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Possible role of toroidal moments and Dzyaloshinskii-Moriya interaction
in the magnetoelectric effect of the hyperkagome compound Mn;Al,Ge; 0,
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The magnetoelectric (ME) effects originating from exotic magnetic states provide opportunities to explore
novel topics such as topology and intriguing excitation. Herein, we report the ME effect in a cubic garnet
Mnj;Al,Ge; 0y, with comprehensive magnetic and ferroelectric measurements. Our results reveal the dominant
ME coefficient @ with magnetic field perpendicular to electric field, in which electric polarization along the
[110] axis is the strongest. We also observed a transition of coefficient o from negative to positive value upon
switching of magnetic field. It is suggested that the ME effect of Mn3 Al,Ge; Oy, originates from the combination
of special hyperkagome lattice and 120 ° magnetic configuration, which leads to a —3’ magnetic point group.
The microscopic mechanism of the ME effect is discussed from viewpoints of toroidal moments and inverse
Dzyaloshinskii-Moriya interaction. This work provides a scenario for understanding ME effect and further
exploring the exotic state of Mn3;Al,Ge;0,, and other garnets.
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I. INTRODUCTION

The magnetoelectric (ME) effect has long been an intrigu-
ing topic in condensed-matter physics, which involves the
coupling of multiple degrees of freedom such as charge, spin,
orbit, and lattice [1-5]. The mutual control of magnetism
and ferroelectricity is promising in applications of mem-
ory with ultralow-energy consumption, sensors, multifunction
electronic devices, etc. [6]. It is well known that remarkable
ME effect may be realized in materials with magnetically in-
duced ferroelectricity, such as type-II multiferroics and linear
ME materials. From the viewpoint of symmetry, the presence
of ferroelectricity requires broken spatial-inversion symmetry.
Based on different ways of symmetry breaking, varied ME
effect and associated physics are discussed in different sys-
tems [7—-10]. Better ferroelectric properties and stronger ME
effect in materials with low lattice symmetry, such as polar
magnets NizTeOg [11] and Fe,Mo3Og [12,13], are expected.
Conversely, it is challenging to achieve ferroelectricity in cu-
bic lattices since electric polarization is not allowed in a highly
symmetrical system. To generate ferroelectricity in a cubic
system, special magnetic configurations are required, and
other physics may emerge. For example, unusual electric po-
larization in TbMn3Cr4O1; [14,15], caused by Mn** and Cr**
sublattices, forms a topological Roman face. Additionally,
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in linear ME material CuzTeOg [16-19], an emergent exci-
tation called topological magnon is observed. It seems that
cubic systems with broken inversion symmetry provide a
playground for exploring physics associated with the ME
effect, topology, or excitations.

To seek broken symmetry in a cubic lattice, one may
look into the [111] axis, which is the threefold rotation axis.
In TbMnsCrsOyz, Mn?t and Cr3* form a collinear struc-
ture along the [111] axis [14], in which the combination of
sublattices breaks spatial inversion symmetry and introduces
ferroelectricity. In CuszTeOg, however, the combination of chi-
ral lattice structure and collinear spin structure along the [111]
axis develops a magnetic point group of —3’ [4,20], which
permits a linear ME effect under a magnetic field. These ex-
amples provide ideas for searching unique magnetic structures
that break spatial inversion symmetry. Besides, it is noted that
triangular geometry may be allowed on the (111) plane of
cubic lattices, which may offer interesting lattice frustration
and topology [21,22].

