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In order to interpret the difference of four orders of magnitude in the electron and the hole
drift mobilities in orthorhombic sulfur, the intermolecular electronic-interaction energies for
an excess electron and an excess hole are computed with the molecular orbitals obtained in
the preceding paper. The excess-carrier energy bands are obtained by summing these ener-
gy integrals according to the symmetry characteristics of the crystal structure. Contrary
to what Spear and co-workers have expected, the electronic contributions to the widths of an
excess electron band and an excess hole band are found to be of the same order of magnitude
and hence do not account for the large difference in the mobilities. The changes in the elec-
tronic charge distributions when an electron is added to or removed from a neutral molecule
are used to estimate the relative values of molecular deformations and the polaron binding
energies E,. It is found that E, associated with an excess electron is almost an order of
magnitude larger than that associated with an excess hole. Holstein and Siebrand’s theory is
then used to show that this difference in electron-molecular vibration couplings is the major
effect leading to the large difference in the electron and the hole mobilities. The same argu-
ment is used to explain the large difference in the charge~carrier mobilities of metal-free
phthalocyanine and copper phthalocyanine. The excitation-transfer matrix elements are for=
mulated in terms of molecular-orbital coefficients. The matrix elements for one of the ex-
cited states are found to be always almost zero due to the molecular symmetry. This is in-
terpreted as the “localized excited state” which is responsible for the nonphotoconducting
absorption observed in orthorhombic sulfur and vitreous selenium.

1. INTRODUCTION

In the preceding paper, ! we have already men-
tioned the experimental works of Spear and co-
workers? on the electric and optical properties of
orthorhombic sulfur. The crystal of orthorhombic
sulfur consists of Sg molecules held together by
van der Waals forces. It is therefore possible to
study the electronic states of the crystal from

those of an isolated Sg molecule by treating the
intermolecular interaction as a perturbation,
With 16 molecules in a unit cell, the crystal
structure of orthorhombic sulfur is considerably
more complicated than those of well-studied or-
ganic molecular crystals such as naphthalene or
anthracene. The crystal structure and the space
group are analyzed in detail, and the symmetry-
adapted—-crystal wave functions are derived in Sec.
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II. The energy-band structure of an excess charge
carrier is formulated in the tight-binding approxi-
mation in Sec, III. The intermolecular energy in-
tegrals which determine the bandwidth are calcu-
lated in Sec. IV by expressing the molecular orbit-
als (MO) as linear combinations of atomic orbitals
obtained in the preceding paper.! It is found that
the bandwidths of electron bands are of the same
order of magnitude as those of hole bands. This
is in contradiction to the suggestion (by Spear and
co-workers?) that the hole band, being of lone-
pair-type orbitals, should have much larger inter-
molecular overlaps than the electron band which is
made of o-type orbitals. This suggestion was
used in accounting for the difference in the electron
and the hole mobilities in this crystal.

In Sec. V we show that an alternative factor,
namely, the electron-molecular vibration coupling,
could cause the observed large difference in the
transport parameters. This argument is also used
to account for the large difference in the mobilities
of the organic semiconductors, metal-free phtha-
locyanine, ¢ and copper phthalocyanine,® On the
other hand, in another type of organic semiconduc-
tors (e.g., naphthalene), the same argument does
predict the electron and the hole mobilities to be
of the same order of magnitude, in agreement with
the experimental results,

Another interesting finding of Spear’s experi-
ments? is that there is a nonconducting optical-ab-
sorption band at 4 eV. A similar absorption was
also observed in vitreous selenium.” In both
cases, it was interpreted as due to “localized ex-
citons,”#7 In Sec. VI we study the excited states
of the crystal and show that a localized excited
state does exist in solids with puckered eight-atom
rings as building blocks.

II. CRYSTAL STRUCTURE AND SPACE GROUP

The crystal structure of orthorhombic sulfur is
a face-centered orthorhombic lattice with 16 mole-
cules (Sg) in a structural unit cell.® The mole-
cules are arranged such that the molecular planes
are parallel to the ¢ axis and make an angle of
arctan(+b/a) with the a axis (Fig. 1).

