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ABSTRACT: Polar and magnetic Mn,MnMoO; with a Ni;TeOg-type structure (R3)
was synthesized at 1673 K under 8 GPa. Mn,MnMoOg shows a large spontaneous
polarization of 65.76 uC-cm™2, two magnetic transitions at 19 and 47 K, and a strong
magnetic frustration factor (f) of 18.4. The polarization reversal barrier is estimated to
be 232 meV. X-ray absorption spectroscopy established Mn,**Mn**Mo®* Qg4 formal
oxidation states. Theoretical calculations indicate an antiferromagnetic ground state of
up—down—up—down—up—down spin alignment for Mn ions and a semiconductor
characteristic with a band gap around 1.06 eV. Magnetism-dependent dielectric
responses show no magnetodielectric and electric coupling, which is attributed to the
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high polarization reversal barrier and grain boundary effects.

B INTRODUCTION

Polar corundum derivatives can integrate spontaneous polar-
ization (Pg) and magnetism in the same lattice, providing an
ideal platform to design technologically important multi-
ferroics.'™® The geometric feature (small A-site) of the
corundum-based family enables efficient occupation of all
cationic sites by magnetic ions, as realized in high pressure and
temperature (HPT) synthesized Mn,FeMoQy.”"
Mn,**Fe**MoOg* prepared at 8 GPa and 1623 K adopts the
ordered double corundum structure (R3) with about 7% Fe/
Mo antisite disordering. The interactions between high-spin
(HS) d>-Mn®', Fe’*, and d'-Mo®" render a ferrimagnetic
ordering up to Tc ~ 340 K, making it the only double
perovskite-related above room temperature (RT) ferrimag-
netic—multiferroic material to the best of our knowledge.” The
thermal treatment of Mn,FeMoOy at ambient pressure (AP)
initiated an unprecedented cationic redistribution between 423
and 573 K in that 88% of the Mn** and Fe’* in the face-shared
octahedral pair switched positions, accompanied by a phase
transition from Ni;TeOg (NTO)-type to an ordered ilmenite
(OIL, R3) structure. Accordingly, resistivity of the OIL
polymorph was found to be around three orders of magnitude
higher than that of the NTO counterpart, accompanied with
the magnetic ordering temperature dropping from ~340 to
229 K.° Replacement of Mo by W in Mn,FeMoQg via HPT (8
GPa and 1673 K) preparation led to the discovery of
isostructural NTO-type Mn,?*Fe**'W®* O, which is antiferro-
magnetic (AFM) below 70 K and demonstrates magnetic-field-
dependent and complicated metamagnetism.” Theoretical
calculations suggested that the proposed optimal switching
path displays a metallic intermediate state in Mn,FeWO, and
thus hinders possible ferroelectricity.” In contrast, magneto-
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striction polarization and magnetoelectric coupling were
observed for the first time in the AFM (Ty = 58 K)
Mn,MnWO¢ among the NTO-type double corundum
family.'® Attempts to replace Mo and W by Re in the above
compounds yielded centrosymmetric monoclinic (P2,/n)
perovskite Mn,FeReO4 and Mn,MnReOy rather than the
expected NTO polymorphs.'' ™" Apparently, the crystal
structures and physical properties of transition-metal-enriched
double polar corundum subtly depend on the atomic-scale
local structure and electron configuration of cations. In this
work, we report the preparation of a new NTO-type
Mn,MnMoOyg by the HPT approach and experimentally and
theoretically study its structure and physical properties.

B EXPERIMENTS AND METHODS

Mn,MnMoQOg4 was synthesized via a stoichiometric mixture of MnO
(Alfa Aesar, 99.99%) and MoO; (Alfa Aesar, 99.95%) by the HPT
method. The raw materials were well mixed and sealed in a Pt capsule
and then loaded into a MgO crucible. The crucible was placed in a
Walker-type multianvil instrument to prepare the polycrystalline
samplselgt 1573 K under 8 GPa for 30 min, as applied in our previous
work.”

