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Electronic-structure study of RuS,
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We report an electrolyte-electroreflectance (EER) study of a RuS, single crystal in the energy
range 1.9-5.1 eV. The EER spectrum exhibits sharp structure in the vicinity of interband transi-
tions. Transition energies are determined accurately. Photocurrent versus wavelength measure-
ments show an indirect band gap of 1.38 eV. Combining the results of the EER and photocurrent
measurements, we construct a possible energy-band structure. It is proposed that RuS, has a com-
pletely filled 4d t,, band occupied by six electrons in the low-spin configuration, separated from
empty S 3p o* and Ru 4d eg‘ bands, and the bottom of the conduction band corresponds to the S 3p
o* antibonding states, in agreement with the calculation of Holzwarth et al., but contradicting the

assumption of several other authors.

INTRODUCTION

RusS, belongs to the family of transition-metal dichal-
cogenides crystallizing in the pyrite structure.! The semi-
conducting behavior of this diamagnetic compound was
verified by Hulliger? on polycrystalline samples. Recent-
ly it has been the subject of much interest due to its po-
tential application in energy-related technologies.>* It is
a promising material for the thermal catalytic processing
of organic sulfur and nitrogen compounds in petroleum
refining.’ It also has interesting photoelectrochemical be-
havior,>~® and photochemical catalytic properties.’
Despite its technological importance, the theoretical and
experimental understanding of its solid-state properties is
still relatively incomplete.!%!!

The energy band structure is one of the most important
factors in determining the solid-state properties of a ma-
terial. The electrolyte-electroreflectance (EER) technique
has been proved to be a very powerful tool in the study of
the band structure of semiconductors.'>!®> It possesses
the advantage of providing a spectrum with sharp
features at precise energies, in contrast to the weak and
poorly resolved corresponding features in the unmodulat-
ed spectra. The only previously published EER spectrum
of RuS, (Ref. 14) covers a limited range, 2.0-3.1 eV, and
no detailed analysis of the spectrum was attempted. In
this report we present the EER spectrum of a RuS, single
crystal in the range 1.9-5.1 eV. Sharp features are ob-
served in the vicinity of interband transitions. The wave-
length dependence of the photocurrent is utilized to
determine the band gap of the material. By comparing
our results with recent band-structure and density-of-
states calculations,'® several interband transitions are
identified. Our results are in good agreement with x-ray
photoemission measurements'® and other works,'* in the
measured spectral range. However, we observed several
features which were not detected by x-ray photoemission
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measurements. Details of these results are presented and
discussed in this paper.

EXPERIMENTAL DETAILS

Preparation and properties of RuS, crystals

Large single crystals of RuS, up to 3xX3x3 mm?® with
mirrorlike surfaces have been grown by an “oscillating
chemical vapor transport method”!® using ICI; as trans-
port agent. Prior to crystal growth a powdered com-
pound was prepared from the elements (Ru, 99.95%
pure; S, 99.9998% pure) by reaction at 1070°C for 10 d
in an evacuated quartz ampoule. The chemical reaction
is strongly exothermic. Therefore, the elements had to be
heated progressively and very slowly. The lattice param-
eters of the single crystals have been determined by x-ray
powder analysis and the pyrite-type crystal structure has
been confirmed. The (111) face appears to be the
predominant growth face. Hall effect measurements
showed n-type semiconducting behavior with electron
concentrations between 2 10! and 8 10! cm~>. The
electron mobility was found to be approximately 300
cm?/V s at room temperature.

EER measurements

Although the EER method has been described exten-
sively in the literature,'>' the experimental setup used in
our present investigations incorporates a number of
modifications to improve the accuracy of the measure-
ment, as well as fast data acquisition and processing. The
details of the present experimental setup have been de-
scribed elsewhere.!® The detector response to the dc
component of the reflected light is kept constant by an
electric servo mechanism so that the ac reflectance is a
direct measure of AR /R, the differential reflectivity.
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Scans of AR /R versus wavelength are obtained using a
0.2-m McPherson grating monochromator together with
an Oriel 150-W xenon arc lamp as a monochromatic light
source. Phase-sensitive detection is used to measure the
differential reflectivity.

