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Mn,FeWOg: A New Ni;TeOg-Type Polar and Magnetic Oxide
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Polar magnets are one of the most promising materials for
multiferroics and spintronics. Recently, the A,BB’Og4-type
corundum derivatives have drawn much interest due to their
remarkable magnetic and electronic properties with polar struc-
tures and multiferroic and second harmonic generation (SHG)
behavior.'® These structures are related to perovskite, but
unlike perovskites, which have corner-sharing B site octahedra,
in these phases, with unusually small A-site cations, both the A
and B sites are octahedrally coordinated. The corner-, face-, and
edge-sharing octahedra form a 3D lattice.>” The A,BB’Og-type
corundum derivatives can crystallize in the centrosymmetric
ilmenite (IL, space group R-3), or in non-centrosymmetric
LiNbO; (LN, R3¢), or ordered ilmenite (OIL, R3), or NizTeOq
(NTO, R3) structure, as shown in Figure S1 (Supporting
Information). The stabilization of any one of these structures
depends on the cation arrangement and their ordering/dis-
ordering degree, which are affected by the cationic size and
charge differences, electron configuration, and synthesis con-
ditions."®11 The general structural features of A,BB’Og-type
corundum derivatives with octahedral coordination of all metal
sites favor the formation of practical magnetic and multifer-
roic/magnetoelectric materials by incorporation of magnetic
transition metal ions. Recently, near room temperature (RT)
ferrimagnetic (FiM) behavior of Mn,FeSbOy (T = 270 K)[! and
antiferromagnetic (AFM) Ni;TeOq with nonhysteretic colossal
magnetoelectricity! were reported. More recently, we reported

on AFM and pyroelectric Mn,FeMOg (M = Nb and Ta)P¥! and
Zn,FeTaOg¢? phases with Ty = 90 and 22 K, respectively, and
short-range magnetic interactions up to 210 K. We showed
above-RT FIM (T¢ = 337 K) and semiconductor behavior in
Mn,FeMoOy, where a unique magnetic structure stabilized
polarization.[®!

In this work, we present the high pressure and temperature
(HPT) synthesis of Mn,FeWOs—a new magnetic and polar
member of the A,BB’O4type corundum derivative family,
and the results of the crystal structure, SHG activity, magnetic
phase diagram, and electrical/dielectric properties. First-prin-
ciples calculations are also carried out to better understand its
structure, polarization, complex magnetic properties, and to
point to new materials design with multifunctional properties.

Polycrystalline black Mn,FeWO, was prepared at 1673 K
for 1 h at 8 GPa. Original lab powder X-ray diffraction (PXD,
Figure S2, Supporting Information) indicates a rhombohe-
dral cell (a = 5.3 A, ¢ = 13.9 A) of the main phase and a small
wolframite impurity (Figure S3a,b and Table S1, Supporting
Information). Figure 1a presents the RT synchrotron powder
X-ray diffraction (SPXD) patterns of Mn,FeWOg, which could
correspond to any of the R3 or R-3 structure types discussed
above. However, the high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images
(Figure 1b and S4, Supporting Information) clearly show Fe/W
ordering, and thus rule out IL prototype for Mn,FeWOs4.
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Figure 1. a) SPXD patterns of Mn,FeWOg collected at RT, where the asterisks (*) and diamonds () denote the peaks of a small wolframite impurity
and diamond internal standard, respectively. b) A close up HAADF-STEM image of Mn,FeWOg projected along [100]. The projected structure model is
added, with W-blue, Mn-yellow, Fe-Red. c) The crystal structure of Mn,FeWOg with FeOg and WOg polyhedral presentation of the B-sublattice viewed
along [110] direction. The dashed circles indicate the centroids of octahedral vacancies along the c-axis between Mn10g and FeOq (marked as V;) and
Mn20g and WOg (V,). Mn10Og, orange yellow; Mn20O, dark green; FeOg, brown; WO, blue; O, red spheres. d) Wavelength-dependent SHG response

of Mn,FeWOyg at RT.

