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(SN)„with hydrogen impurities in the coherent-yotential ayyroximation
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A procedure to solve the coherent-potential-approximation {CPA) equation for energy- and k-dependent
self-energies is developed. This version makes it possible to apply the CPA method to cases when the density-
of-states curves of the constituent systems differ rather strongly. As a first application the density-of-states

curves of the valence band of the mixed system consisting of (SN)„and (SNH)„ linear chains were calculated
for hydrogen concentrations between 3 and 50 mole%. The results show a significant effect of the hydrogen

impurities on the density of states of {SN)„.

I. INTRODUCTION

Highly conducting polymers like (SN)„[poly(sul-
phurnitride}] have raised considerable interest in
the last ten years. (SN)„ is a highly anisotropic
metal at higher temperatures and becomes super-
conductive below 0.26'K. ' 'To understand the phys-
ical properties of this system a fair knowledge of
its electronic structure is needed. Several auth-
ors performed, for the one-dimensional (SN)„
chain, semiempirical and approximate (for in-
stance, using simplified atomic potentials) ab in
itio calculations' that were followed by two min-
imal-basis-set ab-initio crystal-orbital [self-con-
sistent-field (SCF) linear-combination-of-atomic-
orbitals (LCAO) crystal orbital' (CO)] calcula-
tions. ' There are also in the literature non-self-
consistent orthogonalized-plane-wave (OPW) and
LCAO calculations performed for the three-di-
mensional system. ' In addition we performed an
ab-initio double-f band-structure calculation for
the linear chain, ' that has given rather good agree-
ment with experiment for the effective electronic
mass and the density of states at the Fermi level.

Recently there have been numerous attempts
to produce compounds analogous to (SN)„.' The
modification of (SN)„by bromine was reported'
and the properties of (SN)„reacted with I, and ICl
are under investigation. In addition, at IBM
(San Jose) 5- to 10-mole/z hydrogen was found in
(SN)„. The position of the hydrogen impurities
is unknown, but most probably the H atoms bind to
the N atoms. In this way, they change the hybrid-
ization state of the N atoms and the number of m

electrons in the partially filled band of (SN)„(in
a -S= N- unit there are three m electrons while in
a -S- N-H —unit there are four).

To determine theoretically the shift of the Fermi
level and the change in the density of states when

(SN}„is modified, we applied the coherent-poten-
tial approximation" (CPA) to calculate the density
of states of the partially filled band of the mixed

chain using a newly developed method which does
not neglect the k dependence of the self-energy.
As a first step the effect of hydrogen impurities
or hydrogen doping is investigated because ab-in-
itio band structures of the pure (SN)„and the pure
(SNH)„system" as input for the CPA formalism
were available. 'To study the effect of I, or Br,
impurities ab -initio band -structure calculations
using effective core potentials" for the heavy
atoms are in progress.

II. METHOD

The CPA equation" for a single band i:s in the
single -site approximation

and therefore

G,(k, E)= [E —e"(k) —Z(k, E)] '.
Finally,

G (E)=0 ' QG, (k, E)

= 0-' Z[E e"(k) —Z(k E)—)-' (5)

Vfhen the k dependence of Z can be neglected,
i.e. , the two bands & (k) and a"(k) are only shifted
to different centers on the energy scale without

Z(k, E)=fd(k)/I1+ [Z(k, E) —&(k)]G,(E)], (1)

where f means the percentage of impurities (sys-
tem 8), 0 ~f & 1, and 4(k) = a (k) —e"(k) (A stands
for the reference system). The Green's function
for the effective medium G,(k, E) is defined through
the Dyson equation

G, =G +G ZG~.

Here G'(k, E) is the Green's function of puro A,

G'(k, E)= [E —~"(k)]~, (~)

G'(E) = Q-'g [E -~"(k)]-',
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A, (k, E) dE = 1 .
~40

The (average} density of states per molecule is
then

p,(Z) = & QA, (k,z) = -w-'ImG, (Z+ io);
'k

Using the Kramers-Kronig relations, "one obtains
"

p. (z')dz'
(9)

With the definition of the division of two complex
numbers

n, + iP, o(,()(,+ P,P, . ()(,P, o(,P, -
2 2 2 2n2+ iP2 @2+P2 n2+ P2

we obtain from (4},

(10)

ImZ(k, E)
[E —&"(k) —Rez(k, E)]'+ [ImZ(k, E)]'

(11)

(which is a resonance formula of the asymmetric
Breit-Wigner type).

