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Design of novel magnets using
Prussian blue analogues
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The main aim of this paper is to show how well we can design novel molecule-
based magnets using Prussian blue analogues based on theory. We obtained various
novel magnets, i.e. magnets containing both ferro- and antiferromagnetic interactions
without spin frustration, a magnet having two compensation temperatures, coloured
transparent magnets, a photomagnet and a photoinduced pole inversion magnet.
These magnets were designed using simple theories, including molecular field theory.
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1. Introduction

Control of magnetic properties is an attractive but very difficult problem in the field
of magnetic materials. Although the theoretical analyses of various magnetic prop-
erties of materials are often successful in great detail, theoretical prediction for the
production of novel magnets is difficult in general and especially for classical metal
or metal oxide magnets. One of the main reasons is that various types of exchange
and/or superexchange interactions exist among many spin sources. Moreover, metal
or metal ion substitution often causes structural distortions. For molecule-based mag-
nets, however, theoretical design could become more useful than for the classical mag-
nets, because the molecular magnets can be obtained through a selection of appropri-
ate spin sources (see Gatteschi et al. 1991; Kahn 1993; Miller & Epstein 1994). This
is especially appropriate for Prussian blue analogues, some of which become ferro-
magnets, e.g. CsNi[Cr(CN)gl, T, = 90 K (Entley & Girolami 1994), while others are
ferrimagnets, e.g. V1.16[Cr(CN)g|, T = 315 K (Ferlay et al. 1995), where the theoret-
ical prediction of magnetic properties is very useful, as shown later. Let us consider
the magnetic coupling of the metal centres in Prussian blue analogues. The coupling
cannot be explained either by weak dipole—dipole interactions or by direct exchange
interactions via overlapping metal orbitals. The coupling is described in terms of a
superexchange mechanism through the cyanide ligands. The superexchange mecha-
nism is summarized on the basis of the Goodenough—Kanamori rule that includes
consideration of the bond angle and the symmetry of the metal and ligand orbitals
concerned (see Goodenough 1958, 1959; Kanamori 1959). There are two mechanisms
for superexchange interactions: the kinetic exchange mechanism (Jkg) and the poten-
tial exchange mechanism (Jpg) (figure la) (see Ginsberg 1971). On the one hand,
kinetic exchange is mediated by a direct pathway of the overlapping orbitals, which
connects the two interacting magnetic orbitals. It is antiferromagnetic in nature as
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a consequence of the Pauli principle, leading to an antiparallel spin ordering via a
common covalent bond. On the other hand, potential exchange is effective between
orthogonal magnetic orbitals with comparable orbital energy. In this case Hund’s
rule leads to a parallel spin alignment, i.e. a ferromagnetic interaction. In the case of
Prussian blue analogues, the metal d-orbitals are split into tog and e, sets by the CN
ligands (figure 1b). Moreover, in most cases, they maintain their face-centred cubic
(FCC) structure even after substituting the metal ions. Therefore, based on magnetic
orbital symmetry, we can understand whether the orbital superexchange among each
orbital on the metal ions is Jxg or Jpg. When the magnetic orbital symmetries of
the metals are the same, the superexchange interaction might be Jkg. Conversely,
when the magnetic orbital symmetries of the metals are different, the superexchange
interaction might be Jpg. The total superexchange interaction is given by the sum
of all the orbital exchange contributions between transition metal ions (see Ginsberg
1971; Nishino et al. 1997).

For example, consider the case of the hexacyanochromate cyanide ALI[CrIH(CN)G]7
with Cr'!!l being (toq)® and S, = 3/2. If each magnetic orbital of Al has e,
symmetry, there is no overlap between the Cr''l and Al magnetic orbitals. In this
situation, the potential exchange mechanism becomes dominant, leading to a ferro-
magnetic interaction between Cr'™' and A™. In fact, in CsNi''[Cr'™(CN)g], with a
high-spin state for Ni'l ((t24)%(eg)?, Sni = 1), a ferromagnetic interaction operates
between Cr''! and Nill, as reported by Entley & Girolami (1994). However, when each
A magnetic orbital has to, symmetry, the overlap between the tog(A) and tog(Cr)
orbitals gives rise to kinetic exchange, leading to an antiferromagnetic interaction.
If both to, and e, electrons are present on A the superexchange coupling constant
(JaB) is described as the sum of the ferromagnetic (Jpg > 0) and antiferromagnetic
(Jke < 0) orbital contributions. Kinetic exchange usually operates in preference to
potential exchange, i.e. |Jxg| > |Jpr| (see Anderson 1959). For example, Griebler &
Babel (1982) showed that the interaction between Cr!!l and Mn!! with a high-spin
state for Mn'! ((t24)3(eg)?, Smn = 5/2) in CsMnI[Cr!{(CN)g] is antiferromagnetic,
and the compound is a ferrimagnet. In most Prussian blue analogues, therefore, we
can readily understand the superexchange interactions.

2. Design of the superexchange interactions

Here, we will discuss the magnetic properties of Prussian blue analogues containing
both ferromagnetic and antiferromagnetic interactions (see Ohkoshi et al. 1997a, b).
The magnets have both ferromagnetic and ferrimagnetic characteristics simultane-
ously, and therefore could be called mixed ferro-ferrimagnets. It may be difficult
to achieve such properties in classical metal oxide magnets, because various types of
magnetic interactions involving the metal ions can operate in these systems, including
superexchange interactions, direct exchange interactions, and dipole—dipole interac-
tions. In Prussian blue analogues, however, their FCC structure and the relatively
long distance between magnetic ions make it possible for ferromagnetic and anti-
ferromagnetic interactions to exist independently. As prototypes exemplifying the
mixed ferro-ferrimagnetism, we will discuss a series of (Nil!lMn!l ); s[Cr''I(CN)g]
compounds, which can accommodate both ferromagnetic (Jyicy > 0) and antiferro-
magnetic (Jyncr < 0) exchange interactions (figure 2).
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Figure 1. (a) The two basic mechanisms for the isotropic exchange in the magnetic coupling
between the A and B ions in the CN-bridged complex. On the left is one of the significant
kinetic exchange (Jxg) pathways (dy:||7:||dy./), and on the right is one of significant potential
exchange (Jpg) pathways (dy.||7. L 7 ||ds,’ ). The superexchange coupling between A' and B!
(JaB) involves a superposition of Jpg and Jkg. (b) In the Prussian blue structure, superexchange
interactions at a 180° angle between A™ and B are dominant over superexchange interactions
of the second nearest-neighbour metals (Jaa()) and direct exchange interactions (Jaai))-
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Figure 2. Schematic illustration of a ternary metal Prussian blue analogue containing both ferro-
magnetic and antiferromagnetic interactions. Cr'™" and either Ni'' or Mn™, which are randomly
incorporated in the lattice, are linked in an alternating fashion.

