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Mn2TeO6: Complex antiferromagnetism as a consequence of the Jahn-Teller distortion
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Structural and magnetic transitions in the distorted inverse trirutile Mn2TeO6 have been studied between
1.5 and 300 K using magnetization, dielectric permittivity, and specific heat measurements combined with
synchrotron x-ray- and neutron-diffraction techniques on polycrystalline samples. A first-order structural
transition, strongly hysteretic, occurs progressively over a large temperature span and is characterized by a broad
maximum peaking at 53 K in the specific heat data. This structural transition is followed by two antiferromagnetic
transitions, to commensurate and incommensurate magnetic orders, at 48 and 26 K, respectively. This succession
of structural and magnetic transitions is interpreted as originating from a delicate balance between Jahn-Teller
distortion of MnO6 octahedra, rigid TeO6 units, and their consequences on orbital and spin orderings.
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I. INTRODUCTION

The family of inverse trirutiles known since 1960 [1] has
been the subject of recent interest in the search for multiferroic
materials, as illustrated by the reports on the magnetoelectric
properties of Cr2WO6 and Fe2TeO6 [2–6]. In that respect,
much less is known concerning the crystal structure and
magnetic properties of Mn2TeO6 [7,8]. Some of us recently
reported [9] that this compound exhibits a structural tran-
sition at 673 K, from a high-temperature tetragonal (HTT)
P42/mnm structure to a room-temperature monoclinic (RTM)
P21/c larger cell. This RTM monoclinic phase is character-
ized by pairs of compressed and elongated MnO6 octahedra,
sandwiched between rigid TeO6 within the -(Mn-Mn-Te)∞-
infinite chains running along the aRTM axis (Fig. 1) [9]. Some
disorder related to Mn/Te site intermixing was observed and
found to decrease with improved crystallinity [9], explaining
why previous studies reported two possible space groups
at room temperature [7,8]. The neutron-diffraction study in
Ref. [8] was carried out on the Mn2TeO6 form reported
as tetragonal and evidenced a noncollinear commensurate
magnetic ordering below 25.5 K (k = 0 0 1/2), very different
from the G-type (k = 0 0 0) order of Cr2TeO6 or Fe2TeO6

[10–12].
We report here an investigation of polycrystalline

Mn2TeO6 samples, prepared using different heat treatments.
Susceptibility and specific heat measurements between 5 and
300 K evidence a very complex behavior, involving six transi-
tions below 55 K. The isothermal magnetic-field dependence
of the magnetization reveals a metamagnetic transition at low
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temperature and a stable antiferromagnetic state up to the
maximal field of 14 T around 40 K. Synchrotron x-ray- and
neutron-powder-diffraction experiments are used to study the
crystalline and magnetic structures versus temperature, show-
ing an unusually complex structural and magnetic behavior.

II. EXPERIMENTAL

A. Synthesis

Mn2TeO6 was prepared by solid-state reaction using man-
ganese oxalate (MnC2O4 · 2H2O) and commercial telluric
acid (H6TeO6, Fluka, >99%) [9]. These precursors were
weighted in the Mn/Te = 2 ratio and mixed in an agate mortar
before being calcined in an alumina crucible at 550 °C for 12
h in air. The powder was then ground again, pressed in the
shape of bars (∼=2 × 2 × 12 mm3) or pellets (1-cm diameter)
and sintered at 600 °C for 24 h in air. Then several annealings
were performed, increasing progressively the temperature up
to 700 °C in O2 flow (to avoid Te losses) and the time of
annealing up to 2 wk. The quality of the samples, which
were also observed by scanning electron microscopy (FEI
XL30 FEG-SEM), was checked by x-ray diffraction at room
temperature (RT). All the patterns are characteristic of the
inverse trirutile structure and the broadening of the Bragg
peaks correlates well with the heat-treatment conditions. As
previously reported [9], disorder in the distribution of Mn
and Te on the cationic sites depends on the temperature and
duration of the oxygen annealing.