RT synchrotron powder X-ray diffraction (RT-SPXD) data for
Mn,MnMoQg were recorded on beamline X-16C (1 = 0.69991 A) at
the Brookhaven National Synchrotron Light Source (NSLS-I).
TOPAS-Academic V6 software package'® was used to analyze the
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Figure 1. (a) Rietveld refinements of RT-SPXD patterns for Mn,MnMoOg. The observed data are shown as red points; calculated fitting is
displayed as an olive line; blue line is the difference; black vertical ticks are Bragg reflections corresponding to the reflection of Mn,MnMoOg;

orange ticks correspond to the reflection of a-MnMoO, (C2/m, 0.35%)

3233

violet ticks represent Bragg reflections of MnO (Fmgm, 3.73%),31 and

wine ticks are consistent with f-MnMoO, (P2/c, 2.02%).>* “*” Represents an unknown impurity. (b) Comparison of Ey,, between Mn,MnMoQy

5,10,36—38
and other polar-corundum compounds.”"”

Reprinted with permission from ref 38. Copyright 2021 American Chemical Society.

RT-SPXD data. X-ray absorption near-edge spectroscopy (XANES)
measurements of Mn,MnMoOy and standards were performed on
beamline X-19A at the Brookhaven National Synchrotron Light
Source (NSLS-I) with a Si-111 double crystal monochromator. The
Mn-K XANES data were collected in both the transmission and
fluorescence mode with simultaneous standards. The Mo-L; XANES
data were collected in fluorescence mode in a He atmosphere with
sequential standards. All data were fitted and normalized to pre- and
post-edge back;round and unity absorption edge step across the edge,
respectively.”'” >

Density functional theory (DFT) calculations were performed by
VASP.>*7>° Based on the projector augmented-wave (PAW)
method,””** the plane wave cut-off energy was set as 600 eV. The
exchange correlation energy was treated by the generalized gradient
approximation (GGA-PBE).”” A mesh of 5 X 5 X § k-points was used
for geometry optimization and static electronic calculations. The
convergence threshold was set to be 1.0 X 107° eV in energy and 1.0
X 1072 eV/A in force, respectively. Electron—electron Coulombic
repulsion interactions (U) for Mn were considered in the rotationally
invariant form (GGA + U)* with Uy, = 4.2 €V.

Magnetic properties were measured in a Physical Properties
Measurement System (PPMS-9T, Quantum Design). Temperature-
dependent data of zero-field-cooled (ZFC) and field-cooled (FC)
susceptibility were measured from 10 to 300 K with an external
magnetic field of 0.1 T. Isothermal magnetization curves were
collected at different temperatures with the field from —3.6 to 3.6 T.
The temperature-dependent magnetodielectric response was meas-
ured with an @-A analyzer in the same PPMS equipment from 10 to
300 K with different fields of 0, 1, 3, and S T. Frequency-dependent
permittivity was also examined with the same system.

