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First-principles investigation of the optical properties of crystalline poly(di-n-hexylsilane
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The optical properties of pofgi-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 delineatefiS0163-182¢06)04543-7

[. INTRODUCTION tween the nonbonded part of the extended molecule. The
band-structure approach is more appealing in the sense that it
Polysilanes ares-conjugated high polymers with a Si can include the intermolecular interactions. Champagne and
backbone and carbon-based side groups. Because of théindre calculated the longitudinal linear polarizability of
remarkable linear and nonlinear optical properties that mayolyethylene and polysilane chains usingadminitio method
have potential applications, research on polysilanes and the@iquivalent to uncoupled Hartree-Fock metfiddintmire®
derivatives has been the top agenda of many polymer chenperformed first-principles calculations on polysilanes for the
ists and physicists. Among them, the polgi- 1D band structures and optical absorption spectra on models
n-hexylsilang (Pdn63, which has two side chains of six me- of different backbone conformations and alkyl substitutions.
thylene units each, is probably the most well studied. TheHowever, the calculated amplitude of absorption was too
observation of thermochromisfra reversible change in the small. Takeda and Shiraishi used a local-density-
absorption band from 313 to 374 nm with a transition tem-approximation(LDA) pseudopotential-Gaussian method to
perature of 40 °C, has attracted a tremendous research integtudy the electronic structure of 1D and 2D Si-skeleton ma-
est in the structure and properties of Pdn6s and other polysterials in which all the alkyl side chains are substituted by H
lanes. The change in the vacuum ultraviglél/) spectrum atoms. These theoretical calculations were hindered by the
of Pdn6s with temperature is believed to be due to a chang@ck of precise structural information for the polymer crystals
in the Si backbone conformation which changes the elecand the conclusions thus obtained were more general in na-
tronic structure and the long-wavelength absorpfiofhe  ture.
large optical absorption in the UV regidhand the observa- Recently, the crystal structure and atomic coordinates of
tions of one photon, two photon absorptiGrtsjrd-order op-  Pdn6s were determined by Patnaik and Fatfmesing x-ray
tical nonlinearity? exciton-exciton annihilationsand photo-  diffraction techniques. An orthorhombic cefépace group
induced birefringence are all believed to be associated witfPr,,2,1,Z=2) with lattice constanta=13.76 A b=23.86
the delocalized nature of the lower conduction bd@®) A, andc=3.99 A was obtained. This is in contrast to the
states. Also significant is the complex interplay of the one-earlier study? which gave a triclinic cell. A 2D projection of
dimensional(1D) nature of the Si backbone versus the 3Dthe unit cell on to thea-b plane is shown in Fig. 1. The Si
nature of the polymer crystal stabilized by substantial interbackbone chain along theaxis was found to be in atkans
action between the polymer side chains. Understanding thiarm but the alkyl side chains are not #l&ns and are not
fundamental electronic structure of Pdn6s and other polysinormal to the Si backbone. This more complex structure ap-
lanes and their remarkable optical properties is a subject gfarently minimizes the intramolecular interaction and en-
high current interest. One of the central issues is the followhance the intermolecular interaction for stabilizing the all-
ing: are the optical properties of polysilanes best describettans backbone conformatiot.
by a many electron correlated modetr the one-electron In this paper, we report the results of a first-principles
band theory. Another important problem is whether the first investigation of the electronic structure and the optical prop-
strong peak observed in the UV spectrum is excitonic inerties of Pdn6s based on the newly determined 3D crystal
origin or can be attributed to band-to-band transitions withstructure. Our calculations provide the state densities and
unusually large oscillator strength. There have been numetheir orbital components in the entire valence-b&viB) re-
ous theoretical calculations on polysilafes! Early work  gion. Calculation of optical properties including the full ma-
based on empirical models provided much of the instght, trix element effects enables us to explain the the major fea-
but were less precise because of the difficulty in treating théures of the observed UV optical spectrum for frequencies up
self-consistent field effect and the interchain interactionsto 32 eV. Based on the band structure and the analysis of the
Molecular-orbital calculatior§ on a single polymer mol- wave functions, a clear and consistent picture of the funda-
ecule have difficulty in treating the dispersion forces be-mental electronic properties of Pdn6s has emerged. We
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FIG. 1. (a) Calculated band structure of Pdn6s crysth). Pro- Q 30
jection of the Pdn6s crystal on tlzeb plane(from Ref. 15: @, Si; \ Cs
O, C;-, H. (¢) Brillouin zone of the crystal. n =
0-) 10-
briefly describe our method of calculation in the following "&; /V\ te wih WMM
section. Section Il is then devoted to the discussion of the o 58 i L R R A
results with a brief conclusion at the end. /D) 4Of
~ Cp
Il. METHOD OF CALCULATION 7] =0
We used the orthogonalized linear combination of atomic Q 13 N4 Jj\\
orbitals (OLCA) method® to calculate the electronic struc- A e
ture of the Pdn6s crystal. This is an all-electron fully self- 0 H
consistent method based on the LDA of the density-
functional theory(DFT), and is known for its efficiency and 20 Mm/% W&%
accuracy especially for complex crystals. The density- 0 MA N h
functional theor§®?! provides the formal theoretical justifi- wol oo
cation for reducing a many-electron problem to a single par- 100 ,
ticle form. In this theory, the ground-state electron density
distributionp(r) is the fundamental quantity and can be ob- 50- WM MWWM
tained as the sum of the squares of the occupied Kohn-Sham 0 N\I\/‘/\ WLITAR T IS Sl
orbitals?? The ground-state energy is a unique function of 16 -15-12 -5 -6 -3 0 3 6 9 12 15
p(r) and contains the exchange-correlation contribution ENERGY (eV)

