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The electronic structure of the pyrite material RuS, was investigated with use of self-consistent

band-structure calculations and x-ray photoemission experiments.

Short-range interactions are

found to determine the grouping of bands, consistent with molecular-orbital and crystal-field analy-
ses discussed in the literature for the related material FeS,. The occupied bands have small disper-
sion. However, the bottom of the first conduction band at the center of the Brillouin zone is found
to have appreciable dispersion as characterized by an effective mass of approximately 0.5m,.

I. INTRODUCTION

RusS, is an interesting material from both a fundamen-
tal and a technological point of view. It is one of the
semiconducting transition-metal—dichalcogenide materi-
als having the pyrite structure.! It has possible uses as a
catalyst? and as a photoelectrode.’

In this paper, we present a detailed study* of the elec-
tronic structure of RuS,, including the results of x-ray
photoemission experiments and the results of first-
principles, self-consistent band-structure calculations. We
find our results to be consistent with electrical and optical
properties reported in the literature.®>

It has been the goal of several researchers® to under-
stand the systematic trends of the transition-
metal—dichalcogenide materials throughout the Periodic
Table. Many of these materials exhibit unusual electronic
properties including ferromagnetism and antiferromagne-
tism, metal-nonmetal transitions, structural instabilities,
charge-density waves, and superconductivity. These ma-
terials exist in a few well-defined structural forms—
layered forms including both octahedral and trigonal
prismatic coordination of the transition metals, and non-
layered forms including pyrite and marcasite structures.

- It is not surprising that the electronic structure of these
materials are to a first approximation very similar—
having chalcogen p-band widths of roughly 5 eV, narrow
crystal-field split transition metal d bands, and weak hy-
bridization between these bands. For given structural
forms, rigid-band models have gone a long way toward
understanding trends across a row of the Periodic Table.
Therefore, we attempt to place our results for RuS, into
context with respect to other transition-metal —dichal-
cogenide materials.

The outline of the paper is as follows. In Sec. II, the
calculational and experimental methods are described. In
Sec. III, we present the results of our detailed band-
structure calculations for RuS, in its pyrite structure.
Also presented are the results of the experimental photo-
emission measurements which are compared with the cal-
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culated densities of states. Our work is summarized and
concluded in Sec. IV.

II. METHODS

A. Calculational

Self-consistent, first-principles band-structure calcula-
tions were carried out within density-functional theory’ in
the local-density approximation,® using numerical tech-
niques based on the treatment of the electron-ion interac-
tion in the pseudopotential approximation.” The
exchange-correlation potential was approximated using
the form of Hedin and Lundqvist.?

First-principles, norm-conserving pseudopotentials for
Ru and S were generated according to the scheme of
Kerker,!° using the matching radii listed in Table I. For
Ru, relativistic effects other than the spin-orbit interac-
tion were taken into account, using the Dirac equation to
construct the spin-averaged pseudopotential in the manner
similar to that of Kleinman!! and of Bachelet and
Schluter.!? Neglect of the spin-orbit interaction of Ru
was justified by considering that for atomic Ru, the spin-
orbit splitting of the 4d level is approximately 0.3 eV,
considerably smaller than the crystal-field splittings and
bandwidths in RuS,. For S, relatively large matching ra-
dii were chosen for the s and p pseudopotentials to ensure
that S contributions to the wave functions in RuS, could
be adequately represented by a plane-wave expansion. For
the S potential, d wave and higher angular momenta in-
teractions were approximated by the p-wave pseudopoten-
tial; for the Ru potential, f wave and higher angular mo-
menta interactions were approximated by the d-wave
pseudopotential. These angular approximations are ex-
pected to be entirely adequate for the valence bands and
first set of conduction bands of RuS,, but may introduce
errors in the higher conduction bands.

The electronic wave functions were represented in terms
of a mixed basis set consisting of plane waves and linear
combinations of atomic orbitals (LCAOQO?’s) as developed by
Louie, Ho, and Cohen.’ The atomic orbitals were taken to
be the numerical d-wave atomic pseudo wave functions
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TABLE 1. Numerical parameters used for bulk band calcula-
tions.

