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Ferro-/ferri- and antiferromagnetically ordered phases are typically exclusive in nature, thus, their coexistence
in atomic-scale proximity is expected only in heterostructures. Breaking this paradigm and broadening the range
of unconventional magnetic states, we report here on the observation of a new, atomic-scale hybrid spin state.
This ordering is stabilized in three-dimensional crystals of the polar antiferromagnet Co2Mo3O8 by magnetic
fields applied perpendicular to the Co honeycomb layers and possesses a spontaneous in-plane ferromagnetic
moment. Our microscopic spin model, capturing the observed field dependence of the longitudinal and transverse
magnetization as well as the magnetoelectric/elastic properties, reveals that this novel spin state is composed of
an alternating stacking of antiferromagnetic and ferrimagnetic honeycomb layers. The strong intralayer and
the weak interlayer exchange couplings together with competing anisotropies at octahedral and tetrahedral Co
sites are identified as the key ingredients to stabilize antiferromagnetic and ferrimagnetic layers in such close
proximity. We show that the proper balance of magnetic interactions can extend the stability range of this hybrid
phase down to zero magnetic field. The possibility to realize a layer-by-layer stacking of such distinct spin orders
via suitable combinations of microscopic interactions opens a new dimension toward the nanoscale engineering
of magnetic states.

DOI: 10.1103/PhysRevB.111.184404

I. INTRODUCTION

Exploring new magnetic phases with peculiar spin orders
that can lead to unique material functionalities is a funda-
mental goal of spintronics [1–3]. While a great fraction of
the spintronic devices is still based on ferromagnets and their
intefaces/heterostructures with heavy metals [4–6], antiferro-
magnets progressively gain ground in such applications, as
witnessed by the exponential growing field of antiferromag-
netic (AFM) spintronics [1,7,8]. Although ferromagnetism
and antiferromagnetism are two mutually exclusive phases,
the possibility to combine their best qualities triggered
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extensive research, leading to the realization of bilayers and
heterostructures featuring a large exchange bias [9,10]. These
artificial structures are typically composed of thin films of
soft ferromagnets deposited on an AFM layer. Since the
magnetization of the ferromagnetic layer is often unstable,
being susceptible even to weak fluctuations of magnetic field
and/or spin current, the exchange coupling to the anisotropic
antiferromagnet is required to make the ferromagnetic (FM)
state more robust for reliable device applications [5,11]. In
fact, the exchange-bias effect is essential for current and fu-
ture spin valve and magnetoresistive random-access memory
technologies [12–16].

In addition to metallic ferro- and antiferromagnets, re-
cently magnetic insulators have also been considered as active
elements in spintronic applications [17–22]. Their main po-
tential advantage, as compared to the metallic systems, is that
their operation is based on electric-field control and not on
current control, thus heat dissipation is considerably reduced.
Furthermore, as opposed to metals, they are characterized
by short-range magnetic interactions, i.e., lack the non-
local Ruderman-Kittel-Kasuya-Yosida interactions [23,24].
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TABLE I. Comparison of exchange constants between neighbor-
ing Co sites (Jintra within an ab plane and Jinter between adjacent ab
planes, respectively) and single-ion anisotropies (KO for the octahe-
drally coordinated and KT for the tetrahedrally coordinated Co sites,
respectively) as determined by three different approaches: Quan-
tum Monte Carlo simulation of temperature-dependent susceptibility,
ab initio calculations (DFT), and mean-field spin model. All values
are in Kelvin units.

Jintra Jinter KO KT

Monte Carlo 14 −1.4 14 −1.4
DFT 18 −2.2 7.7 2.3
Mean field 12 −1.5 26.8 −1.73

Short-range interactions in insulating crystals could, in prin-
ciple, lead to the realization of distinct magnetic orders even
in atomic-scale proximity. This concept naturally requires
materials that are composed of structural subunits, where the
exchange interactions within these subunits are considerably
stronger than between them.

As a proof of principle, we demonstrate the coexistence
of antiferromagnetism and ferrimagnetism in adjacent honey-
comb layers of Co2Mo3O8. While this compound features a
strict hierarchy of intra- and interlayer exchange interactions,
covalent and ionic chemical bondings between the neigh-
boring layers are still preserved, distinguishing this system
from van-der-Waals magnets and heterostructures [25]. This
unconventional hybrid phase emerges in external magnetic
fields applied perpendicular to the layers as an intermediate
state between the low-field easy-axis collinear AFM state
and the high-field spin-flop phase. The latter two represent
conventional magnetic phases with the same types of spin
patterns in each honeycomb layer. As a further peculiar as-
pect of this intermediate phase, the ferromagnetic moment
emerging at every second layer has a transverse component,
which can even exceed the component parallel to the field.
We show that competing magnetic anisotropies of chemically
different Co sites are indispensable for the layer-by-layer
alternation of the magnetic state, in addition to the weak
interlayer coupling. In a simplistic spin model, we specify
the general microscopic conditions, i.e., the ratio of ex-
change couplings and anisotropies, required to stabilize this
hybrid phase.

