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Abstract: We show a novel magnetic phenomenon, “photoinduced magnetic pole inversion”, which occurs
even in the absence of an external magnetic field. The key of this strategy is to control the compensation
temperature by a pure photoprocess. Here, we combined two magnetic behaviors which were developed recently.
One of them is the photoinduced change of magnetization for some of the Prussian blue analogues. The other
is a so-called mixed ferro-ferrimagnetism in the system of ternary metal Prussian blue analogues. We show a
strategy to obtain this phenomenon based on molecular field (MF) theory and we design new classes of ternary
metal Prussian blue analogues, '(fn';_); {Cr'""(CN)¢]-zH,0, including photosensitive Ee-Cr!' sites.

Their magnetic properties, such as saturation magnetization, coercive field, Curie temperature, and compensation

temperature, were controlled by changing the compositional factéthen the material fox = 0.40 was
irradiated by visible light under a weak external magnetic field (10 G), the photoinduced magnetization reversal
occurred. This phenomenon can be simulated well by the MF theory considering only two types of superexchange
couplings between the nearest neighbor sites, one fbrEd" and the other for Mi—Cr'"'.

I. Introduction

One of the targets in the field of magnetic materials is to
develop new types of functionalized magnets. For example,
magnetic materials exhibiting giant magnetic resistance effects

open a new avenue in the field of magnetic memory deViées.

Our objective in the present work is to control magnetic
properties by photostimuli. The first observation of photoinduced
magnetic effects was reported with Si-doped yttrium iron garnet

(YIG) 30 years agd-7 In this system, the initial permeability

and coercive field were changed by photoirradiation. Conversely,
we have recently reported a photoinduced enhancement of

magnetization in 1§4Cd'o3C0"[F€'(CN)g]-5H,0.8° In this
material, the electron-transfer proceeds front 8 = 0) to
Cd'" (S= 0) by visible light irradiation, producing He(S=
1/2)-CN—-Cd' (S = 3/2). We have also showed the visible
light-induced magnetization decrease with' =¢Cr'"' (CN)g]
7.5H,0.1° In this material, the spin states of 'Fé,s'e?) and
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Cr'" (tg® are not changed but the ferromagnetic coupling
between these metal ions is disconnected by irradiation.

In the present work, we focus our attention on the optical-
control of magnetic poles (N and S). In an optical magnetic
memory media made of magnetic metals such as TbFe, the
phenomenon of photothermally induced magnetic pole inversion
is used. In this type of device, the magnetic material is heated
above its Curie temperaturé&g by a photothermal process in
the presence of a reverse external magnetic field, and then,
during the cooling process beloWy, the magnetization occurs
parallel to the external magnetic field, resulting in a magnetic
pole inversiont! In the present paper, we show a novel magnetic
phenomenon “photoinduced magnetic pole inversion”. This
phenomenon occurs even in the absence of an external magnetic
field. Therefore, its mechanism is completely different from that
of the photothermally induced magnetic pole inversion.

The present novel phenomenon can be achieved by a
combination of the photoinduced change of magnetiztftiand
the mixed ferro-ferrimagnetistfr16 developed recently. In the
latter magnetism, the weight average of the ferromagnetic and
ferrimagnetic characters can be precisely controlled by fine-
tuning of the composition. One of the most important charac-
teristics for this magnet is that the spin frustration does not occur,
even though both signs of exchange interaction are incorporated.
As a prototype of this magnetism, we succeeded in manipulating
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both ferromagneticJicr > 0) and antiferromagnetidyncr <

0) superexchange interactions independently with the com-
pounds in the series of (NiMn''1_)1 5[Cr'"(CN)g]-7.5H,0 (0O

< x = 1).12714 Their magnetic properties such as the saturation
magnetizationlg), the coercive fieldl¢), and the thermody-
namics of magnetization including the compensation temperature
(Tecomp could be controlled by fine-tuning the compositional
factorx, without spin glass behavior. In addition, in {\n',-
Fé'o)1 {Cr'"(CN)e]-zH,0 containing one antiferromagnetic in-
teraction and two ferromagnetic interactions, we have recently
succeeded in designing and synthesizing a novel magnet
exhibiting two compensation temperatures, i.e., the spontaneous
magnetization changes its sign twice with changing tempera-
ture16
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o . . . . Figure 1. Schematic diagram illustrating mixed ferro-ferrimagnetism
By a combination of this mixed ferro-ferrimagnetism and the | =" o ferromagneticds > 0) and antiferromagnetici{s < 0)

phOtP'nduced Ch"fmge of mag_net'zat'on' we preVIOUSI_y Shov_ved interactions. The carbon (small gray) ends of the cyano groups are
the first observation of photoinduced magnetic pole inversion ponded to B' (black spheres), and the nitrogen (small white) ends are
using the (Fkp.agMn'o60)1Cr'" (CN)g]-7.5H0 system” To bonded to either A'L (white spheres) or A2(gray spheres).

