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We present detailed electronic structure, total density of states, and orbital density of states for polymeric
sulfur nitride (SN),, and disulfur dinitride S,N,, using the extended tight-binding method. To our knowledge
this is the first time that S,N, has been investigated in any detail from the electronic-structure point of view.
By a comparative study of S,N, and (SN),, S-3p and N-2p hybridization increases leading to a charge
delocalization and hence enhanced conductivity. This is a direct consequence of the novel structure of (SN),.
We have also been able to provide a complete interpretation of the ultraviolet and x-ray photoelectron spectra
of (SN),. The intensities of various peaks are in good accord with those expected from our calculated
symmetries of initial-state wave functions. Similar data are provided for S,N, with the hope that the

experimental results will be forthcoming.

I. INTRODUCTION

During the recent past there has been a tre-
mendous growth of interest in polymeric sulfur
nitride,'~ (SN),, and other substances®® con-
taining SN as its constituents. An understanding
of the origin of metallic conductivity and super-
conductivity in the inorganic polymer (SN), has
been an important topic of investigation. This-
has spurred much interest in theoretical elec-
tronic-structure calculations.'°®’® These include
various one-dimensional model calculations and
several three-dimensiondl calculations using em-
pirical and first-principles methods. Fully
three-dimensional first-principles calculations
for this system are rather difficult (and expen-
sive) because it contains eight atoms in the
unit cell. Nevertheless, outstanding efforts by
various workers'®'® have resulted in a great
deal of understanding about the nature of bands
for (SN),. Most calculations are in good overall
agreement in the yalence-band region, butdiffer
(in varying degrees) from each other in the re-
gion near the Fermi surface. No electronic
band-structure calculation for the crystalline di-
sulfur dinitride (S,N,) has thus far been pre-
sented. Since (SN)x crystals are usually grown
via the solid-state polymerization of single
crystals of S,N,, an understanding of the elec-
tronic structure of S,N, may provide valuable
insight into the origin of metallic conductivity
for (SN),. Therefore it is important to study
both these systems in a comparative fashion
within the same set of approximations.

In this paper we present the electronic struc-
ture for (SN), as well as its precursor S,N,,
calculated using the extended tight-binding meth-
0d2»2!  This is a first-principles method with
no fitting or adjustable parameters introduced

into the calculation. Our method is practically
identical to the one used by Ching and Lin.'°
There are, however, differences in details
which will be pointed out subsequently. We
have investigated the basis-set dependence of
the band structure. The effect of including d
orbitals for sulfur is also studied.

‘For the first time, we predict that S,N, is an
indirect-gap semiconductor. Of course, in
agreement with earlier experiments and calcu-
lations, we find that (SN), is metallic in nature.
The nature of this distinction between the two
materials is discussed later in terms of bonding
effects. For this purpose we are going to de-
scribe in detail the orbital composition of vari-
ous energy bands for (SN), and S,N,. The re-
sults are also presented for total and orbital
density of states for (SN), and S,N,. Using our
calculated orbital density of states we have been
able to provide a complete interpretation of the
ultraviolet and x-ray photoemission spectra for
(SN),. We hope similar experjments will soon
be performed on S,N,.

II. METHOD OF CALCULATION

‘We used the extended tight-binding method2®:2!
and employ a Slater-type expfession for the ex-
change potential (a =%). In this method the one-
electron wave function for the system having
three-dimensional periodicity can be expressed
as a linear combination of Bloch sums

(K, T) =3 a,,0x, &) , (1)

where the Bloch sums X , are constructed in the
usual manner ‘ -

X, (&, 7) =[N, B2 T e duing (7 _ R, - 7).
@)
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Here N is the number of lattice sites in the
crystal (and the summation is over all N of
these sites), ﬁ,, are the direct-lattice transla-
tion vectors, and ?u are nonprimitive transla-
tion vectors for the atoms in the unit cell.
Q (") is the normalization factor for the Bloch
sums (X, IX »=1 and qbu(r - R - 'r) represents
an appropriate basis orbital centered at R +T
In what follows, we will restrict ourselves to
Gaussian-type orbitals and thus ¢, consists of
a single Gaussian or a linear combination of
Gaussians (contracted basis set). An analytical
evaluation of the various matrix elements can
be carried®® out for such a basis set.

