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Magnetic anisotropy and exchange paths for octahedrally and tetrahedrally coordinated Mn2+ ions
in the honeycomb multiferroic Mn2Mo3O8
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We investigated the static and dynamic magnetic properties of the polar ferrimagnet Mn2Mo3O8 in three
magnetically ordered phases via magnetization, magnetic torque, and THz absorption spectroscopy measure-
ments. The observed magnetic field dependence of the spin-wave resonances, including Brillouin zone-center
and zone-boundary excitations, magnetization, and torque, are well described by an extended two-sublattice
antiferromagnetic classical mean-field model. In this orbitally quenched system, the competing weak easy-plane
and easy-axis single-ion anisotropies of the two crystallographic sites are determined from the model and
assigned to the tetrahedral and octahedral sites, respectively, by ab initio calculations.
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I. INTRODUCTION

Static magnetoelectric (ME) coupling, namely the potential
to electrically manipulate magnetic states and magnetically
control electric polarization, has opened a new path for data
storage [1–10]. At finite frequencies, the same cross cou-
pling leads to fascinating optical phenomena [11], such as
one-way transparency [12–20], and reciprocal [13] and nonre-
ciprocal [21,22] optical rotation. Since these ME phenomena
only emerge in systems simultaneously lacking time-reversal
and spatial inversion symmetries, they have been realized in
magnetically ordered phases with broken inversion symmetry
[12–15,17–22], and in the paramagnetic phase of noncen-
trosymmetric compounds when a magnetic field was applied
[23–26].

In most compounds [27–30], the ME coupling arises from
the spin-orbit interaction, thus, the strength of the ME cou-
pling is strongly limited by its relativistic origin. However,
in magnetically ordered noncentrosymmetric crystals, the
symmetric exchange striction [31] provides an alternative
mechanism to generate ME coupling, which exists even for
spin-only ions with a half-filled d shell. Depending on the
relative orientation of magnetic moments on crystallographic
sites connected by an exchange path, the magnetic order
can further be stabilized by distorting the bond and by that
modifying the strength of the exchange coupling. This dis-
tortion, driven by the magnetic order, also produces electric
polarization in noncentrosymmetric crystals, realizing the ME
coupling. To create a ME monodomain state with magneti-
cally induced macroscopic polarization, either an electric field
is applied [32], or pyroelectric polarization is necessary, when

cooling the system below the magnetic ordering temperature
[33]. The latter condition is literally fulfilled in type-I multi-
ferroics [34], where the onset of magnetic order takes place
within a preexisting polar state.

The members of the polar hexagonal (space group P63mc)
M2Mo3O8 crystal family, where M stands for transition metal
ions, are ideal candidates for strong, exchange-striction-based
ME effects [33]. The honeycomb ab-plane layers of M mag-
netic moments are separated by the Mo4+ layers (see Fig. 1),
which are nonmagnetic in these compounds due to the forma-
tion of Mo3O13 trimer singlets [35]. Half of the M ions are in
an octahedral and half in a tetrahedral oxygen environment,
as presented in Fig. 1. Due to a delicate balance of competing
superexchange paths, the magnetic ordering of octahedrally
and tetrahedrally coordinated magnetic moments in different
layers can lead to various types of spin structures in this
material class, such as collinear easy-axis antiferromagnetic
[36], ferrimagnetic [37], and spin-flopped plane [33] ordered
states. These states can also be transformed into each other by
an external magnetic field [33,38,39].

At low temperatures, Fe2Mo3O8 presents the largest mag-
netically switchable electric polarization among single-phase
multiferroic crystals [33,38]. The ME susceptibility can be
tuned by diluting Fe by Mn [39] or nonmagnetic Zn [38].
The spin excitations of these compounds, that are classified
as magnons and electromagnons [40], show one-way trans-
parency in the paramagnetic phase [23] and nonreciprocal
optical rotation [22]. However, the microscopic description
of the sequence of magnetic phases and the spin-wave reso-
nances in this material family is still an open problem.
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FIG. 1. Crystal and magnetic structure of Mn2Mo3O8. Red oc-
tahedra and purple tetrahedra show the oxygen coordination of Mn
atoms, while green spheres represent the Mo atoms. The zero-field
ferrimagnetic spin configuration is indicated by orange and blue
vectors, and relevant antiferromagnetic exchange paths are shown by
gray arrows.

