o33 0 a3 0 0 a3 0 a3 0 o33 a3y a3 033

[19] showed a dominant signal along the a axis (equally [1 1 0]
in the trigonal lattice notation) under an applied magnetic field
along all three principal axes. In contrast, all the remaining
components of the ME tensor revealed weak but finite values;
all the nine components were experimentally observed. Thus,
only P1 can be compatible with it (see Table I).

The characteristics of the ferromagnetic moment deviating
from the noncollinear antiferromagnetic order of CosTa;Og
below T* require careful analysis. In a simple ferromagnetic
material, all magnetic moments within the unit cell align par-
allel, creating rotational symmetry in the magnetic unit cell.
However, CosTa,0y first forms a noncollinear antiferromag-
netic order below Ty (see Fig. 6 of Ref. [23]). In this phase,
the moments cancel within the magnetic unit cell, resulting
in no net ferromagnetic moment. A ferromagnetic moment
appearing below T* is likely that the moments are slightly
tilted from the antiferromagnetic arrangement. The magnetic
space group changes from C2'/c to P1 to account for the
intrinsic nearly isotropic ferromagnetic moment. In the P1
space group, only translation symmetry remains, allowing
the net ferromagnetic moment to point along any direction
in three-dimensional space. Consequently, this configuration
differs from that of a simple ferromagnetic system.

The P1 magnetic space group can be compatible with all
three types of magnetic-order-induced ME mechanisms, such
as Dzyaloshinskii-Moriya interaction [41], exchange striction
[42], and p-d hybridization between magnetic and ligand ions
[43]. The magnetic ground state in the P1 magnetic space
group means that there is only a translational symmetry. This
means that various physical properties, such as longitudi-
nal/transverse linear ME, electric polarization, optical, and
second-harmonic generation activities [44], are allowed along
any direction in principle in this material. Such studies are
expected to help understand the nature of the magnetic ground
state and the main magnetoelectric mechanism.

Examining the relationship between the ferromagnetic
moment and the magnetoelectric properties of CosTa;Oq
will be helpful for guiding future studies. A prior investi-
gation identified unusual ME properties mostly within the
ab plane [19]. This observation was explained through a
spin-flop scheme and symmetry analysis for a noncollinear
magnetic order below Ty [23]. The present study explores
a low-temperature magnetic anomaly previously overlooked
in the literature, suggesting a net ferromagnetic moment
below T* for the high-quality CosTa;O9 single crystal. Since
the measured polarization occurred at high magnetic fields
in the spin-flop state [19], the ferromagnetic moment under
ambient conditions may not relate to the observed mag-

netoelectric effect. However, the ME properties below the
critical magnetic field for the spin-flop transition may need
to be reexamined, although detecting a meaningful signal
would be technically challenging. Based on our group theory
analysis using the ferromagnetic moment, electric polariza-
tion can arise in high-quality CosTa;Og single crystals even
without the application of a magnetic field. This imply a
possible manipulation of the ME properties by applying
a weak magnetic field using the ferromagnetic moment.
This possibility warrants further investigation in high-quality
Co4Ta, Oy crystals.

In contrast, Co4Nb,Og does not show this low-temperature
anomaly in the form of both polycrystalline powder [45] and
single crystals [20]. Based on our results for CosTa;Oo, this
might mean that CosNb,Og is more likely to have multiple
domains. This may also explain different ME properties in
Co4TayOg [19] and CosNb,Og [20], where the possible effect
of multiple domains has been suggested for the latter [20].
Thus careful investigation of the polarization in CosNb,;Og
and Co4Ta, Oy single crystals with mono- and multistructural
domains would be interesting for future studies.

Similar low-temperature anomalies were also observed in
the magnetic susceptibility data of Mn-based compounds.
MnyTa,0y single crystals [15] exhibited a low-temperature
ZFC/FC bifurcation, whereas both MnsNb,Og polycrystalline
powder [14] and single crystals [46] did not. The multidomain
mechanism may also play a role in Mn-based systems. This
possibility warrants the subsequent examination of Mn-based
compounds.

Recently, altermagnetism has been discovered as an un-
conventional magnetic class [47]. It is defined as a magnetic
state in which spins are fully compensated, but the parity
times time-reversal symmetry (P7') is broken [47,48]. All five
MPGs found in this study belong to M-type [49], where M
means the uncompensated magnetization in the ground state.
Theories have predicted unique physical properties such as
nonreciprocal Faraday optical rotation and the linear anoma-
lous Hall effect [48,49]. Therefore, they can be the subject
of future work, and it will be intriguing to investigate these
properties in CosTa,Og.

