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Spin-frustrated systems are well known for exhibiting fascinating and exotic magnetic properties and are often
intertwined with other intriguing phenomena. Magnetization and specific-heat studies suggest that the spin-
frustrated chiral triangular lattice compound MnGeTeOg undergoes a long-range antiferromagnetic transition
below the Néel temperature (7y) ~ 9 K, which is further validated in the neutron powder-diffraction (NPD)
study. In the absence of an external magnetic field (H), analysis of NPD data reveals a complex incommensurate
spin structure, characterized by a mixture of helical and cycloidal spin orderings with a propagation vector of
k = (1/3, 1/3, 0.184). Upon the application of H, this spin ordering transforms into a conical spin structure,
which is manifested as a metamagnetic transition in the isothermal magnetization (M) curve when H exceeds
~ 0.9 T. Total energy calculations and estimation of various exchange-interaction energies (J) by density-
functional theory calculations also support the formation of such a complex spin ordering. Moreover, a
pronounced dielectric (¢”) anomaly is observed near Ty, which is suppressed considerably under H. The variation
of ¢’ with increasing H closely reflects the As’ o« M? scaling behavior in the low-H regime, thus indicating a
higher-order magnetoelectric coupling. Moreover, synchrotron x-ray diffraction reveals an isostructural distor-

tion below 7y, suggesting magnetoelastic coupling as a trigger for the dielectric anomaly.

DOLI: 10.1103/PhysRevB.110.064405

I. INTRODUCTION

Geometrically frustrated magnets, which are distinguished
by complex relationships among magnetic interactions and
quantum spin fluctuations, have garnered widespread atten-
tion from the global scientific community. These materials
exhibit numerous fascinating low-temperature phenomena
arising from their diverse magnetic interactions. Notable ex-
amples include exotic quantum states such as spin liquids,
spin ice, and magnetization plateaus [1-4]. Magnetic frustra-
tion arises primarily from the geometric arrangement of spins
in certain lattice structures. This phenomenon is particularly
prominent in systems with specific lattice configurations, such
as two-dimensional (2D) triangular or kagome lattices, or
three-dimensional (3D) pyrochlore or hyperkagome lattices.
Triangular lattice antiferromagnets (TLAFs), as the simplest
geometrically frustrated motif, have received considerable
attention recently. In these systems, the nearest-neighbour
spin interactions tend to be antiferromagnetic (AFM), which
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contributes to the complexity of their behavior. This frustra-
tion is typically manifested in a broad spectrum of exotic
phenomena, including unconventional spin structures, field-
induced magnetization plateaus, quantum spin liquids, and
multiferroicity, which deviate from the traditional ferromag-
netic or antiferromagnetic behaviors, thereby enriching the
magnetic landscapes [5—14].

Furthermore, the increasing demand for advanced spin-
tronic devices has propelled research into multifunctional
materials that can respond to various external stimuli. These
materials exhibit a diverse array of intriguing properties,
which typically arise from the intricate interplay of mi-
croscopic order parameters, including spin, lattice, orbital,
dipole, and phonon interactions [15-23]. In this context, con-
siderable research effort has been dedicated to investigating
novel multiferroic and magnetodielectric (MD) phenomena in
such frustrated magnets [15,17,24], for which a comprehen-
sive understanding of their spin structures is crucial. The MD
effect across various classes of magnetic systems has been
investigated extensively [21,22,25-29]. However, the scarcity
of such materials persists due to the inherent antagonistic
origins of their magnetic and ferroelectric properties. TLAFs
are notable for their distinctive noncollinear chiral spin

©2024 American Physical Society
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ordering, which can result in the MD effect and/or spin-driven
ferroelectricity.