B. Magnetic characterizations

Magnetic measurements versus temperature were per-
formed with a Quantum Design 5T superconducting quantum
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FIG. 1. Room-temperature monoclinic structure of Mn2TeO6 (P21/c space group with a = 9.103 Å, b = 13.046 Å, c = 6.466 Å, and
β = 90.03◦) [9] projected along a (a) and c (b). Elongated and compressed MnO6 octahedra are highlighted by dashed and full black lines
corresponding to long and short Mn-O distances, respectively. Two types of -(Mn-Mn-Te)∞- chains run along a, MnO6, and TeO6 octahedra
are in pink/orange/yellow/purple, and dark/light green, respectively.

interference device magnetometer in zero-field-cooled warm-
ing (zfcw) or field-cooled warming (fcw) or field-cooled
cooling (fcc) modes between 5 and 300 K. The magnetic
susceptibility is obtained by taking χ = M/H , where M is the
magnetization obtained by dividing the measured magnetic
moment by the sample mass and H is the external applied
magnetic field (in Oe). ac magnetic susceptibility curves
were recorded by using the magnetic option of a Quantum
Design 9T physical property measurement system (PPMS)
with hdc = 0 T, hac = 0.001 T, and f = 100 Hz, 1 kHz, and
10 kHz. Isothermal M(H) curves were also collected using
the AC measurement system (ACMS) option of the PPMS for
magnetic fields up to 14 T.

C. Dielectric measurements

Dielectric measurements were carried out with an Agilent
4284 LCR meter by using a home-made sample holder set
in the PPMS. Platelets of 2 × 2 × 0.5 mm3 were cut in the
bars or pellets of Mn2TeO6. Silver paste electrodes were
deposited on the largest parallel surfaces. The dielectric per-
mittivity (ε′) versus temperature was measured between 8 and
200 K, while warming or cooling, at different frequencies
( f = 5–100 kHz), with an excitation voltage amplitude of 1 V.
Isothermal ε′(H) curves were collected by varying the applied
magnetic field between 0 and 14 T.

D. Specific heat

Heat-capacity measurements were carried out by means
of an experimental setup developed by Quantum Design for
the PPMS, which is based on a semiadiabatic relaxation
technique. Each measurement relies on a temperature pulse
(of magnitude �Tpulse) caused by a transient heating power
applied to the platform hosting the sample; the platform
temperature is recorded versus time during the heating branch
of the process (with power on) and during the cooling branch
(when the power is off). The heat capacity is derived from the
analysis of this thermal response. In this standard approach
(hereafter referred to as the QD method), the heat capacity is

derived from an overall fitting of both the heating and cooling
branches, within the framework of a 2-τ model. A second
approach, related to previous works [13,14], is based on a
point-by-point (PBP) analysis of a series of closely spaced
pulses. It is a time-resolved method, which allows one to
address separately the heating and cooling branches within a
1-τ approximation. Provided there is a good thermal contact
of the sample onto the platform, the small error induced by the
use of a 1-τ approximation can safely be corrected by scaling
onto results of the QD data (2-τ ) recorded outside the transi-
tions. The main interest of the PBP method is that it makes
possible the investigation of sharp and hysteretic first-order
transitions, contrary to the standard QD method. However, in
case of very wide hysteresis (>�Tpulse), the analysis becomes
limited to the heating branch only. An additional advantage
of the PBP method is the possibility to reach high-resolution
in temperature. For the QD method, we used a data spacing
of 0.5 K with �Tpulse = T/100. For the PBP technique, 50
heat pulses were recorded in the range 15–65 K (i.e., starting
temperatures spaced by 1 K), using �Tpulse = 6 K and keeping
only the central part of each pulse for the analysis yields C(T)
segments over ≈2 K with a resolution of ≈0.05 K; doing so
allows one to cover the 15–65 K range with an overlapping of
≈1 K between successive C(T) segments. Each of these pulses
was preceded by a warming up to 100 K followed by a cooling
down to 15 K, in order to discard any history effects related to
hysteretic transitions.

E. Synchrotron x-ray diffraction

Synchrotron x-ray-powder-diffraction (SXRPD) experi-
ments were performed on the BL04-MSPD beamline of the
ALBA synchrotron [15]. Data were collected between 10
and 295 K, using as detection setup both the high angular
resolution mode (multianalyzer crystal MAD) and the high-
intensity mode (position-sensitive detector MYTHEN), at
wavelength λ = 0.4142 Å, with the sample enclosed in a glass
capillary (0.5-mm inner diameter, spinning to improve powder
averaging) within the so-called Dynaflow He flow cryostat
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[16]. Several experimental conditions were used, such as a
stable temperature or sweeping mode (rate 1 K min−1), while
warming or cooling.

F. Neutron diffraction

Neutron-powder diffraction (NPD) versus temperature was
performed on the G4.1 diffractometer (λ = 2.426 Å) from 1.5
to 300 K (at LLB-Orphée) and on the WISH high-resolution
time-of-flight diffractometer (ISIS Facility), in the same tem-
perature range. Data were recorded while warming in both
experiments. Symmetry analysis and Rietveld refinements
were performed with tools from the FULLPROF suite [17] and
the Bilbao Crystallographic server [18].

