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ABSTRACT

The dimorphic behaviour of Nickel monosulfide consists high temperature hexagonal phase and low temperature
rhombohedral phase. We focused our study for the high temperature hexagonal phase of NiS. On the creation of defect in NiS
the space group is changed from P63/mmc to P-3m1 and P-6m2 for Ni*S and NiS* respectively. Ni-S bond length is 2.35 A which
is in very good agreement with experimental Ni-S bond length of 2.39 Al7l. We also studied the effect of potentials on the band
structure of NiS and found that number of states of Fermi level marginally decreases for positive potential gradient and
increases for negative potential gradient maintaining its metallic nature. Partial density of states confirmed that near fermi level
Ni-d states and S-p states affect all optical, electronic as well as thermal properties. Here we compared both hexagonal and
millerite phases of NiS and found that both phases are nearly similar. In the context of optical properties we found that we can
enhance or reduce the intensities of transitions in different regions. The order of resistivity for different stochiometry of NiS are
Ni1xS> NiS1«> NiS and for effect of different potentials gradient the order of resistivity are NiSzev>NiS1.5ev>NiS>NiS_1 5ev>NiS.zev.

Keywords: Nickel Sulfides; electronic band structure; Optical and transport properties

1. Introduction:

Transition metals such as Fe, Co and Ni form several isotropic series of sulphide structures which include
monosulphides with the NiAs structures and disulphide with pyrite structure. The general characteristics
of the two phases of monosulphides of Ni i.e. high temperature NiAs type and low temperature millerite
(hexagonal) have been fabricated and presented in great details by number of researchers. Rajamani
and Prewit discussed the dimorphic behavior of NiS i.e. high temperature hexagonal phase and low
temperature millerite NiS, which is the rhombohedral [1]. The calorimetric investigation for insulator to
metal (IM) transition in Ni1.S was reported by Polovov et al. They concluded that the acoustic lattice
vibrations dominated the process of stabilization of NiS [2]. Hexagonal nickel sulfide exhibits metal-non
metal transitions accompanied by changes in magnetic, electrical and structural properties at neel
temperature (Ty=265°K) [3]. Controversy for the ground state behaviour of hexagonal NiS was resolved
by Sharma et al. They confirmed the occurrence of first order phase transition in NiS [4]. The electronic
structure of millerite phase of NiS was thoroughly studied using electron spectroscopic measurements
by Krishna Kumar et al. A comparative study between hexagonal and millerite phase of NiS provided
information about difference in covalency [5]. Different properties of NiS such as electrical, optical and
structural properties were reported by Atay et al. They also concluded that NiS exhibits interesting metal
insulator phase transition showing antiferromagnetic semiconducting and paramagnetic properties at
low and high temperature [6]. X-ray diffraction study for millerite phase of NiS was performed and
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calculated under different pressure condition [7]. The structural, electronic and vibrational properties of
various phases of nickel sulfides i.e. NiS, Ni3S,, NiS; and NisS; were studied by ab-initio method. The Ni-S
bonds have found to be highly covalent. The down shifting of the d-band centers of nickel sulfides made
sulfur contaminated Ni electrode less active toward hydrogen fuel oxidation [8]. The phase transition of
defect hexagonal nickel sulfide was studied by positron annihilation spectroscopy. Fan et al. concluded
that the transition temperature decreases and thermal hysteresis width narrows down with deficient Ni
contents in Nii«S [9]. Nickel sulfide thin films with different sulphur content were prepared and their
structural, physical and optical properties were studied. From the XRD spectra it was observed that the
optical band gap and activation energy were strongly dependent on Ni/S ratio [10]. Electronic and
spectral properties of hexagonal NiS have been studied at high as well as low temperature using
(LDA+DMFT) DFT theory and showed the importance of electron correlation effects for proper
understanding of optical properties [11]. Boughalmi et al. investigated NiS for their optical properties
through transmittance and reflectance spectra [12], a low optical band gap was obtained from the
absorption spectra.