Pseudopotential parameters®

Ru rs=2.5 bohr
r,=3.0
ra =2.0

S rs=1.8 bohr
r,=2.2

Mixed basis parameters®
Plane-wave expansion
Expansion of LCAO functions

(Ru d wave functions)

| k+G |*<7 bohr2

| k+G |2<49 bohr—2

aReference 10. "Reference 9.

for Ru. The truncation of the plane-wave basis expansion
and of the plane-wave expansion of the LCAO matrix ele-
ments used in the present calculation is listed in Table I.
For this choice of truncation, the eigenvalues of the occu-
pied states and first few excited states are expected to be
converged to better than 0.3 eV.

The matrix elements of the Hamiltonian involving the
nonlocal (/-dependent) contributions to the pseudopoten-
tial were evaluated by using a separable form approxima-
tion similar to that used in previous electronic structure
calculations.!® - In the present work, the radial portion of
the nonlocal pseudopotential was fitted to a sum of
Gaussian functions. The plane-wave matrix elements for
these Gaussian functions could be evaluated analytically
in terms of modified Bessel functions. By making
power-series expansions of the modified Bessel functions,
a separable form for the plane-wave matrix elements of
the nonlocal potential could be obtained. This form is
necessary for efficient evaluation of the matrix elements
of the nonlocal potential between LCAO basis functions.

The densities of states were estimated according to the
formula

n(B)=3 [, d* 8(E,(k)—E)

sz,-zf(E,,(ki)—E) , (1)
where
_ 1 ex/A
F=K verr

Here the integral over the Brillouin zone was approximat-
ed by a discrete sum over k points k; with weight factors
w;. The discrete points were chosen by means of a mid-
point algorithm with a uniform grid in order to perform
the sum; 11 k points within the irreducible sector ({;th)
of the Brillioun zone were used. E, (k) denotes the band
energy of the nth band at wave vector k. The delta func-
tion 8(E—E,(k)) was replaced by the function f(x)
which was taken to be the negative of the derivative of the
Fermi function, using the smoothing parameter A=0.15
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eV. This method provides qualitative results for the den-
sities of states; because of the use of the smoothing func-
tion f(x), details of the band edges cannot be well
represented by this method. Partial densities of states
were evaluated in a similar way by multiplying Eq. (1) by
an additional weight factor for each state equal to its
charge density integrated within spheres centered on the S
and Ru atoms.

B. Experimental

The photoemission measurements were performed on
polycrystalline RuS, powder. The sample was prepared
by the reaction of ammonium hexachlororuthenate with
H,S, followed by high-temperature annealing.!* A
pressed pellet of the powder was then used for the study.
Before measurement, the surface of the pellet was treated
using a gas mixture of 15 vol % H,S and 85 vol % H, at
200°C for about 1 h. This effectively removed the surface
oxide. The gas treatment was performed in a preparation
chamber attached to a Leybold-Heraeus LHS-10 spec-
trometer as previously described.!> The x-ray photoemis-
sion (XPS) measurements were performed in the analysis

chamber which maintained a base pressure of approxi-

mately 1.2 107! Torr. The x-ray source was Mg Ka
(1253.6 eV).

III. ELECTRONIC STRUCTURE OF RuS,

A. Pyrite crystal structure

Naturally occurring RuS; (the mineral laurite) and an-
nealed synthetic RuS, have the pyrite crystal structure,
having the space-group symmetry'® Tf(Pa3) with four
RuS, groups per unit cell as summarized in Table II. The
lattice parameters for RuS, were determined by Sutarno,
Knop, and Reid! and are listed in Table II. The pyrite
structure differs from many of the other structural forms
of transition metal dichalcogenides by the presence of
paired S sites separated by distance close to the bond
length of a S, molecule. The pyrite structure is best
described as a modified NaCl structure with two inter-
penetrating fcc sublattices. Ru atoms are located on one
fce sublattice and S, molecules are located on the other.

