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Theoretical treatment of the mixed ferro-ferrimagnets composed of ternary-metal Prussian blue
analogs in a paramagnetic region
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Our objective in the series of the present work is to obtain a type of magnet in which the weight average of
ferromagnetic and ferrimagnetic characters is precisely controlled by fine tuning of the composition. For this
attempt, we have prepared the (NiII

xMnII
12x)1.5@CrIII ~CN!6#•zH2O system, incorporating both ferromagnetic

NiII-CrIII (JNiCr) and antiferromagnetic MnII-CrIII (JMnCr) exchange interactions. In this work, its magnetic
properties in aparamagneticregion, such as magnetic susceptibility~x! and Weiss temperature (uc), were
studied. In general, thex21 value for typical ferromagnets and ferrimagnets should be zero at Curie tempera-
ture (Tc). However, the observedx21 value forx50.30 of this system did not drop off atTc . The theoretical
analysis based on a molecular-field theory considering both ferromagnetic (JNiCr.0) and antiferromagnetic
(JMnCr,0) exchange interactions showed that this phenomenon occurred because a compensation temperature
is close toTc . In addition, it showed that the variation of theuc value is not due to changes in the magnitudes
of superexchange interactions but due to changes in the weighted average ofJNiCr and JMnCr as a function
of x. @S0163-1829~99!09941-5#
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I. INTRODUCTION

Molecule-based magnetism has been studied actively
the last 10 years.1–4 Up to date, various molecule-based ma
nets have been obtained with bimetallic,5,6 metal-organic,7,8

and organic systems.9–11 The advantages of these type
magnets compared to classical-metal and metal-oxide o
are that the magnets can be obtained through a selectio
proper spin sources~e.g., transition-metal ions, organic rad
cals! and coordinating ligands. Therefore, one of the goals
this field is the rational design of new magnets exhibiti
novel magnetic properties. For the preparation of molecu
based magnets, the important issues can be summarize
follows: ~1! What kinds of spin sources and ligands are ch
sen as building blocks?~2! How are the building blocks as
sembled, considering dimensionalities~one, two, or three di-
mensional! of their networks and the exchange interacti
among their spin sources? From these points of view, P
sian blue, Fe4@Fe~CN!6#3•zH2O, and its analogs are one o
the most attractive classes of molecule-based magnets
cause various types of building blocks@A(CN)6#x2 and
metal ionsB can be assembled in an alternating fashion.12–19

The objective in the series of the present work is to des
a new type of magnet, in which the weight average of fer
magnetic and ferrimagnetic characters is precisely contro
by fine tuning of the compositional factor. Here, we call th
magnet a mixed ferro-ferrimagnet. For classical-metal
metal-oxide magnets, such an attempt is difficult in gene
This is because various types of exchange and/or supe
change interactions~J! exist among metals or metal ion
Moreover, the metal substitution often causes structural
tortions. Therefore, we have chosen Prussian blue analog
target materials and recently prepared a series
(NiIIxMnII

12x)1.5@CrIII ~CN!6# compounds, which can accom
modate both ferromagnetic and antiferromagnetic excha
interactions.20,21Their magnetic properties such as saturat
PRB 600163-1829/99/60~18!/12820~6!/$15.00
or
-

es
of

n

-
as

-

s-

e-

n
-
d

r
l.
x-

s-
as

of

ge
n

magnetization (I s) and compensation temperatures (Tcomp)
could be controlled by changing the compositional factorx.
Moreover, these magnetic properties in aferromagneticre-
gion (T,Tc) could be analyzed well using a molecular fie
~MF! theory considering only two types of superexchan
couplings between the nearest-neighbor sites.21 This theoret-
ical treatment showed that the mixed ferro-ferrimagnet co
posed of ternary Prussian blue analogs is one of the
systems to which we can apply the simple MF theory.
fact, in a mixed ferro-ferrimagnet (NiII

aMnII
bFeII

c)1.5

@CrIII ~CN!6#•zH2O, we have recently succeeded in designi
and synthesizing a novel type of magnet exhibiting two co
pensation temperatures, i.e., the spontaneous magnetiz
changes its sign twice with changing temperature.22

In this paper, we report the theoretical treatments of m
netic properties of the mixed ferro-ferrimagnet inparamag-
netic region (T>Tc) using the (NiIIxMnII

12x)1.5@CrIII ~CN!6#
system as a model compound, attempting to answer the
lowing questions:~1! How does the temperature dependen
of x values change between a ferromagnet and a ferrim
net?~2! What does theuc value of mixed ferro-ferrimagnets
mean?

