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Abstract: Oxynitride complex perovskites, BaMng,M, 30, Ny 4 (M = Nb, Ta), were prepared
by reacting the layered oxides Ba;M,;0,5 with MnCl,, in the NH; atmosphere. Both
BaMn M, 3O, 6Ny 4 phases crystallized in orthorhombic symmetries, in contrast with
previous Ba-based perovskite oxynitrides, BaMO,N and BaM'(,M, 305N, (M' = Li, Na,
Mg; M = Nb, Ta), all of which were cubic. The thermogravimetry (TG) and differential
scanning calorimetry (DSC) of AMn,M;, 30, 6Ny 4 (4 = Sr, Ba; M = Nb, Ta) suggested that
the phase stability is higher for 4 = Ba and M = Ta than for 4 = Sr and M = Nb, respectively.
Both BaMn, ;Nbg 30, ¢Ng 4 and BaMn,;Ta, 3O, 6Ny 4 exhibited paramagnetic behavior with
effective magnetic moments of 5.75 pg and 5.90 ug, respectively, well consistent with the
high-spin Mn?* state. All the four members of AMng M 30, 6Ny 4 had negative Weiss
constants (Bw’s), indicative of the antiferromagnetic interactions. The variations of the Oy
among AMny,M, 30, ¢Ny 4 were attributable to the differences in the Mn—O bond lengths (4 =
Sr vs. Ba) or to the distinct lattice covalency (M = Nb vs. Ta).



1. Introduction

Perovskite oxynitrides have received considerable attention recently, owing to the
potential applicability in diverse areas such as visible-light photocatalysts,'~ dielectrics,*’
pigments,'~'? and magnetoresistors.'>!* The material functions of the oxynitrides depend on
various factors such as crystal structure and N/O ratio, but the cation composition makes the
foremost effects. In an attempt to explore new compositions of the oxynitride perovskites and
potentially exotic properties, we have synthesized a group of complex perovskite oxynitrides,
ALiy M0, 8Ng2, ANag My g0, sN 2, and AMgg My 30, 6No4,'°~!7 via the intercalative route
utilizing the layered oxide AsM;O;5 (4 = Sr, Ba; M = Nb, Ta). In terms of composition, the
above AM',,M, 305N, (M" = Li, Na, Mg) make unusual cases where low-valence cations are
stabilized on the octahedral site of the oxynitride perovskite. These new phases served to
reveal a few noteworthy points. First, the N/O ratio is an effective parameter for tuning the
optical band gap of oxynitride semiconductors: The band gap widens systematically as the
N/O ratio decreases. Moreover, the lower N/O ratio tends to suppress the sub-gap absorptions
which are often linked to lattice defects or reduced impurities. Second, the minority species
(N3) of the anion sub-lattice showed a preference for a specific site, in cases multiple anion
sites are available.

Recently, we prepared StMng M, 3O, 6No 4 (M = Nb, Ta) by applying the above
intercalative synthetic strategy.'® Notably, these Mn?*-containing perovskites had an
orthorhombic symmetry, contrasting with the whole members of StMO,N and
StM'y,My O3 N, (M = Nb, Ta; M' = Li, Na, Mg) which are all tetragonal. Such a symmetry-
lowering was attributed to the covalency factor contributed from Mn?*. In addition,
StMng M 8O, 6No.4 (M = Nb, Ta) exhibited paramagnetic behaviors with weak
antiferromagnetic interaction resulting from the moderately dilute and randomly distributed
Mn?* ions.

In this study, we further prepared the BaMng M 30, ¢No4 (M = Nb, Ta) phases and
characterized by synchrotron X-ray and neutron powder diffraction, diffuse-reflectance
spectroscopy, thermal analysis, X-ray photoelectron spectroscopy, and magnetization
measurements. The crystal symmetry, thermochemistry, band gap, and magnetic behaviors of
AMn,M, 3O, 6No 4 (4 = Sr, Ba; M = Nb, Ta) are presented focusing on the distinctions
arising from the type of 4 and M cations.



