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MnTaO,N: Polar LINbO;-type Oxynitride with a Helical Spin Order**
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Abstract: The synthesis, structure, and magnetic properties of
a polar and magnetic oxynitride MnTaO,N are reported. High-
pressure synthesis at 6 GPa and 1400°C allows for the
stabilization of a high-density structure containing middle-to-
late transition metals. Synchrotron X-ray and neutron diffrac-
tion studies revealed that MnTaO,N adopts the LiNbO;-type
structure, with a random distribution of O*~ and N°~ anions.
MnTaO,N with an “orbital-inactive” Mn** ion (d°; §=5/2)
exhibits a nontrivial helical spin order at 25 K with a prop-
agation vector of [0,0,0] (6 ~0.3), which is different from the
conventional G-type order observed in other orbital-inactive
perovskite oxides and LiNDbO;-type oxides. This result suggests
the presence of strong frustration because of the heavily tilted
MnO,N, octahedral network combined with the mixed O*/
N°~ species that results in a distribution of (super)-super-
exchange interactions.

Oxynitrides show properties that cannot be attained by
simple oxides or simple nitrides.! Experimentally, transition-
metal oxynitrides with the perovskite structure have been
extensively explored, with a variety of functions discovered
such as water splitting photocatalysis in BaTaO,N,” non-toxic
colorful pigments in Ca,_,La,TaO, N, (0 <x <1),! colos-
sal magnetoresistivity in EuNbO,N and EuWO,N,* and high
permittivity in SrTaO,N.F! These properties originate from
the differences between N°~ and O®~ in valence, ionic radius,
electronegativity, and polarizability.”

However, most of the transition-metal oxynitrides syn-
thesized so far consist of early transition metals such as Ti, Zr,
Nb, Ta, V, Mo, and W in the d° (and rarely d') state.">® This is
primarily a result of the synthesis process of oxynitrides,
where the corresponding solid oxide precursors are reacted
with ammonia at elevated temperatures (thermal ammonol-

ysis). The highly reducing atmosphere during thermal ammo-
nolysis does not permit middle-to-late transition metals to
form oxynitrides without being reduced to elemental metals
or metal nitrides. For this reason, only a handful of magnetic
oxynitrides are known including PrvO,,4N 7,
LaVO,,Nyo T NdVO,N!  StMoO,N,M  SrwO,N
Li;MnN;_,O, (x~1.7),® and Mn,(MnTa;)N,_,0,,, (0<
x<1).'"" However, they do not exhibit any long-range
magnetic ordering (apart from that originating from A-site
rare-earth elements). To the best of our knowledge, only
Sr,FeMoO,_,N, (x=0.3 and 1) is reported to exhibit long-
range magnetic ordering.

The high-pressure synthesis is known to provide access to
high-density crystalline phases. It also allows rational prep-
aration of new mixed anion compounds with a designed
chemical composition using appropriate starting materials. A
growing number of oxyfluorides, oxychlorides, and other
mixed anion compounds have been developed using this
approach.'® For example, we successfully obtained a stoichio-
metric perovskite oxyhydride SrCrO,H using SrO, SrH, and
Cr,0, as starting reagents.'” Few nonmagnetic oxynitrides
have been prepared including perovskites REZrO,N (RE =
Pr, Nd, Sm) (1200-1500°C at 2 GPa to 3 GPa)* and a spinel
Ga;O;N (1500-1700°C at 5 GPa).l"! Here, we report on the
high pressure synthesis of a novel magnetic oxynitride
MnTaO,N with 3d> Mn?" (S =5/2) and 5d° Ta’". It crystallizes
in a non-centrosymmetric LiNbOs-type (LN-type) structure.
Historically, high pressure has been actively applied to
stabilize LN-type oxides ABO; (A =Fe, Mn, Zn, Mg and
B =Ti, Sn) with small divalent A-site cations.™™ Mn**Ti* O, is
of the ilmenite-type at ambient pressure, while the application
of pressure induces a transformation to the LN-type struc-
ture.”! Thus, the synthesis of LN-type MnTaO,N can be
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rationalized in terms of a charge compensated substitution of
“Ta>*/Ti*" and N*/O*~” from LN-type MnTiO;. Remarkably,
MnTaO,N undergoes magnetic long-range order at 25K,
a rare example of magnetic order in transition-metal oxy-
nitrides. Furthermore, we found a nontrivial helical spin
order, as opposed to the isostructural and isoelectronic LN-
type MnTiO; with a conventional G-type structure (Ty=
28 K), with a small spin canting caused by Dzyaloshinskii—
Moriya (DM) interactions.!