Ternary transition-metal molybdenum oxides, M2Mo3O8

with M = Mn, Fe, Co, and Ni, crystallize in a hexagonal
polar structure (space group P63mc) [26]. Their structure is
a stack of honeycomb layers of magnetic M2+ ions along
the c axis, where adjacent M sites have tetrahedral and oc-
tahedral coordinations in an alternating fashion both within
the honeycomb layers and along the c axis [27], as shown
in Fig. 1. These materials exhibit fascinating phenomena,
such as axion-type electrodynamics [28], optical diode effect
both at cryogenic [29] and at high temperature [30], vibronic
excitations [31], doping induced ferrimagnetism [32], magne-
tization reversal through an antiferromagnetic state [33], and
precursor short-range magnetic order within the honeycomb
layers [34]. Furthermore, these compounds were predicted
to have topological spin-wave excitations [35]. According

(a)

(b)

intra

inter

inter-OO

inter-OT inter-TT

FIG. 1. Crystal structure of Co2Mo3O8. (a) Co sites (blue
spheres) and O positions (red spheres) in the ab plane and (b) in
the ac plane including the spin pattern of the collinear AFM ground
state [40]. Interspacer Mo ions are omitted. Jintra stands for the
intralayer interaction between the octahedral and tetrahedral sites
in the same honeycomb layer, while Jinter-OO, Jinter-TT, and Jinter-OT

are interplane interactions between octahedral sites, tetrahedral sites,
and octahedral-to-tetrahedral sites, respectively. Jinter is an effective
interlayer coupling along the c axis, capturing the effect of the three
interlayer exchange paths in a simplified scheme. Values of the
magnetic interactions are listed up in Table I.

to their symmetry they are candidates to host Néel-type
skyrmion lattices [36], in case ferro- or ferrimagnetic or-
der can be stabilized, like in Mn2Mo3O8 [37] and Zn-doped
Fe2Mo3O8 [32].

These compounds undergo an AFM transition at temper-
atures between TN = 6 and 60 K [27,32,35,37–39]. Not only
TN but also the spin pattern in the ground state shows a strong
variation with the transition metal ion. Without an external
magnetic field, Co2Mo3O8 and Fe2Mo3O8 share a common
easy-axis collinear AFM structure [40,41], as depicted in
Fig. 1, where adjacent spins are arranged antiferromagneti-
cally in the honeycomb layers and form ferromagnetic chains
along the c axis. This is a fully compensated AFM state,
though in Fe2Mo3O8 the individual honeycomb layers may
possess a finite magnetization due to slightly different mag-
netic moments of the tetra- and octahedral Fe sites [38,40].
In contrast, the net magnetization of all layers point along
the same direction in Mn2Mo3O8, forming an easy-axis fer-
rimagnet [39]. This ferrimagnetic phase can be induced by
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nonmagnetic Zn doping of Fe2Mo3O8 [38], while the anti-
ferromagnetic phase is robust up to high doping levels in
Co2Mo3O8 [42]. In Ni2Mo3O8, a more complicated zigzag
AFM order has been reported [35]. Such versatility of ground-
state spin patterns, realized in the same crystal structure,
implies a complex network of exchange paths and significant
dependence of magnetic interactions on the orbital occu-
pation, spin-orbit effects, and spin-lattice coupling. As we
demonstrate later, among these crystals Co2Mo3O8 has the
specific combination of anisotropies and exchange couplings,
allowing the coexistence of antiferromagnetism and ferrimag-
netism in the alternating crystallographic layers.

The magnetization and magnetoelectric polarization of
Co2Mo3O8 have recently been investigated up to high mag-
netic fields [43], where two consecutive phase transitions
were discovered. Despite their different ground states in zero
field, the corresponding high-field spin-flop phases of the
antiferromagnetic Co2Mo3O8, SF1 and SF2, were tentatively
assigned [43] to be identical to those of the ferrimagnetic
Mn2Mo3O8 [37]. However, the high-field magnetic torque
measurements and the microscopic model calculations pre-
sented in the present work rule out this assignment, providing
a solid foundation to interpret the SF1 intermediate mag-
netic phase of Co2Mo3O8 as an asymmetrically canted phase
with symbiotic antiferromagnetic and ferrimagnetic orders.
According to our analysis and contradicting the assignment
of a two-sublattice ferrimagnetic order in Ref. [43], the SF2
high-field magnetic phase possesses a four-sublattice, sym-
metrically canted magnetic order.