III. RESULTS

A. Preliminary study

The effect of different heat treatments upon the χ (T) curves
of Mn2TeO6 is shown in Fig. 2(a). For all samples, with
increasing temperature, the magnetic signal increases slightly
up to a first characteristic temperature ≈27 K, correspond-
ing to a susceptibility maximum. The samples prepared at
600 °C in air exhibit distinctly this transition only, close to
the TN value of 25.5 K reported previously for a Mn2TeO6

sample prepared in similar conditions [8]. For the annealed
compounds, further increasing the temperature above 27 K, a
second peak is observed on the χ (T) curves at a temperature
which, in contrast with the first one, varies slightly from
sample to sample in the range ≈55–65 K. With annealing,
the cationic order increases [9], the transition temperature
decreases, and the intensity of the magnetic signal increases,
leading to a better-defined peak. It appears not to be possible
to lower this transition temperature below ≈55 K. Annealing
does not affect the lattice parameters which stay very similar,
with a cell volume evolution <0.5%. Differences between
samples are mostly larger grains [illustrated in SEM images
of Figs. 2(c) and 2(d)] and narrower Bragg peaks [in SXRPD
patterns of Fig. 2(b)] for the annealed sample (700 °C in O2)
compared to the as-prepared one (600 °C in air).

The inverse of the susceptibility curves shows a large linear
domain, for which Curie-Weiss fitting leads to similar μeff val-
ues ≈5.0 μB/Mn, confirming the trivalent state of manganese
(as the Mn3+ expected theoretical value is 4.90 μB) [8,9]. The
departure from linearity of the 1/χ (T) curves occurs at higher
temperature for the as-prepared sample (≈130 K instead of
110 K) and the value of |θP| is also larger for the latter (θP ≈
−69 K against −42 K after annealing). For all the samples, the
0.01-T zfcw and fcw χ (T) curves are nearly superimposed (not
shown), confirming the strong antiferromagnetic character of
Mn2TeO6.

B. Magnetic and dielectric properties

In the further magnetic and dielectric experiments de-
scribed below, only the Mn2TeO6 sample annealed in oxygen
at 700 °C for the longest duration is considered, to ensure
better crystallinity, higher cationic order, and better sintering
for electrical measurements. The comparison of the χ (T)
curves collected in 0.01 T on cooling (fcc) and warming (fcw)

FIG. 2. (a) Magnetic susceptibility curves of several Mn2TeO6

samples (as-prepared sample in dark pink and O2-annealed samples
from gray to green with increasing time of the plateau at 700 °C)
recorded in zero-field-cooled warming, 0.01 T [χ (T), left y axis]
and associated inverse curves with Curie-Weiss fitting (dotted lines)
[1/χ (T), right y axis]. (b) SXRPD patterns (in a small selected 2θ

range) of as-prepared and annealed samples, indexation correspond-
ing to the space group and lattice parameters given on each side. (c),
(d) Corresponding SEM images.

confirms that the two transitions described above exist for
both modes [curves 2-fcc and 3-fcw in Fig. 3(a)]. In addition,
a spectacular temperature hysteresis of ≈10 K is observed
for the high-temperature transition, with a maximum of the
curve at ≈48 K in cooling mode and ≈57 K in warming. The
magnetic transition is also well evidenced in the [dχ /dT](T)
curves [curves d2 and d3 in Fig. 3(a)], at ≈43 and 53 K
in fcc and fcw modes, respectively. The 10 K hysteresis
remains unchanged when a magnetic field is applied (from
0.01 to 5 T), as the characteristic temperatures in cooling
and warming do not depend on the magnetic field [Fig. 3(b)].
These observations suggest that a structural transition occurs
in this temperature range, that will be discussed in the light of
the synchrotron- and neutron-diffraction results in Secs. III D
and III E.

In the χ (T) curves, the low-temperature transition corre-
sponds to a broad local maximum with a slight shoulder on
the low-temperature side, revealed as a second peak in the
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FIG. 3. (a) Mn2TeO6χ (T) curves recorded in 1-zfcw, 2-fcc, and
3-fcw modes (left y axis), and corresponding T derivative (d2-fcc
and d3-fcw) curves (right y axis). (b) Comparison of the χ (T) curves
measured in 0.01 T—like in panel (a)—with the curves measured in
5 T (4-fcc and 5-fcw). (c) ac susceptibility curves while cooling or
warming measured at three frequencies between 102 and 104 Hz.