The high-pressure synthesis of MnTaO,N was conducted
using a cubic multianvil press. TaON and MnO were
intimately mixed in stoichiometric ratio in a nitrogen filled
glovebox (O, < 0.1 ppm and H,O < 0.1 ppm), loaded in a Pt
cell and heated for one hour at various temperatures up to
1400°C and at pressures up to 6 GPa. As shown in Figure 1,
MnTaO,N was yielded when reacted at 1400°C and 6 GPa.

Angewandte

Table 1: Structural parameters of MnTaO,N from simultaneous Rietveld
refinement of SPXRD and NPD at 295 K. Error bars indicate one
standard deviation in the final digit.

Atom Site g X y V4 Uiso
(100 A%
Mn®" 6a 1 0 0 0.28093(2) 0.54(3)
T 6a 1 0 0 0 0.77(1)
O 18b 0.654(19) 0.0527(6) 0.3455(6) 0.0733(1) 0.39(11)
N*~  18b 0.346 0.0527 0.3455 0.0733(1) 0.39(17)

[a] Space group R3c (No. 161), a=5.34039(3) A, c=14.0799(1) A.
R.=7.73%, R,=5.30%, GOF=2.72 for SPXRD and R,,=7.25%,
R,=5.73%, GOF=1.31 for NPD.

and nitrogen (N =9.36 fm and O =5.81 fm). The dual refine-
ment converged readily to reliable factors R,,=7.73%,
GOF =2.72 for SPXRD and R,,=7.25%, GOF=1.31 for
NPD (Figure 1 and Table 1; GOF =goodness of
fit). Refining the occupancy of Mn, Ta, and O/N
from unity did not improve the result. The final
anion composition refined to MnTaO; g56)N; g4
Complementary experiments by combustion ele-
mental analysis and energy dispersive X-ray spec-
trometry (EDS), respectively, gave 4.4(3) wt% N,
in reasonable agreement with the theoretical value
of 497wt%, and a Mn/Ta ratio of 1. Local
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Figure 1. Structural characterizations of MnTaO,N by Rietveld refinement of

a) SPXRD and b) NPD (BT-1, NCNR) collected at 295 K. Red crosses, green solid
line, and blue solid line represent observed, calculated, and difference intensities,
respectively. The upper and lower green ticks indicate the positions of the Bragg

peaks of MnTaO,N and a minority cubic impurity phase (about 2 wt%), respec-

tively.

The synchrotron powder X-ray diffraction (SPXRD)
pattern of the product was indexed with a rhombohedral
unit cell, a =5.34039(3) A and ¢=14.0799(1) A. The inspec-
tion of the Bragg peaks showed extinction conditions
compatible with the R3¢ (No. 161) and R3c (No. 167) space
groups. We note that both SPXRD and neutron powder
diffraction (NPD) patterns contain small impurity peaks
belonging to an unknown phase with a cubic face-centered
structure, as well as residual TaON. To determine the
presence or absence of the inversion center of the main
product, we conducted second harmonic generation (SHG)
experiments because the SHG properties are related to
a third-rank polar tensor. SHG response at room temperature
was clearly observed, from which we conclude that the target
compound is acentric. Rietveld refinement was hence per-
formed using the LN-type structure with Ta placed at site 6a
(0,0,0) and Mn at 6a (0,0,z) (where z is about 0.28). Oxygen
and nitrogen atoms were assumed to be disordered at the 18b
(x,y,z) site since there is no indication of anion order in
SPXRD. A simultaneous refinement was performed on the
SPXRD/NPD data with a constraint on the O/N occupancy
such that the sum resulted in a fully occupied site. While there
is little scattering contrast between O and N for X-rays, NPD
can provide reliable information on the anion composition
because of the large difference in scattering lengths of oxygen
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120 140 distortions by different anions (N*~/O?") might be
present, but the high symmetry of our material
hampered the observation of such effect and would
be better probed using other techniques, such as
total scattering.