understand this novel phenomenon, we show here (1) the details

of the strategy and model calculations based on the MF theory, treatment becomes much simpler for the following reasons: (1)
(2) the structures and magnetic properties of the members forThe face-centered cubic (fcc) structure of the Prussian blue
the (F&yMn'1_)15Cr'""(CN)g]-zH,O system, (3) the opto- analogues is maintained even when metal ion substitution is
magnetic behaviors of this system, and (4) the theoretical carried out. (2) Only the superexchange interactions between
analysis of their observed photomagnetic phenomenon basedhe nearest neighbor metal ions can operate among spin sources.

on the MF theory.

Il. Strategy

First, we show the strategy of the photoinduced magnetic pole
inversion. The key of our strategy is to control the compensation
temperatureTcomp*® 2°in a pure photon process. To meet this
challenge, the theoretical prediction of the thermodynamics is
indispensableHowever, for classical metal or metal oxide
magnets, such a prediction is difficult in general. One of the

reasons is that various types of exchange and/or superexchang

interactions exist among metals or metal ions. Moreover, the

metal substitution often causes structural distortions. Conversely,

for Prussian blue analogués3* which are one of the most
attractive classes of molecule-based magtet8 the theoretical
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In other words, contributions from the second nearest neighbor
sites can be neglected due to the relatively long distances (10
A) between those metal o8 Therefore, the design of novel
magnets based on the simple MF theory is effective for Prussian
blue analogues.

For ternary metal Prussian blue analogues,"(A2'"1_,)1 5
[B"(CN)g], the thermodynamics of spontaneous magnetization
can be evaluated, considering only two types of superexchange
couplings between the nearest neighbor sites, one for A1-B and
tehe other for A2-B (Figure 1). The molecular fielth, Haz,
andHg acting on the three sublattice sites can be expressed as
follows:

Ha1 = Ho + NaigMg 1)
Hao = Ho + NazgMg 2
Hg = Hy + NgaiMas + NgaoMa 3

whereHg is the external magnetic fielay; are the molecular
field coefficients, andMai1, Maz, and Mg are the sublattice
magnetizations per unit volume for the Al, A2, and B sites,
respectively. The molecular field coefficients are related to
the exchange coefficients;j by

2z,
|
AN(gug)

where ug is the Bohr magnetonZ; are the numbers of the
nearest neighbgesite ions surrounding ainsite ion [Zaig =
Z,s = 45 Zpar = 6X; Zea2 = 6(1 — Xx)], g is theg factor, N is

the total number of all types of metal ions per unit volume, and
A; presents the mole fractions for each metal ion per unit volume,
i.e., a1 = 1.5, Aa2 = 1.5(1 — x), andAg = 1. TheJ; values

can be obtained from the observidsalues for elemental binary
metal Prussian blue analogues: "A§B" (CN)e] and A2'; 5
[B"(CN)g]. If we designate the thermally averaged values of
the spins of the metal ions in their respective sites in the direction
of each sublattice magnetization &) the sublattice magne-
tization (M;) can be expressed as follows:

(4)
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M; = AiNqug[HU ®) a 1.
Substituting egs 4 and 5 into egs-3, we have 08
2ZAlB‘JAlB o o (l)
Hay = Ho + — 22215, ] () S o4
Qug & 02 I
3§ o
27,553 5
Hyp = H, + 22280 1 @) 5 02 v
Yis & 04 -
— (i1)
2745, XJ 274 0,(1 — %)J 0.6
o= Ho + BAl AlB[SA:L[H‘ BA2 AZB[SAZD (8) 08 |
Qug Qug "
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The magnitudes of§[] settingHy = 0, are given by Temperature (K)

b
QugH;S, 1
[{0= S Bs T ©) 0.8
~, 06 (i)
whereBs is the Brillouin function,S; is the value off§Cat T 2 04
= 0 K and kg is the Boltzmann constant. TH&can be £ pol T
calculated numerically and then the sublattice magnetizations § 0
(Mj) in eq 5 are obtained. The total magnetizatidio(z) can S o2
then be obtained by g °
czv -0.4
(Migta) = May = My, + Mg (10) 0.6 (1)
-0.8
Using this MF model, we can design the ternary metal Prussian y
blue analogues which exhibit negative magnetization, and 0 10 20 30 40 50 60 70 80
predict theirTeomp values. Temperature (K)