The expansion coefficients in Eq. (1) are ob-
tained using the variational principle

8 _[HIY N )
3%(k[ <zp|zp>} 0, p=1,2,3,...,M,

®3)

where M is the number of different kinds of orbi-
tals used in the trial wave function. This leads to
the secular equation

det|H, (k) - E(K)S, ,,.(k)|=0. (4)

For M basis orbitals in the unit cell, the secular
equation is an algebraic function of the Mth degree
for E, which therefore has M roots for a given k.
The advantage?®'?? of the extended tight-binding
method lies in the fact that M is usually much
smaller than, say, the matrix to be diagonalized
in the orthogonalized-plane-wave method!® to ob-
tain comparable accuracy. The matrix elements
between p and p’ for an operator © are defined as

1
Oy oK) = ——rr
[2,®e,,®"

% Z: o iE (Rge T, =7,

Xf GX(F-T,)00,,(F-Ry-T,,) dF.

(5)

By setting © equal to 1,-V2, V(%) in Eq. (5) one,
respectively, gets expressions for the overlap,
kinetic energy and potential energy matrix ele-
ments. The kinetic energy and overlap matrix
elements (Su,u,) over the Gaussian basis can be
evaluated analytically and efficiently. To ensure
accuracy, the 8 summation in Eq. (5) is truncated
only after sufficient neighbor interactions (typical-
ly 5-6) have been included. The potential energy
integrals, which are multicentér in nature, de-
serve some further discussion.

The crystal potential in the overlapping atomic
potential model can be expressed as
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V=3 (- 2 ¥y

Vilk v

)+ Vxl)),  (6)

where 7,, = |F-R,-7,|, Vy and Vy are the Har-
tree and exchange potentials respectively, and Z,
is the atomic number of the uth atom. If we at-
tempted to expand the above potential in a Fourier
series, a huge number of reciprocal-lattice vec-
tors G would be required to adequately represent
the core part. Therefore we use an Ewald type

of procedure,?*** where the slowly convergent
core potential V(¥) is expressed in terms of Gaus-
sian functions centered at each atomic site, i.e.,

Vo (F) = Z( 1(li) e, Caoll) 0w,

Valk v

+ 2 Cilwermic >) : (7)

The coefficients C; and exponents a; are obtained
through a least- squares-fitting procedure. Further-
more, to get a very accurate description of the
core region, an additional restriction is placed on
the first two coefficients, namely, C,(u)+Cy(u)
=-2Z,. One then writes

Vo (F) =V (F) +Vs(F), (8)

where Vg(¥) is a very smooth function and can thus
be readily expanded in a rapidly convergent Four-
ier series

V@)= Vs@e G, ©)
G

The matrix elements of Vc('f') can be calculated
analytically in direct space and the matrix elements
of V4(¥) are evaluated using the generalized over-
lap matrix.?® It should be noted that the decompos-
ition of the total potential into core and smooth
potentials is only for computational convenience.
Furthermore, by choosing an appropriate value
for m in Eq. (7), one may be able to make V¢ (G)
negligibly small and thus carry out all matrix ele-
ments evaluation in direct space. Our calculation
differs from an earlier linear-combination-of-
atomic-orbitals (LCAO) calculation'® in the treat-
ment of potential, the choice of basis set, and the
treatment of core states.