- The S, molecules orient themselves along four equivalent

(111) directions so that the Ru atoms are in a nearly octa-
hedral environment, surrounded by six nearest-neighbor S
atoms. The S atoms are located in nearly tetrahedral sites
surrounded by three nearest-neighbor Ru atoms and one
nearest-neighbor S atom. The deviation from octahedral
and tetrahedral geometry depends upon the ratio of the
S—S bond length b to the cubic lattice constant a as
parametrized by the positional parameter v, according to
the relations listed in Table II. The parameter v is defined
by b/a=2V"3v. A value of v approximately equal to 0.09
yields the minimal distortion from octahedral and
tetrahedral geometry. For most known pyrites, v ranges
from 0.10 to 0.13,!7 RuS, having a value of 0.1121.! This
means that the Ru site has a small trigonal distortion such
that S—Ru—S bond angles in planes not containing the
trigonal axis are slightly dilated at 94.1° and S—Ru—S
bond angles in planes containing the trigonal axis are
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TABLE II. Geometrical parameters for RuS,.

For general pyrite

material MX, For RuS,
Space group® T Ty
Cubic lattice constant a 5.6095 A®
Atomic positions M (000,005 %)
($05),(++0)
X +(§—v,3—0v,5 —)
:t(u,—v,%——v)
(7 —v,v,—) »=0.1121°
+(—v,+—0,0)
Bond lengths dy_x=a(3v>—v + )72 2.351 A®
dy_x=2V3av 2.179 A®
Bond angles (X—M—-X=90+¢€ €=4.1°%
e=sin~! v
3wi—v++
(e=0 for octahedral geometry)
[X—X—M =cos™! Wz 103.2°°
V3302 —v+ )12 '
(M—X—M =cos™} ——3—"iﬂ~—] 115.0°°
3w2—v4 4

(angle 109.5° for tetrahedral geometry)

2Reference 16.
YReference 1.

slightly contracted at 85.9°. Also the S site is distorted
from tetrahedral symmetry so that the three Ru—S—Ru
bonds’ are dilated to 115.0° (compared to the tetrahedral
angle of 109.5°) while the Ru—S—S bond is contracted to
103.2°.

B. Calculated energy bands of RuS,

The self-consistent energy-band structure of pyrite
RuS, is presented in two figures. In Fig. 1, the full
valence-band structure is presented in comparison with a
hypothetical S material in order to discuss qualitative as-
pects of the bonding. In Fig. 3, a portion of the band
structure is presented in greater detail with symmetry la-
bels in order to discuss electrical and optical properties.
In these figures (as well as throughout this paper), the
zero of energy is placed at the highest occupied energy.

1. Local bonding

Figure 1(a) shows the full valence-band structure of py-
rite RuS,. From this figure, one can see that there are
five groups of bands which we will label I—V in order of
increasing energy. This group reflects the fact that the
energy bands of RuS, are dominated by short-range in-
teractions, as discussed in the literature.'®!® To a first ap-
proximation, the short-range interactions can be described
in terms of states derived from S, molecular orbitals to-
gether with states derived from Ru 4d atomic orbitals,
split by an octahedral crystal field. Since there are four
RuS, units in each unit cell, the occupied bands must ac-
commodate 80 valence electrons. Hence, there are 40 oc-

cupied valence bands for this material. States derived
from the S, molecular orbitals alone are shown in Fig.
1(b) in terms of the bands of a hypothetical material (la-
beled S,27) having the same structure except that the
Ru*? ions have been removed. These states correspond to
those of a homonuclear diatomic molecule—(in order of
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FIG. 1. Energy-band diagram for pyrite RuS, (a) and for hy-
pothetical ionic S,>~ in the pyrite structure. Zero of energy
chosen at highest occupied level.
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increasing energy) 3so, 3so*, 3po, 3pm, 3pm*, and 3po*.
The S 350 and o* states form two sets of four narrow
bands centered at —14.6 and —10.8 eV, respectively. For
future reference, we will label these two groups of bands I
and II, respectively. The placement of these bands, their
dispersion, and also their charge density is nearly identical
in the hypothetical S,>~ material and in RuS,.

