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ABSTRACT: A variety of new oxide-based materials based on
hexagonal phase of YInO; have been recently described. In
some of these materials, the In(IIl) ions are substituted by
Mn(1II), which finds itself in a trigonal-bipyramidal (TBP)
coordination environment. While YInO; is colorless and
YMnO, is black, mixed systems YIn; . MnO; (0.02 < x <
0.25) display intense blue color and have been proposed as
novel blue pigments. Since the Mn(III) ion is paramagnetic, its
presence imparts distinct magnetic properties to the whole
class of materials. These properties were investigated by
electron paramagnetic resonance (EPR) in its high-frequency
and -field version (HFEPR), a technique ideally suited for
transition metal ions such as Mn(III) that, in contrast to, for

1 L L 1 L

YIn; MnO; | HFEPR rot)
x=0.2x15
- R

x=0.00 0.02 0.05 0.10 0.25

=

YIngoMng, 05 T T T T - .
TBP: [Mn**Os) 0 2 4 6 8 10 12
) Magnetic Field (T)

example, Mn(II), are difficult to study by EPR at (conventional) low frequency and field. YIn,_ Mn,O; with 0.02 < x < 0.2
exhibited high-quality HFEPR spectra up to room temperature that could be interpreted as arising from isolated S = 2
paramagnets. A simple ligand-field model, based on the structure and optical spectra, explains the spin Hamiltonian parameters
provided by HFEPR, which were D = +3.0 cm™, E = 0; g, = 1.99, g = 2.0. This study demonstrates the general applicability of a
combined spectroscopic and classical theoretical approach to understanding the electronic structure of novel materials containing
paramagnetic dopants. Moreover, HFEPR complements optical and other experimental methods as being a sensitive probe of

dopant level.

B INTRODUCTION

Some of us have recently prepared and reported on a class of
compounds that can be described as solid solutions of the
oxides of a general formula YIn;_ Mn,O3, where 0 < x < 1!
The common characteristic of the two extreme cases of this
series, that is, YInO; and YMnOy;, is that both can be prepared
in hexagonal crystal structures, which result in the metal ion
(In(III) or Mn(Ill)) finding itself on a site with trigonal
symmetry, in a pentacoordinate, trigonal bipyramidal (TBP)
oxygen donor coordination (Figure 1). The most interesting
finding was that this type of environment for Mn(III) affects
the optical properties of the solid solution. While pure YInOj is
colorless, and YMnO; is black, the mixed systems display a
vivid blue color for a wide range of 0.02 < x < 0.25 due to a new
band in the electronic absorption spectrum with a maximum at
~2 eV (16 100 cm™, 620 nm). The appearance of this band
was attributed to a Laporte allowed (xy polarization) excitation
of an electron from the d,,d,_, orbital (¢/ representation in
D,;, symmetry) of Mn(III) to its highest-lying orbital (d.?; a,’),
which lies within an energy gap of YInO; (Figure 1)." The
higher-energy transition, which is from the lowest-energy
Mn(III) orbitals d,,,d,.(e") to dz is forbidden in D3, symmetry,
although it is allowed in C;, symmetry. Because of this optical
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property, which has been confirmed in a variety of other mixed-
ion systems, compounds of the type described here have been
proposed as novel blue pigments for industrial applications.”
Since Mn(III) is a paramagnetic ion, the properties of its
oxides have also become an object of magnetic investigations.”
Pure YMnO; is known for its multiferroic properties with a
Néel temperature of paramagnetic/ferromagnetic transition
equal to ~75 K’ Magnetic studies of the YIn;, ,Mn O; mixed
systems where Mn(III) is in the high-spin (HS) form (3d* S =
2) revealed that this temperature decreases upon lowering the
coefficient x, and the transition is completely suppressed for x <
0.5. The magnetic properties of YIn, Mn, O; systems have
been of continued interest, and in this work we concentrate on
the single-ion properties of HS Mn(III) in what is an unusual
coordination environment. As a measurement technique we
used electron paramagnetic resonance (EPR). Since HS
Mn(Ill) coordination complexes typically display a consid-
erable zero-field splitting (zfs), we used EPR in high-frequency
and -field conditions, known as HFEPR.® Previous HFEPR
studies of Mn(IlI) complexes were concentrated on either
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Figure 1. (left) Structure of YMnO; showing layers of MnOj trigonal
bipyramids (TBP) in blue interspersed with layers of YO, octahedra
(Y, gray spheres). (upper right) Detailed view (Mn, blue spheres; O,
orange spheres). (lower right) Schematic energy levels for the spin-up
Mn(III) 3d orbitals in TBP coordination are shown. With use of the
AOM including only o-bonding, the energy of the ¢” orbitals is zero,
the ¢’ orbitals are at (9/8)¢,, and the a,” orbital is at (22/8)¢,. If -
bonding is included, then the energies are as follows: (7/2)e,(e");
(9/8)e, + (3/2)ex (¢); (22/8)e,(ar).”

