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ABSTRACT: Two new compounds, Zn,FeSbOg and Zn,MnSbOj,
have been synthesized under high-pressure and high-temperature
conditions. The synthesis, single-crystal and powder X-ray diffraction,
X-ray absorption near-edge spectroscopy (XANES), optical second
harmonic generation (SHG), and magnetic and heat capacity
measurements were carried out for both compounds and are described.
The lattice parameters are a = 5.17754(6) A and ¢ = 13.80045(16) A
for Zn,FeSbOg and a = 5.1889(10) A and ¢ = 14.0418(3) A for
Zn,MnSbOyg. Single-crystal X-ray diffraction analyses indicate that
Zn,FeSbOy consists of a cocrystal of superimposed Ni;TeO4 (NTO)
and ordered ilmenite (OIL) components with a ratio of approximately
2:1 and Zn,MnSbOy contains two nearly identical, but noncrystallo-
graphically related, OIL components in a ratio of approximately 6:1.
XANES analysis shows Fe** and Mn** as formal oxidation states for Fe

I vn
0, Zn

and Mn cations, respectively, for these A,BB'Og compounds. SHG measurements for Zn,MnSbOy indicate that it is
noncentrosymmetric and confirm the polar R3 (no. 146) space group strongly implied by single-crystal reflection data. The
magnetic measurements reveal spin-glass behavior with antiferromagnetic (AFM) interactions in both compounds and a frustration
factor (f) being significantly larger for Zn,MnSbOy (f & 20) compared to Zn,FeSbOg (f & 7). While Zn,FeSbOg exhibits AFM
ordering at a Néel temperature (Ty) of 9 K, Zn,MnSbOy shows magnetic ordering around 4 K. Additionally, the negative Curie—
Weiss temperatures for both compounds corroborate the presence of AFM exchange interactions.

1. INTRODUCTION

In the ever-evolving field of materials science, transition metal
double perovskites (DPs) A,BB’Og (where A, B, and B’ are
different cations) stand out as an intriguing and versatile class
of compounds that has captured the interest of researchers
worldwide in the pursuit of innovative materials with tailored
properties.l_7 Since then, several DPs have been reported and
among them are Sr,FeReO4 and Sr,FeMoOg, the latter
showing room temperature (RT) colossal magnetoresist-
ance.” ™"

In contrast to the simple cubic perovskite ABO;, DPs differ
by incorporating two distinct B and B’ transition metal cations
within the crystal lattice. This dual inclusion gives rise to
distinctive crystal and electronic structures which, jointly with
a flexible choice of chemical composition, make them an
almost limitless source of novel materials showcasing a
multitude of interesting physical properties such as multi-
ferroicity, ferroelectricity, colossal magnetoresistance, thermo-
electricity, piezoelectricity, superconductivity, metallic, half-
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metallic, and insulating behaviors, second harmonic generation
(SHG) effect, ionic conductivity, catalytic properties, high
thermopower, and several magnetic properties such as
ferromagnetism (FM), antiferromagnetism (AFM), and
ferrimagnetism (FIM)."'~** While the crystal structure of the
simple cubic ABO; consists of corner-sharing BOg octahedra
extending by translational symmetry in three dimensions (3D)
and of 12-fold coordinated A cations filling the cavities created
by the BOg octahedra, the DP structure is similar to ABO; with
respect to ordering of the B/B’ cations usually on alternate
octahedral sites and rarely in a layered arrangement. This
structural feature is responsible for the extraordinary physical
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Table 1. Comparative List of Crystallographic Information for Most of the Determined Structures of NTO-like Phases®

formula c/a sample type radiation reference
CoysNi; sSc[SbOg] 2.705 powder neutrons i
Co, sNiysSc[SbOg] 2.688 powder neutrons +
C0,5¢[SbOg] 2.682 powder neutrons +
CoNiSc[SbOg] 2.698 powder neutrons i
Ni,Sc[SbOg] 2.711 powder neutrons +
Co, sMn, s[TeOq] 2.625 powder synchrotron and neutron 0
CoysMn, s[TeOq] 2.653 powder synchrotron =0
Co4[TeOq] 2.661 powder neutrons 0
Co, sNi [TeOg] 2.682 powder neutrons st
Co, sNi 5[TeOg] 2.692 powder neutrons st
Co4[TeOq] 2.662 single crystal X-rays, Mo Kal 2
FeBi,AlOg4 2.494 powder neutrons 3
La,Mg[GeOg] 2.418 powder neutrons o
Liy ;Mg, sMng ;[ TeOq] 2.686 powder synchrotron o8
Li; 75Zt075Nbg2s[TeOg] 2.67 powder X-rays, Cu Ka 5
Li,Zr[TeOq] 2.677 powder X-rays, Cu Ka 5
Li,Ge[TeOg] 2.863 powder X-rays, Cu Ka 36
Li,Ge[TeOq] 2.864 powder synchrotron 2
Li,Hf[ TeOg]) 2.669 powder X-rays, Cu Ka 7
Li,Zr[TeOg] 2.677 powder X-rays, Cu Ka 27
Li,Zr[TeOg) 2.678 single crystal X-rays, Mo Ka 7
Mg;[TeOq4] 2.687 single crystal X-rays, Mo Ka 38
Mn,Fe[MoOq] 2.633 powder neutrons 74
Mn,Fe[MoOg], high-T phase 2.736 powder neutrons "
Mn,Fe[WOq] 2.632 powder synchrotron 1
Mn,In[SbOg] 2.64 powder neutrons 0
Mn,Sc[NbO] 2.662 powder synchrotron 18
Mn,Sc[TaOg] 2.659 powder synchrotron 18
Mn,Sc[SbOg] 2.632 powder neutrons 60
Mn;[SbOg] 2.711 powder synchrotron 20
Mn;[WOg] 2.641 powder synchrotron 8
Ni, sCo, 5[ TeOg] 2.69 powder X-rays, Cu Ka ol
Ni, ;Cogs[TeOg] 2.695 powder X-rays, Cu Ka ol
Ni, Mgy 5[ TeOg] 2.697 powder X-rays, Cu Ka ot
Ni, {Mn5[TeOg] 2.702 powder X-rays, Cu Ka ol
Ni, ;Mny[TeOg] 271 powder neutrons o
Ni, Mng5[TeOg] 2.703 powder X-rays, Cu Ka o
Ni, sMny5[TeOg] 2.708 single crystal X-rays, Mo Ka 2
Ni,In[SbOg] 2.687 twinned crystal X-rays, Mo Ka e
Ni,In[SbOg] 2.687 powder neutrons 0
Ni,In[SbOg] 2.687 powder X-rays, Cu Kal 30
Ni,In[SbOg] 2.688 powder neutrons 30
Ni,Sc[SbOg] 2.711 powder neutrons 30
Ni,Sc[SbOg] 2.711 powder X-rays, Cu Kal 30
Ni,Sc[SbOg] 2.713 powder neutrons 0
Ni3[TeOq] 2.695 powder X-rays, Cu Kal 30
Ni,Mn[TeOq] 2.71 powder neutrons o4
Ni,Mn[TeOg] 2712 powder neutrons o
Ni;[TeOg] 2.695 single crystal X-rays, Mo Ka o3
Ni;[TeOq] 2.695 powder X-rays, Cu Ka s
Ni3[TeOq] 2.695 powder synchrotron o
Ni;[TeOg) 2.697 powder synchrotron o7

properties typical of perovskite compounds. Depending on the

1,1523
7222 a5 well as the

size and charge of A and B cations,
synthesis conditions such as high pressures and high
temperatures, the formation of new phases can be induced
by not only the choice of cations but also by altering the
atomic arrangement and crystal structure. Properties have been

tailored by manipulating the highly flexible chemical

11834

composition of A and B cations and by applying a high
pressure and high temperature during synthesis.”> >’
The stability of ABO; or A,BB'Og¢ perovskite and related

structures can be roughly predicted by the Goldschmidt
tolerance factor, t {where t is defined as t = (r, + r5)/~/2 (ry +

ro), where r,, rg, and rq are the ionic radii of the A, B/B’, and
O ions®*}. If t = 0.9 to 1.0, where the A and B/B’ cations have

https://doi.org/10.1021/acs.chemmater.4c02146
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an ideal size, a “perfect” cubic perovskite crystallizing in the
StrTiO; phase type (cPS, Pm-3m, no. 221) is possible.
However, in most cases, the symmetry is lower than cubic.
For t > 1, where the A cations are large or B/B’ cations are
small, the hexagonal BaNiO; phase type (hP10, P6;/mmc, no.
194) is adopted; for t = 0.85—0.9, where the A cations are
much smaller than B/B’, the orthorhombic GdFeO; type
(0P20, Pnma, no. 62) is formed; and for t < 0.85, where the A
and B cations are comparable in size, a rhombohedral crystal
structure typical of either the LiNbO;-type (hR30, R3¢, no.
161) (LN), or TiFeOs-type (hR30, R-3, no, 148) (Ilmenite,
IL), or NiyTeOg-type (hR30, R3, no. 146) (NTO) is observed.
Therefore, depending on the relative size of A and B cations
and on temperature and pressure synthesis conditions, while
the chemical formula ABO; or A,BB’Og remains, the structure
and symmetry can vary dramatically. The BO4 and B'Ogq
octahedra can undergo distortions such as elongation or
contraction (similar to Jahn—Teller distortion) and/or tilting,
and the A-cation site can shift from its ideal position into two
or more different Wyckoft sites, giving rise to several possible
structural prototypes. Among them, the cubic perovskite
SrTiO;-type is nonpolar (NP) centrosymmetric (CS) with A
and B cations occupying the 1b and la Wyckoft sites,
respectively (with A larger than B), and O anions the 3d site.
The hexagonal BaNiO; type is NP-CS, and A and B cations fill
two sites with symmetry 2d and 2a, respectively, while the O
anions occupy the 64 site. The orthorhombic GdFeOj type is
NP-CS, and A and B occupy two sites with symmetry 4c and
4a sites, respectively, while the O anions occupy another 4c site
and a 8d site. The rhombohedral LiNbO; type (LN) is polar
(P) noncentrosymmetric (NCS), and A and B cations occupy
two different crystallographically ordered 6a sites, while O
anions fill the 180 site. The rhombohedral TiFeOj; type is NP-
CS, and A and B cations statistically occupy two different 6¢
sites, while O anions occupy the 18f site. The rhombohedral
NiyTeOq type (Ni,NiTeOq) is P-NCS, and A and B cations
occupy four different 3c Wyckoff sites (two 3c sites are
generally occupied by A cations and two 3¢ sites are typically
filled by B cations), while O anions fill two sites with 9b
symmetry.

