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Numerical Studies of Ground State Phase 
Diagrams for the MMX Chains 

MAKOTO KUWABARA and KENJI YONEMITSU 

Institute for Molecular Science, Okazaki 444-8585, Japan 

We study ground state phase diagrams for the MMX chains, using a one-dimensional dimer- 
ized 3/4-filled extended Hubbard-Peierls model with site diagonal and off-diagonal elec- 
tron-lattice interactions. The ground states are obtained mainly in the Hartree-Fock 
approximation, and their accuracy is checked by the exact diagonalization of small clusters. 
We find a new phase in addition to frequently considered phases and compare our results 
with experimental results. 

Keywords: MMX chain; dimerization; extended Hubbard-Peierls model 

INTRODUCTION 

The quasi-one4mensional halogen-bridged metal complexes (MX and MMX 

chains) have strong electron-lattice (e-I) coupling and electronelectron (ec)  

interaction and have attracted much interest. While the MX chains have been 

investigated experimentally“*2’ and the~retically’~~’ for a long time, the MMX 

chains started to be studied rather recentlf-I2’. The MMX chains possess 

dimers of metal ions, and the dimer structure gives more variety in the 

electronic phases. compared with the MX chains. For example, R,(CH3CS2),I 

i s  metallic above 300K. although most of the MX and MMX chains are 

The character of the metal-insulator (M-I) transition has not 
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been clarified yet. In the MMX chains, the metal (M) and halogen (X) ions are 

easily displaced, and their displacements are closely C O M ~ C ~ C ~  with the 

electronic state. Various phases appear owing to competition between e-1 and 

e e  interactions. Here we study ground state phase diagrams for the MMX 

chains. 

MODEL 

As a fmt step, we assume that the level of the X p ,  orbital lies much lower than 

that of the M ds  orbital for simplicity, and we take a one-dimensional dimerized 

314-filled model for ds  bands; 

where ctoinr (cibi,J creates an electron with spin d at site a (b) in the i-th h e r ,  

no;,== ciO,,gbo and no,=T, naj,o. The unit cell consists of two M sites a and b, 

forming a dimer, and an X site. For the lattice degrees of freedom, we take the 

bond length (relative to that in the undistorted phase) yoj (yb,) between the M 

site a (b) in the i-th unit cell and its neighboring X site. A change in the 

interdimer distance is described by ybj+yo,+,. We f ix  the distance between the 

M site within a dmer and the corresponding intradimer transfer integral tMM. 
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The interdimer transfer integral through the X p .  orbital is assumed to depend 

on the intentimer distance linearly with coefficient a. The level of the M ds 

orbital depends on the M-X bond length with coefficient p. CI is the on-site 

repulsion. V,, and V,,, are the intradimer and interdimer nearest-neighbor 

repulsion, respectively. V, is the next-nearest-neighbor repulsion. K denotes 

the elastic constant. The periodic boundary condition is imposed. 

RESULTS AND DISCUSSION 

So far it is generally expected that there are four possible electronic states; (1) 

an averaged-valence (AV) state, (2) a charge-density-wave (CDW) state, (3) a 

charge-polarization (CP) state, and (4) an altemate-charge-polarization (ACP) 

state, as shown schematically in Fig. 1. In addition to these states, we fmd a new 

state (5). We call it a bondcharge-density-wave (BCDW) state. In the phase 

(l), the levels of the M d,z orbitals are spatially uniform and there are three 

electrons in a h e r  unit (not shown). In the other states, the dg levels deviate 

from the position in (I), depending on the X displacements. First we consider 

the atomic limit (t,, = I,,, = a = 0). The site energy per two unit cells 

relative to that in (1) is stabilized by 2A for (2), (3) and (4). where A is the 

deviation of the d,zlevel. The new phase (5 )  is stabilized the most if A is fmed. 

In the phase (S), three of the four levels in the two dimers are lowered by A and 

fully occupied, while the rest is empty and lifted. Three of the four M-X 

bonds are stretched and the rest is shrunk to keep the system length constant. 

Charge density and bond-charge density are alternating when a dimer is viewed 
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-"x .9Icl;rs).x .a".... m - x .  
(2) CDW -2A 2 5 4 4 

.......... P..* ............ 

"XIY..QdrM*)X." .... @ q q . " . " X . . .  
( 5 )  BCDW I -6h 3 4 4 4 

........... * ..... ........ ...~*..* ......... 

FIGURE 1 Schematic electronic structures for the MMX chain. 
The partial energy per two units from each term is shown in the 
atomic l i m i t ( t M M = t M , , = d )  for each phase: the site energy (E). 
the on-site repulsion term (0, the intradimer and interdimer 
repulsion terms (VMM, V M X M ) ,  and the next-nearest-neighbor 
repulsion term (VJ. 

as a unit. 

In Fig. 2, we show ground state phase diagrams on the a - p plane for the 

three sets of e c  interaction strengths obtained in the Hertrte-Fock (HF) 

approximation. In the noninteracting case [Fig. 2(a)]. the CDW. ACP and 

BCDW phases are realized. When both u and p are weak, the CDW phase is 

stable. As a increases, the ACP phase becomes stable owing to the energy 

gain by the interdimer transfer. As p increases, A in Fig. 1 becomes large 

stabilizing the BCDW phase. The on-site repulsion stabilizes the AV and CP 

phases [Fig. 2(b)], while the nearest-neighbor and next-nearest-neighbor 
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(a) u=o V M 3 0  V m - 0  V*=o 

(2 4 2 2) 

(2 3 3 2) 

0.5 1 1.5 

CDW 

a 

a 

(2 3 3 2) 
(3 2 3 2) 4w 2 

FIGURE 2 Ground state phase diagrams for (a) the noninteracting 

HP approximation for 120 M sites; and (d) U=6. VMM=VMxM=Vz=O by 
the exact diagonalization for 12 M sites. 

Case; (b) us6, v ~ ~ = v ~ , ~ = v z = o ;  (C) U=6, VMM=~~VMX&,VZ=~ kl the 

repulsion destabilizes them [Fig. 2(c)]. We have checked the accuracy of these 

phase diagrams by exactly diagonalizing the clusters of 12 sites. Qualitatively, 

the HF results give good agreement with the exact results except for the CP 

phase in Fig. 2(b). The AV, ACP, and CDW phases become stable instead of 

the CP phase there, as shown in Fig. 2(d). It has been experimentally observed 

that &(CH,CS,),I has a valence state schematically represented by -X-M+'-M+'- 

X-M+'-Mtz-X- (corresponding to the ACP phase in Fig. 1) below 80K and has 

finite magnetic susceptibility in low temperatures"'."'. Our results show that 

the ACP phase is stable in some (a. p) region for any parameter set of the e-e 
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interaction strengths. In the ACP phase, the electrons on M” sites of -X-M+’- 

M+’-X-M+’-M*’-X- form a singlet pair. We expect a small but finite spin gap 

in the ground state of P1,(CH3CS,),1. To explain the metallic property above 

300K and to quantitatively estimate the spin gap, X p ,  orbitals would be 

important. The consequent two-band model for the MMX chains will be 

studied elsewhere. 
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