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ABSTRACT: A new layered trigonal (P3̅1m) form of MnSb2O6,
isostructural with MSb2O6 (M = Cd, Ca, Sr, Pb, and Ba) and
MAs2O6 (M = Mn, Co, Ni, and Pd), was prepared by ionexchange reaction between ilmenite-type NaSbO3 and MnSO4−
KCl−KBr melt at 470 °C. It is characterized by Rietveld analysis
of the X-ray diﬀraction pattern, electron microprobe analysis,
magnetic susceptibility, speciﬁc heat, and ESR measurements as
well as by density functional theory calculations. MnSb2O6 is very
similar to MnAs2O6 in the temperature dependence of their
magnetic susceptibility and spin exchange interactions. The
magnetic susceptibility and speciﬁc heat data show that MnSb2O6
undergoes a long-range antiferromagnetic order with Néel
temperature TN = 8.5(5) K. In addition, a weak ferromagnetic
component appears below T1 = 41.5(5) K. DFT+U implies that the main spin exchange interactions are antiferromagnetic,
thereby forming spin-frustrated triangles. The long-range ordered magnetic structure of MnSb2O6 is predicted to be
incommensurate as found for MnAs2O6. On heating, the new phase transforms to the stable P321 form via its intermediate
disordered variant.
critical behavior near the transitions22−24 toward novel phases
such as spin ice or quantum spin liquid ground states.1,3,25,26
Low-dimensional spin-frustrated systems frequently adopt
noncollinear incommensurate spin arrangements to reduce
the extent of their spin frustration. Such spin states may remove
the inversion symmetry and hence induce ﬁnite ferroelectric
polarization,27,28 as found for the multiferroics TbMnO329,30
and CoCr2O431 with cycloidal magnetic structures as well as for
the delafossite family AMO2 (A = Cu, Ag; M = Fe, Cr)32−36
with helical magnetic order. Quite recently, MnSb2O6 was
found to show a chiral crystal structure and corotating cycloidal

1. INTRODUCTION
Layered oxides of transition metals have attracted much
attention since they provide a playground for studying strong
electronic correlation eﬀects.1−8 In a low-dimensional magnetic
sublattice made up of magnetic-ion triangles, geometrical spin
frustration arises when the spin exchanges between adjacent
magnetic ions are antiferromagnetic (AFM). A large number of
fascinating phenomena emerge from such geometrically spin
frustrated systems; they include re-entrant phase transitions,9,10
magnetization plateaus in the magnetization process,11−14
localized magnons in close vicinity of the saturation
ﬁeld,11,13,15 magnetic-ﬁeld-induced spin-Peierls instability,16−18
and enhanced magnetocaloric eﬀects.19−21 Competing interactions in spin-frustrated systems often result in an unusual
© 2015 American Chemical Society
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Figure 1. Polyhedral presentation of the crystal structures of (a) CaSb2O6 (P31̅ m),45 (b) NaSbO3 (Na2Sb2O6, R3)̅ ,46 and (c) MnSb2O6 (P321).42
(Top row) Layer of SbO6 octahedra, (middle row) MO6 octahedra (M = Ca2+, Na+, or Mn2+), and (bottom row) layer stacking pattern.

layer but one Sb and three Mn atoms in the second layer. As a
result, the hexagonal axis a is approximately √3 times longer
than those of PbSb2O6 and NaSbO3.
The above comparison suggests that several new phases with
PbSb2O6-type structure might be obtained by low-temperature
ion exchange of NaSbO3 with suitable salts. Indeed, a new
series of layered MSb2O6 phases with magnetic M2+ cations has
been successfully prepared by our group. In the present work
we report the preparation and structural, magnetic, and
thermodynamic characterization of the ﬁrst member of the
MSb2O6 series with PbSb2O6-type structure, a new form of
MnSb2O6.