II. EXPERIMENTAL AND THEORETICAL DETAILS

A. Experimental design

Polycrystalline Co2Mo3O8 was prepared by solid-state re-
actions of binary oxides CoO (99.999%) and MoO2 (99%) in
evacuated quartz ampoules by repeated sintering at 1000 ◦C.
Single crystals were grown by a chemical transport reaction
method between 950◦ and 900 ◦C using anhydrous TeCl4

as source of the transport agent. Crystals up to a size of
7 mm were obtained after 4 weeks of transport. Phase purity
of the samples was confirmed by x-ray powder diffraction
on crushed single crystals. Magnetization, magnetoelectric,
magnetostriction, magnetocaloric, and sound velocity mea-
surements were performed in static and pulsed fields up to
65 T at low temperatures on single crystals of Co2Mo3O8.

B. Ab initio calculations

Magnetic interactions and magnetic anisotropy were ob-
tained by relativistic DFT band-structure calculations per-
formed using the FPLO [44] and VASP [45] codes utilizing
the Perde-Burke-Ernzerhof flavor of the exchange-correlation
potential [46]. Correlation effects in the Co 3d shell were
taken into account on the mean-field level via DFT + U
with the on-site Coulomb repulsion parameter Ud = 5 eV,
Hund’s exchange Jd = 1 eV, and double-counting correction
in the atomic limit [47]. Magnetic parameters of the spin
Hamiltonian

H =
∑

<i, j>

Ji jSiS j −
∑

i

Ki
(
Sz

i

)2
(1)

were obtained using a mapping procedure [48]. Here Ji j is
the exchange interaction between lattice sites i and j, Ki

is the single-ion anisotropy at site i, and S = 3/2. In addi-
tion to DFT, classical mean-field and quantum Monte Carlo
simulations were used to refine the exchange and anisotropy
parameters of Eq. (1). In the mean-field model, the spin
configurations minimizing the energy were numerically de-
termined for the whole experimentally studied field range.
While a larger set of magnetic interactions were identi-
fied in DFT (Jintra, Jinter-OO, Jinter-TT, Jinter-OT, KO, KT ), only
the minimal set (Jintra, Jinter, KO, KT ), necessary to repro-
duce the observed temperature- and field-dependent magnetic
properties, were kept in the Monte Carlo and mean-field
calculations. Temperature-dependent magnetic susceptibility
was calculated using the dirloop_sse algorithm [49] of
the ALPS simulation package [50] and compared to the
experiments, as presented in Fig. 6. The simulations were per-
formed on the 8 × 8 × 6 finite lattice with periodic boundary
conditions.

C. Classical mean-field calculations

The mean-field results were obtained by finding the mini-
mal energy of the four-spin cluster,

HO = 3Jintra (SO1ST 1 + SO2ST 2) + 2Jinter (SO1ST 2 + ST 1SO2)

− KO
((

Sz
O1

)2 + (
Sz

O2

)2) − KT
((

Sz
T 1

)2 + (
Sz

T 2

)2)

− gμ0μBH(SO1 + ST 1 + SO2 + ST 2), (2)

where SO1 and SO2 are the classical spin vectors correspond-
ing to the Co ions in octahedral environment in the odd and
even ab-plane layers of the crystal, respectively. Similarly, ST 1

and ST 2 represent the spins of the tetrahedrally coordinated Co
ions. Integer multiplicators of the exchange terms correspond
to the coordination numbers. The g factor, vacuum permeabil-
ity, Bohr magneton, and magnetic field are denoted by g, μB,
μ0, and H, respectively.

The Hamiltonian of the simplistic four-spin model (Fig. 2)
was

Hsimpl = J1
(
S1Sz

2 + S3Sz
4

) + J2
(
S1Sz

4 + Sz
2S3

)

− K2
((

Sz
2

)2 + (
Sz

4

)2)

− gμ0μBHz
(
S1 + Sz

2 + S3 + Sz
4

)
, (3)

where S1 = ±S and S3 = ±S are Ising spins.

III. RESULTS

A. Spin model of adjacent antiferro- and ferrimagnetic layers

At first, we verify by magnetic susceptibility measurements
that the layered crystal structure of Co2Mo3O8 leads to strong
magnetic anisotropies and confines the dominant exchange
paths to individual honeycomb layers, as implied by the lack
of dispersion of the magnon branches along the c axis [51].
Indeed, we find a large difference between the susceptibil-
ity values obtained for fields parallel and perpendicular to
the layers. Based on the temperature-dependent susceptibility
curves, shown in Fig. 6 of the Appendix, we refined the
basic set of magnetic interactions using quantum Monte Carlo
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FIG. 2. Magnetic phase diagram of the simplified four-spin
model. Ground-state spin orders on the magnetic anisotropy (KT )
versus Zeeman energy plane for magnetic fields applied parallel to
the vertical Ising spins (black arrows). Spins indicated by gray arrows
experience KT < 0 easy-plane anisotropy, favoring horizontal spin
alignment. Jintra > 0 is the AFM exchange between spins in the same
horizontal “layer,” while Jinter = −xJintra is the ferromagnetic cou-
pling between spins on adjacent “layers,” as depicted in Fig. 1. While
the topology of the phase map remains unchanged regardless of the
specific value of x > 0, we chose x = |Jinter|/Jintra = 0.1 to generate
the figure. Dashed horizontal and vertical lines indicate special val-
ues of (KT ) and the magnetic field (H ), respectively. The anisotropy
value corresponding to the case of Co2Mo3O8 is also indicated by
horizontal black line. Purple, red, yellow, blue, and green regions
correspond to the tilted antiferromagnetic (TAF), symmetric spin-
flop (SF), asymmetrically canted (ASC), collinear antiferromagnetic
(AF), and field-polarized ferromagnetic (FM) phases, respectively.