For some Prussian blue analogues, we have shown that the ) ) _
spontaneous magnetization could be changed by photoirradiaFigure 2. Model calculation of the photoinduced magnetic pole
tion. Therefore, by introducing such a photosensitive ferro (or |nversuan. (a)”CaIculalﬁed temperature dependences of magnetization
ferri) magnet to the mixed ferro-ferrimagnet, the thermodynam- for (Al%04A2%05914B™ (CN)e] -ZH:0 (Su =1, Spe = 5/2, % = 3/2)

. A . " based on the MF theory, withcoefficientsdaig = 5.0 cnm? andJazs
ics of the magnetization would be controlled by photoirradiation. _ —2.5 et (i) before and (i) after the irradiation where 45% of

That is, if the photoinduced magnetization change proceeds atay pas heen converted to the low-spin state. (b) Calculated temperature
either the ferromagnetic or ferrimagnetic site in mixed ferro- gependences of magnetization for {422,691 4B" (CN)g]-ZH,0:
ferrimagnets, the balance of magnetization between the ferro-(j) before and (i) after the irradiation where 20% of A2 has been
magnetic and ferrimagnetic site will change, resulting in the converted to the low-spin state.

photoinduced magnetic pole inversion. Let us show a model

calculation of this concept using spin crossover phenomenon. phenomenon such as photoinduced charge transfer among metal
Here, we consider the (AjJA2";_,)1 {B" (CN)s] magnet includ- ions and photoinduced change of superexchange interaction.
ing a photosensitive site, in which the spin quantum numbers  As a prototype exemplifying our concept, we have designed
for the metal ions ar&; = 1, Sio = 2, andS= 3/2, and the 3 (FgMn;_,)1.{Cr(CN)g]-7.5H,O magnet containing both fer-
Jaig andJazg values aret-5.0 and—2.5 cntt. The temperature  romagnetic (Fe Cr) and antiferromagnetic (MnCr) interac-
dependence of magnetization for= 0.44 can be calculated tjons. In this system, the magnetization of;HEr(CN)g-
using egs +10 as shown in the upper curve (i) of Figure 2a. 7 5H,0 for a ferromagnetic site is reduced by the visible light
This curve is composed of the positive magnetizations derived jrradiation. Based on the Msbauer experiments, we reported
from the Al and B sublattices and the negative magnetization that this magnetization decrease is due to the photoinduced
from the A2 sublattice. When the spin crossover occurs at the change of thelrec, valuel® Conversely, the Mns[Cr(CN)g-

Al metal ion of a ferromagnetic site by photoirradiatica( 7.5H,0 for a ferrimagnetic site has no absorption in the visible
= 1— Su' =0), the positive magnetization decreases and henceregion and hence does not change the magnetization by visible
the magnetization reversal can occur as shown in the lower curvelight irradiation. Using this mixed ferro-ferrimagnet, we dem-
(ii) of Figure 2a. Similarly, the pole inversion can be expected, onstrate the photoinduced magnetic pole inversion.

when the spin crossover occurs at the A2 metal ion of a

ferrimagnetic site by photoirradiatio&(z =2—Sy = 0) In 1. Experimenta| Section

this case, we consider the member %o 0.36, which shows

a compensation temperature before irradiation (Figure 2b, lower

curve (i)). When the spin crossover proceeds f =2to

Se' = E))?at 20% of the 22 site, the magnetizationlﬁﬁve changes & 50 ¢nf aqueous solution (0.02 mol df) containing FeGland MnCl
e . - . was added to a concentrated aqueous solution €J afiKs[Cr(CN)g]

to the upper curve (ii) in Figure 2b, showing th_e pole inversion (0.1 mol dn13), yielding a light brown colored microcrystalline powder.