B RESULTS AND DISCUSSION

RT-SPXD data refinements indicate that Mn,MnMoOg adopts
a polar rhombohedral structure with space group R3 (No. 146)
as shown in Figure 1a, giving a 93.9 wt % target phase, 6.10 wt
% impurity (MnO, Fm3m,”' 3.73%; a-MnMoO,, C2/m,****
0.35%; f-MnMoO,, P2/¢,** 2.02%), and tiny unidentified
peaks. All cations located at A (Mn1 and Mn2 at 3a (0, 0, z))
and B (Mn3 at 3a (0, 0, z) and Mo at 3a (0, 0, 0)) sites are in
ordered arrangement in the crystal structure of Mn,MnMoOg.
The oxygen atoms are located at two positions at 9b (x, y, z)
derived from the higher degree of cation order. Table S1 lists
the specific atomic positions and structural parameters for
Mn,MnMoOy, which is isostructural with other NTO-type
analogues, such as anFeMoOé,7 anFewoé,9 and
Mn,MnWO4;.'" The edge-sharing connection of Mn1Og/
Mn304 and Mn204/MoOy forms honeycomb layers in the
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ab plane. Mn1O4—MoO4; and Mn204—Mn3Q4 pairs are
connected through face sharing along the c-axis. Such crowded
connection leads to large structural distortions and thus
significant differences at metal—oxygen bond distances and
angles. As shown in Table S2, the bond distance of Mn—O
ranges from 2.050(13) to 2.390(11) A and that of Mo—O from
1.859(9) to 1.988(18) A, rendering strong anisotropy and
large Ps calculated to be 65.76 uC-cm™> by the point charge
model.” Previous research demonstrates that, for polar-
corundum-type derivatives, the polarization reversal barrier
(Eparier) of the domain wall shows a strong correlation to the
local bonding environment of A-site cations, as can be
evaluated by normalized bond-valence sums (BVS).>?*¢73*
On this basis, the Ey ;.. of Mn,MnMoOy is estimated to be
about 232 meV (Figure 1b), which is between the values of
Mn,FeMoO,>” and Mn,MnWOg."" The average (Mnl—O)
bond length (2.170 (15) A) in Mn,MnMoOQy is comparable
with those in Mn,MnWO, (2.00 A)'’ and Mn,FeMoOy
(2195 A).” In contrast, the Mn2QO; octahedron is highly
distorted and results in an extra-long average (Mn2—0) (2.220
A) compared to that in Mn,MnWO, (2.06 A)'"° and
Mn,FeMoOg (2.091 A). The octahedral distortion parameter
A (58.64 X 107 A = (1/n) X X [(d; — d,,)/d,,)?, where d; is
the metal—oxygen bond length and d,, is the average bond
length)*” in Mn,MnMoOjg implies that Mn20y possesses the
strongest distortion with off-centered Mn2. The (Mn3—O)
(2.217(16) A) and (Mo—0) (1.933(14) A) around B/B’ sites
in Mn,MnMoOg are highly comparable to (Mn3-O)
(2.196(2) A) in Mn,MnWO,'® and (Mo—0) (1.975(4) A)
in MoOg octahedra of Mo0O,.*” No Mn—Mo antisite
disordering was detected in Mn,MnMoOg within the
estimated standard deviation during the refinements, which,
together with the shorter Mo—O bond (close to other B-site
ordered perovskites) than that in Mn,FeMoOQg (around 7%
Fe/Mo antisite disorder),” implies that the oxidation state of
Mo in Mn,MnMoOy is higher than pentavalence. Diversity of
bond distances and octahedral distortions among the above
three compounds are consistent with completely different
physical properties. Crystal structure analyses and BVS*"**
calculations (Mn1, Mn2, Mn3, and Mo for 2.15, 1.98, 2.08,
and 5.83, respectively) suggest a nominal oxidation state of
Mn,**Mn?**Mo®* O, which was further confirmed by XANES
discussed below.

https://doi.org/10.1021/acs.chemmater.1c04357
Chem. Mater. 2022, 34, 1930—1936


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04357/suppl_file/cm1c04357_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04357/suppl_file/cm1c04357_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04357?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04357?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04357?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04357?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Energy (eV)
() (b) 2520 2525 2530
1.50
g 2
8 anMnMooG aq:;
c 1L ~Mn-site- o
L ©
s (NTO shifted Fe) &
2 g
< 0.5 2
Mn-K P ,
! 6
edge LaCaMnMoOs
1] . , \ \ —
2520 _ 2525 2530
6.545 6.55 6.555 6.56 6.565 Energy (V)

Energy (keV)

Figure 2. (a) Mn-K edge spectrum for Mn,MnMoO, compared to a series of standard compound spectra: perovskite-based LaMn**O;, CaMn**O;,
La,Mn*'VOyg, and NTO-type Mn,*'Fe*MoOy.” The "~Mn*" (NTO shifted Fe)” spectrum is the Fe-K edge of the Mn,**Fe>*O4 compound
shifted down by the energy difference between Fe- and Mn-K edges. The B-site, "~Mn site” (dotted red curve), was obtained by subtracting the
weighted Mn,FeMoOy from the Mn,MnMoO followed by renormalization to the conventional unity edge step height. (b) Mo-L; edge of
Mn,MnMoQg compared with d°-Mo®" of Sr,Fe;Mo00O,, and MoOs, d'-Mo** of Mn,FeMoOg4 and LaCaMnMoOy. Note that the above Ex Mo d
partial DOS, from the DFT calculation below has been included on the same energy scale and that the LF splitting in the XANES agrees well with

the calculation.
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Figure 3. Magnetic behavior and possible magnetic structure of Mn,MnMoOg (a) M vs T curves in ZFC and FC under 0.1 T; inset graph
represents the y~'—T curves with the Curie—Weiss fitting. (b) Isothermal magnetization curves at different temperatures. (c) AFM1 with ududud
order and AFM2 with uddduu order for Mnl, Mn2, Mn3, Mn4, MnS, and Mné. (d) Total and partial DOS for Mn,MnMoOjg with the AFM1
(ududud) magnetic structure; inset graph illustrates the local amplification for DOS.

