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 A B S T R A C T

We investigate the magnetic structure and magnetodielectric behavior of the chiral magnet CoTeMoO6 (CTMO) 
through neutron diffraction, magnetization, and magnetodielectric measurements, complemented by density 
functional theory (DFT) calculations. Our findings reveal a canted magnetic structure with moments confined 
to the ab plane, giving rise to weak ferromagnetism under an external magnetic field. Additionally, we observe 
magnetodielectric coupling that strongly correlates with the magnetic ordering temperature and magnetic 
structure. These results are discussed in the context of potential mechanisms involving spin-dependent 𝑝-𝑑
hybridization and spin-phonon coupling.
1. Introduction

Insulating magnetic oxides have attracted considerable scientific 
interest due to their diverse emergent phenomena and multifunc-
tional properties, which result from the intricate interplay among spin, 
charge, lattice, and orbital degrees of freedom [1–4]. These materi-
als provide an ideal platform for exploring fundamental physics and 
advancing applications in spintronics, magnetoelectrics, and energy-
efficient technologies [2,5,6].

Despite the significant disparity in energy scales between elec-
tronic band gaps (typically in the range of eV) and magnetic in-
teractions (on the order of meV), magnetic insulators frequently ex-
hibit strong coupling between their electrical and magnetic proper-
ties [7,8]. This coupling, commonly referred to as magnetoelectric cou-
pling, manifests in two primary forms: (i) magnetoelectric multifer-
roics, characterized by spontaneous macroscopic polarization coupled 
to magnetism, and (ii) magnetodielectrics, which exhibit coupling be-
tween magnetism and dielectric constant but may or may not exhibit 
spontaneous polarization. While all magnetoelectric multiferroics are 
inherently magnetodielectric, the reverse does not necessarily hold.

The underlying mechanisms driving magnetoelectric and magne-
todielectric phenomena are often attributed to spin driven phenom-
ena, whereby magnetic order influences dielectric properties through 
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pathways such as spin-phonon coupling, exchange-striction, inverse 
Dzyaloshinskii–Moriya interactions, or metal-ligand hybridization pro-
cesses  [4,9–11]. Transition metal and rare-earth oxides frequently 
exhibit these phenomena, accompanied by anomalies in dielectric con-
stants, magnetocapacitance, and other physical properties near mag-
netic ordering temperatures or during field-induced magnetic transi-
tions [7,8,12–30]. Unlike magnetoelectric multiferroics, which require 
specific symmetry constraints, magnetodielectric effects occur in a 
broader range of materials, including both polar and non-polar struc-
tures [13–15,19,20,22]. Oxides crystallizing in chiral or polar space 
groups are particularly appealing, as they often host unconventional 
magnetic structures such as helimagnets, skyrmions, or canted antifer-
romagnetic phases. These materials exhibit strongly coupled magnetic 
and dipolar properties, which can be tuned using external electric 
and magnetic fields. Notable examples include Cu2OSeO3 [31–33] a 
prominent skyrmion-hosting multiferroic, and polar compounds such 
as Ba2MGe2O7 (M=Co, Cu, Mn), which display pronounced spin-driven 
magnetoelectric effects [34–36].

In this study, we focus on the chiral magnet CoTeMoO6 (CTMO), 
leveraging an integrative approach combining comprehensive exper-
imental and theoretical investigations. CTMO crystallizes in a chiral 
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orthorhombic structure (space group 𝑃 21212) with lattice parameters 
𝑎 = 5.2406(2) Å, 𝑏 = 5.0543(2) Å, and 𝑐 = 8.8156(3) Å. The CoO6
octahedra form corner-sharing networks within the 𝑎𝑏 plane, creating 
chiral chains of Co ions along the [100] and [010] directions. At 
𝑇 = 2 K, the atomic positions in CTMO are as follows: Co2+ on site 
2a (0, 0, 0.5239(2)), Te4+ on site 2b (0, 0.5, 0.254(9)), Mo6+ on site 2b 
(0, 0.5, 0.809(8)), O1 on site 4c (0.296(11), 0.847(11), 0.073(6)), O2 on site 
4c (0.185(12), 0.761(15), 0.702(6)), and O3 on site 4c (0.179(13), 0.720(10),
0.392(5)). The intrinsic chirality of CoTeMoO6, combined with the 
magnetic and electronic properties of Co2+ ions, further enhances its 
potential for complex magnetic interactions, including Dzyaloshinskii–
Moriya (DM) interactions and anisotropic exchange coupling. These 
structural features and magnetic interactions make CTMO a compelling 
candidate for studying spin-driven magnetodielectric effects.

Previous studies on CTMO have identified a canted antiferromag-
netic structure at zero magnetic field, accompanied by significant 
magnetocapacitance anomalies near the magnetic transition tempera-
ture [37–39]. While those previous studies suggest spin-phonon cou-
pling as a possible mechanism, definitive evidence remains elusive. 
Moreover, the connections between spin fluctuations near the ordering 
temperature, field-induced magnetic transitions, and magnetodielectric 
effects are not fully understood. The evolution of the magnetic structure 
under applied magnetic fields has similarly not been comprehensively 
explored.