at the temperature beloWomp We can thus design the magnet  The precipitate was dialyzed for 48 h and then filtered. The fraction

exhibiting the photoinduced magnetic pole inversion. Of course, (x..) of Fe' vs (Fé + Mn") in the above diluted aqueous solution

this novel phenomenon will occur not only by photoinduced was varied from 0 to 1, keeping the total metal ion concentration at

spin crossover but also by various types of photoinduced 0.02 mol dn3. Elemental analyses for C, H, and N were carried out

A. Synthesis.For the preparation of the Prussian blue analogues
incorporating three different metal ions, {Rén";_,)1 {Cr'"(CN)s]-zH-0O,
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Figure 3. Calculated and experimentally observed saturation magne-
tizations for (F&Mn';_,)1 {Cr'"(CN)s]-zH.O as a function ofx:
calculated £) and observed®).
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Figure 4. Plots of T, values versus for (Fé'\Mn'"1_,)1 {Cr'"'(CN)g]-

by standard microanalytical methods. Those for Mn, Fe, and Cr were ZH,0: calculated curve) based on eq 11 and observem)(

analyzed by atomic absorption spectrometry.

B. MeasurementsFT-IR spectra were recorded on a Biorad Model
FTS 40A spectrometer. X-ray powder diffraction was measured on a
Rigaku PW 1370 powder diffractometer. Magnetic susceptibility and

magnetization measurements were carried out using a Quantum DesignA

MPMS 7 superconducting quantum interference device (SQUID)
magnetometer. A sample~60 ug) supported on a commercial
transparent adhesive tape was placed on the edge of an optical fiber.
weak blue light (366-450 nm, 2 mW/crf) of a Xe lamp was guided
via an optical fiber into the SQUID magnetometer as an exciting light
source.

IV. Results and Discussion

A. Structures. The elemental analyses for the synthesized
complexes showed that the experimentally obtairadlues
were slightly larger than theyix values used in the syntheses,
e.g.,Xx = 0.18 mix = 0.10), 0.60 Xmix = 0.50), and 0.92Xix
= 0.90)3° The CN stretching frequencies in the IR spectra for

and Mr'y {Cr'"(CN)e]-7.5H0 (x = 0) were 6.6 and 4.4,
respectively. Thés values for the (FEMn'";_,); {Cr'"' (CN)g]*
7.5H,0 series showed a systematic change as a function of
s seen in Figure 3, the observétl values for 0< x < 0.4
decreased linearly with increasirgln contrast, above = 0.4,

aAtheMsvalues increased linearly with increasigrhe minimum

Ms value, atx close to 0.4, was nearly zero. For the ternary
metal Prussian blue analogues, parallel spins and antiparallel
spins can partially or even completely cancel, depending. on
Therefore, using the spin quantum numbers for the meSals (

= 2, Sun = 5/2, & = 3/2), together witlx, the theoreticaMs

values for the members of the series'{f#n';_,)1 Cr'" (CN)g]

can be calculated by eq 11 assuming they factor of 2.

M= 2iS, + L5[Sx— S — 0]l (1)

the resulting ternary metal complexes could not be assigned The calculatec dependence of thiels value was similar to the

either to manganese cyanides (MrCN) or to iron cyanides
(F€'—CN), but rather to chromium cyanides {€+CN). The
X-ray powder diffraction patterns for all of the ternary com-

observed one, indicating that these magnets were obtained
without spin glass behavior and their magnetic properties are
explained by the MF model described in section Il. However,

plexes were consistent with the fcc structure. The lattice constantthe experimental composition for the minimuviy value was
decreased successively from 10.78 to 10.64 A with increasing slightly different from the calculated one. One of the reasons is

X. In addition, their line widths were almost constant with the

that the observedils value of 6.6ug for Fe'y {Cr'""(CN)g] is

wholex. Therefore, we can conclude that the obtained materials smaller than the theoreticsds value of 9.0ug.

are not physical mixtures of FefCr'"'(CN)g]-7.5H,0 and

Mn''y JCr"(CN)g]-7.5H,0 powders, but are actual ternary metal

complexes, (FeMn"1_,)1 {Cr'"" (CN)e] - 7.5H0, in which Mr!

and F¢ are randomly incorporated at nitrogen sites in the lattice.
B. Magnetic Properties. (a) Saturation Magnetization.The

saturation magnetizations for'Re]Cr"' (CN)g]-7.5H,0 (x = 1)