E,d p(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 FIG. 2. The calculated total DOS and orbital-resolved partial
of the potential can be shown to bev,(r)= DOS of Pdn6s. Note the difference in the scale for each panel.

—(5)x6[3p(r)/8]'", Additiqnal corregion effect in the self-consistency via the solution of one-particle Kohn-Sham
f:l:jmerolférfr?]rzf xmaan;ptl)i, ;’gggfr_:_r;]tgrgagi_pg:tﬁzpﬁg%?Snf?amequations. Thg Wigner interpplation formula was used to ac-
equations are solved self-cbnsistently The local approxima(Eount for add.|t|or_1al correlation effects. Two- and three-

. j . center interaction integrals were evaluated as far as necessary
tion makes the DFT-based methods extremely versatile for ith no truncations. Because the unit cell is large and the
electronic structure studies of large systems in condense\sg stem is insulatin(j, test calculations show that using only
bmezﬁaerm?ni/ Tc?;ig?tlz dreesf?;rtghinl?HISS:\R:IS/T;LS’DtE%ﬁDTY el point for_the self—cons_istent iteratiqn is very adequate.
methods and in applying them to systems of greateponyergence in the _potentlal was ob_talned in less than 20
complexity?® |t$/ratl?r:1$ (\j/\_/frflen the elg%er:]nv?luels sltabllllt;e to Ife;? tr&an 9{00?1

4 . : eV in the differences. The final calculations of the density o

atoms for & total of 312 valence elecirons. The basis flnc221eXD0S) and opical properties viere based o the energy
. : ; o ' eigenvalues and wave functions obtained at 20 regularly
tions are atomic orbitals consisting of the core and the va- aceck points within ! of the Brillouin zone(BZ)

lence orbitals of Si, C, and H expressed as combinations ot P 8 ’
Gaussian-type orbital&GTO). To improve the CB states, Si Il RESULTS AND DISCUSSION

4s, and 3 orbitals were also included in the basis set. The
crystal potential and the charge density were expressed as Figure 1 shows the calculated band structure of Pdn6s

atom-centered functions consisting of GTO and iterated t@long the symmetry axis of the orthorhombic BZ. A direct
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FIG. 3. Distribution of the charge on the Si backbone in Pdn6s.
(a) Total valence charge(b) the HOMO state af’; and (c) the FIG. 4. The calculated,(w) of Pdnés.(a) | to z direction; (b)
LUMO state atl’. The contour lines are in the unit of 0.01 to 0.25 | to chain direction.
by 0.005 electron fofa), and 0.0 to 0.& 102 by 0.2x 10" * elec-
tron for (b) and(c).