In this context, the layered TLAF system, MnGeTeOg
(MGTO), emerges as an intriguing candidate for investigating
the properties outlined above. The synthesis, crystal structure,
and bulk magnetization of this compound were first reported
by Kim et al. in 2017 [30]. When considering both nonmag-
netic ions Ge*t and Te®* ions, the structure of MGTO reveals
a layered honeycomb lattice on the ab plane. However, a
triangular layer of magnetic Mn ions is present between the
two honeycomb layers, thus rendering the present system a
layered TLAF system. Furthermore, its crystalline structure
belongs to a noncentrosymmetric (NCS) trigonal system with
space group P312. The coexistence of a spin-frustrated trian-
gular lattice with an NCS polar crystal structure often triggers
the emergence of complex noncollinear and noncoplanar spin
structures, alongside intriguing magnetoelectric (ME) prop-
erties. These facts motivated us to conduct a comprehensive
study aimed at exploring the intriguing spin ordering and its
implications on the crystal structure and dielectric properties
of MGTO.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Polycrystalline MGTO samples were synthesized via the
standard solid-state reaction method. High-purity oxide pow-
ders (>99.99%, Alfa-Aesar) of MnCO3, HgTeOg, and GeO,
were used as precursors. The preparation involved a two-
step process. First, MnGeO3; was synthesized by heating a
thoroughly ground mixture of MnCO; and GeO, (at an ap-
propriate stoichiometric ratio) at 1150 °C for 18 h in air. The
prepared MnGeO3 was mixed with HsTeOg, and the resulting
powder was pressed into a pellet, which was then subjected
to heating at 700°C for 30 h under O, flow with one in-
termediate regrinding. The phase purity of the final product
was confirmed using a room-temperature high-resolution syn-
chrotron x-ray-diffraction (SXRD) measurement, which was
conducted at the Taiwan Photon Source 19A beamline of
the National Synchrotron Radiation Research Center, Taiwan,
utilizing x rays with a wavelength of 0.619 92 A. Addition-
ally, temperature (7)-dependent high-resolution synchrotron
SXRD patterns were acquired over the range of 200 to 4 K
at the ID22 beamline, situated at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France, wherein
the x-ray beam utilized had a wavelength of 0.426 22 A.
Bulk magnetization studies were performed using a su-
perconducting quantum interference device (SQUID)-based
magnetic property measurement system (Quantum Design).
T-dependent specific-heat (Cp) measurements were conducted
via a heat-pulsed thermal relaxation calorimeter in a physical
property measurement system. 7- and H-dependent dielectric
measurements were performed using an Agilent precision
E4980A LCR meter attached to the commercial SQUID-
based magnetometer, where a custom-developed dielectric
probe was utilized. NPD measurements were conducted at the
Australian Nuclear Science and Technology Organization in
Sydney, using a high-intensity neutron-powder diffractometer
known as WOMBAT and a high-resolution neutron-powder
diffractometer named ECHIDNA employing neutrons with a
wavelength (1) of 4.63 and 2.4395 A, respectively [31,32].

The NPD data were analyzed using the FULLPROF SUITE pack-
age software. The lattice parameters and atomic coordinates
were extracted from the Rietveld refinement of the SXRD
data, as shown in the Supplemental Material (SM) [33].

Density-functional theory (DFT)-based ab initio calcula-
tions have been performed using VASP version 6.1.2. The
experimentally obtained lattice parameters were used for
the initial input. The basis sets selected for Mn, Ge, Te,
and O are the projector-augmented plane-wave method,
and a plane-wave cutoff value was set to 400 eV. The
exchange-correlation functional used was GGA-PBE (gener-
alized gradient approximation-Perdew-Burke-Ernzerhof). We
relaxed the cell shape, volume, and its atomic positions while
preserving its space-group symmetry P312. To include the
electron correlation interaction in this material, we used a
Hubbard U value of 3.9 eV on the Mn site [34]. Furthermore,
spin-spiral calculations were conducted by relaxing the spin
structure to estimate the magnetic ground state using VASP,
version 6.1.2. Utilizing the generalized Bloch condition, we
could avoid the requirement of a large supercell to simulate
spin interactions, even in the presence of a spin spiral arising
from an incommensurate wave. Moreover, various exchange-
interaction energies (J) were calculated by using a Heisenberg
model constructed via the TB2J approach. The numerical
approach to fit the exchange parameters is described in SM
[33] (see also Refs. [35,36] therein).

III. RESULTS AND DISCUSSION

A. Crystal structure

The high-resolution SXRD pattern of MGTO recorded at
T = 300K and its calculated profile (obtained via Rietveld
refinement) are shown in Fig. 1(a). Structural analysis yielded
a single-phase trigonal crystal structure with an NCS P312
space group. No traces of impurity phases were detected. The
obtained lattice parameters, Wyckoff positions, and related
data are summarized in SM [33], and show good agreement
with previously reported values. A schematic representation
of the crystal structure (viewed on the ab plane) obtained from
the SXRD data analysis is illustrated in Fig. 1(b). The struc-
ture comprises an interconnected network of MnQOg, GeOg,
and TeOg octahedra. Here, the Mn?* ions form a 2D layered
triangular lattice on the ab plane, whereas the GeOg and
TeOg octahedra form a 2D honeycomb lattice between two
successive layers of the triangular Mn lattice.

B. Magnetization (M) properties

M as a function of T under H = 0.1 T was recorded using
the standard zero-field cooling (ZFC) and field-cooling (FC)
methods, as shown in Fig. 2(a). A long-range ordered (LRO)
AFM state emerged at Ty ~ 9K, evidenced by a cusp in
the M (T) curves, which is a typical feature of AFM order-
ing. Moreover, ZFC and FC M (T) curves measured under
H = 1T are demonstrated in the inset of Fig. 2(a). A clear
magnetic transition is also evident from these curves at Ty ~
9 K. However, the nature of the curves has changed in this
case by showing an increasing trend in M below Ty ~ 9K,
which may be presumably attributed to an altered spin struc-
ture (this will be discussed in the following section). The
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FIG. 1. (a) SXRD pattern at 7 = 300 K along with its Rietveld refinement. The red circles represent the data, while the black solid line
refers to the calculated Rietveld profile. The green vertical bars refer to the Bragg positions. (b) The polyhedral representation of the crystal
structure of MGTO as projected on the ab plane. Purple, brown, green, and red spheres stand for Mn, Ge, Te, and O atoms, respectively. The
yellow dashed lines act as a guide to the eye, and demonstrate a triangular lattice formed by the magnetic ions Mn>*.