Mn2Mo3O8 offers the perfect starting point to understand
the magnetic properties of the M2Mo3O8 compounds. The
half-filled 3d shells of Mn2+ ions with S = 5/2 spin and an
L = 0 orbital moment allow magnetic single-ion anisotropies
only via higher-order interactions [41]. Thus, the resulting
magnetic single-ion anisotropies of the tetrahedral and oc-
tahedral sites are expected to be weak. Mn2Mo3O8 has an
easy-axis-type ferrimagnetic ground state below TN = 41 K
where the spins of the octahedral and tetrahedral sites are
aligned antiparallel along the hexagonal axis of the crystal
[37], as shown in Fig. 1. Although the magnetic moments
of the two crystallographic sites compensate each other when
approaching the lowest temperature, the spontaneous magne-
tization is finite at higher temperatures, indicating the different
temperature dependences of the ordered moments at the two
sites [37,42]. At low temperatures, the magnetization re-
mains zero in magnetic fields along the hexagonal axis up to
μ0HC1 = 4 T, above which it starts to smoothly increase [39],
showing an evident sign of a spin-reorientation transition.

In order to gain deeper insight into the microscopic mech-
anisms governing the magnetic behavior of Mn2Mo3O8, we
followed the magnetic field dependence of spin-wave reso-
nances through three magnetic phases. The field dependences
of the resonance frequencies and the bulk magnetization were
successfully described by a simple microscopic model, which
can serve as a starting point to understand other systems of
the M2Mo3O8 crystal family. The key results of the mean-field
analysis are also supported by our first-principles calculations.

II. METHODS

Mn2Mo3O8 single crystals were grown by the chemi-
cal transport reaction method using anhydrous TeCl4 as a

transport agent. Platelike crystals with the dimension of about
2–3 mm in the ab plane and 0.5–1 mm along the c axis
were obtained after 1-month transport at 1000 ◦C with a
temperature difference of 50 ◦C. The magnetization mea-
surements were performed using a superconducting quantum
interference device (SQUID) magnetometer [magnetic prop-
erties measurement system (MPMS-5), Quantum Design] in
fields up to μ0H = 5 T and a vibrating sample magnetome-
ter in fields up to μ0H = 14 T using a physical properties
measurement system (PPMS, Quantum Design). The torque
magnetometry was also performed in a PPMS with magnetic
fields of up to 9 T.

Optical transmission experiments between 60 and 180 GHz
were carried out using quasioptical terahertz spectroscopy
[43]. This technique utilizes linearly polarized monochro-
matic radiation provided by backward-wave oscillators. A
liquid He-cooled bolometer was used as a detector of the
transmitted radiation. The sample was in a He-cooled cryostat
and the experiments were performed at T = 3 K temperature.
The magnetic field was parallel to the propagation direction
of the light beam (Faraday configuration). In order to increase
the sensitivity of the absorption measurement in the frequency
range where the sample dimensions (∼1 mm) are less than
the wavelength of light (λ ≈ 3 mm), the experiments were
performed in the fixed frequency mode while sweeping the
magnetic field in the μ0H = 0–7 T range.

Fourier-transform spectroscopy was used to study the op-
tical absorption between 120 and 6000 GHz with 8 GHz
resolution. The magnetic field dependence of the spectra in
magnetic fields up to μ0H = 17 T was investigated using the
TeslaFIR setup of the National Institute of Chemical Physics
and Biophysics in Tallinn [17,44]. This setup consists of a
Martin-Puplett interferometer, a mercury arc lamp as a light
source, and a Si bolometer cooled down to 300 mK as a light
intensity detector. The transmission spectra at T = 3 K were
measured in both the Faraday and Voigt configuration, i.e.,
in magnetic fields parallel and perpendicular to the direction
of light propagation, respectively, using a linearly polarized
incoming beam and unpolarized detection.

Magnetic anisotropy was estimated by density-functional
theory (DFT) band-structure calculations performed in the
VASP package [45,46] for the experimental crystal structure
at 1.7 K [47] using the generalized gradient approximation
for the exchange-correlation potential [48]. Correlation effects
in the Mn 3d shell were included on the mean field via the
DFT+U correction with the Coulomb repulsion parameter
U = 5 eV and Hund’s exchange J = 1 eV [49]. Single-ion
anisotropy for individual Mn sites was calculated from the to-
tal energies of orthogonal spin configurations as described in
Ref. [50]. The g-factor values were estimated from calculated
orbital moments.