The P or NCS phases with corundum-based structures, LN
and NTO types, whose crystal structure lacks symmetry
operations that cancel dipole moments and result in a nonzero
electric dipole moment, are of great interest due to their
symmetry-dependent properties, i.e., multiferroicity, piezo-
electricity, ferroelectricity, spintronics, and SHG effect. The
design and synthesis of these corundum-based structures is not
an easy task due the fact that the NP-CS perovskites tend to be
more thermodynamically stable than the P-NCS ones. The
formation of P-NCS corundum-type LN and NTO phases with
small transition metal (T) cations may be stabilized and their
synthesis favored but only under extreme synthesis conditions
of high pressures and high temperatures (HPHT).'***~°
Corundum-type phases with T cations at both the A and B/B’
sites continue to attract significant attention because of their
potentially useful physical properties.'”'~* Among the
A,BB'O¢4 corundum-type phases prepared under HPHT
reported in the literature are the LN-type P-NCS Mn,FeNbOgq
and Mn,FeTaOq (both prepared under P =7 GPaand at T =
1573 K),'"? the NTO-type P-NCS Mn,FeWO, and
Mn,FeMoO; (both prepared under P = 8 GPa and at T =
1623 K),"** the IL-type NP-CS Mn,BSbO; (B = Fe, V, Cr,
Ga, Al) (prepared between P = 3—9 GPa and T = 700—1000

11835

°C).** Among these, Mn,FeSbQ is a ferrimagnet at T = 270
K* and Zn,FeTaOy orders antiferromagnetically at Ty ~ 22
K.*® While an antiferromagnetic transition in Zn,FeOsOg was
only theoretically predicted,”” Mn,MnWOg does transform to
an antiferromagnet at T = 58 K,** and Mn,MnMoQj shows
tw201 antiferromagnetic transitions at Ty, = 47 K and Ty, = 19
K.

During our search to discover new corundum-based phases
that form under HPHT conditions, we successfully synthesized
the two new compounds Zn,FeSbOy4 and Zn,MnSbOy, which
are the first compounds of this type to contain Zn*" cations. In
this work, we have investigated the crystal structure and
symmetry of cation octahedra, magnetic properties, heat
capacity, SHG, and the oxidation states of Fe and Mn.
Additionally, we have elucidated the essential relationships
between the crystal structures, symmetries, and magnetic
properties of these two new compounds.

1.1. Problem of Twinning in NTO-like Phases and
Implications for Their Crystallographic Characteriza-
tion. The single-crystal reflection data for Zn,FeSbOy (sample
TT1375) and Zn,FeSbOy (sample TT1478) were found to
have the P-NCS rhombohedral symmetry, which is observed
for many Ni;TeOglike (NTO) phases including Li,ZrTeOg4-
like (LZTO) and Li,GeTeOglike (e.g., ordered ilmenite, OIL)
phases,'#!%18202527,3048268 A ¢ 5 proader class of materials
with only minor structural differences between prototypes (as
evidenced by similar powder X-ray diffraction patterns), all
these types of A,BB’O4 compounds will herein be referred to
as NTO-like phases. A comparative list of crystallographic
information for most of the determined structures of NTO-like
phases is presented in Table 1.°° Unlike powder X-ray
diffraction (PXRD) profile data, reflection data from single-
crystal data (SCD) can be used to precisely determine not only
the contributions from all diffraction domains but also any
multiple structural (e.g., cocrystal) components.m’71 However,
to date, there are only six SCD studies of NTO-like phases,
and all of them unfortunately have used relatively low-
resolution Mo Ka X-ray data. Namely, the SCD results for
Li,ZrTeO4 and Ni;_ Mn, TeOg have data with 6, < 30°,°"%
Ni3TeO4 Co3TeO4 and Mg;TeOg have data with 6, <
40057855 and Ni,InSbOy has data with 6, = 46°° even
though all diffractometers used were capable of resolutions
much better than 6, = 70°. Based upon our experience with
dozens of samples, this shortcoming is often due to multiple
component issues (e.g., twinning and especially multigrowth)
and especially to long-range order issues (e.g., crystallinity or
mosaicity). These difficulties may be the result of extreme
synthesis conditions, namely, a high pressure and temperature
followed by relatively quick cooling, which may be magnified
due to internal stresses within the lattice resulting from
incompatible sizes or electronic configurations of the cations
used.”">”” In the SCD study of Ni,InSbOg, whose synthesis
involved a long annealing time (2 weeks), large single crystals
of acceptable mosaicity were obtained; nevertheless, such
crystals were twinned.”” The derived model in that study did
not contain any cation site mixing. Such a result, namely, all
sites having a single, ordered atom type, is not the case for
nearly all of the other known powder diffraction studies of
NTO, LZTO, or OIL phases, where different cations were
used for the A and B site (see Table 1). For three of the six
SCD studies mentioned above, an M;TeOy4 phase with only
one divalent transition metal present (M = Co, Mg, Ni) for
both A and B sites was used. A fifth study concerned

https://doi.org/10.1021/acs.chemmater.4c02146
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Li,ZrTeOg”” which is also a phase containing all ordered
cation sites and an occupation preference for the A or B site
dependent upon the different ionization potentials rather than
ionic radius of Li (0.76 A) versus Zr (0.72 A). For that SCD
study, the large atomic number difference between Li (Z = 3)
and Zr (Z = 40) made it quite easy to obtain accurate PXRD
and SCD results. The sixth SCD study mentioned above
concerned a completely ordered Ni,InSbOg phase® with
reflection data of high enough resolution (6,,,, = 46°) to refine
anisotropic atomic displacement parameters (ADP), but these
are not reported in that study. Additionally, although an
absolute structure parameter from the SHELXL refinement
program has been reported, none of these studies have a
discussion of the problems of crystal intergrowth or the crucial
role of quantifying all twinning contributions. Twinning may
be due to nonmerohedral twinning (e.g, crystal intergrowth
with nonoverlapping rotational components), twinning by
merohedry (e.g.,, racemic mixing for chiral compounds), and
twinning by reticular merohedry (e.g., obverse/reverse
twinning). This is especially important since data collected
for a sample with the last two types of twinning have an exact
overlap of reflections having individually different indices and
intensities, a situation that exists for all lattice points. Thus,
these types of twinning can greatly complicate the solution or
refinement of a crystal structure. For most of the dozens of
samples of Zn,MSbO4 with M = Fe or Mn, and all other NTO-
type phases that we have examined by use of the SCD
diffractometer, we have found all three types of twinning to be
present. For this study, we have chosen single-crystal samples
without significant nonmerohedral twinning by simple
examination of reciprocal lattice plots and rejecting crystals
containing two or more offset lattices of reflections. Twinning
by merohedry and reticular merohedry appeared to always be
present in our samples and in different ratios for different
single-crystal samples. Twinning of this sort may be expected
based on the rate of change from HPHT to ambient conditions
during the final steps of the synthesis. It is also likely that
twinning can be generated in the initial nucleation and growth
of the polar corundum derivatives (PCD) from oxide mixtures.
Spontaneous resolution of chiral crystals was not expected, but
we and others have observed very low racemic ra-
tios.”>*739%%% Ope study had found that annealing samples
over periods of weeks seemed to produce less, but not zero,
twinning,”’ It is unknown if reticular merohedry (obverse/
reverse twinning) was ever accounted for in that study or any
other single-crystal study to date.

The 3D framework of the O anions defines this class of
PCDs by means of characteristic face sharing and tilting of the
O6 octahedra. In contrast to the common occurrence of cation
disorder, the O6 octahedra appear to be ordered for all known
structures, and as a framework, they serve as the anchor for all
structures of NTO-like phases. Deficiencies in O anion sites
have been predicted for cubic and ilmenite perovskite-related
phases” but not quantified in any SCD study of NTO-like
compounds, including both compounds in this study. Addi-
tionally, O anion disorder is not observed or is negligible, and
only U, values of 0.02 A or less have been found in our
studies or in published single-crystal results. For determining
precise positional and displacement parameters of the relatively
lighter O anions in the crystal structures of NTO-like phases,
the diffraction of neutrons is generally preferred to X-rays, and
13 of the 29 structure determinations summarized in Table 1
are based upon neutron powder diffraction (NPD). For the

11836

PXRD studies listed in Table 1, six of them employed high-
resolution synchrotron X-rays, and four studies used lower-
resolution data from in-house Cu Ka X-ray sources (0, =
60°). Nevertheless, examination of bulk materials by the PXRD
method is always essential for identifying crystal symmetry and
phase purity of the sample before quantitative results (e.g.,
Rietveld) can be reliably obtained. The real value of using SCD
data for structure refinements of PCDs is the determination of
accurate composition and coordination geometry of all sites,
and especially mixed-atom sites. The high correlations between
occupancy and anisotropic displacement can best be
accommodated with high-resolution single-crystal data.
Obtaining the high-resolution data is, of course, dependent
on sample mosaicity, and the necessary triage to find such a
sample may take numerous attempts. Unfortunately, the ADP
derived from powder diffraction data is, in general, poorly
determined or even ignored. Lack of complete profile shapes,
usually because of the choice of slits or use of the divergent X-
ray sources from sealed tubes, requires the use of averaged
values (U,, or By,) for powder samples. For the SCD
experiment, only after accurate determination of the number
and contribution of all domains within the sample can reliable
ADP values be obtained. Thus, it is of great advantage to use
single crystals of high purity and a single domain. However, the
process of selecting a sample of adequate crystallinity,
especially for deeply colored samples (as are most NTO-like
samples), is often random and time-consuming. To date, there
are no studies that examine the distribution of phase or degree
of crystallinity of individual particles/grains from any type of
synthesis (e.g., HT or HTHP). For PXRD and NPD studies,
the crystal structure of individual particles is assumed to be the
same as the average structure of a bulk region, within
boundaries selected by the use of microscopic or spectroscopic
methods. This assumption is often made even though one
study has shown a cation site rearrangement at a high
temperature.74