simulations [52]. The important aspects of the magnetic inter-
actions revealed here are the dominance of intralayer AFM
exchange, Jintra= 14 K, the weak interlayer FM exchange,
Jinter = −1.4 K, the strong easy-axis anisotropy, KO = 14 K,
and the weak easy-plane anisotropy, KT = −1.4 K, of Co sites
with octahedral and tetrahedral coordination, respectively.
Jinter refers to an overall effective interlayer coupling, which
has contributions from exchanges between octahedral sites
(Jinter-OO) and tetrahedral sites (Jinter-TT) on adjacent layers
according to Jinter = −(Jinter-TT + Jinter-OO)/4. The different
exchange paths and the single-ion anisotropies are depicted
in Fig. 1. This hierarchy of intra- and interlayer exchanges as
well as the presence of strong single-ion anisotropies, that are
comparable to the dominant exchange coupling, are further
supported by our DFT results. (The list of magnetic parame-
ters is given in Table I; for details of the Monte Carlo and DFT
calculations see the Appendix.)

To explore possible magnetic orders emerging from the
magnetic interactions identified above, we constructed a sim-
plified spin model [37,53]. We describe the four-spin unit
cell of Co2Mo3O8, by introducing Ising spins on the two
octahedral Co sites (S1 and S3), corresponding to an infinitely
strong easy-axis anisotropy, KO → ∞, while spins at the
tetrahedral sites (S2 and S4) are characterized by easy-plane
anisotropy, KT < 0. The opposite signs of anisotropies at

the two crystallographically inequivalent Co sites are essen-
tial for stabilizing intermediate phases between the low-field
collinear phase and the high-field spin-flop phase [54]. As
observed in the sister compound, Mn2Mo3O8, the tetrahe-
dral sites exhibit weak easy-plane anisotropy, whereas the
octahedral sites have stronger easy-axis anisotropy [37]. The
pairs in the same layers, S1 − S2 and S3 − S4, are cou-
pled by a strong antiferromagnetic exchange Jintra > 0, while
the S1 − S4 and S2 − S3 pairs are connected by the weaker
Jinter < 0 ferromagnetic coupling. We studied the ground state
of this model by varying KT and the strength of the magnetic
field, applied along the Ising spins. The phase diagram in
Fig. 2, obtained for Jinter = −Jintra/10, reveals five distinct
phases. At most four of them can be realized for a given
set of parameters by varying the magnetic field. While this
choice of the inter- and intralayer exchanges is realistic for
Co2Mo3O8 according to our Monte Carlo and DFT calcula-
tions (see Table I and Fig. 2), we approximate the magnetic
state of octahedral sites by Ising spins, by formally setting
KO to infinity. In each magnetic phase, depicted in Fig. 2 and
discussed below, we illustrate the magnetic order schemat-
ically. Black and gray arrows represent the vertical Ising
spins and the spins with horizontal easy-plane anisotropy,
respectively.

If KT is sufficiently weak, 2|KT | < |Jinter|, then the
low-field collinear antiferromagnetic phase (blue AFM re-
gion) directly transforms into the field-polarized state (green
FM region) at the saturation field, μ0HS = (Jintra + Jinter −
2KT )S/(gμB). Thus, for H < HS , the magnetization is zero
and it jumps to the saturation value at HS .

With increasing KT , two intermediate states appear be-
tween the AFM and FM regions, where either one or both
of the tetrahedral S2 and S4 spins are canted towards their
easy plane. In the asymmetric canted state (yellow, ASC) the
equivalency of these two spins is broken, since the exchange
field and the external magnetic field are parallel for one spin,
while they are antiparallel for the other. Correspondingly,
only the spin pointing opposite to the field in the collinear
AFM state can gain Zeeman energy by canting towards the
easy plane, which leads further gain in anisotropy energy.
The other tetrahedral spin stays co-aligned with the Ising
spins. Consequently, the ASC phase exhibits a spontaneous
transverse magnetization. Interestingly, for the canting-angle
range of 0 < ϑ < π/2 the magnetization component trans-
verse to the field exceeds the component along the field,
Mtrans/Mlong = sin ϑ/(1 − cos ϑ ), and thus a significant mag-
netic torque is expected. On the contrary, in the spin-flop
phase (red SF region) the transverse magnetization vanishes
due to the opposite (symmetric) canting of the two tetrahedral
spins. Please note that in our simplistic model the ASC phase
is the realization of the desired hybrid state with alternating
AFM and ferrimagnetic layers.