VIII. CONCLUSIONS

This paper reported and examined the low-temperature
magnetic anomaly and the magnetic ground state of the
magnetoelectric CosTa;Og. We performed detailed magnetic
susceptibility, magnetization, and neutron diffraction mea-
surements on identical single crystals, complementary by the
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group theory analysis. The magnetic susceptibility peak in
both dc and ac data showed a sinusoidal magnetic anisotropy
within the ab plane for the high-quality crystal. Also, the
temperature of the ac susceptibility peak did not change by
the external frequency. Further, the low-temperature mag-
netic anomaly was observed in the monostructural domain
crystal, which had a high quality, whereas a multidomain
crystal suppressed it. Thus, our combined susceptibility and
neutron diffraction results support an intrinsic ferromagnetic
moment rather than a spin-glass state. The intrinsic ferromag-
netic moment can be used to manipulate the magnetoelectric
properties of CosTa;O9 by an external field. Magnetization
measurements revealed a nearly isotropic ferromagnetic mo-
ment, which is only consistent with the P1 magnetic space
group. This indicates that physical activities are allowed in
any crystallographic direction, explaining the unusual mag-
netoelectricity in Co4TayOg. The group theory predicted the
M-type altermagnetic properties of Co4TayOg, which will be
worth investigating. Also, related materials were suggested
by bringing an opportunity to search for and examine largely
unexplored physical properties from the P1 magnetic symme-
try or ferromagnetic moments in magnetoelectric materials.
Our comprehensive findings warrant careful investigations of
A4B,09 (A = Mn, Fe, and Co, and B = Nb and Ta) to
resolve a controversy on the magnetic ground state and fig-
ure out their unconventional magnetoelectric properties in the
future.
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APPENDIX A: DC DATA

This Appendix presents measurements of magnetic sus-
ceptibility and magnetization for the three single crystals,
with the applied magnetic field oriented along the c¢ axis.
The motivation is twofold: First, these measurements can
be more accurate than in-plane measurements due to the
better alignment; second, the unique out-of-plane direction
allows for an unambiguous comparison of magnetic hys-

teresis across the three crystals by avoiding an uncertainty
present in the magnetic anisotropy within the ab plane. Con-
sequently, small magnetic hysteresis can be more effectively
characterized.

Figure 9 presents results, finding consistent susceptibility
and magnetization below T*. Figures 9(a)-9(c) show that the
upturn feature below 7* is most (least) pronounced for crystal
1 (7), while crystal 4 exhibits an intermediate behavior. The
trend in out-of-plane magnetic anisotropy aligns with that of
in-plane magnetic anisotropy, as illustrated in Fig. 3. The out-
of-plane magnetic susceptibility is consistently lower than the
in-plane susceptibility in all samples [Figs. 9(a)-9(c)]. This is
also compatible with the magnetization of crystal 1, as shown
in Figs. 6(a) and 6(b).

Examining the magnetization data reveals magnetic hys-
teresis. Figures 9(d)-9(f) illustrate the dependence of magne-
tization on temperature for the three crystals. A clear pattern
is found: Magnetization increases as temperature decreases,
indicating stronger magnetic hysteresis below 7*. This trend
is further clarified in the enlarged views in Figs. 9(g)-9(i).
All crystals display significantly greater magnetic hysteresis
at 2 K. The hysteresis magnitude decreases from crystals 1 to
4 to 7, corresponding to the upturn feature near 7* in suscep-
tibility, as shown in Figs. 9(a)-9(c). Thus, the small magnetic
hysteresis detected only below 7* is indeed magnetic. Note
that minimal constant hysteresis was observed at 12, 25, and
100 K across all samples, likely within experimental error
[Figs. 9(g)-9(1)]; see the differences in magnetic hysteresis in
Figs. 6(c) and 9(g) from the identical crystal 1, where the latter
exhibits a reduced loop. This discrepancy suggests that the
measurement uncertainty is comparable to the size of the hys-
teresis observed at temperatures above T* [Figs. 9(g)-9(1)].

APPENDIX B: AC DATA

This Appendix presents the spin-glass analysis using the ac
data collected from crystals 1 and 7, by excluding the possi-
bility of its dominant contribution below 7 in Co4Ta,Og.

In spin-glass materials [35,36,51], the magnetic moments
become frozen below the freezing temperature (1), and peaks
appear in the x' and x” data. Ty is the temperature at the peak
in x’, which corresponds to an inflection point in x”. There are
two standard methods to analyze the spin glass using ac mag-
netic susceptibility data in the literature [35,36,51]. First, as
the frequency increases, the freezing temperature monotoni-
cally rises because the moments freeze at higher temperatures.
Second, a semicircle feature is typically observed in the Ar-
gand diagram for the spin glass (also known as the Cole-Cole
plot), which plots x’ versus x” at different frequencies at a
certain temperature. The distribution of relaxation times and
its properties can be determined by fitting the diagram.