The K near edges of 3d transition compounds are
dominated by 1s to 4p transition peak features that typically
manifest a chemical shift to higher energy with increasing 3d
element valence. Figure 2a illustrates the Mn-K near-edge
spectra of Mn,MnMoOg and standard compounds with
varying Mn valence.”'”~*" Identifying the spectral components
in Mn,MnMoOy is facilitated by comparison with the NTO-
type Mn,?*Fe>*MoOj standard spectrum.” The Mn-K edge of
Mn,MnMoOj displays an onset and features similar (albeit
reduced) to those of Mn,FeMoO, A similar comparison
between Mn,MnWOQO, and Mn,FeWO, was used to identify the
valence of the A-site Mn.'® Hence, it is clear that the A-site Mn
in Mn,MnMoOQg is Mn**. The contribution of the B-site Mn is

1932

estimated with red dots in Figure 2a, which was calculated
using u(~Mn site) = 3 [p(Mn,MnMoOy) — 2/3 pu-
(Mn,FeMoOQy)]. The result of the estimated ~Mn site spectral
contribution is consistent with the Mn?* character. To further
perfect this process, a short dashed green line in the figure is
defined from the downward shift energy of the Fe-K edge in
Mn,**Fe**MoOy, which equals the energy difference between
the elemental Fe- and Mn-K edges. This line can be used as an
estimation of what Mn** might look like at the B-site. It is clear
that the result strongly eliminates Mn®" at this site and
underscores the Mn?" character. Therefore, all of the Mn ions
in Mn,MnMoOj are in the Mn?*oxidation state.
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Figure 4. Dielectric measurement results of Mn,MnMoOq. (a) €, and tan§ vs T under different frequencies and field. (b) Curves of tan §-
dependent frequencies at different temperatures; the inset shows the plot of Arrhenius fitting.

Dipole transitions into final d-states form intense “white
line” (WL) peak features, which dominate the L; edges of
transition compounds. Octahedral O-ligand coordination
imposes a ligand field (LF), splitting of the d-states, into
lower energy, 6X degenerate, tyg and higher energy, 4X
degenerate, e, multiplets. This LF splitting is abundantly clear
in Mo-L; edge spectra as the splitting of the WL feature into A
(tygrelated) and B (e, related) features, as illustrated by the
Mo-L; edges for the ~d’-Mo® compounds in Figure 2b
(top).”" "% In general, increases in the Sd electron count
(decreases in the Sd hole count) lead to a reduction in the
relative A-feature intensity, although matrix element and
bonding/band structure effects can lead to variations in the
A—B feature splittings and intensities. Comparing Figure 2b,
the general trend of decreasing relative A intensity with
decreasing valence (d hole count) can be seen. Another
indicator of the Mo d-configuration/valence state is the
chemical shift of the WL feature. Comparing Figure 2b top and
bottom parts, one should note the systematic chemical shift
downward in the WL feature centrum energy between ~d’-
Mo® and ~d'-Mo®* standard spectra. The A-feature intensity
and chemical shift of the WL feature of the Mn,MnMoOg
spectrum in Figure 2b center can clearly be seen to show a
~d°-Mo®" configuration. This assignment is highly consistent
with the Mn®" character at the other cation sites in the
compound noted above, in good agreement with the structural
analyses and BVS results.