Following this idea, it is noted that the garnet family
(A3B>C50,, in which A, B, and C can be divalent, trivalent,
and tetravalent ions, respectively), could be a promising candi-
date [23-25]. These materials crystallize in a complex lattice
with cubic structure and have been widely studied due to
their promising properties in spintronic devices [26-29]. The
well-known one was Y3FesOp, [27,30], in which magnetic
Fe3t ions are located on the B site and C site. Recently, other
members in this family with magnetic ions on the A site were
also discussed. The triangular lattice constructed by A-site

©2024 American Physical Society
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FIG. 1. Powder XRD patterns and Rietveld refinement of
crushed Mn3;Al,Ge; Oy, single crystal at room temperature. The inset
is the optical photograph of Mn3;Al,Ge;O,, crystal grown via the
optical floating-zone method and the Laue diffraction spots along the
[100], [110], and [111] axes, respectively.

ions leads to strong geometrical frustration, allowing exotic
magnetic ground states and excitations. For instance, a hidden
order in the spin liquid state of Gd;GasO;, [31] and a quan-
tum spin state of Yb>* in Yb3GasO,, [32] have been reported.
In 2022, ferroelectricity was reported in Mn3 Al,Ges; Oy, upon
a magnetic field [33], and this was the first observation in
the garnet family. It is believed that 120 ° antiferromagnetic
structure in the (111) plane plays a crucial role in contributing
the ME effect. However, the polycrystalline nature of the
Mn3Al,Ge; Oy, samples under study hindered the understand-
ing of the ME effect. Certainly, a comprehensive investigation
on single-crystal samples becomes urgent to reveal the ME
effect and underlying mechanisms.

Inspired by these discussions, we have synthesized
Mn;Al,Ges;Op, single crystals and systematically investi-
gated its ME effect in this work. Our results reveal nonzero
ME effects in both the E//H and E_LH configurations. The
signals of ME coefficients can be reversed by switching the
magnetic field. Based on the analysis on symmetry and struc-
ture, one is able to unveil the microscopic mechanism of
ferroelectricity and the ME effect in Mn3; Al,Ge;Oy;.

II. EXPERIMENTAL DETAILS

The single crystals of Mn3Al,Ge;O,, were synthesized
using the floating-zone method. Highly purified powders of
MnO (99.95%), Al,03 (99.99%), and GeO; (99.99%) were
used as raw materials. The powder in a stoichiometric ratio
was well ground and fired at 1200 °C repeatedly to obtain
pure-phase samples. Subsequently, the powder was pressed
into a cylindrical shape using an isostatic pressing instrument
and was fired at 1100 °C for 12 h. The obtained rod was
used for crystal growth using an optical floating-zone furnace
(MF-2400, Cyberstar, France). High-quality Mn3Al,Ge;0;,
crystals were successfully grown in air at a fast growth speed
of 15 mm/h, agreeing with a recent report [34]. The growth
in an Ar flow will lead to severe evaporation of GeO,. Be-
sides, the floating zone became unstable when growing at a
slow speed. The as-grown shiny crystal is rod shaped with a
diameter of 7 mm and a length of 8 cm, as shown in the inset
of Fig. 1.

The phase purity of as-grown crystals was checked using
an x-ray diffractometer (Rigaku Smartlab SE) with Cu-Ko
radiation at room temperature. The diffraction spectrum was
further analyzed using the Rietveld refinement method with
the GSAS software package. The crystal quality and crystallo-
graphic orientation were checked using a back-reflection Laue
detector (MWL 120, Multiwire Laboratories, Ltd.).

The magnetic susceptibility and heat capacity were mea-
sured using a physical property measurement system (PPMS
Dynacool, Quantum Design). The electric polarization and
ME effect were measured using a Keithley 6514 A electrome-
ter, while the detailed procedure of measurement process was
described elsewhere [33].

