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The optical properties of poly~di-n-hexylsilane! are studied by first-principles local-density calculations
based on the crystal structure recently determined by x-ray diffraction. The one-dimensional nature of the band,
the orbital composition of the states, the charge distribution of the highest-occupied-molecular-orbitals–lowest-
unoccupied-molecular-orbitals states on the Si backbone, the effective masses, and the anisotropic optical
conductivity are all clearly delineated.@S0163-1829~96!04543-2#

I. INTRODUCTION

Polysilanes ares-conjugated high polymers with a Si
backbone and carbon-based side groups. Because of their
remarkable linear and nonlinear optical properties that may
have potential applications, research on polysilanes and their
derivatives has been the top agenda of many polymer chem-
ists and physicists.1 Among them, the poly~di-
n-hexylsilane! ~Pdn6s!, which has two side chains of six me-
thylene units each, is probably the most well studied. The
observation of thermochromism,2 a reversible change in the
absorption band from 313 to 374 nm with a transition tem-
perature of 40 °C, has attracted a tremendous research inter-
est in the structure and properties of Pdn6s and other polysi-
lanes. The change in the vacuum ultraviolet~UV! spectrum
of Pdn6s with temperature is believed to be due to a change
in the Si backbone conformation which changes the elec-
tronic structure and the long-wavelength absorption.2 The
large optical absorption in the UV region3,4 and the observa-
tions of one photon, two photon absorptions,5 third-order op-
tical nonlinearity,6 exciton-exciton annihilations,7 and photo-
induced birefringence are all believed to be associated with
the delocalized nature of the lower conduction band~CB!
states. Also significant is the complex interplay of the one-
dimensional~1D! nature of the Si backbone versus the 3D
nature of the polymer crystal stabilized by substantial inter-
action between the polymer side chains. Understanding the
fundamental electronic structure of Pdn6s and other polysi-
lanes and their remarkable optical properties is a subject of
high current interest. One of the central issues is the follow-
ing: are the optical properties of polysilanes best described
by a many electron correlated model,8 or the one-electron
band theory.9 Another important problem is whether the first
strong peak observed in the UV spectrum is excitonic in
origin or can be attributed to band-to-band transitions with
unusually large oscillator strength. There have been numer-
ous theoretical calculations on polysilanes.8–14 Early work
based on empirical models provided much of the insight,15

but were less precise because of the difficulty in treating the
self-consistent field effect and the interchain interactions.
Molecular-orbital calculations16 on a single polymer mol-
ecule have difficulty in treating the dispersion forces be-

tween the nonbonded part of the extended molecule. The
band-structure approach is more appealing in the sense that it
can include the intermolecular interactions. Champagne and
André calculated the longitudinal linear polarizability of
polyethylene and polysilane chains using anab initiomethod
equivalent to uncoupled Hartree-Fock method.13 Mintmire9

performed first-principles calculations on polysilanes for the
1D band structures and optical absorption spectra on models
of different backbone conformations and alkyl substitutions.
However, the calculated amplitude of absorption was too
small. Takeda and Shiraishi11 used a local-density-
approximation~LDA ! pseudopotential-Gaussian method to
study the electronic structure of 1D and 2D Si-skeleton ma-
terials in which all the alkyl side chains are substituted by H
atoms. These theoretical calculations were hindered by the
lack of precise structural information for the polymer crystals
and the conclusions thus obtained were more general in na-
ture.

Recently, the crystal structure and atomic coordinates of
Pdn6s were determined by Patnaik and Farmer17 using x-ray
diffraction techniques. An orthorhombic cell~space group
Pnna21 ,Z52) with lattice constantsa513.76 Å ,b523.86
Å , and c53.99 Å was obtained. This is in contrast to the
earlier study18 which gave a triclinic cell. A 2D projection of
the unit cell on to thea-b plane is shown in Fig. 1. The Si
backbone chain along thez axis was found to be in all-trans
form but the alkyl side chains are not all-trans and are not
normal to the Si backbone. This more complex structure ap-
parently minimizes the intramolecular interaction and en-
hance the intermolecular interaction for stabilizing the all-
transbackbone conformation.17

In this paper, we report the results of a first-principles
investigation of the electronic structure and the optical prop-
erties of Pdn6s based on the newly determined 3D crystal
structure. Our calculations provide the state densities and
their orbital components in the entire valence-band~VB! re-
gion. Calculation of optical properties including the full ma-
trix element effects enables us to explain the the major fea-
tures of the observed UV optical spectrum for frequencies up
to 32 eV. Based on the band structure and the analysis of the
wave functions, a clear and consistent picture of the funda-
mental electronic properties of Pdn6s has emerged. We
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briefly describe our method of calculation in the following
section. Section III is then devoted to the discussion of the
results with a brief conclusion at the end.

