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A single crystal of Mn4Nb2O9 of about 8 mm in diameter and 30 mm in length was successfully grown by

a newly designed one-step method based on the optical floating zone technique. Clear Laue spots and

sharp XRD Bragg reflections attest the good crystal quality. The antiferromagnetic phase transition at TN
¼ 108.4 K of the Mn4Nb2O9 single crystal was observed along the c axis, which contrasts with Co4Nb2O9

belonging to the same structural family. Structural changes with a-axis shrinkage and c-axis expansion at

TN demonstrate a significant and anisotropic magnetostriction effect.
Introduction

Recently, A4B2O9 (A ¼ Co, Mn, B ¼ Nb, Ta) have attracted more
attention due to their spin op phase transition,1 magneto-
dielectric effect1 and magnetoelectric effect.2 Mn4Nb2O9 was
rst prepared and studied by Bertaut et al.3 X-ray diffraction
(XRD) studies showed that Mn4Nb2O9 possesses a trigonal
crystal structure (space group P�3c1) with two formula units per
cell. The magnetic structure of Mn4Nb2O9 has also been re-
ported by Bertaut et al.3 and further conrmed by Schwarz et al.4

According to the results of neutron diffraction, below Néel
temperature (about 125 K), Mn spins order along the c axis and

form chains along the lines
1
3
2
3
z (+spins) and

2
3
1
3
z (�spins)

with antiparallel inter-chain coupling.
The study and conrmation of the magnetoelectric effect in

these compounds were conducted by Fischer et al.5 Further-
more, magneto-dielectric effect and magnetic-induced electric
polarization were observed in polycrystalline Mn4Nb2O9 by Fang
et al.6 However, detailed data about the physical properties of
the single crystal Mn4Nb2O9 are still lacking to further under-
stand this material. In this work, we grow successfully single
crystal of Mn4Nb2O9 samples by our newly designed one-step
method based on the optical oating zone technique. A single
crystal with well-dened crystallographic orientation allows us
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92295 Châtenay-Malabry Cedex, France.

ersity, Shanghai 200444, China

re Superconductors, Shanghai University,

0

to investigate the anisotropy of its magnetic and structural
properties. The crystallographic orientations were identied by
both Laue X-ray photography and X-ray diffraction. An antifer-
romagnetic (AFM) transition is found at Néel temperature TN ¼
108.4 K. In contrast to Co4Nb2O9,7 the AFM order of Mn4Nb2O9

single crystal is along c axis and the spin op transition does not
occur even with a magnetic eld up to 7 T. A structural phase
transition is observed with a-direction shrinkage and c-direc-
tion expansion around 110 K, which corresponds exactly to the
TN of Mn4Nb2O9. The magnetic structure of our AFM Co4Nb2O9

single crystal is different from a collinear arrangement with
spin parallel to the trigonal axis as proposed previously by
Bertaut et al.3 and resembles the Co2+ magnetic moments found
to be almost lying in the basal plane by Khanh et al.8 But the
main difference between the samples, which is responsible for
the different easy axis directions, is not clear yet.
Experimental details

Polycrystalline Mn4Nb2O9 decomposes easily, so that it is difficult
to synthesize by conventional solid-state reaction technique. Here,
a one-step method based on the optical oating zone technique
was designed to grow the single crystal of Mn4Nb2O9. The stoi-
chiometric mixtures of Nb2O5 (99.99% @ Alfa Aesar) and MnCO3

(99.9%@ Alfa Aesar) powders were well grounded and calcined at
a temperature of 900 �C for 6 h under the protection of Ar gas ow.
The milled pre-sintered material (that is a mixture of MnNb2O6

and Mn3O4 conrmed by XRD) was isostatically pressed into
a cylindrical shape of 70mm length and 8mmdiameter at 70MPa
and sintered at 1100 �C at a rate of 2 �C min�1 for 12 h. Single
crystal of Mn4Nb2O9 was then successfully grown in an optical
oating zone furnace (FZ-T-10000-H-VI-P-SH, Crystal Systems
Corp.) with 4 � 1000 W halogen lamps installed as infrared
radiation sources by using the rod of the above prepared mixture.
The temperature of the molten zone focused by mirrors was
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Picture of the as-grown single crystal of Mn4Nb2O9; (b)
powder X-ray diffractogram from ground single crystal Mn4Nb2O9

