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It is widely known that interchain-interactions diminish the Peierls instability in a one-dimensional
electronic system. We studied the electronic structure of the (-H-) chains as a model system for the quasi-one-
dimensional system. We compare the result of a Hartree-Fock type calculations for a non-interaction chain, a
two-chain model with interchaln-interactions, two-chain model with interchain-interactions, and a two-

dimensional model in which infinite number of chains on the same plane interact with each other.

The energy

band and the total energy are obtained by the LCAO crystal orbital method using the CNDO/2 approximation.
According to the calculated total energy in models with interchain-interactions, for both two-chain and two-
dimensional models, the Peierls instability decreases, and disappears for a strong interchain-interaction.

It is widely noted that a pure-one-dimensional elec-
tronic system has instability in 2kr fluctuations (here,
kr means Fermi wave number). For example, a
polyacetylene (PA) is a typical one-dimensional-
electronic system. When PA has equi-distant bonds,
it has a metallic character because of a half occupied n-
band. Actually however, PA has bond alternation (in
other words, lattice distortion with k=mn/a) which
creates a Peierls gap, so that PA is stabilized in total
energy.l23)

However, in some one-dimensional substances, for
example (SN), the Peierls instability does not appear
at low temperatures.¥ For these substances, it is
widely pointed out that a interchain interactions dim-
inish the Peierls instability in a one-dimensional-
electronic system. There have been some investiga-
tions on the effect of interchain-interactions for the
Peierls instability. Among them, Kamimura et al.
have calculated charge-response functions for a per-
turbation of the Coulomb potential using a non-self-
consistent perturbational method in the rigid band
model.5-8) In their results, the Fermi surfaces are
bent by interchain-interactions, so that nesting caused
by the 2kr fluctuations is not complete, and the
response functions are not divergent at 2kr.

Kamimura et al. carried out calculations based on
a rigid band model using the energy band obtained
by a tight-binding approximation without self-
consistency,>® and with self-consistency (Local-
Density-Functional formalistm).”8) In their treat-
ment, however, the perturbational potential is not
calculated with self-consistency. They consider the
perturbation of the Coulomb potential as the fluctua-
tion, but do not consider the bond-alternation
directly. Further, though bond-alternation influen-
ces the bond-orders sensitively, their calculations do
not include the change in the exchange interactions
which are a function of the change in the bond-order
caused by the fluctuation. Regarding pure one-
dimensional systems, though Cizek,? Paldus?-1% have

studied the Peierls instability in a conjugated =-
systems using the self-consistent Hartree-Fock
method in detail, there have not been many investiga-
tions on systems including interchain interactions.
Therefore, in this article we emphasize model systems
with and without interchain-interactions in order to
quantitatively investigate the relation between the
interchain-interactions and the Peierls instability
quantitatively by using a semi-empirical molecular
orbital method based on Hartree-Fock theory.

Model and Method of Calculation

We consider a (-H-)x chain (Fig. 1) as a model
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Fig. 1. Hydrogen atoms chain model.

a=(r1+rz2)/2 (lattice constant).
b=(ra—1)/2 (bond-alternation parameter).
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of a one-dimensional-electronic-conductive polymer.
There are three models considered: a single (-H-)«
chain (single-chain model), two (-H-)x chains parallel
to each other (two-chain model), and many (-H-)x
chains which aligned on the same plane periodically
(two-dimensional model). The latter two are taken
into account as models which include interchain-
interactions; interactions are functions of the
interchain-distance. We define the z-axis to be along
the polymer chain direction. The lattice constant a
is tentatively taken as 0.9 A and the interchain distance
is taken from 1.1A to 1.6A. The two-dimensional
model is a simple lattice; 1z and 1x are the lattice
vectors of the chain direction and perpendicular direc-
tion to it, respectively. In these models we define the
bond alternation parameter b as b=(ra—1)/2, which
are shown in Fig. 1. The case of b=0 corresponds to
no bond alternation; hence, a unit cell contains one H
atom. However, for b not equal to 0, there is a bond
alternation, and the unit cell contains two H atoms.
We calculated the total energies as a function of the
bond alternation parameter b in models with and
without interchain-interactions; we also studied the
Peierls instability caused by n/a lattice distortion.

Calculations of the electronic structure are
performed using the self-consistent crystal-orbital
method with CNDO/2 (Complete Neglect of Differen-
tial Overlap) parametrization.16-20  Since the CNDO/
2 method includes inter-electron interactions of Cou-
lomb, exchange, and inter-core repulsion, we consi-
dered that the method is suitable for evaluating of the
total energy with inter-electron repulsion semi-
quantitatively.