For even stronger easy-plane anisotropy, |KT | > (Jintra +
|Jinter|)/2, a tilted antiferromagnetic phase (purple TAF
region) becomes the zero-field ground state, where the tetra-
hedral spins stay antiparallel with each other yet they are not
coaligned with the Ising spins anymore, but tilted away to their
easy plane instead. In finite fields, the magnetization of this
phase has finite components both along and perpendicular to
the field.
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FIG. 3. Sequence of magnetic phases in Co2Mo3O8. (a) Spin configurations in the collinear antiferromagnetic (AFM), asymmetric canted
(ASC), symmetric spin-flop (SF), and field-polarized ferromagnetic (FM) phases. Color coding for the octahedral and tetrahedral sites is the
same as in Fig. 1. (b) Magnetization measured in pulsed magnetic fields parallel (red line) and perpendicular (green line) to the c axis at
1.5 K, together with the corresponding curves (blue and brown) obtained from the mean-field model. The experimental setup was calibrated
to reproduce low-field magnetization measured in static field. (c) Transverse magnetization as measured (red line) and as predicted by the
mean-field model (blue line). The measured data are plotted in arbitrary units, since the calibration of the magnetic torque was not possible
in pulsed fields. Field dependence of (d) the magnetically induced polarization �P, (e) the relative change of the sample length �L/L, (f) the
relative change of the sound velocity �v/v, and (g) the change of the sample temperature (magnetocaloric effect) at 1.5 K with fields parallel
to the c axis. Blue lines in panels (d) and (e) show the results of the mean-field model. In each panel, vertical dashed lines mark the critical
fields HC1 and HC2 and the saturation field Hs, while the region of the intermediate ASC phase is indicated by a gray area.

B. Sequence of field-driven magnetic phase transitions

In the following, we test the predictions of our spin
model on Co2Mo3O8, which is expected to offer an ideal
laboratory for exploring a layer-by-layer alternation of AFM
and ferrimagnetic states. First, we study the evolution of its
ground state by high-field magnetometry. Figure 3(b) shows
the magnetization measured in pulsed fields applied parallel
(red) and perpendicular (green) to the c axis at 1.5 K. For
H ‖ c, the magnetization shows only a weak increase up
to the first critical field, HC1 = 25 T, above which it grows
rapidly, leading to a kinklike feature at HC1. With further
increasing the field, a sudden jump of the magnetization to
nearly half of the saturation value is observed at the sec-
ond critical field, HC2 = 30 T. The appearance of the critical
fields is also confirmed by a parallel experimental study [43].
Then, via a linear increase, the saturation to the spin-only
moment of 6 μB/f.u. is reached at HS = 60 T. For H ⊥ c,
the magnetization shows a nearly linear increase over the
whole field range with a slope approximately half as large as
for HC2 < H < HS in the perpendicular geometry and with-
out any sign of metamagnetic transitions. This sequence of
phase transitions, with two intermediate phases between the
zero-field AFM state and the field-polarized FM state, is in
line with the prediction of our spin model, as clear from
Fig. 2.

To demonstrate that the phase between HC1 and HC2 has
the ASC spin texture with finite transverse moment, we also
performed high-field torque measurements. Figure 3(c) dis-
plays the transverse magnetization data in arbitrary units, as
we could not properly calibrate our cantilever torque mag-
netometry setup due to technical limitations in pulsed fields.
Nevertheless, these experimental data confirm that only this
phase exhibits finite transverse magnetization, consistent with
our simplified four-sublattice model.

When comparing the transverse magnetic moment to that
of a system with two ferrimagnetic sublattices [37], as pro-
posed for modeling the high-field phases of Co2Mo3O8 [43],
qualitative differences become apparent above HC1. In a two-
sublattice ferrimagnetic system the transverse moment peaks
at HC1, decreases until HC2, and maintains a constant nonzero
value in magnetic fields above HC2 [37].Conversely, in our
experiments, the transverse magnetic moment increases from
zero at HC1 to its maximum value at HC2, abruptly dropping
to zero above HC2. Thus, we conclude that the two-sublattice
ferrimagnetic model does not adequately describe the high-
field magnetic properties of Co2Mo3O8.

Furthermore, as demonstrated in Figs. 3(a)–3(c), we
achieve a fully quantitative description of the magnetization
data by refining the parameters of our four-spin model. The
only aspect not captured by our mean-field model is the finite

184404-5



D. SZALLER et al. PHYSICAL REVIEW B 111, 184404 (2025)

longitudinal susceptibility of the collinear AFM state below
HC1, likely arising from quantum-mechanical origins such as
spin-stretching modes of the S = 3/2 spins [55]. As a critical
refinement, we replaced the Ising spins at the octahedral sites
with spins possessing strong but finite easy-axis anisotropy,
KO = 26.8 K. The complete parameter set that best repro-
duces the magnetization data is detailed in Table I.