standard Curie-Weiss (CW) fitting was performed on the “in- Curie constant; x, represents the 7-independent susceptibility
verse susceptibility (1/x) vs T data (recorded under H = 1 which comprises two different parameters, including the core
T) in the considerably elevated T range (T > 100 K). The CW diamagnetism appearing due to the core-electron shells (core)
law is expressed as x = xo + ﬁ, where C refers to the  of the Mn?* ions of MGTO and the Van Vleck paramagnetism
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FIG. 2. (a) Temperature variations of the ZFC and FC magnetization curves recorded under H = 0.1 T. Inset: M (T) curves collected
at H = 1 T. (b) Inverse dc susceptibility (1/x) curve (at H = 1 T) with varying temperature and its corresponding Curie-Weiss fit (red line)
performed in the paramagnetic region. (c) The magnetic field variation of the isothermal magnetization curves recorded at various temperatures.
(d) The dM/dH curves as a function of H, at T = 2, 5, and 8 K. The metamagnetic transition is visible near a critical field of H..
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FIG. 3. (a) Specific-heat curve measured under zero magnetic field. The red and purple lines represent the phononic (Ciayice) and magnetic
(Crnag) parts of Cp (T), respectively. Inset: A close view of (a) around 7y. (b) Cp,/T curve as a function of temperature and its corresponding
magnetic entropy Sy, curve. The dashed arrow points to the expected value of magnetic entropy Sy, = RIn(25 + 1) ~ 14.9J/mol K for

Mn2+(S = 5/2).

(xvv) owing to its open-shell electrons; and O¢cw indicates the
characteristic CW temperature. Figure 2(b) shows the best
fitting, which yielded xo = 7.4 x 10~* emu/(mole Oe); the
effective paramagnetic moment, i.e., ter = 5.74 wp/Mn2T;
and Ocw = —19.77 K. The negative value of Ocw indicates the
presence of dominant AFM interactions among Mn>* spins.
Moreover, the experimentally obtained e = 5.74 we/Mn*+
showed a close match with the calculated spin-only moment
of Mn?" ions, i.e., hiheo = 5.92 up/Mn>t.

The isothermal M curves recorded with varying H, i.e.,
M (H) curves at various T values such as T = 2, 5, 8, and
50 K for MGTO, are shown in Fig. 2(c). Below Ty, the M
(H) curves exhibited an almost linear behavior without any
sizable hysteresis for the entire investigated range of H. No
sign of M saturation was observed, even at H = 7 T. However,
a small but discernible slope change which led to a slight
nonlinearity in the M (H) curves was observed as H increased
beyond ~ 0.9 T. This is more evident in the corresponding
dM/dH curves, which showed pronounced anomalies near the
critical field H. = 0.9T, as shown in Fig. 2(d). This metam-
agnetic transition is attributable to a field-induced spin-flop
transition. In fact, a field-induced spin structure change was
indeed observed from our NPD study, which will be discussed
in the following section. Moreover, the M (H) curve recorded
at T = 50 K is nonsaturating and completely linear, which
is a typical characteristic of the paramagnetic state of the
antiferromagnets, thus corroborating the M (T) data.

C. Specific-heat properties

Specific-heat (Cp) measurements were performed to fur-
ther investigate the nature of magnetic ordering in MGTO.
The Cp (T) data measured at H = O T are shown in Fig. 3(a),
which exhibit a clear anomaly at 7y ~ 9 K, thus confirming
the onset of an LRO AFM state below 9 K. This supports the
results of the bulk M study and the microscopic spin struc-
ture measurements conducted via NPD studies of this system
(related discussions regarding the investigation of the spin
structure are provided in the following section). In insulating
magnetic systems, Cp (T) arises from two distinct sources: the
phononic contribution at high 7 and the magnetic contribution

at considerably lower T. To determine the magnetic specific
heat (Cpag), we isolated the phononic contribution (Ciagice)
by subtracting it from the total Cp. Clyyice Was obtained by
fitting our Cp (T) data in the high-T range (30—300K) and
subsequently extrapolating it down to 2 K [as illustrated by
the red line in Fig. 3(a)] using the Debye-Einstein model, as
expressed below [37]:

Clattice :CDebye (T) + Ceginstein (T')
T3 [0/T  Aex
. 9R(_) R
o) Jo  (er=1)
0 \> /T
+ Z3nEiR<%>