The cation ordering in Mn,FeWOy is further supported by
the SPXD data refinements, since unacceptable fitting was
obtained in the IL structure model (R,/Ry, = 13.35/18.36%).
Although the data show comparable fittings in OIL
(Ry/Ryp = 5.16/6.50%) and NTO (R,/R,, = 5.01/6.33%,
Figure S5, Supporting Information) models, the OIL structure
can be easily excluded due to the unreasonable atomic displace-
ment parameters and bond valence sum (BVS) values,[?l which
leave the NTO structure as the only solution. The amount of
wolframite-type (Mn,Fe)WO, impurity phase is estimated to
be =1.63 wt%.[13] The refined structural parameters are listed
in Table S2 (Supporting Information). The atomic occupan-
cies were fixed to unity since refining them only leads to small
deviations (less than 1%), which suggests that the slightly Fe-
poor part was only formed in a very small area of the sample
surface (Figure S3a, Supporting Information). No Fe/W disor-
dering and oxygen defects were detected within the standard
deviations during the refinements. It is meaningless to discern
any possible Mn/Fe disordering due to their very similar X-ray
scattering effects.

The NTO-type crystal structure of Mn,FeWO, has the
highest cation ordering degree among the A,BB’Og4-type
corundum derivatives we have studied thus far.®8 The struc-
ture contains two crystallographically distinct Mn (Mnl and
Mn2) at the A-sites, ordered Fe and W on the B- and B’-sites,
and two independent oxygen atoms (O1 and O2) (Figure 1c
and Table S2, Supporting Information). The corner-sharing
FeOy and WO, octahedral B-sublattice interconnects with the
similar corner-sharing Mn10¢ and Mn20O, A-sublattice via face-
sharing pairs (Mn10Os/WOs and Mn20¢/FeOg) along the c-axis
and edge-sharing pairs (Mn1Og/FeOg and Mn20,/WOg) in the
ab-plane, forming a 3D network structure.l”) Selected metal-
oxygen bond lengths and angles are listed in Table S3 (Sup-
porting Information). Due to electrostatic repulsions, atoms at
the octahedral sites of the face-sharing octahedral pairs displace
away from each other along the c-axis towards the octahedral
vacancies below and above (V; and V, in Figure 1c), which
leads to exceptionally large atomic displacements (ds) from
their octahedral centroids (dym; = 0.449(3) A, dy = 0.220(3) A,
dyinz = 0.544(2) A, and dg. = 0.126(6) A) comparable to other
corundum-related analogs.>®! These anisotropic atomic dis-
placements in Mn,FeWOg (as reflected by the distortion para-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

meters (A) in Table S3, Supporting Information) give three
long and three short metal oxygen bonds for each octahedron.
The structural polarization of Mn,FeWOy is directly confirmed
by SHG measurements at RT (Figure 1d) and down to 10 K
(Figure S6, Supporting Information). The average <Mn-O>
bond lengths of Mn1 (2.187(9) A) and Mn2 (2.228(6) A) are
closely comparable with those in other corundum-derivative
analogs (Table S4, Supporting Information). The average
<Fe-O> distance (2.154(10) A) is somewhat longer than that in
the isostructural Mn,>"Fe**Mo>*Qg (2.033(4) A), which suggests
that the formal cation oxidation states of Mn,* Fe?*W® Qq,
are consistent with the corresponding BVS calculations
(Table S3, Supporting Information)'? and X-ray absorption
near-edge spectroscopy (XANES) results (Figure S7, Sup-
porting Information). With the point-charge displacement
model, we obtained a relativley large spontaneous polari-
zation (Ps) of 59.5 nC cm along the c-axis, comparable with
the values reported for other corundum-related phases such as
ZnSnOj; (58 pC cm™2),1171 LiNbO; (67 nC cm2),1181 Zn,FeTaOg
(50 pC cm™),2 and Mn,FeMoO; (68 pC cm™2).l! A defini-
tion that is more closely related to a hypothetical switchable
polarization'® will be discussed in the theory section below.
Compared with other Mn,FeMO, (M = Sb>*, Nb**, Ta**,
Mo**, and W°®) analogs (Table S4, Supporting Informa-
tion),”! it appears that the preferred stability of WO /Fe?*
oxidation states, the larger size and charge difference
between octahedral W and Fe?!, and their full ordering
on the B sites, are responsible for the NTO-type structure of
anFeWOG.