Let us evaluate the theoretical saturation magnetization (Is) values for mate-
rials. We first consider the model compounds, Nill;[Cr'/(CN)s] ferromagnet and
MnlL [Cri(CN)g] ferrimagnet. The I values of these two compounds are expected
to be 6up (due to parallel alignment of the spins, Sx; = 1 and S¢, = 3/2) and
4.5up (due to antiparallel alignment of the spins, Sy, = 5/2 and Sy = 3/2),
respectively. When powders of the two compounds are physically mixed, the total
I; will vary between 4.5 and 6up, depending on the mixing ratio, as shown in fig-
ure 3 (dashed line). However, when the two compounds are mixed at an atomic level,
parallel spins (Ni'! and Cr'™) and antiparallel spins (Mn'! and Cr'!) can partly or
even completely cancel, depending on the mixing ratio, because Cr''! and either Ni'l
or Mn'" are linked in an alternating fashion. In this manner, materials with I val-
ues anywhere in the range 0—6up may be prepared. For the members of the series
(NiIMnil ), 5[Cri(CN)g], I is given by

I, = g,uB|SCr —+ 1.5[5Ni$ — SMn(l — .’IJ)” (21)

The calculated dependence of Iy on z is shown in figure 3 (solid line). The Iy is
predicted to vanish for z = 3/7 (0.428), and such a material should exhibit antifer-
romagnetic properties. Moreover, spin glass behaviour does not occur in this series
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Figure 3. Calculated and experimentally observed saturation magnetizations as a function of x.
Atomic-level mixture (NitMniL )1 5[Cr™(CN)g] - zH20): theory (——), observed (). Macro-
scopic physical mixture x - Nit';[Cr™(CN)g] + (1 — ) - Mn{!5[Cr™ (CN)g]: calculated (— — — -);
observed (V).

because the direction of each spin is consistent with the sign of J of the nearest-
neighbour spin site.

These compounds can be prepared by reacting mixtures of NiCly and MnCly
aqueous solutions (with a given molar ratio xyix, ranging from zero to unity, of
Ni%* versus the total of Ni?* and Mn?*) with K3Cr(CN)g aqueous solution to yield
green precipitates. The z values in the resulting precipitates are in general in good
agreement with the xp;, values used in the syntheses. The results for the X-ray pow-
der diffraction measurements show that patterns for each member of the series are
consistent with FCC structure, with the lattice constant decreasing from 10.787 to
10.467 A with increasing z, and that the materials are not macroscopic mixtures of
Nill [Cr(CN)g] and Mnll [CrT(CN)g], but are ternary metal complexes in which
Mn' and Ni'! are randomly incorporated in the lattice, corresponding to the mixing
ratio of NiCly and MnCls. It is important to note that the carbon atoms of the
cyano groups are always bonded to Cr'!!, and the nitrogen atoms are always bonded
to either Ni'! or Mn'l.

The observed I values of Nill.[Cr(CN)g] and Mnil;[Cr!!l(CN)g] are 5.57 and
4.38up for a given formula, respectively. When powders of the two compounds are
physically mixed, the total I varied between 4.38 and 5.57up, depending on the
mixing ratio, as shown in figure 3 (triangles). Conversely, when the two compounds
are mixed at an atomic level, those for the intermediate compositions varied in a
systematic fashion as a function of x (figure 3, filled circles). Minimum values are
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obtained for z values close to 3/7 (0.42 and 0.45); the molar I values are very
close to zero, just at the point where parallel spins (Cr''! and Ni'!) and antiparallel
spins (Mn'!) should completely cancel out. Thus it can be noticed that the molar
I dependence on z follows equation (2.1) quite well. The Weiss temperature (6¢)
values increase monotonically from negative to positive values with increasing x, and
this behaviour can be explained by considering that the weighted average of Jyicr
and Jymer changes as a function of x.

The other magnetic properties are also changed depending on z, but one of the
most interesting aspects of the magnetic behaviour of this series is the thermodynam-
ics of the magnetization. In general, ferromagnets exhibit monotonically increasing
magnetization curves with decreasing temperature below T¢. However, in the case
of ferrimagnets, Néel (1948) envisaged the possibility that saturation magnetization
versus temperature curves could be classified into four types according to the shape,
i.e. Q-, R-, P- and N-types. The Q- and R-type curves exhibit monotonic increases
with decreasing temperature, while the P-type exhibits a single maximum and the
N-type exhibits two maxima. For the present mixed ferro-ferrimagnets, all these four
types of temperature dependence are observed with one series of compounds. In
figure 4a are shown the magnetization versus temperature curves at 1000 G with
various = values. These types of curves are consistent with the Néel classification,
Type R (z = 0), Type N (z = 0.38), Type P (z = 0.45), and Type Q (x = 1). In
addition, the magnetization of the compound for 0.33 < x < 0.43 shows a negative
value when the external magnetic field is lower than its coercive field (figure 5a).
The temperature at which the magnetization becomes zero is called a compensation
temperature (Tcomp) (see Gorter 1954; Mathoniere et al. 1994).