The framework of the O anions in NTO-like structures has
been shown to be consistent and to contain well-ordered O
anions in all structure determinations (e.g., this study and
those in Table 1). Thus, conclusions about cation size and
cation—cation interactions forming the basis of observed
octahedral distortions and resulting physical properties are
generally correct. This relationship is supported by the fact that
all NTO-like structures reside in space group R3 with similar
face sharing and tilts of the O6 octahedra, especially with
respect to the crystallographic c-axis as listed in Table 1. This
consistency in observations is also independent of the
temperature and type of radiation used. For NTO-like phases,
the enclosed volume of the O6 octahedra does not appear to
be limiting for cations of ionic radius of 0.6 A or less. When Li*
or Mg2+ atoms are used in the A sites, an OIL-like phase rather
than an NTO-like phase usually forms,”**”*>~>* indicating
an influence of ion potential upon the selection and location of
cation sites. For all NTO-like structures, adjacent face-sharing
octahedra have metal positions displaced from the symmetrical
centroid and away from each other such that the shortest
theoretical cation-to-cation distance of about 2.30 A is never
achieved for any A-A, A-B, A-B’, or B-B’ distance between
face-sharing octahedra, as indicated by the range of values
2.75—3.5 A for the NTO, OIL, and LZTO phases in Table 1.
Thus, the observed site selection and distortions of metal
coordination geometry are likely due to short-range repulsive
cation—cation interactions within adjacent face-shared octahe-

https://doi.org/10.1021/acs.chemmater.4c02146
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compound

sample ID
empirical formula
formula weight
structural prototype
Pearson code
crystal system
space group

lattice parameters

unit cell volume

unit formula per cell, Z

calculated density, p

absorption coefficient, y

F(000)

data collection temperature
crystal description

crystal size

theta range collected (after cutoff)
index ranges h, k, [ (after cutoff)

reflections collected
independent reflections
resolution cutoff used
Ryt

completeness to theta = 25.242°
absorption correction

maximal and minimal transmission
refinement method
data/restraints/parameter
goodness of fit on F*

final R indices [I > 206(I)]

R indices (all data)

absolute structure parameter
extinction coeflicient

largest diff. peak and hole

TWIN instruction

BASF parameters for TWIN

Table 2. Single-Crystal Data and Refinement Details for Zn,FeSbO4 and Zn,MnSbOq

Zn,FeSbO4

TT1375

Zn,FeSbOg

404.34 g/mol

Ni;TeOgq

hR30

trigonal

R3 (No. 146)
a=5.17754(6) A

¢ = 13.80045(16) A
320.384(9) A3

3

6.287 g/cm3

20.624 mm™!

555

293(2) K

black block

0.056 X 0.046 X 0.035 mm?
4431° < 9 < 79.67° (65.67°)
-13<h<11
—-13<k<13

-36 <1<35

17,909

16,436

0.39 A

0.0374

99.2%

Gaussian

0.748 and 0.568

full-matrix least-squares on F?
2512/30/44

1.018

R1 = 0.0156, wR? = 0.0365
R1 = 0.0156, wR* = 0.0365
0.48(2)

0.0072(4)

+2.77 ¢ /A3, — 1.68 e /A3
01010000-1—4
0.01(2), 0.50(2), 0.02(2)*

Zn,MnSbOy

TT1478

Zn,MnSbOyg

403.43 g/mol

Ni;TeOg

hR30

trigonal

R3 (No. 146)

a = 5.1889(10) A

¢ =14.0418(3) A
327.419(14) A3

3

6.138 mg/m3

19.750 mm™

552

298(2) K

black block

0.054 X 0.048 X 0.020 mm®
4.354° < 9 < 79.76° (64.11°)
-13<h<13
-13<k<9
-35<1<35

7641

7418

0395 A

0.0282

99.2%

Gaussian

0.971 and 0.776

full-matrix least-squares on F*
2473/60/43

1.018

R1 = 0.0308, wR* = 0.0803
R1 = 0.0311, wR* = 0.0803
0.17(4)

0.0009(8)

+5.10 and —3.96 e /A3
01010000-1—4
0.33(5), 0.18(4), 0.38(5)

“Note that significance of ESD of values 0.01(2) and 0.02(2) are with respect to values in the range of 0.00 to 1.00.

dra along the crystallographic c-axis. The fact that short face-
sharing separations in NTO-like phases are not continuous,
but instead, alternating with a wider separation of adjacent
octahedra, allows for a wide variety of choices of cations for
successful syntheses. However, when multiple types of cations
are used, the appearance of “site mixing” often occurs and may
be due to an overlap of at least one other component with an
alternative structure.

In this study, we address the issue of whether the positions
of different cations in apparent “mixed sites” are located at
different positions or, as might be assumed in powder
diffraction studies, are too close to each other to distinguish
different positions about a single z-coordinate. Based on our
single-crystal structure refinements, the small differences in
positions of component cations for a given site are indeed
significant. We report here, for the first time, the use of high-
resolution X-ray data to determine precise parameters for
composition, position, and ADP values of the atoms in the
crystal structures of NTO-like phases Zn,MnSbO4 and
Zn,FeSbOq.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Polycrystalline samples with nominal composition
Zn,TSbO4 (with T = Mn, Fe) were prepared under HPHT
conditions starting from high-purity commercial reagents ZnO
(Aldrich, 99.9% purity), Fe,O; (Alfa Aesar, puratronic, 99.998%
metals basis), Mn,0; (Aldrich, 99.999% purity metals basis), and
Sb,0; (Alfa Aesar, puratronic, 99.998% purity metals basis). The
mixture prepared for the synthesis conformed to the following
reactions for the two Fe and Mn compounds, respectively:

4Zn0O + Fe,0; + Sb,O; — 2Zn,FeSbOy

4ZnO + Mn,0; + Sb,0; — 2Zn,MnSbO;

The reagents, weighed in a stoichiometric amount, were ground
and homogenized in an agate mortar. The mixture was sealed in a Pt
capsule and placed in an Al,O; crucible. The so-prepared samples
were loaded into a Walker-type multianvil press-apparatus’>’® and
pressurized to P = 7—8 GPa in 8—10 h. Once the final pressure was
achieved, the samples were heated to 1250—1450 °C and the
temperature was kept for 2—4 h. After the annealing time passed, they
were quenched to temperatures of less than 150 °C on a time scale of
10 s by switching off the voltage supply of the resistance furnace.”*”®
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The pressure was maintained during both heating and quenching
process, and only after completion of the cooling was the pressure
slowly released over another 8—10 h.

2.2. Micrographic Analysis. Microstructure and morphology of
the samples were checked by light optical microscopy (LOM) and
scanning electron microscopy (SEM) (Leica Cambridge $360), in
conjunction with energy-dispersive X-ray (EDS) spectroscopy
(Oxford X-Max 20) for semiquantitative elemental analysis. The
micrographic specimens were prepared by a standard polishing
technique on representative sections of the samples. The EDS
analyses were performed both on the overall area of the specimens
and on single spots and small areas of small grains (0.5—1.0 ym?).
The accuracy of the measurements is within 2.0 atom % for O and 1.0
atom % for Zn, Fe, Mn, and Sb (within 1.0 atom % if O is not
accounted for).

2.3. X-ray Diffraction Analysis. The crystal structures for the
two compounds were investigated by SCD and PXRD. Small
fragments (edge <50 ym) from the HPHT syntheses of Zn,FeSbOg
(sample TT1375) and Zn,MnSbOg (sample TT1478) were examined
using finely collimated Mo Ka X-radiation (4 = 0.71073 A) at room
temperature using a Rigaku XtaLAB Synergy-S diffractometer system.
Reflection data to 0.36 A resolution (6 = 80°) were processed with
the CrysAlisPro software.”” The X-ray data were indicative of a single
lattice, with less than 1% noncoincident domains, e.g., due to
nonmerohedral twinning, or multiple intergrowth crystallites. Such
multidomain samples are expected to form and are indeed observed in
other, discarded samples after HTHP syntheses followed by annealing
periods of a few hours or less. In this report, the term “domain” will be
used with respect to partition of coincident reflection data, and the
term “component” will be used with respect to partition of structural
models. For Zn,FeSbOg and Zn,MnSbOy, reduction of diffraction
data by use of programs SAINT’®”? (routine XPREP) and
PLATON®® (routine TwinRotMat) revealed the presence of
merohedral (racemic) and reticular merohedral (obverse/reverse)
twinning, which was refined in SHELXL®' by use of the TWIN and
BASF instructions. Values of TWIN and BASF are included with
crystallographic information for Zn,FeSbO4 (TT1375) and
Zn,MnSbOg (TT1478) in Table 2. The structure solution program
SHELXT,"’ least-squares program SHELXL,SI and GUI program
ShelXle®* were used for structure determination and refinement. The
PXRD patterns were collected in the 26 range between 15 and 120°
by an X'Pert Philips diffractometer for Zn,MnSbOy (sample TT1478)
and a Bruker D8 Advance diffractometer for Zn,FeSbOg (sample
BB1388), both employing Cu Ka radiation (4 = 1.54184 A) and a
step size of 0.02° (26). The structural refinements by Rietveld method
were performed by using the FullProf software suite.*> The Mercury™
program was used to visualize the structural models and create all
crystallographic figures. VESTA®® and TIDY® programs were used
for calculations of geometries of octahedra and to determine the
standardized positions of the atoms, respectively, and BVCalc®” was
used for bond valence calculations. Calculated precession photo-
graphs77 of the 0kl, h0l, and hkO zones of reflection data collected for
Zn,FeSbO; and Zn,MnSbOy up to 0.5 A resolution are given in
Figures Sla—c and Figures S2a—c, respectively.

Complete tables of atomic positions, displacement parameters, and
coordination geometries for the crystal structures of Zn,FeSbOg
(sample TT1375) and Zn,MnSbO; (sample TT1478) are found in
the Supporting Information , and CIF files have been deposited at
CCDC with deposition numbers 2373123 and 2373124, respectively.

2.4. X-ray Absorption Near-Edge Spectroscopy (XANES).
XANES data on Zn,MnSbOg and Zn,FeSbOg4 were collected in both
the transmission and fluorescence modes with simultaneous standards
on the beamline 7-BM (QAS) using a Si(111) channel cut
monochromator at Brookhaven National Laboratory’s National
Synchrotron Light Source (NSLS-II). The data for the standard
compounds were collected on NSLS-II (6-BM/7-BM) and NSLS-I
(X-19A/X-18B) beamlines. All of the spectra were fit to pre and post
edge backgrounds and normalized to unity absorption edge step
across the edge.'?*%7>%%7%2
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2.5. Optical Second Harmonic Generation (SHG) Measure-
ment. The SHG measurements were carried out in reflection
geometry at room temperature on properly polished samples with a
modified WITec alpha 300S confocal Raman microscope. A pulsed
fundamental beam generated by a Ti:sapphire system (I = 800 nm,
repetition rate of 80 MHz, chopped at 1 kHz) was focused on the
sample with a microscope objective. The polarization of the
fundamental beam was controlled by a half-wave plate, and the
SHG signal was detected with a photomultiplier tube after being
passed through a polarization analyzer.