Magnetization (M) versus temperature (T, 2 to 400 K) and
field (0.01 to 14 T) for Mn,FeWOg are shown in Figure 2.
Figure 2a shows the logarithmic-M versus T curves collected in
the field-cooled (FC) and zero-field-cooled (ZFC) modes (linear
M (T) and dM/dT curves can be seen in Figure S8a, Supporting
Information). Note that the small high-T, low-H, B-anomaly
(=340 K), and FC/ZFC disparity is due to a trace magnetic
impurity phase other than wolframite (Figure S9, Supporting
Information) as confirmed by the specific heat measurements
and will be neglected hereafter. The positive portion of full mag-
netization versus field (M(H)) loops is shown in Figure 2b with
selected full M(H) loops shown in Figures S8b (Supporting
Information).
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Figure 2. a) A logarithmic plot of the magnetization (M) versus temperature (T) curves at a series of fields between 0.01 and 14 T. The ZFC and FC
curves, respectively, are dashed and solid at each field. Note the A1-A3 peak features are labeled along with the very low-field B step feature. b) The
positive portion of magnetization loops, M(H), where the labels 1, 2, and 3 correspond to the features identified in the phase diagram. c) A schematic
magnetic H-T phase diagram inferred from features in the M(H,T) curves in (a,b), and Figure S10 (Supporting Information) along with the band
structure results. The labels 1, 2, 3, B, A1, A2, A3, and A4 correspond to the features identified in these figures and the text. The red-1 and blue-3 lines
are, respectively, the locus of metastability limits under increasing and decreasing field, respectively, for a field-induced first-order transition. The green
line indicates a second-order transition from the collapse of hysteresis and the inflection point in the M(H) curve at 70 K. The A1, A2, and A3 indicate
second-order transitions in the M(T) curves. The A4 region comes from the negative peaks in the dM(T)/dT curves in Figure S8a (Supporting Informa-
tion). In the gray-2 crosshatched region, the increasing field magnetization curves (a) show a continuous increase of magnetization.

At and below H =1 T, the M(T) results in Figure 2a clearly
manifest sharp peak features (A1-A2-A3) at =70 K, typical
of a robust AFM-type order. The M(H) results presented in
Figure 2b strongly support this conclusion with the robust
magnetic M(H) hysteresis loop at T = 2 K, most dramatically
evidencing a first-order increasing-field-induced transition out
of the AFM state. The density functional theory (DFT) calcula-
tions (see below) suggest that the the H = 0 ordered state is a
complex, two cell AFM state (c-AFM), while the field-induced
ordered phase is a FiM state with a larger net moment. In Figure
2b, following the increasing field (from H = 0), T =2 K, M(H)
curve, one sees a rapid rise in the 7-10 T range suggesting a
field suppression of the assumed c-AFM order parameter. With
decreasing field (again at T'= 2 K), the magnetization evidences
a rapid restoration of c-AFM order parameter in the 4-2 T
range. This hysteretic suppression-restoration of the c-AFM
order indicates a first-order field-induced phase transition. In a
powdered material, the crystalline anisotropies of this transition
are averaged. The c-AFM order suppression with increasing
field is seen to be a two-step process (note features 1 and 2).

The T = 10 K, M(H) curve in Figure 2b shows a much
shrunk hysteresis loop with the largest change in the critical
field for the increasing field part of the loop (=4-5 T). The
T =30 K, M(H) loop manifests only a small hysteresis. Again
the increasing field transition has moved down strongly,
whereas the decreasing field transition remains little varied. In
the T =70 K curve, the hysteresis appears to have vanished;
however, there is still a field-induced inflection point more typ-
ical of a second-order, continuous transition (labeled with 1 and
3 in the figure). The 120 K M(H) curve shows no evidence for
this robust transition.