II. BACKGROUND

Let us first show the thermodynamics of magnetic susc
tibility for typical ferromagnets and ferrimagnets as a bac
ground of this work. For ferromagnets, the magnetic susc
tibility ~x! value aboveTc obeys the Curie-Weiss law an
hence thex21 value decreases linearly to zero atTc .23 For
ferrimagnets, conversely, thex21 vs T curve deviates from
the linear line and finally drops off to zero atTc .24 More-
over, thexT vs T plots are also useful for judging whether
is a ferromagnet or a ferrimagnet. For ferromagnets, thexT
value increases monotonously, approaching infinity atTc
with decreasing temperature. Conversely, for ferrimagn
12 820 ©1999 The American Physical Society
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PRB 60 12 821THEORETICAL TREATMENT OF MIXED FERRO- . . .
the xT vs T plots have a minimum value and then approa
infinity at Tc . In addition, the sign of the Weiss temperatu
(uc) value is determined by the sign of superexchange in
action between spin sources, i.e.,uc,0 for an antiferromag-
netic exchange,uc.0 for a ferromagnetic exchange. Ther
fore, we can distinguish whether the magnet is a ferromag
or a ferrimagnet by seeing itsx21 vs T plots,xT vs T plots
and theuc value. Note that observedx21 vs T plots for
ferromagnets should be slightly shifted upward from the p
dicted line because the remaining clusters behave muc
large paramagnetic molecules aboveTc .25

III. MAGNETIC SUSCEPTIBILITY

In Fig. 1~a! the experimentally obtainedx21 vs T plots in
a series of (NiIIxMnII

12x)1.5@CrIII ~CN!6# are shown. At a
high-temperature range (T.150 K), the slope of thex21 vs
T plots increased with increasingx. This is reasonable be
cause thex21 value for NiII1.5@CrIII ~CN!6#•8H2O ~SNi51,
h

r-

et

-
as

SCr5
3
2 ! is larger than that for MnII1.5@CrIII ~CN!6#•7.5H2O

~SMn5 5
2 , SCr5

3
2 !. Concerning the curvature ofx21 vs T

plots aroundTc , we had expected that a straight line wou
become a curved line monotonously with decreasingx. How-
ever, a complicated change was seen. For example, for
<x<0.5, the curvatures were larger than that forx50. Par-
ticularly, for x50.30, thex21 vs T plots did not drop off
nearTc . Similarly, in thexT vs T plots @Fig. 2~a!#, the curve
for x50.3 showed anomalous temperature dependence:
although thexT vs T curves for other compositions ap
proached infinity atTc , the curve for x50.3 showed a
straight line.

In order to understand these anomalous temperature
pendences of thex value, we carried out theoretical trea
ments of thex values based on a MF theory. In the Pruss
blue analogs, AIIy@BIII ~CN!6#, the AII and BIII metal ions are
linked in an alternating fashion and hence the superexcha
interaction between the second nearest-neighbor sites, AII-AII

and BIII -BIII , can be neglected because of their long distan
~;10 Å!.12–22 Therefore, in the MF model for (NiII

x
MnII

12x)1.5@Cr~CN!6# system, only two types of superex
change couplings between the nearest-neighbor sites, on
ferromagnetic NiII-CrIII and the other for antiferromagneti
MnII-CrIII are considered. The molecular fieldsHNi , HMn ,
andHCr acting on the three sublattice sites can be expres
as follows:

HMn5nMnCrMCr , ~1!

HNi5nNiCrMCr , ~2!

HCr5nCrMnMMn1nCrNiMNi , ~3!

where variousni j are the molecular-field coefficients, an
MNi , MMn , andMCr are sublattice magnetizations per un
volume for the Ni, Mn, and Cr sites, respectively. On t
basis of the Curie-Weiss law, sublattice magnetizations i
paramagnetic region can be expressed as follows:

MMn5
CMn~H01HMn!