The primitive cell, which is defined by the three
primitive translations

A

1=3(ai+07), =3 +ch),
1
Fl

s=5(ck +al)

f (1)
t

has one-fourth the volume of the structural unit
cell abc and contains four molecules. The coordi-
nates of a point (x, y, z) expressed in fractions of
a, b, and c, respectively, and those expressed in
terms of t;, t,, and ¢, (£, n, ¢, respectively), are
related by
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FIG. 1. Crystal structure of orthorhombic sulfur,
showing atomic positions in a unit cell projected on the
ab plane.

xai+yb} +zck=58(a + b7 ) + i (6F + k) + S¢(ck +ai)
(2)

or

E=x+y—2, N==X+y+2, L{=X—Y+2. (3):

The primitive vectors of the reciprocal space are
given in terms of a, b, and c as

d1=1/a+j/b-Fk/c,
qo=1/a-7/b+k/c.

dQp=— i/a+i/b+k/c,
(4)

Conversely, the reciprocal unit vectors in the a,
b, and ¢ directions are, in terms of q;, q,, and
aa ’

aa=;'/a=%(%+th), ab =.;/b=%(Q1+q2)’

. A (5)
dc =k/c=3(gs+qs).

The space group is D+, and the factor group is
isomorphic to the point group D,, and contains the
following eight operations:

E(x, y9 Z), ca(x3 —yiil', -Zi%),
Cb("xi%’ ¥, —Z:I:%), Cc(-xi%f, "yi%i; Z), (6)

I(=x, —y, =2), o,(-x, y¥%, 273)=1C,,

op(x*%, -y, 273)=1C,,
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TABLE I. Atomic positions in a unit cell given in
fractions of a, b, c.

Atom* x y z
1 ~0.1446 -0.0474 ~0.0484
2 —-0,.2931 -0.0205 0.0040
3 —-0.2156 0.0301 0.0763
4 -0.2138 -0.0927 0.1290

3See Fig. 1 in Ref. 1 for the numbering of atoms in a
molecule.

o.x¥%, y¥1, —2)=1C,,

where x, v, z are the fractional coordinates of a
point with a, b, and c as the axes. The two opera-
tions distinguished by + signs are, in fact, identi-
cal because they result in two points separated by
a primitive translation ;. For example, from
Eq. (3) we see that the two C, operations on a
point (¢, 1, ¢) result in the two points with

g'=x=-y+z, N'=—x-y-220.5, ¢'=x+y-2z,

which are separated by fz. The factor group has
eight one-dimensional irreducible representations.

The coordinates of atoms in a unit cell are given
by Abraham.® The four atoms of a molecule are
located at the coordinates given in Table I. (See
Fig. 1in Ref. 1 for the numbering of atoms in a
molecule.) The other four atoms of the same mol-
ecule are related to these four by the operation
C., Eq. (6) (with - sign), i.e.,

9

xiz—xj—?li, yi:"'yj"%; Ri =Rj, @)
where 7 runs from 5 to 8 and

j=9-1i. (8

The four operations of the factor group E, C,-),
I, and 0,(+) combined with the four fractional
translations (0, 0, 0), (0, 3, ), (3, 0, 3), and
(3, 3, 0) generate all the atomic coordinates of
the 16 molecules from the above set of 8. Thefour
molecules in the primitive cell are those obtained
by applying the above four factor-group operations
to the original set. We shall denote these four
molecules by A, B, C, and D, respectively. They
transform among one another under the operations
of the factor group according to the scheme shown
in Table II.

Only the identity £ and the twofold rotation axis
parallel to the ¢ axis are common to the factor
group and the molecular symmetry group D,,.
Thus the site group is the point group C,. The op-
eration C,,, whose axis bisects the bond 1-8, of
the molecular group D,, (see Sec. IIi in Ref. 1)
corresponds to C, rotation of the factor group.

A crystal electronic state, belonging to the ir-
reducible representation I' of the factor group,
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can be formed only from those molecular states
belonging to the irreducible representations y of
the molecular symmetry group where the charac-
ters x of the site-group elements in I" and y are
identical. Therefore, crystal states A,,, By,, Ay,
and B, are formed from molecular states A4,, Bj,
and the first components of E,, E,, and E, (char-
acters of E and C, are both 1); and crystal states
By, Bs,, Bg,, and Bj, are formed from molecular
states A,, B, and the second components of E,,
E,, and E, (characters of E and C; are 1 and - 1,
respectively).
Let ﬁ, be the vector from the origin to the cen-
ter of the primitive cell I, and 7,, 75, 7, and
75 be the vectors from the center of the primitive
cell to the centers of the molecules A, B, C, and
D, respectively; then a crystal-state wave function
(unnormalized) with wave vector K and belongingto
the irreducible representation I of the factor group
can be written as
wE = X
x=A,B,C,D
where i, (K) is the Bloch sum of the molecular
wave functions ¢,

b (B) =o' T e R (F - R, - 7,), (10)

Fr‘x Z:[)x (E); (9)

and the coefficients Fr, can be determined from
Table II, in terms of the characters of operations
in the factor group, as

Fra=xr(E) =1, Frp=xr(C,)=%1,
Fre=xr(I)=%1, Frp=xr(o)=%1.