Here, the first term denotes acoustic phonons (as de-
scribed by the Debye model), the second term refers to
optical phonons (following the Einstein model), and np and
ng; denote their respective weighting factors. In this case,
np+ Zi ngi=n = 9 indicates the total number of atoms per
formula unit of MGTO. Meanwhile, 6p and Og; refer to the
Debye and Einstein temperatures, respectively. The best fit for
the measured Cp (T) data of MGTO using the aforementioned
model yielded a single Debye branch (np = 1, 6p = 118 K)
and two Einstein branches ((ngy = 3,01 =257 K, ng, =
5,02 = 735 K). The T dependence of the Cpye/T curve af-
ter subtracting Ciagice 1S shown in Fig. 3(b). This curve was
further integrated to obtain the magnetic entropy (Smag), as
shown in Fig. 3(b). However, only approximately 83% of the
total Sy, Was released at Ty and the remainder was restored
above Ty. Additionally, Spag attains a saturation value of
~12.3 J/mol K, which was lower than the calculated total
magnetic entropy expected for Mn?* spins (S = 5/2) ~14.9
J/mol K. It should be noted that the integration of the Crae /T
curve was performed starting from 7 = 2 K. Consequently,
the lower temperature Sp,, (below 2 K) was not included in
the calculation, which would likely result in a slight under-
estimation of the saturation value of Sy,,;. Moreover, in the
high-temperature regime, the overestimation of Ciyice might
plausibly account for the significantly suppressed Spae sat-

(EGEI/T—l)z' (1)
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FIG. 4. (a) The measured NPD data (raw) at various temperatures. (b) The color-coded contour plot representing the relative intensity of
NPD data, i.e., I (T') — I (11 K) as a function of T and 2 6. This demonstrates the emergence of various magnetic reflections below 7y. (c) The
observed (red circles) NPD pattern at 12 K (above 7Ty) under H = 0T and its corresponding best fit considering only a nuclear structure (i.e.,

structural symmetry P312).

uration value (approximately 83%). The missing magnetic
entropy that remained underestimated above the LRO state
may be attributable to the short-range magnetic ordering
above Ty arising from the spin-frustrated low-dimensional
nature of the present system. In fact, the observation of such
reduced entropy has been reported in various other frustrated
TLAF systems [37].

D. Neutron-powder diffraction: An incommensurate
spin ordering

NPD patterns were recorded at various 7, encompassing
those both below and above the Ty of MGTO, to reveal the
previously unknown microscopic spin structure of MGTO.
The measured NPD data for some selected T values are shown
in Fig. 4(a). Upon cooling to below Ty, another set of in-
commensurate magnetic (ICM) peaks appeared in the NPD
patterns. These peaks could not be indexed to the fundamental
unit cell, thus indicating an ICM-modulated spin structure.
The most prominent magnetic Bragg reflection manifests at
a lower diffraction angle, lying even below the appearance
of the first nuclear reflection (0 0 1), strongly suggesting
AFM ordering in the system. To identify the magnetic Bragg
peaks appearing below Ty, the nuclear contribution (based on
the data obtained at 7 = 11K as reference) was subtracted
from all the NPD data recorded at various 7. The evolution

of magnetic Bragg reflections with decreasing T below Ty
became more evident through examination of the color-coded
contour plot representing the relative intensity of NPD data
I1(T)—1 (11 K) as a function of T and 2 6, as demonstrated
in Fig. 4(b). Therefore, the NPD data above Ty were fit-
ted satisfactorily, where the nuclear structure with trigonal
symmetry was considered exclusively, as shown in Fig. 4(c).
Meanwhile, the obtained NPD pattern containing the mag-
netic Bragg reflections at 7 = 1.5 K is shown in Fig. 5(a).
Compared with the nuclear structural peaks at the base T
of 1.5 K, the magnetic peaks display significant broadening,
which is attributable to the finite magnetic correlation length
within the ordered state. The data were fitted to several can-
didate ICM models, including the amplitude-modulated and
orientation-modulated spin structures, as summarized in Table
SII in SM [33]. The best fit yielded an ICM spin ordering
represented by a propagation vector k = (1/3,1/3, 0.184),
which effectively indexed all the peak positions of the ob-
served magnetic reflections, as demonstrated in Fig. 5(a). The
spin structure obtained is shown in Fig. 5(b). The nature of the
spin structure can be understood more clearly from Fig. 5(c),
which depicts the spins propagating along the direction of
k at a certain region presented in Fig. 5(b). The analysis
suggests that the axis of the plane formed by the modulating
spins and the propagation vector k has an angle of ~ 10°
between them, thus indicating a mixture of a cycloidal and a
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FIG. 5. (a) The observed (red circles) magnetic NPD pattern at 1.5

K recorded under H =0T, ie., I (1.5K,0T) — (11 K, 0 T) and

its corresponding best fit (black solid line) with k = (1/3, 1/3, 0.184). (b) A schematic representation of the spin structure obtained from the
NPD fitting results. (c) The closer view of a certain part of the spin structure along with the direction of k = (1/3, 1/3, 0.184), where the Nile
blue arrows represent the axis of the plane formed by spins. The inset depicts the components of cycloidal and helical spin structures. (d) 7

dependence of the magnetic moment.