A polyhedral representation of the crystal
structure of MnTaO,N is given in Figure 2a. The
MnO,N, octahedron is face-shared with the TaO,N,

Figure 2. a) Crystal structure of LINbO;-type MnTaO,N. b) Faced-
shared MnO,N,-TaO,N, octahedral dimer. Purple, gray, red, and green
spheres represent Mn, Ta, O, and N, respectively. The O and N atoms
are randomly distributed at the anionic site.

octahedron, which results in the formation of three short
(2.12 A) and three long (2.39 A) Mn-O(N) bonds (Figure 2b).
These values are close to those observed in other LN-type
manganese oxides.”***! The TaO,N, octahedron is distorted
as well with three short (1.99 A) and three long (2.11 A) Ta-
O(N) bonds, which are comparable with those of perovskite
oxynitrides ATaO,N (A = alkali earth).”!

A measure of octahedral distortion, A, was calculated
according to the equation given in Ref. [24]. We obtained A =
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36.2x107* for the MnO,N, octahedron, which is slightly
larger than 15.1 x 10~* and 26.9 x 10~* for MnOg in LN-type
MnTiO; and MnSnO;, respectively. The larger distortion of
Mn octahedron is potentially arising from a larger cationic
charge (repulsion) across the shared octahedral face. We also
found that A=8.3x 107 for TaO,N, is smaller than 38 x 107*
for TiO4 in MnTiO;, but larger than 2.8 x 10~ for SnO; in
MnSnO;, which may be related to a weaker second-order
Jahn-Teller (SOJT) effect or the random O*7/N*" environ-
ment. Using the atomic displacement from the centrosymm-
metric structure, the spontaneous polarization along the
hexagonal caxis is calculated to be about 51.5uCcm™2,
when the nominal ionic charges of the constituent ions are
assumed. This value is comparable with 68.6 uCcm? and
55.1 uCem~2 in MnTiO; and MnSnO, respectively.[*!
Shown in Figure 3 is the magnetic susceptibility of the
insulating MnTaO,N measured in an applied field of 0.1 T. At
high temperatures, the experimental data follows a Curie—
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Figure 3. Temperature dependence of the magnetic susceptibility of
MnTaO,N measured at 0.1 T. The inset shows the inverse susceptibil-
ity, where the red line represents the Curie-Weiss fit.

Weiss law. A fit of the inverse susceptibility data in the
temperature range 200 K< T7T<300K gives an effective
magnetic moment u.; of 6.03(8) pg/Mn, in agreement with
the expected value for a high spin Mn*" ion (§=5/2), ;=
5.91 pg. A significantly large Weiss temperature of 6=
—233(6) K indicates the presence of strong antiferromagnetic
(AFM) spin-spin interactions. Despite the strong AFM
correlation, however, the linear dependence of the reciprocal
susceptibility is seen at lower temperatures. The susceptibility
exhibits a sharp cusp at 25.5 K, implying the occurrence of
AFM order.

To gain direct evidence for long-range AFM order, NPD
patterns at low temperatures were collected at BT-1 in NIST
and at Wombat in ANSTO. As shown in Figure 4 (and in
Figure S1 in the Supporting Information), we found several
non-nuclear peaks at 6 K, together with the nuclear reflec-
tions observed at higher temperatures. With increasing
temperature, these additional peaks begin to reduce in
intensity with a slight and gradual shift of position, before
finally vanishing above 30 K. Together with the susceptibility
result, this observation strongly suggests the magnetic origin
of these reflections. The magnetic propagation vector at each
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Figure 4. a) Rietveld refinement of NPD for MnTaO,N at 6 K (BT-1,
2=2.0775 A). Red crosses, green solid line, and blue solid line stand
for the observed, calculated, and difference intensities, respectively.
Upper and lower ticks indicate the positions of the crystal and
magnetic Bragg reflections. Peaks around 26 =36.4-37°, 54.5-58.5°,
47.15-48.55°, originated from TaON are eliminated from the refine-
ment. b) Temperature dependence of the magnetic peaks for T<30 K.
c) Temperature dependence of the magnetic moment of Mn** and