The low-temperature magnetic phase diagram in Figure 2c
incorporates the various low-temperature magnetic features
discussed above. The robust thermal anomalies (A1-A2-A3)
in the M(T) curves in Figure 2b show the slow field-induced
suppression of the c-AFM ordering temperature. The field-
induced continuous transition at T =70 K agrees well with the
thermal anomaly A3 for the nominal second-order AFM phase

Adv. Mater. 2015, 27, 2177-2181

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

boundary. At temperatures between 2 and 30 K, the increasing
field c-AFM suppression (1-red line) and the decreasing field
c-AFM order restoration (3-blue line) are indicative of the first-
order transition. The hysteresis of this first-order transition
shrinks and the 1-red and 3-blue metastability limit curves
come together someplace in the range above 30 K. Thus, the
passage from a first- to a second-order transition is indicated.
It is assumed that the first-order, field-induced transition,
below =30 K, is into the FiM phase and is indicated by the gray-
hashed H-T range (labeled 2 in Figure 2c). In this polycrystal-
line sample, the distribution of the magnetic c-axis anisotropy
direction, with respect to the external magnetic field, would be
expected to leave untransformed c-AFM domains in the highest
field region.

The negative peak in the higher field dM/dT curves (See A4
region in Figure S8a, Supporting Information) indicates the
temperature range for the continuous onset of AFM correla-
tions in the paramagnetic (PM) phase and is indicated by the
A4 region in the phase diagram (Figure 2c). The energy scale
of this onset is correlated with the H = 0, c-AFM phase transi-
tion. The temperature induced collapse of the high-field FiM
phase is uncertain; however, it presumably lies lower than the
A4 region and higher than the two-shaded region. Noting that
the low-temperature limit of the 14 T M(T) curve is just =3 pp
and that the high-field slope of the T'=2 K M(H) curve is a siz-
able 0.07 pp/T (far from saturation), it appears that a saturated
PM state has not been achieved in the highest fields and lowest
temperatures studied.

To better understand the crystal structure and magnetic and
electric properties, first-principles calculations were carried out.
The nominal d° electronic configuration of Mn?*, d® of Fe’',
and d° of W is confirmed by the DFT + U spin-polarized cal-
culations, which predict magnetic moments of about 4.6 pg on
each Mn and 3.7 pp on each Fe, consistent with the high-spin
S=5/2 and S =2 configurations on Mn and Fe, respectively. A
small magnetic moment of about 0.1 py is induced on W as a
result of covalent effects. To investigate the magnetic structure
of Mn,FeWOy, four different types of unit cell were studied,
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Figure 3. a) The ground FiM udu state of single-cell Mn,FeWOg slab
structure with Mn2 moments antiparallel to both Mn1 and Fe moments.
b) A plot of the DOS in the udu magnetic structure of Mn,FeWOs,
showing insulating behavior with a bandgap of 1.83 eV.
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each containing a single formula unit and with a collinear mag-
netic structure. We adopt a notation like “udu” to describe the
possible spin structures, where “u” is spin-up, “d” is spin-down,
and the spins are given on Mn1, Mn2 and Fe, in that order. The
four possible states (not counting those that are trivially related
by a global spin reversal) are uuu, uud, udu, and udd, as listed in
Figure S10 and Table S5 (Supporting Information). Of these, the
FiM udu structure, with Mn2 moments antiparallel to both Mn1
and Fe moments, is found to be the ground state (Figure 3a)
in the RT structure from SPXD analysis. The DFT structural
parameters for udu ordering are listed in Table S2 (Supporting
Information). The net magnetic moment in the udu ordering
is 4 pp/fu., which is larger than the measured moment of
=3 pp/fu. at 14 T (Figure 2b and S8, Supporting Informa-
tion), suggesting that the moment may not saturate until a
higher field, as discussed above. A plot of the density of states
(DOS) in the udu magnetic structure, presented in Figure 3D,
shows that the udu state is insulating with a bandgap of
1.83 eV, and the valence band maximum (VBM) is composed
mainly of Fe 3d orbital character.

In order to extract the Pg of the udu structure, we define it
to be half the change of Berry-phase polarization that would
occur if the polarization were reversed by moving the Mn
atoms through the O planes into empty octahedral sites, sim-
ilar to the polarization reversal path of LiNbO;. We obtain
Ps = 67.8 nC cm™2, which is, perhaps accidentally, comparable
with the value of 59.5 nC cm™ estimated from the point-charge
displacement model. Our calculations suggest that the optimal
switching path occurs via the sequential transfer of Mn2 and
then Mnl across the O plane, but we find that intermediate
structure is metallic due to a change in Fe d-orbital ordering.
This metallic character probably defeats any attempt at polari-
zation reversal, helping to explain the absence of ferroelectric
switching in the dielectric and polarization measurements
(Figure S11, Supporting Information).

