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MIXED-VALENCE MOLECULE-BASED COMP0UNDS:CHARGE 
ORDERING AND MAGNETIC PROPERTIES 

SOPHIA KLOKISHNER, ANATOLII HINCU 
State University of Moldova,Kishinev , Moldova 

Abstract A model of charge ordering in crystals comprising trinuclear mixed- 
valence complexes is proposed. Qualitatively different types of temperature 
behaviour of the mean value of crystal dipole moment (order parameter) are shown 
tobe possible. These types of dependences lead to one, two and three phase 
transitions. The phase transitions predicted are elucidated to be of the first and the 
second kind.The anomalous behaviour of the magnetic moment is shown to arise 
from non-magnetic electric dipole-dipole interaction between molecules. 

INTRODUCTION 

Mixed-valence (MV) molecular clusters contain ions with different degrees of oxidation 

bridged by ligands in a molecular system. At present a class of crystals comprising MV 

molecular clusters is known to exhibit charge ordering. The most important examples are 

provided by biferrocenium salts1'*, trinuclear MV metal acetate compounds 

[M30(02CCH3)a(L)3]S 3-8, where M is a transition metal element such as iron or manga- 

nese, L is a ligand and S is a solvate molecule. The phase transitions in these compounds 

have been proved by Mossbauer spectroscopy and variable temperature heat capacity. 

The reported heat capacity data show that depending on the structure of constituent 

molecules trinuclear MV metal acetates exhibit one', two7 and four phase  transition^.^ 
The vast experimental material has stimulated the appearance of a new trend within the 

M V  theory and this is the investigation of interacting clusters. The microscopic theory of 

charge ordering in binuclear Mv compounds was framed The problem of phase 

transitions in trinuclear h W  compounds is much more complicated. Till now 

phenomenological description has only been d ~ n e . ' ~ - ~ '  Besides the phenomenological 

hamiltonians of intercluster interaction the models previously suggested for trinuclear 
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342 S. KLOKISHNER A N D  A. HINCU 

systems do not take into consideration the intracluster Heisenberg and double exchange 

as well as the dependence of tunnel splitting on the cluster full spin. Meanwhile as it will 

be seen below, these are the factors that determine the essential properties of trinuclear 

M V  systems. Since the magnetic properties of MV clusters are closely dependent on the 

migration rate of "extra" electrons charge ordering is accompanied by modification of 

magnetic properties. Nevertheless the problem of magnetic behaviour of trinuclear MV 

charge-ordered systems was not examined, because interacluster magnetic interactions 

were not taken into a c ~ o u n t . ' ~ . ~ ~  In the present paper a microscopic model of charge 

ordering in crystals comprising trinuclear MV complexes is proposed, the peculiarities of 

phase transitions and magnetic properties of such systems are under examination. 

MOLECULAR FIELD STATES 

In order to demonstrate the effects with utmost clarity a model crystal consisting of MV 

dt-dt-dO- clusters of C ~ V  symmetry is considered. These clusters are the simplest trimeric 

systems in which Heisenberg exchange operates along with the double exchange. The full 

cluster spin acquires the values S=O,1 . The energy spectrum of an isolated MV dt-dl-dO 

cluster consists of four exchange-resonance levels with the energies22: 

E(21+IA)=(2P+J)( -1)1 ,E(2 .+lE)=(-1) ' ( -P+J) ,  (1) 

where J is the Heisenberg exchange parameter, P is the transfer parameter, A=At and Az, 

for spins S=O and 1 respectively, At, A2, E are the irreducible reprezentations of the C3" 

point group. In the delocalized A- and E- states the mean value of the cluster dipole mo- 

ment vanishes. In the states with fixed valency clusters possess significant dipole mo- 

ments exceeding those for ordinary ferroelectrics for which characteristic values of ionic 

displacements are of the order of 0.05A . Therefore the intercluster dipole-dipole interac- 

tion affects appreciably the charge distribution of the migrating hole and can stabilize the 

charge-ordered phase. The crystal Hamiltonian has the form: 
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MIXED-VALENCE MOLECULE-BASED COMPOUNDS 343 

P ( n - r n ) =  ~;:(6&-3- R",R"B"), , p = x, y (3) 
R A  

where H,, is the Hamiltonian of an isolated cluster with the eigenvalues determined by 

Equation (l),the second term is the dipole-dipole interaction , n,m number interacting 

clusters, R,, and %, are their position vectors, R,,,,,=R,,-R,,, , d,,* is the matrix of the 

component of the n-th cluster dipole moment. The matrices df and d,' consist of three- 

dimensional blocks numbered by the full spin value S and its projection M.. These blocks 

have the form: 
2S+lA 2S+lE,. 2S+lE 

a 2s+'EP P 
2s+l/4 2S+lE . 

