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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 ((WIn"; _,); { C'"'(CN)s]- zH,0O system, incorporating both ferromagnetic
Ni'"-C'" (Jnic) and antiferromagnetic MaCr'"' (Jync,) exchange interactions. In this work, its magnetic
properties in gparamagneticregion, such as magnetic susceptibilifjy) and Weiss temperatured(), were
studied. In general, thg ! value for typical ferromagnets and ferrimagnets should be zero at Curie tempera-
ture (T,). However, the observed ! value forx=0.30 of this system did not drop off @, . The theoretical
analysis based on a molecular-field theory considering both ferromagudglic>0) and antiferromagnetic
(Imncr<0) exchange interactions showed that this phenomenon occurred because a compensation temperature
is close toT. In addition, it showed that the variation of tifig value is not due to changes in the magnitudes
of superexchange interactions but due to changes in the weighted averdgg, @nd Jy.c, as a function
of x. [S0163-182609)09941-5

. INTRODUCTION magnetization ;) and compensation temperatureég;dmy)
could be controlled by changing the compositional factor
Molecule-based magnetism has been studied actively fayioreover, these magnetic properties ifiearomagneticre-
the last 10 year.* Up to date, various molecule-based mag-gion (T<T.) could be analyzed well using a molecular field
nets have been obtained with bimetaﬁ'ﬁ:metal-organi(f,'g (MF) theory considering only two types of superexchange
and organic systens! The advantages of these type of couplings between the nearest-neighbor <itéhis theoret-
magnets compared to classical-metal and metal-oxide onésal treatment showed that the mixed ferro-ferrimagnet com-
are that the magnets can be obtained through a selection pbsed of ternary Prussian blue analogs is one of the first
proper spin source®.g., transition-metal ions, organic radi- systems to which we can apply the simple MF theory. In
cals and coordinating ligands. Therefore, one of the goals ifact, in a mixed ferro-ferrimagnet (NjMn",Fé')); 5
this field is the rational design of new magnets exhibiting[ Cr" (CN)g]-zH,O, we have recently succeeded in designing
novel magnetic properties. For the preparation of moleculeand synthesizing a novel type of magnet exhibiting two com-
based magnets, the important issues can be summarized R@nsation temperatures, i.e., the spontaneous magnetization
follows: (1) What kinds of spin sources and ligands are cho-changes its sign twice with changing temperattire.
sen as building blocks®@) How are the building blocks as- [N this paper, we report the theoretical treatments of mag-
sembled, considering dimensionalitiee, two, or three di- N€tic properties of the mixed ferro-ferrimagnetparamag-
- - - . neticregion (T=T.) using the (N{,Mn";_,); { C'"'(CN)¢]
mensional of their networks and the exchange interaction c X 1-x/1
among their spin sources? From these points of view, Pru system as a model compound, attempting to answer the fol-

: ) . owing questions(1) How does the temperature dependence
sian blue, FEFECN)gls- 2H;0, and its analogs are one of x values change between a ferromagnet and a ferrimag-

the most z;ttractlve classes-of. molecule-based )r(ljagnets bﬁét?(Z) What does the, value of mixed ferro-ferrimagnets
cause various types of building block®\(CN)¢]*~ and mean?
metal ionsB can be assembled in an alternating fasHfor? '