In single-chain, two-chain, and two-dimensional
models, the crystal orbitals are written as

B = 3157 exp (ijk)Cpst X¢, (1)
7P

Here, j, p, and s represent a unit cell, an atomic
orbital, and a band state, respectively. k is a wave-
number vector (for the single-chain and two-chain
models, & is one-dimensional, and for the two-
dimensional model, k=(k,,kx)), the points of which are
selected periodically in a reciprocal lattice space.

We obtained the crystal orbitals for all of the k-
points from a diagonalization of the Fock matrices,

FrCh=¢kCsk, (@)
A definition of the Fermi energy is given by
2V (2m)~N3 {[6(Er—et)dk}
= the number of electron per unit cell (3)

step function 6(x)=0(x<0), 1 (x>0)
N: dimension 1,2,3 k: —n/a<k<n/a

The density matrices in k-space are calculated by
summation over the occupied orbitals with eigen-
values under the Fermi level, and given by
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D=2 %c Csk(csk)i' (4)
Pyig®=2V(2m)~Nfexp (ikj)Dpqt dk (5)
on 4
Pa=3" Ppoy0 (6)
P

At this point it is necessary for a model with
interchain-interactions that we appropriately choose
an interval of k-points which is small enough in order
to include the effect of Fermi surface bending by the
interchain interactions. In the present work, we
selected 31 k-points for a single-chain model and a
two-chain model, and 15X8 k-points for a two-
dimensional model (k,Xkx in reciprocal space). It is
widely noted that the trapezoidal rule gives the best
evaluation for the integral of the Fourier transforma-
tion in Eq. 5 for nonmetals, because there is no Fermi
surface in the nonmetallic system. Thus, the density
matrices Dpgk is continuous and smooth on the k-
dependence.?223) The linear tetrahedron method is
ordinally used for the LDF formalism, because only
Dp0,0 elements are necessary for the LDF formarism;
however, since all of the Dyi,0 elements are necessary
for the Hartree-Fock method, we use the trapezoidal
rule for simplicity. A problem to be solved, there-
fore, is still retained for the integral method in order to
obtain the Dyig0.

Fock matrix elements are given by Eq. 7, various
integrals are given in Eqs. 8—12, and the total energy
is given in Eq. 13.

Fr=3 exp (ikj)Fi0 )
j
Fpig?= Hpjg + Gplg? (®)
H00=—1/2(I,+Ap) +v404/2— 3D y8ia® Zp )
B
Hpigd=1/2(B4+Bz)Spis° (10)
GPOPO = 22 vBi4® Pg—1/2 74940 Ppopo (11)
B j
Gplgd =—1/27p40 Ppig0 (12)

S: overlap integral
7: two center electron repulsion integral
total energy (per unit cell)
E=V(2Tt)‘Nf{Tr F:D:—1/2Tr Gk Dt} dk
+ I Z4ZB/ R 4ip° (13)
4B j

Now, interactions (hopping parameter Hyi® and
repulsion integral y4ig0) are included only for the
nearest-neighbor atoms in the chain direction, and
the nearest-neighbor chains. Because, in the case of
the nonmetal system, the exchange interaction
decreases exponentially with distance due to the fact
that the density matrices are continuous regarding k
dependence.?2 On the other hand, in the case of a
metal system, the interelectron repulsion is screened
by the effect of plasma oscillation due to the electron
correlation;24-26) hence, these effects can correctly be
obtained by more elaborate theories including elec-
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tron correlation effects. In the case of a metal, inter-
action truncation is neccesary to avoid the density of
the state at Er from vanishing according to a Hartree-
Fock method including long-range interelectron
repulsion which is proportional to the inverse of the
distance.24

We obtained Fock matrices from Eqgs. 8—12, and
calculated the crystal orbitals again from Eq. 2; itera-
tion of this procedure was repeated until the density
matrices converged adequately. We then determined
the self-consistent orbitals, and calculated some prop-
erties using the SCF orbitals such as band structure,
and total energy given by Eq. 13.