(39) Analyses: Calcd for Mi{Cr(CN)g]-7.5H0: Mn, 19.36; Cr, 12.22;
C, 16.93; N, 19.75; bD, 31.74. Found: Mn, 19.13; Cr, 12.53; C, 16.68;
N, 19.42; BO, 30.57. Calcd for (FgigVing s2)1.5Cr(CN)g]-6H0: Fe, 3.73;
Mn, 16.99; Cr, 13.04. Found: Fe, 3.77; Mn, 17.19; Cr, 12.72. Calcd for
(Fen.3Mng67)1.9dCr(CN)e]-9H20: Fe, 6.18; Mn, 12.10; Cr, 11.48. Found:
Fe, 6.15; Mn, 12.04; Cr, 12.12. Calcd for (agVino.e0)1.5Cr(CN)s]-7.5H0:
Fe, 7.94; Mn, 11.5; Cr, 12.2; C, 16.9; N, 19.7. Found: Fe, 8.03; Mn, 11.5;
Cr, 11.9; C, 17.1; N, 19.7. Calcd for (52Mno591.5Cr(CN)g]-6.5H0:
Fe, 8.70; Mn, 11.63; Cr, 12.74. Found: Fe, 8.78; Mn, 11.74; Cr, 12.97.
Calcd for (F@.54VIng.4¢)1.4Cr(CN)e]-8.5H:0: Fe, 10.15; Mn, 8.56 Cr, 11.70.
Found: Fe, 10.17; Mn, 8.58; Cr, 12.45. Calcd fordfno.40)1.5Cr(CN)g]*
6.5H,0: Fe, 12.32; Mn, 8.06; Cr, 12.73. Found: Fe, 12.28; Mn, 8.03; Cr,
12.85. Calcd for (FgsdMing 31)1.5Cr(CN)e]-6.5H,0: Fe, 14.08; Mn, 6.32
Cr, 12.73. Found: Fe, 14.19; Mn, 6.37; Cr, 13.10. Calcd fos {f\¢no 241 5
[Cr(CN)g]-7H20O: Fe, 15.28; Mn, 4.70; Cr, 12.45. Found: Fe, 15.35; Mn,
4.72; Cr, 13.06. Calcd for (kh@sVing.15)1.Cr(CN)g]-7.5H0: Fe, 17.09;
Mn, 2.92; Cr, 12.45. Found: Fe, 17.12; Mn, 2.92; Cr, 13.02. Calcd for
(Fen.92Mng 0914 Cr(CN)g]-8H20: Fe, 17.70 Mn, 1.49; Cr, 11.93. Found:
Fe, 17.87; Mn, 1.51; Cr, 12.54. Calcd forisECr(CN)g]- 7.5H,0: Fe, 19.62;
Cr, 12.18; C, 16.88; N, 19.69; H, 3.5. Found: Fe, 19.6; Cr, 12.4; C, 16.9;
N, 20.2; H, 3.2.

(b) Curie Temperature. The T, values of this series
decreased monotonically from 67 to 21 K with increasings
shown in Figure 4. For binary metal Prussian blue analogues,
A[B(CN)g], their theoreticall values are given by

T.=+ CACBnEsA2

whereC; (i = A, B) are Curie constant€; = AiNgfug?S(S +
1)/3k.12 Conversely, the theoreticdl, value for the present
ternary metal Prussian blue analogues is expressed as follows:

12)

— 2 2 __
Tc - ‘/CFeCCrnFeCr + C:MnCCrnMnCr -

\/1'5%Ir(&:r + 1){ Xsie(sie—‘r 1)nFeCr2 + (l - X)S\/In(S\/In + l)nMnCrz}
(13)

This equation shows thdt; varies as a function of a weighted
average of molecular field®i{ecrandnuncy), and thus suggests
that T, changes continuously from tfig value of Mr'; gCr'''-
(CN)g] to that of Fé1 Cr'"(CN)g] with increasingx.