III. RESULTS

The magnetic field dependence of the magnetization of
Mn2Mo3O8 at T = 2 K is presented in Fig. 2. While for
magnetic fields perpendicular to the hexagonal c axis the
magnetization is linear up to 14 T, for H ‖ c the magnetization
remains close to zero up to the spin-reorientation transition
starting at μ0HC1 = 4 T. In the field range between μ0HC1 and
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(a)

(b)

(c)

FIG. 2. Magnetic field dependence of the magnetization of
Mn2Mo3O8 at T = 2 K. The magnetic field is (a) perpendicular and
(b), (c) parallel to the c axis. In all panels the red solid line corre-
sponds to the experiment, while the blue dashed line corresponds
to the model calculation. The orange and blue arrows illustrate the
magnetic moments of the two sublattices in different magnetic fields
pointing horizontally/vertically for (a) and (b), respectively. The
experimental curve of the H ⊥ c case is repeated in (b) as a black
dotted line for comparison. The inset in (b) magnifies the low-field
part of the experimental magnetization curve, using the same units
as the main axes. Here, the black arrows indicate the direction of the
magnetic field sweep. (c) shows the calculated angle θM enclosed by
the magnetization and the magnetic field.

μ0HC2 = 6 T the magnetization smoothly increases, asymp-
totically reaching the linear susceptibility of the H ⊥ c case.
To complement the magnetization curve presented for a lim-
ited magnetic field range in Ref. [39], the results shown for a
broader magnetic field range in Fig. 2(b) clearly indicate the
isotropy of the magnetic susceptibility in fields above HC2.

The zero magnetization up to HC1 for fields along the
c axis and the constant susceptibility for the perpendicular
direction are characteristic of easy-axis antiferromagnets. The
relatively low values of the critical fields along the c axis
and the identical susceptibility for H ‖ c and H ⊥ c in fields
above HC2 indicate a nearly isotropic spin system. The smooth
increase of the magnetization between HC1 and HC2 is a hall-
mark of competing magnetic anisotropies [51]. In this field

(a) (b)

FIG. 3. Magnetic field dependence of the magnetic torque in
Mn2Mo3O8 at T = 2 K. (a) Experiment and (b) model calculation.
The angle included between the c axis and the magnetic field is
denoted by ϑ , where the ± signs represent the directions towards
the ±a axes.

region, the magnetization is not parallel to the external field,
as shown by the model calculations of the enclosed angle
θM in Fig. 2(c) and also evident from the magnetic torque
measurements in Fig. 3(a). Namely, torque (τ) is produced
as the cross product of magnetization (M) and magnetic field,
τ = μ0M × H. When the field is along the c axis, the system
is unstable since the direction of the magnetization component
perpendicular to the field has no preferred orientation in the ab
plane. If the field is rotated by a small ϑ angle towards the a
axis, either clockwise or anticlockwise, a characteristic peak
in the magnetic field dependence of the magnetic torque in the
HC1 < H < HC2 field region appears. The small hysteresis,
only observed for some angles such as ϑ ≈ +1◦, and the
sign change of the ϑ ≈ 0◦ curve are probably due to the
slight mechanical instability of the setup. The approximately
saturated torque in high fields is due to the compensation of
the decreasing angle θM [Fig. 2(c)] by the increasing magne-
tization amplitude [Fig. 2(b)] in increasing field.

To explore the magnetization dynamics in Mn2Mo3O8,
we studied the magnetic field dependence of the magnetic
resonances using THz absorption spectroscopy at low tem-
peratures (T = 3 K). The lowest-frequency resonances (ν <

150 GHz), which are not accessible by far-infrared spec-
troscopy, were investigated by the use of backward-wave
oscillators. Although the absorption line shapes were distorted
by diffraction on the edges of the sample, and by interference
effects, as seen in the inset of Fig. 4(a), the resonance frequen-
cies and selection rules could be determined with reasonable
accuracy.