2.6. Physical Property Measurements. Magnetization measure-
ments were performed with a physical property measurement system
(PPMS, Quantum Design). The DC magnetization was measured in
the temperature range 5—300 K for Zn,FeSbOg and in the range 6—
300 K for Zn,MnSbOyg, under applied magnetic fields, H, of 1 kOe for
the former and 1 kOe and 10 kOe for the latter. The isothermal
magnetization, M(H), was measured in applied fields up to =70 kOe
and at several temperatures. Zero-field heat capacity was measured
between 2 and 100 K for Zn,FeSbO, and between 2 and 150 K for
Zn,MnSbOy.

3. RESULTS AND DISCUSSION

3.1. Phase Formation of Zn,FeSbO4 and Zn,MnSbO.
The PCD Zn,FeSbOy (sample TT1375) and Zn,MnSbOy
(sample TT1478) were both prepared under P =7 GPa, at T =
1350 °C; the former was heat-treated at 1350 °C for 2.5 h,
while the latter was heat-treated for 4 h. Both samples were
nearly single phase and containing large crystal grains of the
target phase. Their microstructure was analyzed by both light
optical microscopy (LOM) and scanning electron microscopy
(SEM). The optical microscopy images are shown in Figure
S3a,b and Figures S4a,d for Zn,FeSbO4 and Zn,MnSbOy,
respectively. Both samples appear clean and containing mostly
one phase of large and clean grains with size of 100 ym; they
are transparent and deeply colored and gem-like. Polarized
light accentuates the reflective anisotropy and transparent
internal reflections (reddish areas in Figures S3b and S4d) in
both compounds. No twinning was recognized in the reflected
light optics.

The SEM microphotographs using both backscattered
electron (BSE) and secondary electron (SE) modes for the
two samples are shown in Figures SSa—c and S6a—c,
respectively. For Zn,FeSbOy, the global analysis (carried out
on the whole specimen area) is in very good agreement with
the nominal starting composition “Zn,FeSbO,”, with and
without taking into account the oxygen content. An oxygen
concentration of 57—59 at % (slightly lower than 60 at %) is
acceptable given that O is a light element (and for it, only
semiquantitative analysis can be performed); the sample is a
quaternary compound; and our EDS-microprobe has an
instrumental accuracy not better than about 2 at %. The
Zn,FeSbOy sample appears to be single phase (Figure SSb,
BSE-mode); the darker areas are related to holes, fractures, and
hollows of the sample surface (better evident in SE mode
shown in Figure SSc). The point and small area EDS analyses
carried out on some grains (Figure SSb) reveal the calculated
composition to be close to Zn,,Fe;(Sb;;0¢, or Zng,Fe,sSn, if
oxygen is not accounted for (with a likely accuracy of +2 at
%). No other extra phases appeared to be present in this
sample. The same considerations apply for the Zn,MnSbOjq
sample for which two specimens from sample TT1478 were
analyzed. The global analysis for TT1478 measured with and
without taking into account the oxygen content is in very good
agreement with the nominal composition of “Zn,MnSbOy”
(within the limit of about +2 at %) (Figure S6a). The sample
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is almost single-phase Zn,MnSbO, (Figure S6¢); a small
amount of a pseudoternary phase with composition based
upon EDS analysis of approximately (ZnysMny;)Sb,O4 was
detected as small, elongated light-gray grains. The presence of
this phase was confirmed by PXRD analysis and identified as
ordonezite-type ZnSb,O¢. For this TT1478 sample, the
microphotograph image viewed in SE mode (Figure S6c)
shows many gray grains pertaining to the target phase and dark
areas pertaining to holes, fractures, or hollows. No further extra
phases were observed optically in the TT1478 sample.

3.2. Crystal Structure of Zn,FeSbOy and Zn,MnSbO.
3.2.1. Single-Crystal X-ray Diffraction. Crystallographic
information for the SCD experiments of Zn,FeSbOy (sample
TT1375) and Zn,MnSbOg (sample TT1478) are given in
Table 2. The unexpected unit volume difference at room
temperature for these two compounds, namely, 320.38 A® for
the relatively heavier Zn,FeSbOg and 327.42 A® for relatively
lighter Zn,MnSbOy, gives a first indication that differences in
the two crystal structures were likely to be found. The space
groups R3c and R-3¢ were immediately rejected since over 8%
of all observed unique reflections (over 150) were in violation
of the systematic absence rule for c-glide. By use of the entire,
unaveraged sets of reflection data to a resolution limit of 0.38 A
(O mex = 69.25°) and programs XPREP’®”® and PLATON,* it
was determined that all apparently single-crystal samples
examined contained merohedral twinning and belonged to
the noncentrosymmetric space group R3. Structure solution by
use of program SHELXT®' for both data sets also selected the
R3 model and indicated significant racemic twining. Never-
theless, accurate sites for the Sb cation and the two O anions
were easily found as well as approximate locations of the
remaining cations. Determination of final occupancies per
cation site was not straightforward, and not only the
occupancies but also the cation coordination geometries and
especially the residual electron densities were used to verify the
model that best agreed with the reflection data. For the initial
structural refinement of either sample, a check of the M-O
bond distances and angles easily determined which site
contained all or mostly Sb since that site gave six Sb—O
bond distances close to the expected 1.98 A value.”® The Sb
cation and both O anions were temporarily assigned full
occupancy at this initial stage, which generally helped to
determine any “mixing” of cations in all other sites based upon
electron density and coordination geometry. These “mixed
sites” were modeled by different two-component models for
the Zn,FeSbOg versus Zn,MnSbOg crystals used here, as
described in the following two sections. The crystal structural
results obtained from different crystals selected from the
synthetic batch of sample TT1375 (Zn,FeSbO;) were
essentially identical, as were different crystals from sample
TT1478 (Zn,MnSbOy).

3.2.2. Crystal Structure Determination of Zn,FeSbOg. The
unit cell contents of the single-crystal sample of Zn,FeSbOg
(TT1375), which were determined by the program SHELXT,
were translated in z to place the Sb cation at the (0 0 0)
position. The Sb>* cation site was the easiest to recognize
because of its higher electron density and shortest M-O bonds.
Positions and ADP for all atoms and site occupancies for the
three remaining cations, initially considered as partially Zn,
were then refined. The fractional z-coordinate for these three
remaining cation sites refined at this initial point to z = 0.712,
0.496, and 0.217, and their occupancies converged to 92, 85,
and 99% Zn, respectively. Next, but not finally, these cations
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were refined as Zn(1), Fe(2), and Zn(3) to give occupancies
0.92, 1.07, and 0.99, thus confirming the sites to be mostly Zn,
mostly Fe, and all Zn, respectively. Next, and also not finally,
the placement of some Fe at the Zn(1) site and some Zn at the
Fe(2) site followed by refinement of ADP for all ions gave the
initial “single site” model listed in Table S1. These coordinates
were also used for the initial model of the Rietveld refinement
(vide infra). Thus, the sequential arrangement of cations along
the c-axis is mostly Zn-Fe-Zn-Sb (NTO type) in coexistence
with a lesser amount of Fe-Zn-Zn-Sb (OIL type) and generally
agrees with so-called “mixed sites” models for M1 and M2 in
the scheme M1-M2-M3-M4 (see Figure 1) modeled from

+0.543
2.988
-0.145

Zn3'

3.937/4.089

+0.518/+0.366
2.986/2.992
-0.169/-0.326

3.888/3.731

+0.543
2.988

-o.ﬁs '

inter-cation
separation

cation
displacement

Figure 1. Displacements from centroids of octahedra and separations
between adjacent cations along the c-axis for all cations in the crystal
structure of Zn,FeSbO4 (TT1375); values for the main (68%)
component are in black and for the second (32%) component are in
red. The view is approximately along the [1—1 0 0] direction (e.g.,
crystallographic a-b diagonal). Polyhedral shading: Fe in red, Sb in
blue, Zn in gray. Bond distances and angles for TT1375 are in Table
S3; intercation distances are in Table S4.

several PXRD studies with M4 = Sb,’® Mo,*® Nb or Ta,*° but
apparently not Te. Examples of motifs with apparent mixing of
M2 only”" and of no mixing’”*” do exist, as do examples of
apparent mixing of both M1 and M3 with M4 = Sb*’ or M4 =
Te>? %171d of mixing of both M2 and M3 with M4 = Sb'® or M4
= Te’

Based upon the initial-stage ADP values for Zn(1) and
Fe(2) in Table S1, it was observed that the U,; values were 3
and 2 times larger than the corresponding U), values,
respectively. As a result, a spatial separation between Zn and
Fe atoms at the z = 0.712 and 0.496 sites was allowed to refine.
A refinement with restrained and isotropic U and unrestrained
z values for Zn(1) and Fe(1B) of site M1 gave z values of
0.713 and 0.708, respectively, and for Fe(2), and Zn(2B) of
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Table 3. Finalized Refined Atomic Coordinates and Equivalent Isotropic Displacement Parameters, U, for Zn,FeSbO,"

atomic coordinates

atom Wyckoff site x/a z/c occupancy U [A%]
Zn(1) 3a 0 0 0.7147(2) 0.678(8) 0.0091(3)
Fe(2) 3a 0 0 0.4983(3) 0.678(8) 0.0045(2)
Fe(1B) 3a 0 0 0.7037(5) 0.322(8) 0.0073(3)
Zn(2B) 3a 0 0 0.4870(4) 0.322(8) 0.0050(5)
Zn(3) 3a 0 0 0.21655(3) 1.0 0.0091(1)
Sb(4) 3a 0 0 0 1.0 0.00421(2)
o(1) 9b 0.0119(3) 0.3729(3) 0.2617(1) 1.0 0.0071(1)
0(2) 9b 0.2907(3) 0.3082(3) 0.0927(1) 1.0 0.0078(2)

aUeq is defined as one third of the trace of the orthogonalized Uj; tensor. The minor component cations are designated by labels containing “B”.