II. METHOD OF CALCULATION

We used the orthogonalized linear combination of atomic
orbitals ~OLCA! method19 to calculate the electronic struc-
ture of the Pdn6s crystal. This is an all-electron fully self-
consistent method based on the LDA of the density-
functional theory~DFT!, and is known for its efficiency and
accuracy especially for complex crystals. The density-
functional theory20,21 provides the formal theoretical justifi-
cation for reducing a many-electron problem to a single par-
ticle form. In this theory, the ground-state electron density
distributionr(r ) is the fundamental quantity and can be ob-
tained as the sum of the squares of the occupied Kohn-Sham
orbitals.22 The ground-state energy is a unique function of
r(r ) and contains the exchange-correlation contribution
Exc@r(r )# whose exact functional form is unknown. In the
local approximation and making use of the result for an
interacting homogeneous electron gas, the exchange part
of the potential can be shown to beVx(r )5
2( 23)36@3r(r )/8p#1/3. Additional correlation effect in the
form of, for example, Wigner interpolation23 or Ceperley and
Alder form24 may be added. The single-particle Kohn-Sham
equations are solved self-consistently. The local approxima-
tion makes the DFT-based methods extremely versatile for
electronic structure studies of large systems in condensed
matter and materials research. In recent years, there have
been many concerted efforts in improving the DFT/LDA
methods and in applying them to systems of greater
complexity.25

The unit cell of Pdn6s contains 4 Si, 48 C, and 104 H
atoms for a total of 312 valence electrons. The basis func-
tions are atomic orbitals consisting of the core and the va-
lence orbitals of Si, C, and H expressed as combinations of
Gaussian-type orbitals~GTO!. To improve the CB states, Si
4s, and 3d orbitals were also included in the basis set. The
crystal potential and the charge density were expressed as
atom-centered functions consisting of GTO and iterated to

self-consistency via the solution of one-particle Kohn-Sham
equations. The Wigner interpolation formula was used to ac-
count for additional correlation effects. Two- and three-
center interaction integrals were evaluated as far as necessary
with no truncations. Because the unit cell is large and the
system is insulating, test calculations show that using only
theG point for the self-consistent iteration is very adequate.
Convergence in the potential was obtained in less than 20
iterations when the eigenvalues stabilize to less than 0.0001
eV in the differences. The final calculations of the density of
states~DOS! and optical properties were based on the energy
eigenvalues and wave functions obtained at 20 regularly
spacedk points within 1

8 of the Brillouin zone~BZ!.

III. RESULTS AND DISCUSSION

Figure 1 shows the calculated band structure of Pdn6s
along the symmetry axis of the orthorhombic BZ. A direct

FIG. 2. The calculated total DOS and orbital-resolved partial
DOS of Pdn6s. Note the difference in the scale for each panel.

FIG. 1. ~a! Calculated band structure of Pdn6s crystal.~b! Pro-
jection of the Pdn6s crystal on thea-b plane~from Ref. 15!: d, Si;
s, C;•, H. ~c! Brillouin zone of the crystal.
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LDA band gap of 3.5 eV atG is obtained that is consistent26

with the experimental gap of about 4.0 eV.3,4 The good
agreement between the calculated LDA gap and the mea-
sured gap is probably due to the rather compact basis set
used in the present calculation. All the states in the VB and
the lower CB are nearly degenerate because there are two
polymer chains in the unit cell. This degeneracy is gradually
removed for the more delocalized higher CB due to inter-
chain interaction. The most prominent feature of Fig. 1 is the
1D Si backbone band of width 2.52 eV in thekZ direction
(G to Z). There is very little band dispersion in thekx-ky
plane. The 1D CB crosses three other bands with the first
crossing occurring near the midpoint of theG-Z axis. In
accordance with convention, we label the top of the VB at
G as the HOMO~highest occupied molecular orbital! state
and the lowest CB atG as the LUMO~lowest unoccupied
molecular orbital! state. From the band curvatures, it was
determined that the hole and electron effective masses along
the kz direction for the HOMO and LUMO states are
20.42 m and 0.19 m, respectively, which fall within the
range of typical semiconductors. This implies that carrier
transport in the Pdn6s crystal is along the Si backbone chain
as expected, and is consistent with the observation of mobile
hole photoconduction in polysilanes.27