(c) Compensation Temperature.Figure 5 shows the mag-
netization vs temperature curves at 10 G with varioualues.
The present materials exhibited various types of thermodynamics
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Figure 5. Magnetization versus temperature curves of fes-1.s Fortunately, theH. values for the magnets exhibiting compensa-

[Cr"(CN)g]-zH-0 observed at 10 G:0) x = 0; (V) x = 0.38; ) x

= 0.40; () x = 0.42: and ©) x = 1. tion temperatures were much larger than an applied external

magnetic field of 10 G (Figure 7). Especiallylc values for the
5 - magnets wherg was close to 0.4 were much larger than those

at otherx values, e.g., 6= 0), 2200 & = 0.42), and 200 G
4 M,, (x = 1). In general, théd; value depends on the grain size of
the sample. However, if the grain sizes are nearly the same, the
3 - H. values are expected to be proportional to Mhe! values*
This relation was observed with the series of'(Min" ), {Cr'"'-
2 27 (CN)g]:7.5H,0.12 The same holds true for the series of the
2 present (F&Cr';_,)1 Cr'"(CN)g]-zH,O system.
g 17 M, C. Photoinduced Magnetic Pole InversionWe demonstrate
'~§ i the photoinduced magnetic pole inversion using thée'de
g 0 / Mn";,)1 CrM(CN)g]-7.5H,0 system. Let us first show the
g photomagnetic effect of the elemental compound¥; FEr" -
%’ 1 M (CN)e]-7.5H0 (x = 1) ferromagnet and Mh §[Cr'"'(CN)g]-
5 Fe 7.5H0 (x = 0) ferrimagnet. A visible light-induced magneti-
i zation decrease occurred with"FgCr'"' (CN)g]-7.5H,0.1° By
34 i irradiation with a filtered blue light (366450 nm, 2 mW cm?)
Cr at 5 K, for example, ca. 10% of magnetization was decreased
. . : . . . . for 8 h of irradiation at 10 G (Figure 8). This reduced

magnetization persisted for a period of several daystaafter
turning off the light. The magnetic property of this irradiated
sample returned to the initial one when the temperature of the
Figure 6. Calculated temperature dependence curves for each sublatticesample was raised above 40 K, showing that the magnetization
(Mw , Mee, Mcr) and total magnetizatiorMra) for (Fe'o.sMn'" 06015 can be reduced by a photon mode and recovered by a thermal
[Cr'"(CN)s] based on the three-sublattice molecular field theory. mode repeatedly. According to the kbauer experiments, the
o _ ) ) spin state of P& fCr'""(CN)g]-7.5H,0 is not changed by the

of magnetization, depending on Particularly, the materials  photoirradiationt® Therefore, this photoinduced magnetization
wherex was 0.46-0.42 exhibited negative magnetization below Jecrease will be due to the change of the superexchange

Teomp These various types of temperature dependence of thejnteraction between teand Ct'. The photoexcited state is the
magnetization and compensation temperatures could be undermixed valence state of —CN—Féd' and CF—CN—Fe!,

stood based on the MF model, by considering only the which relax to a metastable state immediately where the
sul|?|erexcharl19e |Ir|1|teract|0ns between the nearest neighbbrs (Fe ferromagnetic interaction is too weak to maintain the spin
Cr' and Mri' —Cr'"). These magnetic phenomena arise because ordering. This metastable state returns to the original ferromag-
the positive magnetization due to the Maublattice and the  netic state above 40 K. Conversely, the MEr(CN)g]-7.5H0
negative magnetizations due to thé¢'ged Ct' sublattices have  for 3 ferrimagnetic site has no absorption in the visible region
different temperature dependences. As an example, Figure 63nd hence did not show any change of magnetization by the
shows the calculated thermodynamics of sublattice and total yjsjple light irradiation.
magnetizations fox = 0.40. For this composition, the relations —
of the magnitude among the sublattice magnetizations are (40) The observed magnetization values were smaller than the calculated
) ones. This is because the calculated spontaneous magnetizations are
expressed as follows{Mge + Mci| < [Mwin| at T > Teompand essentially the saturated values, as the MF theory does not consider the
IMee + Mg > IMup] atT < Tcomp40 magnetization process. In the experiment, however, the observed magnetiza-
(d) Coercive Field. The coercive field ifl¢) is a significant t"r’é‘sgﬁfzggzrméﬂf:r)‘éer{gf"sgﬁgenggccfgg and the values obtained in the
parameter for the present work because negative magnetizatior? (41) Chikazumi, SPhysics of Magnetisnd. Wiley & Sons: New York,
below Tcompmust be maintained under external magnetic field. London and Sydney, 1964; p 357.
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Figure 8. Magnetization versus temperature curves of,H€r" -