[dχ /dT](T) curves. The transition at ≈25 K does not vary
with the mode (fcw and fcc). The second peak is affected by a
small hysteresis with values of ≈21 and 23 K for the fcc and
fcw modes, respectively. The derivative curves also suggest
an additional transition around ≈35 K, which seems to be
magnetic-field sensitive [Fig. 3(b)]. This complex sequence
of transitions motivates the Cp, synchrotron, and NPD studies,
reported in Secs. III C–E.

The temperature dependence of the dielectric permittivity
(Fig. 4) shows a change of slope (better seen around 43 K
in the cooling data), although pyroelectric measurements do
not reveal any electrical polarization below that temperature.
The location of the change of slope and the fact that ε′(T) is
hysteretic in the same temperature range as χ (T) underline
links between electrical, structural, and magnetic properties.

FIG. 4. Dielectric permittivity ε′ versus temperature, recorded
while cooling or warming between 10 and 100 K, in zero magnetic
field (left y axis). Inverse of fcc and fcw magnetic susceptibility
measured in 0.01 T, in the same temperature range, with the cor-
responding Curie-Weiss fitting as dotted lines (right y axis).

The absence of frequency dependence on χ ′(T) [Fig. 3(c)]
and ε′(T) (not shown) outlines that electric charges and spins
do not exhibit dynamical features, ruling out dipolar glass
behavior.

The M(H) curves collected at several temperatures below
60 K are characteristic of a complex magnetic behavior,
as shown by the selection presented in Fig. 5. The curves
collected at T � 10 K are similar [illustrated by the 5 K
curve in Fig. 5(a)]: they first show a linear domain, with
similar slopes, then for μ0H > 4.5 T they adopt a flattened
S shape corresponding to a smooth metamagnetic transition,
followed by another linear M(H) regime for μ0H > 13 T with
a sharper slope. For higher temperatures [like 30, 40, 50, and
60 K in Figs. 5(a) and 5(b)] no such transition is revealed,
indicating that the metamagnetic transition exists only for the
low-temperature magnetic state below 30 K. This is confirmed

FIG. 5. Isothermal half-loop magnetization curves versus mag-
netic field, applied from 0 to 14 T then back to 0 T. Curves are split
into two panels for clarity: (a) T = 5 and 60 K, (b) T = 30, 40, and
50 K.
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FIG. 6. Temperature evolution of the specific heat Cp/T of
Mn2TeO6, in QD mode (black symbols) and PBP mode (red line)
applied to the heating branches of 50 overlapping pulses (details in
the Experimental section). Red and black triangles indicate first- and
second-order transitions, respectively. Inset: Zoom in the 20–40 K
range.

by the 20 K curve (not shown), which exhibits an intermedi-
ate behavior, suggesting that the metamagnetic transition is
associated with the antiferromagnetic (AFM) state below the
low-temperature magnetic transition (T < 25 K). It exhibits a
small hysteresis, as shown for 5 K in Fig. 5(a), which could
indicate a structural transition. Moreover, the fact that the
magnetization values recorded at 14 T are smaller at 30 and
40 K compared with 5 or 60 K means that application of the
magnetic field does not transform the low-temperature state
into the magnetic state observed above the low-temperature
magnetic transition. All these results suggest therefore that
the more stable AFM state is observed between the low and
high-temperature magnetic transitions, at ≈40 K.

The effect of magnetic field on the dielectric permittivity is
very small (not shown). The ε′(H )10 K curve exhibits a slight
negative magnetodielectric effect for μ0H > 5–6 T, i.e., in the
field range corresponding to the metamagnetic transition at
10 K.

C. Specific heat

To go further in the understanding of the susceptibility fea-
tures, specific heat (Cp) measurements were carried out upon
warming (Fig. 6). A complex picture emerges again, with
six transitions observed in the range 15–100 K, identified by
red and black triangles in Fig. 6. Black arrows correspond to
second-order transitions (no latent heat, no hysteresis), as one
observes the same signature for both QD and PBP measuring
techniques, while red arrows indicate first-order transitions.
In the temperature range of the high-temperature hysteretic
transition observed on χ (T) measurements, specific-heat data
actually show two adjacent transitions: the pronounced first-
order one at TS = 53 K is quite broad and will be shown in the
next section to be a structural transition. It is associated with a
second-order transition at TN1 = 48 K. Another second-order
transition is seen at TN2 = 26 K, in good agreement with the

FIG. 7. Synchrotron x-ray data of Mn2TeO6 versus temperature:
(a) cooling and (b) warming runs, showing the strong hysteresis of
the structural transition. Intensities are displayed in logarithmic scale
to highlight the weak reflections growing below TN2. The extended
temperature range in which the structural transition takes place is
highlighted by the white vertical arrows delimiting the coexistence
of the two (RTM+LTM) phases (based on a 10% threshold).

nonhysteretic transition observed around 25 K on the dχ /dT
curve. Two additional transitions are observed, corresponding
to weak but sharp peaks on the C/T(T) curves below TN2, at
24.5 and 23 K (inset of Fig. 6) and could match the hysteretic
transition observed on the χ (T) derivative around 23 K.