2 
-1 0 

where 4 =-eR is the dipole moment of an isolated cluster with the fully localized hole, R 

being the distance between the ion with the fully localized hole and the centre of the tria- 

ngle formed by three cluster ions, a =x,y, p=y,x for spins S=O and S=l respectively 23 

In the molecular field approximation the crystal Hamiltonian decomposes into the 

sum of single-cluster Hamiltonians: 

fin = H , - ( L , ~ '  + ~ , d ~ ) d , " - ( ~ , d ' + ~ , d ' ) d , ' ,  L ,  = C P ( n - m )  ( 5 )  
m 

Here L ,  are the structural parameters depending on the mutual positions of clusters in 

the crystal lattice, d' and dY are the thermal average values of the x and y components 

of the dipole moment: 

Further we shall proceed from the real structure of crystals comprising trinuclear 

MV c o m p l e x e ~ . ~ ~ ~  Taking into account the strong screening of cluster cations by ligands 

we restrict the interactions to the nearest neighbour sites and consider only the interaction 

of a IvlV molecule with six other molecules in the neighbouring stacks as it occurs in 

basic transition metal In this approximation the only molecular field 
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344 S. KLOKISHNER AND A. HINCU 

parameter remains nonvanishing L ,  = L, = L,  L ,  = 0 .  Assuming the parameter L to 

be positive we shall discuss only the ferroelectric type ordering. Further on we shall deal 

with the magnitude of the vector of the mean dipole moment 2 and the angle p that 

indicates the direction of this vector in the xy-plane: 

2% =dcosp; d y  =dsiny, (7) 

From the set of equations (6) we obtain that the angle y, providing the minimum of 

1c;9~ = 6 n .  These va- Ic 7 
the crystal free energy takes on the the values pl = - ,pz = - 

2 6 

lues of the angle indicate at which ion of a cluster the hole is mainly localized. It 

should be stressed that this localization is only partial. So in the charge-ordered phase of 

ferroelectric type the dipole moments of all MV molecules are aligned along one 

direction defined by one of the possible values of the angle 9. The magnitude of the 

mean dipole moment 2 is considered as the order parameter. In characterizes the degree 

of “extra” hole localization. Below some critical temperatures the crystal is disordered, 

and the order parameter vanishes. Equations (6) have a number of non-trivial solutions 

for d(T)  determined by relations between the exchange parameter J, the transfer 

parameter P and the typical energy of dipole-dipole interaction. 

1 1  

Within the framework of the approximations accepted the expressions for cluster 

energy levels E ,  ( S )  look as follows: 

1 
2 

~ , ~ ( 1 ) = - 2 1 - - [ P +  DT~W(I) ] ;E, (I )=-W+ P +  D; 

2PD$ Ld4 
; D = - P 2  + D2 + (- 1)’ - 

3 1  2 

As it is seen from Equations (8) the intercluster interaction results in the splitting of the 

orbital doublets ’E and ’E levels. 

PHASE TRANZITIONS 

The temperature dependence of the order parameter is defined by the energy spectrum of 

an isolated cluster and dipole-dipole interaction. We introduce two dimensionless 
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MIXED-VALENCE MOLECULE-BASED COMPOUNDS 345 

parameters X - J I I ~  and y= P / Ldi .  The first one indicates the mutual position of the 

isolated cluster levels. The second parameter describes the competition between 

intracluster delocalization and dipole-dipole interaction. Further we shall consider the 

qualitative modifications in the order parameter temperature dependence provided that 

paramiters x and y change. 