square-pyramidal coordination as found, for example, in
porphyrinoid complexes’ '’ or in more or less distorted
octahedral coordination as found in many other com-
plexes,"' ™ including a very early study on a Mn**-doped
oxide (rutile).” An interesting HS Mn(III) coordination
complex with distorted TBP geometry (N3.,(N,0),, donor
set) has been recently reported and studied by conventional
EPR,” but HFEPR was not used, despite its potential
suitability. Systems with S = 2, most commonly Fe(II) and
Mn(III), can exhibit X-band EPR spectra at low fields (high
effective g values) due to rhombic splitting of the
IS, M) = 12, + 2) state,”” > but extraction of a unique set
of spin Hamiltonian parameters from those spectra is not
guaranteed, as shown, for example, in Mn(acac)3.15

B EXPERIMENTAL SECTION

Samples were prepared as described previously.' HFEPR data were
acquired using either of two facilities located at the NHMFL. The
Electron Magnetic Resonance (EMR) Facility includes a spectrometer
described elsewhere,”® modified by the use of Virginia Diodes Inc.
(VD], Charlottesville, VA) sources, operating in a 50—420 GHz
frequency range. The spectrometer is associated with a 17 T
superconducting magnet. The DC Facility includes a setup using
tunable sources (backward wave oscillators (BWOs)), routinely
operating in a 100—700 GHz frequency range and is associated with
the 25 T resistive Bitter-type “Keck” magnet.”’ In both cases an InSb
bolometer (QMC, Cardiff, Wales) is used as a detector. The necessary
modulation was obtained either through modulating the magnetic field
(“magnetic modulation”) or chopping the sub-THz wave beam
(“optical modulation”). In both cases the signal was converted from
alternating current to direct current by a lock-in amplifier (Stanford
SR-830). The samples of the Mn(III) concentration coefficients, x =
0.05, 0.1, 02, and 0.5, were used “as is” in a powder form.
Approximately 100—200 mg of material was employed in each case.

B RESULTS AND DISCUSSION

All samples showed strong and well-defined EPR responses
over the complete frequency region, and in a wide temperature
range from liquid helium to ambient. Figure 2 shows HFEPR
spectra of the four samples differing by the concentration of
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Mn(III) at a fixed frequency (203.2 GHz) and temperature (10
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Figure 2. Representative HFEPR spectra of YIn,_ Mn,O; samples
differing by the Mn(III) content (x) recorded at 203.2 GHz and 10 K.
The spectra were obtained using magnetic modulation resulting in a
derivative shape. The amplitudes are approximately normalized. The
narrow resonances near g = 2 (7 T), visible particularly well in the x =
0.5 sample due to the large magnification factor, originate from g ~ 2
impurities. The feature near 3 T marked with an asterisk is caused by
solid molecular dioxygen. Neither is simulated.

The resonances clearly originate from an S > 1/2 state and
bear a strong similarity to those of known Mn(III) EPR powder
spectra. Upon visual inspection, their linewidth increases with
increasing Mn(III) content under the given conditions.”> A
more detailed linewidth analysis was postponed until spin
Hamiltonian parameters could first be determined for the
Mn(Ill) ion. For this purpose we followed the tunable-
frequency EPR procedure, which depends on collecting turning
points in the powder spectra, and fitting the parameters to the
complete two-dimensional (field vs frequency) array.”® Figure 3
shows such a field/frequency map of turning points collected
for the sample YIn;gsMngosO; at 4.2—10 K.

The field/frequency map shown in Figure 3 is characteristic
for an S = 2 spin state and axial zfs tensor with the zero-field
transitions occurring at ~90, 270, and 360 GHz, corresponding
to the approximate values of DI, 3IDl, and 4IDl, respectively
(for the energy diagram explaining these transitions, see Figure
S1 in the Supporting Information). The precise values of the
spin Hamiltonian parameters were obtained by a proper
computer least-squares fit and are listed in Table 1. We
performed the same procedure for samples with x = 0.05, 0.1,
and x = 0.2, but not for the one with x = 0.5 due to excessive
linewidths and the correspondingly large error in determining
the exact position of the resonances (the parameters for x = 0.5
given in Table 1 are thus estimates). The corresponding field/
frequency maps for x = 0.1 and x = 0.2 are shown in Figures S2
and S3, respectively, in the Supporting Information. We did not
observe a significant dependence of D on the temperature in
the diluted systems; however, we saw a “collapse” of the zfs into
one averaged signal in the x = 0.5 sample at high temperatures
(vide supra).