Let us now illustrate the above procedure for the
cases of (SN),, and S,N,. To generate the crystalline
potential, we first need atomic potentials for sulfur
and nitrogen atoms which are themselves gener-
ated from self-consistent Hartree-Fock atomic-
charge densities.?® These atomic-charge densities
are shown in Fig. 1 by placing S and N atoms 3.0

u. (approximately the S-N bond length) away
from each other. We assumed the configurations
S(15225%2p°3523p%) 2P and N(1522522p3)“S in evaluat-
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FIG. 1. Self-consistent atomic charge densities for

sulfur (solid line) and nitrogen (dashed line) atoms used
for generating crystalline potential.

ing charge densities from the double-¢ Slater
functions.?® The atomic potentials were obtained
from these charge densities using « =2 for the
exchange term. These atomic potentials were
then cast in a Gaussian form according to Eq.
(7). Excellent representation from the atomic
potentials was obtained by choosing 2 =9 for S
and m =8 for N. The potential exponents and co-
efficients for S and N are given in Table I. To
appreciate how well the Gaussian representation
is able to describe the actual crystalline potential,
we have plotted V(T) and V4 (¥) in Fig. 2 along
two particular directions in (SN),. By comparing
the scales in Figs. 2(a) and 2(b), one concludes
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FIG. 2. (a) Rapidly varying core potential V(¥) and
(b) smooth. part of the crystalline potential Vg (¥) along
two particular directions in (SN), .

that V4(¥) is going to make only a small contribu-
tion to potential matrix elements. We have en-
sured rapid convergence of the Fourier series in
Eq. (9) because V¢(¥) is a smoothly varying func-
tion of T.

Next we need to establish the basis set. We
tried three different sets?’ (a) S(8/5), N(6/4); .
(o) S(8/7),N(6/5); (c) S(8/7/1),N(6/5). Here the
notation A(u/v/w) means that for an atom A we
used u Gaussians of s-type, v Gaussiansof p-type,
and w Gaussians of d-type. A general Gaussian
function at site P is defined by?”

G(T)=(x-P)(y - P)"(z - P,)"exp(-ar}).
(10)

The orbital exponents «, for S and N for the three
basis sets are given in Table II. The 3d-orbital
component for S was optimized by Roos and Sieg-
bahn?®’ for the H,S molecule. The electronic band-
structure along a particular direction (I'Z) in the
Brillouin zone for various basis sets is shown in
Fig. 3. In all cases we retained up to sixth-neigh-
bor interactions in direct space.

The most noticeable effect of using the extended
basis set (b) is to lower the unoccupied conductions
bands around 4 eV by about 0.5 eV. Further inclu-
sion of d orbitals on sulfur (basis set ¢) depresses
the low-lying valence bands by about 1 eV. The
contribution of the d orbitals in any given energy

TABLE I. Gaussian description of potential for sulfur and nitrogen atoms.

Sulfur

Nitrogen

Exponents a ;(S)

Coefficients C;(S)

Exponents a ; (N)

Coefficients C;(N)

1 5916.0786 —1.9726
2 112.2558 —30.0274
3 193.2946 162.8773
4 37.4901 —-120.0104
5 11.5035 —57.5661
6 3.2643 —-23.6092
7 0.8166 —8.0929
8 0.2186 -1.6811
9 0.0530 -0.3749

66.8414 2.8042
15.2716 —16.8042
25.0229 50.3238
4.9335 —14.7361
1.6408 —7.4592
0.5617 -2.3352
0.1606 —0.6976
0.0604 —0.1575
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TABLE II (a). Gaussian basis sets (exponents) for sulfur atom.

S(8/5) S(8/7) S(8/7/1)

s p s P $,p d
881.6767 . 31.5219 same 212.8659 same 0.542
251.5860 9.3515 as 49.6002 as

80.7947 2.9701 used 15.5155 used

27.6606 0.6525 in 5.4756 in
6.0144 0.1806 the 2.0442 the
2.2986 S(8/5) 0.5218 S(8/7)
0.4342 set 0.1506 set
0.1608

(). Gaussian basis sets (exponents) for nitrogen atom.