As described before, the four sublattices in our model
correspond to two neighboring Co sites within a single hon-
eycomb layer (one with tetrahedral and one with octahedral
coordination) and the two adjacent Co sites in the next layer,
as sketched in Figs. 1 and 3(a). Therefore, the material-
specific calculations on Co2Mo3O8 reveal that the phase
between HC1 and HC2 is composed of alternating layers of dis-
tinct spin patterns. Namely, every second layer hosts collinear
AFM order, similarly to the zero-field ground state, while
spins in the intermediate layers are canted away from the
c axis. Moreover, the spin canting at the tetrahedral sites is
larger than the canting of spins to the opposite direction at
the octahedral sites, due to the weak easy-plane and strong
easy-axis anisotropy of the respective sites. The alternating
stacking of collinear AFM and canted ferrimagnetic layers
is reproduced by the simulation also for larger system sizes
along the c axis, excluding finite-size artifacts. Above HC2,
spins in all layers become canted, thereby completing the
transition to the conventional spin-flop (SF) phase. Due to
their opposing anisotropies, the octahedral and tetrahedral
spins exhibit different canting, but the spontaneous magnetic
moment perpendicular to the c axis is canceled. The spin
arrangement in the different phases is visualized in Fig. 3(a).

C. Stability of magnetic phases

Next, we investigate the nature of the metamagnetic tran-
sitions induced by fields along the c axis by calculating the
energy of the four-spin magnetic unit cell for a large set of spin
configurations. To reduce the number of independent (spin)
variables, we constrained this analysis to spin configurations
having the same total magnetization as observed in the ex-
periments. Specifically, for all possible orientations of spins
in one layer (S1 and S2) the orientation of the spins in the
other layer (S3 and S4) was varied to minimize the energy.
The heatmaps in Fig. 4 show the energy landscape obtained at
selected magnetic fields on the plane of the azimuthal angles,
ϑO and ϑT , spanned respectively by S1 and S2 and the c axis.
Here the diagonal, connecting the bottom left and top right
corners, corresponds to the collinear AFM order of S1 and
S2. In H < HC1 magnetic fields, as presented in Fig. 4(b),
there are two equivalent energy minima, corresponding to
antiphase domains of the collinear AFM state. In the ASC
phase [Figs. 4(a) and 4(c)], the two minimuma again represent
antiphase domains, where adjacent layers show asymmetric
canting and host collinear AFM spin texture in reversed order.
The continuous evolution of the energy landscape accross
HC1 [compare Figs. 4(b) and 4(c)] indicates a second-order
transition, while the abrupt change at HC2 [see Figs. 4(c) and
4(d)] implies a first-order transition.

D. Magnetoelectric and magnetoelastic properties

Besides the sequence of spin patterns, we also stud-
ied structural changes induced via the spin-lattice coupling

FIG. 4. Stability of magnetic phases in Co2Mo3O8. Heat-map
plots of the energy, obtained for spin configurations with magnetiza-
tion constrained to the experimental value, on the ϑO − ϑT plane. ϑO

and ϑT correspond to the azimuthal angles of the octahedrally (S1)
and tetrahedrally coordinated (S2) spins in the same layer, respec-
tively. (For more details, see the main text.) The angular ranges are
common for each map. Energies are obtained from the mean-field
spin model for magnetic field applied along the c axis. The energy
minima correspond to the collinear antiferromagnetic phase at 25 T
(b), the asymmetric canted phase at 27 T (c) and 29 T (a), and
symmetric spin-flop phase at 31 T (d). (a) The diagonal dashed line in
panel (a) corresponds to the collinear antiferromagnetic allignement
of S1 and S2. At the two global minima, the orientations of S1 and S2

are illustrated by black arrows, while spins on the next layer are de-
picted by gray arrows. In these cartoons the vertical axis corresponds
to the c direction.

throughout the metamagnetic transitions. Figures 3(e) and 3(f)
show that the magnetostriction, �L/L, and the magnetically
induced polarization, �P, both measured along the c axis,
follow the same trend. In the collinear AFM both are con-
stant. Above HC1 the unit cell starts to expand along the c
axis and �L/L reaches a value of 5 × 10−4 at saturation,
H > Hs. Similarly, above the saturation field, �P levels off
at approximately −2350 µC/m2, close to the magnitude re-
ported for the giant-magnetoelectric compound Fe2Mo3O8

[32,38] and in agreement with the results of a parallel study
[43]. These changes indicate a considerable magnetoelastic
coupling. Based on the field-dependent spin configurations
obtained from our model, the magnetostriction as well as
the polarization change were reproduced by utilizing their
proportionality to the spin-spin correlations [56,57]. We found
intralayer 〈SOST 〉-like correlations to be dominant, implying a
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strong distance dependence of the intralayer exchange, Jintra.
Indeed, DFT structure relaxations for different magnetic states
suggest the shortening of the lattice constant within the layers
and the simultaneous increase in the interlayer spacing on
going from AFM to FM order. This leads to a 1.8% increase
in Jintra, whereas Jinter remains unchanged within the accuracy
of our calculations. (For more details, see the Appendix.)

