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Magnetochromic effect in multiferroic RIn1−xMnxO3 (R = Tb, Dy)
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We combined high field magnetization and magneto-optical spectroscopy to investigate spin-charge coupling
in Mn-substituted rare-earth indium oxides of chemical formula RIn1−xMnxO3 (R = Tb, Dy). The edge states,
on-site Mn3+ d to d excitations, and rare-earth f -manifold excitations all track the magnetization energy due
to dominant Zeeman interactions. The field-induced modifications to the rare-earth excitations are quite large
because spin-orbit coupling naturally mixes spin and charge, suggesting that the next logical step in the design
strategy should be to bring spin-orbit coupling onto the trigonal bipyramidal chromophore site with a 4 or 5d

center.
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I. INTRODUCTION

Spin-charge interactions are at the heart of the rich proper-
ties and tunability in complex oxides [1–4]. These processes
are traditionally investigated by resistivity, polarization, and
dielectric constant measurements in the presence of external
stimuli such as temperature, magnetic field, or pressure [5–9].
The frequency-dependent parts of these response functions
also reveal important signatures of magnetoelectric coupling.
In fact, one of the remarkable findings from this class of work
is how far beyond the static limit spin-charge interactions
extend [10]. The temperature, pressure, and the field-induced
band gap shifts in ZnO, BiFeO3, and Ni3V2O8 are but a few
examples [11–13]. The visible color contrast in the latter can
even be seen with the naked eye. Substituted rare-earth indium
oxides attracted our attention as systems in which to amplify
these interactions. In addition to ferroelectricity and magnetic
frustration [7,8,14,15], RIn1−xMnxO3 sports enormous spin-
orbit coupling due to rare-earth incorporation (on the order
of 2000 cm−1 for Tb3+ and Dy3+) [16] and the presence of
a magnetic chromophore (in this case, Mn3+) [17,18]. The
combination provides an opportunity to test how these factors
influence the dynamic aspects of magnetoelectric coupling.

Rare-earth indium oxides crystallize in hexagonal struc-
tures (space group P 63cm) and are isostructural with
LuMnO3 [19]. The noncentrosymmetric structure gives rise
to ferroelectricity in RInO3 [17,18]. Rare-earth centers form
triangular lattices in the ab plane and result in frustration [20].
In the lattice structure, the In3+ ions are located in fivefold-
coordinated trigonal-bipyramidal sites, and rare-earth ions are
sevenfold coordinated with two different site symmetries C3

and C3v . When substituted with Mn3+, the color changes
dramatically, from white to rich blues and greens [18]. This
is because Mn d-d excitations appear in the visible range.
In magnetic field, these on-site excitations redshift due to the
Zeeman effect [21]. In the more well-studied RMnO3 systems,
applied field reveals rich phase diagrams, an indication of the
many nearly degenerate states in these systems [14]. Rare-earth

centers also introduce spin-orbit coupling and f -manifold
excitations into the spectrum [22]. The magnetic-field-induced
shift of these excitations may provide an additional mechanism
by which color properties can change.

One of the long-term aims of our research program is
to make materials that give large color changes with very
small perturbation by magnetic field. In this work, we report
dynamic magnetoelectric coupling in the RIn1−xMnxO3 (R =
Tb, Dy) family of materials. Our measurements reveal broad,
modestly sized magneto-optical contrast due to edge states
and on-site Mn3+d to d excitations as well as dramatic but
narrow-field-induced changes in the f -manifold excitations
of the rare-earth centers. Bringing these data together with
complementary high-field magnetization reveals the key role
of Zeeman splitting in each case. Short-range correlations also
enable a remnant of the magnetic properties to persist to a
surprisingly high temperature. These data suggest that the next
logical step in the design strategy of color change materials
should be to bring spin-orbit coupling onto the chromophore
site (for instance, with a 4 or 5d center). This modification
should amplify the spin-charge interaction and yield larger
field-induced color changes. Continued work in this direction
will advance the understanding of spin-charge coupling away
from the static limit.

