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Abstract. The Raman spectra of NiS2−xSex (0 < x < 2) polycrystalline thin films have been
measured for the first time in the whole x range and for NiSe2. The NiSe2 spectrum is qualitatively
similar to the spectrum of NiS2, but all frequencies are shifted to lower energies. The shift has
been analysed in terms of the increment of the anion mass and the lattice expansion. Peaks in the
Raman spectrum of the NiS2−xSex alloy can be assigned to stretching and rotational modes of the
S–S, Se–Se and S–Se pairs. The stretching vibration of the S–Se pairs shifts almost linearly from
400 cm−1 for NiS2 to 330 cm−1 for NiSe2. There is an accidental degeneracy between the S–S
stretching and Se–Se libration frequencies. The relative Raman intensities fit well with a random
occupation of the anion sites by S and Se atoms, and different scattering cross sections.

1. Introduction

The NiS2−xSex system has been extensively investigated due to its rich phase diagram and
interesting transport properties [1–5]. For x < 0.4 it is a semiconductor at all temperatures.
For x > 0.6 it is metallic at all temperatures. For 0.4 < x < 0.6 it is a semiconductor at high
temperatures, but under a critical temperature that depends on x, the material undergoes an
insulator–metal transition. This change has been explained [5] by strong repulsive inter-ionic
exchange interactions for the semiconducting phase and weaker repulsive interactions for the
metallic phase. At the transition there is no change in the crystal structure [6–8].

Raman spectroscopy provides information on vibrational properties, crystal structure and
bonding. It would be interesting to know if the changes in electronic properties mentioned
above are accompanied by some anomalies in the lattice modes. Raman spectra have been
reported for several pyrite-type compounds [9–13]. For the NiS2−xSex alloy the Raman
spectrum has been studied previously only in the x = 0–0.5 range [14–16]. No reports
have been found for the end compound NiSe2 nor for NiS2−xSex in the x = 0.5–2 range.

2. Experimental

NiS2−xSex thin films were prepared by sulphuration and selenation of Ni thin films thermally
evapourated on a glass substrate in an Edward Auto 306 Coating System, as reported in [17].
During the deposition the thickness was controlled so that the Ni films obtained were about
0.15 µm thick.

Ni films were sulphurated/seleniated into closed ampoules where the correct amounts of
sulphur and selenium to create a total pressure of 500 Torr, at the highest temperature, were
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introduced. The ampoule was heated to a temperature of 723 K, which was maintained over 10
hours. During this process the thickness of the films increased to nearly 0.6 µm. The amounts
of sulphur and selenium introduced into the ampoule were calculated by considering both of
them to be diatomic gases at the temperature of 723 K, and using the perfect gas equation. The
selenium partial pressure was calculated using Dalton’s law. Under the optical microscope,
the surface of the samples presented some texture, as shown in figure 1.

Figure 1. Micrograph of the surface for a NiS2−xSex sample with x = 0.75.

The structure of the samples and the selenium content in each one was detected by x-ray
diffraction, recorded [18] by a Siemens D5000 diffractometer in the usual θ–2θ couple mode
with monochromatized Cu Kα (λ = 1.5418 Å ) radiation, working at 40 kV and 30 mA. A
secondary graphite monochromator served to suppress the Cu Kβ radiation. All diagrams
were collected from 20◦ (2θ ) to 120◦ (2θ ) in the step scanning mode, with a 0.02◦ (2θ ) step
scanning and 2 s counting time. Divergence slits located in the incident beam were selected to
ensure complete illumination of the surface at 15◦ (2θ ). All x-ray experiments were carried out
at 293 K. The least square structure refinements were undertaken with the full profile, Rietveld
type program DBWS-9006PC, prepared by Sakthiveld and Young. Grain size was calculated
from the refined 2θ positions and the full width at half maximum of the reflections and values
in the interval 500–1000 Å were obtained.

Room temperature Raman spectra were taken with a Renishaw Ramascope spectrometer,
equipped with an Ar+ ion laser as a light source operating at a wavelength of 514.5 nm and
focused on the sample through an optical microscope. The power density on the surface was
of the order of 100 kW cm−2. Light backscattered by the sample was collected with the same
microscope and analysed with a single-grating spectrograph and a CCD detector. Reflected
and elastically scattered light was blocked with two holographic filters, which also removed
most of the Raman spectrum below 100 cm−1. Unless otherwise indicated, no polarization
analyser was used to select the scattered light. The Raman spectra did not change significantly
between different points of the sample surface, indicating that the texture of the samples does
not reflect chemical changes.
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3. Results

3.1. Structure

NiS2−xSex samples have been obtained for x in the interval 0–2 and characterized as pyrite
type structures, belonging to the group T 6

h (Pa3), as shown from an x-ray powder diffraction
pattern. Samples were polycrystalline thin films with a grain size in the 500–1000 [Å] range.
Lattice parameter a and selenium content xSe have been obtained from the x-ray refining, and
it has been seen that these follow a Vegar law, a = (5.688 + 0.127xSe) Å . From the value of
a, the anion–anion (X–X) and anion–cation (Ni–X) distances can be derived:

d(X − X)[Å] = 2.091 + 0.149xSe

and

d(Ni − X)[Å] = 2.402 + 0.042xSe.