Equation (9), with Eqs. (10) and (11), describes
the states of either an excess carrier or an ex-
citon in this molecular crystal, depending on
whether ¢ in Eq. (10) is a one-electron MO or a
molecular excited state. The former is treated
in Sec. III and the latter in Sec. VI.

(11)

III. EXCESS-CARRIER ENERGY-BAND STRUCTURE

The energy of an excess carrier in the crystal
state Eq. (9) can be written as

TABLE II. Transformation of the four molecules in
a primitive cell under the factor-group operations. A
prime on a molecule (e.g., B’) denotes that the molecule
under column E (e.g., A) is transformed into the molec~
ular position B but with the atom ¢ in the position of atom
4 related by Eq. (8).

E C, Cy C. I O, Oy [N
A B B A C D o o4
B A A B D (o c’

c D r c’ A B B A’
D C [ 124 B A A’ B




)

Er (B) =(¥r ) |30 | ¢r ) (¥ (K) | ¥ R)).  (12)

The denominator is the normalization integral and,
on neglecting the overlap integrals between two
MO'’s centered on different molecules, we have

<‘I’F(E)I‘I’F(E)>=E Z Fr‘xFl"y

lx my

Xexp[iﬁ(ﬁ;x - ﬁmy)]alméity
=), FE, =4N, (13)
Ix

where N is the total number of primitive cells, and
we have used Eq. (11). Theindexes!, m, andzn re-
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fer to cells, and x, y, and z refer to the molecules
in a primitive cell. The following abbreviations
are used throughout this paper:

ﬁlx :§1+?“ (14)

o(lx) = o(F - R, - 7). (15)
With the Hamiltonian

== (R%/2m) V342, V,,, (16)

nz

where V,, is the potential of a neutral molecule
nz, the numerator becomes

(Wr®) [se| ¥r (&) = 25 F2, () |- (B%/2m) VE+ V) + 5 V,, |60y + L 2 Fr, Fr,
lx

Ix my

xexp[iK- Ry = Ry )] (p(my) | (22/2m) V24V, 4V, | (1x))

= L FELes Lo [V 0D ] + 0 2" Fry FryexpliK- Ry, = Ry )] <0 0mx) |V, 9120,

where we have neglected three-molecule integrals,
and € is the MO energy of ¢ in an isolated mole-
cule. Noting that the sum over w7y is independent
of Ix, and using Eq. (11) again, we have

(Ep(K)|3¢| ¥r (K)) =4N[e + §;<¢(1A)}me|¢(1A))

+Fra 5 Fr{¢(my)| Vo, | 6(14))
my#1A
xcos(® - (Ry4- R,y)]. (18)

Moving the origin of R to ﬁm, and noting Fp =1,
we finally have

Er®)=e+ 25" (6(14) |V, | #(14))

my#1A

* _Z:I;A Fry (‘b(?’ﬂy) ’ me , ¢(1A)> COSE- ﬁ

my*

(19)

The K dependence of the energy appears only in the
third term. Interms of q;, Eq. (4),

K=Bq,+ Baazﬁ‘ Byds s (20)

where the #’s vary from — 7 to + 7. For a special
direction of kK, e.g., in the direction of crystal
axis a [see Eq. (5)],

l-Za =f31(a1+as)= aaas (21)

where a varies from - 27 to 27.
The intermolecular energy integral

Wagp =(o(B)| V| o(A) (22)

determines the width of the energy band and there-
fore is important in the discussion of carrier-

Ilx my

(17

transport properties. In Sec. IV, we calculate
this quantity with the MO’s obtained in Ref. 1.