helical spin structure in MGTO. In this case, the spin structure
is predominantly helical, accounting for approximately 97%,
while the cycloidal nature is minor, comprising around 3%.
This signifies the incommensurability of the magnetic unit
cell relative to the crystallographic unit cell in this system.
Nevertheless, the obtained spin structure is closer to a helical
ordering, whereas its cycloidal character is much weaker. The
variation in the derived magnetic moment (m) as a function
of T is shown in Fig. 5(d). The refined magnetic moment per
Mn?* ion at T = 1.5 K was approximately 3.6(1) ug/Mn’*,
which was considerably lower than the theoretically antici-
pated fully saturated moment of 5 ug (S = 5/2) for Mn?*+
ions. This reduction in the moment can be plausibly ascribed
to the effect of robust quantum fluctuations stemming from
the low-dimensional nature of the system under investigation
[38,39]. These fluctuations prevented the spins from achieving
a fully ordered state.

A metamagnetic transition induced by H was observed in
the M (H) study, which prompted further investigation via
NPD measurements under a nonzero H to elucidate the poten-
tial changes in the spin structure. A field up to H = 10T was
applied in this study. Owing to the application of H, the NPD
pattern was changed significantly, as illustrated in Fig. 6(a),
which shows the comparison between NPD patterns recorded
under H =0T and 10 T at 7 = 1.5 K. This unequivocally

indicates a modified spin structure under the influence of
H. Upon the application of H, the initially observed incom-
mensurate peaks (at H = 0T) sharpened, and a completely
different set of commensurate magnetic peaks described by
propagation vector k = (0,0, 0) emerged in the NPD pat-
tern. The coexistence of the fundamental k = (0, 0, 0) and
an incommensurate modulation typically refers to either the
coexistence of an incommensurate structure and a ferromag-
netic (FM) phase or a conical spin structure, which cannot
be distinguished with the Rietveld analysis. The positions
of the incommensurate magnetic peaks remained unaltered,
thus indicating that the magnetic periodicity was unaffected
by the applied H up to 10 T. The best fitting of the NPD
data at H = 10T was obtained using a conical model [40].
The cone axis was first determined by refining an FM model
with kK = (0, 0, 0) against the fundamental peaks. The in-
plane ferromagnetic component could not be determined by
powder diffraction and was fixed to along the [1 1 0] direction.
Furthermore, the analysis yielded a half-cone angle of o =
33.6°. It can be noted that the cone axis points approximately
10 ° away from the propagation vector k = (1/3,1/3, 0.184),
which is consistent with the case of H = 0T. The best fit
to the NPD data for H = 10T is shown in Fig. 6(b). The
corresponding spin structure obtained from this analysis is
shown in Fig. 6(c). A certain part of Fig. 6(c) is shown
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The observed (red circles) magnetic NPD pattern at 1.5 K recorded under H = 10T, i.e., 1 (1.5K, 10 T) — 7 (11 K, 0 T) and its corresponding
best fit (black solid line) using the proposed conical model. (c) A pictorial illustration of the conical spin structure as obtained from the NPD
data analysis. (d) The closer view of a certain part of the spin structure along with the direction of k =(1/3, 1/3, 0.184), where the Nile blue
arrows represent the cone’s axis. The inset depicts the components of a transverse and longitudinal conical spin structure.

in Fig. 6(d), which demonstrates a clear representation of
the conical spin structure showing spin modulation along
k = (1/3,1/3, 0.184). Furthermore, the obtained conical spin
structure can be described as a mixture of longitudinal and
transverse conical spin ordering due to the presence of a 10°
angle between the cone axis and k. At H = 10T, the value
of the refined ordered magnetic moment is 4.28(2) wp/f.u.
(where f.u. is formula units), which corresponds to a net
magnetization of 3.56(2) up/f.u. for this spin ordering. This
is close to the extrapolated value of M ~3 pug/fu. at H =
10T from the M (H) curve recorded at T = 2K. Hence, a
field-induced transformation from a mixture of cycloidal and
helical spin ordering to a conical spin ordering is inferred.
Eventually, this transformation of spin order was also reflected
in the variations of M and dielectric constant (¢') curves
(will be discussed later) as the applied H increased beyond
H. ~ 0.9T. Moreover, an altered conical spin structure may
be hinted at by the modified pattern of the M (T) curves at
H = 1T, which showed an increasing trend in M [as shown
in the inset of Fig. 2(a)].