To gain further insight into the magnetoelastic properties,
we measured the field dependence of the sound velocity,
�v/v, with propagation vector and polarization along and
perpendicular to the c axis, respectively. The data are shown
in Fig. 3(f). In analogy with the magnetostriction, the sound
velocity stays constant up to HC1. However, as the most
prominent feature, it shows a large dip in the ASC state.
Magnon-phonon coupling, e.g., via the exchange-striction
mechanism, often results in a renormalization of the acoustic
properties at magnetic transitions [58]. Since acoustic magnon
modes play a dominant role in such processes, the strong
reduction of the sound velocity in the ASC state likely in-
dicates the emergence of soft spin-wave excitations. Indeed,
due to its transverse ferromagnetic moment, the ASC phase
breaks the rotational symmetry of the spin-spin interactions
about the c axis and consequently turns one of the optical
magnon branches to an acoustic one. The emergence of such
a zero-energy Goldstone mode in the center of the Brillouin
zone, also confirmed by our spin model, is likely responsible
for the dip of the field-dependent sound velocity in the ASC
state. In the ordinary spin-flop phase above HC2, the rota-
tional symmetry is still broken by the in-plane moments, and
hence the sound velocity further varies with an overall change
of �v/v = −1.5% up to the saturation field. In the field-
polarized FM state the sound velocity shows a sudden upturn,
as expected due to the lack of a Goldstone mode. The above
scenario is also supported by the adiabatic temperature change
in pulsed magnetic fields, the so-called magnetocaloric effect
(MCE), shown in Fig. 3(g). Besides sharp peaks at the critical
fields, the most striking feature in the MCE curve is the drop in
the ASC state. Since MCE originates from the field-derivative
of the specific heat and/or the magnetization, this dip again
implies the emergence of soft magnons.

Finally, we investigated the thermal stability range of the
ASC phase by repeating the field-dependent measurements at
various temperatures between 1.5 and 50 K. As clear from
Fig. 5, the ASC phase persist up to approximately 33 K, i.e.,
it keeps separating the collinear AFM phase and the SF phase
up to the paramagnetic state.

IV. CONCLUSION

By various experimental methods, we observed a sequence
of metamagnetic transitions in Co2Mo3O8 with magnetically
weakly coupled honeycomb layers. We found that, due to a
delicate interplay of strong intralayer and weak interlayer cou-
plings with competing easy-axis and easy-plane anisotropies,
the collinear AFM order is only partially destabilized at the
lowest critical field: the collinear AFM state is preserved in
every second honeycomb layer, while a ferrimagnetic spin
configuration emerges in the intermediate layers. Based on
a mean-field spin model, supplemented by ab initio calcu-
lations and quantum Monte Carlo simulations, we achieve a

FIG. 5. Magnetic phase diagram of Co2Mo3O8 for fields along
the c axis, comprising antiferromagnetic (AFM, blue), asymmetric
canted (ASC, mustard), spin flop (SF, wine), field-polarized ferro-
magnetic (FM, green), and paramagnetic (PM, white) phases. The
critical fields HC1 and HC2 as well as the saturation field Hs are
determined from magnetization (M), magnetostriction (�L/L) and
magnetocaloric effect (MCE) measurements in pulsed fields, from
polarization (�P) and ultrasound velocity (�v/v) measurements in
static and pulsed fields. For ultrasound experiments both the velocity
and the attenuation are plotted with full and open red symbols,
respectively, for longitudinal and transverse acoustic waves.

consistent refinement of the full set of magnetic in-
teractions relevant in this prototype honeycomb antifer-
romagnet and quantitatively describe the magnetic and
magnetoelectric/elastic properties throughout the four mag-
netic phases. We also show that the hybrid phase with AFM
and ferrimagnetic layers can extend to zero field if the easy-
plane anisotropy is sufficiently strong. The concept to realize
distinct spin states in atomic-scale proximity, achieved in
this honeycomb system with quasi-two-dimensional magnetic
interactions, can be naturally extended to van der Waals
magnets, to quasi-one-dimensional systems, and crystals with
molecular-magnet-like building blocks.
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APPENDIX

