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ABSTRACT: The corundum-related oxides Mn,ScNbOg and ~ **
Mn,ScTaOg¢ were synthesized at high pressure and high s
temperature (6 GPa and 1475 K). Analysis of the synchrotron
powder X-ray diffraction shows that Mn,ScNbO4 and
Mn,ScTaOq crystallize in Ni;TeOg4-type noncentrosymmetric
crystal structures with space group R3. The asymmetric crystal
structure was confirmed by second harmonic generation
measurement. X-ray absorption near-edge spectroscopies
indicate formal valence states of Mn>*,Sc>*Nb>*O, and
Mn**,Sc**Ta** Oy, also supported by the calculated bond
valence sums. Both samples are electrically insulating. Magnetic
measurements indicate that Mn,ScNbO4 and Mn,ScTaOyq
order ferrimagnetically at 53 and SO K, respectively, and
Mn,ScTaOg is found to have a field-induced magnetic
transition.
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B INTRODUCTION To date, the majority of known multiferroic materials are
oxides,” and only a few halide and chalcogenide compounds
have been reported to be multiferroic materials.”~” Exploring
new compounds with polar crystal structures and magnetic
orders is an important search direction for novel multiferroic
materials.” Recently, oxides with corundum-related crystal

structures have attracted attention. For example, corundum-
the electric polarization by a small applied magnetic field and related oxides Mn;WOg, Mn;yTeOq Co;TeOg, and NiyTeOq

Multiferroics are materials exhibiting more than one ferroic
ordering, such as ferroelectricity, ferroelasticity, or ferromag-
netism."”” Materials with ferroelectric and ferromagnetic (or
ferrimagnetic/ antlferromangetlc) behavior are sought for their
potential application in future electronic devices.” Control of

the magnetic spin-polarization by an applied electric field is have been reported to show a magnetoelectric effect,’ ™ and
sought.” However, multiferroic materials are rare because of in particular, Ni;TeOg displays a large magnetoelectric effect.
chemical “contraindication” between the magnetism and The number of corundum-related transition metal oxides is
ferroelectricity in transition metal oxides:' magnetism requires limited, in particular the ones displaying ferro- or ferrimagnetic

unpaired d-electrons, while conventional ferroelectricity is
favored by compounds with d° configuration or compounds Received: August 14, 2019
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with lone pairs of electrons.
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order."® In this work, we have synthesized two new corundum-
related noncentrosymmetric oxides, Mn,ScMO;4 (M = Nb, and
Ta), and herein, we report their structure and physical
properties.

B EXPERIMENTAL SECTION

Synthesis and Synchrotron Powder X-ray Diffraction.
Polycrystalline samples of Mn,ScNbOg and Mn,ScTaO4 were
synthesized under high-pressure and high-temperature conditions
from MnO (99.9%, Alfa), Sc,0; (99.9985%, Alfa), Nb,Oy (99.99%,
Alfa), and Ta,05 (99%, Alfa). A sample with molar ratio 2:'/,:'/, of
MnO, Sc,05, and Nb,0/Ta,0; for Mn,ScNbOg and Mn,ScTaOy,
respectively, was well-ground. The ground powder was then sealed in
Pt capsules which were put inside MgO crucibles. The crucibles were
then statically compressed in a Walker-type multianvil press' at a
pressure of 7 GPa, followed by heating at 1200 °C for 2 h, at high
pressure. It was then quenched to ambient temperature before the
pressure was released.

Parts of the as-synthesized samples were ground to a fine powder,
which was characterized by synchrotron powder X-ray diffraction
(SPXD, 4 = 0.41278 A) at ambient temperature at Beamline 11-BM
of the Advanced Photon Source (APS) of Argonne National
Laboratory. Rietveld refinements of the powder diffraction data
were carried out with the JANA2006 software,”® and the crystal
structures were drawn with VESTA.>!