T
, ~4!

MNi5
CNi~H01HNi!

T
, ~5!

MCr5
CCr~H01HCr!

T
, ~6!

whereH0 is the external magnetic field, variousCi are Curie
constants of each sublattice. Thex is defined asx5(MNi
1MMn1MCr)/H0 . Therefore, thex21 value can be evalu-
ated using Curie constants and molecular-field coefficient
follows:
x2152
T32~CNiCCrnNiCr

2 1CMnCCrnMnCr
2 !T

~CNi1CMn1CCr!T
21~2CNiCCrnNiCr12CMnCCrnMnCr!T

1CNiCMnCCr~2nNiCrnMnCr2nMnCr
2 2nNiCr

2 !. ~7!
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The molecular-field coefficientsni j are related to the ex
change coefficients (Ji j ) by

nMnCr5
2ZMnCr

mN~gmB!2 JMnCr , ~8!

nNiCr5
2ZNiCr

mN~gmB!2 JNiCr , ~9!

nCrMn5
2ZCrMn

lMnN~gmB!2 JMnCr , ~10!

nCrNi5
2ZCrNi

lNiN~gmB!2 JNiCr . ~11!

Conversely, Curie constantsCi are expressed as follows:

CNi5
lNiNg2mB

2SNi~SNi11!

3k
, ~12!
CMn5
lMnNg2mB

2SMn~SMn11!

3k
, ~13!

CCr5
mNg2mB

2SCr~SCr11!

3k
, ~14!

wheremB is the Bohr magneton,Zi j are the numbers of the
nearest-neighborj-site ions surrounding ani-site ion: ZMnCr
5ZNiCr54; ZCrNi56x; ZCrMn56(12x), N is the total num-
ber of all types of metal ions per unit volume, andlNi , lMn ,
and m represent the mole fractions:lNi51.5x; lMn51.5(1
2x); m51, respectively, and other quantities are as follow
SMn5 5

2 ; SNi51; SCr5
3
2 ; and g52. A JNiCr value of 15.6

cm21 and aJMnCr value of 22.5 cm21 were obtained from
the experimentalTc values of NiII1.5@CrIII ~CN!6#•8H2O
(Tc572 K) and MnII1.5@CrIII ~CN!6#•7.5H2O (Tc567 K),
respectively.21 Using these parameters, the temperature
pendences ofx21 values of (NiIIxM

III
12x)1.5@CrIII ~CN!6#

•zH2O system were calculated for several different comp
sitions of x. As shown in Fig. 1~b!, for 0.1<x<0.5, the
curvatures nearTc were larger than that forx50. Particu-
larly, for x50.30, thex21 vs T plots did not drop off near
Tc . These calculated curves reproduced experimental cu
qualitatively. In addition, the calculatedxT2T plots also
reproduced the observed ones qualitatively as shown in
2~b!.

FIG. 3. ~a! Calculated temperature dependence curves for e
sublattice~MMn , MNi , MCr! and total magnetization (M total) for
(NiII0.30MnII

0.70)1.5@CrIII ~CN!6# based on the three sublattic
molecular-field theory, withJ coefficients JNiCr55.6 cm21 and
JMnCr522.5 cm21. ~b! Experimental magnetization vs temperatu
curves for (NiII0.30MnII

0.70)1.5@CrIII ~CN!6#•7.5H2O in the external
field of 10 G.
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Here, let us focus on the magnetic behavior forx50.30,
in order to understand its anomalous thermodynamics.
viously, we showed that the magnetization vs tempera
curves belowTc exhibit various types of thermodynamics
magnetization depending onx.20,21 Particularly, the com-
pounds in whichx was in the range of 0.38<x<0.42 exhib-
ited compensation temperatures (Tcomp).

24,26–29 This oc-
curred because the negative magnetization due to theII

sublattice and the positive magnetizations due to the NiII and
CrIII sublattices have different temperature dependen
Calculated thermodynamics of magnetization forx50.30 be-
low Tc are shown in Fig. 3~a!. Its total magnetization canno
appear in the region of 63 K,T,69 K, although the tem-
perature is already lower than the theoreticalTc(569 K)
value evaluated by the following equation:

Tc5ACMnCCrnMnCr
2 1CNiCCrnNiCr

2 . ~15!