The S 3p states are split into two groups of bands in the
hypothetical S,2~ material. The lower group of 20 bands
having a minimum energy of approximately —7 eV is
completely occupied and can be associated with the 3po,
3pw, and 3pm* molecular orbitals of S,2~. The higher
group of four bands, associated with the 3po™ molecular
orbital, are completely unoccupied, being separated from
the occupied bands by a minimum band gap of 0.5 eV in
the hypothetical S,2~ compound. The basic structure of
the S 3p states of S,2~ is present in RuS, together with
additional structure due to hybridization with the Ru 4d
levels. The Ru atoms in RuS, are located in a nearly octa-
hedral environment due to the Ru-S bonds. In an octahe-
dral field, five-fold degenerate 4d atomic orbitals are split
into three-fold degenerate #,, orbitals and two-fold degen-
erate e, orbitals. The 5, orbitals orient themselves away
from the Ru—S bonding directions and are essentially
nonbonding. These levels form a group of 12 narrow
bands (of total width 1.6 eV) just below the Fermi level.
The e, orbitals, on the other hand, orient themselves
along the Ru—S bonding directions and hybridize with
the S 3p levels. This hybridization occurs in such a way
as to preserve the level structure of the S 3p bands of the
hypothetical S,>~ material. The bonding Ru e,.—S 3p
hybrid states form 20 bands below the Fermi level in RuS,
in one-to-one correspondence with the occupied S 3p
states of the hypothetical S,2~ material. For future refer-
ence, we will label this group of 20 bands III and the
group of 12 narrow Ru 4d t,; bands IV. The antibonding
Ru e,-S 3p hybrid states form 12 bands above the Fermi
level—corresponding to four bands from S 3po™ states
and eight bands from Ru 4d e, states. The group of 12
conduction bands will be labeled V. In general, the
conduction-band states are strongly hybridized with each
other; however, the bottom of the conduction band at I'
has pure S 3po™ behavior.

DOS (states/ sphere eV)

6412108 —6 = -7 0 2 4 b & 16
Energy (eV)

FIG. 2. Partial densities of states for pyrite RuS, for Ru
sphere (dashed line) of radius 1.26 A and S sphere (full line) of
radius 1.09 A. Fermi function smoothing according to Eq. (1)
with A=0.15 eV. Units for density of states include spin.

In order to further study the local bonding in RusS,,
partial densities of states were calculated as described in
Sec. II, The sphere radii were chosen as 1.09 A for S and
126 A for Ru. This choice corresponds to touching
spheres along the S—S molecular bond and along the
nearest-neighbor S-Ru direction. The results®® are shown
in Fig. 2 using a solid line to denote the S partial density
and a dashed line to denote the Ru partial density. This
figure shows that there is significant hybridization be-
tween the Ru and S states, although the dominant Ru
contributions are in the group-IV bands just below the
Fermi level, and in the group-V bands above the Fermi
level. The dominant S contributions are in the group-I
and -II bands; the group-III bands having approximately
equal charge in the S and Ru spheres for this choice of
sphere radii. In order to study the charge contributions
more quantitatively, we calculated the charge within the S
and Ru spheres for each of the five groups of bands. The
results are listed in Table III. This table shows that 62%
of the charge within the Ru sphere is due to the group-IV
(4d 1,,) states. The charge due to 4d e, states is distri-
buted between 34% in occupied bonding group-1II states
and 40% in unoccupied antibonding group-V states for
the Ru sphere and correspondingly 57% and 28% for the
S sphere.

TABLE III. Distribution of charge in RuS,.

Ru sphere‘>
(R=1.26 A)

S sphereo
(R=1.09 A)

Hypothetical S,2~ material
RUSZ )
Partial charges in RuS,:
I. S 3s o states (bands 1—4)
II. S 3s o* states (bands 5—8)
III. Bonding S 3p and Ru 4d e, states
(bands 9—28)
IV. Ru 4d t,, states
(bands 29—40) ‘
V. Antibonding S 3p and Ru 4d e, states;
partial charge for bands if they
were fully occupied (bands 41—52)

4.2 electrons

6.6 electrons 4.0 electrons

0.1 ( 1%) 0.7 (16%) .
0.2 ( 2%) 0.7 (16%)
2.3 (34%) 2.3 (57%)
4.1 (62%) 0.4 (10%)
2.7 (40%) 1.1 (28%)
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FIG. 3. Energy-band diagram for pyrite RuS, over portion of
energy range given in Fig. 1(a). Labels for symmetry point us-
ing notation of Slater (Ref. 16). Symmetry designations along
symmetry lines given with distinct line patterns as follows: R to

T lines A ( yand Ay (— — —); T to X lines A, ( ), Ay
(—— =), Ay (++...), and Ay (—-—.—- ); M to T lines 3,
( )and X5 (— — —).