To address these gaps, we investigate the magnetodielectric and 
magnetic properties of polycrystalline CTMO. Through DC and AC 
susceptibility, magnetization, and magnetocapacitance measurements, 
we delve into the spin dynamics and magnetodielectric coupling in 
CTMO. Neutron diffraction studies, conducted at zero field and under 
a 50 kOe magnetic field, provide detailed insights into the evolution 
of the magnetic structure, highlighting the roles of DM interactions 
and spin anisotropies. The obtained magnetic structures are further 
substantiated by density functional theory (DFT) calculations indicating 
the validity of the obtained magnetic structures.

We also compare CTMO with its isostructural counterpart
MnTeMoO6 (MTMO), which, despite its structural similarity, does not 
exhibit magnetodielectric effects. This comparative analysis under-
scores the critical role of Co2+ ions and their associated spin–orbit 
and orbital-lattice interactions in driving the observed phenomena in 
CTMO. Finally, our findings are contextualized within the broader land-
scape of spin-driven mechanisms, including 𝑝-𝑑 exchange interactions 
and spin-phonon coupling, drawing parallels with other chiral magnets 
such as Cu2OSeO3 and polar magnet Ba2MGe2O7.

Our results position CTMO as a model system for the study of intrin-
sic spin-driven magnetodielectric coupling, offering a robust platform 
for future investigations into the intricate interplay between magnetism 
and dielectric properties in chiral magnetic oxides.

2. Experimental methods

2.1. Synthesis

Polycrystalline samples of (CTMO) and (MTMO) were synthesized 
using a solid-state reaction method suggested in previous studies [37–
39]. Stoichiometric amounts of high-purity CoO, TeO2, and MoO3 were 
mixed for CTMO, while MnO was substituted for CoO in the synthesis of 
MTMO. The mixtures were sealed in quartz tubes to prevent oxidation 
and annealed at temperatures of 540 ◦C to 550 ◦C for CTMO and 550 ◦C
to 580 ◦C for MTMO, with multiple intermediate grinding steps to 
ensure homogeneity. Phase purity and crystallinity of the samples were 
verified using X-ray diffraction measurements.
2 
2.2. Magnetization measurements

DC and AC magnetization measurements were performed using a 
superconducting quantum interference device (SQUID) magnetometer 
at the National High Magnetic Field Laboratory and a vibrating sample 
magnetometer at SUNY Buffalo State. Zero-field-cooled (ZFC) and field-
cooled (FC) protocols were employed to investigate magnetic ordering. 
AC susceptibility measurements were also conducted to probe low 
frequency spin dynamics during magnetic transitions.

2.3. Dielectric and magnetocapacitance measurements

The dielectric constant and magnetocapacitance measurements
were conducted using a custom-built probe integrated into a Quan-
tum Design Physical Property Measurement System (PPMS) at the 
National High Magnetic Field Laboratory (NHMFL). Polycrystalline 
samples were pressed into pellets and thinned to a uniform thickness of 
approximately 0.4mm to ensure consistency and optimal measurement 
conditions. Reliable electrical contacts were established by applying 
silver electrodes to the pellet surfaces using conductive silver epoxy.

Capacitance measurements were performed over a frequency range 
of 10 kHz–20 kHz using an AH 2700A ultra-precision capacitance bridge,
enabling high-resolution dielectric and magnetocapacitance data acqui-
sition under varying magnetic field strengths. For zero-field measure-
ments, an in-house Agilent 4980AL LCR meter integrated into a Janis 
cryostat was utilized.

2.4. Neutron diffraction

Neutron powder diffraction was conducted at the High Flux Iso-
tope Reactor (HFIR), Oak Ridge National Laboratory, using the HB2A 
diffractometer with a neutron wavelength of 2.41Å. Data were collected 
at 𝑇 = 2K under applied magnetic fields of 0 and 50 kOe. Addi-
tional temperature-dependent neutron diffraction measurements were 
performed at the Spallation Neutron Source (SNS) on the POWGEN 
instrument, utilizing bank 3 with a central wavelength of 2.65Å. The 
crystal and magnetic structures were refined using the Rietveld method 
implemented in the FullProf suite [40]. Magnetic representational anal-
ysis was carried out using the BASIREP program [41] within Bilbao 
Crystallographic Server [42] allowing for a comprehensive determina-
tion of the magnetic symmetry and structure. To minimize reorientation 
of the powder sample under an applied field, the polycrystalline sample 
was pelletized using a pellet press, annealed at 540 °C for 6 h, and 
subsequently broken into chunks before being loaded into aluminum 
cans. This method ensures that the orientation of large grains remains 
effectively random, reducing potential preferred orientation effects in 
strong magnetic fields.

2.5. DFT calculations

The DFT calculations applied to CTMO were carried out using 
the Vienna Ab-initio Simulation Package [43,44]. The non-empirical 
strongly constrained and normed (SCAN) meta-GGA functional [45] 
was used to sample the electron–electron interaction, such functional 
accurately predicts the structure and energies of many materials. The 
valence electrons and nuclei interaction is described using projector-
augmented waves [46]. The electronic states’ plane-wave expansion 
was optimized to 550 eV. We also used the Hubbard Hamiltonian as 
proposed by Dudarev et al. [47] to account for strong on-site Coulomb 
repulsion interactions in the magnetic Co species (𝑈𝑒𝑓𝑓 = 3.3). The 
convergence threshold for the calculations was set to 10−8 eV, allowing 
precisions up to fractions of meV. To evaluate the electronic states 
in the Brillouin zone an equally distributed gamma-centered k-points 
mesh of 7 × 7 × 2 was set.