To ascertain the sign of D we simulated single-frequency
powder spectra. Figure 4 shows a spectrum of YIn,gMn,;O; at
4.2 K and 260 GHz, obtained with a BWO using an optical
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Figure 3. Field/frequency map of resonances in YInggsMngosO; at
4.2—10 K. The squares are experimental turning points, while the lines
were drawn using best-fitted spin Hamiltonian parameters listed in
Table 1. Red lines: magnetic field perpendicular to the z axis of the zfs
tensor; blue lines: field parallel; green lines: off-axis turning points.
The perpendicular turning point of the 12, —1) — 2, 0) transition that
was used for line width comparison (Table 2) is mapped with a thicker
magenta line.

Table 1. Spin Hamiltonian Parameters of the Mn(III) Ion in
Trigonal Bipyramidal Configuration As Found in the
YIn,_Mn,O; Solid Solutions at Low Temperatures

sample D (em™) E (ecm™) g Il
YIngesMngosOs +2.965(3) 0.006(1) 1.987(2)  2.008(5)
YInyoMn,, 0, +2.957(7) 0.003(3) 1.987(3) 2.005(7)
YInysMng,0; +2.97(1) 0.015(5) 1.987(4) 1.988(6)
YIn,Mny O, ca. +3 ~0 ~2.00 ~2.00
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Figure 4. An HFEPR spectrum of YIn,oMn,,0; at 42 K and 260
GHz (black trace), which is close to the zero-field resonance at 270
GHz. The spectrum was obtained with a BWO source, in a resistive
magnet, and using optical modulation resulting in an absorptive
spectral shape (instead of derivative shape such as that in Figure 2).
The colored traces are simulations: the red trace using a positive and
the blue one a negative value of D, with IDI = 2.96 cm™, E = 0, and g,
= 2.00. The single-crystal line width used in the simulations was 100
mT.
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modulation resulting in an absorptive spectral shape, together
with two simulations: one using a negative and the other a
positive value of D. A visual comparison of the experimental
spectrum with the simulated ones clearly shows that D for x =
0.1 (and all other values of x investigated) is positive. Similar
plots corresponding to different frequencies, one lower, 109
GHz, and one higher, 406 GHz, are shown in Figures S4 and
SS, respectively, in the Supporting Information.

As briefly mentioned above, the EPR linewidth strongly
depends on the Mn(IIl) content in the solid solution. The
approximate values are collected in Table 2 for one particular

Table 2. Observed Line Width AB,, of the IS, M) = 12, —1)
— 12, 0) Transition at 10 K and 203 GHz, Occurring at
~5.45 T in Figure 2, as a Function of Mn Doping Level (x =
0.05, 0.1, 0.2, 0.5)

sample AB,, (mT)*
YInggsMny0503 70
YIngoMn, ;05 100
YIn,sMn,,05 140
YIng sMn,sO5 710

“The same turning point is seen at 5.6 T at 260 GHz in Figure 4 and
at 10.35 T at 406.4 GHz in Figure SS. The line widths of the other
transitions were generally smaller but followed the same trend.

transition: IS, Mg) = 2, —1) — 12, 0) as observed at 10 K and
203 GHz in Figure 2. Similar trends were observed at other
frequencies, and although the absolute values differ between
particular IS, M) transitions and perpendicular/parallel turning
points, the line width increase with the increase of Mn(III)
content was always observed. The line width also increased for
the same «, at a fixed temperature, and for the same turning
point, while increasing frequency/field, which is a common
phenomenon in EPR and particularly HFEPR, usually
attributed to g-strain.

There are several conclusions that can be drawn from the
above results. First, and most elementary, the EPR results
confirm the observation of suppressing the paramagnetic/
antiferromagnetic transition in the YIn;_,Mn,Oj; solid solutions
for any x < 0.5 since the spectra such as shown in Figures 2 and
4 clearly correspond to those of a paramagnetic spin system,
not an antiferromagnetic one.