Typical absorption spectra, presented in Fig. 4(a), con-
tain a strong absorption band between 1400 and 2200 GHz
and additional weaker absorption peaks. We performed a
polarization-dependent study in order to clarify the selection
rules of the modes. While in the low-frequency region (ν <

500 GHz) the modes are sensitive to the magnetic component
of light (details shown in Fig. 5 and discussed later), the high-
frequency modes, ν > 1200 GHz, are electric dipole active
and they can be excited by an oscillating electric field perpen-
dicular to the c axis. In the following, we focus on the field
dependence of the weak resonance modes associated with
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(a) (b)

FIG. 4. Magnetic field dependence of the magnetic absorption in Mn2Mo3O8 at T = 3 K. The magnetic field is (a) parallel or (b) perpen-
dicular to the hexagonal c axis. In both panels, the absorption spectra are vertically shifted in proportion to the magnetic field. The spectra show
the absorption coefficient relative to the paramagnetic phase. Weak resonance modes are marked by light-gray lines which are guides to the eye.
The frequency region 550 GHz < ν < 1150 GHz between the breakpoints of the horizontal axis is featureless. (a) Magnetic-field-dependent
absorption at fixed low frequencies is shown by vertical red lines, where the baseline is shifted horizontally in proportion to the frequency.
The scale of the absorption coefficient for spectra and magnetic field sweeps is indicated by blue/red arrows in (a), respectively. The inset
shows a magnified view of the magnetic-field-dependent absorption at fixed frequencies. In (b), absorption for two perpendicular polarizations
is shown in orange (eν , hν ⊥ c, hν ||H) and purple (eν , hν ⊥ H, eν ||c), where eν and hν stand for the electric and magnetic component of
light, respectively. In both panels, schematic figures illustrate the measurement geometry, where the hexagonal plate shows the ab plane of the
crystal.

magnon excitations and leave the strong absorption band be-
tween 1400 GHz < ν < 2200 GHz to later studies. Moreover,
temperature-dependent measurements show that this broad
excitation is not restricted to the magnetically ordered state,
though it shows some field and temperature dependence.

In zero magnetic field, we observed three resonance
branches, ν1, ν2, and ν3, as presented in the mode map of
Fig. 5(a). While the lower-frequency modes ν1 and ν2 are
magnetic dipole active, the high-frequency ν3 shows electric
dipole activity along the c axis. Starting from zero magnetic
field, in increasing fields parallel to the easy axis [H ‖ c,
Fig. 5(a)], ν1 and ν3 shift towards lower frequencies, while
ν2 moves to higher frequencies. Within the experimental pre-
cision, in all three cases the slope of the shift corresponds to
the free electron spin g-factor of ge = 2 [52]. In finite fields, ν1

and ν2 are excited by an oscillating magnetic field hν , perpen-
dicular to the static one, hν ⊥ H. Between μ0HC1 = 4 T and
μ0HC2 = 6 T, the slopes of the resonances ν2 and ν3 change
sign and one can observe an additional electric dipole active
mode, ν4, with a positive slope at high frequencies. Above
HC2, the ν2 mode shifts towards higher frequencies again, with
a slope corresponding to ge, while the frequencies ν3 and ν4

remain roughly constant in increasing fields. In this phase
a new electric dipole active mode, ν5, with an almost field-
independent frequency appears. The fact that the g-factors of
the modes are identical further supports the nearly isotropic
nature of the spin system.

Considering the smooth increase of the magnetization in
the HC1 < H < HC2 phase transition region [Fig. 2(b)], with-
out hysteresis, the phase transition can be categorized as of
second order. This classification is further supported by the
torque curves [Fig. 3(a), green and red] being also free of
hysteresis. Moreover, by fitting the linear field dependence of
the ν1 resonance frequency, one can conclude that it softens
to zero frequency at the HC1 critical field, characteristic for
second-order transitions.

In magnetic fields perpendicular to c [see Fig. 4(b)], ν1

is active for hν ‖ H and its frequency shows almost no field
dependence. In contrast, ν2 is excited by hν ⊥ H and shifts
towards higher frequencies with increasing field, with the
slope corresponding to ge. We could not observe the weak ν4

resonance in the H ⊥ c geometry, while ν3 and ν5 are active
for oscillating electric fields, eν ⊥ c, and their frequency is
independent of the magnetic field.
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FIG. 5. Magnetic field dependence of the magnetic resonance frequencies of Mn2Mo3O8 at T = 3 K as seen by far-infrared and microwave
optical transmission spectroscopy. The magnetic field is (a) parallel or (b) perpendicular to the crystallographic c axis. In both panels black
spheres correspond to the experimental values, while blue lines to the model calculation result. Resonance modes predicted by theory but not
active in the optical experiments are shown in light blue. Observed optical selection rules are indicated next to the corresponding excitation
branches.