Two sets of calculations, including scalar relativistic and spin–orbit 
interactions, were performed. We used two structures for the analysis, 
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Fig. 1. Magnetic and dielectric properties of CTMO. (a) Zero-field cooled (ZFC) and field-cooled (FC) DC magnetic susceptibility (𝜒𝑑𝑐 ) as a function of temperature (𝑇 ) measured with 
applied magnetic field, 𝐻 = 1 kOe. The green curve represents the magnetic Bragg peak intensity from neutron diffraction experiment. (b) Temperature dependence of capacitance 
(𝐶) at different magnetic fields. Inset: Variation of loss tangent (tan 𝛿) with respect to 𝑇 . (c) Real part of AC magnetic susceptibility (𝜒 ′) versus 𝑇  at different frequencies (𝑓 ). (d) 
Dielectric constant (𝜀′) as a function of 𝑇 , extracted from (b). The green curve in (d) represents the fit to Barrett equation. A vertical dotted line indicates the common transition 
temperature, 𝑇𝑁 , determined from (a) and (c).
the experimental and one obtained after relaxing the structure using the 
described computational conditions. The incorporation of spin–orbit 
coupling allowed us to describe the Dzyaloshinskii–Moriya interac-
tion (DMI) in CTMO, a magnetic system that lacks spatial inversion 
symmetry.

3. Results

3.1. Temperature dependence of magnetic properties

Fig.  1 summarizes the key experimental findings for the temperature 
dependence of magnetic and dielectric properties in CTMO.

The temperature dependence of zero-field-cooled (ZFC) and field-
cooled (FC) DC magnetic susceptibility (𝜒dc) measured at an applied 
field of 1 kOe is shown in Fig.  1(a). The bifurcation of the ZFC and 
FC curves around 𝑇𝑁 = 24K marks the onset of long-range anti-
ferromagnetic ordering. Below 60K, the susceptibility deviates from 
Curie–Weiss behavior (discussed in Appendix  A). Fitting the Curie–
Weiss law 𝜒 = 𝐶∕(𝑇 − 𝜃) above 60K yields an effective moment 
𝜇eff = 4.97𝜇B and a Weiss temperature 𝜃 = −68K for an applied field 
of 20 kOe. For an applied field of 1 kOe, the fitting gives 𝜇eff = 5.4𝜇B
and 𝜃 = −88K. These effective moment values exceed the spin-only 
value of 3.88𝜇B for Co2+, which might be an indication of contribution 
from the orbital component. The negative Weiss temperatures indicate 
dominant antiferromagnetic interactions, while the field-dependent ef-
fective moments suggest contributions from a temperature-independent 
diamagnetic background from Co core electrons and Van Vleck param-
agnetism [38]. The green curve in Fig.  1(a) represents the temperature 
dependence of a magnetic Bragg peak intensity obtained from neutron 
diffraction, corroborating antiferromagnetic ordering at 𝑇𝑁 .

Fig.  1(b) shows the temperature dependence of the capacitance at 
two different magnetic fields. An anomaly at 𝑇𝑁  under zero field indi-
cates magnetodielectric coupling. This anomaly broadens and weakens 
under an applied magnetic field of 60 kOe, further confirming its mag-
netic origin. The inset in Fig.  1(c) depicts the temperature dependence 
of the loss tangent (tan 𝛿), with small values suggesting the highly 
insulating nature of CTMO.

Fig.  1(c) presents the real part of the AC magnetic susceptibility (𝜒 ′) 
measured at three different frequencies. The frequency independence of 
the peak position in 𝜒 ′(𝑇 ) confirms a transition from a paramagnetic to 
3 
Fig. 2. Magnetic field dependence of the magnetocapacitance (𝛥𝐶=C(H)–C(0)) and 
magnetization (𝑀) from 𝐻 = −60 kOe to 𝐻 = 60 kOe for CTMO at different 
temperatures. Panels (a)–(d) correspond to 𝑇 = 6, 16, 22, and 24 K, respectively. The 
left axis represents 𝛥𝐶 (in pF), while 𝑀 (in 𝜇𝐵∕f .u.) is scaled in the right 𝑦-axis.

a long-range ordered phase and rules out the presence of a spin-glass 
phase. Instead, the peak reflects spin or domain fluctuations near the 
magnetic transition.