The simple molecular orbital scheme described above
does a good job of explaining the basic band groupings for
RuS,. However, as recognized by several authors,'®!° and
as shown in the contour plots in Sec. III D, additional hy-
bridizations occur. For example, since the octahedral
field of the Ru sites are trigonally distorted, one would ex-
pect the #,, states to be split into a singly degenerate a;
and a doubly degenerate e state. From Figs. 1(a) and 3, it
is apparent that for RuS,, effects of the trigonal distortion
are smaller than the bandwidth of the group-IV bands.
As another example, since the S sites are in a nearly
tetrahedral environment (trigonally distorted) due to three
Ru and one S nearest neighbors, one would expect the S
orbitals to have some sp> character. Comparing Fig. 1(a)
with Fig. 1(b), where the tetrahedral field has been re-
moved, gives some idea of this effect. It is seen as a small
effect for the energy-band structure; however, the effect of
S sp3 hybridization will be seen more. clearly in the
charge-density plots of Sec. III D.

2. Energy-band dispersions

The upper part of the valence and conduction bands of
RuS,; are shown in more detail in Fig. 3. Our results indi-
cate the RuS, is an indirect-gap semiconductor. The cal-
culated indirect gap is 0.84 eV, due to the top of the
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valence band at X and the bottom of the conduction band
at T, and the direct gap at the gamma point is 1.15 eV.
Recent optical measurements on single crystal RuS, by
Bichsel, Levy, and Berger’ are consistent with an indirect
gap. Their measured optical gap of 1.3 eV is larger than
our calculated gap, but smaller than earlier measurements
on polycrystaline samples.?! The fact that our calculated
gap is smaller than the experimental one, is a general
problem associated with using local density theory for
studying semiconductors and insulators. The problem
stems partly from the form of the exchange-correlation
approximation®? and partly from the fact that the calcula-
tion is based on a ground-state theory and can not
rigorously be used to study excited-state properties such as
optical spectra.’>?* Nevertheless, the overall features of
the band structure are expected to be well represented by
local density theory.?

The T} space group has a simple cubic unit cell for
which we use the symmetry point labels of Bouckaert,
Smoluchowski, and Wigner.> The character tables for
this group have been tabulated by Slater.!® At the T
point, there are 24 symmetry operations. The states I']"
and I'{ are each singly degenerate. The “+ » and “—”
symbols indicate, respectively, even and odd symmetry
with respect to inversion about the center of the unit cell
which we have taken to be at a Ru atom site. The I's" and
T'§ states are degenerate as are the I';” and I'; states. We
have therefore used the simplified notation of 'S5 and T';
to denote these pairs of levels. The I';” and I'; states are
each triply degenerate. Ru 4d e, states can have '} or
I'f; symmetry while Ru 4d 1, states can have I'{ or I'S
or I'f"” symmetry. The R point at the corner of the Bril-
louin zone has 24 symmetry operations and six doubly de-
generate representations. The representations R and
R are also degenerate as are the R{ and R; states. We
use the simplified notation R{; and R; to denote these
pairs of degenerate states. The center of a face of the
Brillouin zone at X has eight symmetry operations and
two sets of doubly degenerate representations. The center
of an edge of the Brillouin zone at M also has eight sym-
metry operations and two sets of doubly degenerate repre-
sentations. However, these states are also degenerate with
each other.

From this symmetry analysis, we see that the indirect-
band gap involves an X, state at the top of the valence
band and a I'{ state at the bottom of the conduction
band. The direct-band gap involves a I'j" state at the top
of the valence band and the '] state at the bottom of the
conduction band. Analysis of the optical dipole selection
rules for transitions at the T point, shows that this direct
transition is forbidden, but that transitions from energeti-
cally nearby I'j states are allowed to the bottom of the
conduction band. Since the I'y state at the bottom of the
conduction band corresponds to the S 3po* antibonding
molecular orbital, one can infer that excitations to this
state would tend to weaken the S—S bond in the pyrite
structure. More generally, since the entire set of 12 con-
duction bands is antibonding in character, one can infer
that populating these bands would tend to weaken the
crystal binding. It is possible that this simple mechanism
is related to the result that RuS, crystals suffer some
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decomposition under certain photoelectrochemical condi-
tions.>.