magnetic structure, while the presence of concomitant
ferroelectric polarization, i.e., multiferroicity, associated with a
unique ferroelectric switching mechanism is predicted.37
In the oxides MAs2O6, the magnetic M2+ (M = Mn, Co, Ni,
and Pd38−40) and diamagnetic As5+ ions are segregated into
diﬀerent layers, but all these arsenates undergo a threedimensional (3D) AFM ordering at low temperatures. This
implies that the interlayer spin exchange interactions are not
negligible. Depending on the divalent magnetic cation M2+ as
well as on the magnetic dipole−dipole interactions, a variety of
diﬀerent magnetic structures is realized in MnAs2O6.41
Examples are an incommensurate magnetic structure in
MnAs2O6, an unusual ferromagnetic contribution to the
magnetic susceptibility in NiAs2O638 and an anomalously high
Néel temperature in PdAs2O6.39,40
Previously, the corresponding antimonates MSb2O6 of the
same structure type have been only known with nonmagnetic
M2+. However, a detailed investigation of the structure suggests
that isostructural phases with magnetic M2+ might be feasible.
To be speciﬁc, there is an intriguing similarity between the
three trigonal structure types shown in Figure 1: MnSb2O6
(space group P321),37,42 MSb2O6 (M = Pb,43 Cd,44 Ca, Sr, and
Ba,45 space group P3̅1m), and NaSbO346 (or Na2Sb2O6,
ilmenite type, space group R3̅). All of them are based on a
double-layered hcp array of oxygen anions with cations
occupying octahedral voids. The structures diﬀer in the ﬁlling
modes of these voids. The PbSb2O6 type (Figure 1a) has one
formula unit (two oxygen layers) in a hexagonal unit cell, such
that Sb occupies 2/3 voids within one layer, thus forming a
honeycomb arrangement, while Pb occupies 1/3 voids in the
second layer that have no common faces with the SbO6
octahedra. In NaSbO3 (Figure 1b), the SbO6/2 layers are
essentially the same, but the number of the low-valence cations
is doubled, and face-sharing cannot be avoided. Each NaO6
octahedron shares one face with a SbO6 octahedron. To avoid
sharing both opposite faces, the stacking of the honeycomb
layers is hence changed, resulting in a rhombohedral lattice with
six oxygen layers (six NaSbO3 formula units) in the hexagonal
cell. The structure of MnSb2O6 (Figure 1c) is again double
layered. The hexagonal unit cell contains ﬁve Sb atoms in one

