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We show the design and preparation of a novel type of magnet exhibitingtwo compensation
temperatures;i.e., the spontaneous magnetization changes its sign twice with changing temperature.
The key to obtaining this unusual behavior is the simultaneous incorporation of one antiferromagnetic
and two different ferromagnetic interactions through the use of four different spin sources, as predicted
by a calculation based on molecular field theory. As a prototype exemplifying this idea, we have
prepared a Prussian blue analog,sNiII

0.22MnII
0.60FeII

0.18d1.5fCrIIIsCNd6g ? 7.6H2O, which exhibits magnet-
ization reversals at 35 and 53 K. [S0031-9007(98)08379-3]

PACS numbers: 75.30.Et, 75.50.Gg
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Control of magnetic properties is one of the most attra
tive but also most difficult targets in the field of magneti
materials. Particularly, the control of the thermodynam
ics of magnetization is very difficult. Most magnetic ma
terials exhibit monotonic increases in magnetization wi
decreasing temperature below their critical temperatu
sTcd. However, in the classical theory of ferrimagnet
Néel had envisaged the possibility that the spontaneo
magnetization can change sign; i.e., the magnetic poles
invert, at a particular temperature (the so-called compe
sation temperature,Tcomp) [1]. In fact, magnetic materials
such as NiFe22xVxO4 and NBu4fFeIIFeIIIsC2O4d3g, ex-
hibiting negative magnetization, have been found [2–7]

The objective in the present work is the design an
preparation of novel types of magnets exhibitingtwo com-
pensation temperatures,i.e., a zero-field magnetization
curve that passes through zero twice before finally reac
ing the paramagnetic phase. In order to meet this ch
lenge, the theoretical prediction of the magnetic propert
is an absolute requirement. However, for classical me
or metal oxide magnets, such a prediction is difficult
general. One of the main reasons is that various types
exchange and/or superexchange interactions exist am
many spin sources. Moreover, the metal or metal ion su
stitution often causes structural distortions. Converse
for Prussian blue analogs [8–16], some of which, e.
CsNifCrsCNd6g, become ferromagnets below 90 K [12]
and others, such as V1.16fCrsCNd6g, which are ferrimag-
nets below 315 K [13], the theoretical treatment is muc
simpler for the following reasons. (1) Only the supere
change interactions between the nearest neighbor m
ions have to be considered. In other words, contributio
from the second nearest neighbor sites can be neglec
due to the relatively long distances between metal io
[17]. (2) The character of superexchange interactions c
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be easily predicted from a simple orbital symmetry ru
because the directions of the symmetry axes of the s
sourced orbitals for all of the metal ion sites and a
of the ligandp orbitals are identical due to their face
centered-cubic (fcc) structure [11]. Therefore, the des
of novel magnets based on molecular field (MF) theo
is effective for the class of Prussian blue analogs.
fact, using ternary metal Prussian blue analogs incor
rating both ferromagnetic and antiferromagnetic exchan
interactions simultaneously [17–20], we have succeed
in tuning theirTcomp values based on MF theory and th
use of three sublattice sites [17].

The key objective of the present study was to des
Prussian blue analogs containing both ferromagnetic
antiferromagnetic interactions simultaneously by incorp
rating four different metal ions in the lattice, three bein
randomly distributed, with the correct ratio being obtain
by the use of a calculation based on MF theory. As
prototype exemplifying our idea, we have prepared me
bers of a new class of mixed ferroferrimagnets with t
generic formula sNiII

a MnII
b FeII

c d1.5fCrIIIsCNd6g ? zH2O
sa 1 b 1 c  1d. Among these compounds, that wit
the compositiona  0.22, b  0.60, c  0.18 showed
two compensation temperatures (Tcomp 1  53 K and
Tcomp 2  35 K). To our knowledge, this is the first
magnet exhibitingtwo compensation temperatures[21].