1. Microscopic parameters

Our DFT calculations reveal Jintra = 18 K and identify this
AFM intralayer coupling as the dominant exchange interac-
tion. Among the interlayer couplings, we find the strongest
interaction between the tetrahedral Co sites, Jinter-TT = 10.7 K.
The interlayer coupling between the octahedral sites is weakly
FM, Jinter-OO = −1.7 K, whereas the interlayer coupling be-
tween the octahedral and tetrahedral sites is negligible,
Jinter-OT = 0.1 K (the corresponding bonds are indicated in
Fig. 1). The bonds corresponding to the two dominant ex-
change couplings, Jintra and Jinter-TT, are not orthogonal to each
other and, thus, lead to an effective FM coupling between the
adjacent honeycomb layers, Jinter = (Jinter-TT + Jinter-OO)/4 =
−2.25 K, which is eight times smaller than Jintra and justifies
the consideration of Co2Mo3O8 in terms of weakly coupled
honeycomb planes. In our four-sublattice spin model, the
interlayer magnetic interactions are treated via this effective
Jinter that captures the experimentally observed FM alignment
of adjacent spins along the c axis in zero field (see Fig. 1).

One prominent feature of Co2Mo3O8 is the absence of
the field-induced ferrimagnetic phase observed in Fe2Mo3O8

and its Zn-substituted derivatives, Fe2−xZnxMo3O8 [28,38].
Such a ferrimagnetic phase is stabilized by the FM Jinter-OO

and destabilized by the AFM Jinter-TT. Our DFT calculations
reveal Jinter-TT 	 |Jinter-OO|, thus leaving no room for the for-
mation of the ferrimagnetic phase. Indeed, we found that
it lies 0.9 meV/Co higher in energy than the AFM phase
and does not appear in Co2Mo3O8, nor in its Zn-substituted
derivatives [42].

The single-ion anisotropy energies calculated from DFT
are KO = 7.7 K for the octahedral and KT = 2.3 K for the
tetrahedral sites. The stronger anisotropy of the former can
be traced back to the d7 electronic configuration of Co2+

that leads to an orbital degeneracy on the octahedral sites but

FIG. 6. Temperature dependence of the magnetic susceptibility
for Co2Mo3O8 measured in the field of 1 T applied along and per-
pendicular to the c axis. Solid lines show the results of a Monte Carlo
simulation for coupled honeycomb planes with magnetic parameters
given in Table I.

not on the tetrahedral ones. Intersite exchange anisotropy was
found to be less than 3% of K and thus negligible.

2. Magnetic susceptibility

The temperature-dependent magnetic susceptibility, shown
in Fig. 6 displays the features characteristic of transitions from
a high-temperature paramagnetic state to a low-temperature
collinear easy-axis AFM state. Following a small drop at
TN = 40 K, the susceptibility stays constant for H ⊥ c, while
it is strongly reduced below TN for H‖c. The large difference
between the susceptibility curves for the two field directions
over the whole measured temperature range signals a strong
magnetic anisotropy.

The Curie-Weiss fit to the high-temperature susceptibility
data returns the Curie-Weiss temperatures θCW = −126.3 K
for H ⊥ c and θCW = −5.4 K for H‖c with the corresponding
effective magnetic moments of 5.04 μB/Co and 4.87 μB/Co,
respectively. This phenomenological analysis confirms the
dominance of AFM exchange interactions, but also shows a
strong single-ion or exchange anisotropy [56].

Since our DFT calculations reveal predominant role of the
single-ion anisotropy, we fit the susceptibility data with an
effective Jintra − Jinter model supplied with the two anisotropy
parameters KO and KT . This model is identical to the
four-sublattice mean-field model used for simulating the field-
dependent behavior and allows a direct comparison of the
respective parameters, as given in Table I. The fits shown in
Fig. 6 used g‖ = 2.62 and g⊥ = 2.08 as additional adjustable
parameters. The g‖ > g⊥ regime is compatible with the easy-
axis anisotropy of the system.

[1] T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich, Antifer-
romagnetic spintronics, Nat. Nanotechnol. 11, 231 (2016).

[2] Y. Zhou, Magnetic skyrmions: Intriguing physics and new spin-
tronic device concepts, Natl. Sci. Rev. 6, 210 (2019).

[3] S.-H. Yang, R. Naaman, Y. Paltiel, and S. S. Parkin, Chiral
spintronics, Nat. Rev. Phys. 3, 328 (2021).
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[29] K. V. Vasin, A. Strinić, F. Schilberth, S. Reschke, L. Prodan, V.
Tsurkan, A. R. Nurmukhametov, M. V. Eremin, I. Kézsmárki,
and J. Deisenhofer, Optical magnetoelectric effect in the po-
lar honeycomb antiferromagnet Fe2Mo3O8, Phys. Rev. B 110,
054401 (2024).

[30] S. Yu, B. Gao, J. W. Kim, S.-W. Cheong, M. K. L. Man,
J. Madéo, K. M. Dani, and D. Talbayev, High-temperature
terahertz optical diode effect without magnetic order in polar
FeZnMo3O8, Phys. Rev. Lett. 120, 037601 (2018).

[31] B. Csizi, S. Reschke, A. Strinić, L. Prodan, V. Tsurkan, I.
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