The RuS, electrodes were prepared by passing a copper
wire through a glass tube and soldering the free end to
one end of a copper plate. The crystal was cemented to
the copper plate with silver conducting paint. The wire
and plate were then insulated with epoxy cement leaving
only one face of the crystal exposed to the electrolyte, a
1N H,80, aqueous solution. The counter electrode was a
5-cm? platinum plate. To verify that measurements were
performed in the low-field regime, EER was performed at
V4. =0 with various ac modulation voltages. The results
indicate that the line shape remains invariant for ¥, <1
V (peak to peak) and the amplitude of AR /R varies
linearly with modulation voltage. Dependence of the
EER spectra on dc bias voltage was also checked. The
amplitude and line shape of EER features remained con-
stant at different bias voltages. Subsequently a 200-Hz
square wave was used to modulate the electric field with
amplitude 0.4 V peak to peak at ¥4, =0.

Photocurrent measurements

The RusS, electrodes were prepared as described above.
Teflon test cells were equipped with quartz flat windows.
The active crystal face was placed 1 mm from the win-
dow to minimize light absorption by the solution. The
counter electrode was a 5-cm? Pt plate. The electrolytic
solution was 1N H,S0,. The light source was a 1000-W
tungsten halogen lamp (Oriel Corporation). The beam
was chopped at 35 Hz with a mechanical chopper and
then focused on the entrance slit of 0.2-m McPherson
model 270 grating monochromator. Both the entrance
and exit slit widths were set to 0.1 mm; part of the exit
slit was masked to define a spot of 1 mm height as fo-
cused on the electrode face. An Oriel LP 470 filter which
cuts off wavelengths shorter than 5000 A was used to
eliminate second-order light at the longer wavelengths.
Photoresponse spectra under short-circuit conditions
were obtained by connecting the two electrodes to a Stan-
ford Research model 510 lock-in amplifier. Light intensi-
ties were measured with -a calibrated United Detector
Technology model-255 silicon detector. The spectra were
corrected for the number of photons reaching the cell at
the various wavelengths and normalized to unity at their
maxima. Corrections for solution light absorption and
the reflection losses at the interfaces were not made.

RESULTS

The EER spectrum of RuS, at room temperature in the
range of 1.9-5.1 eV is shown in Fig. 1. Sharp structure is
apparent in the vicinity of interband transitions, as indi-
cated by the small arrows in Fig. 1. By fitting with the

YING-SHENG HUANG AND YANG-FANG CHEN

38
1.0 . .
EER
T=300 K
0s 1
\\ ,"/\
€ot \ \
< \ /
h Ul
= \
05 | .

1.9 2.3 2.7 3.1 3.5 3.9 4.3 4.7 S. 1

Photon Energy (eV)

FIG. 1. EER spectrum of RuS,

Aspnes third derivative line-shape expression,!” we can
determine the position of the interband transitions to an
accuracy better than 5 meV. Table I shows the energy
positions of interband transitions obtained from the EER
spectrum.

The wavelength dependence of the relative photo-
current is shown in Fig. 2. Here the relative photo-
current is proportional to the short circuit current time
photon energy hv. The relative photocurrent increases
from 900 to 520 nm and then decreases in the short wave-
length region. Two peaks appear around 2.4 and 2.6 eV,
as indicated by the small arrows. The indirect band gap
of RuS, can be determined from a plot of the square root
of relative photocurrent versus Av in the near band edge
region.!® As shown in Fig. 3, the square root of the rela-
tive photocurrent depends linearly on Av throughout an
extended spectral range. This indicates an indirect tran-
sition with a band edge at the intercept of this plot. The
band gap derived from this figure is about 1.38 eV.
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FIG. 2. Relative photocurrent spectrum for single-crystal
RuS, in 1N H,SO,.
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FIG. 3. Square root of relative photocurrent, plotted as a
function of photon energy, determines indirect band gap of
RUSZ.