2. Experimental

Precursor oxides 4sM4O;5 (4 = Sr, Nb; M = Nb, Ta) were prepared by a high-temperature
ceramic route, using SrCOj; (Sigma Aldrich, 99.9%), BaCO; (Alfa Aesar, 99.95%), Nb,O5
(Alfa Aesar, 99.9985%), and Ta,0Os (Kojundo, 99.9%). Synthesis of complex perovskites
SrMng , M, 30, ¢No 4 (M = Nb, Ta) was described in a previous report.'® For synthesizing the
Ba analogues, BasM,0,5 was reacted with MnCl, (Alfa Aesar, 99.7%) in a similar manner to
those employed in the synthesis of StMn M 30, ¢N 4. BasM;0,5 and MnCl, (dried
overnight at 373 K under 5 Torr, before use) were mixed in a ratio of Mn:M = 1.02:4 using an
agate mortar and pestle, pressed to a pellet, and heated in an NH; flow (=100 sccm). The
ammonolytic heating cycle consisted of a ramp (10 K/min) from ambient to a designated
temperature (7,), dwell for 12 h, and a heater-off cooling to room temperature. The
ammonia flow was maintained throughout the entire heat treatment. After examining the
progress of phase formation by powder X-ray diffraction (XRD; Rigaku Miniflex600), the
ammonolysis was repeated with gradual elevations of 7}, until a pure phase was obtained.

Finally obtained BaMn, M) 30, ¢Ny 4 samples were subjected to the synchrotron XRD
and neutron diffraction (ND). Synchrotron XRD was measured in the high-resolution powder
diffractometer at the beamline 9B of Pohang Accelerator Laboratory, Korea. Data were
collected in Bragg-Brentano mode using the radiation with A, = 1.5175 A. ND patterns were
obtained using the powder diffractometer Echidna at the OPAL facility'” of the Australian
Nuclear Science Technology Organisation. Data were recorded using a powder sample
packed in a vanadium can, with A ~ 1.62 A over a 20 range of 10—165°. The synchrotron
XRD and ND data were analyzed by Rietveld refinement using the software suite GSAS-
EXPGUI.?0-?!

The chemical compositions were analyzed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES; Jobin-Yvon, 138 Ultrace, operated at the Ochang Center,
Korea Basic Science Institute) and combustion analysis (CE Instruments, Flash EA 1112,
operated at the Seoul Center, Korea Basic Science Institute) as well as the Rietveld
refinement of the atomic occupancies. The thermogravimetry (TG) and differential scanning
calorimetry (DSC) profiles were recorded in a simultaneous thermal analysis system
(Setaram, LABSYS evo). Approximately 10 mg of finely ground sample were packed in an
alumina cup, and the temperature was raised from 300 to 1673 K at a rate of 10 K/min, in air.

The absorption behavior of BaMng ;M 3O, Ny 4 was measured in the ultraviolet-visible-

near infrared (UV-Vis-NIR) range using a diffuse-reflectance spectrometer (Agilent, Cary



5000, operated at Core Research Support Center for Natural Products and Medical Materials,
Yeungnam University). The measured reflectance (R) was converted to pseudo-absorbance
(A) according to Kubelka-Munk function, A = (1 — R)?/2R.?> The band gap was estimated by
constructing the Tauc plots.”*** X-ray photoelectron spectroscopy (XPS; Thermo Scientific,
K-Alpha) was performed using an Al K, source (1486.6 eV). The signal intensity was
recorded at an interval of 0.1 eV, and each spectrum was acquired by averaging the results of
20 scans. The XPS binding energy was calibrated with the C 1s line at 284.6 eV from the
adventitious carbon. Magnetic susceptibility was measured using a Quantum Design Physical
Properties Measurement System (PPMS) with a vibrating sample magnetometer (VSM)
probe from 2.5 to 300 K in an applied magnetic field (H) of 500 Oe under both zero field-
cooled and field-cooled conditions. For AMng,Nbg 3O, 6Ny 4 (4 = Sr, Ba), field-dependent