To obtain suitable starting values for Z(k, z)
and G,(E) one takes for f« I, Z"' = 0 and

G(0)(z) GO(z) PO~
e

[p'(E') is the density of states of pure system A].
For larger f's one starts from the virtual-crystal
approximation: Z'" =fA(k) and

(0) )
i p (E )dz

E

where p„(E') is the density of states belonging to
the energy band E„(k)=(1-f)c (k)+fe (k). p'(E')

changing their shapes and 4 is just the k-indepen-
dent separation, then G, (E) is simply"

G,(z) = G'(z —z(z)) .
That is, the Green's function for the disordered
system is given by that of the unperturbed per-
iodic chain evaluated at the point z = E —Z(E) in the
complex plane. The CPA method is usually ap-
plied in this form" for actual calculations on real
systems (e.g. , NiCu alloys" ).

The following expressions define a simple nu-
merical procedure which takes account of the k-
dependence of 4 and Z in the general case.

The spectral density is given by"

A,(k, E) = -w ' ImG JJ,k, E+ i0),

and p„(E') were calculated by the method of Del-
halle, "while for the determination of G,"'(E) the
procedure of Kirkpatrick et a/. "was used.

Solving Eq. (1) with these guesses, one obtains
complex values of Z"'(k, E) for every E and k
[Z"' is real, but G,'"(E) is complex] and can then
start the iteration procedure. Substituting into
Eq. (11) and using Eqs. (V}-(9)one obtains new
values for G,(E). This procedure is repeated until
self-consistency is reached. Our SCF criterion
was

max(«
~
p,'"'(E,) —p,'" '(E, )

~

- 10~ (a.u. mole)~.

1 n
5(x)= lim—

OFX + (13)

one obtains sharp 5 peaks in the spectral density
(7). To handle this for discrete E, points in the
numerical integration we used the normalization
condition for A, in (7) in every iteration step.
The procedure was checked with f= 10~ for which
the spectral density shows practically the 5 struc-
ture of pure system A. .

It was checked by numerical integration that the
total area under the curves in Figs. 1-3 is 2.0,
thus leading to the proper number of electrons per
unit cell for a single band (taking into account both
spin directions). Since in pure (SN}„the valence
band is only half occupied (one electron per unit
cell in the valence band}, the position of the Fermi
level c~ was then determined by numerical inte-

To reach self-consistency between 24 (f= 0.3}and
70 (f= 0.5) iteration steps were needed. The cor-
responding computing times on a CYBER 172 were
100 and 200 sec, respectively.

For the case treated in this paper the other de-
tails of the numerical procedure are the follow-
ing: (i) In building up a mesh for the energy range
in which the density of states is calculated the
mesh points were not chosen equidistantly but
were made more dense in the range of p (E)e0
and in regions with narrow peaks. Finally we
choose 93 points in the energy range of about 10
eV and the same number of k points (0~ k, & w/a)
for which Z(k, E) was calculated in every iteration
step. The corresponding 93 points of &(k} were
calculated by means of a parabolic interpolation
fit of the nine points of the a"(k) and e (k) curves.
(ii) The starting values for Z(k, E) were calculated
with the virtual-crystal values for Z'" and G,'"(E),
as mentioned above. These starting values yielded
faster convergency than the other guesses obtain-
ed with Z"' = 0 and G,'"= G'. (iii) For f4(k) = 0,
Z(k, z)=0, and therefore, from (ll), and taking
into account the relation
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FIG. 1. Density-of-states curves of the pure (SN)„and
(SNH)„systems I.in (eV mole spin) ~ unitsf.

0.
-8.

I
I

-4 -2
E{ev)

0. 2.

f=0.10

FIG. 3. Density-of-states curves of the (SN)„and
(SNH)„mixed system obtained in the CPA with f= 0.2,
0.3, 0.4, and 0.5 fin (eV mole spin)" ~ units].
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To determine h(k) we performed a minimal
basis SCF LCAO CO calculation for the pure
(SN)„(system A) and for the pure (SNH)„(system
B)." For f we took values between 0.03 and 0.1
and between 0.2 and 0.5 [to see the effect of pos-
sible hydrogen doping of (SN)„].

(14)

III. RESULTS

IV. DISCUSSION

En Fig. 1 we give the density of states curve
of the partially filled band of (SN)„and of the
v'alence band of (SNH)„. In Figs. 2 and 3 we show
the density pf states curves of the mixed systems
obtained with our method using, respectively, f
=0.03, 0.05, 0.07, and 0.10 and 0.20, 0.30, 0.40,
and 0.50.

0.
-8 -4. -2.

ECev)
0.

FIG. 2. Density-of-states curves of the (SN)„and
(SNH)„mixed system obtained in the CPA with f= 0.03,
0.05, 0.07, and 0.10 fin (eVmolespin) ~ units'.

