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STRONG COMMENSURABILITY EFFECT ON METAL-

INSULATOR TRANSITION IN (DCNQI)2Cu
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Institute for Molecular Science, Okazaki 444-8585, Japan
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Stability of three-fold lattice distortion in the insulating state of (DCNQI)2Cu

is studied by exactly diagonalizing a two-band Peierls Hubbard model on

the 662 lattice. Self-doping is essentially important and caused by strong

commensurability pinning, which are a consequence of moderate coupling

of DCNQI p electrons with lattice and strong correlation of Cu d electrons.

Keywords: two-band Peierls-Hubbard model; p-d electron-system; metal-insulator transition;
commensurability pinning

INTRODUCTION

(DCNQI)2Cu salts, which are one-dimensional p-d electron systems, have
been of great interest due to their unique physical properties associated
with hybridization between p bands of DCNQI molecules and d orbitals of
Cu[1]. A first-order metal-insulator transition takes place at a low tem-
perature under high pressure [277]. In the metallic state, the valence of Cu
is near 4=3 on average [8]. In the insulating state, three-fold lattice dis-
tortion has been found accompanied with a periodic array of local spins
surviving on Cu sites: Cuþ7Cuþ7Cu2þ � � � [9711]. The metal-insulator
transition is regarded as a cooperative phenomenon due to the Peierls
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instability in the 1=3-filled p band and the Mott instability in the d orbitals,
5=6 of which are occupied [12714].

The purpose of this paper is to reveal that strong electron-electron in-
teraction among d electrons reinforces the structure with three-fold peri-
odicity by charge transfer between p and d orbitals (self-doping) even
in the case where the hypothetical band fillings are not optimal without
interactions.

TWO-BAND PEIERLS-HUBBARD MODEL

We consider a two-band Peierls-Hubbard model in which DCNQI p elec-
trons are coupled with Cu d electrons,

H ¼�
XN

i;s

ðtp � apyp;iÞ½cyi;sciþ1;s þ h:c:	 �
XN

i;s

td½dy
i;sdiþ1;s þ h:c:	

�
XN

i;s

tpd½cyi;sdi;s þ h:c:	 þ
XN

i

Epnp;i þ
XN

i

ðEd � bdvd;iÞnd;i

þ Up

XN

i

np;i;"np;i# þ Ud

XN

i

nd;i;"nd;i;# þ
K

2

XN

i

ðy2
p;i þ v2

d;iÞ

where c
y
i;sðd

y
i;s creates a p (d) electron with spin s on the ith site, np;i;s ¼

c
y
i;sci;s and nd;i;s ¼ d

y
i;sdi;s are the number operators for p and d electrons,

np;i ¼
P

s np;i;s, nd;i ¼
P

s nd;i;s. The intrachain transfer integrals are tp for
p electrons and td for d electrons. The lattice displacement parallel to the
chain is introduced for the DCNQI chain ðyp;iÞ, which modulates the in-
trachain transfer integral with coupling constant ap. The interchain transfer
integral is denoted by tpd. The parameters Ep and Ed are the p and d level.
The d level is modified by another displacement vd;i with coupling constant
bd. The on-site Coulomb interactions on DCNQI and Cu sites are denoted
by Up and Ud, respectively. The elastic constant for the lattice displace-
ments yp and vd are both set to be K by a scale transformation if necessary.

We exactly diagonalize a 66 2 lattice system with the periodic boundary
condition in the chain direction. The electronic ground state is determined
in the self-consistent manner with the static lattice displacements.