The objective in the series of the present work is to design
a new type of magnet, in which the weight average of ferro- Il. BACKGROUND
magnetic and ferrimagnetic characters is precisely controlled
by fine tuning of the compositional factor. Here, we call this ~ Let us first show the thermodynamics of magnetic suscep-
magnet a mixed ferro-ferrimagnet. For classical-metal oftibility for typical ferromagnets and ferrimagnets as a back-
metal-oxide magnets, such an attempt is difficult in generalground of this work. For ferromagnets, the magnetic suscep-
This is because various types of exchange and/or superesibility (x) value aboveT. obeys the Curie-Weiss law and
change interactiongJ) exist among metals or metal ions. hence they ! value decreases linearly to zeroTat.?® For
Moreover, the metal substitution often causes structural disferrimagnets, conversely, the ! vs T curve deviates from
tortions. Therefore, we have chosen Prussian blue analogs t# linear line and finally drops off to zero &t .>* More-
target materials and recently prepared a series ofver, thexyT vsT plots are also useful for judging whether it
(Ni",Mn"; _,); £ Cr" (CN)g] compounds, which can accom- is a ferromagnet or a ferrimagnet. For ferromagnets ythe
modate both ferromagnetic and antiferromagnetic exchangealue increases monotonously, approaching infinityTat
interactions®?! Their magnetic properties such as saturationwith decreasing temperature. Conversely, for ferrimagnets,
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Se=2) is larger than that for Mh  Cr'""(CN)s]- 7.5H,0
(Sun=2, Sc,=32). Concerning the curvature of > vs T
plots aroundT;, we had expected that a straight line would

monotonously with decreagirgow-

ever, a complicated change was seen. For example, for 0.1
=<x=0.5, the curvatures were larger than thatXer0. Par-

thex ! vs T plots did not drop off

nearT.. Similarly, in thexT vs T plots[Fig. 2(a)], the curve

omalous temperature dependence: i.e.,

although thexT vs T curves for other compositions ap-

¢, the curve forx=0.3 showed a

In order to understand these anomalous temperature de-
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FIG. 1. (a) The experimental temperature dependence of the as follows:

x ! curves for (Nil, Mn™, _ ), s[ Cr™(CN)¢] - zH,O [x=0(H), 0.11
(V), 0.21 (O), 0.30 (@), 0.42 (), 0.52 (A), 0.62 (M), 0.71 (O),
0.81 (A1), 0.91 (X), 1 (A)]. (b) The calculated temperature depen-
dences of the )(71 curves for x=0,0.10,0.20,0.30,0.40,0.50,
0.60,0.70,0.80,0.90,1, going from the lowest curve to the highest
curve at a high-temperature region based on the molecular-field
theory, with three sublattice sites (Ni, Mn, Cr), with J coefficients

Jaem5.6cm~) and Jyo= —2.5 cm-. where variousn;; are

volume for the Ni, M

lue, we carried out theoretical treat-

ments of they values based on a MF theory. In the Prussian
blue analogs, A[B" (CN)g], the A" and B" metal ions are
linked in an alternating fashion and hence the superexchange
interaction between the second nearest-neighbor sites,"A

and B"-B", can be neglected because of their long distances
(~10 A).*2722 Therefore, in the MF model for (Nj
Mn";_,); 4 Cr(CN)s] system, only two types of superex-
change couplings between the nearest-neighbor sites, one for

and the other for antiferromagnetic

Mn'-Cr'!" are considered. The molecular fieldls;, Hyn,

three sublattice sites can be expressed

Hyn=NvneMcr s 1)
Hyi=nNniceMrs 2
Her=nemnM v+ NemiM i » (3

the molecular-field coefficients, and

Myi, Mun, andMc, are sublattice magnetizations per unit

n, and Cr sites, respectively. On the

the xT vs T plots have a minimum value and then approachy,sis of the Curie-Weiss law, sublattice magnetizations in a
infinity at T, . In addition, the sign of the Weiss temperature paramagnetic region can be expressed as follows:

(6.) value is determined by the sign of superexchange inter-
action between spin sources, i.8,<0 for an antiferromag-
netic exchangef.>0 for a ferromagnetic exchange. There-
fore, we can distinguish whether the magnet is a ferromagnet
or a ferrimagnet by seeing itg ! vs T plots, xT vs T plots

and the 6, value. Note that observeg ! vs T plots for
ferromagnets should be slightly shifted upward from the pre-
dicted line because the remaining clusters behave much as
large paramagnetic molecules abdle 2°

Mn

Cr
IIl. MAGNETIC SUSCEPTIBILITY

In Fig. 1(a) the experimentally obtaineg * vs T plots in
a series of (Ni,Mn",_)); {Cr'"(CN)g] are shown. At a
high-temperature rangd & 150 K), the slope of thg ™! vs
T plots increased with increasing This is reasonable be-

cause they ! value for Ni'; {Cr'""(CN)g]-8H,0O (Syi=1, follows:

1 T~ (CniCeMiicrt CunCeMincd) T
(CNi+ CMn+ CCr)T2+ (ZCNiCCrnNiCr+ 2C:MnCCrnMnCr)T

X

Ni—

2 2
+ CniCumnCed 2nNicMvner— Niner— Nivicr) -

_CMn(H0+ HMn)
R — (4)
~ Ci(Ho+Hpi)

f, (5)
_ CelHotHcy)

whereH, is the external magnetic field, vario@s are Curie
constants of each sublattice. Theis defined asy=(My;
+Mpun+Mc)/Hg. Therefore, they ™! value can be evalu-
ated using Curie constants and molecular-field coefficients as

()
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FIG. 2. (a) Experimental temperature dependences of the xT
curves for (Ni,Mn™,_);;[Cr™(CN)s]-zH,0 [x=0(H), 0.11
(V), 0.21 (O), 0.30 (@), 0.42 (), 0.52 (A), 0.62 (N\), 0.71 (O),
0.81 (), 0.91 (X), 1 (A)]. (b) Calculated temperature dependence
of the XflT curves for x=0,0.10,0.20,0.30,0.40,0.50,0.60,
0.70,0.80,0.90,1, going from the highest curve to the lowest curve
at a high-temperature region based on the molecular-field theory,
with three sublattice sites (Ni, Mn, Cr), with J coefficients Jycy
=56cm ! and Jype,=—2.5cm L.

The molecular-field coefficients;; are related to the ex-

change coefficients;) by

n _ 22MnCr (8)
MnCr :U«N(g/UJB)Z MnCr »
2Zyic
NNicr= W/IM;)Z INicrs 9
2Zconin
ncnvm:m Jnmncrs (10
22CrNi (11)

n = i~
CrNi )\NiN(g/-LB)Z NiCr

Conversely, Curie constan@; are expressed as follows:

_ MiNG" g Sui( Syit 1)
N 3k ’

(12
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FIG. 3. (a) Calculated temperature dependence curves for each
sublattice(My,, My;, M) and total magnetizationM o) for
(Ni"sMn" 579,14 Cr"(CN)g] based on the three sublattice
molecular-field theory, withd coefficients Jyic,=5.6cm* and
June=— 2.5 cm L. (b) Experimental magnetization vs temperature
curves for (N zMn" 7014 Cr'"(CN)g]- 7.5H,0 in the external
field of 10 G.

_ MunNG*45Sun(Sunt+ 1) 13
M 3k ’
 uN@*ugSc(Scrt 1)
Cr— 3k ’ (14)

where ug is the Bohr magnetory;; are the numbers of the
nearest-neighbgrsite ions surrounding ansite ion: Zyc,
=Znici=4; Zemi=6X; Zemn=6(1—x), Nis the total num-

ber of all types of metal ions per unit volume, axng , v,
and u represent the mole fractionsy;=1.5¢; \yp=1.5(1
—X); u=1, respectively, and other quantities are as follows:
Sun=13: SNi=1; Se,=2; andg=2. A Jyic, value of +5.6
cm ! and aJyc, value of —2.5 cm * were obtained from
the experimental T, values of Ni;JCr'""(CN)g]-8H,0
(T.=72K) and Md'; {Cr""(CN)g]-7.5H,0 (T,=67K),
respectively’! Using these parameters, the temperature de-
pendences ofy~! values of (N{,M";_.); JCr'"(CN)g]
-zH,O system were calculated for several different compo-
sitions of x. As shown in Fig. tb), for 0.1=x<0.5, the
curvatures neafl, were larger than that fox=0. Particu-
larly, for x=0.30, they ! vs T plots did not drop off near
T.. These calculated curves reproduced experimental curves
qualitatively. In addition, the calculategT—T plots also
reproduced the observed ones qualitatively as shown in Fig.
2(b).
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Here, let us focus on the magnetic behaviorXer0.30, mixed ferro-ferrimagnets because its sign is determined by
in order to understand its anomalous thermodynamics. Prehe superexchange interaction between spin sourcesgi.e.,
viously, we showed that the magnetization vs temperaturecO for an antiferromagnetic exchangé,>0 for a ferro-
curves belowT . exhibit various types of thermodynamics of magnetic exchange. We carried out theoretical treatments of
magnetization depending orn?’?! Particularly, the com- 6, values using the MF model. Equati¢#) is rewritten in
pounds in whichx was in the range of 0.38x=<0.42 exhib-  the following form:
ited compensation temperatured q{y,).>**** This oc-
curred because the negative magnetization due to the Mn 1 T 1 yT+o
sublattice and the positive magnetizations due to tHeail X :cNi+ Cynt Cc,+ X_o_ T?—aT+pB’
cr'' sublattices have different temperature dependences.