IV. INTERMOLECULAR ENERGY INTEGRALS

The ith MO, centered on molecule A, is repre-
sented by a linear combination of atomic orbitals
(LCAO):

8 4
¢; (A) = Z 2 fran®au- (23)

=1 u=

-

We use the indexes i, j, k to specify a MO; «, B,
v to specify an atom; and u, v, w to specify an
atomic orbital. The potential of a neutral mole-
cule B is given by!°

Vp=2(=z,e%r,)+ 2 (2J;-K);), (24)

r j=occ

where Z, is the nuclear charge of atom y in B,
and

@i ;| 0e) =(¢:i0; | e2/712| P ;)

E((bi(pk'd)jd)j), (25)
@i Ky |00 =005 | €2/r10| 0500
E(q)i¢j|¢)j¢k). (26)

Substituting Eqs. (23)-(26) into Eq. (22), we
have

Wap=(0; (A)| V5 |dis)
=e? ) Bzfiaufisu {2(= 24P agu | 1/7, |9 55,
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+ X ija’u’ figove Zy(—z,«)<¢4au’1/7r I%aev)

j=oce o’u’ By’
==2 28

X[Z(‘pmu@”asu l(pM, u"PBa'u') ((PAau['l/’Vs "/’Bsu>, (28)

~ (@ aauPsrye l‘ﬂaa' w @)1} (@7) the nuclear charge Z being the same (6) for all at-
By neglecting three-center integrals, the nuclear oms in S35 The Coulomb term can be approximated
potential term becomes as

ZZ Z Z fja‘ u'fjﬂ’v' ((pAau Pepy l P u'qDBB'v') = 22 Z fja' u ( Z f.fﬂ'v' Sm'u’ﬁ'v'>(<pAau Ppsv | Dot u PBar IJ")
i oofugeye i o' wu B'v’

= 22 [2 f}Bu' (z fJB'v'Soz' u gt v')](‘pAau Prgy ]‘pBBu' ‘PBBu') = ZZ’; Qu’ uw (‘PAau Py I (PBBu'(PBBu’)’ (29)

w L d B v’ W

where S,z is the overlap integral between the atomic orbitals u on @ and v on 8, and the modified charge-
density matrix,

Quw= 2 fjau(zfjﬂv Saw8v>’ (30)

j=oce Bv

which, in case of S,, is independent of a by symmetry (Table III).
The exchange term is similarly approximated as

Z; Z Z ffa' u‘ij'v'(quau(pBB'v'I(pBa' u‘(pBBv) =jZ Z fjot' w B—?—i' ij'v' SBva' u (¢Aau¢BB’v' , ¢Bﬂv¢BBV)

i otu By’ of u
=§/ [? ijv'( g,fm' u Spyar u)]((pAau Prevr | P8, Vo)
(-3
= Zl Qv 4 u((pAom Pppyt , Upgy (pBBu)' (31)
v
The hybrid (29) (31) '
e hybrid integrals in Eqs. (29) and (31) are Wain=e22, )
calculated with the Mulliken approximation!! as 48 i b fioufrov

! x{(- Z (@ e
(‘pAau¢BBu‘ ©paw Prgur) {( )<¢A°‘”’ 1/7s , Pogy) +;‘,’ (Q“ ut Sausy

=% Sausv [(Pagu Paau [ Popu Posus) - %Qu'usauB w)[1/Rog + (VV' p ] b (39)

+ (Poa Posy | Pagw Popwe)]
This integral decreases rapidly with the increase
=%Sau8v[1/RaB ":(VV‘“’“’)L (32)
TABLE IIIl. One-center—two-electron integrals (up/
where the one-center—two-electron integral vv) f(lar sulfur (in eV) and the modified charge-density
(vv|p'p") can be obtained from the Hartree-Fock matrix @ Eq. (30) for an § molecule.

atomic calculation, 2 and the values for sulfur are (up/vv) * 3s 3px 3py 3pz
given in Table III. The last step in the approxi- 3s 14.29 13.00 13.00 13.00
mation is justified because « and g are on differ- 3px 12,50 10.80 12.70
ent molecules and R, > 3. 5 A, 3py 14.86 10.34
Similarly, we have 3pz 12.96
Qu"®
(PacuPoss | Posy Prgy) 3s 0.6004  0.1230 0.0 0.2094
3px 0.1439 0.9249 0.0 ~0.0579
_1 ’ 1 3 0.0 0.0 .61 .
=2 Sauger [1/Rop + (v [0)]. (33) 3% 0.2400  —0.0582 g.g " 3.2647