Results of Calculation

The total energy is shown as a function of the bond
alternation parameter, b, for a system without inter-
chain interactions in Fig. 2. When =0, the non-
bond-alternation case, we obtained two solutions, one
of which is a symmetry-adapted solution for a transla-
tional operation with a distance a of 0.9 A; the other is
a symmetry-broken solution (which has symmetry for
the translational operation with the distance of two
unit cells, 1.8 A).  Since the first solution has no band
gap, it should be metallic. The second is a Bond-
Order-Alternant-Wave (BOAW) solution which has a
band gap of 6.9eV. The second solution was
obtained by starting SCF calculations with an initial
guess symmetry broken density matrix selected by
trial-and- error. The total energy of the BOAW solu-
tion is 0.09 eV lower than that of the metallic one.
This result suggests that the metallic solution of the
system is unstable and easily transfers to the BOAW
solution by a small perturbation potential. In the

J

(eV)
-19F ™ -
- &

F II: metallic 4
® I:metallic I1:BOAW 4
-0k I:BOAW B

1 n 1 1

0 0.1 0.2

non-alternant alternant parameter (b)

Fig. 2. The total energies per atom (in eV) vs. bond
alternation parameter b.
I: single-chain model with the lattice constant
a=0.9A.
II: two-chains model with the lattice constant with
a=%9A and with the interchain distance of
1.2A.
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present work we did not try to obtain the Charge-
Density-Wave (CDW) solution with partial charges on
respective atoms, since we paid our attention to the
bond alternation in the systems. In the BOAW solu-
tion, the total energy decreases in the b=0—0.15
region shown in Fig. 2; thus, at b=0, a non-bond-
alternant system is unstable. The band structure is
shown for this single chain model in Fig. 3, indicating
the characteristic feature of the Peierls instability for
the BOAW solution.

Next, a two-chain model with an interchain dis-
tance of 1.2A was calculated as a system with inter-
chain interactions. The energy band split into two
components from interchain interactions. One com-
ponent is a symmetric crystal orbital with respect to
two chains; the another is antisymmetric. In the
non-bond alternation case (b=0), the energy band is
occupied under Er by electrons (Fig. 4), and a metallic
solution is obtained. The Fermi wave number, kg, is
shifted from n/2a in proportion to the energy splitting

(ev) ---- metallic (eV)

10,0 F <~  BOAW 10.0F
0.0 }\ 0.0 \

0.0k : -10.0}
-20.0 / -20.0 /

-30.0 f -30.0r
0 n/2a 0 n/2a

b=0 b=0.1
Fig. 3. The energy band structure for the single-
chain model.
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Fig. 4. The energy band structure for the two-chains
model.
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between the symmetric and the antisymmetric bands.
It is noteworthy that the effect of n/a distortion to the
total energy decreases because of the Peierls gap by the
n/a distortion created far from the Fermi level in k-
space. In other words, the system does not obtain a
stabilization energy by changing the energy level
about k=n/2a, caused by a bond-alternation (Fig. 4).
We can therefore expect that the larger the interchain
interaction is, the more stable toward n/a distortion is
the two-chain model system. The 2kr distortion
which gives the Peierls instability in this system is
incommensurate with the lattice constant a; it thus
gives a smaller instability than n/a distortion, i.e., the
bond-alternation. The calculated total energies are
also shown for the two-chain model in Fig. 2, indicat-
ing that the metallic solution is obtained in the region
b=0—0.04. The total energy for the metallic solu-
tion scarcely changes in this region. We can there-
fore say that the Peierls instability in the system with
the interchain-interaction is much smaller than that
without interchain-interactions. In the region of b
over 0.04 the electronic state transfers from the metal-
lic state to a nonmetallic state with BOAW (Fig. 2).
The Peierls gap is then larger than the band splitting
caused by interchain-interactions as shown in Fig. 4
(6=0.2 of BOAW). The total energy for the BOAW
state in the two-chain model decreases with an
increase of b in the region $=0.04—0.15 (Fig. 2).
Finally, we calculated the energy band for the two
dimensional model. The orbital energy is a function
of kx and k., so that the Fermi surface is bent by large
interchain interactions. Therefore, the stabilization

X2 i Xe  Xo il Xe

10

M X2

(b=0.2)

X2 M Xe

non-bond-alternant bond-alternant

[ev) Ha"’u**bhuﬁh
or J
20} / ]
—40 I
Xe r Xy il Xe

non-bond-alternant
b=0.2

L ma bond-alternant

Fig. 5. The energy band structure for the two-
dimensional model. The interchain distance is

1.2A.
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in the total energy which is caused by the Peierls gap
by n/a distortion is much diminished for the reason
mentioned above. The calculated energy band and
the Fermi surface are shown in Fig. 5.