III. EXPERIMENTAL RESULTS

A. X-ray diffraction and structural characterization

To characterize the lattice structure and crystal quality of
Mn3Al,GesO4,, we first carried out x-ray-diffraction (XRD)
measurements using the crushed crystals. The Rietveld-
refined pattern and lattice parameters are shown in Fig. 1
and Table I, respectively. The refinement result yields a
cubic symmetry with space group la-3d, consistent with
previous reports [33,35]. No diffraction from impurities is
identified, and the fitted lattice parameters are a = b = c =
11.8911(9)A. The refined coordinates for O atoms slightly
differ from previous work [33], which leads to a spatial
deviation of ~0.1 A. The difference should be attributed
to the influence of grain boundaries and different synthesis
conditions of polycrystalline samples and single crystals, as
observed in many systems [36—38]. Besides, the inset of Fig. 1
presents the Laue diffraction spots of Mn3Al,Ge;O;; crys-
tals along the [100], [110], and [111] axes, respectively. The
clear spots suggest the high crystal quality. In addition, it is
noted that the Laue spot pattern shows some fluctuations in
different areas of the sample (not shown here), suggesting a
presence of multiple grains of Mn3;Al,Ges; Oy, crystals. The
typical size of grains is about 1 ~ 3 mm. Then, the crystals
were cut into slices with faces normal to the [100], [110], and
[111] directions for characterizations. Each slice was cut and
checked carefully using the Laue detector to ensure the slice
was a single-grained sample.

B. Magnetization and heat capacity

Figure 2(a) presents the temperature dependence of mag-
netic susceptibility x(7) with measuring magnetic field
woH = 0.1 T. The x(T) curves measured with H applied
along the [100], [110], and [111] axes exhibit a typical an-
tiferromagnetic (AFM) behavior established at Ty ~ 6.8 K.
The magnetic susceptibility shows similar magnitudes along
all directions, suggesting a weak magnetic anisotropy of
Mn;Al,Ge;O0,. The AFM transition is further confirmed
by heat-capacity measurements, as shown in Fig. 2(b). A
A-shaped peak is observed at ~6.8 K, in agreement with
that determined from the x (7) curves, and no other anomaly
is observed. We also checked the heat capacity under a
magnetic field of 9 T along the [111] direction. The peak
slightly shifts towards lower temperature and its magnitude
slightly decreases, suggesting a suppression of AFM order.
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TABLE I. The atom coordinates (x, y, z), temperature factors (Ui, ), and lattice parameters (a, b, ¢) of Mn3Al,Ge;0O;, determined from
x-ray-diffraction data using crushed crystals at room temperature. x2, Ry,, and R, are refinement factors.

Atom (site) X y z Occ. Uiso

O (96h) 0.0278(5) 0.0499(6) 0.6463(5) 1 0.0205(0)
Mn (24¢) 0 0.25 0.125 1 0.0176(3)
Al (16a) 0 0 0 1 0.0264(0)
Ge (24d) 0.375 0 0.25 1 0.0277(1)

Space group: la-3d,a = b = ¢ = 11.8911(9)A, x? = 1.952, Ryp =7.33%, R, = 5.86%

Such behavior is common in AFM systems with 3D structures
[39—41]. Besides, the weak response of heat capacity to H
implies a stable AFM configuration of Mn3; Al;Ge;Oy;.

For some quantitative analysis of magnetic state and
anisotropy, we replot the inverse susceptibility 1/x(T)
in Fig. 2(c). The Curie-Weiss fitting in temperature
range from 200 to 300 K gives the Curie-Weiss tem-
peratures as Ocw—pi00] ~ —10.66 K, Ocw _110; ~ —20K, and
Ocw——p111; ~ —16.78 K, respectively. The negative Ocw val-
ues confirm the dominant AFM interaction of Mn3Al,Ge;O15.
The frustration factors f = |Ocw|/In are less than 3.0
for all directions, suggesting a weak magnetic frustration
of Mn3Al,Ge;01,. The obtained effective moments are
K100 ~~ 5.80 HB/anJr, K101 ~~ 5.90 HB/MH2+, and Ky ™~
5.86 up/Mn>*, respectively, in agreement with theoretical
prediction of the Mn?* moment with high spin configuration
(S = 5/2, ey = 5.92 pg/Mn>*).