2. EXPERIMENTAL SECTION
2.1. Sample Preparation and Elemental Analysis. All materials
used were of reagent grade. Starting NaSbO3 was prepared by heating
a stoichiometric mixture of Sb2O3 + 0.6Na2CO3 + 0.8NaNO3 as
reported earlier47 and then ﬁnely ground with an agate mortar and
pestle. Its phase purity was conﬁrmed by powder X-ray diﬀraction. For
the ion-exchange reaction, a low-melting equimolar mixture of MnSO4,
KCl, and KBr was used with Mn:Na ratio of ca. 2.5 (i.e., 5-fold excess
against the theoretical quantity). The reaction was performed under
CO2 atmosphere (to prevent oxidation of Mn2+) at 470 °C for 1 h.
Considerably higher temperatures or longer heating resulted in an
admixture of the known (stable) MnSb2O6 form. The cooled product
was washed thoroughly with distilled water and dried at room
temperature. It is almost white, light grayish-pink, which is a typical
color of high-spin Mn2+ oxide compounds.
For comparison, the stable MnSb2O6 phase was prepared by heating
a stoichiometric mixture of Mn2O3 and Sb2O3 at 600, 900, and 1100
°C for 3 h each with intermittent regrinding and pressing.
Chemical composition of MnSb2O6 powders was determined using
an electron microprobe apparatus INCA ENERGY 450/XT equipped
with an X-Act ADD detector (OXFORD Instruments Analytical)
based on an electron microscope VEGA II LMU (Tescan) and
operated at 20 kV accelerating voltage. Although the absolute content
of each element showed considerable scatter from point to point, their
ratios (Mn/Sb and Na/Sb) were much more reproducible. They were
averaged over several points in each sample. The results are listed in
Table S1, Supporting Information, for two nominally identical samples
from separate preparations. They show that the Mn/Sb ratio is
essentially stoichiometric, potassium is practically absent, but a small
amount of sodium does appear. Its position is discussed in section 3.1.
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Figure 2. XRD pattern of MnSb2O6, where the points are the experimental data, the line the calculated pattern, the line at the bottom the diﬀerence
proﬁle, and the vertical bars the peak positions.
Attempts to eliminate the sodium impurity by repeated ion-exchange
treatment resulted in partial conversion to the stable form.
2.2. X-ray Diﬀraction, Magnetic, and Thermophysical
Measurements. X-ray diﬀraction (XRD) was performed using Cu
Kα radiation by means of an ARL X’TRA diﬀractometer equipped
with a solid state Si(Li) detector. To reduce the grain orientation
eﬀect, amorphous coﬀee powder was admixed to the sample. For
Rietveld reﬁnements, the GSAS+EXPGUI suite48,49 was used. DTA/
TGA was done with a STA 449 C/4/G Jupiter instrument
(NETZSCH) in air atmosphere.
The static magnetic susceptibility was measured by means of a
Quantum Design SQUID XL-5 magnetometer at B = 0.01 and 0.1 T in
the temperature range 2−300 K both after cooling in zero magnetic
ﬁeld (ZFC) and with applied ﬁeld (FC). Electron spin resonance
(ESR) studies were carried out at room temperature using an X-band
ESR spectrometer CMS 8400 (ADANI) ( f ≈ 9.4 GHz, B ≤ 0.7 T).
The eﬀective g factor has been calculated with respect to a BDPA (a,gbisdiphenyline-b-phenylallyl) reference sample with gref = 2.00359.
Speciﬁc heat measurements were carried out by a relaxation method
using a Quantum Design PPMS system. A plate-shaped sample of
MnSb2O6 of ∼0.25 mm thickness and 6.45 mg mass was used, which
had been obtained by cold pressing of the polycrystalline powder. Data
were collected at zero magnetic ﬁeld in the temperature range 2−300
K.

Figure 3. Correlation between the cubic roots of the formula volumes
of MSb2O6 and the octahedral radii of M2+ cations:50 (ﬁlled circles)
PbSb2O6-type phases and (cross) stable MnSb2O6 phase.

indicating completion of the ion exchange. Nevertheless, some
sodium content was found simultaneously, with a Na/Sb molar
ratio of 0.04−0.05. Since an electron microprobe only analyzes
the thin surface layer, this sodium content might be from
adsorbed salts. However, XRD study after calcination at 1100
°C deﬁnitely showed besides strong reﬂections from the stable
MnSb2O6 weak reﬂections from NaSbO3 (see Figure S1 and
Table S2, Supporting Information). Using relative intensity
ratios (RIR, I/Icor) from the Powder Diﬀraction File, the weight
ratio NaSbO3/MnSb2O6 was estimated to be 0.023, resulting in
molar ratio Na/Sb of 0.023. Another (but nominally identical)
sample showed after calcinations a small amount of the third
phase, Mn2Sb2O7. This may be explained by reactions with
adsorbed salts, e.g.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure of MnSb2O6. The XRD pattern of
the ion-exchange product (Figure 2) is more diﬀuse than that
of the starting NaSbO3. This is due most probably to stacking
faults created by layer gliding during the ion-exchange
transformation between the structures of Figure 1a and 1b.
Nevertheless, the pattern was unambiguously indexed by
analogy with PbSb2O6-type compounds on a small hexagonal
unit cell. No reﬂections from the starting NaSbO3 or other
impurity phases could be detected. The cubic root of the
formula volume of the new phase, together with those for ﬁve
previously known antimonates, is in reasonable linear relationship with the ionic radii of the divalent cations (Figure 3), thus
conﬁrming the adopted composition and structural analogy.
According to the analytical data (Table S1, Supporting
Information), the Mn/Sb ratio is essentially stoichiometric (or
even slightly overstoichiometric within experimental accuracy),