L 2Deduced from F' (3s, 3s), F° (8s, 38p), etc., in Ref.
Substituting Eqs. (28), (29), and (31)-(33) into 9.
Eq. (27), we have Calculated from the MO’s in Ref. 1.
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in the distance between the two molecules A and B.
We have calculated the integrals between the mole-
cule 1A (Sec. 1) and the 15 molecules listed in
Table IV. The contributions from atom pairs sep-
arated by more than 6. 5 A have been ignored. The
results for the five upper occupied MO’s and the
four lower empty MO’s are given in Table V. All
intermolecular integrals are of the order of 0.1 eV
or less. Contrary to the suggestions of Gibbons, 2
the integrals between the occupied MO’s (mostly
consisting of lone pairs) are not always much
larger than those between the empty MO’s (mostly
consisting of o hybrids). Rather, it seems thata
more important factor is the total symmetry of the
MO. For example, MO 22, which is a totally sym-
metric orbital (4,), gives a large W, for mole-
cules 8 and 9 (nearest neighbors of the reference
molecule), while MO 24, which is of symmetry
E,(xz), gives a large value of W, for molecule 3,
which is not nearest geometrically. For the same
molecule (say the nearest-neighbor molecule 9),
the more symmetric MO 25 (4,) gives a larger val-
ue of W, than the less symmetric MO 23 and

MO 24 (E,).

Substituting these values of W, in Eq. (19), we
obtain the band structure. Each band splits into
four branches, corresponding to four irreducible
representations of the factor group (Sec. II). The
band structures with K in the directions of the
crystal axes are shown in Fig. 2 for three hole
bands and two electron bands of lowest energies.
The vibrational overlap (see Sec. V) is assumed
to be unity. All bandwidths are found to be of the
same order of magnitude. The widest hole band
(generated from MO 22) is only about three times
wider than the electron bands. It is unlikely that
‘'such a small difference will lead to a completely
different behavior in electron and hole transports.

In the derivation of the expression [Eq. (34)],
for W,5, we have assumed that the overlap integral
between the vibrational wave functions of the neu-
tral molecule and the molecular anion (or cation)
is unity. If this is not so, the quantities W 5, and
hence the bandwidths, are reduced by a factor

TABLE IV, Fifteen molecules nearest tothe reference
molecule 14. R;, is the vector to the center of molecule
in fractions of a, b, and ¢, with the center of molecule
1A as the origin.

Mol. Type Prim. cell R,

Ref. A 000 0.0 0.0 0.0

1 A 01T  -0.5 0.5 0.0 o
2 A 0T1 0.5 —0.5 o.og Equiv.
3 B 000 0.0 0.0 =-0.33

4 B 010 0.0 0.5 0.1 .

5 B 101 0.0 -0.5 0.17qu“”"
6 B 001 0.5 0.0 0.17) oo

7 B 110 -0.5 0.0 0,17} Eauiv.
8 c 000 0.25 0.25 '°°°8$E )

9 c 100 -0.25 —0.25 -—o0.08) "IV
10 c 117 -0.75 0.25 —0.08 .

11 c 071 0.75 —0.25 —0.08] EQUY:
12 D 00T -0.25 0.25 =-0.25 .

13 D 070 0.25 —0.25 —0.25] EawV:
14 D 000 0.25 0.25  0.25)

15 D 100 —0.25 —0.25 o.zsz quiv.

2The two molecules are equivalent as far as the inte-
gral Eq. (34) is concerned.

equal to the square of the vibrational overlap
Syip. 10131 In this case we are dealing with the
transport of small polarons, %4

V. VIBRONIC INTERACTION IN SULFUR
An expression for the vibrational overlap Sy,
has been given by Hutchisson, !°* and Siebrand*
has related the expression to a parameter y in the
polaron theory!®

(Svlb)z=f(7)e-7 ) (35)

where f(y) is a polynomial of y depending on the
vibrational quantum states, and y is the ratio of
the polaron binding energy E, to the energy of a
vibrational quantum 7Z w:

y=E,/w. (36)

The polaron binding energy E, can be represented
by the molecular quantities as

E, =3 k(8g)?, (37)

TABLE V. Intermolecular integrals in eV.