site M2 gave z values of 0.498 and 0.487, respectively. The Zn
atoms at approximate site (0 0 0.71), Zn(l), and at
approximate site (0 0 0.22), Zn(3), exhibited significant
distortion from octahedral symmetry, as consistent with having
the larger cation Zn** (0.74 A™®) at those sites. Final
refinement gave 68% Zn at z = 0.7146, 32% Fe at z =
0.7038, 68% Fe at z = 0.4982, and 32% Zn at z = 0.4869,
respectively. The final atomic coordinates and equivalent
isotropic displacement parameters for Zn,FeSbO4 (TT1375)
are given in Table 3, while the anisotropic thermal displace-
ment parameters are collected in Table S2. This result is
reproducible and independent of the starting positions and
atom type for each partially occupied site, thus indicating a
robust electron density basis for the derived result. Selected M-
O bond distances and angles for Zn,FeSbO4 (TT1375) are
given in Table S3, and the closest M-M intercation distances
are in Table S4. A simple representation of the distortions from
symmetrical octahedral distortion in TT1375, as shown in
Figure 1, uses the displacement of each cation M from the
centroid of its MOG6 octahedron. The centroid can simply be
determined by the midpoint along the c-axis between the O1—
01-01 and the O2—02—-02 planes that are on either side of
the cation. It is important to note that the minor components
for the M1 and M2 sites, namely, Fe(1B) and Zn(2B), have
coordination geometries in-between Zn(1) and Fe(2) and
toward the direction of the observed geometry for Fe(2) and
Zn(1). Thus, the minor component coordination geometries
of Fe(1B) and Zn(2B) may represent transitional or hybrid
geometries. Calculated bond valence sums®’ for Zn(1)%,
Fe(2)*, Zn(3)*", Sb(4)>*, Fe(1B)*, and Zn(2B)** are +2.01,
+2.74, +1.93, +4.96, +2.35, and +2.38, respectively. Also shown
in Figure 1 are the separations between adjacent cations along
the c-axis. A depiction of the nearest-neighbor octahedra about
the four cation sites in Zn,FeSbOg4 (TT1375) is given in Figure
2, and the coordination geometries of individual cations are
depicted in Figure S7. Thus, for the crystal structure of
Zn,FeSbOy (TT1375), a cocrystal model with common Zn(3)
and Sb(4) sites and Zn and Fe cations, respectively, in the M1
and M2 sites (the major component case) and Fe and Zn
cations, respectively, in the M1 and M2 sites (the minor
component case) is obtained. In terms of standard phase types,
the major Zn-Fe-Zn-Sb component is NTO, and the minor Fe-
Zn-Zn-Sb component is OIL. Thus, for the crystal structure of
Zn,FeSbOy (TT1375), the cation located in the so-called
“anti-site” of (0 0 0.50) with respect to the Sb cation at (0 0 0)
is not restricted to Fe®" alone. As a result, the physical
properties of Zn,FeSbO4 may be hybridized between those of
the NTO phase and those of the OIL phase. This model of
NTO/OIL cocrystal was observed in four compounds from
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Zn1 neighbors

[ 3xFe2 3xZn3 )

N\
1xZn1 3xSbh4

\ 1xFe2 3xZn3
\ 3xSb4 3xZn1 )

Fe2 neighbors

Figure 2. Diagram of nearest-neighbor octahedra to the Zn(1) cation
(gray, unshaded) and Fe(2) cation (red unshaded) for the main
(68%) component of the crystal structure of Zn,FeSbO,4 (TT1375);
(shaded polyhedra for Fe in red, Zn in gray, and Sb in blue). Nearest-
neighbor distances in TT1375 are in Table S4.

. . . . 25,33,40
three previous powder diffraction studies noted above,”***

but not in any previous SCD study to date.

3.2.3. Crystal Structure Determination of Zn,MnSbOy. For
the single-crystal sample of Zn,MnSbOy (TT1478), the above
procedure for structure determination was followed up to the
point of finding an initial M1-M2-Zn(3)-Sb(4) structural
solution. However, for the next step, namely, the selection of
cation types for mixed or unmixed M1 and M2 sites, the
previously Zn,FeSbOg cocrystal model of superimposed NTO
and OIL components failed. Instead, the best structural model
for Zn,MnSbOy (TT1478) was found to be that of a cocrystal
of two nearly identical OIL-like phases, namely, about 80%
Mn-Zn-Zn-Sb superimposed with about 20% Sb-Zn-Zn-Mn.
These two OIL phases are NOT related by crystallographic
symmetry, nor by any twinning operation. From PXRD results
of previous studies, 100% occupancy of the B cation at the M4
site is common and perhaps assumed for successful Rietveld
analysis such that previous evidence of a slightly mixed M4 site
is expected to be rare and has been reported for only one
compound.®

Based upon electron densities, M1 and M4 sites were found
to be split, mixed with a ratio 84:16 and complementary.
Namely, refinement converged at 84% for Mn(1) at z = 0.6999
and 84% for Sb(4) at z = 0.0 (fixed as origin) and 16% for
Sb(1B) at z = 0.6858 and 16% for Mn(4B) at z = —0.0144,
respectively (Table 4). The electron densities at sites M2 and
M3 were found to be consistent with Zn only and also split.
Namely, for site M2, z = 0.4919 for Zn(2) and 0.4726 for
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Table 4. Finalized Refined Atomic Coordinates and Equivalent Isotropic Displacement Parameters, U,,, for Zn,MnSbO4"

atomic coordinates

atom Wyckoff site x/a y/b z/c occupancy U, [A%]

Mn(1) 3a 0 0 0.6999(2) 0.842(S) 0.0161(4)
Zn(2) 3a 0 0 0.4921(2) 0.842(5) 0.0090(3)
Zn(3) 3a 0 0 0.2129(1) 0.842(5) 0.0125(1)
Sb(4) 3a 0 0 0 0.842(5) 0.0071(1)
Sb(1B) 3a 0 0 0.6858(2) 0.158(5) 0.0059(3)
Zn(2B) 3a 0 0 0.4730(3) 0.158(5) 0.0090(3)
Zn(3B) 3a 0 0 0.1836(4) 0.158(5) 0.0125(1)
Mn(4B) 3a 0 0 —0.0142(5) 0.158(S) 0.0071(1)
o(1) 9 0.0121(6) 0.3699(8) 0.2626(2) 1 0.0126(3)
0(2) 9b 0.3015(9) 0.2994(8) 0.0893(2) 1 0.0151(4)

“U,q is defined as one third of the trace of the orthogonalized Uj; tensor. The minor component cations are designated by labels containing “B”.

Zn(2B), and for site M3, z = 0.2130 for Zn(3) and 0.1835 for
Zn(3B). The cation occupancies and splitting for Zn,MnSbOg
(TT1478) are depicted in Figure 3. Although the occupancies

+0.412/+0.107
2.990/2.779

c -0.130/-0.331
§ 4.214/4.211

M1 Mn1/SbiB +0.336/+0.138
2.917/2.990
M2 zn2/zn2B -0.241/-0.511
3.920/4.062
M3 zn3/zn3B +0.412/+0.107
2.990/2.779
M4 Sba/VinaB -0.130/-0.331  {}
inter-cat:ion
separation

cation displacement

Figure 3. Displacements from centroids of octahedra and separations
between adjacent cations along the c-axis for all cations in the crystal
structure of Zn,MnSbOy (TT1478); values for the major (84%)
component are in black and for the minor (16%) component are in
red. The view is approximately along the [1—1 0 0] direction (e.g.,
crystallographic a-b diagonal). Polyhedral shading: Mn in green, Sb in
blue, Zn in gray. Bond distances and angles for TT1478 are in Table
S6; intercation distances are in Table S7.

of Zn(3) and Zn(3B) refined to a similar ratio (0.86:0.14) to
those found for sites M1 and M4 (0.84:0.16), the occupancies
of Zn(2) and Zn(2B) for site M2 refined to 0.66 and 0.24,
respectively. Thus, it appears that the site splitting for M3 is
correlated to that of its face-shared partner M4, but the site
splitting for M2 is independent of that of its face-shared
partner M1. Refinements using either Mn or Sb for the M2 or
M3 site did not yield a significantly different result than the all-
Zn model and were not consistent with the stoichiometry from
EDS measurements. Since the site M2 is near z = 0.5 and has a
significantly different mixing than the three other sites, the
possibility of a commensurate modulation of period ¢/2 (or,
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2¢*) for the site occupancies exists, and models of such a
structural modulation are being explored.

For the crystal structure of Zn,MnSbO4 (TT1478),
anisotropic displacement parameters are collected in Table
SS, the M-O bond distances and angles for all atoms are given
in Table S6, and M-M intercation distances are in Table S7.
Calculated bond valence sums®’ for Mn(1)*, Zn(2)%*,
Zn(3)*, Sb(4)%*, Sb(1B)**, Zn(2B)**, Zn(3B)**, and Mn-
(4B)>* are +2.66, +1.96, +1.85, +4.95, +4.24, +2.01, +2.00, and
+3.26, respectively. Cation coordination geometries for
Zn,MnSbOy (TT1478) are shown in Figure S8. The major
and minor components of the crystal structure of Zn,MnSbOq
are depicted in Figure 3 and are not related by crystallographic
symmetry but rather by a 2-fold axis nearly parallel to the [1-1
0 0] direction of the reticular merohedry axis already taken
into account by use of TWIN and BASF instructions
(SHELXL). Thus, the two components of Zn,MnSbOq
(TT1478) are neither related by additional twinning, nor
any R3 symmetry operation, nor by inversion. Instead, the
noncrystallographic 2-fold symmetry maintains two unequal
polar components of approximate ratio 80:20 and having the
same two unique and well-defined O anion positions that, in
combination, maintain a smaller, but nonzero, net polarity
overall (e.g., based upon BASF parameters on the order of 0.2;
see Table 2). Nearest-neighbor octahedra about the four cation
sites in Zn,MnSbOg (TT1478) are shown in Figure 4. It is
noted here that the structures of both components of
Zn,MnSbO4 (TT1478) are isomorphs with the minor
component in the model of Zn,FeSbOy (TT1375), which is
the OIL type. This difference in cocrystal model between
Zn,FeSbO4 and Zn,MnSbO4 may explain the unusual
relationship between their unit cell volume and formula weight
and perhaps also between their differing physical properties,
especially frustration of magnetization (vide infra). In other
words, physical property differences may be due to different
motifs of alternating cations along the c-axis for the NTO
versus the OIL motifs (see Figures 1 and 3).