indicate that Si 8 orbitals play an important role in the UV

spectrum of Pdn6s. Also evident from Fig. 2 is that in the
LDA band gap of 3.5 eV af is obtained that is consistéfit VB region, Si states are limited to aboved eV. The three
with the experimental gap of about 4.0 &Y. The good lowest peaks at- 16.1, —15.0, and—14.0 eV are from C-H
agreement between the calculated LDA gap and the medonding. The H states are limited mainly to belevB.5 eV.
sured gap is probably due to the rather compact basis s&he C % and C D states dominate the regions belewl0
used in the present calculation. All the states in the VB an&V and above—9 eV, respectively. They interact signifi-
the lower CB are nearly degenerate because there are twantly with H and Si in the respective energy ranges. This
polymer chains in the unit cell. This degeneracy is graduallyresult shows it is insufficient to use H-terminated Si chains
removed for the more delocalized higher CB due to inter-as the representative structure of polysilanes.
chain interaction. The most prominent feature of Fig. 1 isthe Figure 3a) shows the total valence charge density in the
1D Si backbone band of width 2.52 eV in the direction  plane containing the zigzag Si backbone. The strong covalent
(I' to Z). There is very little band dispersion in thg-k, bonding between Si atoms and the confinement of the charge
plane. The 1D CB crosses three other bands with the firso the backbone are obvious. Figuréb)3and 3c) show the
crossing occurring near the midpoint of theZ axis. In  charge distributions of the HOMO and LUMO states in the
accordance with convention, we label the top of the VB atsame plane. For the HOMO state, the strong covalent bond-
I' as the HOMO(highest occupied molecular orbitadtate  ing of the Si $ orbitals is evident. The lobe structure indi-
and the lowest CB al' as the LUMO (lowest unoccupied cates the bonding is not strictly along the Si-Si chain direc-
molecular orbital state. From the band curvatures, it wastion. Inspection of the wave function shows it is mostly from
determined that the hole and electron effective masses alortge Si 3z orbital. Most likely, it is influenced by the charges
the k, direction for the HOMO and LUMO states are present in the side chains. The distribution of the LUMO
—0.42 m and 0.19 m, respectively, which fall within the state shows the antibonding character of a highly delocalized
range of typical semiconductors. This implies that carrierstate with admixture of Sis3 Si 3p,, and Si 3l3,2.,2 orbitals.
transport in the Pdn6s crystal is along the Si backbone chaifihe lobes are directed perpendicular to and away from the Si
as expected, and is consistent with the observation of mobilbackbone chain. The orbital characteristics of the HOMO
hole photoconduction in polysilanés. and the LUMO states signify a strong symmetry-allowed

The electronic structure of Pdn6s can best be illustratetransition leading to a large optical matrix elementTat

by the DOS and its partial componetiBDOS are shown in  Champagne and Andréhad also found in their study of
Fig. 2. From the PDOS it is clear that while the HOMO statepolysilane chain, that the HOMO state is at fhgoint and
is predominantly derived from the Sprbitals with a small  its structure is mainly composed of the $i 8rbitals in the
C 2p mixing, the LUMO state contains significant mixing of direction of the chain. Effective charge calculation using the
Si 3d orbitals. This is in contrast to the molecular-orbital Mulliken schemé shows that each Si loses 0.51 electron to
calculationd® which shows Si @ to be inconsequential in the the adjacent C atoms. Each C atom at the ends of the side
unoccupied levels. The CB PDOS also show a very sharghains also gains a charge of 0.70 electron at the expense of
peak at 6 eV with a strong fi-d mixing. This peak corre- the three bonding H. On average, each Si backbone within
sponds to the very flat band at 6 eV. The 8iBDOS is quite  the unit cell loses about one electron to the side chains. This
significant in the CB region up to 9.5 eV. Although our basisagain demonstrates the importance of having the correct
functions appear to have an over-description for the i 3 crystal structure for polysilane calculations. It should be
component with respect to the C and H atoms, our results dpointed out that effective charge calculation based on the
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Mulliken scheme is only qualitative and may be somewhat
basis dependent.

The calculated imaginary part of the frequency-dependent
dielectric functione ,(w) is shown in Fig. 4. The calculation ]
includes the full evaluation of the transition matrix elements . Ej
at eachk point. We resolve thes,(w) into parallel (to 1
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 strongo—o* 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. FIG. 5. Comparison of the measurédppe) and calculated

The optical properties of polysilanes have been(lowen &,(w) curves. The theor_etical curve has been compressed
determined by reflectance and transmission measuremerjfvards the lower energy to simulate the effect of an extended
from the near infrared to the vacuum UV and soft-x-ray re-Pasis:
gion (0.5—-44 eV.3* The complex dielectric functions were
completely determined by Kramers-Kron{gtK) analysis.