N(6/4 N(6/5)
s P s 4

226.3050 13.5731 same 26.8690
60.3599 2.9231 as 5.9912
16.7189 0.7989 used 1.7508
5.1331 0.2189 in 0.5606
0.7809 the 0.1759

0.2374 N(6/4)

set

2 For this choice of the polarization exponents see Roos and Seighbahn (Ref. 27).

state was =5%. Similar conclusions have been 6
arrived at by Salaneck ef al.®fromS,N, molecular
studies. They® report S-3d contributions inthe range
of 0-4%for various molecular orbitals. By examin-
ing Fig. 3,we conclude that for our comparative
study the changes due to use of extended basis may
be ignored. Further, we are purposely restricting
ourselves to atomically-contracted basis-sets be-
cause we are interested in tracing the orbital -4
composition of various energy levels. The effect

(a) (b) (c)

/

of introducing additional variational freedom by 3 —6F
decontraction leads'® to a somewhat better descrip- 2 _gE
tion for the unoccupied bands, which are not our 5’
primary interest here. Our programs are not ,_%’ =10
capable of performing the calculations self-con- _12E -
sistently at the present time. However, all pre- \
vious calculations on (SN), are non-self-consistent —14 | \
and have correlated rather well with experiments.
Therefore our hope is that for a comparative study -6 r /
of (SN), and S,N,, both performed within the same _18k
set of approximations, the lack of self-consistency
is not a serious limitation. -20k
_22 -
III. RESULTS AND DISCUSSION 24
In this section we present the results for the r zr zr z

electronic structure of (SN), and S,N,. But more FiG. 3. Hleo fronic energy band structure of (SN)
importantly our emphasis is going to be on the along the intrachain direction (I'Z) for various basis

orbital character of various parts of the energy sets (a) S(8/5), N(6/4); () S(8/7), N(6/5); (c) S(8/7/1),
bands. We feel this information gives insight N(6/5).
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into the nature of bonds. Armed with this knowledge

for both the materials, one can attempt to under-
stand why they behave so differently in their elec-
trical properties.

The nature of the bands can be conveniently dis-

cussed by decomposing the total density of states
(TDOS) into local or orbital density of states.

The weight of the uth Bloch sum in the wave
function corresponding to the eigenvalue E,,(E) can
be conveniently defined ag®'2%24

Fun® =3 2,00, 0S,,,.® / 325 at, B, 05,00 (11)

If the wave function (1) isnormalized, then the de-
nominator in Eq. (11) is unity. Furthermore,
since the overlap matrix is Hermitian, one can
write

fun® = | ®) [+ Re[ar,(B)a,,[®S,,, )] .

ntty

(12)

The orbital density of states can now be defined
a824928

1 _E_E o 2
OulE) = 7 2y un® ex0 <[*20_<k>_])

(13)
where each eigenvalue has been Gaussian broad-
ened by o (halfwidth at half-maximum). One could
selectively sum various fM(E) to learn about the
s, p, d character of the state (orbital composi-
tion). We carry out such an analysis below. For
clarity of presentation let us discuss (SN), and S,N,
in separate subsections.

A. (SN),

The crystal structure used in our calculations
is based on the work of Mikulski et al.?®° The

TABLE OI. Unit-cell geometry for (SN),.?

Center nameP® x y o z
1S(1) —2.37181 2.41006  —1.39785
25(2) 2.37181  —2.41006 1.39785
35(1) —5.01702  —1.78427 —3.17263
45(2) 5.01702 1.78427 3.17263
5N(1) ~2.65259  —0.57882 ~1.61915
6N(2) 2.65259 0.57882 1.61915
TN(1) —4.73624  —4.77314  —2.95132
8N(2) 4.73624 477314 2.95132
a 7.38883 0.0 —2.64566
b 0.0 8.38866 0.0
e 0.0 0:0 14.43212

2All distances are in atomic units; 2,b,& are primitive
translation vectors in direct space.

PThe number in parentheses identifies the chain on
which the atom is located.

L

atomic positions of four sulfur and four nitrogen
atoms belonging to the monoclinic unit cell (space
group P2, /c) are listed in Table III. We retained
interactions between atoms separated by up to 16
a.u. This amounted to including up to sixth-neigh-
bor interaction. Other parameters of the calcula-
tion have been discussed earlier. The resulting
band structure along various symmetry directions
using the basis set (a) is shown in Fig. 4. The in-
sert in Fig. 4 shows the projection of the Brillouin
zone in the k,=0 plane.