Calculated thermodynamics of magnetizationxXer0.30 be- ~ Where the second term and the b, y, and o of the third
low T, are shown in Fig. @). Its total magnetization cannot te€rms on the right side are expressed by
appear in the region of 63KT<69K, although the tem-

(16)

perature is already lower than the theoretida(=69 K) i:_ 2CniCenicrt 2CwnCeMmncr (17)
value evaluated by the following equation: X0 (Cnit Cynt Cep)? '
Te.= \/CMnCCrnfllnCr—’— CNiCCrnlz\liCr- (15) 2CNiCemnicrt 2CunCeMyner (18
o= — y
The reason for this is that the sum of positive magnetizations Cnit Cunt Cer
of Ni'" and CH' sublattices is almost equivalent to the nega-
tive magnetization of Mk In other words, for this compo- CrniCunCer(2NNiciMvner— nf,mCr— n,z\,iCr)
sition, an antiferromagnetic behavior appears at near B=- Cnit CuntCor , (19
This means thal .oy, is close toT.. In fact, the observed
magnetization vs temperature curve for0.30 showed a 2C 1 Conuiet 2Cir Ceh
similar behavior as shown in Fig(i8. Usually, they ' vs T y=— SNer e Min™Cr MnCr
plots for typical antiferromagnets show a straight line near Cnit Cwnt Cor
Te. CniCunCed 2NicMincr— Niner— Miiicr)
_ )
IV. WEISS TEMPERATURE (Crit Cunt Ce)
2
We finally discuss Weiss temperatures of the mixed ferro- _ (2CniCorlnicr ZCM“CCS[HM”C') , (20)
ferrimagnet. Thed, value is a significant parameter for (CnitCmnt+Ccr)
|
o= — CNiCMnCCr(ZCNiCCrnNiCr+ ZCMnCCrnMnCr)(2nNiCrnMnCr_ r‘E/InCr_ nﬁiCr) (21)

(CNi+ CMn+ CCr)3

The first two terms on the right side of E(L6) represent the asymptotic line to which the!-T curve should approach at
high temperature because the third term must vaniSh-atc. The extrapolation of this asymptote intersects the abscissa at the
0. value. Therefore, thé, value is expressed by

o — 2CNiCennicrT 2CunCeiNmner _ 2Sc(Scrt DIE2NMNiSni(Snit 1) Zniierd Nicr T 2M vnSwn(Swint 1) Zyncdvner]
¢ CNi+CMn+CCr 3k[)\NiSNi(SNi+1)+7\MnSMn(SMn+1)+MSCr(SCr+ 1)]