First, we theoretically evaluated the temper
ture dependences of a series of compoun
sNiII

a MnII
b FeII

c d1.5fCrIIIsCNd6g ? zH2O using MF theory,
with the spin numbers for the four sublattice site
SNi  1, SMn  5y2, SFe  2, andSCr  3y2 (Fig. 1).
For this calculation, only the three types of superexchan
couplings between the nearest neighbor sites, Ni-
Mn-Cr, and Fe-Cr, were considered. The molecular fie
HNi, HMn, HFe, andHCr acting on the four sublattice site
© 1999 The American Physical Society 1285
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FIG. 1. Schematic illustration of mixed ferroferrimagnets composed ofsNiII
a MnII

b FeII
c d1.5fCrIIIsCNd6g ? zH2O. Zeolitic water

molecules in the unit cell are omitted for clarity. The ferromagnetic (JNiCr . 0 andJFeCr . 0) and antiferromagnetic (JMnCr , 0)
superexchange interactions can coexist without spin frustration, because theAII (A  Ni, Mn, or Fe)ssd and CrIII sdd ions of the
Prussian blue structure are linked in an alternating fashion.
es

-
en
re
on
ed
ted

d
,
c-
e-

n
re.
on
s-

y
ps,
n

ere
n-
ig-
ure

is
res
can be expressed as follows:
HMn  H0 1 nMnCrMCr ,

HNi  H0 1 nNiCrMCr ,

HFe  H0 1 nFeCrMCr ,
(1)

HCr  H0 1 nCrMnMMn 1 nCrNiMNi 1 nCrFeMFe ,
whereH0 is the external magnetic field, the variousnij are
the molecular field coefficients relating to the exchang
coefficients sJijd, and MNi, MMn, MFe, and MCr are
sublattice magnetizations per unit volume for the respe
tive metal sites. The sublattice magnetizations and to
magnetization sMtotal  2MMn 1 MNi 1 MFe 1 MCr d
as a function of temperature can be evaluated usi
a Brillouin function. A JMnCr value of 22.5 cm21,
a JNiCr value of 15.6 cm21, and a JFeCr value of
10.9 cm21 were obtained from the experimentalTc

values of MnII
1.5fCrIIIsCNd6g ? 7.5H2O sTc  67 Kd

[17], NiII
1.5fCrIIIsCNd6g ? 8H2O sTc  72 Kd [17],

and FeII
1.5fCrIIIsCNd6g ? 7.5H2O sTc  21 Kd [19],

respectively. Using theseJ values and the com-
positional factors sa, b, cd, the temperature de-
pendences were theoretically evaluated. Figu
2 shows the calculated temperature dependen
curves for each sublattice sMMn, MNi, MFe, MCr d
and the total magnetization sMtotald for the
sNiII

0.20MnII
0.61FeII

0.19d1.5fCrIIIsCNd6g ? zH2O system, which
exhibits two compensation temperatures. On the ba
of this theoretical prediction, we synthesized members
this series.
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The compounds were prepared by reacting mixtur
of NiCl2, MnCl2, and FeCl2 aqueous solutions with
K3CrsCNd6 aqueous solution to yield light brown precipi
tates. The precipitates were dialyzed for 48 h and th
filtered. Elemental analyses for Mn, Ni, Fe, and Cr we
obtained by inductively coupled plasma-atomic emissi
spectrometry, and those for C, H, and N were carri
out by standard microanalytical methods, e.g., calcula
for sNiII

0.22MnII
0.60FeII

0.18d1.5fCrIIIsCNd6g ? 7.6H2O: Ni, 4.6;
Mn, 11.5; Fe, 3.4; Cr, 12.1; C, 16.8; N, 19.6; H, 3.6, an
found Ni, 4.6; Mn, 11.5; Fe, 3.4; Cr, 12.6; C, 16.8; N
19.4; H, 3.4. The CN stretching frequency in the IR spe
tra for the resulting complexes changed continuously d
pending on the mixing ratio. The x-ray powder diffractio
patterns for these compounds confirmed the fcc structu
The lattice constants varied continuously depending
the composition. By analogy with the ternary metal Pru
sian blue analogs, these results indicate that NiII, MnII,
and FeII are randomly incorporated in sites where the
are coordinated to the nitrogen ends of the cyano grou
and the CrIII ions are always coordinated to the carbo
ends of the cyano groups.

