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to uncover the rich magnetic field-temperature behavior of a series of

rare earth indium oxides, RInO; (R = Tb, Dy, and Gd). The degree of

frustration is much larger than expected, particularly in TbInO;, and the // \
ground states are glasslike with antiferromagnetic tendencies. The ‘_ _ :‘)
activation energy for spin reorientation is low. Chemical substitution

with Mn>* ions to form TbIn;_ Mn,O; (x < 0.01) relieves much of the
frustration that characterizes the parent compound and slightly
enhances the short-range antiferromagnetic order. The phase diagrams
developed from this work reveal the rich competition between spin
orders and provide an opportunity to compare the dynamics in the
RInO; and Mn-substituted systems. These structure—property relations may be useful for understanding magnetism in other
geometrically frustrated multiferroics.

ABSTRACT: We bring together ac susceptibility and dc magnetization '
/78N

Glassy phase

27-36

B INTRODUCTION

In frustrated magnetic materials, competition between
interactions of the same or similar size can lead to fascinating
and complex states such as spin glasses, spin liquids, and spin
ices./® A spin glass, for instance, hosts metastates that are
characteristic of both short- and infinite-range order.”” One of
the most powerful probes of dynamics in a frustrated system is
ac susceptibility. It is widely used to reveal spin-glass transition
temperatures, activation energies, fragility, and phase dia-
grams,”’~'* and it is complementary to a number of
microscopic techniques including inelastic neutron scattering
and pSR.”7*' In spite of intense study, magnetic glasses
remain poorly understood.”” Of course, one of the simplest
and most appealing gauges of frustration in a material is the
frustration index, F. It is defined as the ratio of two
characteristic energy scales: F = |0cwl/Ty, where Ocy is the
Curie—Weiss constant and Ty is the Neél temperature for
antiferromagnetic ordering.” Typical values encompass F = 1 in
TbMnO,,” F = 14 in Tb,Sn,0,,>* and F = 150 in

magnetic orders. Like the isostructural hexagonal rare
earth manganites, this series of polar oxides is geometri-
cally frustrated due to the triangular arrangement of rare earth
centers (Figure la).?73032397%1 These systems are also
multiferroic—at least in a loose sense in which canted
antiferromagnetism is present in combination with ferroelec-
tricity.*’~** By comparison, hexagonal rare earth manganites
are canonical type-II multiferroics.”” They typically exhibit
antiferromagnetic order on the Mn sites with Ty above 70 K;
the rare earth ions carry their own magnetic moment and
display much lower ordering temperatures.*”*"** Competing
magnetic interactions can lead to rich behavior at low fields—
even when exchange energies are large.* Despite the close
analogy with the rare earth manganites, the magnetic ground
state of the RIn; ,Mn,O; system is just beginning to be
uncovered. For instance, recent elastic neutron scattering
reveals the XY-like nature of Tb*>* moments at the Tb2 sites.”
At the same time, the development of structure—composition—
property relationships in this class of compounds has the

37,38

Herbertsmithite,”*° the latter of which is highly frustrated.
In general, a value of F > 10 signals strong frustration.’

Rare earth indium oxides (RInO; R = rare earth) and
chemically substituted systems like RIn;_,Mn,O; provide a
tertile platform for exploring frustration and competing
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potential to offer control over frustration. The latter may be
useful in future devices, which depend on a large generalized
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Figure 1. (a) Hexagonal TbInOj; lattice with space group symmetry P6;cm.
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These polar oxides are highly frustrated because of the triangular

lattice of rare earth centers. As shown by the shaded InO; and TbO, polyhedra, the In** jons are located on S-fold coordinated trigonal-bipyramidal
sites, whereas the rare earth ions are 7-fold coordinated at both the 2a (0, 0, 0.2704) and 4b (1/3, 2/3, 0.2382) Wyckoff positions.*’ (b) The
temperature dependence of the dc susceptibility of TbInO; measured with yoH = 0.01 T down to 1.8 K. The reciprocal of the magnetic

susceptibility is used to extract the Curie—Weiss temperature.