We get a total valence bandwidth of about 24 eV
(found by accommodating 44 valence electrons)
and our overall band structure agrees rather well
with other first principle three-dimensional calcu-
lations.'*1"1® Qur calculated bandwidthis to be
compared with the experimental value of 24.4
+0.7 eV reported by Ley.* The bands are highly
dispersive along the chain direction (see, for ex-
ample, I'Z direction), but the bands along the in-
terchain direction (say ZE and ZD) are quite flat.
This is consistent with the observation that (SN),
exhibits highly anisotropic properties. The inter-
chain coupling is responsible for lifting the de-
generacies along the I'Z direction. At the Z point,
the splitting near the Fermi level (E) is 0.54 eV
and the Fermi level lies just slightly above the
crossing point along I'Z. From the location of E

4 ;1\>;—: s 7&% ;% ==

—=._ = ]

E £ or r\/ — 7::’\ = \:<:.
T i e -

-840} —_—
-8.0| "

-12.0

Energy (eV)

-16.0
-20.0

-24.0

zZD BT z E A r z C Y r
(SN), Band Structure

FIG. 4. Electronic energy band structure of (SN),
along various directions in the Brillouin zone. The
inset shows the projection of the Brillouin zone in the
k, =0 plane.
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FIG. 5. Total and orbital density of states (normal-
ized with respect to TDOS) for (SN), .

in Fig. 4, we expect to find a small electron pocket
near Z. Since the Fermi level lies slightly below
the crossing point along the CY direction, a small
hole pocket“is expected near C. It is noted that
the location of E, using energy broadening pro-
cedure (0.15-eV halfwidth) which we have em-
ployed, is slightly uncertain. Our results near E,
differ from the orthogonalized-plane-wave bands,'®
where much larger electron- and hole-pockets are
expected. In this region we are in closer agree-
ment with other three-dimensional calculations
based on empirical pseudopotentials,’* extended
Huckel'” and LCAOQO! schemes. Contrary to Kami-
mura et al ' but in agreement with several'*!%19
other calculations, we tend to conclude that the
absence of Peierls distortion in (SN), is due to the
strongj three-dimensional character of the solid.
The origin of the difference between our results
and Kamimura ef al. findings may lie in an inap-

propriate choice of parameters by the latter group.

It may be remarked that most of our findings are
in excellent agreement with those reported by
Ching and Lin'° using an LCAO method. At first
sight this is not unexpected since we are also using
an extended tight-binding scheme. However, since
there are differences in our implementation of the
tight-binding method, and we have done the elabor-
ate computer programming completely independent-
ly, it is gratifying for us to obtain results for
(SN), which closely agree with the earlier calcula-
tion.'?

The character of various bands can be conven-
iently presented by plotting the total and orbital
density of states as shown in Fig. 5. We stress
that the region near the Fermi energy consists of
states having their origin in S 3p and N 2p. This
is a point of distinction between (SN), and S,N,.

We believe that S 3p and N 2p hybridization leads
to delocalization of charge carriers and is in a
qualitative sense responsible for the conductive
properties of (SN),. The orbital composition of
the state distribution can also provide a reason-
able interpretation of x-ray3® % and ultraviolet3?
photoelectron spectra (XPS and UPS) because of
the initial-state effects. A detailed analysis is
presented below.