X-ray Absorption Near-Edge Spectroscopy (XANES). The
XANES measurements on the Mn,ScMO4 (M = Nb and Ta) and
standards were performed at the national synchrotron light source
(NSLS), NSLS-I and NSLS-II at Brookhaven National Laboratories.
Many of the standards were measured at NSLS-I on beamlines X19A
with a Si-111 double-crystal monochromator. The Mn,ScMO; (M =
Nb and Ta) spectra were collected at NSLS-II on the 6-BM (BMM)
beamline with a higher-resolution Si-311 double-crystal monochro-
mator. Both transmission mode and fluorescent measurements were
made on all samples, and simultaneous standards were used in all
measurements for precision energy calibration. Standard linear
background and postedge normalization to unity were used in the
analysis.' 27

Second Harmonic Generation (SHG) Measurement. The
SHG measurements were carried out at room temperature in
reflection mode on polished samples. The SHG measurements have
been widely used to determine noncentrosymmetry in materials.*' ™
The SHG measurement is an all-optical technique where two photons
of frequency @ with fields E; and E; and polarization directions j and
k, respectively, interact with a material with a nonzero dy tensor
(noncentrosymmetric) and generate a polarization P} of frequency
2w in the i-direction. The SHG intensity, I**, was detected with a
Hamamatsu photomultiplier tube. A Ti-sapphire laser (Spectra-
Physics) with an output of 800 nm, 80 fs pulses at 1 kHz frequency
was used.

Magnetic Measurements. Temperature dependence of magnet-
ization was measured in a magnetic property measurement system
(MPMS-7T, Quantum design). The measurements were made under
zero-field-cooled (ZFC) and field-cooled (FC) conditions in the
temperature range 2—300 K and in applied magnetic fields of 200 Oe,
1 kOe, 20 kOe, and 70 kOe. Isothermal magnetization curves were
recorded between magnetic fields of +70 kOe at temperatures of 6
and 300 K with the same MPMS.

Dielectric Measurements. The complex permittivity was
measured using a frequency-response analyzer (Novocontrol Alpha-
Analyzer) for frequencies 1 Hz < v < 1 MHz in a PPMS Cryo-Magnet
(Quantum Design). The samples were sandwiched between Ag paste-
deposited electrodes in parallel plate geometry for the above
measurements (see photo in Figure 7).

B RESULTS AND DISCUSSION

SHG Polarimetry. Dipolar second harmonic generation
(SHG), which is defined as P; = d;EE; in Einstein notation,’

depends on the third rank tenor d;; which will only exist in
noncentrosymmetric point groups. Thus, due to crystal
symmetry restriction, only materials with noncentrosymmetric
point groups will exhibit dipolar SHG signals. SHG described
above was measured in normal reflection geometry at room
temperature by rotating the polarization direction of the
fundamental beam at 800 nm, and SHG (400 nm) is detected
by the photomultiplier tube (PMT) along two orthogonal lab
X-axis and Y-axis as shown in the blue and red plots,
respectively. It is observed that the SHG response is a function
of polarization direction of the incident beam (see Figure 1),
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Figure 1. Second harmonic generation of Mn,ScNbOg and
Mn,ScTaOg. The dots in the center of the plots represent the noise
signals from the photomultiplier tube.

which is evidence that both Mn,ScNbOg4 and Mn,ScTaOg are
SHG active and have noncentrosymmetric point groups. Since
the samples were polycrystalline, these data were not modeled,
or fit to any crystal symmetry considerations, as is usually done
for single crystal measurements.