These temperature dependencies can be analysed using a molecular field (MF)
theory (see Anderson 1964), considering only two types of superexchange couplings
between the nearest-neighbour sites, one for Ni-Cr and the other for Mn—Cr, accord-
ing to the model shown in figure 2. Those between the second nearest-neighbour sites
(Mn—Ni and Cr-Cr) are neglected. The molecular fields Hy;, Hyn and He, acting on
the three sublattice sites in (NillMnil ); 5[Cr!(CN)g] can be expressed as follows:

HMn = HO + nMnCrMCra (22)
Hyi = Hy + nniceMcr, (2.3)
Hcy = Ho 4+ neevn My + norni M, (2.4)

where Hy is the external magnetic field, n;; are the MF coefficients, and Mni, Mnin
and M, are the sublattice magnetizations per unit volume for the Ni, Mn and Cr
sites, respectively. The MF coefficients n;; are related to the exchange coefficients

(Jij) by
nancr = 2ZMncrIvncy/ (4N (gus)?), (2.
nyicr = 2ZxnicrJInicr /(N (gps)?), (2.
nesvn = 2Zcrvn e/ (M1 — )N (gus)?), (2.
nesNi = 2Zceninicr/ (AzN (gus)?), (2.
where up is the Bohr magneton, Z;; are the numbers of the nearest-neighbour j-site

ions surrounding an i-site ion, N is the total number of all types of metal ions per
unit volume, and X and u represent the molar fractions for the Al cations (total of

5)
6)
7)
8)
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the molar fractions for Mn!! and Ni!l) ions and for the Cr!!! ions, respectively. When

we designate the thermally averaged values of the spins of the Mn, Ni and Cr ions
in their respective sites in the direction of each sublattice magnetization as (Sym),
(Sni) and (Scy), the sublattice magnetization can be expressed as follows:

My = A1 = 2)Ngup(Sun), (2.9)
Myi = Az Ngpu(Sni), (2.10)
Mecy = pNgug{Scy). (2.11)

Substituting (2.5)—(2.8) and (2.9)-(2.11) into (2.2)—(2.4), we have
Hyin = Ho + 2Z0nceIvince(Scr) /918, (2.12)
Hyi = Ho + 2ZnicrJInic: (Scr) /g1, (2.13)

Hey = Ho 4 2Zcenvn (1 — ) Invncr (Svn) /9B + 2ZcrnizInic: (Sni) /gps. (2.14)

The magnitudes of (Sym), (Sni) and (Scy), setting Hy = 0, are given by

(Svn) = Svin0Bsnvno (2Z2vncr Invincr Svino (Scr) / kBT, (2.15)
(Sni) = SnioBsnio(22nicr JInicr Snio(Scr) /ksT), (2.16)
(Scr) = ScroBscro(2Zcemn (1 — o) IvncrScro(Svn) /ksT

+ 2ZciNiz IvmerScro (Sni) /kBT), (2.17)

where Bg is the Brillouin function, Syno, Snio and Scyo are the values of (Syy),
(Sni) and (Scy) at T = 0K and kg is the Boltzmann constant. The (Swm), (Sni)
and (Sc¢;) can be calculated numerically. The total magnetization (Miota)) is

Miotal = —Myn + Mni + Mcy
= Ngup[—A(1 — z)(Syn) + Az (Sni) + 1(Scr)]- (2.18)

The negative and positive signs are for antiparallel and parallel interactions, respec-
tively. For (Nil'Mn!! ); 5[Cr™(CN)g] - 7.5H50, the numbers of the nearest neigh-
bours Z;; are Zymcr = Znicr = 4; Zorvin = 6(1—2), Zerni = 6x; and other quantities
are as follows: A = 1.5; = 1; Syvno = 5/2; Snio = 1; Scro = 3/2; and g = 2.

In order to calculate the temperature dependence, the J values of Mn-Cr™! and
Ni'l-Cr'™ must be estimated. These values can be obtained approximately from
the observed T, values for Ml [Cr!l(CN)g] and Nill [Cr![(CN)g]. The relationship
between the T, values for the Prussian blue analogues and the J values is expressed
as follows:

T, = 2(ZijZ;i)*?|Ji;|(Si(S;: + 1)S;(S; + 1))'/? /3ks, (2.19)

where i = Ni or Mn and j = Cr. Based on this equation, Jxicr = 5.6 cm™! and
Jymcr = —2.5ecm ™! are obtained, using T, values of a 72 K for Nill.[Cr!I(CN)g] -
8H,0 and a 67 K for Mn!! [Cr'™(CN)g] - 7.5H,0.

For the calculation of magnetization dependencies in the

(Nif'Mn}L )1 5[Cr™ (CN)g] - zH,0

series, the magnetizations of Ni and Cr are expected to be along the direction of
the external magnetic field, because experimental curves shown here are obtained
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Figure 4. Magnetization versus temperature curves for (NiyMniL,): 5[Cr'™(CN)g] - zH20: (a)
experimental points obtained at 1000 G and (b) calculated dependence of |Miotal| based on
molecular field theory, assuming three sublattices, the two J coefficients (Jnicr = 5.6 cm™! and
Jymer = —2.5 em ™), and the compositional parameter .
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Figure 5. Magnetization versus temperature curves for (NifMnl' )1 5[Cr'(CN)¢] - zH20
(z = 0.38, 0.39, 0.40, 0.41, 0.42, 0.43, going from the lowest curve to the highest curve). (a)
Experimental data obtained at 10 G and (b) calculated temperature dependences of magneti-
zation Miotar based on molecular field theory, with three sublattice sites (Ni, Mn, Cr), with J
coefficients Jyicr = 5.6 cm ™! and Juvncr = —2.5 cm™ L.

by a field cooling (10 G or 1000 G) method and the T, value for Nil';[Cr!(CN)g] is
higher than that for Mn!' [Cr''I(CN)g]. Therefore, in this system, the signs of the
magnetization of ferromagnetic sites (Ni and Cr) can be assumed to be positive. Note
that the calculated spontaneous magnetizations are essentially the saturated values,
because the MF theory does not consider the magnetization process. The negative
magnetization below Tiomp is compelled to invert along the external magnetic field
direction when the external magnetic field is larger. Therefore, for simulations of
observed temperature dependence curves at 10 G and 1000 G, the M. and the
| Miotal| curves are adopted, respectively.

Under these conditions, the temperature dependencies of the spontaneous mag-
netization are calculated for several different compositions. For = = 0, only Jymcr
appears in the equation, and hence the curve exhibits a monotonically increasing
magnetization with decreasing temperature. For 0.33 < x < 3/7 (0.429), the | M;otal
curves exhibit two maxima, with a minimum at Tiomp (see curve for x = 0.38 in
figure 4b). This Tiomp shifts from Tt to 0 K with increasing x. On the other hand,
Miotar for 0.33 < x < 3/7 exhibits negative magnetization with Ttomp (figure 5b).
For x = 3/7, Teomp was 0 K, and this value corresponds to that predicted by equa-
tion (2.1), in which the saturation magnetization disappears. For z > 0.45, the curve
exhibits a single maximum. For x = 1, the curve exhibits a monotonic increase due to
the fact that only Jxic, appears. The calculated curves for |Miota1| and Miotar qual-
itatively reproduce the experimental ones at 1000 G and 10 G, as shown in figures 4
and 5, respectively.