d) the k-vector [0,0,0] as determined by the structural refinement. The
solid lines are a guide to the eye.

temperature below Ty was determined using five magnetic
peaks and the K-Search program included in the FULLPROF
suite.”! It is found that the magnetic structure is defined by
the propagation vector along the hexagonal c axis, k =[0,0,0]
(where 9 is about 0.3).

Possible magnetic structures were derived from a magnetic
representation analysis using BasIreps.” Three irreducible
representations were determined using the R3c space group
and the obtained k-vector at 6 K, [0,0,0.36]. Among them,
refinements using the first two models with spins aligned
parallel or antiparallel to the ¢ axis failed to reproduce the
experimental peaks. The representation of the last one is
composed of four vectors that dictate ferromagnetic (FM)
and AFM structures within the ab plane. Data fitting using
a combination of these vectors provided the best result with
R,,=825% and GOF =1.48 (see Figure 4a). As shown in
Figure 5c and d, the Mn?" moments lie in the ab plane, the in-
plane moments are parallel to each other, and the FM layers
are stacked along the hexagonal ¢ axis with a rotation of
~158.6° at 6 K. The refined k-vector (i.e., ¢ in [0,0,0]) slightly
decreases with increasing temperature (Figure 4d). The
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Figure 5. a) A corner-shared MnOg octahedral network with the NN
(J1) and NNN (J, and J,') exchange paths. b) Magnetic interactions
between Mn atoms: NN J; (red, 3.869 Ax6), the out-of-plane NNN J,
(blue, 5.612 Ax6) and the in-plane NNN J, (green, 5.327 Ax6).

c) Helical spin structure of MnTaO,N with a propagation vector of
[0,0,0.356] at 6 K. The magnetic moments lay within the hexagonal ab
plane. d) The spin rotation along (1 —1 1/2), which is equivalent to
the pseudo-cubic [100].

helical rotation angle increases only slightly to 166.5° (6 =
0.22) at 20 K. The temperature dependence of the refined
magnetic moment is plotted in Figure 4c. The magnetic
moment at 6 K is 3.63 pg, which is lower than the expected
value of 5.0 pg for Mn*" in a high spin state. We note, however,
that this value is similar to that of MnTiO; (3.9 pu)® and
strongly suggests the existence of strong frustration as pointed
out from the magnetic susceptibility measurements.

It is well-known that structural, chemical and physical
properties of ABO; perovskite oxides can be understood
systematically from the Goldschmidt tolerance factor t. The
ideal cubic perovskite is stable when ¢~ 1. For t < 1, various
types of BO, octahedral tilting occur.”® For example, an anti-
phase rotation along the cubic [111] direction leads to
rhombohedral structures denoted as a a a  in the Glazer
notation.””! Under high pressure, compounds with a more
extensive tilting (£ < 0.75) are stabilized, leading to a trans-
formation to other structural types including the LN-type
structure.”® Here, it should be stressed that this transforma-
tion is topotactic, with the BO4 network preserved in the LN-
type structure. Since the LN-type structure has interpene-
trated corner-shared octahedral networks of AO4 and BOj
(see Figure 5a), each network in the LN-type structure, AOg4
or BOg, can be compared with the BOg network in perovskite.