We calculated the energy bands and the total ener-
gies of the two-dimensional model with interchain
distances of 1.6, 1.4, 1.2, 1.1 A (indicated in Figs. 6 and
7). When the distance is 1.6 A, there is a metallic
solution in the region b=0—0.04 (IIla in Fig. 6). Itis
shown that the instability of the total energy for the
two-dimensional model is considerably less than that
for a system without interchain interactions. The
second derivative of the total energy with respect to b,
however, is negative for the relatively large interchain
distances (Ila in Fig. 6). Therefore, at =0, the non-
bond-alternation case, the state is metallic, but unsta-
ble with respect to bond-alternation. For the case of
II14, we obtained the BOAW solution in the region of
b over 0.06; the total energy is minimum at ¥=0.16 and
is inferred to be lower than that in the metallic case in
the region 5=0—0.04 from approximate calculations.
The metallic solution at the point of b=0 is thus
probably unstable for III. When the interchain dis-
tance is 1.4A, the result is as also shown in Fig. 6
(Illg). The tendency is similar to the case with inter-
chain distance of 1.6A; the second derivative of the
total energy increases. In the case that the interchain
distance is 1.2 A, the total energy is as shown in Fig. 6
(IlIc). Metallic solutions were obtained in the region
b=0—0.04, where the second derivative of the total
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Fig. 6. The total energies per atom (in eV) vs bond
alternation parameter b for the two dimensional
model with the lattice constant a=0.9 A.

IILA : the interchain distance of 1.6 A.

IIIs : the interchain distance of 1.4 A.

IIc: the interchain distance of 1.2 A.

IIp: the interchain distance of 1.1 A.
I : the single-chain model.



1682

Xa M X2

X, M Xe

R=1.6 (A) , Er=-5.742 (eV) X » M
R=1.2 (A) Er=-3.974 (eV)
XZ M X?
X, M X,

{;; r F
X: i Ke
R=1.4 (A) , Er=-5.482 (eV) X, il X,
R=1.1 (A) , Ee=-1.913 (eV)

Fig. 7. The shape of the Fermi surface of two-
dimensional model at the b=0 point (non-alternant
system).

I'=(0, 0), Xu: along the chain direction.

Eg: Fermi level (in eV), R: Interchain distance (in
A), Selected k-points: 15X8 in the first Brillouin
zone.

energy becomes positive. In region $=0.16—0.2 we
obtained BOAW solutions; the total energy is higher
than in the metallic case at b=0. Those arguments
mean that the metallic solution at point =0 with an
interchain distance less than 1.4A is stable. In the
case that the interchain distance is 1.1 A, the total
energy is as shown in Fig. 6 (Illp). From this figure it
is obvious that the metallic solution becomes more
stable.

The shapes of the Fermi surface are shown in Fig. 7.
When the interchain distance is in the range 1.6—
1.4 A, the curvature of the Fermi surface is not so large.
This system can be considered to be a typical quasi-
one-dimensional metal. However, these systems are
unstable. When the interchain distance is in the
range 1.4—1.2A, the Fermi surface is distorted
strongly, and the properties of this system become
those of a two-dimensional system. When the inter-
chain distance is 1.2—1.1 A, the Fermi surface is com-
pletely closed. Therefore, this state can be considered
to be a complete two-dimensional metal.

Conclusion

According to our results of a CNDO/2 calculation
for (-H-)y, as the interchain interactions increase, the
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system becomes stable at »=0. Particularly, when the
interchain distance is smaller than 1.2 A, the metallic
state is expected to exist with considerably large stabil-
ity: that is, the Peierls instability in this system is
completely diminished. When the interchain dis-
tance is small enough, the Fermi surface is completely
closed; this system becomes two-dimensional metal.

Regarding hydrogen metal, there have been some
theoretical and experimental investigations concern-
ing various physicochemical properties at high pres-
sure. Most of those were studied by the Local-
Density-Functional formarism, but part were studied
by the Hartree-Fock theorem.27-35)

Some problems to be solved in our study are as
follows:

1) The selection of the k point in reciprocal-lattice
space and the integration method for a Fourier trans-
formation about metal.

2) Method for solving the SCF problem.

3) The SCF solution except for the BOAW state.
For example, CDW, SDW.

4) A method to truncate interactions. In the pres-
ent work, we took account of only nearest-neighbor
interactions.

5) In relation to 3), 4), a treatment of the electron
correlation.

Nevertheless, the obtained results given in this arti-
cle shed light on the relation between the interchain
interactions and Peierls instability of a quasi-one-
dimensional system quantitatively. Moreover, the
result of a two-chain model indicates that a system of
two appropriate identical polymers with a strong
inter-chain interaction is expected to be metallic upon
diminishing the Peierls instability. That is, we can
say that there should be a clue to designing conductive
polymer systems.
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