D. Synchrotron x-ray diffraction

To investigate these transitions, a synchrotron x-ray-
diffraction study was performed in the 10–200 K range. As
illustrated in Fig. 7 and in Fig. 8 with four representative
patterns, a structural transition occurs from the room temper-
ature monoclinic (RTM) structure [9] to a low-temperature
structure, called thereafter LTM phase (and described later).
The two phases coexist over a broad temperature range, shown
by the white arrows in Fig. 7. Such a coexistence range is gen-
erally expected for a first-order structural transition, although
it is quite large in this case, from ≈ 45 to 65 K in warming.
This broad temperature range could indeed explain why the
first-order transition peaking at TS = 53 K in the Cp data is
extremely broad (Fig. 6). The hysteresis observed between
the cooling and the warming synchrotron runs [Figs. 7(a) and
7(b)] is in agreement with the χ results showing a ≈ 10 K
hysteresis (Fig. 3). No further transitions are observed below
TS on the synchrotron data (Fig. 7) suggesting a magnetic-only
origin for TN2.

Le Bail fitting of the data collected during the SXRPD
warming run gives the evolution of the cell parameters with
temperature (Fig. 9). For convenience, the structural evolution
is described from RT to low temperatures. Decreasing tem-
perature, the model remains the RTM inverse trirutile struc-
ture of P21/c space group [9] and, at the transition, a clear
cell contraction takes place in the bc plane [Figs. 9(b) and
9(c)], while the a parameter remains temperature independent
[Fig. 9(a)]. The most obvious feature is the enhancement
of the monoclinic distortion as the temperature decreases
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FIG. 8. Synchrotron x-ray data of Mn2TeO6 in the 1.2–2.8-Å
−1

range, at 10 K (blue), 50 K (dark yellow), 120 K (green), and 300 K
(red) (data are shifted for clarity). Inset: Zoom-in on the low-intensity
area of 10 and 300 K patterns. The small Bragg peaks outlined by
empty down triangles result from the doubling along the b axis of
the inverse trirutile cell (HTT) and are indexed in the RTM cell.
The superstructure Bragg peaks only observed in the LTM phase are
shown by small black arrows.

(especially below 200 K), since the β angle increases from
90.03° at RT to 90.74° at 53 K [inset of Fig. 9(a)]. Le Bail
fits of the LTM phase (outside the range of phase coexis-
tence, that is, T < 45 K) were performed to determine the
low-temperature cell parameters and symmetry. Keeping a
holohedric monoclinic space group and a RTM-like structure,
the main Bragg peaks can be indexed with a ≈ 9.03 Å, b ≈
13.05 Å, and c ≈ 6.50 Å, with β ≈ 90.23◦ at 10 K. This
clearly corresponds to a compression of the cell along a,
simultaneously with a strong expansion of the b and c pa-
rameters, while the monoclinic distortion is strongly reduced
(Fig. 9). A small accident can also be observed on the a(T)
and b(T) evolutions around TN2 and the first-order transitions
identified by Cp measurements [Figs. 9(a) and 9(b)]. This
effect is only subtle and corresponds roughly to a 0.02%
decrease of those cell parameter value, that is, just outside
the error values. Magnetoelastic effects at these transitions
remain therefore to be confirmed. Although the small peaks
characteristic of the superstructure in the RTM cell (i.e., the
double-b parameter compared to usual inverse trirutiles) are
still clearly observed, several extra peaks remain nonindexed
within these Le Bail fittings (inset of Fig. 8, hollow triangles
and black arrows, respectively).

