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ABSTRACT

We report the magnetocapacitance effect and the magnetostriction in the spin-crossover (SCO) complex [MnIII(taa)] (H3taa = tris
(1-(2-azolyl)-2-azabuten-4-yl)amine). It is shown that huge enhancements of dielectric constant and lattice volume are caused by the field-
induced SCO transition from the low-spin to the high-spin states in [MnIII(taa)]. In addition, the temperature-field phase diagram of the field-
induced SCO in thermal equilibrium state is clarified up to 28 T. Our analysis suggests that a large magnetocaloric effect can also be caused
by the field-induced SCO. These results indicate the possibility of multiple control of various material properties by the field-induced SCO.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5097891., s

Tuning the physical properties of materials by magnetic fields
has attracted increasing interest from both fundamental and practi-
cal points of view. Not only magnetic properties but also dielectric,
thermal and mechanical properties can be tuned by magnetic fields.
Typical phenomena to realize such tuning by applied field are the
magnetoelectric (ME), magnetodielectric (MD) or magnetocaloric
effects and magnetostriction. The MD effect, which is a change in
the dielectric constant by the magnetic field, is important because it
enables the development of, for instance, the field tunable capacitor.
A large MD effect is known to be caused by the strong ME coupling
between spins and electric dipoles.1 A huge MD effect of ∼ 500%
due to the field-induced reorientation of the spiral spin structure
was reported in the ME multiferroic material DyMnO3.

2 Moreover,
giant magnetocaloric effect, which is demanded for magnetic refrig-
eration3–7 and magnetostriction, which is applicable to magnetic
actuators,8 are known to occur with the field-induced martensitic
transformation in Heusler alloys and field-induced transition from
the antiferromagnetic to ferromagnetic state in FeRh alloys.9–11 So
far, reported giant changes of physical properties by magnetic field,
are mainly caused by field-induced changes of the magnetic struc-
ture or the magnetic order.2–11 The observation of giant changes in

multiple properties by the applied magnetic field in one material are
still rare.

In this research, as a new approach to tune the various
properties of a material by the magnetic field, we focus the
magnetic-field-induced spin-crossover (SCO) transition. The SCO is
a transition between the low-spin (LS) and the high-spin (HS) states
in transition metal compounds from 3d4 to 3d7. The SCO can be
induced by several kinds of external stimulation, such as tempera-
ture, pressure, magnetic field, or photonic irradiation.12 Because the
SCO is caused by a variation of the 3d electric configuration, it is
accompanied not only by a change of the spin quantum number but
also by drastic changes of lattice volume, color and/or entropy.12–14

Therefore, we can expect to achieve tuning of various kinds of mate-
rial properties using magnetic-field-induced SCO transition. In this
letter, we report the huge MD effect and magnetostriction accom-
panying the magnetic-field-induced SCO. Furthermore, from our
measurements in high fields, the temperature-field phase diagram of
the field-induced SCO of [MnIII(taa)] in thermal equilibrium state is
obtained. From the analysis of this phase diagram, we indicate that
the field-induced SCO can also bring about a large magnetocaloric
effect.
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FIG. 1. Temperature dependence of the dielectric constant εr observed in
[MnIII(taa)]. The data observed in temperature rising and lowering processes are
shown in solid and dashed curves, respectively.

The 3d4 complex [MnIII(taa)] (H3taa = tris(1-(2-azolyl)
-2-azabuten-4-yl)amine) shows an SCO transition between the LS
state with a spin S = 1 and the HS state with S = 2 at TSCO