Second, the spin Hamiltonian parameters obtained from the
spectra fall into the range previously observed for HS (S = 2)
Mn(III) in a variety of coordination complexes.’* In particular,
the zfs parameter D is known to vary from ca. —4.5 cm™ in
quasi-octahedral complexes with a Jahn—Teller elongation to
ca. +3 cm™' in those with a Jahn—Teller compression. The
square-pyramidal Mn(III) complexes such as those found in
porphyrinoid complexes typically display D in the range from
—3 cm™! to —1.5 cm™. The current result, yielding D of +3
cm™', adds to our knowledge of the electronic properties of
Mn(III). Whether this value is characteristic for Mn(III) in
TBP coordination will only be proven when more systems with
the same coordination are studied. We note that the distorted
TBP Mn(IlI) complex studied by Gupta et al*> gave D =
+1.7(5) em™" (with a small rhombic splitting, E/D = 0.05). A
biological five-coordinate Mn(III) center (in manganese
superoxide dismutase (MnSOD) also exhibited D > 0 (D =
+2.10 em™, E/D = 0.11).”® Qualitatively, the positive sign of D
follows the observations in distorted octahedral complexes,
where, as shown by ligand-field theory (LFT),"”** D > 0 is

DOI: 10.1021/acs.inorgchem.5b01306
Inorg. Chem. 2015, 54, 9040—9045


http://dx.doi.org/10.1021/acs.inorgchem.5b01306

Inorganic Chemistry

characteristic for a tetragonal compression of the octahe-
dron'”*%** (hole in d,2), yielding a SAlg (in Dyy,) ground state.
For such six-coordinate complexes, a tetragonal elongation, the
more common scenario, gives D < 0 arising from a B Ig ground
state (hole in cl,g_),z).15 For TBP coordination, an extreme case
of axial elongation would give a °E’ (hole in d,,d,>_?) ground
state. In this case, there would be first-order spin—orbit
coupling (SOC) leading to large zfs that could not be well-
described by an S = 2 spin Hamiltonian,*® clearly not the case
here. In the current series the apical Mn—O bond lengths are
markedly smaller than that of the three equatorial Mn—O
bonds, structurally corresponding to a trigonal compression of
the ideal bipyramid.

The zfs in a [MnOs] coordination sphere can be further
probed quantitatively using a simple ligand-field model. Very
sophisticated crystal-field models have been used to analyze
optical spectra of Mn®* and Mn*" ions in zirconia (ie, O6
donor set),”” but these are beyond our primarily EPR study.
Likewise, advanced quantum chemical methods have been
applied to Mn(II) in molecular complexes,’*" including
polynuclear systems,” but as shown in the following, a
relatively simple semiquantitative LFT approach yields very
satisfactory results in this particular case. For a single electron/
hole system, such as the case here, considering only o-bonding,
use of the angular overlap model (AOM) for ideal TBP
geometry gives the “E’ excited state at an energy of (13/8)e,
above the °A,’ ground state and the E” excited state (hole in
d.,,d,,) at (11/ 4)e,.”" Use of the experimental energy for the
A, — °E’ transition of 2 €V thus gives &, ~ 9900 cm™'. We
then perform a calculation with the program Ligfield"' using
the entire d* basis set with B and C (Racah electron—electron
repulsion) and { (single electron SOC constant) parameters set
at 85% of their free-ion values,**™** respectively, 810 cm™’,
3500 cm ™!, and 300 cm™". This calculation gives the °E’ excited
state at 15820—16 420 cm™! above the ground state, in good
agreement with experiment, and Dgoc = +2.06 cm™1*
Although this calculated value for zfs is too low, importantly,
it has the correct sign. The effect of axial compression can also
be considered using the AOM. In this case, the °E’ excited state

is at an energy of 2¢, — (3/8)¢,,, and the SE” excited state is
at 2¢, + (3/ 4)€neq' How can these two bonding directions be
distinguished? The difference in bond lengths between axial

and equatorial Mn—O bonds can be parametrized by an >
relationship,”® which we have also used previously."” In the

present case: (€5(mn-0,))/(€smn—0.)) = (" (Mn-0.,))/
(¥ (n—0,)), Where T(Mn-0avg = 20553 A and ruo,),, =
1.8645 A,48’49 so that €5(Mn-0,) = 1'6277(86(Mn—05q))'
Substituting this relation into the above equation for the °E’
excited state energy gives £, = 9115 cm™' and &, = 5600

cm™!, likely overstating the effect, but still instructive.’® A
calculation using otherwise the same parameters as above then
gives D = +2.44 cm™'>" This value is slightly lower than that
obtained by experiment, but a mitigating factor is that the
contribution to zfs from spin—spin coupling (SSC) is not
included. In his pioneering study of zfs in Mn(acac)s, a system
that resembles ours, Neese showed that Dgsc & (1/3)Dgoc.”"
The effect of SSC was further elaborated on by Duboc et al.>*
Thus, the total D = Dgoc + Dggc could be estimated as ca. +3
cm™, essentially the same as experiment.