Rietveld refinements using the RTM phase structural
model were performed following the procedure described
in Ref. [9], which decomposes the structure into sets of
symmetry-adapted displacement modes specified with respect
to the P42/mnm space group of the HTT inverse trirutile
structure, to follow the evolution with temperature of the
distortion primary mode before the structural transition. The
reliability of these refinements was impaired by the increasing
strain resulting from the monoclinic distortion of the crystal
structure [19] and the coexistence of the RTM and LTM
phases below 100 K. Nevertheless, they indicate that the

FIG. 9. Temperature evolution of the cell parameters of
Mn2TeO6 extracted from Le Bail refinements of the synchrotron
x-ray data collected during the warming run: (a) cell parameter a and
monoclinic angle β, (b) cell parameter b, and (c) cell parameter c
and cell volume V. The shaded pink area corresponds to the biphasic
domain, using a 10% phase threshold as in Fig. 7.

displacement mode with the largest amplitude remains 	3

[9] from 300 K down to 120 K. Its amplitude also stays
constant, while the amplitudes of all the other modes stay
close to zero showing that the RTM herringbone pattern of
the MnO6 distorted octahedra is preserved down to 120 K.
At lower temperatures, peaks appear which cannot be indexed
with only one commensurate modulation. Rather, multiple
solutions consisting of several coexisting modulations along
at least two cell directions are found. Consequently it is
impossible to describe in detail the low-temperature crystal
structure, but it is based on a complex modulation of the RTM
phase, necessarily involving new distortion modes.

E. Neutron diffraction

The WISH and G4.1 NPD patterns were recorded while
increasing temperature but for convenience, the structural
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FIG. 10. Temperature evolution of the neutron-diffraction pat-

terns (G4.1 data) in the 0.2–1.8-Å
−1

range (patterns recorded in
warming). TS is marked in yellow, TN1 in purple, and TN2 in black.
Propagation vectors (circles and squares for k1 and k2, respectively)
are given for the main magnetic Bragg peaks.

evolution is described from RT to low temperatures. The
evolution of the diffractograms confirms the increasing mono-
clinic distortion of the RTM phase down to 53 K with a broad
temperature range of coexistence of RTM+LTM phases. In
addition, as shown in Fig. 10, Bragg peaks of magnetic origin
also appear at TN1 ≈ 48 K. The Q positions of these peaks
shift below TN2 ≈ 26 K, in good agreement with magnetic
and specific-heat measurements. Between TN1 and TN2 the
magnetic Bragg peaks can be successfully indexed by two
propagation vectors (Fig. 11), namely k1 = (1/2 0 0) and k2 =
(0 1/2 0) using the cell parameters of the LTM phase (as given
in Fig. 9), corresponding to a doubling along a and b of
this LTM cell. k1 and k2 do not belong to two different
phases or to decoupled sublattices, as they appear at the same
temperature TN1 and become incommensurate concomitantly

FIG. 11. Le Bail fitting of the LTM crystal structure of Mn2TeO6

at 27 K (WISH data), with magnetic peaks indexed with k1 =
(1/2 0 0) and k2 = (0 1/2 0). Gray stars outline weak additional mag-
netic peaks that are enlarged in the inset.

FIG. 12. (a) Temperature evolution of chosen integrated mag-
netic Bragg peaks (from G4.1 data). The arrow shows the maximum
seen on the intensity of the (1̄ 2̄1)(1̄ 2 1) + k1 Bragg peak. (b),
(c) Views of the magnetic order derived from symmetry analysis.
Octahedra are drawn around Mn (pink) only (not for Te in green),
the ellipse underlines a pair of edge-sharing MnO6 octahedra, and
both sets of structural axis (RTM and HTT) are given for comparison
with the closely related model proposed in Ref. [8].

at TN2. Below TN2, no simple solution was found to describe
the incommensurability of k1 but a possible indexation for
k2 is (0, 0.5 + ε′′, 0) with ε′′ ≈ 0.05 at 1.5 K. None of these
magnetic k vectors can index, either partially or wholly,
the structural Bragg peaks appearing in the SXRPD patterns
recorded below TN1. More precisely, it is not possible to index

even the strongest superstructure peak (seen at ≈1.72 Å
−1

in
the inset of Fig. 8) by either of them. Indexing this particular
peak is possible with a modulation of the type (0 ¼ 0), which
still fails to index all observed extra peaks, nevertheless.
As a result, the Jahn-Teller distortion at the origin of the
superstructure, and how it relates with spin ordering, remains
unclear.