3.2.4. Rietveld Refinement of Zn,FeSbO4; and Zn,MnSbOQs,
The structure was further confirmed by Rietveld refinement on
the powder data for both compounds. Two representative X-
ray powder patterns including the Rietveld fit for the two
compounds are shown in Figure $9a,b for Zn,FeSbOy (sample
GG1388) and Zn,MnSbO, (TT1478). The atomic coor-
dinates and isothermal parameters, B;,, obtained from Rietveld
refinement for the two compounds are collected in Tables S8
and S9. For Zn,FeSbOy, the final refined occupancy factor for
Zn/Fe in the Wyckoff site 3a (0 0 0.5052) and the Fe/Zn ratio
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Figure 4. Projections of the packing of face-sharing octahedra in the
crystal structure of Zn,MnSbO4 (TT1478); the views are
approximately along the crystallographic c-axis (top panel) and (a
+b) diagonal axis (bottom panel). The ordered ilmenite structure of
Zn,MnSbOg (TT1478) is characterized by longer Mn*" to Sb™*
distances via their edge-sharing octahedra in the a-b plane than the
Mn®* to Zn*" distances via face-sharing octahedra along the a-b plane
normal direction (c-axis). These distances are tabulated in Table S7.
In the crystal structure of Zn,MnSbOg, unlike Zn,FeSbO, there is
only face sharing to Zn** octahedra (Mn in green, Sb in blue, Zn in

gray) .

in the 3a (0 0 0.7131) sites were almost the same for both
Rietveld and single-crystal analyses: 0.716(6):0.284(6) (Riet-
veld) vs 0.678(8)):0.322(8) (single crystal). For Zn,MnSbO,
the refinement was performed by using the average values of
the coordinates obtained from averaging the values of the two
OIL components from single-crystal analysis; the resulting
Mn/Sb ratio in the 3a (0 0 0) and 3a (0 0 0.690S) sites is
0.819(2):0.181(2) (Rietveld) vs 0.792(4):0.208(4) (single
crystal). Both refinements corroborate the Zn,FeSbOy (sample
GG-1388) and Zn,MnSbOy (sample TT1478) stoichiometry.

While the Zn,FeSbOg bulk sample is a single phase (or extra
phases are not detectable by PXRD), two impurities are
detected in the Zn,MnSbOg bulk sample. One impurity is the
Zn,_Mn,Sb,04 (ordonezite), with x & 0.3, as determined by
SEM-EDS, adopting the anti-Ta,FeOg-type structure (tP18,
P4,/mnm, no. 136), and the other is LaCrO; (SrTiO5-type
phase, cPS, Pm-3m, no. 221), likely a residual contaminant
derived from the heater used during the HTHP synthesis and
mixed into the sample on retrieval from the HPHT assembly.

3.2.5. Discussion of Single-Crystal Structure Results. The
relative tilts of octahedra are determined solely by the O anion
positions, and these positions are the least well-known when
using PXRD data. Use of neutron powder diffraction (NPD)
may give more reliable O anion positions but generally requires
large quantities of sample so that high-resolution single-crystal
data, even from in-house X-ray diffractometers, may offer an
excellent alternative in seeking accurate O anion positions. We
have found, in agreement with other researchers’ results or
assumptions, that the relative octahedral tilts determined by
the positions of the O anion vary only slightly from one
compound to another, regardless of type, NTO or OIL.

For all MO6 octahedra in samples Zn,FeSbO4 (TT1375) or
Zn,MnSbOy (TT1478) used in this study, the SbO4 octahedra
were the most regular, if not nearly m-symmetrical (Table 5).
Based upon the distortion index,*> octahedra with minor
distortion were found for the Fe®* in the dominant (68%)
component of Zn,FeSbOy and for the Sb*" sites of either
component of Zn,MnSbOy (see Table 5). The most distorted
octahedra are those of sites containing the Zn** cation in any
of the Zn sites of any component of either Zn,FeSbOg4 or
Zn,MnSbOg. The consequences of severe distortions from
octahedral geometry for the larger Zn*" cation versus Fe®* or
Mn**** have been mentioned in previous reports”'>’* and is
quantified in this study by the cation offsets from the
approximate centers of their respective octahedra shown in
Figures 1 and 3.

For either of the title compounds, the two largest distortions
occur at sites of the two largest octahedral volumes. Also, it
appears that the octahedra with volumes of less than 10.4 A
may prefer Sb*" with little or no mixing and the octahedra with
volumes of more than 12.0 A* may prefer Zn** and no mixing
(Table S). The computed octahedral volumes show important
irregularities, especially for the octahedra of mixed cation sites
M2 in Zn,FeSbOg4 and M1 in Zn,MnSbOy. For the M2 site in

Table 5. Geometric Details for the Four Unique Cation Octahedra in Zn,FeSbO; (TT1375) and Zn,MnSbO4 (TT1478)“

Cation - coordinate A]‘;eol;;ge Site octahedral l?istortion Quadra{ﬁc Bfmd angle
length [A] volume [A3] index [A] elongation | variance [deg?]
TT1375 (see Figure 1)
Znl/FelB | 0.7147/0.7037 | 2.141/2.114 M1 11.86 0.073/0.037 | 1.073/1.042 218/135
Fe2/Zn2B | 0.4983/0.4869 | 2.050/2.066 M2 11.35 0.015/0.058 | 1.009/1.027 30/83
Zn3 0.2166 2.154 M3 12.02 0.072 1.077 231
Sb4 0.0000 1.987 M4 10.35 0.013 1.007 25
TT1478 (see Figure 3)
Mnl/SbIB | 0.6999/0.6858 | 2.074/2.054 M1 11.32 0.047/0.005 | 1.036/1.013 114/46
Zn2/Zn2B | 0.4921/0.4729 | 2.121/2.160 M2 1244 0.023/0.092 | 1.016/1.062 54/177
Zn3/Zn3B | 0.2129/0.1836 | 2.173/2.118 M3 12.52 0.074/0.034 | 1.067/1.009 202/27
Sb4/Mn4B | 0.0000/-0.0143 | 1.987/2.006 M4 10.34 0.007/0.063 | 1.008/1.031 27/95

“All parameters are from program VESTA.*® Cations ordered along the crystallographic c-axis shown in Figure 1 or Figure 3 as M1-M2-M3-M4
have fractional coordinates (0 0 z). The volumes of face-sharing octahedra are highlighted by red and blue shading.
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Zn,FeSbOy, if not for the use of HP during synthesis, it may
appear unusual that a Zn*" cation would occupy a site with a
volume as small as 11.35 A’. However, the average Zn—O
bond length at that site is 2.066 A and only 0.054 A shorter
than the expected 2.12 A Zn—O bond length at ambient
pressure”” and the Zn(2B) octahedron at that site has
moderate distortion as exhibited by its distortion index of
0.058 A, which is less than those of Zn(1) and Zn(3) at the
M1 and M3 sites of Zn,FeSbOg with distortion indices of
0.074 and 0.071 A, respectively. It is noted here that
distortions of all octahedra in the crystal structures of
Zn,FeSbOg and Zn,MnSbOg are prolate (elongation) rather
than oblate (flattened), even though the anisotropic displace-
ment parameters are either prolate or slightly oblate. The
complementary site mixing for Zn,FeSbO4 in our model
occurs between sites M1 and M2. The placement of Fe** at the
MI site is unexpected since the Fe®* cation should prefer
sharing with the higher valent Sb>* site at M4 rather than the
Zn*" site at M1. However, that is not the case here and the
average Fe—O bond length at the M1 site (2.112 A) is 0.087 A
longer than the expected 2.025 A bond length” and 0.062 A
longer than that observed for the Fe’* in site M2 with its
octahedra volume of 11.35 A’ which is comparatively
intermediate in size. As noted above, for both M1 and M2
sites of Zn,FeSbOy, the minor Fe** and Zn®>* components,
Fe(1B) and Zn(2B), respectively, each have an average bond
length that is between expected Zn—O and Fe—O values.

For face-sharing octahedra in the crystal structure of
Zn,MnSbOg, namely, M1/M2 and M3/M4, the octahedral
distortions (Table S) for Mn(1) and Zn(2) (which have a face-
shared M1-M2 distance of 2.917(4) A, as shown in Figure 3)
are moderate (e.g, < 0.05 A) and similar in magnitude. In
contrast, the other face-shared octahedra in Zn,MnSbO, (M3-
M4, with an M3-M4 distance of 2.990(1) A, as shown in
Figure 3) show a large distortion for Zn(3) with a distortion
index of 0.074 A and small distortion for Sb(4) with a
distortion index of 0.007 A. For structure refinement of site
M1, with the greater distortion of the Mn(1l) octahedron
(distortion index of 0.047 A) versus distortion of the same-site
Sb(1B) octahedron (distortion index of 0.005 A), the
corresponding ADP parameters were not constrained to be
equal and refined to reasonable values based upon refined ADP
values for Zn(2) and Sb(4) cations, respectively. This
difference in distortions observed here for face-sharing pairs
of octahedra may be related to the different modes of Zn
cation splitting for sites M2 versus M3 (with or without any
structural modulation) and intraface interaction energy
calculations ought to shed light on this difference as well as
the unexpected site mixing mode of face-sharing octahedra in
Zn,FeSbOq.

Based upon effective ionic radius (ir),”> we would expect
Fe®* (high-spin Fe** d° ir = 0.645 A) and Mn** (high-spin
Mn?** d% ir = 0.645 A) to mix with Sb>* (ir = 0.6 A), rather
than with the larger Zn** (ir = 0.74 A) in the crystal structures
of Zn,FeSbOy and Zn,MnSbOg. Hence, why Fe** mixes with
Zn?* and not with Sb* in Zn,FeSbO4 while Mn>* mixes with
Sb** in Zn,MnSbOy and not with Zn** is likely not due to a
size effect, but an electronic effect, due to differences of
individual octahedral environments and interactions between
neighboring octahedra for the different NTO and OIL motifs
shown in Figures land3. With respect to intercation distances
along the z-axis shown in those figures, the narrow range of
face-shared M-M distances for both components of
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Zn,FeSbOy, 2.98 to 2.99 A, is nearly the same as the range
for three of the four M-M distances in Zn,MnSbOy, 2.92 to
2.99 A (Tables S4 and S6). However, the 2.78(1) A M3-M4
distance in Zn,MnSbOg involving the 16% Mn(4B) cation that
shares its M4 site with 84% Sb(4) may not be as accurately
determined because of the mismatch of smaller electron
density due to 16% Mn (4e”) versus that due to 84% Sb
(44e7). Such a mismatch in Z does not exist for any other
mixed cation site in Zn,FeSbOg or Zn,MnSbOy. The values of
intercation distances for separations between the face-sharing
octahedra (e.g, the rather open separations) are noticeably
longer for the major component of Zn,MnSbOy, 3.92 to 4.21
A, than for the major component of Zn,FeSbOy, 3.89 to 3.94
A. These cation—cation separations are consistent with the
larger unit cell volume for Zn,MnSbO4 compared to that for
Zn,FeSbO¢ (Table 2) and likely consistent with greater
repulsive forces between face-sharing octahedra in the former
compound than in the latter. Such differences in intercation
forces for the two title compounds are the basis of their
differences in “mixing” and of their physical property
differences.