In general, most of the energy-band structure of the
RuS, is characterized by narrow bands having small
dispersion. The important exception to this trend is the
bottom of the I'{” conduction band. A rough estimate of
the effective mass of this band along the (100) direction
gives a value of 0.5m,, suggesting that carriers in this
band could have a reasonable mobility.

C. Calculated and measured densities
of states for RuS,

The total density of states for RuS, was calculated®® as
described in Sec. II and is shown in Fig. 4(b). The S 350
and o* bands form well-defined peaks in the density of
states at —15.6 and —12.3 €V, respectively. The bonding
S 3p-Ru 4d e, band has a width of 5.3 eV and a max-
imum energy of —1.8 eV. The Ru 4d t,,; is just below the
Fermi level and has a width of 1.6 eV. The unoccupied
antibonding S 3p-Ru 4d e; band has a minimum energy
of 0.84 eV above Er and has a width of 4.6 eV.

The experimental density of states as measured by
angle-integrated x-ray photoemission is shown in Fig. 4(a).
In these results, the experimental uncertainty in the align-
ment of the Fermi level is +0.15 eV. The strong emission
peaked at —1.2 eV below the Fermi level corresponds to
the Ru 4d 15, states. In addition to these group-IV band
contributions, structures due to the group-IIl bands are

T T T T T T T T T T T

Rus; (@
hv =1253.6 eV

Intensity

DOS <(slaies /RuSz+eV)

-
T

-20 -16 -12 -8 7: 0 4
Energy (eV)

FIG. 4. (a) Experimental density of states of RuS, measured
by x-ray photoemission. (b} Theoretical (total) density of states
of RuS, calculated using Fermi functions smoothing according
to Eq. (1) with A=0.15 eV. Units for density of states included
spin.
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also seen at —3.2, —4.9, —59, and —7.4 eV. The
group-I and -II bands are peaked at about —16.3 and
—12.9 eV, respectively. These experimental results are
similar to the XPS spectra recently published by Kuhne,
Jaegermann, and Tributsch.2® However, better resolution
and lower background have been obtained in the present
work.?’ In general, the agreement between experiment
and calculation is very good. The agreement is least good
for the group-I and -II bands for which the calculated
bands are shifted to higher energy than those of the exper-
iment by 0.7 eV. This discrepancy is due to the minimal
S basis set used in these calculations; more recent calcula-
tions, including additional S s and p LCAO orbitals, shift
these states closer to the experimental results. Apparent
in the experimental results, and cited in the literature'® for
FeS,, is the fact that the group-I band peak is wider than
that of the group-II band peak. This trend is seen in the
density of states plot, resulting from the different disper-
sions of the two groups of bands. In general, the results
for RuS, are very similar to analogous results for FeS,
both expen'mentally”"28 and theoretically.??—3!

D. Calculated charge densities for RuS,

A contour plot of the self-consistent valence charge
density of RuS, is shown in Fig. 5, in a plane containing
the (110) and (100) axes. This plane was chosen because it
contains the nearest-neighbor S—S bonds as well as the
nearest-neighbor Ru—S bonds, exhibiting the zig-zig
bonding pattern of this structure. For reference, the cube
dimension a and the nearest Ru-Ru distance a /V2 is also
shown in this figure. The contours associated with S are
clearly shown in this figure, demonstrating both bond
charge due to the S o bonds and also 7-like charge hybri-
dizing with the Ru states. The contours associated with
Ru are too dense to be clearly seen in this figure. These
plots are actually plots of pseudodensity, so that the shape
of the charge within the core region is smoother than the
actual density. The integral of the pseudodensity within

FIG. 5. Contour plot of the self-consistent valence charge
density of pyrite RuS, in a plane containing (110) and (001) axes.
Atomic positions are denoted with filled boxes. Ru sites are lo-
cated in regions of dense, unresolved contour levels. Contour
levels are given in units of 0.1 electrons/A3.
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(a) (b)

FIG. 6. Contour plot of partial self-consistent valence charge
density of pyrite RuS, in portion of plane and using same nota-
tion as in Fig. 5: (a) I bands; (b) II bands.

the core region is the same as that of the actual density;
the pseudodensity and actual density are identical in the
valence region.