This fact enables one to interpret magnetic properties of
MnTaO,N with the corner-shared MnXj network (X = O, N),
in comparison with the MOg octahedral network in insulating
perovskite oxides AMO; (M =magnetic ion) that has been
extensively studied and established. In AMO;, the magnetism
is dominated by the AFM nearest neighbor (NN) coupling, J;,
through (nearly linear) M-O-M superexchange pathways. On
the basis of the Goodenough—Kanamori rule, J; is suppressed
when the octahedral tilting increases (or ¢ decreases) and the
M-O-M angle deviates from the ideal 180°. Importantly, this
distortion enhances the AFM next nearest neighbor (NNN)
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interactions, J,, via super-superexchange M-O-O-M pathways
and introduces magnetic frustration into the system.

In MnTaO,N, we found a large difference between Ty
(25K) and | 0] (233 K). In addition to this difference, the
observed helical order implies a fairly strong competition of
magnetic interactions, which is reasonable, given the small
t value of 0.77 in this compound. Using the above knowledge
on perovskite, it can be argued that the strong frustration in
MnTaO,N arises from competing NN (J;) and NNN (/,)
interactions. The heavily tilted MnO,N, octahedra (w=
22.54° along the pseudo-cubic [111], which is much larger
than those for perovskites (0° < @ < 20°)?*!) result in the Mn-
X-Mn angle of 121.8°.

Figure 5a and 5b shows that six NN J; bonds are
equivalent and are antiferromagnetic due to the 121.8°
bridging angle. On the other hand, there are two types of
NNN couplings: one is the out-of-plane interaction J, (x 6)
and the other is the in-plane interaction J,' (x 6). Although the
determination of the sign and the magnitude of super-
superexchange coupling J, and J,' (via several Mn-X-X-Mn
pathways) is not straightforward, we can deduce from the in-
plane FM spin order below Ty that J,' is either ferromagnetic,
or antiferromagnetic but is much weaker in magnitude than
Ji. On the other hand, the helical rotation along the ¢ axis
indicates that frustration arises from out-of-plane interac-
tions. Therefore, J, should be antiferromagnetic and compa-
rable in magnitude with J,.

We would like to point out that insulating perovskites
mostly experience the non-frustrated G-type spin structure
with all neighboring spins aligned anti-parallel to each other.
This is not surprising given the predominance of J, (over J, J,
Js...). Different types of spin structures like A-type and
CE-type are sometimes seen, but they appear only when
complex factors such as itineracy, orbital/charge degrees of
freedom, and magnetic interactions with the A-site rare earth
ions are at play. Some examples are LaMn**O; (A-type),”*”
La,sCaysMn*> 0, (CE-type),®! and  SrFe* O,
DyMn**O,,P!! TbMn**O; (helical order).’? In this regard,
the helical spin order in MnTaO,N with orbital-inactive Mn**
ions (d°; § = 5/2) is remarkable. The frustration index | 0 |/Ty
of 9.2 in MnTaO,N is fairly large compared with those of
conventional orbital-inactive perovskite oxides (d°, d°) such
as BiCrO; (16 | /Ty=2.7511=0.85), LuCrO; (| 0 | /Ty =3.35,
t=0.85) and LuFeO; (|0|/Ty=1.92, t=0.84). Tt is
interesting to see that all the known LN-type oxides
(MnTiO;, MnSnO;, PbNiO;, FeTiO;) also adopt the non-
frustrated G-type structure, apart from a small canting caused
by DM interactions.’ Note that the frustration factors of
these LN-type oxides are smaller: |0 |/Ty =6, 2.5,2.4 and 2.2
for MnTiO;, MnSnO;,?*! PbNiO;,?! and FeTiO,,**Y respec-
tively. Interestingly, a metallic perovskite Mn’V**O; with V
3d band electrons exhibits an incommensurate spin structure
by the A-site (Mn?>") ions via RKKY interaction.””!