Based on the heat-capacity data, we can discuss the con-
tribution from the magnetization or magnetic ordering. The
magnetic heat capacity Cy is obtained by subtracting the
lattice contribution from the total heat capacity, assuming that
those garnets have similar lattice contribution. The lattice heat
capacity of Mn3Al,Ge;0y; is calculated using the Einstein
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FIG. 2. (a) Temperature-dependent magnetic susceptibility yx (7)
of Mn;Al,Ge;0y;, along [100], [110], and [001] directions around
Tx. The inset shows the x(7) curves between 2 and 300 K. (b)
Temperature-dependent heat capacity measured under zero field and
9 T along the [111] axis. (c) The Curie-Weiss fitting of inverse
susceptibility 1/x (7).

equation, considering three modes [42],

3 2
Oki exp (0;i)
Ca(T) = Jri X 3nR(—> -
2T a7

where 6g; and fg; represent, respectively, the Einstein temper-
ature and corresponding fraction; n is the number of atoms per
unit; and R is the ideal gas constant. The lattice-heat capacity
via the fitting gives rise to parameters 6g; = 139 K, fg =
0.12; 6g» = 338 K, fg» = 0.38; and O3 = 845 K, fg3 = 0.5.
Figure 3(a) shows the fitted lattice-heat capacity and measured
heat capacity. It is seen that two curves coincide above 30 K.
The subtracted magnetic-heat capacity is shown in Fig. 3(b),
and magnetic entropy of Mn3Al,Ge; Oy, is calculated with the
following equation:

CmdT
Smag (T) = / L %)

ey

The calculated magnetic entropy saturates at
~37.2 J/mol K above 30 K, which is smaller than the
theoretical prediction of high spin state (3R In 6 = 44.69
J/mol K). The difference may originate from the residual
entropy at low temperatures (below 2 K). It is noted that the
contribution of short-range orders to the magnetic entropy
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FIG. 3. (a) Fitting of lattice-heat capacity using the Einstein

model. (b) Calculated magnetic-heat capacity and magnetic entropy
of MH3A12G63012.
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FIG. 4. (a) The dependence of magnetization on magnetic field
M(H) of Mn3Al,Ge;0, at T = 2 K. (b) The derivative of M(H)
curves of Mn3Al,Ge;Oy,. The curves are vertically shifted for
clarity.

above Ty is only ~20%, which is much smaller than those
AFM systems with high frustration [43,44]. This result
further confirms the weak magnetically frustrated state with
Mn3A12Ge3012.

Subsequently, we measured the magnetization as a func-
tion of H along the [100], [110], and [111] directions at
T = 2 K, as shown in Fig. 4(a). The magnetization varies
almost linearly with H along all three directions, and these
curves show small differences, suggesting small magnetic
anisotropy directly. The magnetization reaches 6 pug/f.u (for-
mula units) under poH =9 T, suggesting the significant
spin rotation, consistent with scenario of weak interaction in
Mn3Al,Ges Oy, It is noted that the M(H) curve with H along
the [100] direction exhibits a weak nonlinear behavior under
low H. To clarify the possible H-induced transition, we plot
the derivative of M(H) curves in Fig. 4(b). A clear peak is
observed at uoHc ~ 2.3 T for H//[100]. The result agrees with
previous reports, corresponding to the rotation of Mn?* spin
plane from the (111) plane till the critical field Hc¢ [45,46]. The
spin rotation will significantly affect the ME effect in linear
ME systems [11,47,48], and it is valuable to check this issue
in the following measurements.

C. Ferroelectricity and ME effect

To characterize the ferroelectricity and ME effect, we first
carried out pyroelectric measurements. Given the cubic struc-
ture (a = b = ¢) of Mn3Al,Ge;0,, the pyroelectric current
I was measured along the [100], [110], and [111] axes, re-
spectively. For each case, magnetic field (LpH =0, 3, 6, 9
T) was applied in parallel or perpendicular to the electric
field. Subsequently, the electric polarization P was obtained

by integrating I over time and then dividing it by electrode
area. The P- and pyroelectric current density J as functions of
T are summarized in Fig. 5.

