This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 10:01

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals

—— Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Electronic States in Strongly
Correlated Organic Conductor DCNQI-
Cu

Yoshikazu Suzumura ? , Shinichi Suzuki ® & Takuhiro Ogawa ?
® Department of Physics, Nagoya University, Nagoya, 464-01,
Japan

Version of record first published: 24 Sep 2006.

To cite this article: Yoshikazu Suzumura , Shinichi Suzuki & Takuhiro Ogawa (1996): Electronic
States in Strongly Correlated Organic Conductor DCNQI-Cu, Molecular Crystals and Liquid Crystals
Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 285:1, 169-174

To link to this article: http://dx.doi.org/10.1080/10587259608030796

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259608030796
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 10:01 18 February 2013

Mol. Cryst. Lig. Cryst., 1996, Vol. 285, pp. 169-174 © 1996 OPA (Overseas Publishers Association)

Reprints available directly from the publisher Amsterdam B.V. Published in The Netherlands
Photocopying permitted by license only under license by Gordon and Breach Science
Publishers SA

Printed in Malaysia

ELECTRONIC STATES IN STRONGLY CORRELATED ORGANIC
CONDUCTOR DCNQI-Cu

YOSHIKAZU SUZUMURA, SHINICHI SUZUKI and TAKUHIRO OGAWA
Department of Physics, Nagoya University, Nagoya 464-01, Japan

Abstract The periodic Anderson model with both the electron-phonon
interaction and the interchain hopping has been examined in terms of
the slave-boson method to understand the metal-insulator transition in
DCNQI(dicyanoquinonediimine)-Cu salts. Strongly correlated states are stud-
ied by calculating the phase diagram and the density of states consisting of
the incoherent (localized) component and the coherent (band) component.

INTRODUCTION

Organic conductors DCNQI(dicyanoquinonediimine)-Cu undergo the metal-insulator
(M-I) transition where the structure shows an array of one-dimensional (1D) chains
consisting of m-electron in DCNQI-molecule and localized d-electron in Cu-atom ! 2,
The hybridization between the m-electron and the d-electron is important due to
Cu**/? on an average. In the insulating state, a three-fold lattice distortion and a
local spin appear simultaneously and then lead to the three-fold periodicity of the
valence expressed as Cut, Cu* and Cu** along the chain *. The local spin of Cu**
indicates the M-I transition in the presence of the strong correlation.

The M-I transition of DCNQI-Cu salt has been studied theoretically by use of
the periodic Anderson model with the electron-phonon (e-p) interaction *. In terms
of the hole picture ®, the slave-boson method was applied to take account of the

strong correlation ®

. Within the slave-boson mean-field theory, the phase diagram
on the plain of the e-p coupling constant and temperature has been calculated for
both one-dimensional (1D) model 7 and three-dimensional (3D) model 8.

In terms of the 1/N-expansion which treats the local constraint strictly ® 1°,

we
study the M-I transition and the electronic density of states ! for both the 7-electron

and the strongly correlated d-electron.

ORMU (0]

By assuming the three-fold periodicity along the 1D-axis, we consider the 3D
169
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model given by (j=1,2, and 3) 8
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where (Ho(k))j]': = 5”':2W cos QJ + 6_1',]"11 + 61'36]':1e"3" + 6j15‘:36_i3k € = &3 —
2W,cos Qrj, Q = 2m/3 and k is the 1D wave number. ¥} = (C7 ,C¥ ,Cf, ) and
T,;: = (C,fl,,ﬁ,;,,ﬁks,) where \II _and \Il,w are bonding a.nd nonbonding opera.tors

of m-electron. £ = (k, f), 5 = (p,,p,,) and V(7) = 2V [(cos(p2/2))* + (cos(p,/2))"] "
The index of the 1D lattice (the square lattice ) with the total number N; (N)) is

given by | = 3m + 1 (5). The lattice constant and the hopping energy are taken
as unity. The V-term is an energy of the hybridization between n electron and d
electron with a localized energy level €4. In the insulating state, there appear molec-
ular fields W and W, for 7 and d electrons respectively due to the Peierls transition
where g is the coupling constant of the e-p interaction. The elastic energy is given
by NiN1W?/g. These fields are determined so as to minimize the total energy
with the fixed W;/W. The strongly correlated state of d electron is examined by
use of the slave-boson method with the operators of the slave-boson, b($), and the
pseudo-fermion, fi,(3), where di(5) = f}(5)bi(3)°. The local constraint is treated
by introducing the Lagrange’s multiplier A;(3). which is taken infinity in the end.