The cubic unit cell contains four formula units. The metal atoms and the centres of the anion
pairs occupy the sites of fcc lattices, so that in this respect the structure may be referred to as
NaCl-like by replacing the Na atoms by Ni and Cl atoms by anion pairs (sulphur/selenium).
The axis of the pairs is aligned along the four equivalent (111) directions.

3.2. Vibrational properties

The pyrite structure has five active Raman modes, which can be classified into the following
symmetry species

�vib = Ag + Eg + 3Tg.

Because Ni atoms are at the centre of inversion, Raman modes involve only movements
of the X ions. Therefore, the Raman spectrum is very sensitive to the substitution of sulphur
atoms by selenium. The Ag and Tg(1) modes correspond, respectively, to in-phase and out-
of-phase stretching vibrations of the X–X pairs. Tg(2), Tg(3), and Eg modes correspond to
librations of the X–X pairs [11].

Figure 2 shows the Raman spectra measured at room temperature for the NiS2−xSex alloy
with different x values. The spectrum for the end compound NiS2 is very similar to the spectrum
reported by Suzuki et al [14]. The frequencies of the peaks and their assignments are listed in
table 1. The two weak peaks at low energy correspond to the S–S pair librational modes, with
symmetries Tg and Eg . The two strong peaks at higher energy correspond to stretching modes
of the S–S pair, with symmetries Ag and Tg . The other Tg mode predicted by group theory
corresponds to a S–S libration [11] and should appear close to the other librational modes.
Therefore the Raman peak observed by Suzuki et al [14] at 596 cm−1, which they assigned to
a Tg species, could have a different origin.

On the other end of the alloy, the Raman spectrum of NiSe2 corresponds to x = 2 in
figure 2. As far as we know, this spectrum has not been reported before in the literature.

Table 1. Raman frequencies of the NiS2−xSex end compounds in cm−1.

Symmetry NiS2 NiSe2

Tg 274.0 151.9
Eg 284.8 170.2
Ag 479.7 214.0
Tg 489.8 243.3
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Figure 2. Raman spectra of the NiS2−xSex for indicated values of x.

Table 2. Dynamical parameters for the S–S, Se–Se, and S–Se pairs. Anion–anion distance, d,
reduced mass, µ and moment of inertia, I .

S–S (NiS2) Se–Se (NiSe2) S–Se

d(X–X) (Å) 2.080 2.488
µ (amu) 16 39.5 22.8
I (amu Å2) 69.2 244.5

The measured spectrum is qualitatively similar to the spectrum of NiS2, but all frequencies are
shifted to lower energy, due to the replacement of S atoms by Se. Table 1 shows the assignment
of the Raman modes based on the assignment for NiS2 and the anion mass ratio. The downward
shift arises both from the mass increment and from the lattice expansion. The former increases
the reduced mass, µ, of the stretching modes and the moment of inertia, I , of the librational
modes (see table 2). The latter changes the force constants. With the dynamical parameters of
the X–X pairs we can estimate the stretching and librational frequencies of the pair in NiSe2

from the values observed in NiS2 to help in the assignment for the latter. We will consider the
average frequencies, weighted for degeneracy, of the stretching and the librational doublets,
respectively. Assuming that stretching force constants vary as d−3, the average stretching
frequency of NiSe2 would be ν = 483(µS−S/µSe−Se)

1/2(dSe−Se/dS−S)
3/2 = 236 cm−1, which

is the observed value. For the librational modes, the effect of the lattice expansion is difficult
to quantify. The change in the moment of inertia alone would give an average frequency of
ν = 275

√
IS−S/ISe−Se = 146 cm−1, which is smaller than the observed value of 159 cm−1. In

this case the lattice expansion produces a strengthening of the force constant. The Davydov
splitting of the doublets also changes with the replacement of S atoms by Se; it increases from
about 10 to 30 cm−1 for the stretching modes and from 10 to 20 cm−1 for the librational modes,
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respectively. Therefore, although the lattice expands, the vibrational coupling between X–X

pairs increases.
The Raman spectrum of the NiS2−xSex alloy shows a complex behaviour with several

modes, which can be assigned to the vibrations of S–S, Se–Se and S–Se pairs. As x increases
from 0 the stretching mode doublet of the NiS2 evolves into a broad band involving stretching
vibrations of the S–S pairs [15] of the alloy. As expected, its intensity decreases, following
the population of S–S units, and disappears for NiSe2. Similarly, at the other end of the alloy,
when x decreases from 2, the stretching doublet of NiSe2 evolves into a broad band involving
stretching vibrations of the Se–Se pairs. Its intensity reflects the population of Se–Se pairs
and thus disappears for NiS2. The frequency of these modes depends on the reduced masses
and on the force constants. The former does not change with x, because the atoms remain the
same for each pair. The latter changes mostly due to the lattice expansion, causing a decrease
of the frequencies.