≅ 47 K in the absence of magnetic field.15,16 Because the internal
energy difference ΔE between the LS and HS states in [MnIII(taa)] is
relatively small, the complete field-induced SCO transition can be
realized by experimentally accessible magnetic fields.17 An impor-
tant feature of [MnIII(taa)] is that reorientation of the electric dipole
moments appear owing to the dynamic Jahan-Teller (JT) effect in its
HS state.18,19 Previous X-ray diffraction experiments at room tem-
perature revealed a trigonal symmetry in the HS state,15 in which
a two-fold degeneracy of the dγ orbitals remains. Because the dγ
orbitals are occupied by one electron in the HS state of a 3d4 system,
a JT instability arises in the HS state of [MnIII(taa)].18–21 Reflecting
the trigonal symmetry, the molecular elongation by JT distortion
in [MnIII(taa)] has three equal directions, and generates an electric
dipole moment perpendicular to both the trigonal axis and the JT
elongation axis.19 Because the direction of the JT elongation is disor-
dered, the electric dipole shows random reorientation, resulting in a

Curie-Weiss-like paraelectric behavior.18,19 Moreover, the molecule
in the LS state with no JT distortion has a small dielectric constant.
Therefore, we expect that the field-induced SCO transition from the
LS to the HS state causes a large MD effect. In addition to this MD
effect, a largemagnetostriction by field-induced SCO is also expected
because the SCO causes a large change in themolecular volume from
the smaller LS to larger HS molecule.

Single crystals of [MnIII(taa)], which belongs to a cubic
symmetry with an I4̄3d space group, were prepared by a method
described by Sim and Sinn.15,16 The dielectric constant of a sin-
gle crystal of [MnIII(taa)] was measured by an LCR meter (Agi-
lent, E4980A) in temperature range from 35 K to 70 K in mag-
netic fields B along [001] up to 28 T. A silver paste (Du Pont,
4922N) was used as electrodes on the sample. A 10 kHz AC
electric field E was applied along [001] to measure the dielec-
tric constant. The longitudinal and lateral magnetostrictions in
magnetic fields along [001] up to 14 T were measured in tem-
perature range from 4.2 K to 70 K using a home-made capaci-
tance cell and a capacitance bridge (Andeen Hagerling, 2500A).
Steady magnetic field was applied using the 28T-cryogen-free
hybrid magnet (28T-CHM) and the 15T-, 20T-superconducting
magnets (15T-SM, 20T-SM) at High Field Laboratory for Super-
conducting Materials, Institute for Materials Research, Tohoku
University.

Figure 1 shows the temperature dependence of dielectric con-
stant εr. At 0 T, a Curie-Weiss-like paraelectric behavior is observed
in the HS state above the transition temperature TSCO as previously
reported.18,19 Then, εr abruptly decreases at TSCO with decreasing
temperature owing to the SCO transition to the LS state. Almost
constant εr is observed in the LS state below TSCO. A hysteresis with a
width of ∼ 2 K is observed around TSCO. By applying magnetic field,
TSCO shifts toward lower temperature because the HS (high spin)
state is stabilized.

Figures 2 (a) and (b) show the MD effect, defined by
Δεr(B)/εr(0) = {εr(B) − εr(B = 0)}/εr(B = 0), in fields from 0 T
to 16 T and from 14 T to 28 T, respectively. At temperatures below
TSCO, the LS state at low field shows almost no field dependence of εr.
However, as the field is further increased εr increases abruptly owing
to the field-induced SCO to the HS state, showing a huge positive
MD effect, which reaches over 100%. With increasing temperature,

FIG. 2. Magnetodielectric (MD) effect
Δεr(B)/εr(B = 0) = {εr(B) − εr(B = 0)}/εr(B
= 0) observed in the magnetic field (a)
from 0 T to 16 T and (b) from 14 T to
28 T. Huge MD effect appears with the
SCO transition. The data, observed in up
and down sweep of the magnetic field,
are shown by solid and dashed curves,
respectively.
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FIG. 3. (a) Longitudinal magnetostriction
of [MnIII(taa)] along [001] for B // [001].
Magnetostriction, observed in up and
down sweep of the magnetic field, are
described in solid and dashed curves,
respectively. (b) The longitudinal and
transverse magnetostrictions at 46.5 K.

the transition field of the field-induced SCO shifts toward lower field,
and disappears above 50 K.