Green functions of the bonding 7 electron, slave-boson and pseudo fermion are

expressed respectively as

ij:,(l-c’, iw,,)

(fon w0 - g22)

]

8V2pi(2) -1
z+i1/,,—>\m,-(§')—e_,-] )

[iu,, — Am;(5) — /_:o dz
1

[iwn + 1= Ams (@ = &5] (4)

B;(ivn — Amj(3))
Fjoa'(iwﬂ - )‘mJ(‘E'))

where j=1,2 and 3, and 8~(= T) is the temperature. In Equations (2)-(4), w, =
7T(2n + 1) and v, = 2nnT with the integer n. After performing the analytical

continuation, iw, — w + 18, (6 > 0), one obtains

ﬁ;(w) = _WN?N_L ZE: (VZ(‘E)) ImGJ-J-,(l-c.,w —-—u+ 15) . (5)
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The quantity 55(w) denotes the effective density of states of 7 electron per spin at
the j-th site and is different from the actual density of state, pf(w), which is defined
by putting V(9)/2V — 1 in Equation (5). Equation (3) is calculated as!®

-1 ’

TImB]-(V +i8) =a;6(v —e; + E;) + Cj(v) (6)

where the first term comes from the pole of B;(v) at v = ¢; — E; and quantities a;
and E; are determined self-consistently. The density of states pf(w) in the case of

w < p, which belongs to the d electron in the ground state, is obtained as !
pj(w) = Ci(~w+e;) , (7)

for a; = 0 and

p5(w)

2 by 1 _ r_ . . . M
-8V, /0o dz (—;) (ImB,(—w + 2’ — 6 + ¢; — E;)) - &)
Pgl (w) + sz(w) ) (8)

for a; # 0. The first and second terms in Equation (8) denote coherent (band) and

incoherent (localized) components of d electrons since the former and the latter are

derived from the pole and the continuum of Equation (3) respectively.

M-I TRANSITION

We examine the M-I transition by taking parameters as £; =0.88 V = 0.3 and
Wy /W = 0.7 which lead to X ~ 4/3 for Cu* in the metallic state at 7=0.

In Figure 1(a), the phase diagram on the plane of g and T is shown where
ay = a; = a3 # 0 and W = 0 for the metallic state and a; = a; # 0, a3 = 0
and W # 0 for the insulating state. There is a large hysteresis due to the first
order phase transition followed by the entropy of the local spin ®. The lower bound
of the magnitude of g for the insulating state comes from the fact that the energy
gain by the Peierls gap competes with the vanishing of the coherent energy of the
hybridization in the case of a; = 0. Phase transitions as a function of T are classified
into three groups; metallic state down to zero temperature in the case of 0 < ¢ < 0.51
(group I), metallic state into insulating state in the case of 0.54 < g (group II) and
the reentrant transition given by M-I-M in the case of 0.51 < g < 0.54 (group III).
Further the antiferromagnetic state exists in the hatched region when the exchange
interaction with J=0.05 is added. In Figure 1(b), self-consistency solutions for the
M-I transition at T = 0 is shown as a function of g. There is the small variation of
valence, X;, of Cu*i. The quantity X; jumps at the M-I transition and decreases
slightly by the increase of g. The insulating state is always followed by a3 = 0 due
to the large jump of W at the M-I transition.
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FIGURE 1 Phase diagram on the plain of g and T (a) and self-consistency solu-
tions X,;(= 2 —a;), (j=1,2 and 3) and W at T' = 0 (b) in the case of V=0.3 . X and
arrow denote the average of X; and the M-I boundary respectively.

DENSITY OF STATES

We examine p%(w) of the metallic state (insulating state) by choosing W =0 (W =
0.7), which corresponds to g = 0 (g = 0.66). In these cases, self-consistency solutions
are given by a; = a; = a3 ~ 068, E; = 1.25 and p = 0.94 for W = 0 and
ap=a;~091,a3=0,F; = F, ~161 and u=10.92 for W =0.7.

In Figure 2(a), the density of state of the m-electron, p§(w), for the metallic
(insulating) state is shown by the solid (dashed or dotted) curve. The density of
states p?(w) is calculated from Equations (7) and (8) and then the characteristic of
p3(w) which expresses the model of DCNQI-Cu salts is included in 55(w) and p%(w).