The review of the above materials explains different electronic, optical as well as thermal properties of
temperature dependent phases but there is a lack of a systematic study. In our work we have studied
bulk nickel sulfide, nickel and sulfur deficient NiS. We also studied the effect of electric field on bulk NiS.
We also studied the physical properties of NiS and also compare the effects of different exchange
correlation potentials.

1.2. Computational Methodology:

We have adopted the full potential linearized augmented plane wave’s method [FP-LAPW] which is
based on the density functional theory (DFT) and is one of the most accurate band
structure methods. It is used to calculate the electronic, optical properties from the fully converged
results. The GGA developed by Wu and Cohen was used. The convergence of this basis set is controlled
by a cut-off parameter RurKmax=7, where Knax is the magnitude of the largest k-vectors. The maximum
radial expansion Ima is set to be 10. The iteration is halted when the difference charge density and
energy was less than 0.0001 e ap® and 0.001 Ry respectively between steps taken as convergence
criterion. The energy cut-off between the core and valence states was set at —6.0 Ry. The Rurfor Ni and
Sare 2.44 and 1.99 A respectively and for millerite NiS [12] are 2.49 and 2.55 for Ni and S respectively .
1.3. Results and discussion:

1.3.1 Structural Properties:

NiS has the dimorphic behaviour [1-7] i.e. a high temperature hexagonal phase and a low temperature
rhombohedral phase which is also known as millerite NiS. Millerite NiS follows pyramidical geometry i.e.
Ni atom has five nearest S atoms while in the hexagonal phase Ni atom has four nearest S atom. In this
work, we study the high temperature phase i.e. hexagonal NiS which has the NiAs structure with
P63/mmc space group. Lattice parameters for NiS are a=3.4395A, c¢=5.3514A [7]. We first optimized
these experimental parameters for our system to obtain the lowest energy. The optimized lattice
parameters are a=3.434 A, c=5.1003 A. We see that experimental c/a ratio is 1.55[7] where as calculated
c/a is 1.48. The Wyckoff position of Ni is 2a i.e. (0, 0, 0) and S possess 2(c) i.e. (1/3, 2/3, %). The crystal
structure and optimization curve of NiS are shown in fig. 1(a) and 1(b).

367



Nat. Volatiles & Essent. Qils, 2021; 8(5): 366 — 379

-7677.5180 T T T
data  +
polyfit_dorder ------- 1

-7677.5200
-7677.5220
-7677.5240
-7677.5260
-7677.5280
-7677.5300

7677.5320 [ .

-7677.5340 - e

-7677.5360 L L L
-10 -5 0 5 10

Fig. 1(a): Structure of hexagonal NiS Fig. 1 (b): Optimization curve for hexagonal
NiS

When Ni-atom and S-atom are removed from NiS, the space group for non-stoichimetric NiS is

changed from space group 194 to 164 for Ni*S and 187 for NiS*, maintaining its hexagonal structure. The
shifts of Fermi energy levels of Ni*S and NiS* from NiS are 0.3696, 0.3362 and 0.6335 eV respectively.
The convergence energy, bond length etc are also mentioned in the given table [1]. We observe that Ni-
S bond length increased for Ni deficient NiS where as S-S bond length increases for S deficient NiS.

Fig. 1.2(a) Structure of Ni*S Fig. 1.2(b) Structure of NiS*

The Ni-S bond length 2.35A is in good agreement with experimental Ni-S bond length of 2.39 A [7].
Shorter or longer bond length indicates strong/weak hybridization on creation of defects in NiS.
Convergence energies, charges, bond lengths, Ryt of NiS, Ni*S and NiS*are tabulated in Table 1.