E. Estimation of magnetic ground state by density-functional
theory calculations

Furthermore, ab initio theoretical calculations have been
performed on MGTO to get more insight into the magnetic

ground state of this system. The total energies of the system
with a similar spin structure (i.e., a combination of helical
and cycloidal spin ordering) as observed by the NPD study at
H = 0T and a conical spin structure have been calculated by
using the experimentally obtained k vector (1/3, 1/3, 0.184).
The original conventional cell was expanded to a 3 x 3 x 5
supercell. The simulated helical-cycloidal and conical spin
structures are depicted in Figs. 7(a) and 7(b), respectively.
For the estimation of the converged total energies, the fol-
lowing Hamiltonian based on a DFT framework was used, as
expressed below:

n (rn (r')

P =7

2
Hper = T'[n (r)] + Exc[n (r)] + % // drdr

+ Vex[n(r)], @)

where n(r) is the ground-state electronic density, r the spa-
tial coordinates, 7 the kinetic energy of electrons, Ey. the
exchange-correlation potential, the third term refers to the
Hartree potential, and Ve is the external potential that de-
scribes the interaction of electrons and ions. The calculations
revealed that the total energy obtained for the helical-cycloidal
spin ordering (E = —2553.443 eV) was comparatively lower
than that of the conical spin ordering (E = —2552.751eV),
indicating its preference as the energetically favorable ground
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(a) MGTO Helical-Cycloidal spin structure
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FIG. 7. The calculated total energies of magnetic states based on a DFT framework with k = (1/3, 1/3, 0.184) in different DFT-relaxed spin
configurations of (a) the mixture of helical and cycloidal spin structure, and (b) the conical spin structure, respectively. The visual comparison
of (c) the band structure of MGTO obtained from WFs and (d) the band structure obtained from DFT.

state for this system at H = OT. Thus, this corroborates the
NPD results.

A complex noncollinear spin ordering in an NCS system
usually emerges due to various competing magnetic exchange
interactions (J) along with the Dzyaloshinskii-Moriya inter-
action (D). Therefore, to better understand the origin of the
complex spin order in MGTO, we estimated various interac-
tions occurring in MGTO. The magnetic interactions within a
complex magnetic system can be summarized by the follow-
ing general formula:

= —ZK@Z
i

~ LS S SIS 4D (5 < T))
i)
where H refers to the Heisenberg Hamiltonian. The first term
is associated with the single-ion anisotropy, J*° represents
isotropic exchange parameter, J2" denotes the Kitaev-type
exchange coupling or anisotropic exchange parameter, and D_;
corresponds to the Dzyaloshinskii-Moriya interaction (DMI)
parameter. The DFT plane-wave results (for the helical-
cycloidal spin structure) were transformed into the Wannier
functions (WFs), which were then used in TB2J for es-
timating various exchange-interaction terms J**°, J  and
D;; for MGTO. The corresponding WFs-interpolated band
structure is shown in Fig. 7(c). This closely matches with

the band structure obtained by DFT calculations as depicted
in Fig. 7(d), thus validating the WFs results. The exchange
parameters thus obtained are demonstrated as a function of
distance between two Mn spins in Fig. 8(a). Depending on the
distances among spins, three main types of exchange inter-
actions, denoted as Ji, J», and J3, can be found in Fig. 8(a),
which correspond to various Mn-Mn pair distances ~4.67,
4.99, and 6.84 A, respectively, as illustrated in Figs. 8(b)—8(d).
For all these magnetic exchange interactions, irrespective
of the different Mn-Mn distances, the exchange pathways
between Mn spins are always provided via TeOg or GeOg
octahedra [as described in Figs. 8(b)-8(d)]. The strength
and the nature of these exchange interactions are strongly
influenced by the various exchange pathways involving dif-
ferent bond angles and bond lengths, which are governed by
the Goodenough-Kanamori-Anderson rule. Even for a given
Mn-Mn distance, there are numerous exchange pathways Mn-
0-Ge-O-Mn and Mn-O-Te-O-Mn between two Mn spins, thus
giving rise to different values of J. It is evident from Fig. 8(a)
that J'*° is dominant for the J;-type exchange interactions,
which are mainly AFM in nature (carrying negative sign),
except one point with small positive value indicating a weak
ferromagnetic (FM) interaction. On the contrary, J**° inter-
actions for the Mn-Mn pairs with smaller distances (i.e., for
Ji- or J, types) are relatively weak and FM in nature (with
positive values). This suggests leading towards the presence
of competing AFM (predominant) and FM interactions in
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FIG. 8. (a) The J'*°, D, and J* calculated from TB2J for MnGeTeQy. Here, J;, J>, and J; are denoted by black dashed lines, which
correspond to various Mn-Mn pair distances of approximately 4.67, 4.99, and 6.84 A, respectively. The graphical illustration of the paths of
(a) Ji, (b) J», and (c) J3, where the blue, green, and yellow lines are paths for J,, J», and J3, respectively.

the system. The corresponding variations of the magnetic
anisotropic terms, such as D and J™are also demonstrated
in Fig. 8(a). For all the interactions, J3-type interactions are
found to be dominant over the other two types. For the present
case, apart from the dominant J is0 interactions, the DMI pa-
rameters D also exhibit significant strength, which is generally
expected for an NCS system. The existence of these various
competing interactions in MGTO can essentially give rise to
the observed noncollinear complex spin ordering.