Crystal Structure. The SPXD data for Mn,ScNbOg4 and
Mn,ScTaOg can be indexed with hexagonal cells of a = 5.32
and ¢ = 14.18 A, and a = 5.33 and ¢ = 14.16 A, respectively.
This indicates that these samples crystallize in corundum-
related crystal structures. Similar compounds with corundum-
related structures reported are Mn,FeMOg (M = Nb, Ta),*
which crystallize in the LiNbOs-type (LN) structure (R3c);
Mn,ScSbO,*” Mn,MWO (M = Fe, Mn),""*® and Ni,MSbO,
(M = Sc, In),*® which crystallize in a Ni;TeOg-type structure
(NTO, R3); and Mn,FeSbOg synthesized under 3 GPa which
crystallizes in an ilmenite-type structure (R3c).””*" It should
be noted that Mn,FeSbOy crystallizes in a double perovskite
structure when synthesized under 6 GPa.' In these space
groups, R3c is centrosymmetric while R3¢ and R3 are
noncentrosymmetric. Mn,ScNbOg and Mn,ScTaO4 were
found to be SHG active which indicates polar crystal structures
and excludes space group R3c. The SPXD data can be well-
refined assuming an NTO-type structure as shown in Figure 2,
and the presence of (003) and (101) diffraction peaks (shown
in the insets of Figure 2) indicates the absence of a c-glide
plane and excludes the LN-type structure. There are four
distinguishable 6¢ (0, 0, z) sites in the NTO-structure to
accommodate Mnl, Mn2, Sc, and Nb/Ta ions. During the
refinement, antisite disorder (ions exchange between different
sites) was tested, but no antisite disorder for Mn1 and Nb/Ta
sites was found. However, considerable amounts of antisite
disorder between Mn2 and Sc sites were observed. The Mn2
sites are occupied by 60.5% Mn and 39.5% Sc for Mn,ScNbOgq
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Figure 2. Rietveld analysis of room-temperature SPXD patterns for
Mn,ScTaOg (top) and Mn,ScNbOg (bottom). Black dots and red
solid lines show the observed and calculated patterns, respectively.
The difference between the observed and calculated patterns is shown
as blue lines at the bottom. The vertical bars indicate positions of
expected Bragg reflections for the titled compounds. The insets show
an enlargement of the low-angle (003), (101), and (012) diffraction
peaks.

and 70.9% Mn and 29.1% Sc for Mn,ScTaOg and the
occupancies for Sc sites are vice versa. Antisite disorder
between Mn2 and Sc was also reported in the similar oxide,
Mn,ScSbOy,*” presumably due to the small charge difference
between Mn** and Sc**. The Rietveld-refined cell parameters
and reliability factors are summarized in Table 1. The detailed
atomic positions and displacement factors are summarized in
the crystallographic information file.

The crystal structures of Mn,ScNbO4 and Mn,ScTaOy,
shown in Figure 3, consist of face-sharing Mn20O4 and ScOgq
octahedra forming dimer-like Mn2ScQOj units, and face-sharing
MnlO4 and Nb(Ta)O4 octahedra forming MnlINbO, or
Mnl1TaOy dimer-units. The Mn2ScOy and MnINbOy as well
as the Mn2ScO, and Mn1TaO, dimer-units corner-share in
Mn,ScNbOg and Mn,ScTaOy, respectively, to form a three-
dimensional sublattice as shown in Figure 4. The crystal
structures of Mn,ScNbOg or Mn,ScTaO4 then can be
described as two interpenetrating sublattices: Mn2ScO,
sublattice and MnINbO,/Mn1TaOy sublattice, which connect
through edge-sharing Mnl1O4—ScOg, and edge-sharing
Mn204—NbO,/TaOy in the ab-planes (see Figures 3 and 4).

