
Chapter 26
Magneto-Optical Functionalities
in Cyano-Bridged Bimetal Assemblies
and Metal-Oxide Nanomaterials

Shin-ichi Ohkoshi

26.1 Introduction

Today, I am going to talk about magneto-optical functionalities in cyano-bridged
bimetal assemblies and metal-oxide nanoparticles. I have only short time to talk, so
I would like to focus on our laboratory work, i.e., magneto-optical functionalities in
cyano-bridged metal assemblies in these two compounds of Fe2[Nb
(CN)8] � (4-pyridinealdoxime)8 � 2H2O and Fe2[Nb(CN)8] � (4-bromopyridine)8 �
2H2O.

26.2 Light-Induced Spin-Crossover Magnet

Our laboratory has prepared of several families of magnetic materials based on
cyano-bridged metal assemblies using metal complexes [1–9]. Until now, we have
demonstrated several types of functionalities as shown in Fig. 26.1. For example,
light-induced phase transition behavior of photomagnetism [2,3], electric
field-induced phase transition in a magnetic material [4], and a coupling effect
between spin and ionic conductivity [5]. Furthermore, we demonstrated
humidity-sensitive magnetism [6] and transparent magnetic films. These features are
based onmetal complexes. Furthermore,we studymetal-oxide nanoparticles [10-12].
For example, recently we demonstrated light-induced metal-semiconductor phase
transition [10]and hard-magnetic ferrite with huge coercivity [11,12]. I would like to
talk about these two topics.
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To demonstrate photomagnetism in the material, we focused on the Light-induced
excited spin state trapping (LIESST) effect (Fig. 26.2). The LIESST effect is
light-induced excited spin-state trapping effect. This effect is very familiar in the field

Fig. 26.1 Background researchs on metal complexes and metal oxides

Fig. 26.2 Concept of combining LIESST effect and light-induced ferromagnet
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of metal-complex and coordination chemistry. Spin-crossover is the change between
iron low-spin and iron high-spin caused by stimuli, for example, light-irradiation. In
this case, light irradiation changes the material’s property due to the LIESST effect, or
simply, photo-induced spin-crossover behavior.

If ferromagnetism is coupled with this property, we can image light-induced
spin-crossover ferromagnetism, and spontaneous magnetization is expected to be
caused by light-irradiation. This idea is very simple—I think that many scientists
considered this simple idea—but before this work, nobody succeeded in observing
this phenomenon. The reason is because, in this LIESST effect, the metal cation
shows a very large volume change of 5 or 10%. Furthermore, the superexhange
interaction between these two paramagnetic species depends on the distance
between the metal cations. In the case of a spin crossover metal complex, the
super-exchange interaction is very weak, and therefore, spontaneous magnetization
cannot be observed.

According to this scenario, we considered demonstrating a light-induced
spin-crossover magnetiztion using this material (Fig. 26.3). This material consists
of iron and octacyanoniobate with 4-pyridinealdoxime. This material is prepared by
mixing these reagents. Iron is coordinated to four nitrogen atoms of
4-pyridinealdoxime and two nitrogen atoms of cyano groups of octacyanoniobate.
It has a three-dimensional complicated crystal structure.

We measured the magnetic property of this material (see Fig. 26.4). You can see
that, at room temperature and higher temperatures, the magnetic property is derived
from iron (II) high-spin and niobium paramagnetic spin. However, with decreasing
temperature, magnetization drops abruptly at 130 K. In this low-temperature phase,

Fig. 26.3 Crystal structure of Fe2[Nb(CN)8] � (4-pyoxm)8 � 2H2O
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about 80% of the iron ion is converted from high-spin to low-spin. The iron in the
low-temperature phase is basically in the low-spin state. This spin-crossover
behavior was also confirmed by Mössbauer spectroscopy and low temperature
UV-vis spectroscopy.

Next, we irradiated light onto the sample (Fig. 26.5). Before light irradiation, this
material based on iron(II) low-spin and niobium does not show a long-rangemagnetic
ordering, but, by light irradiation, high-spin state is induced, and then a spontaneous
magnetization is observed. The Curie temperature is 20 K. At the same time, a

Fig. 26.4 Spin-crossover phenomenon in Fe2[Nb(CN)8] � (4-pyoxm)8 � 2H2O observed by
magnetic measurements

Fig. 26.5 Light-induced spin-crossover magnetization in Fe2[Nb(CN)8] � (4-pyoxm)8 � 2H2O
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magnetic hysteresis loop is also observed with a coercive field of 240 Oe. This is the
first example of light-induced spin-crossovermagnetism. In this case, the spontaneous
magnetization is due to the ferrimagnetic ordering of niobium and iron(II) high-spin.