Next, we turn to the modeling of the spin system. The
magnetization and the spin resonances of Mn2Mo3O8 are con-
sistent with a relatively simple, two-sublattice ferrimagnetic
model, which we discuss in the following. The two sublat-
tices interact antiferromagnetically and experience different
weak single-ion magnetic anisotropies that can be attributed
to the octahedral/tetrahedral environments, respectively. The
g-factors at the two crystallographic sites can also be different.
The corresponding Hamiltonian in the mean-field approach is

H = JS1S2 + �1
(
Sc

1

)2 + �2
(
Sc

2

)2

−μBμ0H(g1S1 + g2S2), (1)

where S1 and S2 are the three-dimensional vectors of S =
5/2 lengths representing the magnetic moments of the two
sublattices. In the Hamiltonian the dominant energy scale is
given by the antiferromagnetic coupling J , while the �1 and
�2 single-ion c-axis anisotropies define the zero-field spin
orientation. In the Zeeman term μB is the Bohr magneton, g1

and g2 are the g-factors of the two sublattices, and μ0 denotes
the permeability of vacuum.

The ground state at a given external field value can be
determined by minimizing the energy given in Eq. (1). The
easy-axis collinear state is realized in zero field if �1 + �2 <

0. To reproduce the smooth increase of magnetization in the
H ‖ c, HC1 < H < HC2 case, �1 and �2 have to have opposite
signs [51]. In this field range the magnetic moments of the
two sublattices continuously rotate to become almost perpen-
dicular to the increasing magnetic field. Since �1 and �2

are different, the magnetization is not parallel to the applied
field, as clear from Fig. 2(c), which explains the peak of
the magnetic torque in the HC1 < H < HC2 field range, as
presented in Fig. 3.

Within the model described by Eq. (1) the isotropic high-
field (H > HC2) differential susceptibility is

χ = (g1 + g2)2

4J − 2(�1 + �2)
, (2)

if the second-order terms in the difference of the two sublat-
tices, ∼(�1 − �2)2 and ∼(g1 − g2)2, are neglected. From the
lowest zero-field resonance frequencies, ν1 and ν2, the model
parameters J , �1, and �2 can be determined, according to

ν1,2 = [√−2J (�1 + �2) + (�1 + �2)2 ± (�1 − �2)
]
S.

(3)

The slopes of ν1 and ν2 in H ‖ c, H < HC1 correspond to the
g-factors g1 ≈ g2 ≈ 2. The zero-field remanent magnetization
at T = 2 K after a H ‖ c field treatment, M0 = 0.0025μB/f.u.
as found in Ref. [39] and in our experiments shown in the
inset of Fig. 2(b), is a consequence of the different g-factors
of the two sublattices, thus M0 = (g1 − g2)S, since sublattice
1 with the slightly larger g-factor aligns along the field, while
sublattice 2 turns opposite to it.

From the considerations above, the field dependence of the
magnetization, the torque, and the magnon modes can all be
well reproduced by the following parameter set: J = 3 meV,
�1 = −0.015 meV, �2 = 0.006 meV, g1 = 2.001, and g2 =
2. Using these parameters, we numerically found the min-
imum of the energy in Eq. (1) at various magnetic fields.
The calculated magnetization of the ground state is presented
in Figs. 2(a) and 2(b) by blue lines, while Fig. 3(b) shows
the calculated magnetic torque, both in good correspondence
with the experiments. However, the lower critical field HC1

is slightly overestimated by the model. Since the width of
the peak in the field dependence of the torque is proportional
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to the HC1 field [53], the model results in a broader peak in
Fig. 3(b) than the experiments [Fig. 3(a)].