Figure 3a demonstrates the temperature-dependent ZFC
and FC magnetization from 4 to 360 K under 0.1 T. Two AFM
transition anomalies appear: a sharp peak at 19 K and a clear
shoulder at 47 K. The impurity phases are known to show no
magnetic transition at these temperatures.43’44 Therefore, the
two transitions are inherent to Mn,MnMoOy induced by the
complicated interaction between multiple Mn** sites. Figure 3a
(inset) shows the inverse magnetic susceptibility (y) and a fit

to a Curie—Weiss (CW) model (i =129 \ith C being the

C
Curie constant, 6 being the Curie—Weiss temperature).*
Fitting the high-temperature range of the y~' — T data for the
ZFC Mn,MnMoQy case to the CW model fitted for yields of 6
—350 K and C 12.53 emu-K/(mol-Oe). Thus,
Mn,MnMoOg shows an AFM-dominated behavior with an
effective magnetic moment (p.g) of 10.01 ug. Here, the much
larger magnitude of @ (compared to Ty) supports the presence
of substantial magnetic frustration (f = 18.4, f = 10/ Tyl, where
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0 is the Curie—Weiss temperature and Ty is the Néel
temperature).46 The p.s is in good agreement with the
theoretical value of 10.25 g calculated based on the spin-only
response of HS Mn?*. Compared with a similar compound like
Mn;TeOg (R3), where the magnetism is also controlled by
three HS Mn?', Mn,MnMoOy indicates more complex
magnetism rooted in the more ordered Mn ions. Antisite
disorder and spin—orbit coupling are the key factors for
metamagnetism and property diversity.”’ ° Given the d’-
Mo®* ions, the magnetic contribution comes from HS Mn**
only in Mn,MnMoOyg. Here, the atomic arrangement at the B-
site is different from that in Mn,FeMoOg, which has a slight
antisite disorder. The absence of magnetic contribution from
Mo and antisite disorder in Mn,MnMoQy are responsible for
the different magnetic features in Mn,MnMoOg4 compared to
Mn,FeMoOQy. Unlike 5d elements, weaker spin—orbit coupling
of 4d elements is one of the factors that result in the absence of
complex magnetism like Mn,MnWOjy at a low temperature. As
shown in Figure 3b, the absence of hysteresis loops in
isothermal magnetization curves at a low temperature
manifests typical AFM behavior without distinct magnetic
competition between AFM and FM interactions.
Considering the representative AFM response in
Mn,MnMoOyg, 11 simple collinear magnetic structures were
proposed in the doubled unit cell along the c-axis to generate
the AFM ordering and simulate the possible magnetic ground
state for Mn,MnMoOy. For the Mn atom with localized d
orbitals, the Hubbard U is indispensable for DFT calcu-
lations.”" Therefore, a GGA + U methodology was adopted
to predict the magnetic moment for each Mn atom and
compute the electronic structure. Here, the diversity of spin—
orbit coupling in transition elements, orbital hybridization
between magnetic and oxygen ions, and magnetic interaction
between different magnetic ions were considered to evaluate
the influence on the magnetic ground state. The calculated
results for all considered AFM and FM ground states are
illustrated in Figure SI. As shown in Figure 3c, there are six
Mn atoms (labeled as Mn1—Mn6) with different symmetries
in the doubled unit cell; the spin directions are set as up—
down—up—down—up—down (ududud) and up—down—
down—down—up—up (uddduu) as the two representative
states, denoted as AFMI and AFM?2, respectively. The
calculation results suggest AFM1 as the magnetic ground
state, with effective magnetic moments of 4.576, —4.597,
4.535, —4.576, 4.597, and —4.53S iy of Mn1, Mn2, Mn3, Mn4,
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MnS$, and Mn6, respectively, giving the lowest energy (—80.51
eV/fu.) than other candidates (Figure S2). The difference of
the magnetic ground state between Mn,MnMoOy,
Mn,MnWOg,'’ and Mn,MnSbO°" which have ududud,
noncollinear, and uuuddd AFM ground states, respectively, is
one of the main causes for the variation of the magnetic
feature. It is well known that the magnetic structures of polar
and magnetic corundum derivatives are very subtly sensitive to
the electron configuration of each ion—the real situation is
complicated case by case.”” ™% Hence, the detailed magnetic
structure of Mn,MnMoOQOyg needs further characterizations such
as powder neutron diffraction at low temperatures for a clear
insight, which is planned in future work.