showing the experimental, calculated, and difference intensities along
with the Bragg positions.
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precisely controlled by adjusting the power of the lamps. During
the growth, themolten zone wasmoved upwards at a rate of 5mm
h�1, with the seed rod (lower sha) and the feed rod (upper sha)
counter rotating at 30 rpm in Ar gas ow by 4 L min�1. A single
crystal of Mn4Nb2O9 of about 8 mm in diameter and 30 mm in
length with black shining surface was obtained, as shown in
Fig. 1a. The room temperature crystal structure was characterized
by XRD (XRD, D/max2200) using Cu Ka radiation. Low tempera-
ture XRD data were collected with a high accuracy home-made
Bragg–Brentano diffractometer equipped with a copper source
monochromatic radiation l ¼ 1.54056 Å issued from a 18 kW
Rigaku rotating anode, from 90 K to 900 K under air atmosphere
by using a cryofurnace and a furnace with an accuracy better than
0.1 K and 2 K, respectively. Variation of temperature steps is 5 K
from 90 K to 150 K. The step is 0.02� and integration time is 4 s,
respectively. Crystallographic orientation was determined by using
back-reection Laue X-ray photography with tungsten target (with
the X-ray beam of 0.5mm in diameter) and additionally conrmed
by standard XRD. Measurements of the magnetization were con-
ducted using a Physical Property Measurement System (PPMS-9,
Quantum Design Inc.) with Vibrating Sample Magnetometer
(VSM) option. The temperature and magnetic eld increasing/
decreasing rates are 1.5 K min�1 and 0.01 T s�1, respectively.
The temperature and magnetic eld ranges are 2–400 K and�9 to
9 T, respectively. The sensitivity of the VSM is 10�9 A m2.
Fig. 2 XRD patterns of single crystal Mn4Nb2O9 along the a (a) and c
(b) axis. The insets show corresponding Laue photographs of the a and
c axis.
Results and discussion

Rietveld method9 as implemented in the FullProf program10 was
used for the renement of the structure parameters, based on the
powder (ground single crystal by agate mortar) XRD data of
Mn4Nb2O9 as shown in Fig. 1b. The powder diffraction patterns
can be assigned to a single-phase corundum trigonal crystal
structure11 with P�3c1 space group which is similar to that of
Co4Nb2O9.2,7,8 The lattice parameters obtained are a¼ b¼ 5.32449
� 0.00016 Å and c ¼ 14.32222 � 0.00043 Å. The unit cell of
Mn4Nb2O9 is thus larger than that of Co4Nb2O9 and this is due to
the slightly larger ionic radius ofMn2+ with respect to that of Co2+.
This journal is © The Royal Society of Chemistry 2017
Fig. 2a and b show the XRD patterns with q–2q scans recor-
ded on slices cut perpendicular to the a and c axes which have
been identied by using back-reection Laue photograph (see
inset of Fig. 2a and b). As it is shown in Fig. 2a and b, four (h00)
(h ¼ 1, 2, 3, 4) and six (00l) (l ¼ 2, 4, 6, 8, 10, 12) reections,
respectively can be easily indexed. The sharp XRD peaks with no
impurity or misorientation detected as well as the clear Laue
diffraction spots imply high quality Mn4Nb2O9 single crystal.

In order to check the magnetic properties of Mn4Nb2O9, and
becauseMn4Nb2O9 displays nonequivalence between a axis and c
axis, similarly to Co4Nb2O9, temperature dependence of Ma(T)
andMc(T) was measured under a small magnetic eld H¼ 0.01 T
applied along a and c axes of Mn4Nb2O9 single crystal as shown
in Fig. 3a. Mn4Nb2O9 shows a strong magnetic anisotropy which
leads to dramatically different temperature dependence ofMa(T)
and Mc(T). With the decrease of the temperature, Mc(T) exhibits
a magnetic Néel transition around TN ¼ 108.4 K, which corre-
sponds to the previously observed AFM transition in poly-
crystalline Mn4Nb2O9, but for which the orientation of the
magnetic moments6 could not be identied. Below TN, Mc(T)
decreases linearly with temperature down to 3 K. On the contrary,
Ma(T) presents the same increasing trend upon cooling of
temperature even below TN. This suggests that the antiferro-
magnetic axis of Mn4Nb2O9 is not same as that of Co4Nb2O9

along a axis and therefore, the magnetic structure of both
compounds must be different. The magnetic structure of
RSC Adv., 2017, 7, 13846–13850 | 13847
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Fig. 3 Temperature dependence of the magnetization M(T) of
Mn4Nb2O9 measured along a and c axis under an applied magnetic
field of 0.01 T (a) and along c axis under a magnetic field of 7 T (b).

Fig. 4 Magnetic field dependence of the magnetization M(H) of
Mn4Nb2O9 measured along a (a) and c (b) axis at 5 K.
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Mn4Nb2O9 given by Bertaut et al.3 where Mn spins align to the c

axis and form chains along the lines
1
3
2
3
z (+spins) and

2
3
1
3
z

(�spins) with antiparallel inter-chain coupling can be thus used
to explain the magnetic measurements of Mn4Nb2O9.

To reveal the occurrence of the spin op in Mn4Nb2O9 single
crystal, we further measured magnetization curves under
a strong external eld (H¼ 7 T) along c axis. As shown in Fig. 3b,
the behavior is different from Co4Nb2O9 asMc(T) here shows no
change with comparison to Mc(T) measurement under a eld of
H ¼ 0.01 T. This demonstrates that the spin op does not occur
along c axis even though the applied magnetic eld is up to 7 T.