We also note that in YInOs,>® where there is no operative
Jahn—Teller effect, there is still a slight axial compression:
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T(n-0,)avg = 2-1133 Aand r(g, o), = 2.0875, so that e,1,_o,) =

1-0633(80(In—oeq)); which gives ¢, = 9770 cm ™! and £, = 9190

cm™'. This represents the extreme of the structure being

constrained to that of the diamagnetic host lattice. An
analogous calculation then gives Dgoc = +2.13 cm™!, also
close to experiment when the above estimated Dy is included.
For completeness, we note that it could be possible to
include axial and equatorial 7-bonding in our AOM. In this
case, the °E’ excited state is at an energy of 2¢, — (3/ 8)6% +
2¢, + (3/2)e,,, and the °E” excited state is again at higher
energy, assuming that &, > le,l, 2¢, + (3/4)e,, + (3/2)e, .
With only one experimental d—d transition and no clear way of
distinguishing axial versus equatorial #-bonding, it is not
worthwhile to attempt to quantify this effect. We simply note
that the oxide ions would likely be 77-donors, so their o-bonding
parameters obtained from only o-bonding would be reduced.
Third, concerning the appearance of the HFEPR spectra, the
broadening of the EPR resonances with increasing Mn(III)
content as seen in Figure 2 is easy to understand qualitatively:
the increased Mn(III) concentration leads to reducing an
average Mn—Mn distance, and thus increased spin—spin
interactions, which are a primary cause of this effect. The
HFEPR spectra of YIn;_,Mn,O; solid solutions are unusual in
that they can be observed from liquid helium to room
temperatures. The particular temperature behavior of the
spectra depends on the Mn(III) concentration factor x: while
for x < 0.2 the intensity of the spectra follows Curie behavior
with no significant change in the line widths (Figure S6), for
the most concentrated solutions (x = 0.5) an increase in
temperature brings about a new, very broad (AB,, ~ 0.7 T at
150 K) resonance centered on g = 2.00 (Figure S). At high

T T R T SR S
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— 10K
— 20K
40 K
77K
— 150K
293 K

12 14

Magnetic Field (T)
Figure 5. HFEPR spectra of YIn, sMn, sO; recorded at 203.2 GHz and

varying temperatures, as indicated in the figure, obtained with
magnetic modulation.

temperatures (150 < T < 293 K) this resonance in turn
undergoes a narrowing, with the room-temperature line width
of ~0.5 T. The origin of the high-temperature resonance can be
understood in terms of averaging the zfs through thermally
activated spin—spin exchange among the Mn(III) ions,
although the thermal activation of this process is not yet
understood.
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In conclusion, the YIn,;_ . Mn,O; material not only exhibits
remarkable optical properties, provided the doping level (x) is
low, but is also successfully examined by HFEPR. The ultimate
goal is to understand and explain the magnetic properties of all
of these and similar oxide pigments in the context of their
unusual coordination and optical properties. Concerning the
use of EPR for such materials, conventional wisdom has it that
integer spin systems are “EPR-silent” (ie., at conventional
frequencies and magnetic fields), although this has been long
disproven for rhombic S 2 systems.”*™*’ Conventional
wisdom also has it that integer spin systems (even when
examined by HFEPR and are thus no longer “silent”, such as
the case here) require low temperatures (typically <77 K), yet
YIn, ,Mn,O; can be easily observed at room temperature, at
least for low x. A final tenet of conventional wisdom, albeit only
among daficionados/as of HFEPR, is that § = 2 systems with
positive D values are difficult to observe, providing no”* or at
best low-quality spectra (and only in the case of large
rhombicity)."”**** Yet YIn,_,Mn,O; has D > 0, is rigorously
axial, and gives high-quality HFEPR spectra, over a wide range
of experimental conditions. We suspect that such doped
materials, that is, solid solutions, are ideal for HFEPR
investigation, regardless of zfs configuration. Moreover,
HFEPR complements optical and other experimental methods
as being a sensitive probe of dopant level. Oxide and other
materials containing HS dopants were studied by early forms of
HFEPR,** and we suggest that with current instrumentation
and software such studies could be very rewarding to the solid-
state chemistry/materials science community.
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