1.3.3 Electronic Properties:

The density of states and energy band structure give information about materials and also useful to
explain many properties such as the optical spectra and transport properties of solids. In order to
explain the contribution from different atomic orbital, we have calculated the total and partial density of
states (DOS). In Fig. 1.3 (a) we have plotted energy band diagram as well as density of states in Fig. 1.3
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(b) of NiS and deficient NiS* and Ni*S. The Fermi level (E¢) is set at 0 eV and coincides with the top of the
valence band. In the energy band diagrams we can see that at fermi level Ef, bands cross over which
explain the metallic nature of NiS. The energy bands are plotted along high symmetry direction I-M-K-I'-
Ain the energy range from -14.0 to 8 eV. The bands from -14.0 to 0 eV correspond to valence bands (VB)
while bands from 0 to 8 eV lie in the conduction bands (CB). Shift of bands can be easily explained from
density of states. From DOS of NiS, Ni*S and NiS*, we see that no. of states /eV per unit cell at the Fermi
level varies. In NiS, 1.84 states reduced to 1.36 states /eV and increases to 4.23 states /eV for Ni*S and
NiS* respectively. From this variation of number of states at Fermi level, we may conclude that number
of the states at Fermi level decreases for Ni deficient NiS and increases for S deficient NiS. From the
partial density of states of NiS we see that from energy range -8.0 to 1.66 eV, Ni states mainly
contributes, in which a peak occur at -2.06 eV in valence band , contributed by Ni-d states. Near Fermi
level Ni-d states mainly contributes from -5.64 eV to 1.57 eV and Ni d sharp peak occurs of 4.34 states
/eV. Sulphur states occurs from -8.05 eV to 11.86 eV in which sulfur-s states do not contribute much
whereas Sulfur-p states contributes from -8.16 eV to 3.39 eV and -2.18 to 1.68 eV. We have perturbed
the structure of NiS by de-intercalation of one Ni-atom and one S-atom. As we see from the total dos of
NiS, at Fermi level Ni-d states and Sulfur-p states mainly contribute. We observed from that partial dos
of Ni-d states that in Ni*S states no. of states are decreasing and Ni-d states are smeared in valance band
while S-p states are narrowed towards conduction bands. From sulphur deficient NiS, number of states
of Ni- d states at Fermi level increases, Ni-d states are narrowed toward conduction band S states at
Fermi level as well as in valance band are smeared.

An overall contribution of states is observed for deficient NiS, although metallic nature is maintained.
The number of states at Er are changed which will modify the optical and transport parameters. Greater
presence of Ni-d states and Sulfur-p in NiS* shows that deficiency of sulphur atoms modifies the
electronic structure of NiS to a greater extent.
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Fig 1.4 (a): Energy bands of on NiS : applied electric fields Fig 1.4 (b): Energy bands of on NiS : applied
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valence band while only one sharp peak occurs at 1.1 eV of S-p states of 1.07 states/eV in conduction
band . We also wish to study the effect of applied electric fields on the band structure of NiS. The energy
band diagram and the density of states are shown in Fig. 1.4 (a) and Fig. 1.4 (b) respectively.

From the plot of density of states, we see that on the application of positive and negative electric field of
1.5 V/A. The number of states at Er are 1.89, 1.49, 2.23 for NiS, NiS.1.s, NiSys respectively while on the
application of 3V/A potential difference the no. of states at Er are 1.47 and 2.67 respectively i.e. the no.
of states at the Fermi level marginal decreases for positive potential gradient and increases for negative
electric field while maintaining the metallic nature.

From the partial dos, we see that the first peak for NiS which occur at -0.30 of 4.1 states and second
peak -1.88 eV of 9.37 states shifts towards valence band i.e. -0.43eV with 3.45 states and -2.17eV with
9.3 states for -1.5 electric field. The first peak occurs at 0.21eV and second peak of -1.5 eV of 0.47 states
on the application of positive 1.5 V/A. We may conclude that on application of negative electric fields, Ni
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Fig. 1.5: Density of states of NiS, positive and negative electric fields of 1.5 and 3V/A