DISCUSSION OF RESULTS

In the pyrite structure each Ru®* ion is surrounded by
six S,2~ molecules with the site symmetry represented by
S¢. The octahedral component of the ligand field causes
metal d levels to be split into triply degenerate f,, and
doubly degenerate e, components.'”” The t,, and e, de-
generacies are removed by the strong octahedral crystal
field of the S,%~ ions. The t,, orbitals orient themselves
away from the Ru—S bonding directions and are essen-
tially nonbonding. 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 antibond-
ing (Ru e )-(S 3p o*) hybrid states form conduction
bands. In general, the conduction bands are strongly hy-
bridized with each other.

In order to analyze our experimental results, we have
made use of recent theoretical works!'%%° as well as past
experimental studies of related materials such as FeS,.!
Except for the work of Holzwarth et al.,'® all previous
studies of RuS, assume that the band structure of RuS, is
the same as that of FeS,. Shown in Fig. 4 is the band
structure scheme of FeS, from Ref. 20. A very broad
band mainly of sulfur 3p character is superposed on a
narrow band derived from the metal 7,, levels. The emp-
ty conduction band has mainly iron 3d e, character with
some sulphur 3p o* mixing. An energy gap of 0.9 eV
separates the occupied iron 3d t,, manifold from the
unoccupied iron 3d ;' states. Schlegel et al.?! have mea-
sured the reflectivity spectrum of FeS, and shown that
there is a constant splitting of 0.610.05 eV of all maxima
in the energy range between 1 eV and at least 8.5 eV.
This splitting was attributed to a splitting of the final
state e, due to the S¢ site symmetry of the Fe ions.
Shown in Fig. 5 is the total density of states for RuS,
from Ref. 10. The effect of the crystal-field splittings of
the d electron states into 7,, and e, bands is indicated.
The Ru 4d t,, band is just below the Fermi level and has
a width of 1.6 eV. The bonding (S 3p)—(Ru 4d e;) band
has a width of 5.3 eV and a maximum energy of —1.8
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FIG. 4. The band-structure scheme of FeS, from Ref. 20.

eV. The unoccupied antibonding (S 3p 0*)-(Ru 4d ¢;")
band has a minimum energy of 0.84 eV above E and has
a width of 4.6 eV. However, Holzwarth et al.!° have
pointed out that their calculations tend to underestimate
the band gap. The main difference between the band
structure reported by Holzwarth et al.'° for RuS, and
that for FeS, is the relative position of the I'|” state of the
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FIG. 5. (a) Experimental density of states of RuS, and (b)
theoretical density of states of RuS, from Ref. 10.
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conduction band which corresponds to the S 3p o* anti-
bonding molecular orbital.

The value of the band gap of RuS, has been the subject
of much controversy in recent years.!! Originally a figure
of 1.8 eV was accepted, based on diffuse optical reflection
measurements on powdered samples.> From optical ab-
sorption measurements Bichsel et al.?? estimated the en-
ergy gap of single-crystal RuS, at 1.3 eV. Attempts to
determine the energy gap using the photoresponse spec-
tra at semiconductor-electrolyte interfaces were also in-
conclusive. Guittard et al.?® first observed such a pho-
toresponse spectrum using sintered RuS, electrodes, and
suggested a value of 1.3-1.5 eV. However, in later work
from the same laboratory, on single-crystal electrodes,
the value obtained was 1.85 eV.® Nonetheless, in pub-
lished spectra,? a significant response to photons of ener-
gy below 1.8 eV is remarkably persistent at single-crystal
surfaces. An even stronger photoresponse at the red end
of the spectrum was observed using sintered electrodes*
and was interpreted in terms of donor levels close to the
Fermi level and associated with structural defects in the
material. However, the effect could also be interpreted in
terms of an indirect energy gap of around 1.4 eV with a
low transition cross section, followed by a higher gap of
1.8 eV. Our results indicate that the lower value might
be correct. In order to obtain more accurate results, the
relative photocurrent should be corrected by taking ac-
count of reflectance losses at the interfaces and absorp-
tion losses in the electrolyte. The indirect energy gap of
1.38 eV is much larger than the theoretical value of 0.84
eV.!% The discrepancy between the theoretically calculat-
ed density of states and our experimental results can be
resolved if the theoretical band gap is increased by about
0.5eV.