The most surprising result is the complicated
structure of the impurity band with spikes and
dips where the density of states goes to zero.
This structure is well known from computer ex-
periments for linear chains" and from cluster-
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CPA calculations, "but could not be obtained with
the simple CPA using a k-independent Z. To ex-
clude a numerical effect we changed the number
and position of the mesh points both for E and k
independently, we chose a denser mesh at the
points where p, (E)= 0, we tried to damp out the
oscillations in the first iteration steps. For f
~ 10~, however, these spikes and dips reoccured
always when self-consistency was reached. Our
method therefore seems to be a simple and fast
way to overcome the nonphysical features of the
usual CPA such as a k-independent self-energy
and an impurity band with no structure.

From Fig. 1 one can see that the (SNH)„per-
iodic chain has, as one expects, a much narrower
valence band than (SN)„(with corresponding large
peaks in the density of states). " The Fermi level
of (SN)„ lies at -1.90 eV, while the upper limit
of the completely filled valence band of (SNH)„ is
at -4.38 eV. One would expect on the basis of the
rather large differences in the density of states
curves of the two systems that in the mixed sys-
tem even a small percentage of (SNH}„would
have a comparatively large influence on the den-
sity of states curve of pure (SN)„.

This expectation is fulfilled as one can see from
Fig. 2 where the density-of-states curves obtained
in the CPA approximation for the mixed system
with 10/0(or less) hydrogen are shown. Even at
very low hydrogen concentration (f= 0.03}new

peaks in the density of states curve start to de-
velop in the region between -4.4 and -8.0 eV. At
higher f values (see Fig. 3) peaks of (SN)„and
(SNH)„ in the region between -7 and -8 eV fuse
to one broader peak. On the other hand due to
the very high but extremely narrow peaks of
(SNH)„between -4.8 and -4.4 eV new peaks de-
velop but are shifted to the region around -5.6 eV
(see especially the curve belonging to f= 0.50).
In this case one sees clearly demonstrated the
fact that the CPA method (especially at higher im-
purity concentration) gives essentially different
results than the simple virtual crystal approxima-
tion.

The position of the Fermi level of the mixed
system is not a sensitive function of f at low

concentrations {e~=-1.9 eV for f= 0.00, e~= -1.6
eV for 0.03 &f & 0.1, ez= -1.9 eV for f= 0.2}. At
higher concentrations, of course, its position
shifts towards lower energies (ez—- —2.6 eV at f
=0.50). The density of states at the Fermi level
increases monotonically with increase of f[p,(e~)
=0.10, 0.12, 0.13, 0.'18, and 0.26 at f= 0.00, 0.05,
0.10, 0.30, and 0.50, respectively].

The very narrow spikes and dips in the density
of states due to the hydrogen impurities as calcu-
lated with our method could be, in principle, de-

T,=1.14 eexp(-1/p(e )V), (15)

where e~ is the Debye temperature and V is the
effective BCS electron-electron interaction para-
meter which can be estimated from measurements
of the electric resistivity. Early experiments us-
ing alloys of molybdenium and niobium" over the
whole conc|.ntration range from pure Nb to pure
Mo showed that T, varies by a factor of over 500,
whereas the electron-phonon coupling constant
p(zz) V changes only by a factor of less than 2.

Therefore, assuming an approximate constancy
of V over the concentration rangem~'23 (or esti-
mating it from electric resistivity data), the den-
sities of states and the positions of the Fermi
level calculated for different concentrations and
different impurities (H, Br„I„IC1)can give im-
portant indications of the variations of T,. Fur-
thermore, they can provide information about
internal processes such as charge transfer from,
or to, the impurities and (if the calculations are
done for different model geometries) in combina-
tion with experimental data for T,—about the geo-
metrical arrangement of a certain type of impur-
ity.

In addition, the determination of the eleetron-
phonon coupling constant p(ez) V can help to
clear up the question if changes in the dc conduc-
tivity e~, (and in the related dc scattering lifetime
r~,}due to impurities are dominated by electron-
electron scattering of by electron-phonon scatter-
ing' processes.

ACKNOWLEDGMENTS

%e would like to express our gratitude to Dr. S.
Suhai for performing the band-structure calcula-

tected by ultraviolet-photoemission spectroscopy
(UPS) or x-ray-photoelectron spectroscopy (XPS).
However, due to a combination of the poor XPS
resolution and incomplete knowledge of exactly
how to treat the background corrections near &~
[known from the XPS determination of the valence
band structure of (SN)„)," it is not certain if such
experimental measurements would show the struc-
ture in the valence band. On the other hand, if
such narrow peaks were found in XPS data, they
probably could be attributed to hydrogen impur-
ities as our calculations show.

According to the BCS theory the superconductiv-
ity transition temperature T, depends exponential-
ly on the electronic density of states at the Fermi
level2'
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