The experimentally derived,(w) for Pdn6s is shown in

Fig. 5. The main features are a very shdfp peak at partially absorbed by the dielectric screening, the binding
3.39 eV, a sharp peak; at 4.0 eV, anE, peak at 7.1 eV, energyEg of the exciton in Pdn6s may be roughly estimated.
and a broad peak at 9.4 eV. It was suggesthat transitions It turns out that the expression f& for a 1D exciton is

in the 3—5 eV is from ther— o™ backbone transition, that exactly the same as for the 3D excitihut the same cannot

in the 5-8 eV region is from the backbone to the side chairpe said to the 2D exciton. In 2DEg is four times as
transition, and transitions above the 8 eV involve alkyl|arge as in 30 The effective masses of the HOMO-LUMO
side chains. To compare with the theoretical calculation, Wetates give a reduced effective mass of the electron-hole
plot in Fig. 5 the smoothed average curve of Fig. 4. Topair to be u*=0.13 m. The static dielectric constant of

fri]mutlﬁte tht(_a elffect of an enlargl_ed basfis ﬁ_et’ we Cr?Thprteiﬁ%%zz'l is obtained as the zero frequency limit of the real
€ theoretical curve In a noniinear fashion suc a art of the calculated dielectric function obtained from

main peak is more or less aligned with the experimenta : . oo
one with the total area under the curve preserved. SpectrSIZ(w) by K‘.( conversion. We obtained a bmdmg energy of
.41 eV which is not too far from the separation of the

data at the higher-energy range are compressed more than : .
the Iower—engrgy one%)./ Th?e agreemepnt between th@"d E1 peaks(0.61 eV in the experimental vacuum UV
two curves is quite impressive in terms of the general sharpsPectrum. . o
structures, and amplitudes. Our calculation shows only [N conclusion, the LDA-based first-principles band
one strong peak at the absorption edge which must be ide@Pproach is very effective in elucidating the structure and
tified as theE; peak at 4 eV since the LDA calculation Properties of the polysilane polymers. The present calcula-
generally underestimates the band gap. The observed shdign delineates the nature of bonding in one such polymer
E1 peak must therefore be excitonic in origin. and unequivocally show that optical properties in the UV
The problem of 1D excitorfor equivalently, the 1D hy- region are mainly controlled by the orbital bonding of the Si
drogen atormhas a long history of interest to mathematical backbone. It is thus expected that different backbone confir-
physicists?® It is of relevance to several physical systemsmation can change the HOMO and LUMO state levels
such as quantum wires, or atoms and semiconductors in higgnd wave functions to give different optical spectra. This is
magnetic field. For a pure 1D exciton with an infinite rangeconsistent with the notion that thermochromism in Pdn6s is
of Coulomb interaction, the ground state is unbounded. Thassociated with an order-disorder transition from ariralhs
1D or 3D nature of the exciton in the polysilane system isto a one at least partliransgauche with the accompanied
not totally clear. Although the band structure shows a strongariations in the structural arrangements of the side chains.
1D character, the crystal itself is three-dimensional and th&his certainly affects the formation of bond exciton below
HOMO-LUMO wave functions have finite extent in the  the CB edge. The present calculation also demonstrates
y plane. The range of interaction in the LDA calculation is for that the Si @ orbitals are important in the unoccupied
also finite. Assuming the ground-state exciton in polysilanestates which determine the optical properties in the UV re-
is bounded and the complicated many-body effect can bgion.

Polysi

Experimental

Theoretical

Imaginary Dielectric Function

0+
6 8 10 12 14 16 18 20 22 24 26 28 30 32
ENERGY (eV)



13 550

ACKNOWLEDGMENTS

We thank Dr. S. S. Patnaik and Dr.
for providing the coordinates of the Pdn6s crysta
R.H.F. thanks Dr. F. M. Schellenberg, Dr. R. D. Miller,

W. Y. CHING, YONG-NIAN XU, AND R. H. FRENCH

B. L. Farmer . . .
|.on the structures of low-dimensional excitons. The work at

54

Thorne for past collaborations on the subject. W.Y.C. thanks
Dr. K. W. Wong and Dr. F. T. Chan for discussion

UMKC was supported by DOE Grant No. DE-FGO02-

Dr. R. M. Hochstrasser, Dr. J. S. Meth, and Dr. J. R. G.84DR45170'

1R. D. Miller and J. Michl, Chem. Re\89, 1359(1989; R. West,
J. Organomet. Chen300, 327 (1986.