Figure 6 compares our calculated TDOS with
the XPS results obtained by two different experi-
mental groups.’®3* Both groups utilized mono-
chromatic x rays (Al Ka, 1486.6 eV). The spectra
reported by Ley*® contains five main pieces of
structure labeled L1 through L5 [Fig. 6(a)] cen-
tered at 21.0, 15.2, 7.4, 3.6, and 0.7 eV, respec-
tively, below E,. Mengel et al.® report six peaks
labeled M1, M2, M2’, M3, M4, and M5 in Fig. 6
(b) centered at 21.5, 16.5, 13.2, 7.5, 4.0 and 1.0
eV, respectively, below E,. They® are thus able
to resolve the L2 peak seen by Ley® into two com-
ponents M2 and M2’. The two spectra are quite
consistent with respect to the location of various
peaks. However, there are obvious differences in
the intensities of the various peaks especially
when the substrate or background contributions
are subtracted from the raw data. Our calculated
density of states are shown in Fig. 6(c). We used
a Gaussian broadening parameter 0=0.15 eV. The
centers of our main peaks labeled B1 through B5
are located at 22.4, 14.4, 7.1, 4.1, and 0.9 eV,
respectively, below E.. It should be noted that
we are predicting a lot of structure in the B4 re-
gion which we are assuming is not resolved in the
above XPS works. In fact our calculation predicts
at least four peaks in the region starting at 3 eV
below E, and extending to about 11 eV below E,.
In recent UPS experiments on polycrystalline film
and single crystal of (SN),, Koch and Grobman32



5864 I. P.

i
|
XPS by Ley ‘\
Original data (dots) 1
After substrate “
corrections (solid line) | ‘L

il

N R | I | | L
(b} X-Ray Photoemission j
Spectrum by Mengel et al. |

Calculated TDOS
for (SN),

A2

|
| 1 I | | 1
—28-24-20-16-12 -8 -4 0 4

Energy (eV) Ep

FIG. 6. Comparison of our calculated total density of
states with the XPS results obtained by two different ex-
perimental groups (a) XPS results by Ley (Ref. 30) (b)
XPS results by Mengel et al (Ref. 31). (c) Our calcula-
tion.

report four distinct peaks or shoulders in this en-
ergy range. This region is heavily derived from
N 2p and S 3p states. It is usual for UPS experi-
ments to provide better resolution than XPS in
this energy range.

We can make some qualitative statements about
the intensities of various peaks in XPS and UPS
studies because we have at our disposal the sym-
metries of the initial-state wave functions. To
predict intensities accurately one of course needs
the matrix elements and the convolution with the
final density of states. As seen from Fig. 5, the
N 2s electrons are mainly responsible for the low-
lying band L1. The L2 structure arises from an
admixture of N 2p, S 3s, and s 3p states, and has
lower intensity than L1. This intensity difference

BATRA, S. CIRACI, AND W. E. RUDGE 15

has been interpreted by noting® that the atomic
photoelectric cross-section ratios o(N 2s):0(S 3s)
are about 5:1. However, we feel that since the
peak L2 does contain a considerable N 2p charac-
ter, the XPS intensity for this band is likely to be
low because of negligible photoionization cross
section.®® In fact, our calculation shows that the
lower portion of the L2 band is S 3s rich and the
upper portion is (N 2p) +(S 3p) rich (see Fig. 5).
Such character can be responsible for the asym-
metric peak which is reported by Mengel ef al.**
[peaks M2 and M2’ in Fig. 6(b)]. The L3 peak is
expected to have lower intensity than indicated by
our calculation because of considerable N 2p
character in this band for which the photoioniza-
tion cross section is very low®® at 1500 eV. The
L4 peak is observable with intensity nearly identi-
cal to L3 [see peaks M3 and M4 is Fig. 6(b)] be-
cause of the S 3s electrons. The band B5 near Ej,
is due to (S 3p)+(N 2p). Since o(S 3p):0(S 3s) is
about 1:4 and o(N 2p) -0 at x-ray energies,® the
peak L5 (or M5) is observed only as a shoulder.
Our calculated width of the conduction band [B5

in Fig. 6(c)] is 1.7 eV. This value is to be com-
pared with the experimental estimate®® of 1.6
+0.3 eV for the width of the conduction band. The
finite density of states at E, gives (SN), its metal-
lic character.

B. S,N,

Disulfur dinitride®3*3% forms in a monoclinic
crystal with two S,N, molecules per unit cell. The
space group is P2,/c, the same as for (SN),. The
geometrical positions for the eight atoms in the
crystalline unit cell given in Table IV are based on

TABLE IV. Unit-cell geometry for S,N,.?

