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Theoretical Study of the Antiferromagnetic 
Model Clusters for K2MX4 Type Solids 

TAKU ONISHI, TOMOHISA SODA, YASUTAKA KITAGAWA, 
YU TAKANO, DAISUKE YAMAKI, SATOSHI TAKAMIZAWA, 

YASUNORI YOSHIOKA and KIZASHI YAMAGUCHI 

Depurtment of Chemistry, Graduate School of Science, Osaka University, 
Toyonaka, Osuku 560-0043, Japan 

Magnetic properties for the K2MX, type solids (M=Cu2+, Ni2+ X=F-, 02-, CI-) were investi- 
gated by the ub initio calculations using UHF and the hybrid Density Functional methods 
(B2VWN, S2VWN and UB3LYP). It was found that these type solids had the anlifenomag- 
netic interactions. 

Keywordr: the K2MX4type solids; effective exchange integrals (Jab); antiferrornagnetic; 
Density Functional methods 

INTRODUCTION 

It is known that the &MX,type solids are usually antiferromagnetic. In 
the previous study ' I .  * I ,  the M-X-M and the X,M-X-MX, systems were 
investigated as the models of the solids. As a continuation of previous 
work, we here investigate the linear chain and the square planar clusters. 
Computational methods employed here are the unrestricted Hartree Fock 
method (UHF), the hybrid Density Functional methods (B2VWN, 
S2VWN and UB3LYP) and the UHF Mdler Plesset perturbation method 
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(UMP2)”I. The effective exchange integrals for the linear models 
are calculated using the energy difference between the highest and 
lowest spin states as shown previously l h . 7 1 .  MINI with Hay’s Diffuse is 
used for the all metals and 6-3 lG* is used for X as the basic functions. 

THEORETICAL BACKGROUNDS 

The broken-symmetry wavefunctions are often used for calculations of 
the effective exchange integrals (Jab) of the Heisenberg model. Previously 
we have derived a general formula for J,, of the linear uniform chair as 
shown in Figurel( A ) .  Here, a general formula for the ring with uniform 
J,, is first derived using the approximate spin projection procedure. The 
Heisenberg Hamiltonian for the ring as shown in Figure1 (B)  is given 
by 

I 

i ( H B )  = -2J , , h z s ,  s, { j  = i + I(i # n )  a n d j  = l(i = a ) }  (la) 

( lb) 
, = I  

= -J,,,,[S’ - x s s 2  - X ]  

X = zs, sl (j, k E non nearest neighbor(”), j # k) ( I C )  
1.1 

where S is the total spin operator, while s, denotes that of the i-site spin. 

n 

s=& 
, = I  

Then we can obtain the expectation values of H(HB) for the highest-spin 
(HS) state and the lowest-spin (LS) state. 

‘ “ ( H )  = -J,,,J‘J(s?) - n ( s , ? ) - ‘ ” ( X ) ]  
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THE ANTIFFEROMAGNETIC KzMX, TYPE SOLIDS [453]/135 

HS ( H )  = -J,h[f's(s') - n(s,?)-"S(X)] (3b) 

Assuming the expectation value of non-NN spin coupling operator to be 
either (TT) or (TJ), we can evolute <X> terms for the 2n-site ring 
model. 

(44 LS (X) = 2n(n - 1)(TT)+2n(n -2)(T.l) 

y X ) =  2n(n- I,(Tt)+2rl(n-2)(TT) (4b) 

Subtracting Eq. (3b) from Eq. ( 3 4  and substituting Eq. (4a) and (4b) for 
<X> terms, we obtain 

L T ( H ) - H S ( H )  = J,,[Hs(s')-1s(s2)- 2n(n-2){(TT)-(7.1))] (5) 

Instantly 
'-S(H)-y H )  

J'rh = H s ( ~ 2 ) - ' l i ( ~ 2 ) - 2 n ( n  -2)[(T'T)-(T.L)] 

For the four-site ring model (n=2), which is the special case 

IS ( H ) -  Hs ( H )  
Juh = ~ . ~ ( s 2 ) - ~ ( s 2 )  

3 

o-o--o-.----o--o 
1 2 3 n-1 n 

( A )  (B)  
FIGURE 1 
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NUMERICAL RESULTS AND DISCUSSION 

As shown in Figure2, we have examined the linear trimer M-X-M-X-M 
( 1 )  and the square planar X,M, (2) as the simplest examples of the 
linear clusters and the square clusters, respectively. The J,, values of the 
Cu-F-Cu-F-Cu ( 1 a )  system and Cu,F, (2a)  system are shown in TABLE 
1 and those of Ni-F-Ni-F-Ni ( l b )  system and Ni,F4(2b) system in 
TABLE 2. These values are obtained at the most energetically stable 
distances. The J,, values of &CuF4 and MNiF, solids have been 
determined by several experimental techniquesi8’. Therefore, we compare 
the calculated J,, values with the experimental ones. The model clusters 
exhibit the antiferromagnatic interactions, in accord with the experiments. 
Since the UHF method does not include the effect of the electronic 
correlation, the calculated IJ,, I value is too small as compared with the 
experimental value. B2VWN and S2VWN, which are the hybrid DFT 
methods, have provided reliable values. On the other hand, the IJ,d 
values are overestimated in the UB3LYP method. I t  is because the 
B3LYP parametrization is appropriate for stable molecules at equilibrium 
geometries. 

M-X-M 
I I 

M-X-M-X-M X 
I 

X 
I 

M-X-M 

FIGURE 2 Model clusters for computations 
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CONCLUDING REMARKS 

UHF, UMP2 and DFT(UB2VWN, US2VWN andUB3LYP)calculations 
were performed in order to elucidate the effective exchange interactions 
(J,J between metal ions. The J,, values obtained by calculations are 
consistent with the experimental values, especially in the Hybrid DFT. 
It is found that we can apply obtaining the effective exchange intagrals 
to the ring models. 

TABLE 1 The calculated J,, values for Cu-F-Cu-F-Cu and Cu,F, 

Structure Methods M-Xa’ Jabb’ J,J obs) b’ 

CU,F* UHF 1.92 -40.3 
( l a )  UMP2 1.92 -234.3 

UB2VWN 1.90 -135.8 
US2VWN 1.86 - 154.0 
UB3LYP 1.91 -44 1 .O 

Cu,F, UHF 1.89 -47.1 - 132.0 

UB2VWN 1.89 -176.2 
( 2 a j  UMP2 1.90 -97.1 

US2VWN 1.85 -198.6 
UB3LYP 1.89 -573.9 

a)A b)cm.’ 

TABLE2 The calculated J,, values for Ni-F-Ni-F-Ni and Ni,F, 

Structure Methods M - X ’  J,,(obs) b’ 

N i F ,  UHF 1.94 -7. I4 
( I b )  UMP2 1.95 - 1  1.1 

UB2VWN 1.94 -24.0 
US2VWN 1.89 -3 1.2 
UB3LYP 1.94 -72.0 

Ni4Fd UHF 1.92 -8.68 -36.0 
( 2 b )  UB2VWN 1.91 -32.5 

US2VWN 1.87 -43.9 
UB3LYP 1.91 -92.4 
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