magnetization was measured at 5 K over the range —90 kOe < H < 90 kOe.
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Fig. 1. Progressive evolutions of XRD patterns along the cumulated ammonolytic heating for
preparing BaMng ,Nbg 30, ¢Ny 4. In all steps, the ammonolysis time was 12 h.
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Fig. 2. Progressive evolutions of XRD patterns along the cumulated ammonolytic heating for
preparing BaMng,Tag 30, ¢Ng 4. In all steps, the ammonolysis time was 12 h.

3. Results and Discussion

3.1 Phase formation

Fig. 1 and Fig. 2 show the progressive XRD patterns recorded in the courses of obtaining
single-phase samples of BaMn;Nb O, 6No 4 and BaMng,Tay g0, 6Ny 4, respectively. In both
cases, the layered oxide BasM,0;5 transformed directly to the 3-dimensional lattice, without
significant intermediate phases. The sequential 7, profiles had to be delicately controlled to
achieve a satisfactory phase purity. Frequently, the complex perovskites, BaMn, 3M;,;05 (M
= Nb, Ta)>~?® occurred as a stable secondary phase. These ‘3:1:2” compositions are richer in
Mn compared with the target ratio Ba:Mn:M = 5:1:4, and consequently accompanied the
formation of BaCl, However, such a complication had not been encountered in the synthesis
of StMn M, 5O, 6Ny 4 because the occurrence of StMn,;3M;30; was insignificant. As for the
type of M, the syntheses of SrMng,Nbg 30, 6Ny 4 and BaMn, ,Nb, 3O, Ny 4 suffered

occasional formations of reduced oxynitrides such as NbO,N,, (x +y <1).

3.2 UV-Vis-NIR and XPS

Fig. 3 shows the Tauc plots of BaMng M 3O, ¢Ng 4 and StMn, ,M,, 3O, N 4 together with
photograph images of polycrystalline samples. The direct (£, gir) and indirect (E¢ ingir) band
gaps were estimated as given in Table 1. In accordance with the general trends in the oxide-
to-oxynitride conversion, the band gaps of AMn,M 30, ¢No4 were smaller than those of
AsM,;045 by 1.5~2 eV. Also, the band gap was smaller when M = Nb than when M = Ta.

Above results are mainly due to the relative energy levels of the frontier atomic orbitals, N 2p
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Fig. 3. Photograph images and Tauc plots derived from the diffuse-reflectance spectra for
SrMn, ,Nbg 30, ¢Ng 4 (Sr:Nb), BaMn, ,Nb, 30, ¢Nj 4 (Ba:Nb), StMn,,Ta, 30, 6Ny 4 (Sr:Ta), and
BaMIl()QTa()_gOQ.GN()A (Ba:Ta).

> 0 2p and Nb 4d < Ta 5d, which directly govern the positions of valence band and
conduction band, respectively.””" The effect of 4 cation is less straightforward. The
compositions with 4 = Ba, compared with 4 = Sr, tend to have longer M—O/N distances and
less distorted M—O/N—-M bond angles, leading to a smaller band gap. BaMn ;Nb O, 6No 4
was found to have non-negligible absorptions in the near infrared region, unlike the other
three. Such a sub-gap transition implies the presence of carrier species that were possibly

originated from the partial reduction of Nb>*.