In the next material, we changed the ligand from 4-pyridinealdoxime to
4-bromopyridine (Fig. 26.6). The crystal structure is very similar. However, we
checked this material using single-crystal analysis, and surprisingly, this material
has two types of crystal structure. One of them is plus, the other is minus, and my
student picked up many of these single crystals, about 200 crystals, and checked
each of them. You can see that this material has a chiral structure.

In such a material, we can expect a new interesting phenomenon, i.e., coupling
between chirality and photomagnetism (Fig. 26.7). This material is a chiral pho-
tomagnet. In such a chiral photomagnet, we expect several types of new phe-
nomena. For example, optical control of magnetization-induced second-harmonic
generation, the Magnetization-induced second harmonic generation (MSHG) effect,
or optical control of the magneto-chiral dichroism behavior. Since this is the first
example of a chiral photomagnet, we tried to measure these phenomena of MSHG
and magneto-chiral dichroism (MChD).

Before moving on, it should be stated that we have previously reported
magnetization-induced second-harmonic generation in various materials
(Fig. 26.8) [13–19]. We have been studying this behavior for 15 years. Basically, in
the case of magnetic materials, second-harmonic generation principally cannot be
observed because the crystal structure of the usual magnetic materials are cen-
trosymmetric. In such a case, second-harmonic generation is forbidden. But, chemists
can prepare non-centrosymmetric crystal-structuredmaterials using amolecule-based

Fig. 26.6 Crystal structure of Fe2[Nb(CN)8] � (4-bromopyridine)8 � 2H2O
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magnet. Here are some examples that we have reported. In such materials, we
observed magnetization-induced second-harmonic generation in a pyroelectric
magnet, a piezoelectric magnet, and a chiral magnet.

Fig. 26.7 Concept of combining chirality and photomagnetism to exhibit new functionalities such
as control of MSHG and MChD by light

Fig. 26.8 Background researchs on magnetization-induced second-harmonic generation in
molecule-based magnets with non-centrosymmetric crystal structures
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26.3 Chiral Photomagnet

WWe studied the magnetic and optical properties of the chiral material, Fe2[Nb
(CN)8] � (4-bromopyridine)8 � 2H2O (Fig. 26.9), e.g., the magnetic properties of
this material. This material also exhibits spin-crossover behavior with a small
hysteresis (Fig. 26.10). At the same time, we measured second-harmonic genera-
tion of this material because both the high-temperature phase and the
low-temperature phase have non-centrosymmetric chiral-crystal structures.

First, we measured second-harmonic generation of this material at room temper-
ature. Second-harmonic intensity is not so strong, and with decreasing temperature,
the intensity increased with hysteresis, and with increasing temperature second

Fig. 26.9 Chiral crystal structure of Fe2[Nb(CN)8] � (4-bromopyridine)8 � 2H2O

Fig. 26.10 Spin-crossover phenomenon in Fe2[Nb(CN)8] � (4-bromopyridine)8 � 2H2O observed
by magnetic measurements
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harmonic generation (SHG) intensity recovered to the original level (Fig. 26.11). In
the present system, the high-temperature phase has a tetragonal structure with light
color, but the low-temperature phase has an orthorhombic crystal structure and pos-
sesses deep color. Therefore, from the Kleinman’s rule, the high-temperature phase
shows weak second-harmonic generation, and the low-temperature phase exhibits
strong second-harmonic generation.

Next, we checked the photomagnetic property of this material (Fig. 26.12). This
material also exhibits photomagnetization with a Curie temperature of 15 K. This is
caused by 473-nm light irradiation. Then, another light, a 785-nm light, was irra-
diated onto the sample. We observed a decrease of magnetization and Curie tem-
perature. This phase is clearly a different phase because the Curie temperature is
different. We named the first phase photo-induced phase I and the second phase
photo-induced phase II. Before light-irradiation the material is in the low temper-
ature phase. Photo-induced phase I and photo-induced phase II can be reversibly
changed by irradiating with the two types of light sources (Fig. 26.13).

A magnetic hysteresis loop is also observed in the magnetization versus field, and
the reversible change is observed by the irradiation of two different types of light
(Figs. 26.14 and 26.15). The mechanism is shown in Fig. 26.16. Before
light-irradiation, it is in the low-temperature phase, and by the light-irradiation,
through the excited states, 1A1 changes to

5T2. This is the high-spin state. Conversely,

Fig. 26.11 Spin-crossover
phenomenon observed in
Fe2[Nb(CN)8] �
(4-bromopyridine)8 � 2H2O
by magnetic measurements
(upper) and second-harmonic
generation (SHG) (lower)
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this high-spin state excited by the 785-nm light returns to the original low-spin state.
This is reversible photo-induced spin-crossover.