Fig.  1(d) illustrates the temperature dependence of the relative 
dielectric constant (𝜀′), extracted from the red curve in Fig.  1(c). 
In general, the dielectric constant can be associated with the lattice 
dynamics of optical phonon modes through the Lyddane-Sachs-Teller 
(LST) relation: 

𝜀0
𝜀∞

=
∏

𝑗

𝜔2
LO,𝑗

𝜔2
TO,𝑗

, (1)

where 𝜀0 and 𝜀∞ are the static and optical dielectric constants, re-
spectively, and 𝜔LO,𝑗 and 𝜔TO,𝑗 are the longitudinal and transverse 
optical phonon frequencies, respectively [48,49]. In the absence of 
magnetodielectric coupling, the temperature dependence of 𝜀′ typically 
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follows the modified Barrett equation [49,50]: 

𝜀(𝑇 ) = 𝜀(0) + 𝐴

exp
(

ℏ𝜔0
𝑘𝐵𝑇

)

− 1
, (2)

where 𝐴 is a coupling constant, 𝜔0 is the mean frequency of the lowest-
lying optical phonon branch, and 𝜀(0) is the static dielectric constant at 
zero temperature. Fitting our data above 𝑇𝑁  yields 𝜀(0) = 10.07, 𝐴 =
0.39, and 𝜔0 = 93.4 cm−1, consistent with reported transverse optical 
(TO) phonon frequencies in CTMO [39,51]. Below 𝑇𝑁 , deviations from 
this behavior might indicate potential spin-phonon coupling.

3.2. Field dependence of magnetization and magnetocapacitance

Fig.  2 shows the magnetic field dependence of the magnetocapaci-
tance (𝛥𝐶) and magnetization (𝑀) at various temperatures for CTMO. 
In each panel, the magnetocapacitance data (𝛥𝐶) are displayed as solid 
lines with distinct colors, while the corresponding magnetization data 
(𝑀) are overlaid as line curves, with color-coding used to differentiate 
the data sets. As the magnetic field is swept from 0 kOe to ±60 kOe, two 
prominent features are evident in the magnetocapacitance response:

First, a pronounced dip in 𝛥𝐶 is observed, coinciding with the 
completion of the magnetization hysteresis loop. This feature reflects 
the alignment or reversal of magnetic domains in response to the 
applied magnetic field. This hysteresis could also result from mag-
netic anisotropies. The decrease in 𝛥𝐶 at this point underscores the 
strong coupling between the magnetic and dielectric properties in 
CTMO, where domain reconfigurations directly influence the dielectric 
constant.

Second, a distinct peak in 𝛥𝐶 follows the dip, corresponding to the 
metamagnetic transition. This transition is characterized by a rapid 
increase in 𝑀 , indicative of a field-induced phase transition from an 
antiferromagnetic-like state to a more ferromagnetic state. The ob-
served peak in 𝛥𝐶 reflects the dielectric response to this magnetic phase 
change. The position and magnitude of the peak vary with temperature, 
highlighting the thermal dependence of the metamagnetic transition. At 
higher fields, 𝛥𝐶 decreases, which can be attributed to the suppression 
of spin fluctuations as the system approaches magnetic saturation. 
The magnetocapacitance features are particularly pronounced at 𝑇 =
16 K and 𝑇 = 24 K, compared to 𝑇 = 6 K and 𝑇 = 11 K. At 
lower temperatures, reduced thermal fluctuations stabilize the mag-
netic phase, minimizing spin fluctuations. The presence of hysteresis 
in the magnetization at all temperatures reflects weak ferromagnetism 
due to spin canting within the system.

Fig.  3 presents the magnetic field dependence of the real part of the 
AC susceptibility (𝜒 ′) and the magnetocapacitance (𝐶) at two represen-
tative temperatures, 𝑇 = 11 K and 𝑇 = 22 K. At both temperatures, the 
peak in 𝜒 ′ coincides with a rapid change in 𝐶, signaling enhanced spin 
fluctuations during the metamagnetic transition. The increase in spin 
fluctuations at this field is reflected in the dielectric response, leading to 
a peak in 𝐶. At higher fields, where spin fluctuations are suppressed and 
the system approaches saturation, 𝐶 decreases. These results highlight 
the critical role of spin structure and spin fluctuations in governing the 
magnetoelectric response in CTMO.

3.3. Neutron diffraction

Neutron powder diffraction measurements were conducted to inves-
tigate the magnetic structures of CTMO under applied magnetic fields. 
Data were collected at 𝑇 = 2 K for two field conditions: 𝐻 = 0 kOe and 
𝐻 = 50 kOe. The diffraction patterns were refined using the FullProf 
Suite [40], and magnetic symmetry analysis was performed with the 
BASIREP program [41] within Bilbao Crystallographic Server [42]. The 
Rietveld refinement results and the corresponding magnetic structures 
are presented in Fig.  4.

The magnetic propagation vector (k) was determined using the 𝑘-
search functionality in FullProf. At 𝐻 = 0 kOe, the magnetic reflections 
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Fig. 3. Magnetic field dependence of the real part of the AC susceptibility (𝜒 ′) and 
the magnetocapacitance (𝐶) at (a) 𝑇 = 11 K and (b) 𝑇 = 22 K. The red and black lines 
correspond to 𝜒 ′ and 𝐶, respectively. The vertical dashed lines indicate the field at 
which a notable peak in 𝜒 ′ and a rapid change in 𝐶 occur, highlighting the influence 
of spin fluctuations on the dielectric response.

were indexed with k = (0, 0, 0.5), indicating antiferromagnetic modula-
tion along the 𝑐-axis. Under 𝐻 = 50 kOe, k changed to (0, 0, 0), cor-
responding to a commensurate magnetic structure with ferromagnetic 
alignment along the 𝑐-axis.