Table 1. Band gaps of AMng M50, ¢No.4

Composition E, 4ir (V) Eg ingir (€V)
SrMng ,Nbg 30, 6Ng 4 2.2 1.4
SrMng,Tag 305 ¢No 4 2.4 2.0
BaMn;Nbg 30, ¢Ny 4 2.1 0.8
BaMn,Tay 30, ¢No 4 2.2 1.8

In this regard, the Nb 3d XPS of SrMn, ,Nb 30, ¢Ny 4 and BaMng ;Nbg 30, ¢Nj 4 was
examined to probe the chemical state of niobium (Fig. S2). The Nb 3d line of
SrMng ,Nby 30, Ny 4 consisted of symmetric 3d5,, and 3ds,, peaks, representing the presence

of single component, Nb>*. On the other hand, the spectrum of BaMng,Nbg 3O, 6N 4



displayed an additional component on the lower energy side, and was found to contain Nb**
and Nb>" in a ratio of 87:13 from the line decomposition analysis (Fig. S2). The actual Nb**
fraction in bulk BaMn, ,Nby 30, ¢Nj 4 is, however, expected to be lower than 13%,
considering the surface-sensitive nature of the XPS technique. Meanwhile, for both
SrMny ,Tag 30, 6No 4 and BaMng ,Tag 30, 6Ny 4, the Ta 4f XPS corresponded to the Ta>" states.
Indeed, it is well known that Nb is more prone to reduction than Ta. Comparing between
SrMng ,Nby 0, Ny 4 and BaMn, ,Nby §0; Ny 4, We speculate that the ionic radius of A-cation
(Sr2*: 1.44 A, Ba?*: 1.61 A) played a role in making the difference. That is,
BaMn, ;Nbj O, ¢No 4 has the greater lattice volume, and hence the octahedral volume, than

the SrMng ,Nbg 30> ¢No.4, which will favor the reduction of Nb%* (0.64 A) to Nb** (0.68 A)

3.3 Thermal analysis
Fig. 4 shows the TG-DSC profiles for AMng M, 3O, 6N 4 (4 = Sr, Ba; M = Nb, Ta) acquired
in air. The mass gain in the intermediate temperature range (800—-1050 K for 4 = Ba, and

700—-850 K for 4 = Sr) and the subsequent mass loss are typical behavior of oxynitride
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Fig. 4. TG-DSC curves of (a) BaMng,Nbg 30, ¢Ng 4 (Ba:Nb) and BaMn,Ta,30,¢Ng4 (Ba:Ta), and (b)
SrMn ,Nbg g0, ¢No4 (Sr:Nb) and SrMng,Tag 30, Ny 4 (Sr:Ta), recorded in air at a rate of 10 K/min.



compounds, and are attributed to the O,-uptake and N,-release, respectively.’' 3 The onset
temperature of mass gain reflects the phase stability, and increased in the order of
StMng ,Nbg 802 6No.4 < StMng2Tag s02.6No.4 ¥ BaMng ,Nbg 302 6No. < BaMng2Tag 302 6No 4. At
the highest temperature part of the TG, the oxynitride sample can be completely converted to
a stable oxide phase, thus informing of the N content. BaMn, ;Nbg sO ¢No 4,
BaMn,Tay 30, ¢No4, and StMn,Nbg 3O, ¢Ng 4 entered a plateau at 1500~1700 K, with the
residual masses of x101.9 %, =101.5 %, and =102.5 %, respectively. These values agree with
the conversion from AMng M g0, 6No.4 to "AMng M, sO5 3", which should involve the
replacement of 2N by 30 together with the oxidation of Mn?* to Mn3*. The expected residual
masses for the above conversion are 102.1 % (BaMng ,Nbj 0, ¢No4), 101.6 %
(BaMng,Tag0,6Ng4), and 102.5 % (SrMng ,Nbg 3O, 6Ny 4). In case of StMng,Tag 30, 6Np4, a
similar conversion will result in a residual mass of 101.9 %, but a clear plateau was not
observed, probably due to subsequent decompositions. The combustion and ICP-AES
analyses were employed to investigate the N content and cation ratios, respectively. In all
four cases, the N content and 4:Mn:M ratio agreed with the respective nominal formula of
AMng M 3O, 6No 4 within two estimated standard deviations. Thus, the thermal events during

the above TG-DSC analysis can be divided into sequential parts I and II, represented below:

I: AMn?*),M 30, ¢Ng 4(s) = AMN>* 20 503 2(N2)o.2(s)
II: AMN2*,Mj 503 2(N2)o2(s) = AMn>*) .M, 503 3(s) + 0.2Nx(g)

The DSC showed that part I was an exothermic process, where its temperature span
agreed roughly with that of mass increase in the respective TG curve. Part I was completed
more quickly for 4 = Sr than for 4 = Ba. Particularly for BaMng,Tag O, ¢No.4, part |
proceeded through multiple sub-steps. On the other hand, the DSC signal for the part 11 was

much less pronounced, which accords with the slow and steady fashion of the mass drop.

Table 2. Thermochemical information extracted from the TG-DSC analysis

composition AH, (kJ/mol) Ton,1 (K)
StMng ,Nb 302 6No 4 -991 680
SrtMny ;T 30, ¢No4 -914 775
BaMn ,Nbg 30, 6No 4 -686 750
BaMn;Tay30,6No4 =575 829




Table 2 compares the enthalpy of reaction (AH)) and the onset temperature (7, ;) of part
I, where AH; was estimated from the DSC peak area by subtracting the smooth baseline from
the raw data (Fig. S1), and applying the relation, 1 J =1 W-s.*} It is regarded that the smaller
| AH1| and the higher 7, | correspond to the greater stability of AMng M5O, ¢No 4.
Therefore, the phase stability is higher for M = Ta and 4 = Ba than for M = Nb and 4 = Sr,

respectively.

3.4 Rietveld refinement

Crystal structures of BaMn M, 30, ¢No 4 were analyzed by joint Rietveld refinement of the
XRD and ND patterns. Previous perovskite oxynitrides showed a clear trend between the
crystal symmetry and the size of dodecahedral cation, in a way that the phases containing
Ba?" and Sr?* adopted the cubic and tetragonal symmetries, respectively. As the only
exceptions so far, StMng ,Nbg §0; ¢No 4 and StMng,Tay 30, ¢Ny 4 exhibited orthorhombic
symmetries, which was attributed to the strong covalency contribution from Mn?".

In this regard, the Rietveld refinement of BaMn, ,M,, 3O, 4Ny 4 was tested using various
space group models of Pm3m (cubic), I4/mcm (tetragonal), Pnma (orthorhombic), and P2,/n
(monoclinic). The fit qualities were assessed based on the goodness parameters and the
graphical inspection as well. For both compositions, the cubic model was quickly discarded
by examining the peak splitting patterns of the XRD, and the Pnma model yielded the better
results than the others. In case of BaMng;Nb, g0, 6N 4, the [4/mcm and Pnma models yielded
Ry, values of 0.0892 and 0.0759, respectively. Lowering symmetry to P2,/n did not result in
any further improvement and thus Pnma was concluded to be the best model. For
BaMn,Tay 30, 6Ny 4, the refinements using the /4/mcm and Pnma models converged with
Ry, values of 0.0767 and 0.0672, respectively, while that using the P2,/n model diverged.
Fig. S3 further shows selected 20 regions of Rietveld fit profiles that support the choice of

Pnma model.



In the Pnma model, Ba, Mn/Nb (or Ba/Ta), O1/N1, O2/N2 atoms are located on 4c, 4b,

10



4c, and 8d Wyckoft sites, respectively. Refinement used the variables of scale factor, zero-
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Fig. 5. Joint Rietveld refinement of (a) SXRD and (b) ND patterns for BaMng;Nb 30, Ny 4 using a
Pnma model.
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Fig. 6. Joint Rietveld refinement of (a) SXRD and (b) ND patterns for BaMng,Ta, 30, 6Ny 4 using a
Pnma model.