These results reveal an intriguing ME effect of
Mn;Al,Ges Oy, with almost all ME coefficients appearing to
be nonzero. For all cases, no current signal is observed with
zero magnetic field. With increasing H, an increasing sharp
current peak around 7y is observed, showing the emergence
of ferroelectricity. The ME effect is approximately one order
of magnitude stronger for H_LE configuration than for E//H
configuration. Besides, the electric polarization exhibits
moderate anisotropy. For H_LE configuration, the largest P
appeals along the [110] axis, which reaches ~2.8 uC/m? with
woH =9 T at T =2 K and corresponds to ME coefficient «
= AP/AH ~ 0.4 ps/m. The Pjj00; and Pj;11) reaches ~1.5 and
~ 2 uC/m? with ugH = 9 T, corresponding to o ~ 0.2 and
a ~ 0.3 ps/m, respectively. For the E//H configuration, the
integrated P is typically less than 0.5 uC/m?.

Subsequently, the response of P to H was investigated in
the HLE configuration at T = 2 K, as presented in Fig. 6.
Along each of these directions, a current peak is observed
around zero H and the current stabilizes under high H with an
opposite signal. Such behavior is similar for polycrystalline
samples, as reported previously [33]. It is noted that the fluc-
tuation of temperature during the H sweeping process is less
than 0.01 K, ruling out the possibility of magnetocaloric ef-
fect. Besides, for E//[110], an anomaly is observed at ~2.3 T.
This anomaly should correspond to a magnetic field-induced
transition, as revealed in the M(H) curves with H applied
along the [100] axis. Based on the H-dependent current signal,
one can obtain P(H) curves, as shown in Figs. 6(d)-6(f).
With increasing H, the polarization becomes negative at first,
then undergoes a transition from negative to positive value
under high H. The polarization reaches Pjjpo; ~ 1.2 uC/m?,
P[llO] ~2.8 uC/mz, and P[“l] ~ 1.9 },LC/H’I2 with upoH = 9T,
which is consistent with the pyroelectric results.

Then, we focus on the low-H region, in which the transition
from negative P to a positive one occurs. In the previous
measurements shown in Fig. 6, the poling magnetic field was
determined to be 9 T, which was used as the starting point
of the measurements. It would be interesting to see if the
polarization can be reversed by a small poling magnetic field
WoHpoling. To clarify this issue, we redid the H scanning mea-
surements between —3 and 3 T with pyHoine = 0.5, 0.7, 1
T, as shown in Figs. 7(a)-7(d). The H-switching consequence
is marked with arrows. These measurements yield the same
results, and the P(H) curves coincide with the data shown
in Fig. 6(e). We further verified this result by carrying out
the measurement in a periodic magnetic field, as shown in
Figs. 7(e) and 7(f). The shape of the P(H) curve is persistent
and no hysteresis is observed. These results suggest a switch-
ing sign of ME coefficient « rather than a simple reversal of
electric polarization.

It is noted that Mn>* spins rotate significantly with H, as
proved in the M(H) measurement. The magnetic symmetry
may vary, which leads to the sign reversal of «. Besides, the
sign reversal of o was reported in Cr,O3 along the [111]
axis, among other linear ME materials, when temperature
decreased [49,50]. Such event is understood in terms of spin
fluctuations at high temperatures and orbital contribution at
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FIG. 5. Temperature-dependent electric polarization P(7) along the [100], [110], and [111] axes with configuration (a)—(c) H//E and (d)—(f)
H_LE. The inset is temperature-dependent pyroelectric current density J(7).

low temperatures. The antiferromagnetic domains are also
believed to influence the sign of «, as well recognized in
Cr,03 and LiCoPOy4 [51-54]. In Mn3Al,Ge3z0q5, the influ-
ence of orbital magnetization should be negligible for Mn>*
(L = 0). To clarify the influence of possible variations in
magnetic symmetry and AFM domains, neutron experiments
under H are required, beyond the scope of this work but
deserving future study.