II. METHODS

A series of polycrystalline RIn1−xMnxO3 (R = Tb, Dy)
ceramics with x = 0.003, 0.01, and 0.02 were prepared via
conventional solid-state reactions [18]. Isothermal magne-
tization was measured using a 65 T short-pulse magnet
located at the National High Magnetic Field Laboratory
at Los Alamos using the induction method and a coaxial
compensation coil [23]. These results were benchmarked
with low field measurements on a superconducting quantum
interference device between 1.8 and 30 K with a 7 T field.
Variable temperature and magneto-optical measurements were
carried out at the National High Magnetic Field Laboratory
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FIG. 1. (Color online) (a) Isothermal magnetization of DyInO3,
DyIn0.99Mn0.01O3, TbInO3, and TbIn0.997Mn0.003O3 as a function of
the field at 0.55 K. (b) Temperature-dependent magnetization of
TbInO3. As evidenced by the shape of the 12 K magnetization curve
compared with that at 0.55 K, short-range spin correlations are quite
strong, even well above the ordering temperature.

at Tallahassee using a McPherson 2061A monochromator
and a 35 T resistive magnet. Some transmittance runs were
also performed using the 45 T hybrid magnet. Absorption
was calculated as α(ω) = − 1

d
ln[T (ω)], where T (ω) is the

transmittance as a function of photon frequency ω, and d is the
sample thickness. Normalized absorption difference spectra
were also calculated as [ �α(B)

α(0 T ) = α(35 T)−α(0 T)
α(0 T) ]. Traditional

peak fitting methods were employed as appropriate.

III. RESULTS AND DISCUSSION

A. Magnetization overview

Figure 1(a) displays the isothermal magnetization of
TbInO3, DyInO3, and two representative Mn-substituted sys-
tems as a function of magnetic field. The moments grow
rapidly below 10 T, above which, the slopes decrease, and
the moment changes quasilinearly. At 65 T, the moments of
TbInO3 and DyInO3 are ≈6.9 μB/Tb3+ and 8.1 μB/Dy3+,
respectively. These values are not fully saturated, although
they are approaching the free ion magnetic moments of Tb3+

(9.7 μB) and Dy3+ (10.6 μB). The dM/dB curve of DyInO3
also displays a 0.8 T local maximum. This finding along with
low-temperature ac susceptibility measurements (reported
elsewhere) suggest that the structure is a spin-glass transi-
tion [24]. Mn substitution introduces isolated paramagnetic
impurities in the lattice. These materials have slightly higher
saturation magnetizations compared with their unsubstituted
analogs. Finally, Fig. 1(b) shows the temperature-dependent
magnetization of TbInO3. Increasing temperature reduces the
magnetization, although even well above the ≈0.16 K or-
dering temperature [24], short-range interactions preserve the
characteristic shape of the curve. That a remnant of magnetic
order in TbInO3 appears at temperatures that are more than an
order of magnitude above the long-range ordering transition
is not unique. Similar effects are observed in DyInO3 and
the Mn-substituted rare-earth indium oxides investigated here.
Analogous behavior occurs in other multiferroics and a number
of molecule-based materials including [CuF2(pyz)](H2O)2 and
[CuHF2(pyz)2]BF4 [23,25].

FIG. 2. (Color online) (a) Absorption coefficient, α(ω), of
TbInO3 in 0 and 45 T at 4.2 K. Top inset: normalized absorption
difference spectra [ �α(B)

α(0 T) = α(45 T)−α(0 T)
α(0 T) ]. Bottom inset: Photograph

of a polished ≈100 μm sample in transmittance. (b) Integrated
intensity in the range of the excitation edge (12 000–17 000 cm−1) as
a function of the magnetic field at selected temperatures: 4.2, 20, and
50 K. The integrated magnetization C

∫
M(B)dB fits well with the

integrated intensity trend, where M(B) is the magnetization at ≈4 K
and C is a constant. (c) Absorption coefficient of TbIn0.997Mn0.003O3

in fields of 0 and 35 T at 4.2 K. Top inset: Photograph of a
polished ≈33 μm sample in transmittance. Bottom inset: normalized
absorption difference spectra. (d) Absolute value of the integrated
intensity in the range of the excitation edge as a function of magnetic
field at selected temperatures: 4.2 and 20 K.