Figures 6 and 7 are contour plots of partial densities,
plotted in a portion of the same plane as Fig. 5. Figures
6(a) and (b) show the S 3s o (I) and o* (II) bands, respec-
tively. Within the accuracy of the lowest contour plot,
these densities appear to be of pure S character. Figures
7(a)—7(c) show the S 3p—Ru 4d e, bonding bands (II),
the Ru 4d t,; bands (IV), and the s 3p—Ru 4d e, anti-
bonding bands (V), respectively. The bonding, nonbond-
ing and antibonding character, respectively, of these
groups of bands is clearly evident.

In Fig. 8, the total bonding density of RuS, (total densi- .

ty minus density due to f,; bands) is compared with the
total density of the hypothetical S,2~ compound. The
similarity in the S densities of the two plots is evident.
This comparison can be made more accurately by taking
the difference between the two densities. Figure 9(a) is the
difference density from Fig. 8(a) minus Fig. 8(b). Figure

FIG. 8. Contour plot of self-consistent bonding charge densi-
ty of pyrite RuS, (total density minus density due to group IV
bands) (a), and contour plot of total self-consistent valence
charge density of hypothetical S,2~ material in pyrite structure
(b). Portion of plane and notation is the same as for Figs. 6 and
7.

9(b) is a similar difference density based on a hypothetical
neutral S, material. The negative contours in Fig. 9
denote regions of greater density in the hypothetical S ma-
terials than in the RuS, and are typically located in re-
gions associated with S 7 orbitals. The positive contours
denote regions of greater density in the RuS, than in the
hypothetical S materials and are typically located in 4d
eg-like orbitals near the Ru sites. From Fig. 9(a), it is evi-
dent that S,%~ has an excess of S 3p = states which are
not present in RuS,. Since the negative contours of Fig.
9(b) are of smaller magnitude than those of Fig. 9(a), one
can infer that the bonding of the neutral S, is more simi-
lar to that of RuS, than is that of ionic S,%, even though
the energy-level schemes follow the opposite trend. This

FIG. 7. Contour plot of partial self-consistent valence charge density of pyrite RuS, in portion of plane and using same notation as
in Fig. 6: (a) III bands, (b) IV bands, and (c) V bands. In (a) and (c), contours are spaced at intervals of 0.1 electrons/A%; in (b) contour
levels are spaced at intervals of 0.4 electrons/A>. In (c), the density is given as if the bands were fully occupied.



FIG. 9. Contour plot of difference density for bonding

- charge density of RuS; minus density of hypothetical S,?~ ma-
terial (a) and minus density of hypothetical neutral S, material
(b). Portion of plane and notation is similar to that of previous
contour plots. Negative contours are given with dashed lines,
positive contours with full lines. Units of contour levels are 0.01
electrons/A® and spacing between contours is 0.06 electrons/A>,

hybridization can most logically be described as a small
admixture of S sp> character to the S, molecular orbitals
as suggested by several authors.!®1°

IV. CONCLUSIONS

In this paper we have investigated the electronic struc-
ture of RuS, by means of self-consistent local density cal-
culations and x-ray photoemission. We report results for
the calculated energy-band dispersions, calculated contour
plot of charge densities, and calculated and measured den-
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sities of states. Our results show that the electronic struc-
ture is dominated by short-range interactions which deter-
mine the groupings of the bands. The bottom of the
lowest conduction band does, however, exhibit significant
dispersion.

Because of the dominance of short-range interactions,
our results are similar to those published in the literature
for other transition metal dichalcogenide materials. The
pyrite structure materials differ from other transition
metal dichalcogenides, such as those in the layered forms,
due to the presence of the molecular S, interactions. In
RuS, (and also FeS,) this interaction causes the S, 3p o*
levels to lie at higher energies that of the other S 3p levels,
and enables the material to be a semiconductor. If these
materials were to have formed in the 1T structure, for ex-
ample, which is a structure having the same local
geometry at the metal site, but having no S, bonds, they
would probably be metallic.

We expect the present results for RuS, to be very simi-
lar to those for FeS,. In a future paper, we will explore
the details of this comparison. Literature results for FeS,
(Refs. 29—31) are generally similar to the present results
for RuS,. The main qualitative difference is the relative
position and dispersion of the I'7 S 3p o* band.
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