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THEORETICAL STUDY ON ORGANIC ONE-DIMENSIONAL 
FERR IM AGNETS 

YUTAKA MATSUMOTO, MINORU OTANI, HIROSHI MIYAGI 
AND NAOSHI SUZUKI 
Department of Material Physics, Faculty of Engineering Science, 
Osaka University, 1-3 Machikaneyama-cho, Toyonaka 560, Japan 

Abstract The magnetic susceptibility ~ ( 7 ' )  of one-dimensional ferrimagnets 
consisting of two kinds of quantum spins Sl and Sz are calculated by the 
dynamical correlated-effective-field approximation (DCEFA). At high temper- 
atures x ( T )  obeys the Curie-Weiss law with a negative Weiss temperature. As 
the temperature is decreased, x (T)  diverges towards T=O K according to x(T)  
E w:m(fi - with XI=Sl(SI i- 1) and X2=Sz(Sz + 1). 

x ( T )  has been calculated also by the exact diagonalization method (EDM) 
for the case of S1=l and Sz=1/2. It is found that x ( T )  obtained by the 
DCEFA agrees well with that obtained by the EDM in the whole temperature 
range. The observed susceptibility of an organic one-dimensional ferrimagnet 
Mn(II)(hfac)2(dipycarbene) (&=5/2 and S2=1 system) has been analysed by 
DCEFA and the exchange coupling is estimated to be -15 K. 

INTRODUCTION 

In the last two decades chemists have discovered new classes of low dimensional mag- 
netic systems which are quite interesting from a physical point of view. Examples 
are spin Peierls systems,l Haldane systems2 and antiferromagnetic-ferromagnetic 
alternating  chain^.^ Furthermore, organic one-dimensional ferrimagnets have been 
synthesized recently," but there is no theoretical work on their magnetic properties 
except the calculation of magnetic susceptibility on the ba,sis of the classical spin 
model.5 

In this paper we apply the dynamical correlated-effectivefield approximation 
(DCEFA)' to calculate the magnetic susceptibility x(T)  of one-dimensional ferri- 
magnets consisting of two kinds of quantum spins S1 and Sz .  The advantages of 
DCEFA are as follows. First, when applied to one-dimensional systems, it gives no 
finite transition temperature. Secondly it can be applied to two or three dimen- 
sional systems without difficulty. Thirdly it can treat easily complicated magnetic 
systems, for example, systems whose unit cell contains many kinds of spins. To 
confirm the validity and the usefulness of the DCEFA we have calculated ~ ( 2 ' )  also 
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by the exact diagonalization method for the case of S1=1 and Sz=1/2. Finally 
we annlyse the observed susceptibility4 of an organic one-dimensional ferrimagnet 
Mn(II)(hfac)2(dipycarbene) in which s1=5/2 and S2=l spins linearly align alternat- 
ingly and the nearest neighboring exchange coupling is antiferromagnetic. 

DYNAMICAL CORR EL ATED-EFFECTIVE FIELD APPROXIMATION 

We consider a linear-chain spin system whose unit cell contains two spins with 
different spin values, S1 and Sz. We express the Hamiltonian as follows: 

where i and j denote the unit cell number, rn and n (=1 or 2 ) specify the spins in 
a unit cell, and J Y  is the exchange coupling. The essence of the DCEFA lies in 
approximating the spin product S;,Sjn as 

where a, (m=1,2) denotes correlation parameters, and < S;, > and < Sj, > 
represent the spontaneous spin moments or the spin moments induced by external 
fields. Since there are two kinds of spins in a unit cell, we have introduced two 
correlation parameters a1 and az, which can be determined from self-consistency 
condition required from the fluctuation-dissipation theorem. 

To calculate the wave-vector (q) dependent susceptibility within the DCEFA 
we apply the q dependent fictitious external-field h,, along the z-axis. We adopt 
the decoupling procedure described above, and then within the linear responce we 
obtain the following relations between the external field and the Fourier component 
of the field-induced spin moments: 

c q 2 ,  = 4 2  [2 (J3s;2) - a2Ji2(S:2)) + 2 (J,"(S,;, - azJ,2'(S;z)) + 4 2 1  * (3) 

Here (Sim) denotes the thermal average of the spin moments induced by the external 
fields, Jpn represents the Fourier transform of the exchange coupling, and q5m E 

is the susceptibility of a single spin. 
Solving eqs.(2) and (3) with respect to (Sil) and (S;,) we obtain 
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Each componet Xmn(q) of the spin susceptibility tensor is expressed as follows: 

$1 [1 - 242 { Ji2 - 0 2  ( Jj2 + Jil)}] 
Det X l l ( d  = I ( 5 )  

with 

Det = [l - 241 {J," - a1 (J," + J.")}] [l - 2& { J y  - a2 (5;' t Jc)}] 