The parent crystal structure of CTMO belongs to the orthorhombic 
space group 𝑃 21212 (No. 18). For each magnetic propagation vector 
(𝐤), there are four maximal magnetic subgroups. The first two sub-
groups (𝑃𝑐212121, BNS setting No. 19.28) allow non-zero magnetic 
moments within the 𝑎𝑏-plane, while the latter two subgroups only 
permit magnetic moments aligned along the 𝑐-axis.

At 𝐻 = 0 kOe with 𝐤 = (0, 0, 0.5), the best fit was achieved with the 
second subgroup (BNS setting No. 19.28), yielding moment values: 
𝑚𝑎 = 0.59(4) 𝜇B, 𝑚𝑏 = 3.54(3) 𝜇B, 𝑚𝑐 = 0 𝜇B. (3)

Similarly, at 𝐻 = 50 kOe with 𝐤 = (0, 0, 0), the best fit was achieved 
with the first subgroup (BNS setting No. 19.28), yielding magnetic 
moments: 
𝑚𝑎 = 0.88(7) 𝜇B, 𝑚𝑏 = 2.15(5) 𝜇B, 𝑚𝑐 = 0 𝜇B. (4)

It is noteworthy that the total moment at 𝐻 = 50 kOe is less than 
at 𝐻 = 0 kOe. This discrepancy might be due to residual contributions 
from the antiferromagnetic phase (k = (0, 0, 0.5)) present at 𝐻 = 0 kOe, 
which was not included in the refinement. Additionally, the refinement 
assumes an isotropic 𝑔-factor of 2, although cobalt typically exhibits an 
anisotropic 𝑔-factor, which may influence the absolute moment values. 
Furthermore 𝐶𝑜2+ systems are known to exhibit in plane magnetic 
anisotropies that may also influence the absolute moment estimation.

The Rietveld refinement included three phases: (1) the structural 
phase CTMO, (2) an aluminum structural phase due to the sample 
can used during the neutron diffraction experiment, and (3) the mag-
netic phase. Less than 3% non-magnetic impurities of unknown origin, 
determined to be temperature-independent, were present in the sample.
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Fig. 4. Neutron diffraction spectra with Rietveld refinement at 𝑇 = 2 K for CoTeMoO6. The observed intensity (Iobs), the calculated intensity (Ical), the difference between these two 
quantities (Iobs−𝐼𝑐𝑎𝑙 ), and the nuclear Bragg peak positions are represented by red dots, a solid blue line, a solid green line, and black vertical dashes, respectively. The magnetic 
structure is derived through representational analysis and presented to the right of each spectrum. (a) Refined spectra at 𝐻 = 0 kOe with a determined propagation vector, 
𝐤 = (0, 0, 0.5). Agreement factors: Bragg R-factor = 8.85%, Magnetic R-factor = 15.59%, 𝜒2 = 7.87, 𝑅𝑤𝑝 = 12.1%, 𝑅𝑝 = 10.4%. (b) Refined spectra at 𝐻 = 50 kOe with a determined 
propagation vector, 𝐤 = (0, 0, 0). Agreement factors: Bragg R-factor = 10.09%, Magnetic R-factor = 20.69%, 𝜒2 = 9.4, 𝑅𝑤𝑝 = 14.2%, 𝑅𝑝 = 11.4%. (c) The magnetic structure at 
𝐻 = 0 kOe as viewed along the 𝑎-axis. (d) The magnetic structure at 𝐻 = 50 kOe as viewed along the 𝑎-axis. (e) The magnetic structure at 𝐻 = 0 kOe as viewed along the 𝑐-axis. 
(f) The magnetic structure at 𝐻 = 50 kOe as viewed along the 𝑐-axis.

Fig. 5. Relaxed and non-relaxed structures of CTMO, illustrating CoO6 octahedra distortions. The relaxed structure features axial Co–O bond lengths (A and D) of 2.067 Å and 
equatorial bond lengths (B and C) of 2.107 Å and 2.313 Å. These distortions induce anisotropic exchange interactions that stabilize the canted magnetic structure.

Journal of Magnetism and Magnetic Materials 622 (2025) 172963 
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3.4. Comparison of magnetic structure obtained using neutron diffraction 
and DFT calculations

To determine the magnetic ground state of CTMO at 0 kOe, density 
functional theory (DFT) calculations were conducted with and with-
out magnetic canting. These calculations assessed the energy required 
to induce canting and analyzed how this energy correlates with the 
experimental characterization temperature. Two scenarios were consid-
ered: the experimentally derived crystal structure and a fully relaxed 
structure without constraints. Our density functional theory (DFT) 
calculations indicate that the canted magnetic structure, stabilized by 
interlayer antiferromagnetic coupling, is strongly influenced by DM 
interactions and lattice local distortions. The structural distortions in-
volve an upward displacement of the central Co atom, resulting in slight 
changes to bond angles and bond lengths. Co–O bond lengths exhibit 
anisotropy: axial bonds (A and D) extend to 2.068 Å, while equatorial 
bonds (B and C) remain almost without changes. This broken local 
symmetry introduces anisotropic exchange interactions that stabilize 
the observed canted magnetic structure (see Fig.  5).