susceptibility. For instance, in both Mn- and In-based materials
as well as their alloys, the rare earth ions introduce spin—orbit
coupling and f-manifold excitations.*® On the other hand, In is
a Sp center. The RInOj; series therefore has substantially
increased spin—orbit interactions (and frustration) compared
to equivalent Mn compounds. In the solid solutions of interest
here, substitution with Mn** brings in paramagnetic impurities
(onto the indium sites) as well as color properties™ and spin-
charge coupling.**

In this work, we combined ac susceptibility and dc
magnetization to reveal the temperature-magnetic field phase
diagrams of several rare-earth indium oxides. TbInO; is
especially significant, with canted antiferromagnetism below a
glassy transition and a frustration index of more than 100,
which is exceptionally high. Controlled introduction of
paramagnetic impurities in the form of Mn** ions on the In
site provides a test of how robust the parent system is to
impurity disorder. We find that addition of only 1% Mn*"
reduces the degree of frustration (as measured by F) in
TbInO; by an estimated 40%. The frustration index can also be
controlled to some extent by the choice of rare earth center.
DyInO; and GdInOj; sport low temperature glassy phases with
antiferromagnetic tendencies but with higher transition
temperatures and overall lower frustration indices. Taken
together, these phase diagrams reveal the rich competition
between spin orders in the RInO; system, provide an
opportunity to compare the dynamics, and offer an important
counterpoint to the rare earth manganites.””**

B METHODS

Polycrystalline samples of RIn;_,Mn,O; (R = Tb, Dy, Gd) with x = 0
and 0.01 were prepared via a conventional solid state reaction using
In,0; and rare earth oxides in appropriate ratios.”> The Mn**
concentrations cited here are nominal values. The ac susceptibility
measurements were made at National High Magnetic Field
Laboratory in Tallahassee. Both the in-phase component y’ and the
out-of-phase component y” of the complex susceptibility were
measured simultaneously.*” The ac driving field was varied between
8 X 107° and 2.6 X 107* T. The frequencies ranged from 41 Hz to 1.0
kHz with dc fields between 0 and 2 T and temperatures between 0.05
and 0.7 K. Isothermal magnetization was measured using a triply
compensated extraction magnetometer within a 65 T short-pulse
magnet at the National High Magnetic Field Laboratory, Los
Alamos.*® These results were benchmarked using a SQUID

12502

magnetometer with temperatures between 1.8 and 300 K and fields
of up to 7 T.

B RESULTS AND DISCUSSION

Magnetic Phase Diagram and High Frustration Index
of TbInOs. Figure 1b displays the magnetization of TbInOj as
M/H (= y) versus temperature between 1.8 and 300 K in a
magnetic field of 0.01 T. The macroscopic magnetic moment
of the material increases with decreasing temperature and
shows no sign of long-range magnetic ordering down to 1.8 K.
To obtain further insight into the magnetic properties, we also
plot H/M (= 1/y) versus T. The Curie—Weiss temperature of
TbInO; is Oy = —18.7 & 0.9 K by linear extrapolation. This
value of @cyy reflects the strength of spin interactions and is
comparable to that in the pyrochlore antiferromagnet
Tb,Ti,0, (=19 K).*” The minus sign is indicative of
antiferromagnetic coupling. The strong linearity of 1/y in
TbInO; is a feature of geometrically frustrated systems, and,
indeed, accurate determination of .y is necessary for
determining F.’

In order to explore further the low temperature state, we
extended these measurements to include ac susceptibility down
to 50 mK. The real part of this signal, v/, is shown in Figure 2a.
With an applied frequency of 97 Hz, y’ exhibits a single peak
centered at ~0.17 K. The breadth of this peak is consistent
with glassy behavior rather than long-range magnetic order.'”
On varying the frequency and excitation field, the system tries
to follow the external perturbation; how it does so tells us
about the magnetic inertia of the system. The peak position
shifts toward higher temperature with increasing frequency
(Figure 2a). Such hardening of the in-phase susceptibility with
increasing drive frequency (over more than two decades)
confirms that the ground state of TbInO; has sluggish
kinetics.>>’ Although there is no long-range order, the peak
position defines the frequency-dependent dynamic spin
freezing temperature Te(w).” When @ — 0 (the dc limit),
T{®) tends toward the static freezing temperature. We find T
~ 0.16 K, although as pointed out in ref 2, static freezing
temperatures can be challenging to identify. This type of
slowing down behavior is seen in many different classes of
materials, including multiferroic GaFeO,, ferroelectric
YIn,_,Fe, O3, and spinel Zn,V;04°"°"* An infinitely low
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Figure 2. Temperature dependence of (a) the real part ¥’ and (b) the
imaginary part y” of the ac susceptibility for TbInO; at selected
frequencies at zero field. (b) Inset: Arrhenius law fit of the frequency
dependent transition temperature in y”. (c) Temperature—magnetic
field phase diagram constructed with y’ data in the field at 271 Hz.
The paramagnetic, intermediate transition, and spin glass phases are
displayed. The red spheres indicate transition midpoints. The range of
intermediate (cyan) phase is determined by the width of the
transition. (d) ac field dependence of the transition temperature at
271 Hz.