F. Dielectric and magnetodielectric properties

The NCS spin-frustrated lattice in conjunction with an
interesting complex noncollinear and noncoplanar helical-
cycloidal spin ordering of MGTO (as per our NPD data
analysis) renders the present system a potential source for
hosting spin-driven MD and/or ME effect. Thus, this implies
that the effect of the magnetic ordering on &’ of MGTO is
worth investigating. Therefore, we investigated the T depen-
dence of ¢’ of MGTO under various frequencies (f), with
emphasis on the region near 7y, as illustrated in Fig. 9(a). A
downturn behavior of &’ (T) curves in the vicinity of Ty ~ 9K
was observed, which led to a pronounced dielectric anomaly
in the form of a dip, as shown in Fig. 9(a). The observed
dielectric anomaly at 7y is interesting, as it essentially implies
the close correspondence between the magnetic and dipolar
properties of MGTO. Furthermore, the observed dielectric
loss (tan §) across the entire T range of our investigation
remained extremely low (<0.01). This suggests the highly
insulating character of MGTO, thus unequivocally elimi-

nating the possibility of spurious experimental effects or
extrinsic charge carriers affecting the ¢’ (T) curves. More-
over, the positions of the observed anomaly in the &' (7)
curves remained unchanged for different values of f. All
the above-mentioned features of the &' (T) curves suggest
the occurrence of an intrinsic MD coupling as well as pre-
clude any relaxation phenomenon in the system. If MD
coupling does not occur in a system, then the &' (7) curves
generally obey the Barrett function, which is expressed as:
e'(T)=1¢(0)+ A/[exp (f{%)—l], where A refers to the cou-
pling constant and w( denotes the average frequency for
phonon modes presenting at lower wave numbers [41]. The &’
(T) data were consistent with the Barrett function at 7 > Ty,
as shown in Fig. 9(b) [data only shown for f = 1.5MHz
under H = 0T]. By contrast, the & (T) curve began de-
viating from Barrett’s curve as T approached 7y, which
indicates an underlying MD effect in the system. The best fit-
ting yielded ¢’'(0)= 19.65 + 1.01, A=0.110 £ 0.002, and
wy = 85.5+0.6cm™!. A similar scenario has been previ-
ously reported for various systems exhibiting MD effects.

To further validate the MD coupling, the & (7) curves
were recorded under varying H values, as shown in Fig. 9(c).
Interestingly, the &’ (T) curves were considerably suppressed
as H increased, thus demonstrating strong coupling between
the spin and dipolar degrees. Moreover, the line shapes of
the ¢’ (T) curves altered significantly under H values exceed-
ing H.. This can be presumably attributed to field-induced
spin-flip transition as observed in the M (H) curves, which
consequently affect the dielectric properties via strong MD
coupling. To further authenticate this assumption, we obtained
the isothermal H variation of the &’ curve at T = 2K (below
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Tx). The corresponding value of MD response (MD%) as a
function of H was obtained using this expression: MD% =
[¢'(0) — &'(H)/e'(0)] x 100%, which is shown in the inset
of Fig. 9(c). A noticeable alteration in slope occurs in the
MD% vs H curve near H,, indicating its cross coupling with
the field-induced metamagnetic transition. This is particu-
larly evident when examining the inset of Fig. 9(d), which
illustrates the variations in H of dM/dH and de’/dH. For ma-
terials that demonstrate higher-order ME coupling, which is
typically mediated by subtle lattice distortions, the behav-
ior of MD% tends to be consistent with that of M?. This
type of MD behavior can be explained via the phenomeno-
logical Ginzburg-Landau theory. This theory establishes a
correlation between the MD effect at lower H and an ME cou-
pling term y P>M? within the thermodynamic potential, using
this expression [42]: ® = &y + aP? — PE + a'M* — MH +
yP>M, where o, o/, and y represent the T-dependent MD
coupling coefficients; P refers to the ferroelectric polarization;
and E denotes the electric field. In this scenario, the linear M
(H) curve at T = 2K suggests a nonlinear dependence of the
M? curve on H. Consequently, the MD% data closely followed
the M? curve in the low-H regime, as depicted in Fig. 9(d).
This appears to indicate the presence of weak ME coupling in
MGTO. An isostructural distortion below 7y, spurred by the