Table  1 compares the structural parameters, atomic positions, and 
magnetic moments for the experimental data, the calculated data using 
the experimental lattice, and the fully relaxed structure. Upon relax-
ation, the CTMO structure undergoes minor contraction, particularly 
along the 𝑐-axis, where it decreases by approximately 0.02 Å. These 
small changes coincide with slight rearrangements of Co atoms in the 
𝑧-direction. The 𝑎 and 𝑏 lattice parameters exhibit negligible variation, 
confirming the robustness of the computational methodology.

Neutron diffraction measurements revealed a canting angle of ap-
proximately 9.5°, which is corroborated by DFT calculations predicting 
8.64° for both the self-consistent and relaxed structures. The total mag-
netic moment, however, is slightly overestimated, which is consistent 
with the limitations of plane wave basis functions.

For the non-relaxed structure, the energy required to induce canting 
was 1.09 meV, corresponding to a temperature of approximately 14 
K. Upon structural relaxation, the needed energy increased slightly to 
1.22 meV (14.64 K). These results suggest that structural distortions 
elevate the energy necessary for canting and stabilize the canting angle, 
as observed in recent studies [52]. The canting in CTMO appears to be 
stabilized by structural distortions around Co atoms and antisymmetric 
exchange interactions, such as the Dzyaloshinskii–Moriya interaction 
(DMI), which emerges upon incorporating spin–orbit coupling (SOC) 
into the calculations.

The magnetic structure at 50 kOe was also analyzed, comparing 
configurations with moments confined only to the 𝑎𝑏 plane and those 
with a 𝑐-axis component. In both cases, 𝐤 = (0, 0, 0), indicating that 
the crystallographic and magnetic unit cells are identical. The solution 
with moments only in 𝑎𝑏 plane is energetically favored over the non 
coplanar solution by 0.83 meV, demonstrating that the inplane canting 
stabilizes ferromagnetic arrangement under magnetic fields due to 
intra-layer interactions. The DFT-calculated moments (𝑚𝑎 = 1.000 𝜇B, 
𝑚𝑏 = 2.627 𝜇B, 𝑚𝑐 = 0 𝜇B, resulting in 𝑀 = 2.81 𝜇B), with a canting 
angle of 20.84◦, are in close agreement with the experimental values 
obtained from neutron diffraction (𝑚𝑎 = 0.88(7) 𝜇B, 𝑚𝑏 = 2.15(5) 𝜇B, 
𝑚𝑐 = 0 𝜇B, resulting in 𝑀 = 2.32(5) 𝜇B), with a canting angle of 
22.2 ± 4.5◦.

4. Discussion

The observation of a canted magnetic structure with a small canting 
angle (𝜃 = (10 ± 4)◦) at 𝐻 = 0 highlights the significant role of 
the Dzyaloshinskii–Moriya (DM) interaction. This sizeable DM inter-
action originates from the chiral crystal structure and the modest 
spin–orbit coupling associated with Co2+ ions. Supporting this obser-
vation, our DFT calculations also predict a canted magnetic structure 
when spin–orbit coupling is included. The canting angle obtained from 
the experiment is slightly larger than previous experiments [37], likely 
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Table 1
Comparison of CoTeMoO6 structural parameters: Experimental vs. DFT-calculated values 
at 𝐻 = 0.
 Property Experimental Calculated Relaxed 
 𝑎 (Å) 5.24 5.24 5.24  
 𝑏 (Å) 5.06 5.06 5.06  
 𝑐 (Å) 17.61 17.61 17.59  
 𝑀 (𝜇B) 3.59 ± 0.03 2.81 2.81  
 Canting angle (°) 10 ± 4 8.64 8.64  
Note: Experimental values are determined at 2 K. Calculated and Relaxed values are 
obtained from DFT simulations. The relaxed structure slightly adjusts the 𝑐 parameter 
while preserving the experimental 𝑎 and 𝑏.

Fig. 6. Dependence of 𝛥𝜖 on 𝑀2 in CTMO. While the behavior at high fields shows 
a linear trend, the low-field variation is dominated by spin fluctuations. Moreover, the 
curves at different temperatures do not collapse onto a single universal line, indicating 
the presence of additional contributing factors.

due to uncertainties in the 𝑎-component of the magnetic moment and 
temperature-dependent effects.

At 𝐻 = 50 kOe, the canting angle increases to 𝜃 = (22.3 ± 3.8)◦, 
reflecting field-induced spin rotation within the ab plane. However, the 
antiferromagnetic arrangement along the 𝑐-axis at zero field changes 
to a ferromagnetic arrangement along the 𝑐-axis in the presence of 
a magnetic field. In both zero field and 𝐻 = 50 kOe, the magnetic 
moments remain confined within the ab plane, consistent with the 
quasi-2D nature of the system. This behavior can be attributed to the 
significantly larger nearest-neighbor distance along the 𝑐-axis (8.81 Å) 
compared to the ab plane (3.63 Å).

The strong correlation between the magnetocapacitance in CTMO 
and the magnetic ordering temperature, field-induced magnetic transi-
tions, and spin fluctuations indicates a spin-driven magnetodielectric 
(MD) effect. In CTMO, a system with a canted magnetic structure, 
this MD effect can arise from two plausible mechanisms: (a) spin-
phonon coupling mediated by magnetostriction and (b) 𝑝–𝑑 exchange 
interaction. These mechanisms are evaluated in detail below.