These various types of temperature dependence of the magnetization arise because
the negative magnetization due to the Mn!! sublattice and the positive magnetiza-
tions due to the Ni'' and Cr''! sublattices have different temperature dependencies
(figure 6a). For example, for = 0.38, the relations of the magnitude among each
sublattice magnetizations are as follows: |Myi| + |Mcy| > M| at T > Teomp and
|Mni| + |Mcr| < |[Muin| at T' < Teomp, respectively (figure 6b). The close correspon-
dence between the calculated and observed curves shows that the magnetic properties
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Figure 6. (a) Calculated temperature-dependence curves for each sublattice (Myn, Mni, Mcr)
and total magnetization (Miota1) for (Ni}{gsMn}{W 1,5[CrIH(CN)6} based on the three-sublattice
molecular field theory. (b) Schematic diagram illustrating positive (Mn;j + Mc,: m) and negative
magnetizations (Mwym: O) versus the direction of the external magnetic field at 7' > Tcomp and
T < Teomp, respectively.

of the (NillMnll )1 5[Cr''I(CN)g] - zH20 series can be predicted using an MF model
which considered only superexchange interactions between the nearest neighbours
(Ni''-Cr™! and Mn-Cr!h).

These results show that in Prussian blue analogues both the ferro- and antifer-
romagnetic interactions exist simultaneously without spin glass behaviour and their
magnetic properties can be explained by MF theory.

3. A design of fickle magnet which switches pole direction twice with
increasing temperature

Here we will show how well the MF theory works for the design of a novel magnet
with Prussian blue analogues by designing a magnet that flips the orientation of
its magnetic field twice as its temperature is increased. In other words, this magnet
possesses two compensation temperatures (see Ohkoshi et al. 1999a).

The key objective here is to design Prussian blue analogues containing one fer-
romagnetic and two antiferromagnetic interactions simultaneously by incorporating
four different metal ions into the lattice, three of them being randomly distributed,
with the correct ratio being obtained by use of a calculation based on MF theory. We
choose members of a new class of mixed ferro-ferrimagnets with the generic formula
(NiIMn{Fell); 5[CrI(CN)g] - 2 HoO (a + b+ ¢ = 1) (figure 7).

First, we evaluate theoretically the temperature dependencies of a series of com-
pounds (NillMni'Fell); 5[Cr!'I(CN)g]- 2H,0 using the MF theory, with the spin num-
bers for the four sublattice sites: Sx; = 1; Syn = 5/2; Spe = 2 and S¢, = 3/2. For
this calculation, only the three types of superexchange couplings between the nearest-
neighbour sites, Ni-Cr, Mn—Cr and Fe—Cr, are considered. The molecular fields Hyj,
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Figure 7. Schematic of mixed ferro-ferrimagnets composed of (NifMn}Fell); 5[Cr™(CN)g)-
zH20. Zeolitic water molecules in the unit cell are omitted for clarity. The ferromagnetic
(Jnicr > 0 and Jrecr > 0) and antiferromagnetic (Jvncr < 0) superexchange interactions can
coexist without spin frustration, because the A™ (A = Ni, Mn or Fe) (o) and Cr™™ (e) ions of the
Prussian blue structure are linked in an alternating fashion. (Fel!Cri,)1.5[Cr'(CN)g] - zH2O.

Hy, Hre and He, acting on the four sublattice sites can be expressed as follows:

Hyvin = Ho + nvnerMcr, (3.1)
Hyi = Ho + nxicrMcr, (3.2)
Hp. = Hy + nrecrMcr, (3.3)
Hc, = Hy 4 neevin Mvin + noeni M + nerre Mre, (3.4)

where Hy, n;j, Jij, Mni, Myn, Mre and Mg, are defined similar to those in §2. The
sublattice magnetizations and total magnetization (Miotal = — My + Mni + Mpe +
Mc,) as a function of temperature can be evaluated using a Brillouin function. A
Jyvmer value of —2.5 cm ™!, a Jyicr value of +5.6 cm ™! and a Jpec, value of +0.9 cm !
are obtained from the experimental T, values of

Mnll [Cr(CN)g] - 7.5H,0  (Te = 67 K),
NilL[Cr'(CN)g] - 8H,O (T, = 72K),
Fell.[Cr'"(CN)g] - 7.5H,0  (T. = 21 K),
respectively. Using these J values and the compositional factors (a, b, ¢), the tem-

perature dependencies are evaluated theoretically. Figure 8 shows the calculated
temperature dependence curves for each sublattice and the total magnetization for
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Figure 8. Calculated temperature-dependence curves for each sublattice and total magnetiza-
tion for (NifooMng g1 Feg19)1.5[Cr™ (CN)g] - zH20, based on molecular field theory, with four
sublattice sites (Ni, Mn, Fe, Cr), with J coefficients Jxicr = +5.6 cm™ | Jrecr = +0.9 cm™!
and Jyncr = —2.5cm ™t (a) sublattice magnetization (Mwin, Mni, Mre, Mcy); and (b) total
magnetization (Miotal).

the (NiflyoMndls, Felli9)1.5[Cri(CN)g] - zH20 system, which exhibits two compen-
sation temperatures. On the basis of this theoretical prediction, we will synthesize
members of this series.

The compounds can be prepared by reacting mixtures of NiCly, MnCly and FeCly
aqueous solutions with K3Cr(CN)g aqueous solution to yield light brown precipi-
tates. Similar to the ternary metal Prussian blue analogues, Ni'l, Mn'l and Fe'l are
randomly incorporated in sites where they are coordinated to the nitrogen ends of
the cyano groups, and the Cr'!! ions are always coordinated to the carbon ends of
the cyano groups.