First we calculate p%(w) for W = 0 and then ¢; = £,. The spectral weight
of the slave-boson obtained from Equation (6) is shown in Figure 2(b). The bound
state corresponding to the pole of Bj(v) appears at v = ¢; — F;(< 0). The incoherent
component, which exists only for v > ¢; — u, spreads in a wide range of the order of
the band width. The dotted curve is obtained from the constant p$(w) which is given
by 1/(2wp) for |w| < wp ,(wo = 2.5) and zero otherwise. The density of states p¢(w)
is shown in Figure 3(a) where the hatched part denotes the incoherent component
(pfz(w)) and the other part denotes the coherent component (pfl(w)) in Equation.
(8). From Equation (8), pgz(w) exists only for w < 2u — E;. The inequality, that
2u — Ej(= 0.63) < ¢;(= 0.88), indicates the large energy gain by the incoherent
electrons where the energy is located far below the original level ¢;. Such a shift is
attributable to the large V in addition to a; ~ 2/3. For the comparison with the
solid curve, p;'(w) obtained from the constant pf(w) is shown by the dotted curve.
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FIGURE 2 Density of states of the 7 electron, p¢(w), where the solid ( dashed
or dotted ) curve belongs to the metallic state with W = 0 (insulating state with
W = 0.7) (a). The spectral weight of the slave-boson for the metallic state where
the dotted curve is obtained from the constant p(w) (b).

Next we calculate p¢(w) for W = 0.7. There are two kinds of local fields which
come from the three-fold periodic potential with W and W, in Equation (1). From
Equation (6), one obtains that C;(v) = Cy(v) # 0 in the regions of 1.03 < v < 2.21
and 3.04 < v < 3.75 and C;3(v) # 0 in the regions of —0.41 < v < 0.75 and
1.59 < v < 2.29. Then the electronic states for j=1,2 are different from that for
j=3. In Figure 3(b), the averaged quantity, 5*(w) (= L} p?(w)/3), is shown by the
solid curve. The hatched (other) part denotes the incoherent (coherent) component.
The hatched part around w = €3 is determined by p%(w) in which all the states
are incoherent due to a3 = 0. Two islands correspond to those of p$(w) below the
chemical potential in Figure 2(a). In the case of j=1 and 2, there are both the

coherent and incoherent components.

SUMMARY

We have examined the electronic density of states of the d electron by use of the 3D
model for DCNQI-Cu salts. In the metallic state (a; ~ 2/3), the coherent electron
exists just below the chemical potential and the incoherent electron is located far
below the original localized level due to a; ~ o(1). The weight of the former state is
twice as large as that of the latter one. In the insulating state, most of d electrons
belong to the incoherent state which are located around w = &3, i.e., the new localized
level at j=3 in the presence of W;. Thus we obtained the strongly correlated state
for the d electron in the insulating state.
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FIGURE 3  Density of states of the d electron for the metallic state W = 0(a)
and the insulating state W;/W = 0.7(b). p%(w) = T} p#(w)/3. The hatched region
denotes the incoherent part. The dotted curve in (a) denotes p}(w) obtained from
the constant p$(w).

This work was partially supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture (No.05640410), and a Grant-in-
Aid for Scientific Research on the priority area , Novel Electronic States in Molecular

Conductors, from the Ministry of Education, Science and Culture, Japan.

REFERENCES
1. A. Aumiiller, P. Erk, G. Klebe, S. Hiinig, J.U. von Schiitz and H.-P. Werner,
Angew. Chem. Int. Ed. Engl., 25, 740(1986).

2. A. Kobayashi, R. Kato, H. Kobayashi, T. Mori and H. Inokuchi,
Solid State Commun., 64, 45(1987).

3. For the review see R. Kato, Kotai Butsuri, 28, 141(1993) ; 30 269(1995) [in
Japanese] and refereces therein.

4. Y. Suzumura and H. Fukuyama: J. Phys. Soc. Jpn., 61, 3322(1992).

5. H. Fukuyama: J. Phys. Soc. Jpn., 61, 3452(1992); Prog. Theor. Phys. Suppl,,
113, 125(1993).

. Y. Suzumura and Y. Ono: J. Phys. Soc. Jpn., 62, 3244(1993).
. T. Ogawa and Y. Suzumura: Phys. Rev. B, 51, 10293(1995).
. T. Ogawa and Y. Suzumura: to be published in Phys. Rev. B, 53, No.12(1996).

© o 3 O

. P. Coleman: Phys. Rev. B, 29, 3035(1984).

10. Y. Ono, T. Matsuura and Y. Kuroda: Physica C, 159, 878(1989).
11. S. Suzuki, T. Ogawa and Y. Suzumura: submitted to J. Phys. Soc. Jpn..