The reason for this is that the sum of positive magnetizati
of NiII and CrIII sublattices is almost equivalent to the neg
tive magnetization of MnII. In other words, for this compo
sition, an antiferromagnetic behavior appears at nearTc .
This means thatTcomp is close toTc . In fact, the observed
magnetization vs temperature curve forx50.30 showed a
similar behavior as shown in Fig. 3~b!. Usually, thex21 vs T
plots for typical antiferromagnets show a straight line n
Tc .

IV. WEISS TEMPERATURE

We finally discuss Weiss temperatures of the mixed fer
ferrimagnet. Theuc value is a significant parameter fo
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mixed ferro-ferrimagnets because its sign is determined
the superexchange interaction between spin sources, i.euc
,0 for an antiferromagnetic exchange,uc.0 for a ferro-
magnetic exchange. We carried out theoretical treatment
uc values using the MF model. Equation~7! is rewritten in
the following form:

x215
T

CNi1CMn1CCr
1

1

x0
2

gT1s

T22aT1b
, ~16!

where the second term and thea, b, g, and s of the third
terms on the right side are expressed by

1

x0
52

2CNiCCrnNiCr12CMnCCrnMnCr

~CNi1CMn1CCr!
2 , ~17!

a52
2CNiCCrnNiCr12CMnCCrnMnCr

CNi1CMn1CCr
, ~18!

b52
CNiCMnCCr~2nNiCrnMnCr2nMnCr

2 2nNiCr
2 !

CNi1CMn1CCr
, ~19!

g52
2CNiCCrnNiCr12CMnCCrnMnCr

CNi1CMn1CCr

1
CNiCMnCCr~2nNiCrnMnCr2nMnCr

2 2nNiCr
2 !

~CNi1CMn1CCr!
2

2
~2CNiCCrnNiCr12CMnCCrnMnCr!

2

~CNi1CMn1CCr!
3 , ~20!
t
t the
s52
CNiCMnCCr~2CNiCCrnNiCr12CMnCCrnMnCr!~2nNiCrnMnCr2nMnCr

2 2nNiCr
2 !

~CNi1CMn1CCr!
3 . ~21!

The first two terms on the right side of Eq.~16! represent the asymptotic line to which thex21-T curve should approach a
high temperature because the third term must vanish atT→`. The extrapolation of this asymptote intersects the abscissa a
uc value. Therefore, theuc value is expressed by

uc5
2CNiCCrnNiCr12CMnCCinMnCr

CNi1CMn1CCr
5

2SCr~SCr11!@2lNiSNi~SNi11!ZNiCrI NiCr12lMnSMn~SMn11!ZMnCrJMnCr#

3k@lNiSNi~SNi11!1lMnSMn~SMn11!1mSCr~SCr11!#
. ~22!
d
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e-

ntal
ex
This equation indicates that the variation of theuc value is
due not to changes in the magnitudes of superexchang
teractions~JNiCr , JMnCr!, but to changes in the weighted a
erage ofJNiCr andJMnCr as a function ofx. As shown in Fig.
4, theuc values were calculated for the wholex in the series
of (NiIIxMnII

12x)1.5@CrIII ~CN!6#•zH2O. Theuc values were
expected to increased from negative to positive values sh
ing a curved line.

The experimentaluc values were plotted in Fig. 4 a
circles. Those for 0<x<0.4 corresponded to calculated va
ues but those for 0.4,x<1 were slightly off calculated val-
ues. In the present MF theory, we have not taken accoun
the spin cluster formation. As was described in Sec. II,
in-

w-

of
e

practicalx21 vs T plots for ferromagnets are slightly shifte
from the straight line due to the remaining spin clusters.25 In
fact, the observedx21 vs T plot for x51 was slightly
curved, resulting that its experimentaluc value, which was
obtained from the data fitting in the temperature range fr
150 to 300 K, was larger than the calculated one. In t
manner, the experimentaluc values are slightly different
from the uc values calculated by the MF model. These d
viations are expected to be increased with increasingx be-
cause, for ferrimagnets, the asymptotic line of thex21 vs T
plot in the present temperature range (150 K,T,300 K) is
not so influenced by spin clusters and hence the experime
uc value is close to the calculated ones. Therefore, the