The model parameters are independently confirmed by ab
initio calculations that return J = 2.7 meV, g1 = g2 = 2.002,
�1 = −0.0015 meV, and �2 = 0.001 meV, where easy-axis
(�1 < 0) and easy-plane (�2 > 0) anisotropies are obtained
at the octahedral and tetrahedral sites, respectively. The abso-
lute values of �1 and �2 are underestimated, though, which
may be due to the systematic error of DFT. Nevertheless, with
the help of DFT one can identify the sublattices 1 and 2 with
the octahedrally and tetrahedrally coordinated Mn sites.

The magnetic resonances were determined by calculating
the response to small perturbations in the ground state, as
described in detail in Refs. [54,55]. The results are shown
in Figs. 5(a) and 5(b). The two ferrimagnetically ordered
classical spins have two �-point (zero momentum) magnon
excitations, which correspond to ν1 and ν2. For H ‖ c, these
two modes are excited by circularly polarized light of opposite
helicity propagating along the direction of the magnetic field,
thus in the linearly polarized optical experiments they are visi-
ble in the hν ⊥ H geometry. On the other hand, for sufficiently
high magnetic field H ⊥ c, the ν1 excitation corresponds to
the quasiantiferromagnetic while ν2 to the quasiferromagnetic
resonance, namely, ν1 and ν2 correspond to the precession of
L = S1 − S2 and M = S1 + S2, respectively. Accordingly, the
selection rules are hν ‖ H for ν1 and hν ⊥ H for ν2, both as in
the experiments and in the model.

The electric dipole active high-frequency (1200 GHz < ν)
modes ν3, ν4, and ν5 can be interpreted as Brillouin zone-edge
magnons of the simplified model system with two spins in the
unit cell. However, these resonances correspond to �-point
excitations if we consider that the crystallographic unit cell
contains four Mn sites, as shown in Fig. 1. With the assump-
tion of a four-spin magnetic unit cell, one can extend the
model in Eq. (1) to distinguish between first-neighbor anti-
ferromagnetic interactions of octahedrally and tetrahedrally
coordinated spins within the ab plane, J1, and between ad-
jacent ab planes, J2. To numerically reproduce the zero-field
splitting of the ν4 and ν5 resonances, we also consider a weak
antiferromagnetic J3 coupling between tetrahedrally coordi-
nated spins of neighboring ab planes, as presented in Fig. 1. To
ensure the compatibility with the previous results of Eq. (1),
J = 3J1 + 2J2 has to hold, where the integers correspond to
the coordination numbers. In this context, ν3, ν4, and ν5 can be
viewed as excitations with π phase shifts between the equiv-
alently coordinated spins of adjacent ab planes. For ν3 the
crystallographically equivalent spins oscillate in phase within
a single ab plane, while for ν4 and ν5 four of their closest
neighbors have opposite, and two of them the same phase,
as illustrated in Fig. 6. Within this extended model, using
J1 = 0.8 meV, J2 = 0.31 meV, and J3 = 0.005 meV values,
the magnetic field dependence of the ν3, ν4, and ν5 resonances
is reproduced both in the H ‖ c and H ⊥ c geometries, as
presented in Figs. 5(a) and 5(b). To explain their eν ⊥ c op-
tical selection rule, one has to consider a model including
spin-polarization coupling where the electric dipole moment
of these resonances can be calculated, which is out of the
scope of the present study.

In conclusion, the low-temperature static magnetic prop-
erties and spin excitations of Mn2Mo3O8 were investigated

FIG. 6. Magnetic resonance modes of Mn2Mo3O8. Orange and
blue vectors, corresponding to the octahedrally and tetrahedrally
coordinated Mn spins, show snapshots of each excitation mode in
the H < HC1 magnetic field along the positive c axis. The traces
of the tips of all spins describe the circles in the ab plane of the
crystal. The relative amplitudes are indicated by the size of the
curved arrows. The mode corresponding to the faint cartoon was not
observed in the experiments.

by various experimental techniques. The observed magnetic
field dependences of the magnetization, torque, and spin-wave
resonance frequencies are reproduced by a mean-field model.
The magnetic exchange and g-factor parameters of the model
were determined by fitting the rich experimental data set,
and are also supported by first-principles calculations. The
quantitative explanation of the various magnetic resonances of
Mn2Mo3O8 can serve as a starting point to the understanding
of the more complicated excitations of other compounds in
the M2Mo3O8 family [22,39].
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