Figure 9 shows the field-cooled magnetization (FCM) versus temperature plots
for the (NifooMnilsoFell 5)1.5[Crit(CN)g] - 7.6H20 powder in an external magnetic
field of 10 G. This compound shows two compensation temperatures (Teomp1 = 53 K
and Tcompz = 35 K). Its remnant magnetization versus temperature plots also show
a similar behaviour. The theoretical calculation described above shows clearly that
the two compensation temperatures for this compound are due to different temper-
ature dependencies of the negative magnetization of the Mn'' sublattice and the
positive magnetizations of the Nil', Fe!l and Cr!!! sublattices. In the temperature
range between 61 K (7¢.) and 53 K, the positive magnetizations dominate. Between
53 K and 35 K, however, the negative magnetization outweighs the positive magne-
tizations. At temperatures below 35 K, the positive magnetizations again dominate
due to the growth of the Fe!! sublattice contribution. Other magnetic properties also
obey the theory of the mixed ferro-ferrimagnetism described in § 2. For example, the
I value for the composition a = 0.24, b = 0.58, ¢ = 0.18 is 0.77up, assuming the g
factors for the metal ions to be 2.0. This observed value is close to the theoretical I
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Figure 9. Experimental magnetization versus temperature curves for (Ni%)%QQMn%)I_GOFe%)I‘18)1_5
[Cr™™(CN)g] - 7.6H20: (o) field-cooled magnetization obtained with decreasing temperature
(80 — 2K) in an external magnetic field of 10 G; (o) remnant magnetization obtained with
increasing temperature (2 — 80 K) after the temperature was first lowered in the applied mag-
netic field of 10 G.

value of 0.52up. In addition, the coercive field (H.) value of 570 G was larger than
the H. values for the respective binary compositions

M5 [Cr (ON)e] - 7:5H20 - (He =6 G),
Nij's[Cr' (CN)g] - 8H,0 (H, =120 G),
Fel's[Cr™(CN)g] - 7.5H,0  (H. = 200 G).

This is because the H. values for the mixed ferro-ferrimagnets are proportional to
It

It is rather surprising that the compound, whose molecular composition is deter-
mined based on a simple magnetic theory (MF theory), gives such a complicated
magnetic behaviour, possessing two compensation temperatures. This result shows
that MF theory is useful for the design of novel magnets in the series of Prussian
blue analogue.

4. Coloured magnetic thin films

Here we will show the design of various coloured transparent magnetic thin films
(Ohkoshi et al. 1998). The key to this strategy is to control of the intervalence trans-
fer bands of metal ions in a dye material exhibiting ferromagnetism. We prepared new
classes of transparent magnetic thin films composed of (FellCril ), s[Cr'[(CN)g] -
zH50. Their colours could be controlled by controlling the compositional factor x
(= Fell/(Fe'l + Cr')), e.g. colourless (z = 0), violet (x = 0.20), red (z = 0.42) and
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Figure 10. Schematic diagram illustrating electrochemical synthesis of magnetic thin films with
both ferromagnetic (J > 0) and antiferromagnetic (J < 0) interactions. Cr'™ (black spheres)
and either Fe'' (hatched spheres) or Cr'' (white spheres), which are randomly incorporated in
the lattice, are linked in an alternating fashion.

orange (r = 1). It should be emphasized that the strategy of this work is essen-
tially different from the electrochromism. Moreover, their magnetic properties are
also rich in variety depending on x, e.g. disappearance of saturation magnetization,
compensation temperatures, and anomalous coercive fields.

The films of ternary metal Prussian blue can be prepared by reducing aqueous
solutions containing three compounds K3[Cr(CN)g], CrCls and FeCls, where the
mixing ratio zpni, (= Fe''l/(Fe!' + Cr')) is controlled (figure 10). The 2 values of the
(FellCril ) 5[Cr'(CN)g]- 2Ho0 series can be controlled either by the i values of
metal ions in the prepared solutions or by the electrode potential of reducing aqueous
solutions.

The magnetic susceptibility and magnetization of obtained thin films depended
strongly on the = values. The I values for z = 0 and x = 1 at fields up to 5 T, assum-
ing g = 2.0 for metal ions, are determined to be 1.04up and 6.69up, respectively.
Those for the intermediate compositions vary in a systematic fashion as a function of
. Minimum values of the I are obtained with the film of x value close to 0.11. This
is because the superexchange interaction between Cr'!'! and Fell are positive (which
will be shown in §6) and that between Cr''l and Cr!! are negative. Therefore, the
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Figure 11. (a) Plots of H. values versus z. (b) Magnetization versus temperature curves for
(FellCrl' ,)1.5[Cr'™(CN)g] - zH20 (field of 10 G): (o) = = 0; (¢) = = 0.08; (A) x = 0.11; (m)
x=013; (V) 2 =0.42; () z =1.

parallel spins (Cr'™! and Fe!!) and antiparallel spins (Cr'!! and Cr!!) can be partly
or even completely cancelled, depending on the z as shown in §2. Moreover, the H,
value for = 0.11 was much larger than those at the other z values, e.g. 6 G (z = 0),
3500 G (z = 0.11), and 150 G (z = 1) (figure 11a). The particle sizes of deposited
crystals for the whole x range are almost the same (200-300 nm diameter), so that
the H. values are theoretically expected to be proportional to I;!. Therefore, the
H. value at minimum I value should become the largest. The magnetization versus
temperature curves below 1. also exhibit various types of behaviour depending on z
(field of 10 G), according to the theory described in §2 (figure 11b). Similar to the
other ternary metal Prussian blue systems described previously, these temperature
dependencies could be qualitatively reproduced using the molecular field theory, con-
sidering only two types of exchange couplings between nearest-neighbour sites, one
for Fe''-Cr'' (Jpecr = 0.9 cm™!) and the other for Cr'™-Cr'™ (Jo,or = —9.0 cm™1).