EER measurements in RuS, were recently performed
by Herm et al.' in the range of 2.0-3.1 eV. Their EER
spectrum also shows sharp features at around 2.45 and
2.9 eV, consistent with our results, but no detailed
analysis was made. Comparing our results with the work
of Holzwarth et al.,'0 it is possible to associate the
features of the EER spectrum with the appropriate inter-
band transitions. We can relate the features at 2.35, 2.68,
2.87, and 3.02 eV to the transitions from Ru 4d t,, non-
bonding states to the antibonding (Ru ¢, )-(S 3p o*) hy-
brid states. The structure at higher energies from
3.4-5.1 eV is mainly due to interband transitions from
states of largely S 3p character to (Ru ¢;)-(S 3p o*) hy-
brid states. A band-structure scheme consistent with the
transition energies shown in Table I is constructed in Fig.
6.

Comparing the relative photocurrent and EER spectra,
the 2.4- and 2.6-eV peaks in the relative photocurrent
spectrum occur at almost the same energy as the first two
features in the EER spectrum. These photocurrent peaks
may indicate the strong absorption of the direct inter-
band transitions around the critical points.

There is additional evidence showing that our results
agree with the band structure calculated by Holzwarth
et al.,'° in which the bottom of the conduction band is
the I'[” state corresponding to the S 3p o* antibonding
molecular orbital. We did not observe a constant split-
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FIG. 6. Energy-level scheme of RuS,

ting of all interband transitions in the measured energy
range as reported by Schlegel et al?! for FeS,, which
may indicate that the bottom of the conduction band
does not correspond to the Ru 4d e, antibonding states.
In the study of the photoelectrochemical evolution of ox-
ygen with the RuS, electrode,” we have observed that
the RuS, crystal shows clear evidence of corrosion after
20 h of photochemical oxidation by white light in 1IN
H,SO, at 1.0 V with respect to the saturated calomel
electrode (see Fig. 7). This result can be related to the
fact that the excitations are from Ru 4d 1,, to the S
3p o* antibonding molecular orbital, which tend to
weaken the S—S bond in the pyrite structure, rather than
d-d transitions. Transition-metal dichalcogenides such as
MoS, and WS,, in which the lowest-energy interband
transitions are primarily intra-atomic d-d transitions,?%?’
make stable photoelectrochemical electrodes. In these
materials, in contrast to RuS,, the photoelectrochemical

TABLE 1. Energy positions of various features observed in
the EER spectrum of RuS; (see Fig. 1) and our assignment of
the interband transitions.

The assignment of

RuS, (eV) interband transitions

2.35 Ru t,,—S 3p o*

2.68 Ru t,,—»Ru ¢ +S 3p o*
2.87 Ru t),—>Ru e +S 3p o*
3.02 Ru t),—Ru ¢ +8S 3p o*
3.43 S3 —Rue +S3po*
4.12 S3 —Rue +S3po*
4.85 S3 —Rue+S3po*
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FIG. 7. SEM picture of a RuS, single crystal after 20 h of
photochemical oxidation by white light in 1N H,SO, at 1.0 V
with respect to the saturated calomel electrode.

reaction does not attack the metal-sulfur chemical bonds

and therefore photocorrosion occurs less readily.
Comparing our results with x-ray photoemission mea-

surements,'® the features at around 2.9 and 4.9 eV are in
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good agreement if the band gap is extended by about 0.5
eV. The other features in the EER spectrum are absent
in the x-ray photoemission spectrum. This can be ex-
plained by the poorer energy resolution and lower sensi-
tivity to weak spectral features of the x-ray photoemis-
sion technique.

CONCLUSIONS

EER and photocurrent measurements have been car-
ried out in an RuS, single crystal. The EER spectrum ex-
hibits sharp structure in the vicinity of interband transi-
tions, while the photoresponse spectrum shows an in-
direct band gap of 1.38 eV. Thus a possible energy band
structure is constructed. It is proposed that RuS, has a
completely filled 4d 7,, band occupied by six electrons in
the low spin configuration, separated 1.38 eV from empty
S 3p o* and Ru 4d eg* bands. The bottom of the con-
duction band corresponds to the S 3p o* antibonding
states, leading to partial decomposition of RuS, crystals
under certain photoelectrochemical conditions.
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