RESULTS AND DISCUSSIONS

We consider a system with 14 electrons on the 662 lattice, in which dis-
tribution of 4 electrons in p orbitals and 10 electrons in d orbitals corre-
sponds to the experimentally observed insulating state. Depending on the
level difference between p and d electrons D � Ep � Ed; we found three
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electronic configurations. (I) When the d level is much deeper than the p
level, the d orbitals are almost completely occupied and the filling of the p
band is about 1=6 (2p þ 12d electrons). (II) When the d level is relatively
close to the p level, the p band becomes nearly half-filled and 2=3 of d

orbitals are occupied (6p þ 8d). (III) The d level is located in-between so
as for nearly 1=3 of p orbitals and 5=6 of d orbitals to be occupied (4p þ
10d). Figure 1 shows the total energies of these three states for (a) week
and (b) strong Ud as a function of D. For small Ud, the state (III) is not
realized as a stable phase. For large Ud, the state (III) is found in a wide D
region. This demonstrates the importance of strong correlation among d

electrons to stabilize the three-fold state composed of Cuþ, Cuþ, and Cu2þ

in a wide pressure range. In the adiabatic approximation for the lattice
displacements, twice the D derivative of the total energy Etot is given byP

ihnp;i � nd;ii. If both the electron-lattice coupling and electron-electron
interaction are absent, Etot is a smooth function of D because of charge
transfer between p and d orbitals. In Figure 1, the line (II) is almost
straight because of strong pinning of bipolarons on Cu sites, Cuþ, Cuþ, and
Cu3þ. Without electron-lattice coupling or for small Ud, the state (III) is not
stabilized. In other words, both interactions cooperatively work to stabilize
the state (III). The slope of the line (III) is about �3 reflecting 4 electrons
in p orbitals and 10 electrons in d orbitals.

In Figure 2, physical quantities in the state (II) of Figure 1(a) are
shown on the left panels, and those in the state (III) of Figure 1(b) on
the right panels, as a function of D. The charge density is shown in the
upper four panels of Figure 2: (a,d) rp;i � hnp;ii for DCNQI sites and
(b,e) rd;i � hnd;ii for Cu sites. Because of three-fold periodicity, it
is shown for three sites i¼ 1, 2, 3. In the state (II) for small Ud, the
charge density at DCNQI sites is almost constant, rp;1 � rp;2 � rp;3 � 1,
while that at Cu sites is disproportionated, rd;1 ¼ rd;3 � 2 and rd;2 � 0

FIGURE 1 Dependence of the total energies Etot of the three states explained in

the text on the level difference D for (a) Ud ¼ 0:1 and (b) Ud ¼ 4. The other

parameters are tp ¼ 1, td ¼ 0:1, tpd ¼ 0:4, Ep ¼ 0, ap ¼ 3, bd ¼ 3, Up ¼ 0:1, Ud ¼ 4,

and K¼ 6.
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corresponding to Cuþ�Cu3þ�Cuþ� � � � . The lattice displacements are
yp;2 ¼ yp;2 ¼ � 1

2
yp; yp;3 ¼ yp, and vd;1 ¼ vd;3 ¼ � 1

2
vd; vd;2 ¼ vd with yp

and vd shown in the lower two panels of Figure 2. In the state (III) for
large Ud, the charge density at Cu sites shows rd;1 ¼ rd;3 � 2 and
rd;2 ¼ 1 reflecting the ordering of Cuþ�Cu2þ�Cuþ� � � � . The charge
density at Cu sites and that at DCNQI sites are almost unchanged in a
wide D range. Without electron-lattice coupling, the charge transfer from
DCNQI sites to Cu sites takes place more rapidly when D increases
(unless the occupation of d orbitals becomes nearly half and Ud is
large).

In this paper, we have studied the commensurate state with three-fold
lattice distortion. It is obvious from Figure 1(b) that the D derivative of Etot

is almost a three-stage step function of D. Near the edges of the middle
stage (i.e. near the phase boundaries), the commensurate state would be
destabilized, when a much larger system is studied, to form an in-
commensurate state with (3þd) periodicity. Competition between the
commensurate and incommensurate states will be studied by the density
matrix renormalization group method in a forthcoming paper.

FIGURE 2 Dependence on the level difference D of (a,d) the charge density on

DCNQI sites, (b,e) that on Cu sites, and (c,f) the lattice displacements yp and vd, for

(a,b,c) Ud ¼ 0:1 [state (II)] and (d,e,f) Ud ¼ 4 [state (III)]. The other parameters

are the same as in Figure 1.
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