(8) 12 21 -441$2Jp Jp . 
The uniform magnetic susceptibility per unit cell x(T) is expressed as 

where g1 and g2 denote the g-values of S1 and S2, respectively. 
The correlation parameters a, can be determined from the condition that the 

on-site correlation < {Sfm, Sf,} > calculated from the susceptibility xmm(q) should 
be equal to iSm(Sm + 1).6 The self-consistency condition is explicitly expressed as 

1 -c N q  Det 
1 - 2& { Jil - a1 (J," + Ji2)} 

= 1, 

If we consider only the nearest-neighboring exchange coupling J (<(I), 

Ji* = J y  = 0 and J i2  = J: = 2Jcosqa, (12) 

where a denotes the distance between the nearest-neighboring spins. Then, crl and 
az are determined analytically from eqs.(ll) and (12) as follows: 
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with X,=SI(Sl + l) ,  X2=S2(S2 + 1)  and t = 
uniform magnetic susceptibility is expressed in a simple form as follows: 

. If we assume g1 = g2 = g, the ?f 

At high temperature x(T) obeys the Curie-Weiss law 

(gpB)2 x1 + x2 [1 + 3(x1 + x2)  3 
8x1x2 I-” 

X(T) = - I J I  
and at low temperatures near T=O K it behaves as 

X(T) = Wrn(fi - Jx2)2r2. 
91 J I  

In Fig. 1 we show x(T) calculated as a function of T for S1=1 and S2=1/2. 

10 

$ 5  

0 

FIGURE 1 The uniform magnetic susceptibility x(T) per unit cell 
calculated for S1=1 and S2=1/2 ferrimagnet. The full (dotted) line rep- 
resents the result obtained by DCEFA (EDM). 

To confirm the validity and the usefulness of the DCEFA we have calculated 
x ( T )  also by the exact diagonalization method (EDM) for the case of S,=1 and 
S2=1/2. Actual calculations have been done for the chain size up to six unit cells 

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:

45
 2

1 
A

ug
us

t 2
01

2 



ORGANIC ONE-DIMENSIONAL FERRIMAGNET 192911343 

(twelve spins) and the values of x(T) of the infinitesize chain have been evaluated 
by 1/N-plot. The values of x(T) obtained by the EDM are plotted by the dotted 
line in Fig. 1. As seen from the figure the susceptibility obtained by the DCEFA 
agrees fairly well with that obtained by the EDM for the whole temperature range. 

APPLICATION TO Mn(II)(hfac)z(dipycarbene) 

Recently Koga et aL4 have measured the magnetic susceptibility of organic system 
Mn(II)(hfa~)~(dipycarbene) which can be regarded as a one-dimensional ferrimagnet 
consisting of two kinds of spins S1=5/2 and &=l. The observed susceptibility shows 
certainly temperature dependence characteristic to one-dimensional ferrimagnets as 
described in the previous section. In Fig. 2 the diamonds show the experimental 
values of x T ,  i . e .  product of susceptibility and temperature. At high temperatures 

the value of xT is close to W[Sl(S1 + 1) -t S2(& + l)]. As the temperature 
is lowered from high temperature, XT decreases slightly at first, and with further 
decreasing temperature it turns to increase and seems to diverge toward T=O K. 

100 
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0 50 100 150 
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FIGURE 2 The XT-plot (product of unifrom magnetic susceptibil- 
ity and temperature) of Mn(II)(hfac)z(dipycarbene) (S,=5/2 and S2=1 
system). The diamonds denote the experimental data4 and the full line 
shows the theoretical results obtained by DCEFA with use of J=-15 K. 
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We have tried to determine the nearest-neighboring exchange coupling J in 
Mn(II)(hfac)2(dipycarbene) by analysing the observed susceptibility using the re- 
sults obtained by the DCEFA in the previous section. As result it is found that the 
observed susceptibility is well reproduced by assuming J = -15 K and g1 = g2 = 2. 
In Fig. 2 the full line represents the theoretical XT-plot. Agreement between the 
experimental and the theoretical results is quite excellent. 

In this paper we have derived the general expression of the uniform magnetic 
susceptibility of one-dimensional ferrimagnets on the basis of the DCEFA. It is 
confirmed that the results of DCEFA agree well with those of EDM. Actual cal- 
culations based on the DCEFA have been restricted to the case of nearest neigh- 
boring exchange interaction, but i t  is easily extended to  the system with far neigh- 
boring exchange coupling. It can be applied without difficulty also to three di- 
mensional systems. The exchange coupling of the one-dimensional ferrimagnet 
Mn(II)(hfac)z(dipycarbene) (&=5/2 and S2=l) has been estimated to be J = 
-15 K. Recently Drillon and Rabu have obtained a value of J = -17 N -19 K 
on the basis of a method similar to the one described in Ref. 5.7 

We would like to thank Prof. H. Iwamura of Kyushu University for bring our 
attention to this interesting problem, for useful discussion and also for showing us 
his experimental data prior to publication. 
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