In these dimer-units, each pair of cations is displaced away
from the centers of octahedra along the c-axis in opposite
directions as shown in Figure 3. This behavior is commonly
observed in corundum-related structures and hexagonal
perovskite structures containing M,0, dimer-
units' 293073849745 4 d s attributed to electrostatic repulsions

Table 1. Refined Cell Parameters and Reliable Factors for
Mn,ScNbO¢ and Mn,ScTaO4 from Room-Temperature
SPXD Data

Mn,ScNbOg Mn,ScTaOq4

source synchrotron synchrotron

(4 =041278 A) (1 =041278 A)
20 range (deg) 0.5-50.0 0.5-50.0
symmetry trigonal trigonal
space group R3 R3
a (A) 5.32561(2) 5.32629(3)
c (A) 14.17873(7) 14.16009(8)
vV (A%) 348.262(3) 347.894(3)
z 3 3
fw (g/mol) 343.735 431.775
d (g/cm®) 4918 6.183
Ry 12.46% 10.88%
R, 9.21% 8.14%
7 1.34 1.69

between the two closely spaced cations within the face-sharing
octahedra of the dimer-unit. Correspondingly, these cation
displacements result in three longer and three shorter metal
oxygen bonds for each octahedra (see Table 2). The average
bond lengths of (Mn1—0O), and (Mn2—O) are 2.200 and
2219 A for Mn,ScNbOg and 2.214 and 2.193 A for
Mn,ScTaOg, respectively, which are comparable with the
reported values, which varied between 2.160 and 2.228 A, for
similar Mn** compounds: Mn;WOq, "' Mn,FeWO,,*°
Mn,FeMO¢ (M = Nb, Ta),*® and Mn,ScSbO4.*” The bond
valence sum (BVS)*° values calculated from the bond lengths
are summarized in Table 2. The BVSs support the nominal
oxidation states of Mn>*,Sc>*Nb**Og4 and Mn**,Sc>"Ta>* 0,
which are consistent with the XAS data (vide infra).

X-ray Absorption Near-Edge Spectroscopy. XANES
measurements of the K-edges of 3d-row transition metals,
T(3d), in compounds can be a useful probe of the formal
transition metal valence/ conﬁguration.ll’22_3() Referring to
Figure Sa, for example, one can see a very clear chemical shift
of the main-edge to higher energy with an increasing formal
Mn-valence in the perovskite (with corner-sharing octahedra)
LaSrMn®*SbOg4, LaMn®*Q;, and CaMn**O; standard spec-
tra.”>*¥*>*” For these perovskites the chemical shift is clear
both from the energy of the main peak-feature and from the
shift of the steeply rising-centrum portion of the edge
(indicated roughly by green boxes). The NaCl-structure
(with edge-sharing octahedra) Mn**O compound spectra
manifest features split to both higher and lower energies
thereby extending the edge-centrum for the formally Mn** to
two substantially lower energies.”” In the case of corundum-
based materials (with both edge-sharing and face-sharing
octahedra), the energies of the Mn** spectral peak-feature and
the rising-edge-centrum are shifted significantly down from the
perovskite spectra as emphasized by the NTO-structure
Mn**,FeWOy standard spectrum.”®*® With this in mind, the
chemical shift of the rising-edge-centrum in such Mn-
containing corundum-based materials typically agrees well
with that of the Mn>*O. The Mn,ScMO4 (M = Nb and Ta)
Mn—K main-edge spectra in Figure Sa clearly support both the
Mn*" assignment and NTO-type structure of these materials.

The Mn pre-edge can be used to support valence state/d-
configuration insights gleaned from the main-edge measure-
ments. The pre-edge region, see Figure 5b, involves quadru-
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(a)

Figure 3. Crystal structures of Mn,ScNbOg4 and Mn,ScTaOg4. Mnl, Mn2, Sc, Nb, Ta, and O are depicted in blue, purple, orange, green, gray, and
red, respectively. The displacements of the cations off the octahedral centers along the c-axis are shown.