point error, fixed background points, peak shape parameters, isotropic temperature factors
(Uiso), and atomic positions. The occupancies (occ) of Mn/Nb and Mn/Ta were refined but
under the constraint of full occupancy of each site, whereas those of O and N were
additionally constrained to match the overall anion composition. Fig. 5 and Fig. 6 present the

final Rietveld refinement diagrams for BaMno_sz().gOzﬁN()A and BaMl’lo.zTa().goz.ﬁNOA,
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respectively, and Tables 3 and 4 show the refined atomic parameters and selected bond

parameters, respectively. As can be noticed from Table 3, the anion occupancies were

determined in a semi-constrained manner, for both compounds. When the anion occupancies

were refined using the constraints, occ(O1) + occ(N1) = occ(O2) + occ(N2) = 1; occ(O1) + 2
x 0cc(0O1) =2.6; occ(N1) +2 x occ(N1) = 0.4, the occ(O1) on the 4c site reached as high as

1.1 along with a negative Uj,. This was presumably due to the strong correlation between the

occupancy and the temperature factor. Note that the coherent neutron scattering lengths of O

and N are 5.803 fm and 9.36 fm, respectively,’* and that the smaller occupancy

(overestimation of O/N ratio) can be compensated by the smaller temperature factor.

Therefore, test refinements were performed using an additional constraint of Ujs,(O1/N1) =

Uiso(O2/N2), in which case, the occ(O1) on the 4c site were relatively stable at 1.02~1.03.

The anion occupancies were, therefore, judged as occ(O1) =1, occ(N1) =0, occ(02) = 0.8,

and occ(N2) = 0.2, for both compositions.

Table 3. Atomic parameters of BaMng,M, 30, 4Np4 (M = Nb, Ta), as determined from joint Rietveld

refinement

composition atom Site  x y z Us (A% occ

M=Nb Ba 4c 0.0020(3) 0.25 0.0006(7) 0.0036(1) 1
Mn/Nb  4b 0.5 0 0 .00060(2) 0.201(2)/0.799
O1/N1  4c 0.490(1) 0.25 0.006(1)  0.0162(8) 1/0
O2/N2  8d 0.253(2) 0.0002) 0.752(4) 0.0077(3) 0.8/0.2

M=Ta Ba 4c —-0.0014(5) 0.25 0.001(1)  0.0055(1) 1
Mn/Ta  4b 0.5 0 0 0.0062(1) 0.202(2)/0.798
O1/N1  4c 0.512(1) 0.25 0.009(2) 0.0140(4) 1/0
O2/N2  8d 0.251(2) —-0.001(1) 0.755(2) 0.0081(4) 0.8/0.2

BaMn, ,Nb, 30, ¢No4: Space group Pnma (Z=4); a = 5.82339(4) A, b= 8.24976(5) A, c = 5.83275(4)
A, V'=280.214(3) A3. Ry, = 7.59 %, R, = 5.58 %, x> = 2.07.
BaMn,,Ta, 50, ¢N4: Space group Pnma (Z=4); a =5.81747(5) A, b =8.22710(6) A, ¢ = 5.82518(6)
A, V=278.798(3) A3. R, = 6.72 %, R, = 4.89 %, x> = 2.09.

Table 4. Selected bond distances (A) and angles (°) of BaMn ,M, 505Ny 4

BaMnO,szo,soz.éNOA

BaMn;Tay30,6No4

M-X1 [2]2.0636(3)
M=X2 [2]2.041(11)
[2]2.081(11)

[2] 2.0585(4)
[2] 2.033(15)
[2] 2.083(15)
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M=X1-M  [2] 176.2(4) [2] 175.2(5)
M=X2—-M  [4] 180.000(2) [4] 178.8(3)

M represents Mn, Nb, or Ta; and X1 and X2 represent 4¢ and 8d site anions, respectively.