In presence of +1.5 V/A electric field we see that states of Ni are shifting towards higher energies i.e.
two peak of NiS at -0.30, -1.88 eV shifts to -0.21, -1.57eV. The S-states are not affected by the potential
gradient. In the conduction band, states from 0 to 1.55 eV contract to 1.4 eV which are Ni and S
hybridized states.
We have made a comparative study for NiS, disordered NiS and also studied the effect of varying electric
field on NiS. From partial density of states (PDOS) we confirm that near Ef, Ni-d states and S-p states
contribute which affects all properties by these states.
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On deintercalation of Ni atom (Ni;x S), Ni-d states decrease and S-p states increase where as on the
removal of S atom (NiS:«), contribution of both Ni-d and S-p states increase. On application of external
electric field, Ni-d states decreases whereas presence of S-p states increases. Further in case of Ni
deficiency in NiS, Ni-d states shift towards lower energies where as in NiS*, sulfur states shift toward

higher energies. On application of positive potential peaks of Ni-d and S-p states shift toward higher

energies whereas on application of negative potential, Ni-d states shift toward lower energies and S-p

states shift towards higher energies.

On comparing energy bands as well as dos of hexagonal NiS with millerite NiS [12], we see that behavior

of both phases are quite similar although there is all shift of states towards Fermi level. We also observe

that near fermi level there is strong hybridization of Ni-d and S-p states. From anti bonding states in the
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hexagonal system similar to millerite NiS phase. Charge transfer energy is smaller in the millerite phase
compared to hexagonal.

The above variations are responsible for different optical as well as transport properties which are
sensitive to the states in the vicinity of Fermi level.

1.3.3. Optical Properties:

Optical properties can be explained in the term of complex frequency dependent dielectric functions,
which are divided into two parts. The imaginary part which depends on interband and intraband
transitions as well as on the momentum matrix which is calculated by considering all the possible
transitions from occupied to unoccupied states. The real and imaginary parts of dielectric function
completely explain the optical properties of materials at all photon energies. We have calculated the
energy dependent electron energy loss spectra (EELS) for our selected compounds which are a very
important tool for explaining interband transitions in valence band. Scattering probabilities of volume
losses is directly related to energy loss function. Starting of loss function is associated with the transition
of electrons from top of the valence bands to bottom of the conduction bands. We have calculated
optical properties in both xx and zz- directions due to hexagonal structure of NiS shown in Fig 1.7. In xx
direction near IR region it is increasing and near 4500 nm, a sharp peak is observed in bulk NiS. On
application of positive potential of 1.5 and 3V/A, the NiS peak shifted to near IR region. Variation in the
eloss are related to the shifting of bands. As we can see that in Ni*S there is shifting of bands towards
valance band i.e. lower energy and in NiS* bands are shifting towards conduction band i.e. higher
energies.
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Fig 17: Electrq'l_’l ergy loss spectras (EELS) of NiS, Ni *S ,giz\zl 1he 3bv
From| figure 14 ﬂ'\'fi : _eak}‘iw ed at 4500 np jn thepAfitectidh which i iged to 0.24
. ' L - ’ -
at 2500 p#fr<ih zzdffectio. The Ni and S (deficient co int& sotropy

althofigh The elBstrap.enekgy 195s SPEgtra,peaks are shiftegz ; tensity.
An interestingly promingni loss peak at 7000 nm is observed fofNii%in adirestianmandiforis* in z-
direction. The vacancies created due to deficiency of Ni or S lead to the obsgryed losses in the spectra.
Application of positive or negative electric field allows the loss spectra to a great extent in IR or visible
region but effects the loss spectra in uv and lower uv regions due to gain in energy by charge carriers. In

zz direction the EELS of NiS is 0.24 at 2800 nm wavelength and on applying positive as well as negative
potential there is shift in IR region.

Absorption is a reverse process to photoluminescence i.e. the creation of electron-hole pair when
photon is absorbed by a compound, undergoes recombination and emits a photon with random phase,
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polarization and direction. From the absorption peak in the absorption spectra we get the information

Parameters/Properties ‘ NiS ‘ Ni*S ‘ Nis*
about photoluzrggnescence.
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On the application of electric field to NiS, intensity of peaks in the absorption spectra are marginally

reduced.