B. Optical properties of TbIn1−xMnxO3

Figure 2(a) displays the optical response of TbInO3. We
assign the rising absorption near 20 000 cm−1 as part of the O
2p to In 5s charge transfer excitation [26]. An 18 000 cm−1

(2.2 eV) direct band gap is extracted from a linear fit of
(αω)2 vs ω, where α is the absorption coefficient and ω is
the photon frequency [27,28]. With increasing magnetic field,
absorption in the tail of the charge transfer excitation increases,
probably due to changes in edge states. The normalized
field-induced absorption difference spectrum of TbInO3 is
shown in the inset of Fig. 2(a). It displays a broad change
with a maximum of 7% at 45 T near 14 000 cm−1. Absorption
of more photons in the red-yellow color range makes the
material appear less orange in high field. We can understand
this effect in terms of charge-spin coupling. As the system
is driven toward the fully polarized state, the microscopic
spin structure and moment are modified and, in the presence
of strong spin-charge interactions, the electronic structure is
modified as well [13,29].

We quantify the field-induced color change with the inte-
grated intensity I (B) = ∫ ω2

ω1
�α(ω,B)dω, where ω1 and ω2
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are the frequencies of integration. This quantity represents the
change in absorption in magnetic field. Overall, I (B) increases
with the field, and the change decreases at higher temperatures
due to thermal effects [Fig. 2(b)]. This is because the system
is harder to polarize at higher temperature. The trend is well
described by the magnetization energy C

∫
M(B)dB, where

M(B) is the experimental magnetization (from Fig. 1) and C

is a constant. This finding indicates that Zeeman energy is the
driving force for the field-induced color change [30].

Chemical substitution is a powerful strategy for tailoring
magnetic and color properties [31,32]. When Mn3+ is substi-
tuted into the TbInO3 matrix, paramagnetic spins are added,
and magnetization increases slightly (Fig. 1). At the same time,
the color goes from golden-orange to green. This is because the
Mn3+d-d excitations appear in the visible range [Fig. 2(c)].
The broad features centered at 15 900 and 17 200 cm−1 are
assigned as Mn3+ on-site excitations from dxy/dx2−y2 and
dyz/dzx to d3z2−r2 [21,33]. The inset of Fig. 2(c) displays
the normalized field-induced absorption difference spectra.
Two broad features with opposite signs are observed. They
are attributed to the effect of the field-induced shift of the
d-d excitations to lower energy (≈40 cm−1). This result is
consistent with prior high-field work on TbMnO3 [21]. The
shift in the Mn3+ on-site excitations can be quantified by
the absolute value of the integrated intensity with magnetic
field (|I (B)|). The color change is on the order of 2% at
35 T. Figure 2(d) shows that |I (B)| increases with field. The
overall shape of the 4.2 K data is somewhat less well fit by
the magnetization energy than that in unsubstituted TbMnO3.
The slight deviations are probably due to local strains
introduced by the different ion sizes (In vs Mn) combined
with spin disorder introduced by the paramagnetic ions. The
field-induced shift is reduced at higher temperatures due to
thermal effects.