The simple perovskites BaMO,N (M = Nb, Ta) have a Pm3m type unit cell, on the
average structural description. By comparison, the structural distortion in
BaMn,»M, 30, 6Ny 4 can be ascribed to the covalency effect contributed from Mn?*. The
presence of Mn, which has considerably lower valence orbital energy than Nb or Ta, can
induce pronounced second-order Jahn—Teller (SOJT) structural distortions.*>-*® Indeed,
BaMny,M, 3O, N4 exhibited notable intra-octahedral distortions, as summarized in Table 4.
On the other hand, the octahedral tilting distortions®’ in BaMng ;M 3O, ¢No 4 were only
minimal as depicted in Fig. 7, probably due to the occupation of the dodecahedral site by a
bulky cation Ba®*. Table 5 shows the bond valence sum (BVS)?® values calculated based on
the refined crystal structures. For both compounds, the cationic constituents showed
markedly deviated BVS from the ideal valences, reminding that Ba>* and Mn?" are larger and
Nb>*/Ta>" are smaller, as compared with the respective void spaces in the
BaMn M, 3O, 6N 4 lattice. Those deviations of BVS were implausibly large for a stable
structure, implying that the local structure of BaMny M, 3O, ¢Nj 4 might differ substantially
from the average structure. In fact, the non-uniform polyhedral distortions and atomic
disorders have prevailed among the perovskite oxynitrides.>*** Most notably, the local
structure of BaTaO,N has been extensively studied for understanding the origin of the

unusual dielectric behavior.37*!

Table 5. BVS parameters (in valence units) for BaMng M, 3O, N 4, taking into account the atomic
site occupancies
BaMn ,Nbg 0 6No 4 BaMng;Ta50,6No4

Ba 2.38 2.42
Mn 2.94 2.97
Nb/Ta 4.16 4.29
O(4c) ~1.99 —2.04
N(4c) —2.82 ~2.86
0(84) ~1.99 —2.04
N(8d) —2.82 —2.85

Bond valence (bv) was calculated from the relation, by = exp {(R, — d;;)/0.37}, using the R,
parameters: Ba2—02 2.285 A, Ba?*~N3-2.47 A, Mn**~02 1.790 A, Mn2*-N3- 1.84 A, Nb5*-02

14



Fig. 7. Octahedral linkages of (a) BaMng,Nbg 30, ¢Ny4 and (b) BaMny,Tag 30, Ny 4, viewed along
(010), (101), and (101) directions. Sectored spheres at the octahedral corners indicate the partial
occupations by O (red) and N (yellow).

1.911 A, Nb**=N3-2.01 A, Ta>*-02 1.920 A, Ta>-N3-2.01 A.

3.5 Magnetic properties

The temperature (7)-dependent magnetization of BaMng M, 5O, ¢No4 (M = Nb, Ta) was
measured from 2.5 to 300 K in an applied field of 500 Oe, where both compounds exhibited
paramagnetic behavior, similarly to StMng M g0, 6No4.'* The molar susceptibility (y,) was
fitted based on the Curie-Weiss law, y,, = C/(T — By), in the range of 7= 50-300 K. Fig. 8
displays the fitting results of AMng M 30, 6No4 (4 = S, Ba; M = Nb, Ta), where the line
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Fig. 8. Curie-Weiss fitting (50-300 K) for the temperature-dependent magnetic susceptibilities of (a)
BaMny ,Nbg s0,,6No 4, (b) BaMng 2 Tag 50, 6No 4, (€) StMng2Nbg 02 6No 4, and (d) StMng ,Tag 026N 4.
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slope and the x-intercept informed of the effective magnetic moment (pLegsr per Mn) and the
Weiss constant (Oy), respectively. As given in Table 6, all the above four compounds had pi
values corresponding to the high-spin Mn?* state (S = 5/2, theoretical spin-only value of 5.92
ug), and negative Weiss constants indicative of the dominance of antiferromagnetic

interactions.