(b)

Figure 4. (a) Crystal structure of Mn,ScTaOg4 with only Mn20; and
ScOg octahedra depicted. The Mn2ScO, dimer-units corner-share to
form a three-dimensional sublattice. (b) The Mn20O4 and TaOjy
octahedra are connected through edge-sharing (layer viewed from
[001]-direction).

pole and d/p-hybridization-induced dipole transitions into
final d-states.””*>***” Again, an increasing-valence coupling to
chemical-shift-to-higher-energy is typically seen in the pre-edge
spectral features, along with changes in the spectral feature
distribution. In Figure Sb it should be noted that the initial pre-
edge feature for the Mn,ScMO,4 (M = Nb and Ta) compounds
occurs at a low energy, reinforcing the Mn? assignment made
in the main-edge discussion above. It is worth noting that this
low-energy pre-edge feature in the NTO-structure materials is
sharpened/enhanced, presumably due to local distortions
increasing the dipole p/d-hybridization contribution to the
transition matrix element.

The L, ; near-edges of Sd-row transition metals manifest an
intense atomic-like dipole allowed 2p to Sd transition typically
referred to as “white line” (WL) features.'">****’ In an
octahedral ligand-field, the 5d orbitals split into lower-lying 6-
fold-degenerate f,, and higher-energy 4-fold-degenerate ¢

2
states. Figure 6 illustrates the systematic WL-feature variation

Table 2. Selected Bond Length, Bond Angle, and BVS of Mn,ScMO,; (M = Nb, Ta) Obtained from Rietveld Refinement of

Room-Temperature SPXD Data

Mn,ScNbOg4 Mn,ScTaOq4

bond bond length/angle bond bond length/angle
Mnl1-01 2294(5) Ax 3 Mnl1-01 2.307(3) A x 3
Mnl-02 2.105(7) Ax 3 Mnl-02 2.121(6) A x 3
Mn2-01 2.101(6) A x 3 Mn2-01 2.092(3) A x 3
Mn2-02 2.337(5) Ax 3 Mn2-02 2294(4) A x 3
Sc—01 1.997(5) A x 3 Sc—01 2.040(3) Ax 3
Sc—02 2225(3) Ax 3 Sc—02 2.155(6) A x 3
Nb-O1 2.098(5) A x 3 Ta—O1 2.065(3) Ax 3
Nb—-02 1.964(6) A x 3 Ta—02 2.007(6) A x 3
Mnl1-O1-Mn2 124.01(15)° Mnl-O1-Mn2 124.15(17)°
Mnl1-02—Mn2 121.33(14)° Mnl—-02—Mn2 122.14(18)°
Mn2—-O1-Nb 97.09(13)° Mn2—-O1-Ta 98.36(14)°
Mn2—-02-Nb 93.62(12)° Mn2—02-Ta 93.78(15)°
Mnl-01-Sc 95.01(13)° Mnl1-O1-Sc 93.30(13)°
Mnl1-02-Sc 94.09(12)° Mnl1-02-Sc 95.53(17)°
BVS*(Mnl) 2.05 BVS(Mnl) 1.97
BVS(Mn2) 1.98 BVS(Mn2) 2.09
BVS(Sc) 3.10 BVS(Sc) 3.10
BVS(Nb) 447 BVS(Ta) 4.40

“BVS = Y i, where vi = exp[(R, — li)/B], I is the bond distance, B = 0.37, Ry(Mn**) = 1.79, Ry(Sc**) = 1.849, Ry(Nb**) = 1.916, and Ry(Ta’*) =

1.92.
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Figure 5. (a) Mn—K main-edge XANES of Mn,ScMOg4 (M = Nb and
Ta) along with a series of standard compound spectra with differing
formal valence states. The NTO-structure standard compound
Mn?*,FeWO4>® The octahedrally coordinated standards: Mn>**O
(NaCl-structure), along with the perovskite structure LaSrMn**SbOj,
LaMn**Q,, and CaMn*'0,.*>***>*7 Elemental Mn" is included as the
most used standard. (b) Mn—K pre-edge spectra of the compounds in
the previous main-edge figure. Note that the pre-edge spectra have
been displaced vertically for clarity. Note that the Mn*" perovskite-
based and NaCl-structure standards are displaced to top of the figure,
and the Mn**/Mn* perovskite standards toward the bottom. The
NTO-structure standard and Mn,ScMOg (M = Nb and Ta)
compounds are in the center.

