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The extended Hiickel method is used to calculate various band structure dependent properties
of polysulphur nitride (SN),. X-ray emission spectra are computed and are presented as a means
of differentiating between conflicting reported band. structures. The interband contribution to
the imaginary part of the dielectric function is also calculated and is discussed in relation to ex-
perimental results quoted in the literature.

Die erweiterte Hiickel-Methode wird verwendet, um verschiedene Bandstruktureigenschaften
von Poly-Schwefelnitrid (SN), zu berechnen. Réntgenemissionsspektren werden berechnet und
werden als ein Mittel angegeben, zwischen abweichenden Bandstrukturen zu unterscheiden. Der
Beitrag der Interbandiiberginge zum Imaginirteil der dielektrischen Funktion wird ebenfalls
berechnet und wird in bezug auf verdffentlichte experimentelle Ergebnisse diskutiert.

1. Introduetion

The inorganic polymer polysulphur nitride, (SN),, has several interesting and
unusual properties (for a recent review see Greene and Street [1]). The band structure
plays an important role in understanding the properties of the material and a large
number of calculations have appeared in the last two years. These computations were
performed for both a one-dimensional polymeric chain [2 to 7] and for the full three-
dimensional crystal structure [8 to 13]. It was found that the interchain interactions,
which are responsible for the three-dimensional effects, are crucial for an understand-
ing of properties related to the Fermi surface. Still, the interchain coupling is much
weaker than the intrachain interactions, and many of the gross features of the band
structure can be determined from calculations for a single chain. All band structures
reported so far have been for the monoclinic 3-phase. The crystal structure of this
phase has been determined by Boudeulle [14, 15], Mikulski et al. [16], and Cohen et al.
{17]. According to both structure determinations the atoms constituting a single
chain are nearly co-planar with the planes oriented in the (I, 0, 2) direction.

The near planarity of the chains has led several authors to describe the symmetry
of their calculated bands as either ¢ or 7, according to whether the wave functions
are predominantly symmetric or antisymmetric under reflection through the mean
plane of the chain. Utilizing this classification into o- and w-bands one can separate
the published band structures into two categories. In the first category the Fermi
energy one lies near the zone boundary at the intersection of two n-bands while in the
second the Fermi level intersects two overlapping 6- and w-bands. The two types of
results give rise to striking differences in the Fermi surfaces and the density of states.

One way of experimentally distinguishing between the two types of band structures
which suggests itself is the measurement of polarized soft X-ray emission spectra.
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Berg et al. [18] have developed a method of separating the - and w-contributions
to the valence band in graphite from a determination of the polarization dependence
of the K X-ray spectrum. It would probably be difficult to apply this method to the
(102) plane in (SN), because of the problem of twinning; however, oriented films in
which this plane is parallel to the substrate have been prepared. Useful information
could also be obtained by studying spectra corresponding to polarization parallel or
perpendicular to the chain axis and comparing K and Ly 111 spectra as well as spectra
arising from nitrogen or sulphur transitions.

The most striking differences between different band structure calculations are
related to the conduction band itself. It is therefore of interest to study theoretically
the interband transitions within the conduction band and their polarization depend-
ence (these transitions are mostly in the near-infrared part of the spectrum). Ex-
perimental results in this energy range have been reported by Grant et al. [19, 20],
Geserich et al. [21], Bright et al. [22], and Bordas et al. [23].

The purpose of the present paper is to report theoretical calculations of the X-ray
and near-infra-red spectra of (SN), including their polarization dependence. The cal-
culations are based on a slightly modified version of the band structure reported in
[8]. The results in the X-ray region are presented in Section 2 while optical spectra
are discussed in Section 3. A summary is given in Section 4.