C. Optical properties of DyIn1−xMnxO3

The optical and magnetic properties of DyInO3 arise from
4f electrons in the Dy3+ centers and their interactions. Fig-
ure 3(a) displays the magneto-optical response of DyInO3. The
overall absorption in the visible range is low, consistent with
the white color of the material. A great deal of fine structure
is observed. These features are well-known Dy3+ crystal field
transitions from the 6H15/2 ground state to various excited
states, as indicated [34]. With applied magnetic field, the 4f

excitations shift to higher energy [inset, Fig. 3(a)]. This trend
is especially strong below 20 000 cm−1 where a typical shift in
35 T is 100 cm−1. By contrast, the features above 20 000 cm−1

are relatively rigid. This is because they are formally spin
forbidden but become allowed due to spin-orbit coupling [16].
Their sensitivity to the applied field is diminished as a result.

Figure 3(b) shows a close-up view of selected f -manifold
excitations. We assign the two multiplet clusters as 6H15/2 →
6F3/2 and 6H15/2 → 6F1/2 excitations, respectively [34]. The
site group controls the symmetry properties of crystal field ex-
citation levels. In DyInO3, two different Dy3+ centers occupy
positions with C3v and C3 site symmetry, respectively [35].
The slightly different crystal fields at these two sites causes
each level to split into a doublet. Group theory also predicts
that the 6F3/2 level is further split into two components due

FIG. 3. (Color online) (a) Absorption coefficient, α(ω), of
DyInO3 in 0 and 35 T fields at 4.2 K. Top inset: Normalized
absorption difference spectra [ �α(B)

α(0 T ) = α(35 T )−α(0 T )
α(0 T ) ]. Bottom inset:

Photograph of a polished ≈300 μm sample in transmittance.
(b) Close-up view of selected f electron excitations 6H15/2 → 6F3/2

and 6H15/2 → 6F1/2 at different fields. (c) Peak position vs magnetic
field for these f -manifold excitations. The red lines are a fit using
C

∫
M(B)dB + γ , where M(B) is the experimental magnetization,

C is a constant, and γ is the zero field energy of the excitation.
The green line shows the result of a Brillouin function analysis.
(d) Absorption coefficient of DyIn0.99Mn0.01O3 in fields of 0 and
35 T at 4.2 K. The f -electron excitations are from ground state
6H15/2 to excited states 6F7/2, 6F5/2, and 6F3/2. Top inset: Normalized
absorption difference spectra. Bottom inset: Photograph of a polished
≈100 μm sample viewed in transmittance. The blue color comes from
the on-site excitations of the Mn centers. The optical density of Mn
is too high to resolve the color band in this sample.

to spin-orbit coupling and the trigonal symmetry around the
Dy3+ centers [35]. Therefore, a symmetry analysis predicts
a total of four lines in the 6H15/2 → 6F3/2 cluster and two
in 6H15/2 → 6F1/2 cluster, in excellent agreement with our
spectroscopic results [Fig. 3(b)]. Color contrast in the vicinity
of the symmetry-allowed f -manifold excitations is very large,
on the order of 20–40 %, depending on the feature of interest.

The Zeeman effect is an incisive probe of the crystal field
environment. As summarized in Fig. 3(b,c), the f -manifold
excitations in DyInO3 shift to higher energy with increasing
field. This is due to a combination of Zeeman effects in the
ground and excited states. At the same time, the intensity of
C3 site-related features decreases. Overall, the peak positions
shift with field as the magnetization energy, C

∫
M(B)dB + γ ,

where M(B) is the magnetization data, C is a fitting constant,
and γ is the zero field splitting energy. The agreement is a
well-known signature of Zeeman interactions [30]. Here, the
γ ’s are larger for the 6H15/2 → 6F1/2 excitation compared to
the 6H15/2 → 6F3/2 excitation due to the smaller MJ quantum
number in the 6F1/2 level [36].
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A consistency check of this analysis is useful. Assuming
that Zeeman splitting in the excited states is negligible, we can
obtain the frequency shift of these excitations by a simplified
Brillouin function analysis [30]:

�ω = μB

�
tanh

(
μB

kBT

)
. (1)

The two levels in this expression correspond to the ground
and excited states of the rare-earth center. The relation
fits the magnetization energy very well (for μ = 8.1 μB),
indicating that the peak position trends (≈100 cm−1 at
35 T; 3 cm−1/T) are dominated by ground state Zeeman
effects. Taken together, our measurements reveal that the
magnetic field is quite effective at changing the position
of the Dy3+ on-site excitations (3 cm−1/T, 0.4 meV/T). By
comparison, field-induced band gap shifts in conventional
semiconductors due to Zeeman interactions are a similar
order of magnitude (0.1–0.3 meV/T) [37,38], whereas those
connected with magnetic phase transitions are much larger
(�1.4 meV/T) [13,39].