The interesting aspect of the magnetic thin films that were obtained is their optical
properties. The colours of (FellCril ); 5[Cr™(CN)g] - zH20O transparent films are
changed depending on x. For example, the film for x = 0 is colourless, that for
x = 0.20 is violet, that for x = 0.42 is red, and that for z = 1 is orange. Their
colours are due to the charge transfer (CT) band of Fell and Cr'!! in the visible region
(see Ludi & Giidel 1973), which is characteristic of mixed-valence compounds. As
shown in figure 12, their CT bands shift from short to long wavelength in the visible
region with decreasing z; e.g. Apax = 434 nm (z = 1); 496 nm (z = 0.42); 506 nm
(z = 0.20); 510 and 610 nm (z = 0) and hence their films exhibit various types of
colour. In general, the wavelength of CT band depends on magnitudes of the vibronic
coupling with asymmetrical distortion of each coordination sphere of metal ions and
the intensity is proportional to the square of transfer integrals (see Robin & Day 1967;
Hush 1967). Therefore, in a series of (Fel!Cril )1 5[Cr''l(CN)g] films, magnitudes of
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Figure 12. UV-vis and IR spectra of (Fel!Cri',)1 5[Cr"™(CN)¢] - zH20: (a) z = 0; (b) = = 0.20;
(¢) x = 0.42; (d) = = 1. IR spectra are shown in the inset.

vibronic coupling parameters and transfer integrals are supposed to be continuously
changed from those of Fel'-Cr™ to those of Cr!'-Cr'™ with decreasing z. In fact,
frequencies of CN stretching and lattice constants also continuously shift, indicating
that distances between metal ions of (FellCril ); 5[Cr'/(CN)g] are averaged values
of the distance of Fe''-Cr''! and Cr'"-Cr!!! as a function of x.

We can thus design the various types of coloured magnetic thin films composed of
Prussian blue analogues incorporating three or more types of metal ions. Here, note
that our strategy to tune colour is essentially different from the electrochromism. Of
course, when electrochemical reduction or oxidation of our thin films is performed
on the electrode, each of thin films exhibits different types of colour and magnetic
properties furthermore, e.g. red (z = 0.42) to dark blue at —1.0 V versus saturated
calomel electrode (SCE). In general, the classical magnets show metallic lustre or
are black. Here, note that even a yttrium iron garnet used as a photoisolater is seen
to be black. Therefore, transparent and coloured magnets will enable one to develop
new types of functional thin films.

5. Photomagnet

Here we demonstrate the photoinduced reversible change between paramagnet and
ferrimagnet in a thin film of Kg 4Cofi3Col[Fe!’(CN)g] - 5H20 (see Sato et al. 1996,
1997a, b; Einaga et al. 1997). The sodium complex of the cobalt iron cyanide thin film
(of thickness ca.0.05-0.1 um), Na; 4Coll;[Fe'l(CN)g] - 5H2 0O, is first synthesized elec-
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Figure 13. Field-cooled magnetization versus temperature curves for Ko 4Cop 5 Co™ [Fe'T (CN)g]-
5H20 at H = 5 G; m, before illumination; e, after visible light illumination; A, after near-IR
light illumination.

trochemically on a Pt electrode by reducing K3Fe!'l(CN)g¢ in the presence of Co'YNO3
in an aqueous solution of NaNOQOg electrolyte. Then this film is electrochemically oxi-
dized in KCl solution, resulting in a formation of Kq 4Cof' s Col![Fe!l (CN)g] - 5H20.
The absorption spectrum shows a strong, broad absorption band around 550 nm,
assigned to the CT band from Fe!! to Co'll.

This compound exhibits an electron transfer from Fe'l to Co!! involving a spin
transition around 340 K. The product of the molar magnetic susceptibility and tem-
perature (xp7') versus T plot decreases slightly from 1.3 cm® mol~! K at 300 K to
0.8 cm® mol~! K at 20 K. Plots of FCM versus T at a magnetic field of 5 G do not
exhibit abrupt breaks in the temperature range between 340 K and 2 K (figure 13).
Long-range magnetic ordering is prevented by the presence of a large amount of dia-
magnetic components of Fe!! and Co'!!, whereas the paramagnetic components of
Co'! are responsible for the paramagnetic character of the compound.

When a red light is used to excite the CT band at 5 K, an increase of the mag-
netization value is observed. The FCM versus T' plots after illumination for 10 min
at 5 K show an abrupt break around 26 K (figure 13), indicating three-dimensional,
long-range magnetic ordering. The increase in the value of T, is explained by an
increase in the number of magnetic neighbours. The plots of magnetization versus
external field at 2 K before illumination do not show hysteresis loops, but those after
illumination show the clear presence of hysteresis loops with a remnant magnetiza-
tion of about 3800 cm® mol~! G and H, of about 6000 G at 2 K (figure 14). These
results demonstrate that the paramagnetic material is converted to a magnetic one
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Figure 14. Hysteresis loops for Ko.4Cop3Co™ [Fe!!(CN)g] - 5H20 at 2 K; m, before illumination;
e, after visible light illumination; A, after near-IR light illumination.

by light illumination. The change persists for periods of several days at 5 K. When
the temperature of the sample is raised to 150 K, the magnetic properties quickly
relax to almost the initial state.

After illumination, a new absorption peak appears at 400 nm and the peak inten-
sity at 550 nm decreases, while the IR spectrum at 14 K shows that a peak at
2162 cm~! appears and the peak at 2135 cm™! nearly disappears. The Mdossbauer
spectrum at 25 K before the illumination shows a singlet absorption peak (figure 15a)
indicating the presence of only low spin Fe!! (figure 15b). After illumination, however,
a doublet absorption peaks appear, showing that Fe!! (low spin) is oxidized to Felll
(low spin) during illumination. Taking into consideration of the above results, the
change in the electronic states induced by light illumination is expressed as follows:
Co'(t5,, 5 = 0)-NC-Fe'(t5,, S = 0)

— Co'l(t3,e2, 5 = 3/2)-NC-Fe'(t3,,5 = 1/2). (5.1)

Note that the ratio of nitrogen (CN) coordination and oxygen (H20O) coordination
to Co depends on the stoichiometry, by which the ligand field of Co is modified.
Furthermore, the uptake of K™ makes possible an interaction between KT and the
Fe-CN—-Co framework.