Rep. MO Mol. 1 Mol. 3 Mol. 5 Mol. 7 Mol. 9 Mol. 11 Mol. 13 Mol. 15
E1-1 20 0.0081 0.0047 =0.0051 -0.1541 0.1424 -0.0065 -0.0017 0.0963
E1-2 21 -0.0182 0.0092 -0.0848 0.0124 0.1345 -0.0328 0.0371 —0.0447
Al 22 0.0100 - 0.0060 -0.0338 -0.1174 —-0.3677 -0.0196 0.0155 —0.0546
E3-1 23 —-0.0671 —0.0068 -0.0639 -0.0163 ~0.0311 -0.0179 -0.0131 - 0.0157
E3-2 24 0.0075 0.1557 —0.0412 0.0125 —-0.0613 0.0016 -0.0521 —0.0354
A2 25 —0.0062 0.0059 -0.0391 0.0566 0.1026 -0.0072 ~0.0299 -0.0299
B2 26 0.0278 ~0.0276 0.0228 -0.0591 0.1249 0.0220 -0.0504 -0.0205
El-1 27 0.0195 0.0228 —0.0363 0.0300 —0.2032 -0.0109 0.0131 -0.1142
El-2 28 -0.0170 0.0285 -0.0095 —0.0037 -0.1841 0.0173 0.0652 -0.0131
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HOLE BAND HOLE BAND HOLE BAND ELECTRON ELECTRON
(M022,A)) (M023,E3) (M024,E3) BAND BAND
(M025,A5) (M0 26, Bp)

O kea,kb,kc 27

O kea,k'D,kc27r O kea,k'b,k:c 2r O kea,kb,k:c 27 O kea,kb,k-c 27

FIG. 2. Excess hole and electron bands of orthorhombic sulfur, with wave vectors k along the crystal axes a (full
line), b (broken line), and c¢ (dotted line). Vibrational overlap is 1.

where % is the force constant and Ag is the differ-
ence in the nuclear configurations of a neutral
molecule and a molecular ion with an excess elec-
tron (or hole).

A semiquantitative estimate of the quantity Aqg
for a S; molecule can be obtained from the MO’s
in Ref. 1 as follows.

We define a quantity B,s, the bond charge be-
tween atoms a and 8, by

Bop = _Z) Ni 20 fiaufisvSausws (38)

1 oce u,v

where N; is the number of electrons occupying the
MO ¢; [Eq. (23)], the f’s are the LCAO coeffi-
cients, and S, 5, is the overlap integral between
atomic orbital (AO) @y and Bv. This quantity is
analogous to the bond order in the 7 electron the-
ory of organic molecules.® The latter has been
proved to be inversely proportional to the bond
lengths. The difference of the bond orders of a
molecular ion and a neutral molecule has been used
to estimate the vibrational overlaps of aromatic
hydrocarbons.!” Although it is not simple to es-
tablish a quantitative relation between the change
in the nuclear configuration Ag and the change in
B, for a three-dimensional molecule, there is no
doubt that a large change in B,z implies a large
Aq.

The calculated values of B, for a neutral mole-
cule (24 occupied MO) and the change in B, ,
AB,(7), when an extra electron (i >24) or a hole
(i< 24) is present in the MO 7, are shown in Fig.
3. In general, an extra electron in S creates a
larger change in B, than an extra hole does. This
is reasonable because an extra electron goes into
MO’s, which are mostly of ¢ hybrids and therefore
have large densities along the bonds, whereas an
extra hole goes into MO’s of largely lone-pair
hybrids which have less densities along the bonds.

The AB,s for a molecular anion with an extra
electron in the lowest empty MO 25 is a factor of
3. 6 larger than that of a cation with an extra hole
in the highest occupied MO (23 or 24) (the average
AB,s over the eight bonds, —0.015, being used).
If there is a direct proportionality between AB and
Ag, then the polaron binding energy E,(e) asso-
ciated with the anion will be a factor of (3. 6)%=13
larger than that associated with the cation E,(k);
consequently,

y (electron) ~ 13y (hole). (39)

Since the effect of vibronic coupling is important
only when ¥ >1, and because of the exponential de-
pendence Eq. (35), a factor of 13 iny could reduce
the bandwidth by more than five orders of magni-
tude.



)

0.273 ~-0.022
0.273 -0.022
BGB 0.273 ABGB(ZZ) -0.022
0.273 -0.022
-0.036 0.006
~0.015
ABaB(23) ABaﬁ(Zﬂ -0036
-0.015
-0.054 -0.103
~-0.103
: -0.103
ABCI B(25) ABGB(ZS)
-0.103

FIG. 3. Bond charges of neutral Sy molecule B)s and
the changes in the bond charges ABgyg(i) when an extra
electron (>24) or an extra hole (i = 24) is placed in MO
i. The quantities are symmetric with respect to the
center of the octagon.