(CN)e]-zH-0 observed atH = 10 G before @) and after Q) light 600
—

irradiation. The curves before irradiation and after irradiation are field —_~
cooling and field heating magnetization curves, respectively. Magnetic 5
measurement sequence: 36-K@ — 5 K (light irradiation)— O — )
30 K — 80 K (thermal treatment)- 30 K — v — 5 K. g 400
Q
To demonstrate the photoinduced magnetic pole inversion E_D, 200
phenomenon, we chose (lgagin''o 60)1.5/Cr'"' (CN)g]-7.5H,0, g
which exhibits a negative magnetizatioidmp= 19 K). When *‘é
this sample was irradiated at 16 K with the filtered blue light .5 0 e ——
(360—450 nm), the negative magnetization at 16 K gradually =~ &
became positive under an existing external field of 10 G (Figure &
9a). Simultaneously, th&..mp value shifted to a smaller value = -200
(19 K— 13 K— 7 K) and finally disappeared as shown in | | | | | I ]

Figure 9b. This inverted magnetic pole persisted for a period
of several days at 16 K after turning off the light. The magnetic
pole inversion phenomenon is a photoinduced effect and not Temperature (K)
due to the heating of the sample under illumination. This is

because, in the dark, the magnetization und.er 10 G did not VaIY i c914Cr (CN)e] observed at 10 G before®j and after 0) light
atall by a slight change of the temperature; e.g. 1620 K irradiation at 16 K for 72 h. The magnetic pole inversion is observed
— 16 K. The present novel phenomenon can be reasonablype|oy the compensation temperature of 19 K by the light irradiation
explained by the fact that the ratio of the ferromagnetic part an the pole is reversed back again by warming)tto 80 K. Magnetic
(Fe—Cr site) to the ferrimagnetic part (MrCr site) of measurement sequence: 70-K ® — 2 K — @ — 16 K (light
magnetization changed due to the decrease of magnetization irirradiation for 6, 24, 48, 72 h¢) = O —2K -0 — 70 K— 80 K

the ferromagnetic sites. Moreover, the magnetization vs tem- (thermal treatment)> 70 K — A — 2 K. (b) Magnetization versus
perature curve was recovered by warming to 80 K. The magnetictemperature curves of (FgsdMin"o.e915[Cr'" (CN)g] at 10 G in the field
pole inversion thus can be induced repeatedly by alternate opticalof H = 10 G before @) and after light irradiation at 16 K foi) 6,
and thermal stimulations. (V) 24, and ©) 72 h.

To proceed, the photoinduced magnetic pole inversion under
the present experimental condition needs a rather long time
irradiation. One of the main reasons could be a very low
quantum y_ield .Of the photoreaction. Another reason comes froM that the ferromagnetic coupling between théd' Fen and the
the weak light intensity (2 mw/cf uged here to avoid raising  syrrounding Gt ions is disconnected. Then the molecular fields
the tempera}ture of'the sample .durlng. the measurement n there, Hee, andHc, acting on the sublattice sites after irradiation
SQUID. By increasing the light intensity, the reaction rate can .o pe expressed as follows:
be increased. Especially when a pulsed laser is used as the light

0 10 20 30 40 50 60 70

Figure 9. (a) Magnetization versus temperature curves of' (e

coupling of Fé and Ct' is disconnected by irradiatidd.In
other words, the ferromagnetic'Fmetal ions were changed to
paramagnetic ions by photoirradiation. Therefore, we assume

source, the rate may increase drastically because the present Hee = Ho + NeacMc, (14)

phenomenon will be based on a cooperative interaction among

spin sources. Hee = Ho + Neeer Mc; (15)
D. Simulation with MF Theory. The present photoinduced

magnetic pole inversion can be simulated by using the MF Her = Ho + NeiedMee Nerre Mee (16)

model. First we analyze the photoinduced magnetization

decrease of RgJCr(CN)g]-7.5H,0. From the results of’Fe where then; and n;' are the molecular field coefficients of

Mdossbauer measurements, we know that the spin state''of Fe nonconverted and photoconverted sites, respectively, relating
does not change by irradiation and that neither electron transferto the exchange coefficientgj(andJ; '). TheJrecrvalue of 0.9
nor spin transition occur photochemically, but the ferromagnetic cm™! before irradiation can be obtained from the experimental
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Figure 10. Simulation of the photoinduced magnetization decrease Temperature (K)

for Fe'1 {Cr'"'(CN)s] based on the MF theory. Upper and lower curves . ) ) . . . .