Center name®

X Yy z

1S(1) 1.64565 0.86137  —2.77969
25(2) —1.64565 4.42074 2.77969
3S(1) —1.64565  —0.86137  —5.20644
45(2) 1.64565 2.69800 5.20644
5N(1) ~1.41047 0.33814  —2.33450
6N(2) 1.41047 3.89751 2.33450
TN(1) 1.41047  —-0.33814  —5.65164
8N(2) —1.41047 3.22123 5.65164
a 8.12949 0.0 —2.39727
b 0.0 7.11874 0.0

[ 0.0 0.0 15.97227

2All distances are in atomic units; E,E,E are primitive
translation vectors in direct space.

®The number in parentheses identifies the molecular
unit number on which the atom is located. Thus atoms
1, 3, 5, and 7 constitute one S;N, molecular unit and
atoms 2,4, 6,8 the other. '
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along various directions in the Brillouin zone. The

insert shows the projection of the Brillouin zone in the
k , =0 plane.

the structure provided by Cohen et al.>* Each
molecular unit is nearly square planar with es-
sentially equal S-N bond lengths (~3.1 a.u.). It is
believed®® 34 that due to the relatively short inter-
molecular S-N distance (~5.5 a.u.) along the crys-
tallographic a axis, the polymerization takes place
along this axis and it transforms into the b axis of
(SN),. This is a very important point and is worthy
of further examination. Furthermore, as a pre-
cursor to (SN),, a detailed electronic structure
investigation of crystalline S,N, is likely to pro-
vide insight into the properties of (SN),. This is
the subject of the following discussion.

The electronic energy band structure for S,N,
along various directions in the Brillouinzone for
the basis set (b) is shown in Fig. 7. The inset
in Fig. 7 shows the projection of the brillouin zone
in the k,=0 plane. The details of the calculation
have been discussed above for (SN), and are simi-
lar for S,N,. To our knowledge, this is the first
time that the band structure of crystalline S,N, has
been reported [see note added in proof]. It
is clear from Fig. 7 that most bands are
narrow and nearly doubly degenerate due to
relatively small interaction of various orbitals
on the two molecular units. However at I' point
the set of levels 13,14; 19,20 and 21,22 are par-
ticular exceptions to this degeneracy rule. They

are split apart in amounts ranging from 0.3-1.0
eV primarily due to interactions involving various
sulfur atoms. These are also the levels which
are dispersive (see Fig. 7). The two highest oc-
cupied levels 21, 22 at I" correspond to essen-
tially nonbonding S 3p, orbitals. This is in agree-
ment with the results obtained from S,N, mole-
cular studies”'” where the highest filled band cor-
responds to S p orbitals. The two lowest unoc-
cupied pair of levels 23,24 at I" arise from S 3p
and N 2p hybridization.

It is also clear from Fig. 7 that most bands are
nearly dispersionless. Some dispersion occurs
along what corresponds to the crystallographic a
axis (see for example AT direction). This axis
transforms®* ™3¢ into the b axis (intrachain di-
rection) of (SN),, and the (SN), bands along this di-
rection are highly dispersive (see I'Z direction in
Fig. 4). We find that S,N, is an indirect-gap semi-
conductor whose valence-band maximum occurs
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2(1c)

FIG. 9. (a) Projection of S,N, in the xz plane. The
crystallographic a axis and the direction of motion of
the atoms necessary for polymerization are indicated
by arrows, (b) projection of (SN), in the yz plane.
Shaded atoms are translationally inequivalent in the
direct unit cell.

near the I' point and the conduction-band minimum
occurs near the C point in the Brillouin zone. The
indirect energy gap is found to be about 1.7 eV and
the direct gap at I" is calculated to be 2.7 eV. We
believe that these values are somewhat on the low
side because thin films of S,N, are essentially
colorless,?®*3#3% and strong optical absorption®®
takes place around 4.0 eV. However, weak optical
absorption®® does take place below 3.0 eV, and in
the absence of any knowledge about oscillator
strengths, we are unable to reconcile the gap in the
density of states with that observed® optically.