2MnSb2 O6 + Na 2SO4
= 2NaSbO3 + Mn2Sb2 O7 + SO2 + 1/2O2

To elucidate the possible presence of sodium in MnSb2O6
crystals, ﬁve structural models were reﬁned by the Rietveld
method: (A) stoichiometric MnSb2O6 with no Na impurity;
(B) Na substitution on Mn sites, Mn2+1−2xMn3+xNaxSb2O6; (C)
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As can be seen from Figure 1a and 1c the main diﬀerence of
the new MnSb2O6 form from the known one lies in the Sb
positions, which move by c/2 from the Mn layer to the empty
octahedra of the Sb layer. This leads to 2.5% expansion in the a
direction (due to the increasing number of short Sb5+−Sb5+
distances within the layer) and 1.3% contraction in the c
direction, resulting in a volume expansion of 3.6% (see Table 1
and Figure 3). In accordance with this, the Mn−O and Sb−O
bond lengths (Table 1) are slightly longer than those in the
known form and the corresponding ionic radii sums, 2.19 and
1.96 Å, respectively.50 Note that these diﬀerences cannot be
attributed to the Na impurity: Figure 3 deﬁnitely shows that
PbSb2O6 type (ﬁlled circles) is less dense than MnSb2O6 type
(cross) even if we exclude the point of the new phase.
The new form also diﬀers from the known one by much
more regular MnO6 and SbO6 octahedra. The O−Mn−O and
O−Sb−O bond angles vary in the range of 88.0−92.0° and
82.4−93.3°, respectively, whereas in the known form these
ranges are 74.0−98.0° and 79.2−98.2°, respectively.
3.2. Thermal Behavior. Since the ion-exchange product
would be a metastable one it is expected to transform
irreversibly and exothermally to the known stable form.
However, the DTA scan performed with a heating rate of
20°/min up to 1000 °C does not show any noticeable thermal
eﬀect. Nevertheless, XRD study of the cooled product (Figure
S1, Supporting Information) indicates that the transformation
is close to completion. Thus, it is concluded that the phase
transformation is sluggish and extended over considerable
temperature range. As discussed above, it might proceed by
shifting more and more Sb atoms to the Mn layer within an
intact crystal with no need for nucleation and growth of the
second phase.
The peak positions and lattice parameters in Figure S1b,
Supporting Information, match those of the known P321 phase.
However, only those reﬂections are sharp that can be indexed
with small PbSb2O6-type cell (i.e., having h2 + hk + k2 = 3n),
whereas all other reﬂections (speciﬁc for the P321 phase only)
are very diﬀuse. This indicates that the necessary amount of Sb
ions has shifted to the Mn layers, but their arrangement still
lacks long-range order. The transformation was completed after
1 h calcination at 1100 °C, as evident from Figure S1c and S1d,
Supporting Information, where all reﬂections are sharp.
3.3. Magnetic Properties. The overall behavior of the
static magnetic susceptibility χ = M/B of MnSb2O6 obeys a
Curie−Weiss law above ∼50 K (Figure 4). It can be
approximated in terms of a modiﬁed Curie−Weiss law

Na1 substitution on Mn sites compensated by an equivalent
amount of Na2 inserted into free octahedra of the Sb layer,
Mn2+1−xNa2xSb2O6; (D) same general formula but with Na2
inserted into the Mn layer; (E) the same general formula but
with all Na in the Sb layer and x Mn vacancies. Of these, model
D is proven unrealistic, whereas models A, B, C, and E provide
reasonable agreement factors and thermal parameters with very
small diﬀerences in R values (for details, see Table S3,
Supporting Information). The reﬁned Na content of model C,
x = 0.025(5), is close to that found from RIR. However, the
corresponding Mn/Sb ratio disagrees with the analytical data,
and the interstitial Na2 site in both models C and E seems
unrealistic having abnormally short Na−O distances of 2.15 Å,
sharing faces with two MnO6 octahedra and sharing edges with
six SbO6 octahedra. Model B is more reasonable from the
crystal-chemistry point of view. However, its reﬁned x value of
0.016(7) (i.e., Na/Sb = 0.08) is close to the experimental
uncertainty and cannot explain the analytical data. In addition,
the presence of Mn3+ disagrees with the magnetic data (see
section 3.3) and with the absence of dark coloration typical of
mixed-valence Mn compounds. We, therefore, conclude that
MnSb2O6 under study is essentially sodium free within
experimental uncertainties (model A). The sodium impurity
may be present as adsorbed salts and, probably, in small
nonexchanged ilmenite-type fragments which present as
stacking faults in the main phase in accordance with broadened
Bragg reﬂections.
The corresponding crystallographic information ﬁle (cif) is
given in the Supporting Information. Figure 2 compares the
experimental and calculated powder diﬀraction proﬁles. Table 1
lists unit cell data, reﬁnement details, and the principal
interatomic distances.
Table 1. Crystallographic Data, Reﬁnement Details, and
Bond Lengths of MnSb2O6 and NaSbO3
MnSb2O6
new form
cryst syst
space group
a, Å