2. X-Ray Emission

In order to derive an expression for the emitted X-ray intensity as a function of
energy and polarization we introduce atomic core orbitals @e,(r — r, — R,), atomic
valence orbitals gu,(#* — ¥, — R;) and valence band states y..(r). Here R, is the
position veetor to the center of the I-th unit cell, r, is the position vector within the
cell of the n-th atom, and « is the band index. The intensity for electronic transitions
from an occupied valence band & to an unoccupied core state can be written

Pcn(k

I(v |Vk8a

(1)

where {2 is an isoenergetic surface in k-space and Av is the energy difference &,(k) — &cp.
Pevk) is the square of the dipole matrix element between the valence band state
Yar(r) and the completely localized state gea(r — 74):

PIM(E) = K@en(® — Ta)| 7 [9ar(r)D]? . (2)

Y.x(r) may be expanded as a linear combination of atomic orbitals:
Puk(T) = l/ Zc () Z ek Rl(Pvm(r —r, — Ry, (3)

where N is the number of unit cells and ¢%,(k) an expansion coefficient. Substitution
of (3) into (2) yields, if all but one-center integrals are neglected,

1
PME) = N VZ‘”IC%("?)P K‘Pcn(r)l r I‘Pvn(r)>|2 . 4)

Combining (1) and (4) and summing over the core states of a unit cell and also over
occupied valence states we get
(k
I~ 3 8 M 2f|‘°V" I

5]
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where
M3 (@) = {Pen(r)] 25 l@wn(r)) ; U=, %=Y, L3==2.
The integral in (5) can be replaced by the sum

%‘ lc?m(k)'2 S(Ea(k) — €en — }W) . . (6)

With a basis set for the valence band wave functions made up of sulphur 3s and 3p
states and nitrogen 2s and 2p states the core states must be given by ls, 2s, and 2p
orbitals on the sulphur and the 1s orbital on the nitrogen atoms. The restriction of
the basis to s- and p-states limits the contributions to I (v) in (5) to terms containing
factors s| @ |psg). Thus, using X-ray spectroscopic notation, I(») can be decomposed
in the following manner:

I(v) = Isgp(v) + Ista(¥) + Ispey, 11(%) + Ingo() ; (7

where, for example, Isr,,; ;;,(») denotes the emission intensity due to S 3s — 2p tran-
sitions. Since the separation of the core level. energies is greater that the total band-
width, each I,(») covers a distinct frequency interval, and hence may be considered
separately. Then, for instance, we may write

Iw) = ISLlI, m(?) ~ v ﬂZ‘ ]MSLII, III(zﬂ)lzn 2 lc8ss(K)[2 8(en(k) — egzp— hv) (8)
for those frequencies that correspond to transitions from the valence band to the
S 2p state.

We used the Hiickel approximation outlined in [8] to calculate the energies ¢,(k)
and the coefficients cZ,(k). This method has previously been used with good results
by Kortela and Manne [24] to determine the ¢ and 7 emission spectra of graphite.
We have made two modifications of the procedure used in [8]. One was an adjustment.
of the Wolfsberg-Helmholtz parameter from the value 1.75 to 2 so as to increase the
bandwidths in order to achieve closer agreement with photoelectron emission data
[25, 26] and with the OPW calculations of Rudge and Grant [10]. A similar change in
the Wolfsberg-Helmholtz parameter was also suggested by Kortela and Manne [24].
The second change was the use of the Mikulski et al. [16] erystal structure (as reported
by Bright and Soven [11], this second change does not change the band structure
significantly).

We use a cartesian coordinate system in which the y-axis is in the direction of the
chain axis and the z-axis is perpendicular to the chain plane. This enables us to write
for the ¢ and 7 emission bands

I5(v) = I3(v) + I4(v),
I5(v) = I3(w).
The intensity of X-rays polarized parallel and perpendicular to the chain axis is
Iv) = IYy(),
It() = I3w) + I(v).