frequency corresponds, of course, to an infinitely long response
time.

We extract the frustration index’ from these data as F =
1Ocwl/ T, = 1—18.71/0.16 = 117. In this formula, we replaced Ty
with the static freezing temperature, T, as a way of quantifying
how much O¢y is reduced by frustration. This can be
understood by considering length scales. While true Neéel
order (or any long-range magnetic order) shows infinite
correlation lengths, geometrically frustrated systems and spin
glasses are inherently short-range. Since T represents the
temperature where spins freeze and short-range correlations
appear in frustrated systems, it is the best analogue to Ty
available for calculating F. Clearly TbInO; exhibits a high
degree of frustration, especially when compared with its Mn
analogue, which has F = 1535 It is interesting to consider the
origin of this effect. Tb®" is a J = 6 ion with a non-Kramers
doublet that is well-known to possess low-lying f-manifold
excitations.” It is therefore highly desirable to account for the
presence of these excitations in the Curie—Weiss temperature.
Unfortunately, the interactions between rare earth ions in
TbInO, are not simple. Elastic neutron scattering® reveals
strong two-dimensional correlations consistent with aniso-
tropic exchange on both triangular and hexagonal sublattices.
Thus, while the energy scale represented by ¢y = —18.7 K is
complicated by the low-lying rare earth excitations, it is
meaningful in the sense that two-dimensional correlations in
the elastic neutron response become important here.”> The
frustration index calculated using this value of 6y is likely an
overestimate, although its large value (F ~ 117) still shows the
compound to be highly frustrated. TbInOj; is also relatively
“clean” compared to the mineral Herbertsmithite since there is

no low temperature Curie tail due to defects or disorder.”**°

This extremely large value of geometric frustration is consistent
with the absence of long-range order down to 50 mK. Such
extreme frustration can be relieved by the smallest of
interactions including spin—orbit®” and dipolar effects.

We fit the temperature dependence of the relaxation time in
TbInO; using peaks in ¥’ (assuming they fulfill the condition
w7 = 1)*° and the Arrhenius law f = f, exp[—E,/(ksT)]. This
yields an energy barrier of E,/kg = 0.5 + 0.05 K =~ 3T (Figure
2b). We also tested fits of the Vogel—Fulcher law. This model
is often used as a more accurate description of slow relaxation
in spin glasses because it incorporates a spread of relaxation
times of the sort expected in spin glass systems.’”** Although
both the Vogel—Fulcher and Arrhenius laws show the same
kind of downward trend, the data are linear (in agreement with
Arrhenius) rather than curved (as predicted by Vogel—
Fulcher)—at least within our sensitivity range and the number
of data points available. Agreement with the Arrhenius law
suggests a narrow distribution of relaxation times.