trigonal
P31̅ m (no.
162)
5.20649(9)

c, Å

4.66276(15)

V, Å3
Z
fw
density (calcd)
wavelength, Ǻ

109.462(5)
1
394.43
5.984
1.54056,
1.54439
16−110°

angular range
(2Θ)
no. of data
points
no. of hkl
no. of variables
R(F2)
Rp
Rwp
χ2
Mn−O, Å
Sb−O, Å

known form42

NaSbO346

trigonal
P321 (no. 150)

trigonal
R3̅ (no. 148)

8.8011(3) = 5.0813
× √3
4.7241(1)

5.2901(3)

316.90(2)
3
394.43
6.200

15.926(2) = 5.309
×3
385.98(6)
6

χ = χ0 +

2.201 (average)
1.984 (average)

(1)

with a temperature-independent term χ0, the Weiss temperature Θ, and the Curie constant C = NA·peff2·μB2/3kB, where NA
is Avogadro’s number, peff is the eﬀective magnetic moment, μB
is Bohr’s magneton, and kB is Boltzmann’s constant. To account
for the diamagnetic contribution in MnSb2O6, we estimated χ0
≈ −1.14 × 10−4 emu/mol by summing the Pascal’s constants.51
Our analysis yields the Weiss temperature Θ = −17(2) K,
which implies the presence of dominant antiferromagnetic
interactions. In addition, we ﬁnd peff = 5.93(1) μB per formula
unit (FU). Our ESR data, at T = 300 K, show a single
exchange-narrowed absorption line (see the inset in Figure 4),
which is perfectly described by a Lorentzian proﬁle. It is
characterized by an eﬀective g factor g = 1.993 ± 0.005, typical
of high-spin Mn2+ ions (S = 5/2) with completely quenched

4700
122
47
0.0195
0.0761
0.0968
3.191
2.237(5) × 6
1.998(3) × 6

C
T−Θ

1.993 (average)
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associated with a λ-like anomaly both in the derivative of the
magnetic susceptibility at low magnetic ﬁelds and in the speciﬁc
heat which maximum indicates the Néel temperature TN =
8.5(5) K. The anomaly size ΔCp ≈ 15.3 J/(mol K) of the λ-like
transition at TN is an upper limit for the actual mean ﬁeld
speciﬁc heat jump ΔCp associated with the continuous onset of
long-ranged spin ordering (Figure 5). Still, the mean ﬁeld result
assuming manganese to be in the high-spin Mn2+ (S = 5/2)
state52
5R