Magnetic Bragg peaks indexed with k1 are more intense
than the ones indexed with k2 [Figs. 11 and 12(a)]. In addition,
the temperature evolution of the intensity of magnetic peaks
shows that magnetic intensity of the (1̄ 2̄1)(1̄ 2 1) + k1 peaks
goes through a maximum around ≈33 K concomitantly with
an increase of the magnetic intensities on (0 0 0) + k1 and
(0 0 0) + k2. This could be linked with the very broad second-
order transition discerned in this temperature range on the
specific heat (Fig. 6) and susceptibility (Fig. 3) curves and
could be ascribed to a spin reorientation before the incommen-
surate ordering at TN2. There is no clear sign of subsequent
magnetic transitions below 25 K on the NPD data, so that the
origin of the two additional transitions on the Cp(T ) curve
remains an open question. Moreover, very weak additional
broad magnetic peaks can be seen (gray stars in Fig. 11),
which are not indexed by either k1 or k2 in the commensurate
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or in the incommensurate phase, suggesting an even more
complex magnetic arrangement.

Even without a detailed magnetic structure, it is interesting
to compare the present results with those reported by Fruchart
et al. [8] for an unannealed sample. In their work, the magnetic
ordering is described by a doubling of the tetragonal cell
(equivalent to our HTT cell) along the fourfold axis (equiv-
alent to k1 in the previous discussion) and corresponds to a
noncollinear magnetic structure with orthogonal spins lying
in the ab plane of the tetragonal lattice; spins within a pair
of edge-sharing MnO6 octahedra are orthogonal, and spins
belonging to adjacent corner-sharing octahedra are antiparal-
lel. This model is actually not in agreement with symmetry
analysis performed on site 4e of P42/mnm for k = (0 0 1/2),
which can lead to a noncollinear magnetic structure with
orthogonal spins, but with antiparallel spins inside the edge-
sharing MnO6 pairs, and orthogonal spins between adjacent
octahedra connected by corners [Figs. 12(b) and 12(c)]. This
latter model is actually more likely since the longest axes
of edge-sharing octahedra are parallel, favoring parallel or
antiparallel arrangements of the spins in agreement with the
strong uniaxial anisotropy of Mn3+ [20,21]. Based on these
considerations, the magnetic ordering of Mn2TeO6 should
be seen as a complex modulation of the model proposed in
Fig. 12, retaining the Mn moments in the ab plane of the
tetragonal lattice (bc plane in the LTM lattice) and antipar-
allel spins within dimers of edge-sharing octahedra, with a
modulation of either the amplitude or the orientation of the
moment.

IV. DISCUSSION

The present study demonstrates that Mn2TeO6 exhibits
structural and magnetic behaviors which are extremely com-
plex, with six transitions, first- and second order, in Cp data
below 300 K, in addition to the tetragonal to monoclinic
one observed at ≈673 K (HTT to RTM) [9]. A first-order
structural transition at TS ≈ 53 K, strongly hysteretic, occurs
over a broad temperature range and is associated with a mag-
netic transition at TN1 ≈ 48 K and a change of slope in ε′(T).
While NPD indicates only one other magnetic transition, at
TN2 ≈ 26 K, additional transitions of presumably magnetic
character are identified below TN2, and between TN1 and TN2,
on the Cp and χ (T) curves. Moreover, the field dependence of
the magnetization differs depending on the incommensurate
or commensurate character of the magnetic ordering, with in
particular, a metamagnetic transition (around 4.5 T) and a
negative magnetodielectric behavior (above 5 T) below TN2

(that is, in the incommensurate magnetic state), which do not
exist for TN2 < T < TN1 (commensurate magnetic state).

It is well known that orbital degrees of freedom are an
important ingredient of the physics of manganites with Jahn-
Teller (JT) active Mn3+ cations in octahedral coordination.
For instance, cooperative JT distortions take place in LaMnO3

up to 750 K [19,22,23]. A strong coupling between structural
and magnetic transitions is also well known in Pr1−xCaxMnO3

(x ≈ 0.5) for which the structural transition associated with
orbital ordering (OO) occurs at higher temperature than the
magnetic one (TOO > TN) [24–26] and their χ (T) curves show
more clearly the structural transition than the magnetic ones.

Within the crystal-field theory, the JT effect of a Mn3+ (3d4)
in octahedral symmetry and high-spin (HS) state lowers the
energy of the system by lifting the orbital degeneracy between
the t2g and the eg orbitals, the latter splitting into dx2−y2 and dz2

orbitals [27–29]. Two configurations can be obtained, either
leading to an elongated octahedron (if the energy of the dz2 is
lower than that of the dx2−y2 ) or to a compressed one (if dz2 is
the least stable orbital). Generally, the d4 HS configuration
tends to be stabilized in manganese oxides, usually with
an elongation of the octahedron rather than a compression
[27]. Rarely, Mn3+ is found in a low-spin state, with all the
electrons in the t2g orbitals, and therefore without JT effect
[30,31].