Interestingly, the static freezing temperature of TbInO;
increases with magnetic field (Figure 2c). Field-induced
stabilization of a magnetic phase is typical of a weak
ferromagnet,”' although as we indicated previously, the
negative Oy points to overall antiferromagnetic interactions.
This apparent contradiction is resolved by realizing that the
low temperature state likely consists of canted antiferromag-
netic clusters, with weak ferromagnetism arising from slight
spin canting.”> This finding is consistent with an extended
definition of multiferroic behavior that includes ferroelectric
polarization with canted antiferromagnetism.’”*' Figure 2d
displays the freezing temperature as a function of ac field at
271 Hz. T¢ decreases with increasing ac field, a trend observed
in other systems with glassy behavior.”>** In fact, this trend is
an “onset of irreversibility”."*

Mn3* Substitution Reduces Geometric Frustration in
TbInO;. Dilute magnetic substitution with Mn** ions
introduces random paramagnetic spins into the TbInOj;
structure. Each Mn®" acts as a center for a microscopic region,
breaking the frustration and leading to short-range magnetic
order. As a consequence, the magnetization increases slightly.**
At the same time, the added spin interferes with the triangular
lattice of rare earth centers and breaks the frustration there as
well. Figure 3a shows the real part of the ac susceptibility y’
between 0.05 and 0.5 K. At a frequency of 97 Hz, the transition
temperature is ~0.27 K, much higher than that of the parent
compound TbInO;. We extract T, = 0.26 K using the same
method as described previously. Assuming a similar Ocyy, for
both materials, we estimate a frustration index F &~ 70. Thus,
1% magnetic impurity substitution into TbInO; decreases F by
~40%—though we note a number of assumptions have been
used to derive this value. Regardless, we see that frustration is
extraordinarily sensitive to magnetic disorder. Similar trends
were found in Mn-substituted garnet.*® Arrhenius fitting shows
that the activation energy is also increased to 0.9 + 0.06 K—
consistent with slower magnetic relaxation (Figure 3b).
Although the introduction of magnetic ions reduces
frustration, the magnetic states themselves have the same
overall character. Figure 3c,d summarizes the susceptibility
under both static and ac fields. The phase diagram and onset of
irreversibility line are similar to those of TbInOj, although the
energy scales are larger and the crossover region is somewhat
broader.
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Figure 3. Temperature dependence of (a) the real part ¥’ and (b) the
imaginary part y” for TblnggoMnyg;O; at selected frequencies at zero
field. (b) Inset: Arrhenius law fit of the frequency dependent
transition temperature in y”. (c) Temperature—magnetic field phase
diagram constructed with y’ data in the field. The paramagnetic,
intermediate transition, and spin glass phases are displayed. The red
spheres are the midpoints of the transition. (d) AC field dependence
of the transition temperature at 271 Hz.

Developing the Magnetic Phase Diagram of GdInOj;.
Figure 4 summarizes our data on the spin-glass transition in
GdInO;. We find T; & 0.46 K at a frequency of 97 Hz, and
extract T; & 045 K using the same method employed for
TbInO;. Based upon Ocy = —11.8 + 0.6 K, we estimate F =
26. Since there is no need to correct ¢y for low-lying Gd**
crystal field levels because the 4f orbitals are half-filled, this
value of F is robust and Oy is representative of the exchange
interactions in the absence of crystal fields. Moreover, the Gd**
analogue represents data in the absence of lanthanide
anisotropy (since free Gd®* has a spherically symmetric f
electron distribution), so frustration emanates from the
structure with more isotropic rare earth interactions. This is
quite different from TbInO; where the Tb*" centers promote
anisotropic interactions and increased frustration. Examination
of y’ reveals that GdInO; also displays critical slowing down
behavior. The activation energy (E, = 4.3 + 0.2 K) is more
than 8 times that of TbInO;. The transition temperature
decreases with magnetic field, similar to, but more slowly than,
that in DyInO;. This trend gives the phase boundary a
“concave downward” appearance that is quite different from
what is observed in the other rare earth indium oxides
investigated here. It also reveals that the spin glass +
antiferromagnetic state in GdInOj is more robust against the
applied field than that in the Dy analogue, consistent with the
higher activation energy.