The component spectra, I;(»), were calculated for a set of 686 wave vectors which
were randomly selected within a uniform mesh in the Brillouin zone. Fig. 1j shows
the dependence of the density of states on energy for this sampling of k-values. The
prominent features of the spectra correspond reasonably closely to the results of the
XPS measurements [25, 26]. A value of 0.16 states/(eV-spin-molecule) was calculated
for the density of states at the Fermi level, a number which agrees well with the
experimental figure of 0.18 states/(eV-spin-molecule) obtained from specific heat
measurements [27].
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Fig. 1. X-ray emission spectra and the
i a B f density of electron states for (SN),. In the
- case of X-ray spectra the energy plotted is
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I ~ sulphur K or Ly and Ly,mr and the

j‘\ ot fl-—-l-fL ] f‘-—HI ! nitrogen K emission spectra are pre-

20 10 0 2 10 0 sented in Fig. 1, and will be discussed
energy () —=  in Section 4.

3. Interband Transitions in the Visible and Near Infrared

Recent reflectivity measurements [19 to 23] prompted us to calculate the interband
contribution to the imaginary part &(w) of the dielectric function. The energies and
wave functions were calculated in the same manner as we discussed previously. The
dielectric function associated with the electric field vector directed along a given
direction, e, is then glven by [28]

eh
&lw) = - (mw) ﬂ%‘ [€ - Pop(K)|? S(eqa(le) — ey(k) — Aw) dk (9)
In our LCAO formulation the matrix elements take the form
Poy(k) = X caile) cui(k) 12 e B poi(r — i + Ry)| Vs |pog(r — 1)) . (10)
i,
v 2
R T
E: £=01 = = =
= S L) e
2]’ 7 T Y T 3
e
N F T
£=0 = = - -
1 — - - b
S i L Ly Fig. 2. Energy bands in various symmetry directions.

B Y/ z £ A r The symmetry points are labelled as in [8]
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Fig. 3. &, for various incident polarizations: a) E||x, b) E || y, ¢) E ||z, d) E|| ¢ (this corresponds

to &, | ¢ referred to in [21]), ) E || a* (this corresponds to sz, referred to in [20]). The cartesian

axes x, y, z are defined in the text; ¢ is a crystal axis and a* gives the direction perpendicular
to the crystallographic b- and c-axes

Here a, b denote bands above and below the Fermi level, respectively. Since our basis
set does not include the sulphur d-orbitals which are expected to influence the higher
unoccupied bands, the calculation was restricted to low-frequency transitions between
bands straddling the Fermi level (see Fig. 2), i.e. to energies less than 4 eV (for the
same reason the comparison made in [23] between theory and experiment above 4 eV
does not appear to be meaningful).

The matrix elements in (10) were limited to those between s- and p-orbitals on the
same site, p-orbitals on nearest-neighbour S and N atoms on the same chain, and p-
orbitals between neighbouring S atoms on the same chain. We also estimated inter-
chain matrix elements, but found that we could neglect them since they were an order
of magnitude smaller than the matrix elements which we included.

Fig. 3 shows the resultsforel and el , the dielectric functions for incident radiation
polarized parallel and perpendicular to the chain axis (b-axis); a discussion is given in
the next section.

4., Diseussion

X-ray photoemission spectra essentially only give information about the electron
density of states while the X-ray and optical spectra, in principle, give much more
detailed information about the nature of the wave functions in the different bands.
In the case of the X-ray spectra some of the features would require an analysis ‘of
the polarization of the emitted X-rays. There are some features which are independent
of polarization and which therefore should be easier to test experimentally. The wave
functions in some of the bands are enhanced on either the sulphur or nitrogen atoms
and these differences should show up when sulphur and nitrogen X-ray spectra are
compared. Furthermore the K and Lyy 111 spectra probe, respectively, the p- and s-like
character of the valence band states. In our calculation the conduction band is almost
exclusively made up of p-like states and should therefore be weak in the sulphur
Ly 1 spectra if this feature is correct. Similarly, some of the deeper bands are almost
completely s-like and should be missing in the K spectra of both sulphur and nitrogen.
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If it were possible to make experiments with polarized X-ray emission new features
should show up. Since the conduction band is w-like there should be virtually no
contribution to the K spectra from this band with polarization in the (I, 0, 2) plane
(e.g. parallel to the chain axis). This is in contrast to calculations such as that of
Kamimura et al. [4, 12] in which there are crossing - and w-bands at the Fermi
energy. In the latter case a significant intensity I° or I!l is expected.