Figure 3 (a) shows the result of the longitudinal magnetostric-
tion measurement. L0 = 0.4 mm is the length of the sample in the
room temperature and ΔL is the elongation from the point 4.2 K
and zero magnetic field. At the temperatures below 50 K, a large
positive magnetostriction, which reaches ∼ 0.6%, appears owing to
the field-induced SCO to the HS state. This magnetostriction value
agrees with the change of the lattice constant accompanying the
thermally-induced SCO ≅ 0.65%, which was obtained from the
previous X-ray diffraction measurement.22

With increasing temperature, the magnetostriction shifts
toward lower field and disappear above TSCO as well as the large
MD effect mentioned above. Figure 3 (b) shows the longitudinal
and transverse magnetostriction at 46.5 K. The lattice changes in
both measurements almost coincident each other. This coincident
suggests that the magnetostriction comes from an isotropic volume
increase due to the field induced SCO transition. The difference of
the transition fields, seen in ΔL�B and ΔL // B probably comes from
slight difference of the measurement temperature. In addition to
the large MD effect and magnetostriction accompanying the field-
induced SCO, a slight positive magnetostriction and a negative MD
effect are observed in the HS state. We estimate that these behav-
iors come from the alignment of dynamic JT elongation in the HS
state by the magnetic field under the influence of the spin-orbit
interaction.

From the results of dielectric constant and magnetostriction
measurements, the temperature-field phase diagram of the SCO
transition is obtained in Fig. 4. Previously, the field-induced SCO
in [MnIII(taa)] was observed in pulsed magnetic fields whose dura-
tion were less than 100 ms.17 The fast sweep of the pulsed fields,
however, gives rise to a very large hysteresis accompanying the field-
induced SCO,17 and the width of that hysteresis strongly depends on
the sweeping speed. Therefore, the phase diagram in a thermal equi-
librium state was impossible to obtain from the measurements in
pulsed fields. In this study, by using steady magnetic fields, we suc-
ceeded in clarifying the thermal equilibrium phase diagram up to 28
T. The SCO transition points determined by different measurements
are in good agreement with each other as shown in Fig. 4.

The phase boundaries between the LS and HS states can be cal-
culated with the assumption that the free energies of the LS and the
HS states, FLS and FHS, are equal.

17 FLS is considered to be equal to
the free energy FS=1 of a free spin with S = 1. On the other hand, FHS

is expressed as follows.

FHS ≙ FS=2 − SJTT − SextT + ΔE (1)

Here, the first term FS=2 is the free energy of the spin S = 2, the
second term with SJT = kBln(3) is the entropy contribution from
the three equal direction of the JT distortion,18 the third term is the
entropy contribution other than the JT effect and spin degrees of
freedom, which was not taken into account in the previous study,17

and the fourth term ΔE is the energy difference between the LS and
the HS states at zero field. From the condition FLS = FHS, the phase
boundary is given as:

FIG. 4. Phase diagram of the SCO transition, obtained from the dielectric con-
stant and magnetostriction measurements. Closed and open circles are the tran-
sition points, obtained from the temperature dependence of dielectric constant εr.
Squares and diamonds are the transition points, obtained from the field depen-
dence of εr and the magnetostriction, respectively. Solid curve is the calculated
phase boundary. See text for detail.

AIP Advances 9, 085219 (2019); doi: 10.1063/1.5097891 9, 085219-3

© Author(s) 2019

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

−T
⎡⎢⎢⎢⎢⎢⎣
Sext + kB ln
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3 sinh( 5gμBH
2kBT
)

sinh( 3gμBH
2kBT
)

⎫⎪⎪⎪⎬⎪⎪⎪⎭

⎤⎥⎥⎥⎥⎥⎦
+ ΔE ≙ 0 (2)

Here, g = 2 represents the g-factor. The experimental phase
boundary is well explained by that equation, calculated with Sext =
kBln(3) and ΔE/kB = 127.3 K, as shown in Fig. 4.