As shown in Figure 2, the 13 nearest-neighbor octahedra to
M1 (with z ~ 0.70) in Zn,FeSbOg (and also in Zn,MnSbOy,
since the octahedra are formed from O anions alone) are the
one face-sharing M2 octahedron; three edge-sharing octahedra
to M4 sites related by rhombohedral symmetry; six corner-
sharing octahedra to M2 and M3 sites related by
rhombohedral symmetry toward the +c direction; and three
corner-sharing octahedra to M3 sites related by rhombohedral
symmetry toward the -c direction. For significant adjacent site
influence on distortions of the M1 site, the face-sharing site M2
should be the major contributor followed by the 3-fold related
edge-sharing sites at M4’ with symmetry 1/3, 2/3, z+2/3 for
any NTO- or OIL-like phase. The complementary (or
corresponding) mixing to site M1 for Zn,FeSbOy is found in
site M2 and to site M1 for Zn,MnSbQy is found in site M4.
Thus, for both compounds, complementary mixing to that
found in site M1 appears to be less favored at site M3 (where
only Zn** is found) due to less proximity. The situation for site
M2 is not like that of site M1 but has relevance only for
Zn,FeSbOy. For site M2, there is face-sharing to site MI
octahedra. Next closest sites to M2 are M3 sites with their
edge-sharing octahedra, unmixed and only containing Zn**
cations. Thus, with respect to site M2, there may be only one
favorable complementary site for mixing, namely, that of the
face-shared octahedron. This nonreciprocal relationship is
consistent with polar compounds. Calculated cation—cation
interaction energies and correlations for M1 and M2 pairings
of site mixing, as in Zn,FeSbOg, versus M1 and M4 pairings as
in Zn,MnSbOg, should help us understand why these
compounds have different pairing motifs, and such calculations
are the subject of our future research on these compounds.

3.3. Physical Properties of Zn,MnSbOy and
Zn,FeSbOg. The zero-field heat capacity was measured
between 2 and 100 K for Zn,FeSbO4 and between 2 and
150 K for Zn,MnSbOy; the data are shown in Figure Sa,b.
Both curves follow a similar trend and reveal a broad and weak
hump around =9 K for Zn,FeSbO4 and at 5.5 K for
Zn,MnSbOg. This anomaly may be consistent with low-
temperature magnetic ordering and/or magnetic frustration

To investigate in more detail the magnetic properties for
these two compounds, the temperature dependence of
magnetic susceptibility, y(T), was measured between S and
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Figure S. (a) Zero-field heat capacity, Cp, between 2 and 100 K for
Zn,FeSbOg; the inset shows a magnification of the data in the range
2-30 K. (b) Zero-field heat capacity, Cp, between 2 and 150 K for
Zn,MnSbOg; the inset shows a magnified view of the data in the range
2-30 K, displayed on both linear (blue circular symbols) and
logarithmic scales (red triangular symbols) to better highlight the
anomaly.

300 K and under applied magnetic field H = 1 kOe for
Zn,FeSbOy (Figure 6) and between 2 and 300 K and under

0.10 Frrrrrrrrrrrrrrrrrrrrrrrrrororrog
009 F,  ZNn,FeSbO, —_ ]
0.090 |- - 3
0.08 — o 14
T 8 0.085 [ 313
o 007 s 3.
— o06E £ ooso | =
o “E 3 - 17
E oosE E ook d
~ 2 = et - 1 7
: - = C 1 7
E 0.04 0070 :J N T ST T Y T Y M T _:
@ posk %, 5 10 15 20
B . F Y -
< [ H=1kOe TIK E
0.02 - =
E —e— ZFC 3
001 —— FC
0.00 v 0 b e
0 50 100 150 200 250 300
T[K]

Figure 6. Magnetic susceptibility, y(T), in the range 5—300 K and
under applied magnetic field H = 1 kOe for Zn,FeSbOg; the inset
shows a magnification of the data in the range 5—20 K.
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applied magnetic fields H = 1 and 10 kOe for Zn,MnSbOq
(Figure 7a,b). The data were collected both in zero-field-
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Figure 7. (a) Magnetic susceptibility, y(T), in the range 2—300 K and
under applied magnetic fields H = 1 kOe (a) and 10 kOe (b) for
Zn,MnSbOyg; the insets show a magnification of the data in the range
2—10 K.

cooled (ZFC) and field-cooled (FC) modes. The magnetic
susceptibility for Zn,FeSbOy reveals a distinct peak at ~9 K,
which is characteristic of an antiferromagnetic (AFM)
transition. The Neéel temperature, Ty, assuming that it
corresponds to the peak temperature, is 9 K. Both ZFC and
FC curves superimpose from room temperature down to
around 20 K, after which thermomagnetic irreversibility
emerges between the two data sets (inset of Figure 6). This
phenomenon may be indicative of either magnetic anisotropy
or the presence of spin-glass state in Zn,FeSbOgs *” For
Zn,MnSbOy, the ZFC data at H = 1 kOe reveal a small hump
around 4 K, suggesting a possible spin-glass-like transition with
antiferromagnetic interactions. This feature is absent in the FC
data at H = 1 kOe and is suppressed under a higher field of 10
kOe. Similar to Zn,FeSbOy, the Zn,MnSbO4 compound also
exhibits thermomagnetic hysteresis in both the ZFC and FC
curves below approximately 10 K (inset of Figure 7a). The
inverse magnetic susceptibility, 1/y(T), as a function of
temperature for Zn,FeSbO4 and Zn,MnSbOy is plotted in
Figure S10ab. The data vary linearly as a function of
temperature in the paramagnetic region, ie., between 200
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and 300 K. The least-squares fit to the Curie—Weiss law [y(T)
= C/(T — Ocw), where C is the Curie constant and Oy is the
Curie—Weiss temperature] between this temperature range
gives values of Ocy = —60 K for Zn,FeSbOg and Oy = =79 K
for Zn,MnSbOg. The negative value of the Curie—Weiss
temperature corroborates the AFM ground state for
Zn,FeSbOy and the presence of AFM exchange interactions
between the spins in Zn,MnSbOy. The effective magnetic
moment, g obtained from the Curie—Weiss fit is 5.76 pg/fu.
for Zn,FeSbOy and 4.58 ugp/fu. (at H = 1 kOe) and 4.64 pp/
fu. (at H = 10 kOe) for Zn,MnSbOy. If we consider that the
theoretical value of magnetic moment for Fe3*, assuminég the
high-spin-only contribution (3d% °S),), is 5.92 up ° our
experimental value is consistent with the presence of high-spin
Fe’* cations in Zn,FeSbOg. This is in agreement with the
XANES data (see Section 3.3). The calculated magnetic
moment for Mn®* assuming high-spin-only contribution (34,
S =2), is 4.91 pg, while the value for Mn**, assuming high-
spin-only contribution (3d°, S = 5/2), is 5.92 uy. The effective
magnetic moment observed in Zn,MnSbOy, 4.58—4.65 3, is
in agreement with the expected value for Mn®" cations, in
agreement with the XANES data (see Section 3.3). The fact
that the values are slightly lower than the expected value may
be due to crystallographic disorder.

For both compounds, the frustration parameter, f, was
calculated to shed more light on the possible magnetic
frustration of these two materials. The frustration parameter is
defined by the absolute value of the ratio between the Curie—
Weiss temperature and the temperature at which the magnetic
order “freezes”,” ie., f = 10cyl/Tx. For Zn,FeSbOy, Ocyy =
—60 K and Ty = 9 K, so f = 6.7, while for Zn,MnSbOy, Oy =
—79 K and Ty = 4 K, so f = 19.8. These values indicate
moderate magnetic frustration in Zn,FeSbO4 and more
significant magnetic frustration in Zn,MnSbOy. It has been
observed that values for f > 5—10 indicate a strong suppression
of magnetic ordering as a result of frustration, which is likely
the case of Zn,MnSbOy. Moreover, for such high f values, the
temperature range Ty < T < |0yl defines the spin-liquid
regime.”” Therefore, if we consider that our f values are ~7 and
~20, respectively, for the two compounds, we can determine
that the spin-liquid regime is in the range 9—60 K for the Fe
compound and in the range 4—79 K for the Mn compound.
The higher magnetic frustration observed in Zn,MnSbOq
compared to Zn,FeSbOg could be due to the higher % of
the OIL-type phase present in the former compound.
Specifically, 100% of the nonface-shared octahedra in the Mn
compound have c-axis nearest-neighbor Zn—Z7n and Sb—T
distances of 4 A, whereas only 32% of the face-shared
octahedra in the Fe compound exhibit these Zn—Zn and Sb—T
distances (compare Figures 1 and 3). Additionally, the Fe®"
cation is more polarizable than Mn*, as it has one more
unpaired electron compared to that of Mn®'. This higher
polarizability facilitates stronger AFM interactions in
Zn,FeSbOy, contributing to more stable magnetic ordering.
In contrast, the lower polarizability of Zn,MnSbOyq plays a role
in the enhanced magnetic frustration observed, where
competing interactions and potential disorder prevent the
system from achieving a fully ordered magnetic state.