The compound, which is characterized by the Fe'''-CN-Co!! structure, has absorp-
tion peaks corresponding to the d-d transition for Fe!'! and Co!! around 400 nm and
1300 nm, respectively. By the excitation of the near-IR band, the magnetization
value decreases. In figure 13 are also shown the FCM plots after light illumination
at 5 K. The enhanced magnetization resulting from visible light illumination can be

Phil. Trans. R. Soc. Lond. A (1999)



Design of novel magnets using Prussian blue analogues 2995

" “ ®

99.4 —

99.0 —

©

©

o
|

relative intensity (%)

99.8 -

99.4 —

99.0 —

velocity (mm s‘l)

Figure 15. °"Fe Méssbauer spectra of Ko.5Co1.25 [Fe(CN)g] - 3.6H20 at 25 K (a) before and
(b) after visible light illumination.

almost completely reversed back to the original condition. Similarly, the hysteresis
loop almost completely disappears as shown in figure 14. Changes in IR spectra
are observed in which the CN stretching peak at 2162 cm~! decreases and a peak
around 2135 cm~! increases in intensity, indicates that the reverse process of (3.1)
is induced by the near-IR band illumination. The magnetization decreased by the
near-IR illumination can then be increased again with visible light. Such a magne-
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Figure 16. Schematic illustration of photomagnetic behaviour of a Fe—Co Prussian blue
analogue based on an electron-transfer mechanism.
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tization increase and decrease by visible light, or near IR-light illumination can be
reversibly repeated, showing that the magnetic properties of cobalt iron cyanide thin
films can be switched between paramagnetic and ferrimagnetic by a photoinduced
electron-transfer process (figure 16).

It is interesting to note that such a photomagnet is obtained only with the com-
pounds whose Co and Fe ratio is ca. 1.4-1.2. Neither Co; 5[Fe(CN)g|-6H2O (Co:Fe =
1.5:1) nor KCoFe(CN)g (Co:Fe = 1:1), which is a well-known cobalt-iron cyanide,
shows the photoeffects. The Mdssbauer and other measurements suggest that the
former 1.5:1 compound takes the electronic state of Con(tggeg, S = 3/2)-NC-Felll
(t3, S = 1/2) even without illumination. Conversely, the electronic state of the lat-
ter 1:1 compound is Co'll (tgg,S = O)—NC—FeH(tgg,S = 0), which is the same as
that of the photomagnet before illumination, Ko 4Coq 3[Fe(CN)g] - 56H20, but it does
not change on illumination. These results suggest that the energy level of Co!''-NC-
Fell is situated close to that of Co'-NC-Fe!'l in cobalt iron cyanide, and that they
are changed by varying the ratio of Co and Fe. In other words, energy levels can
be tuned by introducing defect sites (sites coordinated by water molecules) in the
three-dimensional network. For Ko 4Coy 3[Fe(CN)g] - 5H,0, the energy of Cot'-NC—
Fe!! is slightly higher than that of Co'''-NC-Fe!!, forming a metastable state. This
makes it possible to change the electronic state from one to the other reversibly by
external stimulation.

6. Photo-induced magnetic pole inversion

We here design a novel magnet exhibiting photoinduced magnetic pole inversion by
the following strategy. We showed in §2 that we can control Tiomp by tuning the
mixing ratio of mixed ferro-ferrimagnets composed of Prussian blue analogues. We
also showed in § 5 that the Ig value could be changed by photo irradiation for some
of the Prussian blue analogues. By introducing such a photosensitive ferro- (or ferri-
) magnetic site into a mixed ferro-ferrimagnet showing a negative magnetization,
the Teomp Will be controlled by photostimuli (see Ohkoshi et al. 1997¢; Ohkoshi &
Hashimoto 1999b). That is, if the photoinduced magnetization changes proceeds at
the either ferromagnetic or ferrimagnetic site in a mixed ferro-ferrimagnet, the bal-
ance of magnetization between ferromagnetic site and ferrimagnetic site will be upset

Phil. Trans. R. Soc. Lond. A (1999)



Design of novel magnets using Prussian blue analogues 2997

hy — ~——\Warm

Figure 17. Strategy of photoinduced magnetic pole inversion in mixed ferro-ferrimagnetic Prus-
sian blue analogue, (Fel'MniL ,); sCr'™™(CN)g: (a) before irradiation (b) after irradiation. The
carbon (small grey spheres) ends of the cyano groups are bonded to Crtt (middle small spheres),
and the nitrogen (small white spheres) ends are bonded to either Fe'' (white spheres) and pho-
toreactive Fe'' (grey spheres) or Mn'™ (black spheres).

by photoirradiation, with the result that the photoinduced magnetic pole inversion
is realized at particular temperatures (figure 17).

On the basis of this strategy, we designed an (Fe;Mnj_;)1.5/Cr(CN)g - 7.5H20
magnet containing both a ferromagnetic (Fe-Cr) and antiferromagnetic (Mn—Cr)
interactions. The Mn; 5[Cr(CN)g]-7.5H20 for an antiferrimagnetic site has no absorp-
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tion in the visible region and hence does not show any change of magnetization by
the visible light irradiation. Conversely, the magnetization of Fe; 5[Cr(CN)g]-7.5H20
for a ferromagnetic sites is reduced by the visible light irradiation.

Let us first show the photoinduced magnetization change of this ferromagnetic
site. The ferromagnetic interaction between Fe'l and Cr'! cannot be explained by
the orbital symmetry rule described in § 1. However, the FCM plots of Fe; 5[Cr(CN)g]-
7.5H20 at H = 10 G show an abrupt break at 7, = 21 K and the saturated magne-
tization observed at 5 K is 6.6up. Moreover, the 6. value estimated from the suscep-
tibility values in the paramagnetic region is 27 K. All these data indicate that this
complex is a ferromagnet (Ohkoshi et al. 1999b). M. Verdaguer (personal communi-
cation) suggested that this could be explained by the double-exchange mechanism
between these metal ions. However, the estimation of Jar and Jg values between
Cr'!! and Fe!! through the CN bond for Prussian blue analogues suggests that |Jar|
is almost equal to |Jg|. Therefore, contrary to metal oxides, the value of superex-
change interaction between Cr'!!l and Fe!! could become positive for a Prussian blue
analogue even though it contains Jap terms (Ohkoshi & Hashimoto 1999a).