IV. DISCUSSION OF ME MECHANISM

Subsequently, we discuss the ME effect observed in
Mn3Al,Ge;Oy,. Itis well known that the specific combination

HLE [100] [110] [111]
0.06 f(a) (b) i ©
1 <~
~ R !
N~ —_— : —>
-0.06 | :
_ 3k © SEEEA [0)
£ :
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3 .
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FIG. 6. Evolution of (a)—(c) electric current /; and (d)—(f) electric
polarization P with magnetic field H between 9 and 9 T. E is applied
along the [100], [110], and [111] axes, while H is applied perpen-
dicular to E. The black arrow and red arrow represent different H
sweeping processes.

of lattice structure and magnetic configuration will lead to a
linear ME effect in low-energy excited state. This scenario
is used to predict ME effect in various systems [55,56]. In
Mn3;Al,GesOq,, it is obvious that the magnetic structure owns
the threefold rotational symmetry with respect to the [111]
axis. Considering the centrosymmetric nature of magnetic
structure, the magnetic point group of Mn3;Al,Ge;O;, should
be described as —3’, which allows nonzero ME coefficients
a1 = o = o33, Ap = A3 = &3], and o3 = o] = a3, as
well discussed for another cubic ME system Cu;TeOg [18].
Therefore, all nine coefficients can be nonzero, which agrees
with our pyroelectric results.

In Mn3Al,Ge; 0y, it is also obvious that the off-diagonal
coefficients dominate the ME coupling, and thus negative
coefficients can be observed. It is noteworthy that the Mn?*
moments may rotate significantly, as driven by H, leading to
magnetization as large as ~ 6 pg/f.u. It is thus suggested that
spin rotation can be a remarkable factor which likely results
in variation of the magnetic point group and nonlinear ME
behavior.

Subsequently, we focus on the microscopic mechanism of
ME effect in Mn3Al,Ges;O;. Generally speaking, the ME
effect in linear ME materials can be attributed to (i) exchange
striction, (ii) spin dependent p — d orbital hybridization, and
(iii) inverse Dzyaloshinskii-Moriya (DM) interaction [2,57].
The possibility that the exchange striction works here as the
dominant one is low, which is usually observed in systems
with collinear magnetic structure. The contribution from the
spin-dependent p — d orbital hybridization should also be
negligible due to the symmetrical environment of Mn ions.

In this work, we discuss the observed ME effect based on
the scenario of inverse Dzyaloshinskii-Moriya interaction.
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The inverse DM interaction is also called flexomagne-
toelectric effect, which has been well explored in type-II
multiferroic, both theoretically and experimentally [58-61].
Based on this effect, the as-generated electric dipole is p ~
ejj x (S; x §;), where §;, S, and ¢;; are adjacent spins and
the direction vector between them. To clarify the flexo-
magnetoelectric effect in Mn3Al,Ge;O1,, a comprehensive
analysis of lattice structure and magnetic structure is required.
As has been well described in other garnets Gd;GasOj;
and Yb3zGasOj,, the A-site ions form two interpenetrating

(57)
PK/

Sy ‘331ﬂ
P.

3

(a)

networks of opposite chirality, as shown in Fig. 8(a). Each
network is constructed with corner-shared triangles. The
moments of Mn2t array along the [11-2], [-211], and
[1-21] axes or their opposite directions, forming a 120°
structure [62,63]. Focusing on each Mn triangle, without ex-
ternal H, the induced p vectors form an equilateral triangle
when the triangle lies in the (111) plane, leading to zero
net polarization, as shown in Fig. 8(b). When the trian-
gle deviates from the (111) plane, a nonzero polarization is
expected. However, considering the symmetric structure of
Mn3Al,Ge; 04, the polarization generated in different Mn
triangles will cancel out and the net polarization should be
zero. By applying a magnetic field, the spins rotate and the p
vectors no longer cancel out, leading to a net P perpendicular
to the magnetic field.