In the frequency region between the stretching modes of NiS2 and NiSe2 there is a peak
that shifts almost linearly from 400 cm−1 for NiS2 to 330 cm−1 for NiSe2, which corresponds
to the stretching vibration of mixed S–Se pairs [15]. This assignment is supported by the fact
that its intensity vanishes for the two end compounds and reaches a maximum for x ∼ 1. The
presence of this peak shows that S–Se pairs are formed [15], in contrast with other systems
with the pyrite structure, such as RuSxSe2−x , where S and Se do not bond together [13]. The
frequency of this mode changes due to the change in the force constant, which accounts for
the lattice expansion. In the range 0 < x < 0.55 Lemos et al [15] found that the force
constant was very similar to the force constant for the S–S Ag . In effect, considering only
the difference in reduced masses, from the stretching frequency of the S–S pair at x = 0, one
estimates a stretching frequency of 399 cm−1 for the S–Se pair, which is close to the observed
value. Accordingly, on the other end (x = 2), one could expect that the force constant of
the S–Se stretching mode would be very similar to that of the Se–Se pair. However, under
this assumption one estimates from the stretching frequency of the Se–Se pair a frequency of
282 cm−1 for the S–Se pair, which is much lower than the observed value. It becomes apparent
that the force constant of the S–Se pair is similar to the value for the S–S pair but is larger than
the value for the Se–Se pair for the same lattice parameter.

Due to a fortuitous coincidence the Se–Se stretching frequencies of NiSe2 are very close
to the S–S librational frequencies of NiS2. In the spectra (see figure 2) the librational peaks
of NiS2 seem to evolve continuously into the stretching peaks of NiSe2, as can be seen in
figure 3. Full lattice dynamics calculations could show whether this behaviour is due to an
existence in the alloy of mixed modes involving Se–Se stretchings and S–S librations. The
Se–Se librations of the NiSe2 shift to higher energies in the NiS2−xSex alloy as x decreases,
and for x = 0.55 they move close to 200 cm−1. From this it is clear that the unidentified mode
observed by Lemos [15] at 200 cm−1 for x = 0.55 corresponds to Se–Se librations.

Finally, there is a peak near to 500 cm−1, whose frequency does not change with x and
whose intensity is zero for the end compounds and reaches a maximum for around x = 1.7.
Since its frequency is very close to the stretching frequency of S–S pairs and it does not shift,
one could speculate with the presence of NiS2 precipitates within the NiS2−xSex alloy or with
disorder-activated peaks. However, at present we do not know the physical origin of this peak.

A good test to prove the assignments of the Raman peaks to pair vibrations is given by
their intensities versus x. We have already pointed out that they should be proportional to the
population of the corresponding pair. Assuming that there is a random substitution of S by
Se ions, the intensity of a mode involving an X–Y pair is proportional to the product of the
concentration ions X and Y , multiplied by a factor that accounts for the different scattering
efficiencies. Since it is difficult to get absolute intensities from the experiments or to compare
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Figure 3. Frequency of the vibrational modes versus x obtained from the Raman spectra.
Continuous line is the least square fit of the S–Se frequencies: ω(S–Se) = 400 − 35.35xSe .

Table 3. The Raman intensity for the stretching modes of X–Y pairs versus x, assuming a random
occupation of pair sites by S and Se anions. Relative intensities are normalized to the S–Se mode.

X–Y pairs Intensity Relative intensity

S–S CS−S(2 − x)2 (CS−S/CS−Se)(2 − x)/x

S–Se CS−Se(2 − x)x 1
Se–Se CSe−Sex

2 (CSe−Se/CS−Se)x/(2 − x)

data from different spectra we have compared the intensities of the S–S and Se–Se stretching
modes relative to the intensity for the S–Se modes, which cover a wider range of x. The
expected dependence with x is given in table 3 and the comparison with the measured values
is shown in figure 4. Experimental data follow the expected trend very well. The constants C1

and C2 obtained from the fitting of the curves are 0.555 and 0.357, respectively, showing that
the S–S stretching mode has a Raman intensity larger than the Se–Se stretching mode.

4. Conclusions

The Raman spectra of polycrystalline NiS2−xSex thin films have been obtained for the whole
range of x. The assignment of the modes has been made according to previous work in the
range 0.0 < x < 0.5. The observed modes have been identified as stretching and librations
of the S–S, Se–Se and S–Se pairs. A new mode of the alloy has been identified as a Se–Se
libration. The relative frequencies of the modes and their variation with x has been analysed
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Figure 4. Raman intensity versus x for the S–S and Se–Se stretching modes normalized by the
S–Se stretching mode intensity (points). The curves correspond to C1[(2−x)/x] and C2[x/(2−x)]
with C1 = 0.555 and C2 = 0.357, respectively (see table 3).

in terms of the reduced masses or moment of inertia and the lattice expansion when S atoms
are substituted by Se. An accidental degeneracy between the S–S librational and the Se–Se
stretching modes has been found. The relative Raman intensity of the modes versus x is
explained to a good approximation by a random occupation of pair sites by S and Se atoms.
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