The electronic structure of Pdn6s can best be illustrated
by the DOS and its partial components~PDOS! are shown in
Fig. 2. From the PDOS it is clear that while the HOMO state
is predominantly derived from the Si 3p orbitals with a small
C 2p mixing, the LUMO state contains significant mixing of
Si 3d orbitals. This is in contrast to the molecular-orbital
calculations10 which shows Si 3d to be inconsequential in the
unoccupied levels. The CB PDOS also show a very sharp
peak at 6 eV with a strong Sip-d mixing. This peak corre-
sponds to the very flat band at 6 eV. The Si 3d PDOS is quite
significant in the CB region up to 9.5 eV. Although our basis
functions appear to have an over-description for the Si 3d
component with respect to the C and H atoms, our results do

indicate that Si 3d orbitals play an important role in the UV
spectrum of Pdn6s. Also evident from Fig. 2 is that in the
VB region, Si states are limited to above29 eV. The three
lowest peaks at216.1,215.0, and214.0 eV are from C-H
bonding. The H states are limited mainly to below23.5 eV.
The C 2s and C 2p states dominate the regions below210
eV and above29 eV, respectively. They interact signifi-
cantly with H and Si in the respective energy ranges. This
result shows it is insufficient to use H-terminated Si chains
as the representative structure of polysilanes.

Figure 3~a! shows the total valence charge density in the
plane containing the zigzag Si backbone. The strong covalent
bonding between Si atoms and the confinement of the charge
to the backbone are obvious. Figures 3~b! and 3~c! show the
charge distributions of the HOMO and LUMO states in the
same plane. For the HOMO state, the strong covalent bond-
ing of the Si 3p orbitals is evident. The lobe structure indi-
cates the bonding is not strictly along the Si-Si chain direc-
tion. Inspection of the wave function shows it is mostly from
the Si 3pz orbital. Most likely, it is influenced by the charges
present in the side chains. The distribution of the LUMO
state shows the antibonding character of a highly delocalized
state with admixture of Si 3s, Si 3py, and Si 3d3z2-r2 orbitals.
The lobes are directed perpendicular to and away from the Si
backbone chain. The orbital characteristics of the HOMO
and the LUMO states signify a strong symmetry-allowed
transition leading to a large optical matrix element atG.
Champagne and Andre´13 had also found in their study of
polysilane chain, that the HOMO state is at theG point and
its structure is mainly composed of the Si 3p orbitals in the
direction of the chain. Effective charge calculation using the
Mulliken scheme28 shows that each Si loses 0.51 electron to
the adjacent C atoms. Each C atom at the ends of the side
chains also gains a charge of 0.70 electron at the expense of
the three bonding H. On average, each Si backbone within
the unit cell loses about one electron to the side chains. This
again demonstrates the importance of having the correct
crystal structure for polysilane calculations. It should be
pointed out that effective charge calculation based on the

FIG. 3. Distribution of the charge on the Si backbone in Pdn6s.
~a! Total valence charge;~b! the HOMO state atG; and ~c! the
LUMO state atG. The contour lines are in the unit of 0.01 to 0.25
by 0.005 electron for~a!, and 0.0 to 0.631023 by 0.231024 elec-
tron for ~b! and ~c!.

FIG. 4. The calculated«2(v) of Pdn6s.~a! i to z direction;~b!
' to chain direction.
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Mulliken scheme is only qualitative and may be somewhat
basis dependent.

The calculated imaginary part of the frequency-dependent
dielectric function«2(v) is shown in Fig. 4. The calculation
includes the full evaluation of the transition matrix elements
at eachk point. We resolve the«2(v) into parallel ~to
the z direction! and perpendicular components. The optical
anisotropy is very strong especially in the frequency region
above the gap which leads to optical birefringence. The
most striking feature is the sharp leading peak with a very
steep edge at 3.5 eV in the parallel component. This
is clearly the strongs→s* transition from HOMO
to LUMO at the zone center. The rapid decrease in ampli-
tude of this peak from 3.5 to 6 eV is the signature of the 1D
band shown in Fig. 1. There are other peaks in the 6–11-eV
range. The main broad peak in the calculated curve is at 14
eV. The position of the main peak is believed to be overes-
timated due to the use of a minimal basis sets for C and H
which constitute the alkyl side chains. If a sufficiently large
basis is used, the higher CB states are expected to be pushed
down, resulting in the shifting of the main peak to lower
energy.