A complete understanding of the magnetism will require
further experimental as well as theoretical investigations in
the future. Yet it is highly possible that the mixed anion nature
of MnTaO,N plays a crucial role in directing the helical
structure. In MnTaO,N, there exist Mn-N-Mn and Mn-O-Mn
bonds which bring two inequivalent J; couplings, while Mn-O-
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O-Mn, Mn-O-N-Mn, Mn-N-N-Mn bonding yield (at least)
three inequivalent J, (and J,') couplings. The mixed anionic
environment may also affect the anisotropic exchange,
dipolar interactions and crystal field anisotropy.”® These
mixed-anion effects would effectively enhance frustration and
gives the nontrivial spin ordering in MnTaO,N. It has been
recently shown that oxynitrides favor cis coordinated octahe-
dra owing to more covalent bonding with N-2p orbitals (vs. O-
2p).*! Future investigations using pair distribution function
analysis techniques as was performed in perovskite
BaTaO,NP! could highlight the effect of such local con-
straints on the magnetic properties.

In conclusion, we have demonstrated that the high-
pressure approach allows the preparation of a manganese
oxynitride MnTaO,N with the polar LN-type structure.
Notably, this material exhibits a helical spin order at 25 K
with the propagation vector of [0,0,0] (J is about 0.3). This
spin structure possibly arises from strong frustration between
NN and NNN interactions and is different from the (canted)
G-type order observed in isostructural, isoelectronic oxide
counterparts. This material offers an advanced opportunity
for developing magnetic polar materials. The synthesis of the
solid solution Mn(Ta,_,Ti,)O,(N,_,O,) will be thus an inter-
esting future challenge since the end members have different
spin structures so that a phase transition is naturally expected.
Since the discovery of multiferroic behavior in TbMnO;,*"!
compounds with helical magnetic structures have been
extensively studied including Ni;V,0q ! MnWO,,*!
CuFeO,™! and CuO."™! Despite the lack of a weak FM
component in the present material, LN-type structure is polar
in nature so that if weak FM is introduced by, for example,
chemical substitution, it may become a new multiferroic
material. It would be also exciting if one is able to synthesize
other magnetic LN-type oxynitrides such as MTaO,N (M =
Fe?, Ni**, Cu*", Co*"). Finally, the high-pressure synthesis
serves as an efficient tool to generate a number of magnetic
oxynitrides of other structural types, which cannot be
obtained by conventional ammonolysis reactions at high
temperatures.

Experimental Section

TaON was synthesized, as previously reported,*! using Ta,Os
(99.99%, Rare Metallic) heated at 850°C for 15h under a NH;
flow (5N, Air Liquide, 20 mLmin'). The stoichiometric mixture of
MnO (99.9%, Rare Metallic) and TaON were used as starting
reagents for the synthesis of MnTaO,N. The synthesis of MnTaO,N
was attempted under pressures in the 2-7 GPa range and at temper-
atures between 1000°C and 1400°C. Mixed powders were first
pressed using a cubic anvil press to a target pressure and after heating
to a target temperature in 15 minutes, the temperature was stabilized
for one hour, then quenched to room temperature within 3 min,
followed by a slow release of the pressure. SPXRD experiments were
performed on a Debye—Scherrer camera at the BL0O2B2 beamline at
SPring-8 (4=0.42023 A). The NPD data for refinement were
collected between 25K and 385K using a Cu(311) or Ge(311)
monochromator (A =1.5401 A and 1 =2.0775 A, respectively) on BT-
1 at NIST Center for Neutron Research (NCNR) and the Wombat
diffractometer using a Gell5 monochromator (1=2.71877 A) at
ANSTO. Structural refinements were carried out using JANA2006/*!
and FULLPROFE®! EDS was collected by an Oxford x-act detector
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mounted on a Hitachi S-3400N scanning electron microscope. The
magnetic data was obtained using a superconducting quantum
interference device (SQUID) MPMS-XL (Quantum Design) in the
temperature range of 2K and 300 K. Optical second harmonic
generation was tested for ungraded powders at RT using a pulsed
Nd:YAG laser (4=1064 nm, pulse duration: 25 ps, repetition rate:
10 Hz) as the light source. Certain commercial equipment, instru-
ments, or materials are identified in this document. Such identifica-
tion does not imply recommendation or endorsement by the National
Institute of Standards and Technology nor does it imply that the
products identified are necessarily the best available for the purpose.
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