Besides the inverse DM interaction mechanism, the ME
effect can also be discussed in the scenario of toroidal mag-
netic moment. As shown in Fig. 9(a), the corner-shared Mn
triangles form the 10-spin-loop structure units. The local x
axis can be identified as <100>; y and z axes can be iden-
tified as <110>. Considering the cubic symmetry, there are
12 possible orientations of these spin loops. In terms of the
toroidal moment scenario, an electric polarization can be in-
duced by a finite toroidal moment ¢, described by P ~ —t x H
[64,65]. For Mn3Al,Ge;0O1,, the presence of vortexlike and
antivortex-like structure should be equal in probability, if no
poling field is applied, which leads to zero toroidal moment
(t o< Y ; r; x S;) in the statistical sense. However, upon a ME
poling process, a finite toroidal moment may be generated (+¢
for +Ep and —7 for —Ep, where Ejp is the poling electric field),
as seen from the coupling term ¢ - (E x H).

It is noted that this scenario does not require a perfect
vortex structure and the existence of xy component of the spin
loop is sufficient to develop a finite toroidal moment. To check
the validity of the scenario, we performed measurements on
the H dependence of polarization P under two different ME
poling processes (+Ep/ +H and —Ep/ +H), as shown in
Fig. 9(d). The P(H) data are indeed reversed by reversing Ep,
as predicted by this toroidal moment scenario, where the Ep
reversal leads to the reversal of 7. It is seen that the observed
results agree with the toroidal scenario.

It should be mentioned that the two scenarios (mecha-
nisms) discussed above are somehow equivalent. In the former

o [111]

(c) p
/;’2 [211]

e23 >J2 0 Q

[121]

P~e,.j><(S,.><Sj)

FIG. 8. (a) Two interpenetrating networks of corner-sharing triangles formed by Mn?* ions. (b), (c) An illustration of microscopic
mechanism for electric polarization P of Mn3Al,Ge; O, in terms of inverse Dzyaloshinskii-Moriya (DM) interaction. The blue, red, and green
spheres and solid arrows represent the Mn?" ions and spins in a Mn triangle; e;; represents the orientation vectors between two nearest-neighbor

Mn ions.

245116-6



POSSIBLE ROLE OF TOROIDAL MOMENTS AND ...

PHYSICAL REVIEW B 110, 245116 (2024)

FIG. 9. (a) An illustration of Mn?* loops constructed with 10
triangles. The (x, y, z) can be defined as x €< 100 > and y, z €<
110 >. (b), (c) A representative illustration of toroidal magnetic
moments of Mn?* with 4+ and — configuration projected on the xy
plane. (d) H dependence of P measured under positive Ep (black line)
and negative Ep (gray line), respectively. The illustrations present
possible toroidal moments under H and the induced P.

case, the triangular spin will also lead to a finite toroidal
moment #. In the latter case, P is also basically induced with
the rotating spins under H. Therefore, the micromechanism
of toroidal scenario should also be attributed to the inverse

DM interaction. Since both scenarios arise from spin-orbit
coupling, it is natural that the ME effect of Mn3;Al,Ge; O,
is weak considering the zero orbital moment of Mn?*. Tt is
noted that the ME coefficient of Mn3Al,Ge;0;; is quite close
to Ni;_,Mn,TiO3 [66]. Compound Ni;_,Mn,TiO; is an XY
spin-glass system and the toroidal scenario is believed to be
responsible for ME effect. The similar ME coefficients of
Mn3Al,Ges; O, and Ni;_,Mn, TiO3 will support the reliabil-
ity of the above discussion. Due to the complex structure and
relatively small ME coefficient of Mn3Al,Ges O, it will be
challenging to give a reliable ME coefficient in the quantita-
tive sense.

V. CONCLUSION

In summary, we have systematically investigated the mag-
netism and ME effect of Mn3Al,Ge;0,. The ME effect can
be realized with E//H and H_LE, suggesting nine nonzero
ME coefficients. The ME effect is consistent with magnetic
point group —3’. It is found that the off-diagonal coefficients
dominate the ME effect and these coefficients can be revered
by switching magnetic field. The ME effect is explained in
the views of inverse DM interaction and toroidal magnetic
moment. This work will contribute to the understanding of
ME effect in cubic systems and the exploration of the ME
effect and excitation in the future.
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