for octahedrally O-coordinated Sd-compounds with S5d-
occupancy varying between d° and d> Specifically referring
to these figures, the 5d £,,/e, final state splitting is reflected by a
strong bimodal A(tzg—hole—related) / B(eg—hole—related) WL-
feature structure, and the relative intensities of the A-features
very systematically decrease (relative to the B-features) as the
t,,-hole count decreases with the electron count increase from
dé to d”. It is worth noting that the sensitivity of the L,-edge
spectral intensity responds more strongly to t,,-hole filling than
the Ly-edge. This effect has been discussed by de Groot et al.*’
in terms of d—d multiplet effects and the d spin—orbit coupling
for the case of 4d-row compounds between d° and d°. Indeed,
even in the simplest band-structure-based interpretation,
experimental L; to L, WL-feature comparisons of the Sd-row
elements and compounds manifest spin—orbit effects.***’
For the purposes of the present work, the strong empirical
reflection of the d-orbital occupancy in the structure of the
L, ;-edges WL-features, demonstrated in Figure 6, is of prime

importance. The Ta L, ;-edge WL-features for Mn,ScTaOg are
shown as solid red lines in Figure S, with the standards being
various combinations of dashed/dotted lines. The essential
point to emphasize is that the Ta L, ; WL-features are strongly
consistent with the formal Ta**-d° assignment for Mn,ScTaOg.
It is also worth noting that the higher-energy resolution of the
NSLS-II, 6-BM beamline with its Si-311 monochromator is
quite apparent.

Dielectricity. Mn,ScNbOg4 and Mn,ScTaOy are electrically
insulating: It was out of range when measured with a
multimeter (Fisher brand), which suggests that the resistance
is larger than 30 MQ at room temperature. Due to the
displacement of cations along the c-axis, the theoretical value of
polarization along the c-axis was calculated from P = (}q;d;)/
V, where, g; is the charge of a generic j cation, d; is its
displacement along the c-axis, and V is the volume of the unit
cell. During the calculation, the antisite disorder between Mn2
and Sc sites was ignored. The estimated polarization is about 4
uC cm™ for Mn,ScTaOg, and it is negligible for Mn,ScNbOq.
The temperature dependence of the dielectric constant (&) of
Mn,ScTaOg was measured in zero-field as shown in Figure 7,
including the real part ¢’ and the ac-conductivity evaluated via
the imaginary part as 6’ = 2mvee”. For temperatures above
150 K and low frequencies, ¢'(T, v) shows a strong increase
toward higher temperatures. This contribution is suppressed
for higher frequencies and has to be attributed to
inhomogeneities such as the electric contacts and grain
boundaries within the polycrystal. Such interfaces of the
semiconducting material with residual charge carrier density
form depletion layers, which act as Schottky-barriers and lead
to Maxwell—Wagner-type relaxation phenomena.”’ The inter-
face resistance and capacitance form an RC-element with a
temperature dependent characteristic relaxation time 7 = 1/
RC, which leads to the strongly dispersive capacitive and
resistive contributions to &’ and &” as observed in the high-
temperature region (above 200 K). Nevertheless, toward high
enough frequencies, these contributions are cut short, and the
intrinsic properties can be separated.”"”>> The 1 MHz curve in
Figure 7 shows a nearly constant value of &’ =~ 22 and does not
reveal any signature indicative of a possible ferroelectric or
multiferroic transition below 400 K. However, this does not
contradict a polar structure arising already above 400 K. Even
so, the apparent features in the dielectric loss &€” for high
temperatures and low frequencies stem from nonintrinsic
origins it is elucidating to investigate the temperature and
frequency dependent crossover to the intrinsic loss generated
via the ac-conductivity ¢’ = 2zve e”. This crossover conforms
to the drop in &'(T, v) and can be seen as a small shoulder in
the ¢'(T, v) curves as denoted in green in the lower frame of
Figure 7. It has to be noted that also below this crossover the
intrinsic response possesses a clear dispersion. This has to be
attributed to variable range hopping transport which leads to
an increase of conductivity with increasing frequency.”
Nevertheless, one can try to estimate an energy barrier
defining the thermal activation of the charge transport. The
lower inset in Figure 7 displays the estimated resistivity in an
Arrhenius-type representation which can be roughly fitted
using an effective energy barrier of Eg &~ 0.5 V. (It should be
mentioned that this value may underestimate the intrinsic
electronic gap in Mn,ScTaOg due to the possible presence of
defect states and due to the above-mentioned influence of
measurement frequency.)
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Figure 8. (a) Temperature dependence magnetization of
Mn,ScNbOg. The inset shows the temperature dependence inverse
magnetic susceptibility. (b) Isothermal magnetization of Mn,ScNbOy
at 300 and 6 K.