Magnetization measurements for these compounds w
carried out using a Quantum Design MPMS 5 superco
ducting quantum interference device magnetometer. F
ure 3 shows the field-cooled magnetization vs temperat
plots for thesNiII

0.22MnII
0.60FeII

0.18d1.5fCrIIIsCNd6g ? 7.6H2O
powder in an external magnetic field of 10 G. Th
compound showed two compensation temperatu
(Tcomp 1  53 K and Tcomp 2  35 K). Its remanent
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FIG. 2. Calculated temperature dependence curv
for each sublattice and total magnetization fo
sNiII

0.20MnII
0.61FeII

0.19d1.5fCrIIIsCNd6g ? zH2O, based on molecular
field theory, with four sublattice sites (Ni, Mn, Fe, Cr), with
J coefficients JNiCr  15.6 cm21, JFeCr  10.9 cm21, and
JMnCr  22.5 cm21: (a) sublattice magnetization (MMn, MNi,
MFe, MCr ); and (b) total magnetizationsMtotald

magnetization vs temperature plots also showed a simi
behavior. The theoretical calculation described abo
shows clearly that the two compensation temperatur
for this compound are due to different temperature d
pendences of the negative magnetization of the MnII

sublattice and the positive magnetization of the NiII, FeII,
and CrIII sublattices. In the temperature range betwe
61 K sTcd and 53 K, the positive magnetizations domi
nate. Between 53 and 35 K, however, the negati
magnetization outweighs the positive magnetizations.
temperatures below 35 K, the positive magnetizatio
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FIG. 3. Experimental magnetization vs temperature curves
sNiII

0.22MnII
0.60FeII

0.18d1.5fCrIIIsCNd6g ? 7.6H2O: sdd field-cooled
magnetization obtained with decreasing temperatures80 K !
2 Kd in an external magnetic field of 10 G;ssd remanent
magnetization obtained with increasing temperatures2 K !
80 Kd after the temperature was first lowered in the appli
magnetic field of 10 G.

again dominate due to the growth of the FeII sublattice
contribution. Other magnetic properties also obey
the theory of mixed ferroferrimagnetism [17]. For e
ample, the saturation magnetizationsIsd value for the
compositiona  0.24, b  0.58, c  01.8 was0.77mB,
assuming theg factors for the metal ions to be 2.0. Th
observed value is close to the theoreticalIs value of
0.52mB [22]. In addition, the coercive fieldsHcd value
of 570 G was larger than theHc values for the respec
tive binary compositions MnII

1.5fCrIIIsCNd6g ? 7.5H2O
sHc  6 Gd, NiII

1.5fCrIIIsCNd6g ? 8H2O sHc  120 Gd
and FeII

1.5fCrIIIsCNd6g ? 7.5H2O sHc  200 Gd. This is
because theHc values for the mixed ferroferrimagnets a
proportional tosIsd21 [17].

In summary, we have succeeded in designing and s
thesizing a novel type of magnet exhibiting a double ma
netic pole inversion with changing temperature. One
the main reasons for the success of this approach is
the fcc structure of the Prussian blue analogs is maintai
even when the metal ions are substituted. Another rea
is that spin frustration does not occur in this system,
cause theAII (NiII, MnII, and FeII) and CrIII ions are
linked in an alternating fashion. Prussian blue analo
which are prime examples of molecule-based magn
[23–26], are useful for the molecular design of mixed fe
roferrimagnets, because various types of metal ions
be easily incorporated as spin centers. To date, we h
succeeded in demonstrating several new phenomena
as the photoinduced increase of magnetization [27],
photoinduced magnetic pole inversion [19], and the tu
ing of the color of magnetic thin films [20]. Moreover
we have recently obtained a high-Tc s340 Kd transparent
1287
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magnetic film, composed of vanadium chromium poly
cyanide, which exhibits a Faraday effect at room tem
perature [28]. We furthermore believe that additional ne
magnetic properties and functions that have never be
observed for conventional metal and metal oxide ma
nets will appear in mixed ferroferrimagnets composed
Prussian blue analogs.
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