As for optical properties, this compound shows the metal (Fe!!) to metal (Cr')
CT band in the visible region (Apmax = 454 nm). By irradiation with a filtered blue
light (360-450 nm) at 5 K, the magnetization of Fe; 5[Cr(CN)g] - 7.5H20 decreases
gradually under the external magnetic field (10 G, 50 G, 500 G, 7 T). About 10%
of magnetization is decreased after eight hours irradiation at 10 G. This reduced
magnetization persists for a period of several days at 5 K after turning off the light.
Note that, in the dark, the magnetization at low temperatures at 10 G does not vary
at all by a slight change of the temperature, indicating that this optically induced
magnetization change is a photon mode not a photothermal mode. The magnetic
property of this illuminated sample returns to the initial one when the temperature
of the sample is raised above 30 K, showing that the magnetization can be reduced
by a photon mode and recovered by a thermal mode repeatedly. The 5”Fe Massbauer
spectra of the Fe; 5[Cr(CN)g| - 7.5H20 before and after irradiation indicate that the
spin state of the iron is not changed by irradiation and that neither electron transfer
nor spin transition occurs photochemically, but the spins of Fe!l and Cr'! are no
longer aligned after the irradiation. This mechanism is different from that of the Fe—
Co photomagnet described in § 5. These results suggest that a ferromagnetic state is
converted into a paramagnetic state without changing the valences of the Cr!!! as a
result of the irradiation. This decrease in photoinduced magnetization is explained
as follows. The photoexcited state is a mixed valence state of Cr'''-CN-Fe!! and
Cr''-CN-Fe!l. This state would relax to a metastable state in which the magnetic
interaction is too weak to maintain the spins’ ordering. This metastable state is
probably stabilized by structural distortion, and returns to the original ferromagnetic
state above 40 K.

For the preparation of the Prussian blue analogues incorporating three different
metal ions, (Fe,Mnj_;);15[Cr(CN)g] - zH20, an aqueous solution containing both
FeCly and MnCly is added to a concentrated aqueous solution of Kj3[Cr(CN)g],
yielding a light-brown-coloured microcrystalline powder. The fraction of Fe!! ver-
sus (Fe'l + Mn') in the above diluted aqueous solution is varied from zero to one,
keeping the total metal ion concentration constant.

The magnetic properties of this series agree well with the mixed ferro-ferrimagnet-
ism theory described in §2. For example, the I; values at 5 K show a systematic
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Figure 18. Magnetization versus temperature curves of (Fe;Mni_;)1.5Cr(CN)g-7.5H20 at 10 G.
(V) £ =0; (o) x = 0.40; (0) = = 1. The temperature dependence of z = 0.40 is due to a sum of
the positive magnetization of the Mn'' sublattice and two negative magnetizations of the Fe'l
and Cr' sublattices which have different temperature dependencies.

change as a function of x, and the values of materials metal ions. In other words,
the ferromagnetic coupling between Fe!! and around = = 0.4 is nearly zero. This is
because parallel spins (Cr!!!, § = 3/2 and Fe!!, S = 2) and antiparallel spins (Mn!!,
S = 5/2) cancel depending on the mixing ratio. The T, values decrease from 67 to
21 K with increasing x. In addition, the temperature dependencies of magnetization
are rich in variety. Particularly, the material prepared with z = 0.40 shows a negative
magnetization at low temperature (figure 18).

When the compound for « = 0.40 is irradiated at 16 K below Tiomp with the fil-
tered blue light (360—450 nm), the negative magnetization at 16 K changes gradually
to a positive one under the existing external field of 10 G. Simultaneously, the T¢omp
value also shifts to a smaller value and then that disappears, as shown in figure 19.
This indicates that the magnetic pole below 19 K is inverted by the optical stimuli.
This inverted magnetic pole persists for a period of several days at 16 K after turn-
ing off the light. This phenomenon can be explained by the fact that the ratio of
the ferromagnetic part (Fe—Cr site) to the antiferromagnetic part (Mn—Cr site) of
magnetization of this mixed ferro-ferrimagnet changes due to the decrease of magne-
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Figure 19. Magnetization versus temperature curves of Feg.40Mng.6oCr(CN)g - 7.5H20 in the
field of H = 10 G before (o) and after (o) light irradiation at 16 K for 72 h. The magnetic pole
inversion is observed below the compensation temperature of 19 K by the light irradiation and
the pole is reversed back again by the thermal treatment above 80 K (A). Magnetic measurement
sequence: 70K — ¢ - 2K — o — 16 K (light irradiation for 6, 24, 48, 72 h; ¢) — o — 2K
— o0 — 70 K — 80 K (thermal treatment) — 70 K -A— 2 K.

tization in the ferromagnetic sites. In addition, the magnetization versus temperature
curve is recovered by warming to 80 K, indicating that the magnetic pole inversion
can be induced repeatedly by alternate optical and thermal stimulation as shown in
figure 20.

The phenomenon of photoinduced magnetic pole inversion is used in a photomag-
netic recording device made of TbFe, in which the magnetic material is heated above
its critical temperature by photoirradiation in the presence of a reverse external mag-
netic field. During the cooling process below T., the magnetization arises parallel to
the external field, resulting in a pole inversion. However, this phenomenon is induced
by a photothermal process, not by a pure photo process. In the present molecule-
based magnet, however, the pole inversion is induced by a pure photo process in the
absence of an external magnetic field, and thus this process is completely different
from that reported previously.

7. Conclusion

We have demonstrated various novel magnets, which were designed based on simple
theories including a molecular field theory. The reasons why those simple theories
can be applicable for the class of Prussian blue analogues are summarized as follows.
Firstly, only the superexchange interactions between the nearest-neighbour metal
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Figure 20. Reversible magnetic pole inversions are demonstrated by alternate stimuli: the mag-
netization at 15 K after the light illumination (hv) for 3 h and the magnetization at 15 K after
the thermal treatment (A) above 80 K.

ions have to be considered. In other words, contributions from the second nearest-
neighbour sites can be neglected due to the relatively long distances between metal
ions, and hence spin frustration does not occur. Secondly, the face-centred cubic
(FCC) crystal structure is always maintained, and the substitution of the metal
ion does not change the crystal structure significantly. Thirdly, the character of
superexchange interactions can be easily predicted from a simple orbital symmetry
rule, because the directions of the symmetry axes of the spin source d-orbitals for all
of the metal ion sites and all of the ligand p-orbitals are identical due to their FCC
structure. Moreover, a room temperature magnet has been obtained with a Prussian
blue analogue (Ferlay et al. 1995). We thus believe that Prussian blue analogues will
open new avenues in the field of novel magnets.
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