Magnetism. The temperature dependent magnetization
(M) of Mn,ScNbOy displays a sharp increase below 53 K as
shown in Figure 8a, which indicates a ferromagnetic-like
transition. The inverse magnetic susceptibility (') vs T data
(see inset of Figure 8a) indicate Curie—Weiss behavior above
the magnetic order. Fitting the y~' vs T data (100—300 K)
with y = C/(T — 6y) results in an effective magnetic moment
(o) of 8.53 pg/fu. (6.03 pp/Mn**) and Weiss temperature
(Oy) of =206 K. The linear M(H) curve at 300 K as shown in

15958

Figure 8b is consistent with paramagnetic behavior. At 6 K, the
M(H) curves show typically soft ferromagnetic (FM) behavior.
However, the magnetization of 1.0S yg/fu. at 6 K and 70 kOe
is much smaller than that of 10 yg/fu. (assuming two Mn?*
ions ferromagnetically coupled), which suggests the magnetic
order is ferrimagnetic (FIM).

The temperature dependent M of Mn,ScTaOg is shown in
Figure 9a. With cooling, the M(T) curves enhanced sharply
below 50 K. When the applied magnetic field increased to 20
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Figure 9. (a) Temperature dependent magnetization of Mn,ScTaO.
The inset shows the temperature dependence of inverse magnetic
susceptibility. (b) Isothermal magnetization of Mn,ScTaOg at 300
and 6 K. The inset shows enlarged part of 6 K data.

and 70 kOe, the M(T) curves show behavior similar to that of
Mn,ScNbOg with a monotonic increase below 50 K, indicating
an FIM transition. Broad peaks evolved at 31 and 24 K for the
data measured under low magnetic fields of 200 Oe and 1 kOe,
respectively, which are consistent with the P-type ferrimagnet-
ism illustrated by Goodenough.>* The temperature dependent
specific heat data of Mn,ScTaO4 measured with zero magnetic
field show a A-type anomaly evolving below 50 K (see Figure
10), which confirms the long-range ferrimagnetic order at 50 K
for Mn,ScTaOg. The y~' vs T data show clear Curie—Weiss

/.
100 ’./‘
o
l.
g0l Mn;ScTaO; o
| Zero magnetic field P
‘TX 60
[ I
IS
2 40t v
Q 4
Q o
201 e
0 / A 1 . 1 N L .
0 20 40 60 80 100

Figure 10. Temperature dependent specific heat of Mn,ScTaOq4
measured with zero magnetic field.

behavior above the transition temperature, and the fitting gives
a pog of 8.95 up/fu. (6.33 pg/Mn**) and 6y of —196 K. The
large negative 0, indicates that the antiferromagnetic (AFM)
interactions are dominant in Mn,ScTaOy, which is consistent
with the FIM order. The isothermal magnetization curves at
300 K are in accordance with paramagnetic behavior. M(H)
curves at 6 K indicate a field-induced magnetic phase
transition: the magnetization shows a sharp increase when
the magnetic field is larger than S kOe (see inset of Figure 9b).