magnetostriction effect, has been observed in MGTO, which
will be discussed in the following section. This distortion
could be pivotal in instigating both the dielectric anomaly
and the weak possible ME coupling in this system. Based on
the inverse Dzyaloshinskii-Moriya (DM) model, the complex
noncollinear spin structure may trigger a ferroelectric order
[43]. Furthermore, Kaplan and Mahanti provided theoretical
evidence for the development of ferroelectric polarization
within a helical (proper screw) magnetic system [44,45]. They
achieved this through an extended DM model, grounded in
symmetry considerations. Their comprehensive theoretical in-
vestigation introduced an additional component P o (S; X
S;), wherein S; and §; represent the two canted spins located at
the ith and jth sites, respectively. This addition suggests that
not only a cycloidal spiral spin ordering but also a helical spin
structure may induce local polarization in a system. Therefore,
a higher-order weak ME coupling in MGTO may also serve
as an underlying origin for the observed MD effect in this sys-
tem. However, our pyrocurrent (/p) measurements could not
trace a sizable signal for ferroelectric polarization below Ty.
The lack of Ip signal may be attributed to the polycrystalline
nature of the sample, which typically results in a significant
suppression of the Ip signal, as reported earlier [46]. Nev-
ertheless, additional experimental single-crystal studies and
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FIG. 10. The T variations of lattice parameters a, ¢, and V are demonstrated in (a)—(c), respectively. Insets (bottom) show a closer view
of the respective curves near Ty. (d) depicts the thermal variation of the bond angle O-Mn-O related to MnOg octahedra. The inset shows its
closer view near Ty. Inset of (a): A schematic representation of the distorted octahedra MnOg, wherein lighter and deeper red-colored spheres

refer to oxygen positions above and below Ty, respectively.

theoretical investigations are necessary to establish a defini-
tive confirmation.

G. Magnetoelastic coupling: Temperature-dependent
synchrotron XRD study

To probe the thermal evolution of the crystal structure
of MGTO, particularly near its Ty, the 7-dependent SXRD
patterns were collected down to 4 K (as shown in Fig. S1
of SM [33]). Throughout the studied temperature range, no
sizable changes in the patterns, such as peak splitting or the
appearance of additional Bragg peaks, were observed. This
essentially discards the occurrence of a global structural-
phase transition. Further analysis using Rietveld refinement
confirmed that all the collected SXRD patterns could be sat-
isfactorily fitted with the trigonal crystal symmetry P312.
The SXRD data recorded at 7 = 200 and 4 K along with
their best fit are shown in Fig. S2 and the obtained crys-
tallographic information is detailed in Table SI in SM [33].
The temperature variations of the obtained lattice parameters,
such as a, ¢, and V, are demonstrated in Figs. 10(a)-10(c),
respectively. Notably, all parameters displayed distinct
anomalies near 7y, thus indicating an isostructural distor-
tion through the magnetoelastic coupling. Consequently, the

MnOg octahedra gets distorted below 7Ty [as pictorially
demonstrated in the inset of Fig. 10(a)], which is manifested
by a distinct anomaly observed in the O-Mn—-O bond an-
gle [as depicted in Fig. 10(d) and its inset]. Nevertheless,
the magnetoelastic coupling can be validated by examin-
ing “the thermal expansion of various lattice parameters,’
which specifically entails elastic degrees of freedom. Assum-
ing there is no structural change via magnetoelastic coupling,
the temperature variations of various lattice parameters in a
magnetic system, following thermal expansion behavior, can

be described as: a(T) = ag[l + Bell l;¢(T) =co[l +

T(@M=1)?
w%ﬁr_l)z]; and V(T) = V[l + (e%/m)] [47]. In the equa-
tion, agy, ¢y, and V; denote the lattice constants at 7 = 0
K, while B, d, f, g, and A serve as the adjustable fitting
parameters. 6p represents the Debye temperature. Above Ty,
the refined lattice parameters as a function of T are well
described by the thermal expansion law. The obtained param-
eters from the best fitting are summarized in Table SIII of SM
[33]. However, the lattice parameters showed large deviations
from the thermal expansion law in the vicinity of Ty, thus
suggesting an altered trend of the structural variation in the
magnetically ordered region. This observation confirms the
presence of magnetoelastic coupling, which evidently plays a
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crucial role in the manifestation of the observed MD coupling
in this system.

IV. CONCLUSION

Extensive experimental investigations were conducted on
a chiral spin-frustrated TLAF system MGTO to unravel the
intricate interplay between its complex spin ordering, lattice,
and dielectric properties. (i) Below Ty = 9 K, a long-range
ordered AFM state was observed through bulk magnetiza-
tion, specific heat, and neutron powder-diffraction studies. (ii)
Analysis of NPD data at H = 0T revealed an incommensurate
complex spin structure, which is best described as a mixture of
a helical (major) and cycloidal (minor) spin arrangement char-
acterized by a propagation vector k = (1/3, 1/3, 0.184), which
got transformed into a conical spin ordering under application
of magnetic field. (iii) DFT calculations also supported this
complex spin structure (at H = 0T) as an energetically favor-
able ground state. Exchange-interaction energy calculations
indicated the presence of various competing AFM and FM in-
teractions, which essentially trigger the noncollinear complex
incommensurate spin ordering in this TLAF system. (iv) A
pronounced dielectric anomaly emerged at Ty, which demon-
strated substantial MD coupling. The H variations of &’ and

M clearly reflected the &’ oc M? relationship, thus indicating
an underlying higher-order weak ME coupling. (v) Analysis
of SXRD data yielded a sizable isostructural distortion due
to magnetoelastic coupling below 7Ty, which appears to be a
plausible origin for the observed pronounced MD and weak
possible ME coupling.
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