Furthermore, the magnetic eld dependences of the
magnetization along a and c axes at 5 K were measured (Fig. 4).
A linear Ma(H) curve with no slope abnormality is shown in
Fig. 4a indicating that there is no antiferromagnetic ordering
component along the a axis. In Fig. 4b, although there is
a deviation from the linear behavior in Mc(H) curve at around
4 T, the induced magnetization is not reached up to 7 T which
conrms that the critical magnetic eld to induce the spin op
transition in single crystal Mn4Nb2O9 is larger than 7 T. There is
no doubt that the critical magnetic eld of single crystal
Mn4Nb2O9 is much larger than 0.75 T found in single crystal
13848 | RSC Adv., 2017, 7, 13846–13850
Co4Nb2O9. The Zeeman energy which induces the spin op can
be expressed as:12

EZeeman ¼ �m0MNetHExtcos q (1)

where m0, MNet, HExt, and q represent respectively the vacuum
permeability, the magnetic moments of Mn2+, the external
magnetic eld, and the angle between MNet and HExt. The
magnetic moment of Mn2+ is known to be larger than that of
Co2+.13 The q angle for both Co4Nb2O9 and Mn4Nb2O9 is p as
the magnetic moments of Co2+ and Mn2+ in Co4Nb2O9 and
Mn4Nb2O9 align in antiferromagnetic congurations along
a and c axis, respectively. The Zeeman energy of Mn4Nb2O9 is
thus larger than that of Co4Nb2O9 under the same external
magnetic eld. The antiferromagnetic coupling between the
magnetic moments of Mn2+ is larger than the difference of
Zeeman energy between both systems. Therefore, Mn4Nb2O9

requires a larger critical magnetic eld to induce the spin op
metamagnetic transition.

In order to check if the antiferromagnetic phase transition is
accompanied with structural changes, the (300) and (006) Bragg
reections along a and c axis, respectively were measured by
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 XRD data of (300) and (006) Bragg reflections as a function of temperature along a (a) and c (b) axis, respectively. (c) and (d) show
corresponding a and c lattice parameters as a function of temperature. ZFC/ZFH, FC and FH indicate the zero electric field cooling/heating,
electric field cooling and field heating regimes, respectively. The electric field value used is 20 kV cm�1.
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varying the temperature. As shown in Fig. 5a, the (300) Bragg
reections shi towards higher 2q degrees by decreasing the
temperature. In contrast to (300) Bragg reections, the (006)
Bragg reections rst shi to higher 2q angles on cooling and
then shi to lower 2q degrees as shown in Fig. 5b. The peak
positions of the Bragg reections can then be obtained by
tting the corresponding (300) and (006) Bragg reections
using Gaussian function tting. The a and c lattice parameters
as a function of temperature between 90 K and 150 K are
plotted in Fig. 5c and d, respectively. As the temperature
decreases, there is a structural change of a shrinkage along
a direction while an expansion along c direction below around
110 K which is exactly the TN of Mn4Nb2O9 evidenced above
using magnetic measurements. There is therefore an obvious
magnetostriction effect occurring at the AFM phase transition.
This result is appealing to further investigations for instance
by studying the magnetic behavior under pressure/stress and/
or the resulting strain under magnetic eld. Furthermore, if
the structure-magnetic coupling is strong enough, it opens the
door towards strain-engineering of the magnetism in
Mn4Nb2O9. Finally, we also applied an electric eld of 20 kV
cm�1, within eld cooling (FC) and eld heating (FH) regimes
and followed the Bragg reections versus temperature (Fig. 5c
and d). However, there is no distinction between the data
under electric eld (FC, FH) and those without or zero (ZFC
and ZFH) eld regime, indicating that no magnetoelectric
coupling exists in Mn4Nb2O9.
This journal is © The Royal Society of Chemistry 2017
Conclusion

In summary, we have successfully synthesized Mn4Nb2O9

single crystal with a single phase of corundum-type structure
by a one-step method based on the optical oating zone
technique. Characterizations of the crystal by X-ray diffrac-
tion and Laue photographs analysis show the good quality of
the crystal. An antiferromagnetic phase transition is found at
Néel temperature TN ¼ 108.4 K. In contrast to Co4Nb2O9, such
AFM ordering is along c axis and the spin op transition
cannot be achieved with magnetic eld up to 7 T. A structural
modication with shrinking of the a direction and expansion
of c direction takes place at TN and indicates a magneto-
striction effect. We also applied an electric eld across
the magnetic transition showing that no magnetoelectric
coupling exists. Further work is needed to study the interac-
tion between structure and magnetism in Mn4Nb2O9 single
crystal.
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