The experimental . values of 6.03 uy/Mn** for
Mn,ScNbOy and 6.33 up/Mn** for Mn,ScTaOg are com-
parable with the value 6.1 yt3/Mn?* reported for Mn,ScSbOy,*”
which are close to the theoretical spin only moment of 5.92 uy
for a Mn>* (t2g3eg2, S =3/,). The large negative 6y, indicates
that AFM interactions are dominant in Mn,ScNbOg and
Mn,ScTaOq. In both compounds, only the Mn®* ions are
magnetic; however, within the MnlO4—ScOq layer, or the
Mn204—NbO,/TaOg layer, there are no superexchange paths,
Mnl—O—Mnl, or Mn2—O—Mn2, because the Mnl1O, and
Mn20Og octahedra are connected with nonmagnetic ScOg4 and
NbO4/TaO4 octahedra, respectively, via edge-sharing. The
magnetic coupling within each layer must involve extended
superexchange interactions, Mn1—O—Sc—O—Mnl and Mn2—
O—Nb/Ta—0O—Mn2, which are expected to be AFM. Between
neighboring layers, the Mnl and Mn2 ions can couple via
superexchange paths, Mn1—O1—Mn2 and Mnl—-O2—Mn2.
The Mn**—O—Mn*" superexchange interactions are expected
to be strong AFM and could result in antiparallel arrangement
of Mn1 and Mn2 moments. Then, the FM moment may arise
due to site selective antisite disorder (Mnl site is fully
occupied by Mn>*, but the Mn2 site is partially occupied by
nonmagnetic Sc>* ions).”” Ferrimagnetic transitions observed
in NTO-type Mn,ScNbO,, Mn,ScTaOy, and Mn,ScSbO,*”
can be understood by this scenario. However, the nature of the
field-induced magnetic transition in Mn,ScTaOy is not clear.
Similar field-induced magnetic transitions have been observed
in other NTO-type oxides containing three magnetic ions, e.g.,
Mn,FeWO4 and Mn;WOyq. So it is possible that the field-
induced magnetic transition in Mn,ScTaOy is correlated with
the antisite exchange between Mn2 and Sc sites because the
magnetic Mn ions in the Sc site would magnetically couple
with Mnl and Mn2 ijons via superexchange interactions,
competing with the AFM coupling between Mn1—O—Mn2.
However, due to the limited example of NTO-type oxides, a
clear correlation between the field-induced magnetic transition
and the degree of antisite disorder cannot be concluded: the
degrees of antisite disorder are 12.3% for Mn,ScSbOy,*” 29.1%
for Mn,ScTaOy, and 39.5% for Mn,ScNbOy. Future neutron
diffraction study with and without magnetic field may help to
understand the nature of the field-induced transition in
Mn,ScTaOg.

B CONCLUSIONS

The corundum-related oxides Mn,ScNbO4 and Mn,ScTaOq
were synthesized under high pressure (6 GPa) and high
temperature (1475 K). Their crystal structures were
investigated by synchrotron powder X-ray diffraction, and it
was found that they crystallize in NijTeOg4type crystal
structures with space group R3. The noncentrosymmetry of
the crystal structure was supported by positive SHG. The X-ray
absorption spectroscopy measurements indicate valence states
of Mn**,Sc*Nb**O4 and Mn?*,Sc**Ta>*Og. Both samples are
strongly insulating. Magnetic measurements revealed that

DOI: 10.1021/acs.inorgchem.9b02468
Inorg. Chem. 2019, 58, 15953—15961


http://dx.doi.org/10.1021/acs.inorgchem.9b02468

Inorganic Chemistry

Mn,ScNbOy and Mn,ScTaOy are ferrimagnetically ordered at
53 and 50 K, respectively; Mn,ScTaOg shows a field-induced
magnetic transition.
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