Reduced Glassy Character and Isosbestic Point in
DyInO;. Figure Sa displays the real part of the ac susceptibility
¥ for DyInO; between 0.05 and 0.6 K at 0.75 T. The
transition temperature is between 0.7 and 1.8 K at zero
magnetic field, so a small field was used to suppress T¢into the
measurable temperature range. By so doing, we bring the
response into our measurement window. We emphasize,
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Figure 4. (a) Temperature dependence of (a) the real part ¥’ and (b)
the imaginary part y” of the ac susceptibility for GdInOj; at selected
frequencies at zero field. (b) Inset: Arrhenius law fit of the frequency
dependent transition temperature from the measured y”. (c) y as a
function of temperature at selected fields 0, 0.01, 0.03, 0.1, and 0.2 T.
(d) Temperature—magnetic field phase diagram constructed with y’
data in applied magnetic field. The paramagnetic, intermediate, and
spin glass phases are labeled. The red spheres are the midpoints of the
transition.
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Figure 5. Temperature dependence of (a) the real part ¥’ and (b) the
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curves below 3.5 T at temperatures between 0.55 and 2.81 K. (d)
Temperature-magnetic field phase diagram constructed with ¥’ data in
applied ma§netic field. The red spheres indicate the midpoints of the
transition.”

however, that this is a different regime compared to the
previously measured compounds, so care is required in the

DOI: 10.1021/acs.inorgchem.8b01467
Inorg. Chem. 2018, 57, 12501-12508


http://dx.doi.org/10.1021/acs.inorgchem.8b01467

Inorganic Chemistry

interpretation of these findings. It may be that the slow
magnetic relaxation in these compounds has multiple origins
that react differently when dc magnetic fields are applied—
similar to single molecule magnets.””*° The polycrystalline
nature of the sample can also impact the results due to issues
with anisotropic exchange as discussed below. In any case, in
contrast to TbInOj, increasing the dc magnetic field suppresses
the transition temperature in DyInO; (Figure 5d).°” At 97 Hz
and 0.75 T, Ty~ 0.26 K. Using Oy = —11.1 + 0.6 K (obtained
from dc susceptibility as described previously), we find a
frustration index F < 16, significantly smaller than that of
TbInO;. This reduced frustration accounts for T¢ being higher
in DyInO;. Of course, F on the order of 16 is a lower limit
because a small magnetic field was applied. The dM/dH curves
in panel (c) also reveal a transition at 0.7 T. This critical field
decreases with increasing temperature. Interestingly, dM/dH
does not change with temperature near 1.3 T, implying the
existence of an isosbestic point.”® While most often seen in the
optical properties,””’° an isosbestic point in this context (i.e.,
dynamic susceptibility) is commonly associated with simple
mechanisms and a very low energy scale for important
microscopic processes.68 Figure Sd brings our results together
in a temperature-magnetic field phase diagram. This time, T
decreases with increasing field, suggesting the importance of
short-range antiferromagnetic interactions.” The trend is
different from what is observed in TbInO; (which contains a
weak ferromagnetic component due to canted antiferromag-
netism) and may be connected with the lower frustration index
in the Dy compound.

Discussion of Glassy Behavior in the Rare Earth
Indium Oxides. Many different types of magnetic systems
show some form of slow relaxation that manifests as a
frequency dependent ac susceptibility.”****”*> One method to
distinguish between different types of slowly relaxing spin
systems is the relative frequency shift of T given by 6T = AT,/
[TfA(log(Zir_f))].sg’73’74 The extracted 6T values are 0.26 for
TbInO;, 0.19 for TblnygMnyy, 0, 0.13 for DyInO;, and 0.05
for GdInO;. Interestingly, the 6T values vary significantly
among the compounds of interest, and most are substantially
larger than what is expected for canonical spin glasses (on the
order of 0.01).°®”> The largest value of 5Ty (in TbInO,) is
similar to what is found in a superparamagnetic system like
holmium borate glass.”” This is clearly an extreme case. By
contrast, the 6T¢s of Tbln;eMny,;O; and DyInO; are
comparable to spin-cluster systems like CuMn” or spin ice
Dy,Ti,0,.”> Here, the slow relaxation originates from
intercluster interactions which are composed of short—ran%e
ordered individual spins—often referred to as a cluster glass.”
The value of 6T in GdInOs, on the other hand, is much more
in line with expectations from canonical spin glass models
where the slow relaxation comes from the intrinsic interaction
between individual spins.”” These differences in T} can also be
interpreted in combination with how the peak in the real part
of the ac susceptibility, y’, varies between different systems. A
canonical spin glass shows a wide distribution of relaxation
times all of which can react differently to changes in
temperature (indeed the distribution can be modeled as a
distribution of super-paramagentic clusters).”® Thus, a broad y’
peak varies slowly, and 6T} is correspondingly small. Super-
paramagnetic systems (or analogous single molecule magnets)
consist of identical relaxing entities and thus show large 8T¢s.>®
Therefore, the aforementioned values of &T; in the
RIn; ,Mn,O; materials give an indication of cluster sizes,

although challenges in differentiating the Arrhenius and
Vogel—Fulcher models—discussed in detail for TbInO;—
preclude a quantitative check on this analysis.