A Single Phase Transition 

If the conditions B O ,  x<-0.5 or p<O, x>OS are imposed, the ground state of an isolated 

cluster is an E-level. In this case with increase of parameter y the phase transition tempe- 

rature decreases due to the suppression of charge ordering by hole delocalization. (Figure 

1). From Figure1 it is also seen that increase of parameter y results in the change of the 

phase transition order. Under condition y<1 the first-order phase transitions take place. 

At y= 1.5 the order parameter already vanishes continuously and not abruptly that eviden- 

ces the phase transition of the second order. At the same time with increase of parameter 

y the maximum value of the order parameter tends to 1/2 4 . The results obtained can be 

0 .8 . .  

0 . 2 . .  

1 2 3  4 5 6 ? 
> 

0 0 . 2  0.3 0 . 5  0 .6  kT/lpl 

FIGURE 1 

one phase transition and P > 0, x=-0.7. (1) y'3, (2) 2.5, (3) 2,  (4) 1.5, ( 5 )  1, 

(6) 0.75, (7) 0.5. 

Temperature dependence of the order parameter in  the case of 

interpreted as follows. In the states *'+'E and 2s+'Ey of an isolated cluster the mean dipo- 

le moments are equal in magnitude and opposite directed along the y- axis (see Equation 
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346 S. KLOKISHNER A N D  A. HINCU 

(4)). As a result the thermal average of the dipole moment in this state is equal to zero. 

Meanwhile only a small perturbation splitting the 2s+'E- level is sufficent to produce a 

nonvanishing thermal average. As a matter of fact for weak molecular fields the excited 
&+'A -level does not affect the order parameter temperature behavior. In this case the 

equation for 2 (TI takes the form: 

and describes the phase transitions of the second order. At low temperatures d(O)=W2. 
Thus for the considered case even the very weak molecular field promotes the "extra" 

hole localization. However the increase of parameter ly( leads to the narrowing of the 

temperature range in which the charge-ordered phase stabilizes. When P > 0,x > -05 

and P < 0,x < 0.5 the orbital singlets 3Az and 'A1 are respectively the ground states of 

the system of non-interacting clusters. In singlet states the mean values of dipole moment 

components vanish (4). A singlet state acquires a dipole moment when an E-state with 

the same spin is admixed to it by the molecular field. Hence in this case charge ordering 

appears to be energetically favoured, if the characteristic energy of intercluster interaction 

surpasses the energy gap 3 14 between a singlet and a doublet with the same spin. Figure 

2 demonstrates that for y<1/3 there is a single phase transition of the first order. 

0 1 :20 2:40 3 .'60 4 ..SO k T/  I p I 

Figure 2 Temperature dependence of the order parameter in the case of one or two 

phase transitions and PcO. x=O. I .( 1)yl-0.5. (2) - 0.4, (3) - 0.3, (4) - 0.2. ( 5 )  - 0.1. 
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MIXED-VALENCE MOLECULE-BASED COMPOUNDS 341 

Two And Three Phase Transitions 

Investigation of Equation(6) shows that for parameter values 

(10) 
1 

P > O ,  - 0 . 2 < ~ < 0 . 5 ,  - j < y < y , ( ~ )  

or 

1 
3 P < 0, - O . ~ < X  < 0.2, y 2 ( x )  < y  <-- (1 1) 

(where y,(x) and y2(x) are defined numerically) two nearby first-order phase transitions 

may be observed at temperatures T,, and Tc2 ( Figure 2 ) . h  such a way the system is 

disordered not only at high temperatures T 2 c2 , but also at low temperatures T I  T,, . 
The charge ordered phase takes place in a finite temperature range q, c T < c2. The 

physical reason of two phase transitions consists in following. Under conditions (1 1) the 

ground level is the orbital singlet ’A1 followed by the close ’E - multiplet. In this case 

the energy gap 3P between the states ‘A1 and ‘E arising fiom hole delocalization exce- 

eds the intercluster interaction. So at low temperatures when only the ground ‘A1 level is 

populated the paraphase is the energetically favourable state of the system. At the same 

time as it was shown above for an E-state the conditions of charge-ordered phase 

stabilization are softer. Therefore the thermal population of the 3E -state leads to the 

suppression of the “extra” hole delocalization, and charge ordering takes plase. Further 

increase in temperature leads to the population of the level IE, the thermal fluctuations 

destroy the molecular field and the crystal again becomes non-ordered. Computer 

calculations show that for P > 0,-0.5 < x I -0 .2  or P < 0, 02 I x < 05 and certain 

values of parameter y three phase transitions are possible . The temperature dependence 

in this case is presented in Figure 3. 