Table 6. Magnetic parameters obtained from the fitting of magnetic susceptibility

Composition Ueir (L) per Mn Ow (K)
SrMn ,Nbg 50, 6No 4 5.60 —24.7
SrMny,Tag30,6No4 5.94 —-15.4
BaMn ,Nb 50, ¢Nj 4 5.75 -16.8
BaMng,Tag 30, 6N 4 5.90 -9.7

In the manganese-containing perovskites, Mn3" or Mn*"* states are more frequent than the
Mn?* state,** and the high-spin configurations are favored regardless of the oxidation state.
The Mn?" compounds tended to exhibit antiferromagnetic interactions via the superexchange
mechanism,?>* while the Mn3" compounds usually showed ferromagnetic double exchange
interactions.***’ The magnetic behaviors of AMng M, 30, 6Ny 4 are, therefore, consistent with
the general trend of the Mn?* compounds. The p.g values of AMng M, 30, 6Ny 4 indicate that
the magnetic contributions from M>" ions are negligible, as expected. The Oy's of
AMng M, 30, 6Ny 4 are fairly close to 0 K, presumably due to the low concentration and the
random distribution of Mn?*. From the comparison of By, it is judged that the superexchange
coupling is stronger when 4 = Sr or M = Nb than when 4 = Ba or M = Ta, respectively.
Previous studies suggested, for the oxide perovskites with magnetic ion B, that the covalent
superexchange coupling depends on the bond angle of B—O-B (0) and the bond length of
B-0 (d).*** In particular, Goodenough et al.** demonstrated that the spin-spin coupling
correlates well with an empirical parameter, cos*{(n—0)/2}/d’. Using the average values of 0
and d, the above parameter (in A7) is calculated as ~0.0063 for both BaMny»M( 30, ¢N 4 and
~0.0068 for both SrMng ,M, 30, ¢No 4, Which accords with the lower Oy for A = Sr than for 4
= Ba. Although the type of M made insignificant differences in the structural parameters, it
apparently affected the Oy, implying that AMn,,Nby 3O, ¢Ny 4 has more covalent lattice than
the respective AMng,Ta 0, 6N 4.
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4. Conclusions

Perovskite oxynitrides BaMn, ;M 30, ¢Ny 4 (M = Nb, Ta) were newly synthesized by the
intercalative modification of the layered oxides BasA40O;s. These two oxynitrides are latest
additions to the family of AM'(,M, 305N, (4 = Sr, Ba; M’ = Li, Na, Mg, Mn; M = Nb, Ta).
The joint Rietveld refinement of the synchrotron XRD and ND patterns revealed that
BaMn , M, sO, 4Ny 4 have orthorhombic (Pnma) symmetries with moderate intra-octahedral
distortions and minute octahedral tilting distortions. The unusual structural distortions of
BaMng ;M O, 6Ny 4, as compared with other Ba-based perovskite oxynitrides, are similar to
the contrast between SrMng M, 30, ¢No 4 and other Sr-based perovskite oxynitrides, and are
ascribed to the enhanced covalency contributed from Mn?*. Conforming to the general
attribute of oxynitride phases, AMng M 30, ¢No4 (4 = Sr, Ba; M = Nb, Ta) have limited
stabilities in the air and undergo exothermic transformations to oxide intermediates. The TG-
DSC analysis indicated that the thermal stability of AMn M0, 6Ny 4 depended on the
composition (4:M), and followed the order, Ba:Ta > Sr:Ta > Ba:Nb > Sr:Nb. The band gaps
of AMn M, 30, ¢Ny 4 were also dependent on the cation composition, and decreased in an
order, Sr:Ta > Ba:Ta > Sr:Nb > Ba:Nb, where the type of M played the more important role.
All four AMn,M, 30, ¢No 4 phases exhibited typical paramagnetic behaviors arising from the
randomly distributed dilute Mn?* ions, part of which are involved in superexchange

couplings.
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