2R. D. Miller, D. Hofer, J. Rabolt, and G. N. Fickes, J. Am. Chem.

Soc.107, 2172(1985.
3F. M. Schellenberg, R. L. Byer, R. H. French, and R. D. Miller,
Phys. Rev. B43, 10 008(1991).

184, K. Kuzmany, J. F. Rabolt, B. L. Farmer, and R. D. Miller, J.
Chem. Phys85, 7413(1986.

Bw. v. Ching, J. Am. Ceram. So@.3, 3135(1990.

20p_ Hohemberg and W. Kohn, Phys. R&36, B864 (1964).

2lW. Kohn and L. J. Sham, Phys. Rel40, A1133(1965.

22| J. Sham and W. Kohn, Phys. Rel45, 561 (1966.

4R. H. French, J. S. Meth, J. R. G. Thorne, R. M. Hochstrasser?>E. Wigner, Phys. Rew6, 1002 (1934.

and R. D. Miller, Synth. Met49-50, 499 (1992.
SH. Tachibana, M. Matsumoto, Y. Tokura, Y. Moritomo, A.

Yamaguchi, S. Koshihara, R. D. Miller, and S. Abe, Phys. Rev.

B 47, 4363(1993.

SF. Kajzar, J. Messier, and C. Rosillio, J. Appl. Phgs, 3040
(1986; H. Kishidaet al, Phys. Rev. B50, 7786(1994; Phys.
Rev. Lett.47, 9253(1993.

R. G. Kepler and Z. G. Sos, Phys. Rev4B, 9253(1993.

87. G. Soos and G. W. Hayden, Chem. Phy43 199 (1990.

9J. M. Mintmire, Phys. Rev. B9, 13 350(1989.

103, Michl, Synth. Met49-50, 367 (1992; V. Balaji and J. Michl,
Polyhedronl10, 1265(199J).

11K, Takeda and K. Shiraishi, Phys. Rev.3, 11 028(1989; K.
Takeda, K. Shiraishi, M. Fujiki, M. Kondo, and K. Moigaki,
ibid. 50, 5171 (1994).

12K . seki, T. Mori, H. Inokuchi, and K. Murano, Bull. Chem. Soc.
Jpn.61, 351(1988; N. Matsumoto and H. Teramae, J. Chem.
Soc.113 4481(199)).

13B. Champagne and J. M. Andriat. J. Quantum Chend2, 1009
(1992.

14E. Ortiuet al, Synth. Met.57, 4419(1993.

15C. sandorfy, Can. J. Cher83, 1337(1955.

163. R. Damewood, Jr., Macromolecul@8, 1793 (1985; B. L.
Farmer, J. F. Rabolt, and R. D. Millehid. 20, 1167 (1987.

175, s. patniak and B. L. Farmer, Polyn&S, 4443(1992.

24D, M. Ceperley and B. J. Alder, Phys. Rev. Let§, 566(1980.
25gee, for exampleDensity Functional Theory of Molecules, Clus-
ters, and Solidsedited by D. E. Ellis(Kluwer Academic, Bos-

ton, 1995.

28|t is well known that LDA calculations generally underestimate
the band gap of insulators. Gap correction procedures based on
an approximate GW quasiparticle approach within the OLCAO
scheme has been devigatte Z.-Q. Gu and W. Y. Ching, Phys.
Rev. B49, 10 958(1994 and W. Y. Ching, Z.-Q. Gu, and Y.-N.
Xu, ibid. 50, 1992(1994]. However, it was not implemented in
the present study since the main change is a rigid shift in the CB
states with little effect on the single-particle wave functions.
Also, a more rigorous calculation beyond LDA may have to wait
until a LDA calculation with a more complete basis set is per-
formed.

2'R. G. Kepler, J. M. Ziegler, L. A. Harrah, and S. R. Kurtz, Phys.
Rev. B35, 2818(1987; M. Fujino, Chem. Phys. Letfl36, 451
(1987).

8R. S. Mulliken, J. Am. Chem. So@.7, 887 (1954.

22W. Fischer, H. Lescnke, and P. Mer, J. Math. Phys36, 2314
(1995.

30R. Loudon, Am. J. Phy27, 649(1959; L. K. Haines and D. H.
Roberts,ibid. 37, 1145(1969.

31X. L. Yang, S. Guo, F. T. Chan, K. W. Wong, and W. Y. Ching,
Phys. Rev. A43, 1197 (199).