MAGNETIC PROPERTIES 

The temperature dependence of the order parameter leads to the temperature dependence 

of the energy levels (8) obtained in the molecular field approximation. This gives rise to 

the anomalous temperature behaviour of the magnetic moment. The characteristic 

attribute of the magnetic moment is its low-temperature limit defined by the spin of the 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
1:

49
 2

1 
A

ug
us

t 2
01

2 



348 S. KLOKISHNER AND A. HlNCU 

mdi 0.8 

0 0:w 0:16 0:24 

FIGURE 3 Temperature dependence of the order parameter in the case of one or 

three phase transitions and PcO, x=0.35.( 1) y--I ,(2)-0.95,(3> 0.9,(4>0.85,(5>0.8. 

cluster ground state. In a system of interacting clusters the ground state spin is determined 

by the competition of inter- and intracluster interactions. Two different schemes of 

cluster levels in the molecular field approximation are presented in Figure 4 . Figure 4a 

describes the temperature behaviour of the energy levels7.u the case of two phase 

transitions. In the charge-ordered phase the molecular field removes the degeneracy of E- 
levels and decreases the energy of the ground state. At any temperatures the ground state 

corresponds to the spin S=O. The low-temperature limit of the magnetic moment acquires 

the value 0. Qualitatively another picture is presented in Figure 4b. In the ground state of 

the disordered phase S=O and p ( 0) =O. While decreasing temperature the crossover of 

the levels occurs and thus the ground state changes. Then the magnetic moment of crystal 

per one cluster corresponds to S=l. The temperature dependence of the magnetic 

moments for both cases under consideration is presented in Figure 5 .  The essential 

qualitative difference fiom the magnetic moment of the system of non-interacting clusters 

takes place in the case of a crossover of the ground state and the excited one. Curve 5 

describes the magnetic moment for the system of interacting clusters; in the low 

temperature limit we obtain p(0) = 2 . 8 3 ~ ~ .  For the non-interacting clusters 

p(0) = O(Figure 5, curve I). We note that such anomalous behavior of the magnetic 
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' 6  
41 

0.6 1.2 1.8 
0 

FIGURE 4 Temperature behaviour of the energy levels of the M V  dl-dl-dO cluster 

in the molecular field approximation for PcO and x=O. 1. a) y=-0.5, b) y=- 0.2. 

moment in fact arises from the non-magnetic electric dipole-dipole interaction between 

clusters. The phase transition from the disordered phase to the charge-ordered one is 

accompanied by a transition between the non-magnetic and the paramagnetic state of the 

crystal. 

The model above developed involves all relevant interactions such as intercluster 

Heisenberg and double exchange, intercluster dipole-dipole interaction. Even in the 
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0.3 0.6 0 . 9  1.2 kT/ lpI  

FIGURE 5 Temperature dependence of the effective magnetic moment in the case 

of P<O and x=O.l.( 1) F, (2) - 0.5, (3) - 0.4, (4) - 0.3, ( 5 )  - 0.2, (6) - 0.1. 

h e w o r k  of this simplest model we have found one , two and three phase transitions 

resembling the experimental situation occuring in trinuclear MV metal acetates.*' While 

writing about three phase transitions we bear in mind that only three of four phase tran- 

sitions in [Fl,o(4CCH,),(py),)(pr) (where pyis pyridine) are attributed by the 

authors ' to MV phenomenon. In contrast to our model the initial rnodel~I~-*~ of 

cooperative phenomena in trinuclear MV compounds do not take into account the 

detailed structure of spin-delccalized states and yield one or two phase transitions. In 

future we intend to consider a more realistic model taking into account the real electronic 

structure of MV trinuclear iron and manganese complexes. 

We are gratefid to professor B.S.Tsukerblat for useful discussions of the paper. 
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