Fig. 26.13 Light-induced reverse spin-crossover magnetization in Fe2[Nb(CN)8] �
(4-bromopyridine)8 � 2H2O with photo-reversibility

Fig. 26.12 Light-induced spin-crossover magnetization in Fe2[Nb(CN)8] � (4-bromopyridine)8 �
2H2O
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In this state, the iron site is bridged by the niobium ion, and niobium is S = 1/2.
After light-irradiation, this effect occurs. High-spin iron and niobium leads to fer-
romagnetic ordering. The superexchange interaction is remarkably high, i.e.,
−5.2 cm−1. The reverse effect is also observed.

So, the low-temperature phase changes to photo-induced phase I, and then, to
photo-induced phase II. We conducted measurements of various optical properties

Fig. 26.14 Magnetic
hysteresis of Fe2[Nb(CN)8] �
(4-bromopyridine)8 � 2H2O
by light-induced
spin-crossover

Fig. 26.15 Magnetic
hysteresis of Fe2[Nb(CN)8] �
(4-bromopyridine)8 � 2H2O
by light-induced reverse
spin-crossover
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and found that half of the high-spin iron is converted to low-spin iron from
photo-induced phase I to photo-induced phase II. Unfortunately, this photo-induced
phase I cannot be converted completely to the low-spin state and stops at an inter-
mediate state, with a ratio of high-spin and low-spin of one-to-one. The photo-induced
phase I and photo-induced phase II are reversible through light irradiation.

Fig. 26.16 Mechanism of light-induced spin state trapping (LIESST) and reverse LIESST effect
in Fe2[Nb(CN)8] � (4-bromopyridine)8 � 2H2O

Fig. 26.17 Measurement method of angular dependence of SH intensity
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We measured second-harmonic generation of this photo-induced magnetization
behavior using a simple optical-coordinate polarizer (Fig. 26.17). We measured the
low-temperature phase, and also under light irradiation. As for low temperature
phase, p-in light is irradiated onto the crystal, and then vertical
second-harmonic-generation light is observed, as shown in the angle dependence of
SH intensity (Fig. 26.18). By irradiation of 473-nm light, the direction of
second-harmonic intensity is opposite. The minimum is at 0°. This means that
horizontal second-harmonic-generation light is radiated from this sample.
Furthermore, with 785-nm light, a maximum SH intensity is observed at 0° and
returns to vertical SH light. Between these two phases, the reversible change of the
polarization plane of SH light switches by almost 90°, without ellipticity.

vFigure 26.19 shows tensor analysis to understand the origin of the 90° switching
by light irradiation. This is a very complicated analysis, but here shown is the simple
explanation. After light-irradiation, photo-induced phase I and photo-induced phase
II reversibly switch. Comparing the tensors of these two phases, the magnetic term
shown with red circles is dominant in photo-induced phase I, and the crystal term
shown with green circles is dominant in photo-induced phase II. This difference
changes the polarization plane of the second-harmonic generation.

Second-harmonic intensity is expressed by the crystal term and the magnetic
term (Fig. 26.20). When the crystal term is stronger than the magnetic term, the
maximum of second-harmonic intensity is at 0°. When the magnetic term over-
comes the crystal term, the minimum is at 0°. This is a simple explanation of this
phenomenon.

Fig. 26.18 Photo-switching phenomenon of SH polarization in Fe2[Nb
(CN)8] � (4-bromopyridine)8 � 2H2O
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Fig. 26.19 SHG and MSHG susceptibility tensors of the photo-induced phase I and
photo-induced phase II of Fe2[Nb(CN)8] � (4-bromopyridine)8 � 2H2O

Fig. 26.20 Mechanism of 90° optical switching of the SH polarization in Fe2[Nb
(CN)8] � (4-bromopyridine)8 � 2H2O
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Here is the future work that we are considering: Not only 90° switching, but also
switching of intermediate angles is possible by controlling the light intensity or
magnetization (Fig. 26.21). This means that this crystal is applicable not only in a
binary system but also in denary or n-ary systems. For example, n-ary optical
recording memory could be possible (Fig. 26.22).

Fig. 26.21 Possible application of the observed optical-switching phenomenon as a high-density
optical memory using n-ary system

Fig. 26.22 Summary of “Magneto-optical functionalities in cyano-bridged bimetal assemblies
and metal oxide nanomaterials”
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