4.1. Spin–phonon coupling through magnetostriction

In the spin–phonon coupling framework, transverse optical phonon 
modes are renormalized as the system enters the magnetic phase or 
undergoes magnetic transitions induced by an external field. Variations 
in the dielectric constant relative to the Barrett equation (Fig.  6) 
and the fitted optical phonon frequency 𝜔0, which closely matches 
values reported in Raman scattering studies [39,51], along with earlier 
investigations [38], suggest the potential involvement of a spin-phonon 
coupling mechanism.
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Fig. 7. (a) Temperature dependence of DC magnetic susceptibility (𝜒dc) measured under zero-field-cooled (ZFC) and field-cooled cooling (FCC) protocols for MnTeMoO6 with an 
applied field of 1 kOe. (b) Isothermal magnetization (𝑀) vs. magnetic field (𝐻) at 2 K, 25 K, and 50 K, showing linear behavior with no hysteresis. (c) Real part of the dielectric 
constant (𝜖′) as a function of temperature at 50 kHz under zero magnetic field. (d) Rietveld refinement of neutron diffraction data for MnTeMoO6 at 2 K, showing observed (𝐼obs), 
calculated (𝐼cal), and difference (𝐼obs − 𝐼cal) patterns. Vertical ticks indicate Bragg reflection positions. Agreement factors: Bragg R-factor = 6.313%, Magnetic R-factor = 16.22%, 𝜒2

= 11.5, 𝑅𝑤𝑝 = 13.1%, 𝑅𝑝 = 12.5%. (e) and (f) Magnetic structure of MnTeMoO6 in the 𝑎𝑏-plane and 𝑏𝑐-plane, respectively, highlighting the collinear antiferromagnetic arrangement 
of Mn moments.
However, when analyzed within the Ginzburg–Landau free energy 
framework, where the dielectric constant variation is proportional to 
𝜕2𝐹∕𝜕𝑃 2 ∼ 𝑀2 [13–15,22], the evidence for spin-phonon coupling 
becomes inconclusive. As shown in Fig.  6, the dependence of 𝛥𝜖 on 𝑀2

exhibits distinct behaviors under different conditions. At low magnetic 
fields, the variation is dominated by spin fluctuations near the magnetic 
transition. Conversely, at high fields, a linear trend emerges. Despite 
these trends, the data across varying temperatures and fields fail to 
collapse onto a single universal curve, indicating that spin-phonon cou-
pling may not be the primary driver of the observed magnetodielectric 
(MD) effect [13–15,22].

Furthermore, temperature-dependent neutron diffraction measure-
ments reveal no significant anomalies in lattice parameters near 𝑇𝑁
(Appendix  C), suggesting that spin-phonon coupling is unlikely to 
be the dominant mechanism for the MD effect. Interestingly, crystal 
electric field levels calculated using the PyCrystalField software [53] 
reveal an energy level at approximately ∼13 meV, consistent with 
phonon frequencies observed in Raman scattering experiments. To fully 
elucidate the role of crystal electric field levels and phonons, further 
investigations involving high-resolution synchrotron X-ray diffraction, 
inelastic neutron scattering, and advanced crystal field calculations are 
essential.

4.2. 𝑝–𝑑 exchange interaction

The 𝑝–𝑑 exchange interaction originates from hybridization be-
tween Co 3𝑑 orbitals and O 2𝑝 orbitals within the CoO6 octahedra. 
This hybridization modifies the superexchange pathways and induces 
local polarization, even without macroscopic polarization. The local 
polarization induced by 𝑝–𝑑 hybridization is proportional to:
𝑃𝑝𝑑 ∝ (𝐒 ⋅ 𝐞)2𝐞,

where 𝐞 is the vector from the transition metal (TM) ion to the ligand 
(L) [11].

In CTMO with canted magnetic structure, 𝑝–𝑑 hybridization pro-
duces a net dipole moment along the 𝑐-axis, centered on the Co2+ ion 
and its six oxygen ligands. This mechanism is supported by analogies 
to other chiral magnets, such as Cu2OSeO3 [31–33], and polar magnets 
like Ba2M2Ge2O7 (M=Co, Cu) [34–36], where 𝑝–𝑑 hybridization drives 
magnetoelectric effects. The strong correlation between the magne-
tocapacitance and magnetic structure in CTMO further supports this 
mechanism.
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Fig. A.8. Temperature dependence of the inverse magnetic susceptibility (𝜒−1) for 
CTMO measured under two applied magnetic fields: (a) 20 kOe, and (b) 1 kOe. The black 
lines represent fits to the Curie–Weiss law. The deviation from Curie–Weiss behavior 
below 60K is attributed to quasi-two-dimensional magnetic interactions and lattice 
anisotropy.
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Table B.2
Maximal magnetic subgroups for 𝑃 21212 (No. 18) with 𝑘 = (0, 0, 1∕2), showing their respective settings and allowed 
magnetic moment components.
 N Magnetic Space Group (BNS) Setting Allowed magnetic moment components 
 1 𝑃𝑐212121 (#19.28) (𝑎, 𝑏, 2𝑐; 0, 0, 0) 𝑀𝑥 ,𝑀𝑦 (No 𝑀𝑧)  
 2 𝑃𝑐212121 (#19.28) (𝑎, 𝑏, 2𝑐; 1∕4, 0, 1∕2) 𝑀𝑥 ,𝑀𝑦 (No 𝑀𝑧)  
 3 𝑃𝑐21212 (#18.21) (𝑎, 𝑏, 2𝑐; 0, 0, 0) 𝑀𝑧 (No 𝑀𝑥 ,𝑀𝑦)  
 4 𝑃𝑐21212 (#18.21) (𝑎, 𝑏, 2𝑐; 0, 0, 1∕2) 𝑀𝑧 (No 𝑀𝑥 ,𝑀𝑦)  
Table B.3
Maximal magnetic subgroups for 𝑃 21212 (No. 18) with 𝑘 = (0, 0, 0), showing their respective settings and allowed 
magnetic moment components.
 N Magnetic Space Group (BNS) Setting Allowed magnetic moment components 
 1 𝑃 212′12