It is noted that the valence bandwidth for S,N,
(~24eV) is quite comparable to (SN),. Therefore,
the total electronic energy for the two materials
would be nearly identical suggesting that both
phases are equally stable. This seems to be con-
sistent with the low heat of polymerization, which
is measured®” to he 3.7 kcal/mole of SN (S,N, un-
dergoes spontaneous exothermal polymerization).
Calculations on isolated square planar S,N, mole-
cule have found values for the occupied valence
level width ranging from®?!? about 21-28 eV.%®

To gain insight into the transition from the in-
sulating S,N, to metallic (SN),, we examine the or-
bital composition of various parts of the energy
bands. A detailed examination of the orbital
character of various bands across the'entire
Brillouin zone can be done in terms of total and
orbital density of states shown in Fig. 8. This

calculation was done for the basis set a to be con-
sistent with the (SN), calculation. As noted earlier
there are no substantial differences between the
two basis sets. Three lower-lying peaks primarily
arise from N 2s and S 3s electrons. The p contri-
bution starts to increase as one approaches the
valence-band edge. Peaks labeled B1 and B2 have
their origins in essentially nonbonding S 3p and
N 2p electrons, respectively. It is clear that S,N,
has almost no overlap between S 3p and N 2p elec-
trons near E,. The novel structure of (SN), does
permit such an overlap. This important distinc-
tion will be used below to illustrate why the energy
gap disappears in (SN),. To our knowledge there is
no XPS or UPS data available for S,N, at the pre-
sent time. These should be worthwhile experi-
ments to perform for elucidating the nature of
transition from S,N, to (SN),. We hope such ex-
periments will soon be forthcoming.

To elucidate the transition from insulating S,N,
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FIG. 10. Band structures of (a) S;N, along TA direction
and (b) (SN), along I'Z direction.
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to metallic (SN), we have shown the xz projection
of S,N, and yz projection of (SN), in Fig. 9. The
polymerization®3%3% along the a axis is schemati-
cally shown by indicating the direction of move-
ment of atoms by small arrows. The band struc-
tures for S,N, along the I'A direction (i.e., the
crystallographic a axis) for (SN), along the I'Z
direction (i.e., the crystallographic b axis) are
shown next to each other in Fig. 10. The Fermi
levels for (SN), and S,N, (assumed located at the
mid-energy gap) were aligned, and all energies
are measured with respect to the valence-band
edge (E,=0) of S,N,. In the intermediate energy
range (-2 to —8 eV) somewhat less dispersive bands
of S,N, become more dispersive for the (SN),
structure. Butinthe lower energy range (-9 to -25
eV) and near the top of the filled band, relatively
dispersionless pairs of doublets of S,N, become
highly dispersive and reach a near fourfold de-
generacy at the Z point for (SN),. It is clear from
Fig. 10 that the occurrence of this near fourfold
degeneracy around E corresponds to a near de-
generacy of the empty and occupied bands in (SN),
leading to metallic behavior.

To discuss the absence of energy gap in (SN),

in terms of bonding effects, we recall that the top

of the filled band in S,N, consisted of nonbonding
S 7 levels (see Fig. 8). As seen in Fig. 4 due to
the novel structure of (SN),, S 3p and N 2p hybridi-
zation takes place giving rise to a ¢ bond which
lies slightly lower in energy than the nonbonding
m levels of S,N,. Thus the occupied and unoccupied
levels are nearly-degenerate and hence, the metal-
lic behavior in (SN),. This point has been beauti-
fully illustrated by Salahub and Messmer!” by per-
forming molecular calculations on square planar
and open structures for S,N,.

Note added in proof. Professor C. C. Lin has
kindly advised us that a calculation on S,N, by
W. Y. Ching, J. G. Harrison, and C. C. Lin has
already been accepted by Phys. Rev. B (to be pub-
lished). It is a pleasure to note that their results
agree quite well with ours,
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