In naphthalene and anthracene, because of the
special characteristics of alternant hydrocarbons,®
the changes in bond orders when an electron is
added to or removed from the neutral molecule are
equal (and opposite in signs). Thus both electron
and hole have equal vibronic couplings, and since
the electronic intermolecular energy integrals are
of the same order of magnitude, ° we expect the
electron and the hole mobilities to be of the same
order of magnitude. This is in agreement with the
experimental findings. ® ‘

Another example of the effect of different vibron-
ic coupling is in the phtholocyanines. Copper phtha-
locyanine® has been observed to have a mobility of
about 100 cm?/V sec, approximately three orders
of magnitude larger than that of metal-free phtha-
locyanine. The large mobility in copper phthalo-
cyanine was attributed to the presence of the cop-
per 3d orbitals which provides an out-of-plane in-
teraction with the neighboring molecule.® How-
ever, a calculation® similar to those performed
for metal-free phthalocyanine!® indicates that the
intermolecular electronic interaction in both cop-
per and metal-free phthalocyanines are of the same
order of magnitude. An alternative and more con-
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vincing explanation for the large difference in the
mobilities of the two phthalocyanines can be given
as follows: In copper phthalocyanine, the highest
occupied MO consists of mostly the copper 3d or-
bital and is half-filled. ® Therefore, either an
electron is added to or removed from the mole-
cule, the change in the bond charge AB,; is that
contributed from the MO mostly localized at the
center of the molecule. On the other hand, both
the highest occupied and the lowest empty MO’s
of metal-free phthalocyanine?! are delocalized 7
orbitals spread almost uniformly over the mole-
cule. An extra hole or electron in such orbitals
would give rise to a larger change in the bond
charge, and therefore, larger change in the nuclear
configuration. Thus we expect the polaron binding
energy E, to be larger for metal-free phthalocya-
nine than for copper phthalocyanine. The differ-
ence of three orders of magnitude in the mo-
bilities can easily be accounted for by the exponen-
tial dependence of the bandwidths on E,.
Therefore, we conclude that the difference of
orders of magnitude in mobilities can be more
easily accounted for by the difference in the polar-
on binding energies, or equivalently, in the vib-
ronic couplings, than by the difference in electron-
ic-intermolecular overlaps.

VI. NONCONDUCTING OPTICAL ABSORPTION

Another interesting point in the transport prop-
erties of orthorhombic sulfur is the existence of
a nonconducting optical-absorption band near 4
eV.? Spear and co-workers? have interpreted it as
due to “localized excitons, ” without commenting
why such excitons are “localized. ”

In molecular crystals, the formation of mole-
cular excitons is the primary process of optical
absorption, # and such excitons are believed to be
the precursors of the mobile charges. ?® There-
fore, excitons do not account for the nonconducting
absorption unless they are localized at a molecular
site, so that they cannot propagate to an imperfec-
tion where they dissociate.

In general, because of the small but finite inter-
molecular forces, a crystal state, in which some
one selected molecule is excited, is not a station-
ary solution of the crystal Schrddinger equation.
The correct solutions are states corresponding to
a delocalization of the excitation over all molecules
in the crystal and can be represented by the wave
function equations (9) and (10) with ¢(F-R, - 7,)
representing a state in which the molecule at cell
1, site x, is excited:

¢(F'ﬁz"?x)=x>lkx H’ Xmy s (40)

my#1x

where x* and y represent an excited-state and the
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ground-state wave functions, respectively.? The
energy of this crystal state can be written as??'2

Er (E) :EG"' AE + Z:I {<X>lkmey l le,my |XTmey>

mylx

"<Xlx me lle,my )thme) +FI‘N
Xexp[z’E ¢ ﬁmy ](X’th Xmy ’ le,my ,Xlxxms)}’ (41)

where I is the irreducible representation of the
state, E; is the ground-state energy, AE is the ex-
citation energy in an isolated molecule and Vi, .,
is the intermolecular-pair interaction potential.
The first two terms in the curly bracket contribute
to the shift of the “center of gravity” from the ex-
citation energy of the isolated molecule, and the
last term contributes to the splitting of states be-
longing to different irreducible representations
(Davydov splitting). The latter is also a measure
of the effectiveness of the transfer of the excitation
from molecule A to molecule B by the interaction
V.5, hence the name excitation-transfer matrix
element?’:

TAB=(X3§XB|VAB ’XAX)E>- (42)

The potential V,5 can be written as

- ZypZpe? ~ Zpe? <~ Zpe? ~ é?
VAB= Z_l SEL 2_1 K —L L +L -
k,L 7KL K.i Tki Li Yri ii Yij
(43)

where K and L denote the nuclei in molecules A
and B, irespectively, and iandj denote the elec-
trons in A and B, respectively.