te

si

,

is
of

lu
.
e
in

e
th

u

s
th

-

ed

d
a

F
rea-

l-ion
-
ne-

ion.
etic
s
ro-
na-

he
es.
g a
e

-

e of
the

rus-

c
in-

ul-

e
a

12 824 PRB 60SHIN-ICHI OHKOSHI AND KAZUHITO HASHIMOTO
perimentaluc values are becoming larger than the calcula
ones gradually with increasingx.

Furthermore, we discuss the relationship between the
of uc values and the shape of thexT2T plots. The compo-
sition (xuc50) for the uc50 is expressed as follows:

xuc505S 12
SNi~SNi11!JNiCr

SMn~SMn11!JMnCr
D 21

. ~23!

When x is smaller thanxuc50 , uc is negative. Conversely
whenx is larger thanxuc50 , uc is positive;

x,xuc
50, uc,0,

x>xuc50 , uc>0. ~24!

The xuc50 of this system was calculated to be 0.66. Th
xuc50 value was different from either the composition
disappearance of saturation magnetization (x50.429) as de-
scribed in our previous paper22 or the composition of the
anomalousx21 vs T plots (x50.30). In xT vs T plots of
Tc,T,300 K @Figs. 2~a! and 2~b!#, the composition forx
50.52 seems to be the threshold where the minimum va
can appear. However, it is not the real threshold. In Fig
calculatedxT2T plots ofTc,T,3000 K are shown. Thes
plots show that the real threshold for the appearance of m
mum xT is x50.66 (5xuc50). Therefore, we can conclud
that the xuc50 value corresponds the threshold where
minimum value can appear inxT vs T plots. Note that ex-
perimental measurement of this value is impossible beca
prepared samples decompose above 373 K.

V. CONCLUSION

We have succeeded in analyzing magnetic propertie
mixed ferro-ferrimagnets in a paramagnetic region using
MF theory considering both ferromagnetic (JNiCr.0) and
antiferromagnetic (JMnCr,0) exchange interactions. Particu

FIG. 4. Plots ofuc values versusx: calculated curve~—! based
on Eq. ~22!; observed~d!. The uc values were extracted by th
least-squares fitting of the data between room temperature
150 K.
d

gn
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larly, the complicated change of thex21 vs T plots and the
xT vs T plots were reproduced well. These complicat
changes arise for the magnets with whichTcomp values are
close toTc values. In addition, theuc values were suggeste
to increase from negative to positive values showing
curved line as a function ofx. For the present system, the M
model reproduced the observed data qualitatively. The
sons for this success are as follows:~1! The fcc structure of
the Prussian-blue analogs is maintained even when meta
substitution is carried out.~2! The superexchange interac
tions between the second nearest-neighbor sites can be
glected because of their long distances.~3! The divalent
metal ions~NiII and MnII! and the trivalent metal ion (CrIII )
of the present materials are linked in an alternating fash
By the combination of the above reasons, the ferromagn
(J.0) and antiferromagnetic (J,0) exchange interaction
can coexist without a spin-glass behavior. The mixed fer
ferrimagnet composed of a ternary-metal Prussian blue a
log is one of the first systems to which we can apply t
simple MF theory and can predict magnetic properti
In fact, we have already succeeded in demonstratin
photoinduced magnetic pole inversion with th
(FeII

xMnII
12x)1.5@CrIII ~CN!6#•7.5H2O based on the theoreti

cal prediction using the MF theory.30 In addition, we have
recently succeeded in designing and synthesizing a typ
magnet exhibiting two compensation temperatures with
(NiIIaMnII

bFeII
c)1.5@CrIII ~CN!6#•zH2O system.22 We thus be-

lieve that various novel magnets can be designed with P
sian blue analogs based on the MF theory.31
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nd FIG. 5. Calculated temperature dependence of thex21T curves
in the region ofTc,T,3000 K.
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