S(S + 1)
≈ 19.6J/mol ·K
S + (S + 1)2
2

(2)

where R is the gas constant, R = 8.31 J/(mol K), clearly exceeds
the experimentally observed anomaly. Such a reduction in ΔCp
can be indicative of short-range magnetic correlations at
temperatures above TN. The jump ΔM at T1 and the associated
anomaly in ∂(χT)/∂T as well as the corresponding weak
anomaly in the speciﬁc heat (equivalent to an entropy release of
about 0.02 J/mol K) suggest a weak ﬁrst-order transition. Note
a small discrepancy between ZFC and FC curves at T < T1.
Correspondingly, the inverse susceptibility shown in Figure 4
deviates from the Curie−Weiss behavior at T < T1. A similar
feature has been observed for the related compound NiAs2O6.38
3.4. Density Functional Analysis of Magnetic Structure. While MnSb 2O6 and MnAs 2O6 are isostructural
electronic analogues, their magnetic properties are not identical,
although similar. The magnetic susceptibility of MnAs2O6 has a
maximum at Tmax ≈ 13 K, the Curie−Weiss temperature
amounts to Θ = −20.7 K,38 and neutron diﬀraction
measurements imply long-range magnetic ordering below
∼12 K associated with an incommensurate superstructure q =
(0.055, 0.389, 0.136).38 In comparison, MnSb2O6 exhibits Tmax
≈ 9 K, Θ = −17 K, and according to our speciﬁc heat and
magnetic susceptibility measurements, 3D AFM order appears
below TN = 8.5 K. From our macroscopic studies, the speciﬁc
type of AFM spin ordering cannot be extracted. In order to gain
insight into this question, we evaluate the spin exchange
interactions of MnSb2 O 6 and compare with those of
MnAs2O6.41
Figure 6a shows a perspective view of the Mn2+ (S = 5/2) ion
arrangement in MnSb2O6, where the blue, pink, and yellow
circles represent Mn, Sb, and O atoms, respectively. Figure 6b
depicts the associated spin exchange paths between Mn2+ ions,
where the numbers 1, 2, and 3 indicate the spin exchange paths
J1, J2, and J3, respectively. The shortest O···O contacts of J1
paths are represented by the red arrows in Figure 6a. Here, J2 is

Figure 4. Temperature dependence of the magnetic susceptibility χ =
M/B at B = 0.1 T measured after cooling with (FC) and without
(ZFC) applied magnetic ﬁeld. Solid lines represent a Curie−Weiss
approximation (see the text). (Inset) ESR spectrum of MnSb2O6
recorded with the reference sample BDPA (g = 2.0036) at room
temperature. Black data points and solid line represent the
experimental data and ﬁtting in accordance with a Lorentzian proﬁle,
respectively.

orbital moment. The results hence nicely agree with the
theoretical estimate of the eﬀective magnetic moment ptheor =
g2μ2BS(S+1) = 5.92 μB/FU.
At lower temperatures, there are two anomalies: one at T1 =
41.5(5) K associated with an increase in the magnetization ΔM
≈ 1 × 10−3 μB per formula unit (FU), and a second one
characterized by a sharp maximum in χ(T) indicating longrange AFM order. Both features in χ(T) are associated with
clear anomalies in the magnetic speciﬁc heat, which is
proportional to ∂(χT)/∂T and are also visible in the speciﬁc
heat measurements at zero magnetic ﬁeld shown in Figure 5.
More speciﬁcally, the onset of long-range magnetic order is

Figure 5. (a) Temperature dependence of the magnetic susceptibility
at B = 0.01 T, of the magnetic speciﬁc heat ∂(χT)/∂T, and (b) of the
speciﬁc heat at B = 0 T highlighting two diﬀerent anomalies at TN and
T1.

Figure 6. (a) Perspective view of the crystal structure and (b) spin
exchange paths in MnSb2O6 where the blue, pink, and yellow circles
represent Mn, Sb, and O atoms, respectively, and the numbers 1, 2,
and 3 indicate the spin exchange paths J1, J2, and J3, respectively.
1709
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an intralayer spin exchange path, while J1 and J3 are interlayer
spin exchange paths.
The energies of these states can be expressed in terms of the
spin Hamiltonian

corresponding energy diﬀerences obtained from the spin
Hamiltonian, we obtain the values of J1, J2, and J3 summarized
in Table 2.
Table 2. Spin Exchange Parameters (in K) and the Curie−
Weiss Temperature Θ (in K) of MnSb2O6 Obtained from
DFT+U Calculations