The isothermal magnetization vs applied magnetic field,
M(H), measured at various temperatures (T = S, 10, 20, 30,
40, 50, and 300 K for Zn,FeSbO4 and T =2, 5, 150, and 300 K
for Zn,MnSbOy) is presented in Figure 8ab for Zn,FeSbOg
and Zn,MnSbOq. At T = 300 K, both compounds are in the
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Figure 8. Isothermal magnetization of Zn,FeSbOq at T = 5, 10, 20,
30, 40, 50, and 300 K (a) and Zn,MnSbOg at T = 2, 5, 150, and 300 K
(b), measured up to H = & 70 kOe. The insets show magnified views
of the data in the range +0.8 kOe for Zn,FeSbO4 and +1.0 kOe for
Zn,MnSbOg at temperatures within the spin-liquid region.

paramagnetic state, as is clearly shown by the M(H) curves
collected at room temperature. For the Mn compound, the
paramagnetic behavior persists at T = 150 K (Figure 8b). The
curves measured between 50 and 2 K for Zn,FeSbOg and at §
and 2 K for Zn,MnSbOy display a broad “S” shape with no sign
of saturation at high applied magnetic fields. This trend is
typical of spin-glass behavior, characterized by a nonlinear
increase in magnetization as the applied magnetic field
increases, indicating disordered and frustrated spin inter-
actions. It also provides clear evidence of competing
antiferromagnetic (AFM) interactions underlying the magnetic
frustration in both compounds. For both compounds, the
magnetization initially rises slowly at low fields followed by a
more rapid increase at higher fields, without saturating due to
competing interactions between spins, which prevent them
from aligning even under high magnetic fields. This feature is
more pronounced for Zn,MnSbOg than for Zn,FeSbO4. In
Zn,MnSbOy, the deviation from the linear paramagnetic trend
is clearly evident at T = § K, whereas for Zn,FeSbOy, such a
deviation is noticeable at 50 K. Both compounds’ curves are
within the spin-liquid regime. For Zn,FeSbO, the data at T =
S, 10, and 20 K show narrow hysteresis loops with coercive
fields H of approximately 280, 20, and 7 Oe, respectively
(inset of Figure 8a). In contrast, for Zn,MnSbOy, a coercive
field of about 280 Oe is observed in the data only at T = 2 K
(inset of Figure 8b). This further corroborates the spin-glass
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Figure 9. (a) Fe K-edge for Zn,FeSbOy (solid red) and various standards representative of both Fe’* and Fe* cations (Fe*"O, LiFe*'PO,,
LaSrFe**TiOg, and SrFe**O,_;) for comparison. Note the chemical shift in the steeply rising portion of the edge between the 2+, 3+, and 4+
standard compounds. The chemical shift of the Zn,FeSbOg compound is consistent with a Fe** assignment. (b) Mn K-edge of Zn,MnSbOy (solid
red) compared to those of several standards representative of the various Mn oxidation states (Mn**O, Ba,Mn**ReOg, Sr,Mn**ReOy, LaMn**O;,
and CaMn*'O;). The decrease in spectral intensity/features in the 1—3 portion of the spectra, along with the appearance of the absolute 4-peak
feature between Mn**,Mn**TeOg and Mn>",Mn**SbOy standards, should be noted. The further decrease in the 1—3 range and the 4-peak

enhancement underscores the Mn>* character of Zn,MnSbOj.

(d)

270°
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Figure 10. (a) Optical image of Zn,MnSbOy sample embedded in an epoxy matrix and polished. SHG intensity (radial axis in arbitrary units) as a
function of incident polarization angle ¢ (angular axis) collected from spot (b) 1, (c) 2, and (d) 3. The x- and y-polarized SHG intensities (I,>” and

Iyz"’) are represented by blue and red, respectively.

behavior of these two materials, as spin glasses typically show
minimal or no hysteresis due to their magnetic moments being
frozen in random orientations, inhibiting the formation of
coherent magnetic domains. A comparison of the magnetic
moment per formula unit versus the applied field for
Zn,FeSbO4 and Zn,MnSbOg at T = 5 K is shown in Figure
S11. There is a clear difference in the magnetic responses of
these two systems. Zn,FeSbOy exhibits a steeper increase in
magnetization with increasing field, reaching a larger magnetic
moment per formula unit at high fields. This behavior indicates
that the spins for the Fe compound undergo greater alignment
under the applied field. In contrast, Zn,MnSbOg shows a more
gradual rise in magnetization with a significantly lower
magnetic moment at comparable field strengths, reflecting
stronger frustration and a greater degree of spin disorder. This
difference in the slope and magnitude of the M(H) curves
further corroborates that the magnetic frustration in
Zn,MnSbOg is more pronounced than that in Zn,FeSbO,
preventing the spins from aligning as readily with the external
field.

The electrical resistivity of both compounds is too insulating
and out of the measurable range of the PPMS.

3.4. X-ray Absorption Near-Edge Spectroscopy. To
investigate the oxidation states of Fe and Mn in Zn,FeSbOgq
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and Zn,MnSbOy, the XANES Fe K-edges and Mn K-edges
were measured. XANES measurements of the K-edges of 3d
row transition metals are extremely useful to probe the
transition metal valence and electronic configuration. The K
near edges of 3d transition compounds are dominated by 1s to
4p transition peak features, which typically exhibit a chemical
shift toward higher energy with increasing the valence of the 3d
element. In Figure 9a, the Fe—K main edge for Zn,FeSbOy is
compared to the spectra for the standards containing several Fe
oxidation states: Fe’, Fe?*O, LiFe**PO,, LaSrFe>'TiOq, and
SrFe*0, 5% The main edge for Zn,FeSbOy is chemically
shifted to higher energy than those for Fe** standards FeO and
LiFePO,. Moreover, the energies of the steeply rising portion
and peak of the Zn,FeSbOy spectrum is a Fe®" state
assignment in Zn,FeSbOg. In Figure 9b, the main edge for
Zn,MnSbOy is compared with the spectra for the standards
Mn?*O, LaMn*'O;, and CaMn**0;**'® and other com-
pounds Mn,Mn**TeO; Mn;SbOs Ba,Mn**ReOg, and
St,Mn?*ReO4.””"*'"" As noted in the figure caption, the
spectral steeply rising portion at the edge onset and the peak
energy location of the Zn,MnSbOg spectrum support a Mn>*
state for Mn in this compound.

3.5. Second Harmonic Generation (SHG). SHG
measurement was utilized for the final space group assignation
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of Zn,MnSbOg. According to the equation P; = d,-jkEjEk,wl
where P; is the second-order induced polarization and E; (and
E,) is the electric field of the incident light, SHG measure-
ments probe a third-rank polar tensor, d;;, which has nonzero
components only when the crystal belongs to a NCS point
group. Thus, only materials with NCS crystal structures exhibit
an SHG response, through which doubled-frequency and
halved-wavelength light can be detected. The x- and y-
polarized 400 nm SHG intensity collected from three different
spots (Figure 10a) of the Zn,MnSbOg sample are plotted in
Figure 10b10d as a function of the polarization angle (¢) of
the fundamental 800 nm light. We observed a finite SHG
signal from all the spots, corroborating the NCS structure of
Zn,MnSbOy, i.e., the P-NCS R3 space group (no. 146) in this
case. SHG polar plots of polycrystalline samples are isotropic
and show no ¢@-dependence, but those from the Zn,MnSbOg
sample exhibit anisotropy, indicating the single-crystalline
nature of each spot. However, the piece consists of multiple
domains, as seen from the variation of the polar plot shape
from spot to spot (Figure 10b—d).

4. CONCLUSIONS

We have successfully synthesized two new transition metal
polar corundum derivatives, Zn,FeSbOg and Zn,MnSbOy, by a
high-pressure and high-temperature technique and have
characterized them by SEM/EDS, XANES, SHG, PPMS
(magnetization), and bulk powder and single-crystal XRD.
XANES spectroscopy revealed the oxidation states as Fe** for
Zn,FeSbO¢ and Mn®" for Zn,MnSbO, The magnetic
properties indicate spin-glass behavior with antiferromagnetic
interactions in both compounds, with Zn,FeSbOg exhibiting a
Ty = 9 K, while Zn,MnSbOy showing a magnetic ordering at
approximately 4 K. Both compounds show magnetic
frustration, which is more than twice as strong in the Mn
compound. SHG measurements confirmed the noncentrosym-
metric nature of Zn,MnSbOg, with R3 space group symmetry.

The atomic coordinates, occupancies, and atomic displace-
ment parameters of all atoms in the two crystal structures were
determined by single-crystal and high-resolution (0.4 A) X-ray
data (Mo Ka). In Zn,FeSbOg, a split cation site is occupied by
68% Zn at (0 0 0.7147) and 32% Fe at (0 0 0.7037), and its
face-sharing neighboring cation is also split with 68% Fe at (0 0
0.4982) and 32% Zn at (0 0 0.4869). The two remaining
cation sites (0 0 0.2) and (0 0 0) were found to be fully
occupied by Zn and Sb, respectively. Thus, our model for
Zn,FeSbOy consists of a cocrystal of superimposed NTO and
OIL components with a ratio of approximately 2:1. In
Zn,MnSbOy, we observed a significantly different site mixing
motif, where all sites are split and the (0 0 0.7) site was found
to be occupied by 84% Mn and 16% Sb and the (0 0 0) site
contained 16% Mn and 84% Sb. The (0 0 0.5) and (0 0 0.2)
sites were found to also be split and occupied by only Zn.
Thus, for our model of Zn,MnSbOy, a crystal with two nearly
identical, but noncrystallographically related, OIL components
in a ratio of approximately 5:1, was obtained. The approximate
2:1 and S:1 ratio values obtained here do not appear to have
any correlation to the crystallography of these crystals and may
have an electronic and/or magnetic basis. The derived level of
precision of the structure analyses is good despite the two
models having multiple components resulting from merohedral
twinning and cocrystallization. The use of anisotropic displace-
ment parameters for all atoms enhances the precision and
accuracy of the determination of the positions and
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compositions of the cation sites. Based upon comparisons of
octahedral volumes, distortion indices, and elongation
parameters for cation sites, the most distorted cation
octahedron for both Zn,FeSbOg, and Zn,MnSbQy is that for
the minor Zn>" component in the (0 0 0.5) site. In Zn,FeSbO,
an unexpected site mixing of Fe** with Zn*" rather than Fe®"
with Sb" is accompanied by significant distortions of
octahedral geometries for these face-sharing minor component
cations. In Zn,MnSbOy, the expected site mixing of Mn** with
Sb>* is observed between corner-sharing octahedra, rather than
between closer face-sharing octahedra as in Zn,FeSbOq.
Despite Fe3* and Mn?* having the same effective ionic radius,
the sum of separations between octahedra along the z-axis in
Zn,FeSbOy is shorter than those in Zn,MnSbOy, resulting in a
larger unit cell volume for the latter, despite the higher formal
molecular weight of the former.

These findings not only enhance our understanding of the
structural and magnetic complexities in transition metal polar
corundum derivative phases but also open avenues for
exploring their potential applications in multifunctional
materials.
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