The optical properties of polysilanes have been
determined by reflectance and transmission measurements
from the near infrared to the vacuum UV and soft-x-ray re-
gion ~0.5–44 eV!.3,4 The complex dielectric functions were
completely determined by Kramers-Kronig~KK ! analysis.
The experimentally derived«2(v) for Pdn6s is shown in
Fig. 5. The main features are a very sharpE1 peak at
3.39 eV, a sharp peakE18 at 4.0 eV, anE2 peak at 7.1 eV,
and a broad peak at 9.4 eV. It was suggested5 that transitions
in the 3–5 eV is from thes→s* backbone transition, that
in the 5–8 eV region is from the backbone to the side chain
transition, and transitions above the 8 eV involve alkyl
side chains. To compare with the theoretical calculation, we
plot in Fig. 5 the smoothed average curve of Fig. 4. To
simulate the effect of an enlarged basis set, we compressed
the theoretical curve in a nonlinear fashion such that the
main peak is more or less aligned with the experimental
one with the total area under the curve preserved. Spectral
data at the higher-energy range are compressed more than
the lower-energy ones. The agreement between the
two curves is quite impressive in terms of the general sharp,
structures, and amplitudes. Our calculation shows only
one strong peak at the absorption edge which must be iden-
tified as theE18 peak at 4 eV since the LDA calculation
generally underestimates the band gap. The observed sharp
E1 peak must therefore be excitonic in origin.

The problem of 1D exciton~or equivalently, the 1D hy-
drogen atom! has a long history of interest to mathematical
physicists.29 It is of relevance to several physical systems
such as quantum wires, or atoms and semiconductors in high
magnetic field. For a pure 1D exciton with an infinite range
of Coulomb interaction, the ground state is unbounded. The
1D or 3D nature of the exciton in the polysilane system is
not totally clear. Although the band structure shows a strong
1D character, the crystal itself is three-dimensional and the
HOMO-LUMO wave functions have finite extent in thex-
y plane. The range of interaction in the LDA calculation is
also finite. Assuming the ground-state exciton in polysilane
is bounded and the complicated many-body effect can be

partially absorbed by the dielectric screening, the binding
energyEB of the exciton in Pdn6s may be roughly estimated.
It turns out that the expression forEB for a 1D exciton is
exactly the same as for the 3D exciton,30 but the same cannot
be said to the 2D exciton. In 2D,EB is four times as
large as in 3D.31 The effective masses of the HOMO-LUMO
states give a reduced effective mass of the electron-hole
pair to bem*50.13 m. The static dielectric constant of
«052.1 is obtained as the zero frequency limit of the real
part of the calculated dielectric function obtained from
«2(v) by KK conversion. We obtained a binding energy of
0.41 eV which is not too far from the separation of theE1

and E18 peaks~0.61 eV! in the experimental vacuum UV
spectrum.

In conclusion, the LDA-based first-principles band
approach is very effective in elucidating the structure and
properties of the polysilane polymers. The present calcula-
tion delineates the nature of bonding in one such polymer
and unequivocally show that optical properties in the UV
region are mainly controlled by the orbital bonding of the Si
backbone. It is thus expected that different backbone confir-
mation can change the HOMO and LUMO state levels
and wave functions to give different optical spectra. This is
consistent with the notion that thermochromism in Pdn6s is
associated with an order-disorder transition from an all-trans
to a one at least partlytrans-gauche, with the accompanied
variations in the structural arrangements of the side chains.
This certainly affects the formation of bond exciton below
the CB edge. The present calculation also demonstrates
for that the Si 3d orbitals are important in the unoccupied
states which determine the optical properties in the UV re-
gion.

FIG. 5. Comparison of the measured~upper! and calculated
~lower! «2(v) curves. The theoretical curve has been compressed
towards the lower energy to simulate the effect of an extended
basis.
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