Ĥ = −∑ Jij Sî ·Sĵ
i<j

(3)

where Jij = J1, J2, or J3. By applying the energy expression
obtained for spin dimers with N unpaired spins per spin sites
(N = 5 for M = Mn),53,54 the total spin exchange energies per
(2a, 2b, 2c) supercell, i.e., per 8 FUs, of the diﬀerent possible
states can be written as
E = (n1J1 + n2J2 + n3J3)(N 2/4)

J1/kB
J2/kB
J3/kB
Θ

U = 3 eV

U = 4 eV

U = 5 eV

−1.28
−0.66
−0.72
−38.2

−0.96
−0.54
−0.57
−29.4

−0.72
−0.44
−0.46
−22.9

(4)

The coeﬃcients n1, n2, and n3 for the four spin-ordered states
FM, AF1, AF2, and AF3 are summarized in Figure 7. The

All three spin exchanges J1, J2, and J3 are AFM. J1 is the
strongest but is not dominant, while J2 and J3 are comparable in
magnitude. In particular, our results imply that the interlayer
spin exchange interactions are stronger than the intralayer ones.
If the intralayer exchange J2 is neglected, the interlayer
exchanges J1 and J3 form 2D AFM nets. It is also noted that
all (J1, J2, J3) triangles are spin frustrated. These results are
similar to those found for MnAs2O6.41 Therefore, one may
conclude that MnSb2O6 might have an incommensurate
magnetic structure, as does MnAs2O6.

4. CONCLUDING REMARKS
By ion-exchange reaction we prepared a new layered trigonal
phase of MnSb2O6, which is isostructural with MSb2O6 (M =
Cd, Ca, Sr, Pb, Ba) and MAs2O6 (M = Mn, Co, Ni, Pd). This
new phase is metastable and transformed to the stable one on
heating. The transformation is sluggish and proceeds via an
intermediate disordered variant of the stable phase. The
magnetic susceptibility measurements show that the new
MnSb2O6 phase exhibits high-spin Mn2+ ions and obeys the
Curie−Weiss law above ∼50 K with Θ = −17(2) K. ESR data
show a single absorption line characterized by an eﬀective g
factor g = 1.993 ± 0.005, as expected for a high-spin Mn2+ ions.
The magnetic susceptibility and speciﬁc heat measurements
show that metastable MnSb2O6 undergoes a 3D AFM ordering
below TN ≈ 8.5(5) K. In addition, a weak ferromagnetic
component appears below T1 = 41.5(5) K. The spin exchange
interactions in MnSb2O6 are similar to those of its isostructural
electronic analogue MnAs2O6. This predicts an incommensurate magnetic structure for MnSb2O6.

Figure 7. Four ordered spin states (a) FM, (b) AF1, (c) AF2, and (d)
AF3 of MnSb2O6 employed to extract the values of J1, J2, and J3, where
the gray and white circles represent the up and down spin sites of
Mn2+ ions. The three numbers in each parentheses (from left to right)
refer to the coeﬃcients n1, n2, and n3 of eq 4 for that state, while those
in square brackets (from left to right) represent the relative energies
(in meV/FU) obtained from DFT+U calculations with Ueff = 3, 4, and
5 eV, respectively.

relative energies of the spin-ordered states can also be
calculated on the basis of DFT+U electronic structure
calculations. In the case of MnSb2O6 at hand, we employed
the projected augmented wave (PAW) method encoded in the
Vienna ab initio simulation package55 and the generalized
gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof56 for the exchange correlations, the plane wave
cutoﬀ of 400 eV, and the threshold of self-consistent ﬁeld
(SCF) energy convergence of 10−6 eV. The irreducible
Brillouin zone was sampled with 54k. To describe the electronic
correlation associated with the 3d states of Mn, the DFT plus
on-site repulsion U (DFT+U)57 calculations were carried out
with eﬀective Ueff = U − J = 3, 4, and 5 eV on the Mn atoms.
The relative energies of the four ordered spin states determined
from our DFT+U calculations are also summarized in Figure 7.
By mapping the energy diﬀerences54 between the ordered
spin states obtained from the DFT+U calculations onto the
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