Mentioning the entropy change of the SCO transition in
[MnIII(taa)], Garcia et al. suggested from DFT calculations that
the vibrational contribution is not negligible.23 In addition to this
phonon contribution, we indicate the entropy contribution from
the pseudo rotation of the dynamic Jahn-Teller distortion to Sext.

24

The first and the second excited energy levels of pseudo rotation
of the distortion in an E × e Jahn-Teller system are nearly triply
degenerated, giving rise to an entropy contribution S ≅ kBln(3).24

As described above, we have succeeded in observing the giant
MD effect and magnetostriction accompanying the magnetic field-
induced SCO, and have clarified the thermodynamic properties of
field-induced SCO in [MnIII(taa)]. In addition to the MD effect and
magnetostriction, as described above, other properties can be also
changed by the field-induced SCO. In fact, the magnetochromic
effect, which is a change in color by the field, was previously
observed in [MnIII(taa)].21 Moreover, because of the large entropy
change across the phase boundary of the SCO, a giant magne-
tocaloric effect is expected. The entropy change ΔS from the LS to
HS states is obtained from NA times difference between differentials
of the free energies NA{(−∂FHS/∂T) − (−∂FLS/∂T)} and given as:

ΔS ≙ R ln

⎧⎪⎪⎪⎨⎪⎪⎪⎩

sinh( 5gμBH
2kBT
)

sinh( 3gμBH
2kBT
)

⎫⎪⎪⎪⎬⎪⎪⎪⎭
+
gμBHNA

2T

⎧⎪⎪⎪⎨⎪⎪⎪⎩

5 cosh( 5gμBH
2kBT
)

sinh( 5gμBH
2kBT
)

−
3 cosh( 3gμBH

2kBT
)

sinh( 3gμBH
2kBT
)

⎫⎪⎪⎪⎬⎪⎪⎪⎭
+ R ln(3) +NASext (3)

Here, R = kBNA = 8.31 is the gas constant and NA = 6.02 × 1023
is the Avogadro constant. From the calculation using Sext, obtained
from the analysis, the magnetocaloric effect reaching ∼ 51 J/kg K
(∼ 22.1 J/mol K) at 46.8 K and under 5 T is predicted. This value
is comparable with the giant magnetocaloric effect ∼ 50 J/kg K,
reported in MnFeP0.5As0.3Si0.2.

5 The entropy value ∼ 22.1 J/kg K
contains three parts, SJT = Sext = kBln(3) = 9.1 J/mol K and ΔSmag

= 3.9 J/mol K. Here, ΔSmag is difference of the magnetic entropy
between the LS and HS states. Because ΔSmag decreases upon cool-
ing, ΔS approaches to 18.2 J/mol K in low temperature region. On
the other hand, it was reported that the slope of the phase boundary
in low temperature region, obtained from the previous pulsed mag-
netic field measurement, seems to agree with Clausius-Clapeyron
equation (∂Hc/∂Tc) = − (∂S/∂M) with ΔS = 9.1 J/mol K which
includes only SJT. However, the steady magnetic field measurements
in this study showed a larger slope of the phase boundary, This
requires the additional entropy Sext = kBln(3).

In conclusion, a huge MD effect (over 100%) and the magne-
tostriction of ∼ 0.6%, caused by the field induced SCO transition,

were observed in [MnIII(taa)]. Furthermore, this study suggests from
the analysis of the temperature-field phase diagram that the field
induced SCO causes a large magnetocaloric effect (∼ 52 J/kg K).
Our results demonstrated that huge changes of various kinds of
physical properties can be caused by the field-induced SCO. The
field-induced SCO opens new ways to achieve effective and multiple
tuning of material properties by the magnetic field.
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