We also used first-principles calculations to consider dou-
bled-cell magnetic structures containing two formula units as
possible candidates for the observed low-temperature AFM
magnetic structure seen at zero field. The results are presented
in Table S6 (Supporting Information). With the unrelaxed exper-
imental ion coordinates, the lowest-energy magnetic ordering
among the doubled-cell configurations is uud—ddu, i.e., the one
obtained by a combination of uud and ddu primitive cells. After

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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relaxation of the internal coordinates, however, the udu-udd
magnetic structure becomes the most stable. The energy reduc-
tion from lattice relaxation is largest for the udu-udd com-
posite cell because the magnetic ordering of the two subcells
is not related by time-reversal symmetry, so that additional
zone-boundary phonon modes can relax and contribute to
lowering the energy. The udu—udd double cell is even lower
in energy than the udu single-formula-unit structure, by
13 meV/fu. Our results suggest that the magnetic double-
hysteresis loop visible at low temperature in Figure S8b (Sup-
porting Information) might be understood as a series of transi-
tions from a dud FiM ordering at negative field to a udu-udd
(or dud—duu) configuration at zero field, then back to a udu
FiM configuration at positive field. We have only considered
collinear magnetic structures here. However, our study of the
doubled-cell structure strongly suggests that there is a magnetic
phase transition at finite magnetic field, below which the mag-
netic ordering is AFM, in a magnetic unit cell including at least
two formula units, possibly with a more complex noncollinear
magnetic structure that has not been considered here. Above
the critical magnetic field, we expect the system to adopt the
collinear udu FiM structure, with a single-formula-unit mag-
netic cell. We note that the degree of Mn/Fe antisite disorder,
which may in turn have an effect on the magnetic properties, is
not currently well characterized in our samples. We leave this
as a topic of future investigation.

In conclusion, the new polar and magnetic Mn,FeWOg pre-
pared at HPT crystallizes in the corundum-based Ni;TeO-type
structure as established by electron and synchrotron X-ray dif-
fraction. The asymmetric structure of Mn,FeWO,, directly
evidenced by second-harmonic generation, is consistent with
a large spontaneous polarization. The crystal structure and
X-ray near-edge absorption spectroscopy analyses indicate
formal oxidation states of Mn?** (d°, high spin (HS)), Fe*
(d°, HS) and W (d%. Complicated magnetic properties are
observed in this d-electron-rich HS system. At low applied
field (<1 T) near 70 K, an AFM order is observed, which is
suppressed with increasing magnetic field. Below =30 K, a
first-order magnetic field-induced phase transition appears
to a larger moment ferrimagnetic (FiM in the DFT calcula-
tions) state with a hysteresis of 4 T (7 to 3 T), which gener-
ates double-hysteresis loops in the isothermal magnetization
curves. The hysteresis shrinks with increasing temperature and
leads to a second-order transition near 30 K, which persists up
to 70 K.

First-principles calculations confirm the structural para-
meters and oxidation states, and without cell doubling, they
predict a FiM ground-state udu, with the Mn2 moments
antiparallel to both Mn1 and Fe moments along the c-axis.
The udu magnetic structure is insulating with a bandgap of
1.83 eV and the spontaneous polarization (Ps) is calculated
to be 67.8 uC cm™2, but the optimal switching path leads to a
metallic intermediate structure, which hinders the polariza-
tion reversal. First-principles calculations also find an udu—
udd double cell even lower in energy than the udu single-
formula-unit structure, by 13 meV/f.u. Transitions between
the single-formula-unit udu and the double-cell udu-udd
give a likely explanation for the magnetic double-hysteresis
loop.

Adv. Mater. 2015, 27, 2177-2181
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Experimental Section

Details of the experimental and theoretical section are shown in
the Supporting Information. Further details of the crystal structure
investigation(s) may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), on quoting the
depository number CSD-428616.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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