The present calculation is carried out within the one-electron approximation. It
would be of interest to extend it to include the effect of relaxation around the core
hole. One might expect [29] that in the present case many-body effects would be
larger than in the nearly free electron metals in which these effects are small.

In addition to being much smaller than |} for w 5 1 eV, e also has some structure
at about 3.0 eV. These results contrast with those of Grant et al. [20] who find that
¢4 is much larger than &l for frequencies less than 1 eV, but who also obtain a peak
at about 0.6 eV. This feature is, they feel, responsible for the peak observed in the
reflectivity perpendicular to the chain axis.

The results for e and e are surprising in view of the overall similarity between
the band structures in Fig. 2 and that of [19]. In both cases the proximity of the Fermi
energy to band crossings near Z along I'’Z and along CY gives rise to electron and hole
pockets, respectively. In the present calculation the pockets are somewhat smaller
than in [19] and we do not obtain an open Fermi surface. Except for very small w we
feel this difference should not have a very significant effect on ¢,.

Geserich et al. [21] find as do Grant et al. [20] that the parallel reflectivity Rl can
be fitted to a Drude model. In contrast to Grant et al. they demonstrate that RL also
follows a Drude-like behaviour if the fibrous nature of the (SN), crystals are taken into
account through an extension of the Maxwell-Garnett theory. From their data,
Geserich et al. are able to extract an intrinsic ¢{. In the process of obtaining this
intrinsic e} a peak at 0.6 ¢V evident in the uncorrected result is found to disappear.
On the other hand, we have been informed by the authors that the peak in £+ observed
in [20] will not disappear in a Maxwell-Garnett analysis. Their data is therefore
consistent with the large value of ¢l calculated in [20] and inconsistent with the
present results. Because of the short relaxation times in the samples used, the ex-
perimental interband transitions are largely swamped by the Drude tail. However,
we feel that the results in Fig. 3 are not inconsistent with the results of Geserich et al.
[21] which show that in this region the interband contributions to & and el are
much smaller than the Drude terms, and with [22] which show no structure in ek

Since the submission of this paper for publication, several additional articles
[30 to 32] describing the band structure of (SN), have appeared. Our results for the
energy bands and density of states (DOS) agree quite well with the tight-binding
calculations of Batra et al. [30] and Ching et al. [31]. The former authors have de-
composed their total DOS into contributions from the atomic s- and p-orbitals. From
the form of (5) and (6) we see that the X-ray emission intensities, I(v), are directly
proportional to these partial DOS if the »2-dependence is neglected. Thus, for example,
adding the spectra in Fig. lc and 1d gives the density of sulphur 3p states. On
making a comparison of Fig. 1 with the results of Batra et al., we observe good
agreement in the essential features. Some differences, especially in peak heights, are,
no doubt, due to the relatively small sampling of wave vectors in the Brillouin zone
in our calculation.

Chelikowsky et al. [32] have also computed s- and p-DOS using a semi-empirical
pseudopotential method, and obtained results which are substantially the same as
ours and those of Batra et al.
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In conclusion, the degree of similarity between the results of our calculation and
the more involved ones of [30, 31] certainly recommend the extended Hiickel method
as a very simple means of determining the tight-binding electronic structure of systems,
such as (SN),. Whether or not the agreement between the two methods extends to
wave-function-dependent properties is not known since no results of this type (e.g.
&y(w) as in Fig. 3) are presented in [30, 31].
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