Assuming that the nuclear part and the electronic
part of the wave functions are separable, and that
the excited-state and the ground-state electronic
parts are strictly orthogonal, we see the first
three terms of Eq. (43) have no contribution to the
integral Eq. (42). If the excited state x* results
from the excitation of an electron from the MO 7
to MO £, and if the overlap between the ground-
state and the excited-state vibrational wave func-
tions is S,yp, then the fourth term in Eq. (43) gives

Typ= (svib)2<£AnB ’ 62/7’1.2'77,4 £p)
=(Sv1b)2(§,4774‘§1;775)- (44)

As in Sec. IV, the integral over MO’s can be
expanded into sums of integrals over atomic or-
bitals by expressing the MO’s, ¢ and 77, as LCAO
or linear combination of hybrid orbitals (LCHO),
Eq. (23):

gA:ZaZ/ufwu QDAaua (45)
nB:ZBEanBV ¥ psy, etc. (46)

Then, we have

2
(EAnAlganB)=ZIZ/ftuuanv 2L Seat we
aup Bv a'u BV’
Xfagove (Pacu Pasy | Prar ur Prsrve)- (47

Using Mulliken’s approximation, ' Eq. (47) be-
comes

(5A77A ‘ 53775)=Zi [f:au Z——; anvSauBu]

—
X Z; [ffa'u' ->-l an'v'sa'u’B' u‘]
alul Blvl

X(quau Pacu I PBa’ vt PBo’ u')- (48)
In the last factor of Eq. (48), the atoms a and o’
belong to two different molecules and are separated
by more than 3. 5 A, Ttisa good approximation to
replace the Coulomb integral by the Coulomb ener-
gy of two electronic charges separated by the in-
teratomic distance R, :

(Pacu Paan ‘(PBo/ ut Pogr ) ™ €?/Rg o+ (49)

Then, Eq. (48) reads
Sina8mal
(ﬁATIA‘ganB):ea 2 ﬁa,a s (50)
a,a a

where

gtna:Z(feuuBZ: anvSauBu) (51)

m v

can be evaluated for each pair of MO’s, £ and 7,
from the MO coefficients and overlap matrix ele-
ments in Ref. 1. Of particular interest are the

g values for £ =MO 25 and 7=MO 22, As we have
mentioned in Sec. VII in Ref. 1, MO 25 (4,) con-
sists of only the o hybrids a and b with coefficients
equal and opposite in signs (see Table I in Ref. 1).
Therefore, for £=25

Stna :flaag:f anv (Swz Bv ~ Sava)- (52)

Applying a reflection with respect to a plane
through the atom @ and the molecular axis (o,),
the hybrid aa and ab interchange, and 8 v becomes
vw, where w =0, a, ¢, d, respectively, for v=aq,

b, ¢, d. Thus

(SaaBu_Sabﬁv)z(sab'rw—saavw)- (53)
Now if 77 =22, which is totally symmetric (4,),
then f,5, =fny » and Eq. (52) can be written as

gfnct:ffazag——‘/[fn‘/w(sotb‘rw—'saa'rw)]Bu" (54)

Since there is one-to-one correspondence between
Bvand yw, Eq. (54) reads

gena:ffaa Z fwm(sabrw_Saayw):"gmazo (55)
7w

for £=25, n=22, Substituting in Eqs. (50) and
(44), we see that within the accuracy of the approx-
imation Eq. (49), the excitation-transfer matrix
element T,p corresponding to the excitation from
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MO 22 to MO 25 (Ref. 1) between any two mole-
cules A and B, is always zero. Thus, the excita-
tion (22 - 25) on any molecule can be localized on
the original site. This probably is the localized
excited state leading to the observed nonconduct-
ing optical absorption. 2

According to the MO calculation in Ref. 1, the
excitation energy, AE (22-25)=3.07 eV, is
smaller than any other molecular transition ener-
gies except one, AE (23,24~ 25), which is also
symmetry forbidden. The difference between this
energy value and that of the nonconducting absorp-
tion (4. 03 eV) probably arises from both the shift
in crystal energy level from that of an isolated
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molecule and the electron correlation.

The argument leading to the existence of a local-
ized excited state, Eqs. (52)-(55), depends only
on the symmetry properties of the puckered eight-
atom ring, and is independent of the nature of sul-
fur atoms or crystal. Therefore, the same argu-
ment applies to Seg ring molecule, a constituent
of vitreous selenium in which nonconducting optical
absorption has been observed. ”
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