The addition of Mn centers, for instance in DyIn0.99
Mn0.01O3, changes the color to a rich blue. This is due to the
on-site excitations emanating from the Mn ions [18]. The effect
on the magnetic properties is different. The paramagnetic
impurities introduced by Mn substitution are located between
the triangular layers. As a result, they act as free spins and
have no effect on the behavior of the f -manifold crystal field
excitations [Fig. 3(d)]. In fact, the field dependence of the
f -manifold excitations is the same as in the DyInO3 parent
compound and can be fit with exactly the same fitting param-
eters. This shows that the addition of paramagnetic impurities
has little effect on the localized f -manifold excitations.

D. Discussion of color change mechanisms

Materials that possess a large generalized susceptibility
(i.e., a strong response to a small stimulus) are promising
candidates for novel device applications. To that end, we have
tested a number of different mechanisms, primarily but not
exclusively in oxides. Collective transitions are among the
most effective at amplifying spin-charge interactions and gen-
erating field-induced color changes because they modify local
charge density distributions [13,21,40,41]. Examples include
spin-flop and magnetic quantum critical transitions. Ni3V2O8

is an especially interesting case because color contrast due
to a field-tunable band edge can be seen with the naked eye.
Color changes driven by magnetic field also occur in molecular
systems due to a tunable singlet-triplet equilibrium and the
differences in electronic structure between the two states [29].
Rare-earth excitations have many positive aspects in this regard

including (i) strong intensities, (ii) excellent contrast, (iii) clear
shifts with field due to Zeeman interactions, and (iv) reso-
nances in the visible range—although f -manifold excitations
also occur elsewhere. Moreover, spin-orbit coupling naturally
mixes spin and charge. These excitations are, however, very
sharp and their changes do not translate into substantial color
contrast. A design strategy that places spin-orbit coupling
on the fivefold-coordinated trigonal-bipyramidal chromophore
sites [currently occupied by Mn in the RIn1−xMnxO3 (R = Tb,
Dy) system] is one path toward stronger interactions and
broader spectral change. The development of Re analogs like
RIn1−xRexO3 would be a straightforward next step. More
generally, these data suggest that placing spin on heavy
chromophores other than rare-earth centers is a promising
variation. Systems containing 4 and 5d centers are examples
of this more comprehensive design strategy [42].

IV. SUMMARY

We investigated the high-field magnetic and optical prop-
erties of substituted rare-earth indium oxides with chemical
formula RIn1−xMnxO3 (R = Tb, Dy). Applied field reveals
saturating moments in these systems, a slightly higher magne-
tization due to the introduction of paramagnetic impurities, and
a spin-glass transition in the Dy compound. Moreover, short-
range spin-spin correlations preserve the characteristic shape
of the magnetization well above the ordering temperature.
Magnetic field also creates optical contrast. The edge states,
on-site Mn3+ d to d excitations, and rare-earth f -manifold
excitations all track the magnetization energy due to dominant
Zeeman interactions. Spin-orbit coupling naturally mixes spin
and charge, which is why field-induced modifications to the
rare-earth excitations are so large. These data suggest that the
next logical variation in the design strategy should be to bring
spin-orbit coupling onto the trigonal bipyramidal chromophore
site (for instance, with a 4 or 5d center). Continued work in
this direction will advance the understanding of spin-charge
coupling away from the static limit.
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