are the calculated temperature dependences of magnetization befor(%:'gurelll' Slllmulatlonmof the photoinduced magnetic pole inversion

and after the irradiation, respectively, based on egsit4 or (Fe'oaMn'o6d1.fCr" (CN)e] based on the MF theory. Lower and
upper curves are the calculated temperature dependences of magnetiza-

T, value of 21 K, and thelrec; value is assumed to be zero. tion before and after the irradiation, respectively, based on egs 17

We also have to take into consideration a spatial distribution =™

of the photoconverted site, because the concentration of the

disconnected sites may be lower at deeper sites from the sun‘acé)bt"""”'efj agcordlng to our strategy. That is, the ph_otm_ndgced
according to the LamberBeer's law (/lo = 10-%9, wherea magnetization change proceeds at the ferromagnetic site in the

is an absorption coefficient of & 10° andd is the distance mixed ferro-ferrimagnet, and the balance of magnetization

from the surface). Using these conditions, the temperature between the ferromagnetic and ferrimagnetic site changes,

dependences of the spontaneous magnetization before and aﬁélesultlng in the photoinduced magnetic pole inversion.

irradiation were evaluated theoretically as shown in Figure 10. .
These calculated curves qualitatively agree with the experimentalV- Conclusion
ones.

We next simulate the photoinduced magnetization reversal
of the material fox = 0.40, by a combination of the theoretical
treatment for the photoinduced change of magnetization and
that for ternary metal Prussian blue analogues. The molecular
fields Hee, Hee, Hun, @andHc, acting on each sublattice site in
(FeMn1—,)1 4 Cr(CN)g]-zH,0 can be expressed as follows:

We have demonstrated the photoinduced magnetic pole
inversion in a ferro-ferrimagnet (Fn";_,); JCr'"(CN)g]-
7.5H,0, by a combination of mixed ferro-ferrimagnetism and
photomagnetism. Although the mechanism of the photoinduced
process is not very clear, we can purpose the design of the novel
magnets based on the MF theory. The present phenomenon
occurs only at very low temperatures{9 K). This is due to

Hyn = Ho + MyneMey (17) the low T; value .of f[he molecyle-based magnets used here.
However, by designing the spin sources and the structure of

— ds, th&; val f P ian bl | i
Hee = Ho + NeocMe, (18) compounds ¢ value of Prussian blue analogues increases

gradually*?~44 For example, very recently, Girolami et al. and
Miller et al. have succeeded in preparing/K[Cr'' (CN)g] with

Te = 103°C and Ko osgv"""' [Cr'' (CN)e]o.7o(SOs)0.05¢ 0.93H0
. with T, = 99 °C, respectively¥3**We have also succeeded in
Her = Ho + NeunMun T NeirdMee  NereMee (20) - gptaining Ko sV [CHI'(CN)gJo.877.0H0-0.4GHSOH film (Te

) ) ) = 72 °C) by using the electrochemical methtfddWe thus
The Junc; value of—2.5 cmt is obtained from the experimental  pejieve that a room-temperature photoinduced magnetic pole

critical temperature of Mh {Cr'""(CN)e]-7.5H,0 (T, = 67 K). inversion is possible in the future, by applying the present
Under these conditions, the temperature dependence of the tOtaétrategy to those higfi, molecule-based magnets.

magnetization of (P& 4dMIn"o.69)1.5CrM"' (CN)e]-7.5H,0 before

irradiation was calculated as shown in Figure 11. This calculated JA991473C

curve is consistent with the experimental curve qualitatively, — . . . _ -
although itsTeom value is slightly larger. Then, the magnetiza- i) C*Gan 20 6" Bl i, - Daryge, B vellet. b Verdaguer,
tion vs temperature curve after irradiation was evaluated underm. 3. Am. Chem. Sod.998 120, 11347.

similar conditions to the photoinduced magnetization decrease (43) Holmes, S. M.; Girolami, G. §. Am. Chem. So999 121, 5593.

I 1l . ; (44) Hatlevik, @.; Bushmann, W. E.; Zhang, J.; Manson, J. L.; Miller,
of Fé'1 fCr'"(CN)g]-7.5H,0. The calculated curve agreed with 3. S Adv. Mater 1999 11 914,

the experimentally obtained curve qua”tatively- 'I_'hiS COr-  (45) Ohkoshi, S.; Mizuno, M.; Hung, G. J.; Fujishima, A.; Hashimoto,
respondence shows that the present magnetic pole inversion is<. Unpublished results.

Hee = Ho + NeecrMc, (19)