In this study, both methods were used with the collected
ac data. The change of 7y with increasing frequency for
crystal 1 is shown in insets of Fig. 4. As one can see, they
do not show any systematic trend with frequency, but reveal
a rather random distribution. This is inconsistent with the
spin-glass transition found in the ac data in the literature
[35,36,51]. To further explore the possibility of a spin-glass
transition below T* in CosTa,Oy, we also plotted Argand
diagrams for all measured directions for crystals 1 and 7
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FIG. 9. Magnetic susceptibility and magnetization of three single crystals at H || ¢ axis. (a)—(c) Magnetic susceptibility for both ZFC and
FC data. (d)—(f) Magnetization with cooling. (g)—(i) Expanded views of panels (d)—(f). Hysteresis is denoted through shading at 2 K.

using the ac data of Figs. 4 and 5, respectively. Figure 10
presents Argand diagram. As one can see in Fig. 10, no
clear trend was observed. Instead of a semicircle, distorted
features are found. Therefore, no reliable and systematic ob-
servations were found for the spin-glass transition below T*
in CO4T.’:1209.

APPENDIX C: INVESTIGATION OF MISALIGNMENTS
AND ERROR BARS IN IN-PLANE SUSCEPTIBILITY

For completeness, we provide details for the experimental
alignment and error margins related to the out-of-plane tilting
of the sample during in-plane magnetometry measurements
(Figs. 3-5). The intrinsic cause may stem from slight tilting
of the crystal’s intrinsic plane. However, this possibility was
ruled out, as the natural surface facets of the three single
crystals were nearly perfectly aligned with the ab plane. This
might not be surprising as they were grown by flux growth

with natural ab-plane facets. Laue measurements in the right
panel of Figs. 3(a)-3(c) confirm it.

On the other hand, an extrinsic cause may be a minor tilt
when mounting the crystal on the holder with GE varnish. De-
spite efforts to keep the crystal surface parallel to the holder,
some misalignments cannot be entirely excluded. Moreover,
another extrinsic effect may arise from slight misalignment
of the applied magnetic field to the high-symmetric direction
within the ab plane of the crystal. To estimate the poten-
tial error from these misalignments in in-plane susceptibility
measurements, we repeated measurements for crystal 1 three
times and averaged the results, as depicted in Fig. 3(d). The
standard deviation of the data was only about 2.7%. These
measurements confirm the reliable data for crystal 1. Note that
measurements for the other two crystals were not repeated due
to the minimal differences in data across various directions,
complicating the identification of the easy and hard axes of
the in-plane magnetic anisotropy.
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FIG. 10. Argand diagram with varying frequencies at a fixed temperature. (a)—(f) Crystal 1 (Fig. 4). (g)—(1) Crystal 7 (Fig. 5).
APPENDIX D: NEUTRON DIFFRACTION comparison of results. Since crystals 1 and 7 were measured

simultaneously by neutrons, this comparison is particularly
relevant. Utilizing the same Bragg peaks for both crystals en-
hances clarity in evaluating the impact of the second structural
domain on the fit. In Fig. 11(a), R(obs) is 4.11%, lower than

In this Appendix, we present the results of the structural
refinement using the same ten Bragg peaks from crystals 1
and 7 for more direct comparison. Figure 11 displays the

sol@  Crystal1  1lw) = crystal7  1lc)  Crystal 7 i
(Domain 1) (Domain 1) (Domain 1+2)
S eof 1 1t 1
~— O
o 40} 4t 1t % .
] D
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FIG. 11. Structural refinement using the common Bragg peaks. (a) Crystal 1 with mono domain. (b), (c¢) Crystal 7 with mono and two
domains.
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the 4.71% in Fig. 7(a). On the other hand, R(obs) for crystal 7
with domain 1 significantly increases from 12.12% in Fig. 7(c)
to 15.98% in Fig. 11(b). By including the second structural
domain in the fit, R(obs) then decreases largely; specifically,
15.98%—5.11% = 10.87%. The reduction in R factors upon
the inclusion of the second domain exceeds that in Figs. 7(c)
and 7(d). Thus, our refined analysis with the same peaks
demonstrates increased sensitivity to the second structural
domain. This finding is consistent with the different observed

intensities of the common Bragg peaks (and subsequently
their structure factors in refinements) between the mono do-
main (crystal 1) and two domains (crystal 7). Note that the
relative orientations of these two crystals differed, resulting
in few common peaks. The ten common peaks identified
from crystals 1 and 7 were equivalent by trigonal domains or
inversion symmetry except one peak. This observation could
be linked to the varying observed structural factors presented
in Figs. 7 and 11.
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