The total and partial densities of states (DOS) of
Mn,MnMoOyg are shown in Figure 3d, which illustrates that
the band gap for Mn,MnMoOg with the AFM1 ground state is
1.06 eV, implying a semiconducting behavior. The major
contributions in the low-energy area of conduction and valence
bands from 1 to 2 eV and —7 to —5 eV are generated from the
antibonding interaction between Mo-4d and O-2p. In other
energy regions, the contribution mainly originates from an
interplay between Mn(3d) and O(2p). Hence, the interaction
between Mo-4d and O-2p is the main source of semiconductor
characteristics. Moreover, the spin of each Mn atom is fully
extracted due to the HS-d° configuration, which further
validates the divalent Mn ions.

The curves of relative permittivity (¢,) and dielectric loss
(tan 8) vs temperature of Mn,MnMoOQg at various frequencies
and magnetic fields are shown in Figure 4a. Mn,MnMoOgq
shows a strong relaxor behavior with large &, and low tané.
The &, values are magnetic-field independent below 250 K, and
there are no dielectric anomaly peaks observed around the
magnetic transition temperatures (19 and 47 K), which
indicate the absence of magnetodielectric and electric
couplings. As the temperature increases from 225 to 300 K,
the tan & values at low frequency (10 kHz) are significantly
larger than the data at higher frequency and exhibit some
magnetic-field dependence, which may be due to the extrinsic
resistivity and capacitance from electrode and grain bounda-
ries.”>> With increasing temperature, the plateaus in &—T
plots become frequency-dependent and the maximum temper-
ature of plateaus increases from 75 K (10 kHz) to 105 K (1
MHz). A similar trend is also observed in the tan 5—T curves.
A like-slope increase of the &—T is accompanied by the
appearance of relaxation peaks in tan 0—T plots upon heating,
owning to the thermal activation-induced hopping of charge
carriers and the enhancement of local electric polarization. The
relaxation peak of tand shifts from 82 to 124 K, while the loss
values just increase by 0.02 with increasing frequencies,
showing a synchronism with the diffusion of e. Figure 4b
illustrates the change of tan  with continuous frequencies at
different temperatures. Fitting with the Arrhenius equation f =
foexp(—E,/kyT) was performed, where f, is the frequency
factor, E, is the activation energy and kg is the Boltzmann
constant, yielding E, = 0.086 eV and f, = 6.1 X 10° Hz. The
low E, implies that the relaxation comes from the off-center ion
hopping,®® and the large frequency factor of Mn,MnMoOgq
presents the large size and strong interaction of polar
clusters.”” Unlike the parent Mn,MnWO4,"” the polycrystalline
Mn,MnMoOyg lacks magnetodielectric and magnetoelectric
coupling, as also observed in Mn,FeMOg (M = Nb, Mo,
W),””" so further investigation on the monodomain single
crystal or thin film samples is desired in the future.
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B CONCLUSIONS

A new exotic perovskite-related polar and magnetic
Mn,MnMoOg was prepared at 1673 K and 8 GPa. RT-
SPXD measurements of Mn,MnMoQj established a NTO-
type (R3) polar-corundum structure with all ordered cationic
arrangements, giving the estimated large spontaneous polar-
ization of 65.76 uC-cm™ and polarization reversal energy
barrier around 232 meV. The valence states of Mn and Mo
ions were confirmed as Mn,?*Mn?*Mo® O by crystallographic
analysis and X-ray absorption near-edge spectroscopy.
Magnetic properties and theoretical calculations indicate two
AFM transitions at Ty of 19 and 47 K with the up—down—
up—down—up—down ground state in Mn,MnMoOg. The
geometrically frustrated honeycomb layered motifs render a
high magnetic frustration factor of 18.4. The temperature
dependence of the dielectric response is magnetic-field (1—5
T) independent and shows no anomalies over the experimental
conditions, which suggest the lack of magnetodielectric and
magnetoelectric coupling in polycrystalline Mn,MnMoOg.
These findings further reveal that the physical properties of
transition-metal-rich exotic perovskite-based compounds are
sensitive to the electron configuration of B cations at certain A-
site surroundings; further explorations are necessary for
conclusive results, to guide the design of new materials in
related categories.
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