′ (#18.19) Parent setting 𝑀𝑥 ,𝑀𝑦 (No 𝑀𝑧)  
 2 𝑃 212′12

′ (#18.19) Alternative domain (-b, a, c) 𝑀𝑥 ,𝑀𝑦 (No 𝑀𝑧)  
 3 𝑃 2′1212 (#18.18) Parent setting 𝑀𝑧 (No 𝑀𝑥 ,𝑀𝑦)  
 4 𝑃 21212 (#18.16) Parent setting 𝑀𝑧 (No 𝑀𝑥 ,𝑀𝑦)  
Fig. C.9. (a) Contour plot of intensity as a function of temperature and d-spacing, with brighter colors indicating higher intensity. The red stars represent the position of magnetic 
peaks that disappear above 24 K. (b), (c), and (d) depict the temperature-dependent lattice parameters 𝑎, 𝑏, and 𝑐, respectively. The dashed vertical line marks the magnetic 
ordering temperature at 24 K. Error bars represent experimental uncertainties.
4.3. Comparison with MTMO

The isostructural MnTeMoO6 (MTMO) provides a useful comparison 
to CTMO. The results of magnetic, dielectric, and magnetic structure 
characterization for MTMO are presented in Fig.  7. MTMO exhibits 
no magnetodielectric (MD) coupling, as evidenced by its collinear 
antiferromagnetic order and the absence of dielectric anomalies near 
the magnetic transition temperature.

This lack of MD behavior might be attributed to the electronic con-
figuration of Mn2+ (3𝑑5), which lacks orbital angular momentum and 
consequently exhibits weaker spin–orbit coupling and Dzyaloshinskii–
Moriya (DM) interactions [54–57]. Furthermore, the more spherically 
symmetric crystal field environment of Mn2+ likely suppresses 𝑝–𝑑 hy-
bridization, thereby preventing the induction of local dipole moments.

5. Conclusion

CoTeMoO6 (CTMO) exhibits a quasi-2D magnetic structure with 
in-plane canted magnetic moments, alongside significant magnetodi-
electric (MD) behavior. Two plausible mechanisms drive this behavior: 
(a) spin–phonon coupling mediated by magnetostriction and (b) spin-
dependent 𝑝–𝑑 hybridization. The resemblance of CTMO behavior to 
other chiral and polar magnets suggests that 𝑝–𝑑 hybridization might 
be the primary mechanism, while spin-phonon coupling plays a sec-
ondary role, as transition metal oxides are known to possess multiple 
coupling pathways. Future studies focusing on high-resolution neutron 
scattering, synchrotron diffraction, and advanced computational mod-
eling are essential to disentangle these mechanisms and deepen our 
understanding of MD coupling in complex oxides.
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Appendix A. Magnetic susceptibility of CTMO

The magnetic susceptibility of CTMO deviates from Curie–Weiss 
behavior below 60K, likely due to the quasi-two-dimensional nature 
of the magnetic interactions and anisotropy between the 𝑎- and 𝑏-axes 
in the orthorhombic lattice structure (see Fig.  A.8).

Appendix B. Symmetry analysis of magnetic subgroups

This appendix presents the symmetry analysis for the maximal 
magnetic subgroups of the parent space group 𝑃21212 (No. 18) with 
the propagation vectors 𝑘 = (0, 0, 1∕2) and 𝑘 = (0, 0, 0). The allowed 
magnetic moment components for each subgroup are summarized in 
Tables  B.2 and B.3.

Magnetic subgroups for 𝑘 = (0, 0, 1∕2)

See Table  B.2.

Magnetic subgroups for 𝑘 = (0, 0, 0)

See Table  B.3.

Appendix C. Temperature-dependent lattice constants

This section presents a contour plot highlighting the temperature 
variation of structural and magnetic peaks, along with the temperature-
dependent lattice constants of CTMO. The temperature-dependent neu-
tron diffraction measurements were performed using the POWGEN 
instrument at the Spallation Neutron Source (SNS). Additionally, the 
lattice parameters at 2 K were obtained from the HB2A powder diffrac-
tometer (see Fig.  C.9).

Data availability

Data will be made available on request.
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