In the HTT form of Mn2TeO6, MnO6 octahedra are nearly
regular, while the RTM structure shows the coexistence of two
types of elongated octahedra and two types of compressed
ones (Fig. 1). This unusual distortion was proposed to orig-
inate from the fact that, in each Te-Mn-Mn-Te chain, the
presence of a rigid TeO6 entity [32] on each side of the MnO6

pair constrains it to a “local cooperative distortion” within
that pair, accommodating an elongated and a compressed
octahedron. Examples of compressed Mn3+ octahedra are rare
(Ref. [33] and references therein). One of them is CaMn7O12,
first mentioned by Bochu et al. [34] who wonder about their
result, on the basis that only KCuF3 and KCrF3 are known
to have apically compressed octahedra. In a recent revisiting
of the CaMn7O12 crystal structure [35], it was shown that
there is an additional structural modulation that corresponds
to an incommensurate rotation of the long axes of the MnO6

octahedra in the xy plane, which means that the compressed
octahedra are only so in the averaged (unmodulated) structure.
Coexistence of tetragonally compressed and elongated octa-
hedra is reported in the series Pr1−xBaxMnO3 for x = 0.35
[36] but the difficulties encountered to detect small structural
distortions with respect to the I4/mcm symmetry make other
models possible. In particular, in the light of the recent discov-
eries on CaMn7O12, the existence of a structural modulation
should not be excluded.

The second transition from RTM to LTM cannot be de-
scribed down to the details necessary to get a proper picture
of octahedral distortion. The cell volume is larger in the LTM
than in the RTM phase; there is no impact on the volume at
the HTT to RTM transition, but there is a substantial volume
increase (≈ + 0.3%) between the RTM and LTM structures at
≈50 K (Fig. 9) that could be due to a release of the MnO6

compression. In the LTM phase, there would be therefore a
new orbital ordering pattern, involving the standard apically
elongated octahedra in both MnO6 octahedra of an edge-
sharing pair. This in turn would allow spin ordering in the bc
plane at lower temperature. Within such a scenario, the orbital
ordering in the RTM phase could be seen as unstable or even
built on a “frustrated” JT deformation of compressed MnO6

octahedra. The JT effect would be once again the driving
force behind the RTM-LTM structural transition, towards a
more stable orbital ordering, based on occupied dz2 orbitals
confined in the bc plane. This would support that spins lay in
the bc plane, in good agreement with our observations. The
particular nature of this transition could also explain why it
occurs over a very broad temperature range, maybe through
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cooperative phenomena. The width of the biphasic domain
may have an impact upon the magnetic-transition temperature
if a threshold phenomenon is at play. The possibility of aging
effects, reported in orbital ordered perovskite manganites
[25], was tested by cycling the magnetic properties between
300 and 5 K, but no history-dependent effect was observed.

Trirutile structures with Cu2+ and Cr2+ JT active cations
have been studied in the literature: CrTa2O6 [37,38], CuTa2O6

[39], and CuSb2O6 [40,41]. These compounds are also mon-
oclinic (P21/c or P21/n) at RT but without doubling along
b, probably related to the lack of edge-sharing octahedra
of JT active cations, as the sequence along the chain is
−A2+B5+B5+A2+B5+B5+A2+. This supports the scenario in
which the key feature of Mn2TeO6 is its edge-sharing pairs of
trivalent manganese octahedra.

V. CONCLUSION

In conclusion, this comprehensive study of inverse trirutile
Mn2TeO6 has revealed a complex behavior, based on succes-
sive structural and magnetic transitions. Based on synchrotron

x-ray diffraction, the first-order transition occurring around
53 K on the specific-heat curve corresponds to a strongly
hysteretic structural transition towards a monoclinic structure
of larger volume than the higher-temperature phase. Signa-
tures of this transition also appear in the magnetization and
dielectric permittivity data. The low-temperature monoclinic
structure involves extra structural modulations, which remain
to be understood, compared with the known RTM Mn2TeO6

structure. Neutron diffraction evidences a commensurate an-
tiferromagnetic ordering below 48 K, which becomes incom-
mensurate below 26 K. It also confirmed that structural and
magnetic transitions do not occur simultaneously since TS and
TN1 are shifted from a few K. A scenario is proposed, based
on the unusual ordering of the dz2 orbitals which is found in
Mn2TeO6 at 300 K. The existence of pairs of edge-sharing
octahedra, which impose this unusual compression/elongation
distortion, could be at the origin of the two Jahn-Teller in-
duced structural transitions observed in Mn2TeO6 above and
below RT, as well as of its complex spin ordering at low
temperature.
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