Nonetheless, we consider the slow relaxation in each
compound. Turning first to GdInOj;, this compound displays
the most spin glasslike value of 6T; Additionally, the half-filled
f orbitals in Gd*" result in a spherically sgmmetric electron
distribution—lacked by the other R** ions’’—which suggests
more isotropic interactions in GdInO; and hence, the lower
value of F. By contrast, Tb* has an anisotropic f-electron
distribution, and two different Tb sites in the structure may
result in different anisotropies.”” Therefore, non-Heisenberg
interaction and/or anisotropic exchange may be expected as
was indicated in neutron diffraction experiments.*> This
appears to increase frustration (hence F = 117) and perhaps
cause clustering of magnetic moments. Substitution of 1%
Mn*" to produce TbIn,_,Mn,O; relieves much of this
frustration due to the presence of Mn** d-orbital based
moments. This may have the effect of making the system more
isotropic—resulting in the intermediate value of 6T} between
TbInO; and GdInO;. Briefly, we note that DyInO; also
appears to be intermediate between TbInO; and GdInO; as
would be expected if the relative behavior was controlled by f-
electron anisotropy. This is because Dy’* is slightly less
anisotropic than Tb*.”” Indeed, DyInO; appears to lack the
weak ferromagnetism due to canted antiferromagnetism of
TbInO;. While the results of ac susceptibility appear to support
the relaxation of DyInOj; being intermediate between the Tb*"
and Gd** analogues, the possibility remains that due to the
applied dc magnetic field of yoH, = 0.75 T, different relaxation
mechanisms have become dominant. Moreover, a polycrystal-
line sample is expected to provide a powder average of the
single crystal susceptibility and, as a result, may affect our
conclusions.

Finally, the glassiness and frustration of isostructural rare-
earth manganites are also considered as a comparison. The
glassiness and phase separation in colossal magnetoresistive
manganites and double-perovskite manganites are well
established.””®”” Near-field microwave impedance has even
been able to directly image the glassy dynamics in a strained
Manganite film.** Rare-earth manganites have geometric
frustration, although F & 1. The phase diagrams and structural
response reveal no evidence for glassy behavior, even at low
temperatures.””® Despite the close analogy with rare-earth
manganites, the phase diagrams of RIn;,_ Mn, O; uncovered in
this work sport an unexpectedly high degree of frustration as
well as evidence for glassy character, suggesting that the
physics of frustration is much more important than in the
RMnO; systems.”’ While the frustration indices quoted here
should be considered upper bounds due to challenges in
correcting the Curie—Weiss temperature for rare-earth
excitations in both triangular and hexagonal lattices,” they
are still extremely large compared to comparable systems.
Lastly, we point out that glassy behavior is associated with
strong spin—lattice coupling in the rare-earth manganites and
other materials like CrSiTe;.”®" Similar effects may be
important in the RIn;_ ,Mn O; materials.

B CONCLUSION

To summarize, we combined dc magnetization and ac
susceptibility to reveal the rich magnetic field-temperature
phase diagrams of a series of rare earth indium oxides. These
systems sport high degrees of frustration as described by the
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frustration index, F, as well as glasslike slow magnetic
relaxation in combination with antiferromagnetic tendencies.
We analyze trends in the degree of frustration and glassy
character in terms of the distribution of relaxation times as well
as the level of anisotropy in the f-electron distributions of the
rare earth ions. In addition to exploring the structure—property
relationships involving the rare earth centers, we examined the
role of Mn*" substitution on the Indium site. This reduces
frustration significantly, even at the 1% level. These findings
illustrate the fundamental differences between the RInOj;
materials and the well-studied rare earth manganites and, at
the same time, reveal the behavior of a new class of
geometrically frustrated multiferroics.
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