(22

This equation indicates that the variation of thevalue is  practicaly * vs T plots for ferromagnets are slightly shifted
due not to changes in the magnitudes of superexchange iRgm the straight line due to the remaining spin clustérs.
teractions(Jyicr, Jmncy), but to changes in the weighted av- fact the observedy ! vs T plot for x=1 was slightly
erage oflyicr andJyincr @s a function ok. As shown in Fig.  cyrved, resulting that its experimentdy value, which was
4, the 6; values were calculated for the wholen the series  gptained from the data fitting in the temperature range from
of (Ni",Mn"; _,); { Cr'"'(CN)g]-zH,0. The 6. values were 150 to 300 K, was larger than the calculated one. In this
expected to increased from negative to positive values shownanner, the experimental, values are slightly different
ing a curved line. from the ¢, values calculated by the MF model. These de-
The experimentalg, values were plotted in Fig. 4 as viations are expected to be increased with increasitg-
circles. Those for &x=<0.4 corresponded to calculated val- cause, for ferrimagnets, the asymptotic line of ghe* vs T
ues but those for 04x=<1 were slightly off calculated val- plot in the present temperature range (150R<300K) is
ues. In the present MF theory, we have not taken account afot so influenced by spin clusters and hence the experimental
the spin cluster formation. As was described in Sec. Il, thef. value is close to the calculated ones. Therefore, the ex
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on Eq.(22); observed(®). The 6. values were extracted by the

least-squares fitting of the data between room temperature and FIG. 5. Calculated temperature dependence ofith&T curves

150 K. in the region ofT,<T<3000 K.

perimentald, values are becoming larger than the calculateany the complicated change of the X vs T plots and the
ones gradually with increasing '

Furthermore, we discuss the relationship between the si
of 6. values and the shape of thd —T plots. The compo-
sition (Xgc.=o) for the 6.=0 is expressed as follows:

T vs T plots were reproduced well. These complicated
changes arise for the magnets with whith,,, values are
close toT, values. In addition, thé. values were suggested
to increase from negative to positive values showing a

Su(Syt1)J 1 curved line as a function of. For the present system, the MF
iVONi NiCr

X =[{1- (23) model reproduced the observed data qualitatively. The rea-
0,=0 +1)J ' -
Svin(Swint 1) Imncr sons for this success are as follows) The fcc structure of
When x is smaller tharx,.—q, 6. is negative. Conversely, thebPrus_S|an.-que qnglogs 5 rpr?]mtalned ever? When_ metal-ion
whenx is larger than ..o, 6, is positive: substitution is carried out2) The superexchange interac-

tions between the second nearest-neighbor sites can be ne-
glected because of their long distanc€3) The divalent
metal ions(Ni"" and Md') and the trivalent metal ion (¢
of the present materials are linked in an alternating fashion.
X=X, o, 6=0. (24) By the combination of the above reasons, the ferromagnetic
¢ (J>0) and antiferromagneticJ&0) exchange interactions
The x4.—( Of this system was calculated to be 0.66. Thiscan coexist without a spin-glass behavior. The mixed ferro-
Xge=o value was different from either the composition of ferrimagnet composed of a ternary-metal Prussian blue ana-
disappearance of saturation magnetizatios 0.429) as de- log is one of the first systems to which we can apply the
scribed in our previous papéror the composition of the simple MF theory and can predict magnetic properties.
anomalousy ! vs T plots (x=0.30). InxT vs T plots of In fact, we have already succeeded in demonstrating a
T.<T<300K [Figs. 2a) and 2b)], the composition fox  photoinduced magnetic pole inversion with the
=0.52 seems to be the threshold where the minimum valuerd' Mn'"; _,); { Cr'"'(CN)g]- 7.5H,0 based on the theoreti-
can appear. However, it is not the real threshold. In Fig. %a| prediction using the MF theof.In addition, we have
calculatedyT—T plots of T,.<T<3000K are shown. These recently succeeded in designing and synthesizing a type of
plots shoyv that the real threshold for the appearance of mi“imagnet exhibiting two compensation temperatures with the
mum xT is Xx=0.66 (=Xy.—o). Therefore, we can conclude (Ni"_Mn" Fé'.); { CP(CN)g] - zH,O systent? We thus be-

that thex,.—o value corresponds the threshold where thejig,e that various novel magnets can be designed with Prus-
minimum value can appear igT vs T plots. Note that ex- i3 plye analogs based on the MF thetry
perimental measurement of this value is impossible because '

prepared samples decompose above 373 K.

X<Xg = 0, 6.<0,
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