'5-3ev
pak starts from 0.1 eV.
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Table 1.1: Structural and input parameter
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Space Group and Lattice | 194 164 187

parameter (A) a=3.434 a=3.4347 a=3.434
¢=5.1003 ¢=5.1003 ¢=5.1003
1.48 1.48 1.48

c/a

; Ni=2.4 Ni=2.44 Ni=2.44

Rwr(A) $=1.99 5=1.99 5=1.99

Fermi Energy (eV) 0.6335 0.3696 0.3627

Volume (a. u)® 351.64 354.164 351.64

Convergence energy (Ry) -7665.32 -4628.57 -6869.23

Bond Length A Ni-Ni=2.55 Ni-Ni=3.43 Ni-Ni=2.55
Ni-S=2.35 Ni-S=2.35 Ni-S=2.35
$-5=3.23 $-5=3.23 S$-5=3.43

Table 1.2: Effect of Absorption Coefficient on NiS and different electric fields for NiS in different

optical regions

Effect of Field on absoption | NiS NiS1 s NiS .15 NiSsev NiS_zev
Coefficient (10%/cm)

I.R. Region(At 1 eV) 47 44 50 43 60
Visible Region (At 2 eV) 54 63 64 68 66
U.V Region (At 4 eV) 27 50 24 14 70

For Ni deficient Ni*S, we also observe an optical bandgap (0.5 eV) which confirms the experimental
optical bandgap of 0.814 for Ni,S,.« (Sulphur deficient) [10] thin films. Results for Ni or S deficient bulk
NiS are not yet available.

From above description it may be seen the changing behaviour in different region may be due to
different contributions of Ni-d and S-p states. On the application of different fields we may do
enhancement or reduction in the intensity of transitions in different regions according to our need.
Reflectivity Spectra:

The selected compounds show anisotropic behavior so reflectivity is plotted in xx and zz direction
separately. We noticed from the partial density of states (PDOS) of NiS that at Fermi level Nickel-d states
and Sulfur-p states have main contribution. When we remove one Ni atom, the number of d-states of
Ni atom and Sulfur-p were observed to decrease and when we remove one sulfur atom the Ni-d states
and S-p states were observed to increase as a result we see the variation in reflectivity spectra. We also
noted that on Ni extraction Ni-d states decreased, so Ni*S have highest transmittance.
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We see from Fig 1.9, inkidl reflectivity in N[iS is 74% and 76%.in xx- and‘ zz-direction yespectively. One
ex%?E ction of Ni atom, reflectivity dprrmmc i.e. 51% and 5274 respectlvely, whlle on sulfur extrac ion
reerct|V|ty deéopgaseeogoto 8(%06% 1000d é?q% in xx- and zz- direction Pesp@@tlvé’w F‘BI‘P pd@?tlv@""ﬁoﬁé’l’?tlalf‘o@f 1.5
and 3V/A we have seen that Ni-d states and S-p states decreases at Er so NiS ref}lég{)wlty increases upto

76% and 80% in xx and zz-direction respectively, while for negative potential of -1.5 and -3V/,

reflectivity decreases i.e. 72 and 75% in xx-and zz-direction.

We compare our results with reflectivity spectra of NiS thin film [12]. At 2500 nm wavelength,
reflectivity increases upto 40% only while in our case reflectivity in xx-direction at 2500 nm is 51% and
in the zz direction it is 40%. From above discussion, reflectivity in zz direction matches the reflectivity for
thin film. In both xx and zz direction Ni*S has highest transmittance.

Refractive Index:

In Fig 1.10, refractive index is plotted for NiS, Ni*S and NiS* in both xx and zz directions.
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Fig 1.10sRefractive Index of NiS, Ni *S, NiS*, NiS.sev, NiS.1%4
In “kk-d ctjon, refractive index in UV region is 10.
N
filen{ of NNStag ;}m\ . s 4.4 an
regEectlver \he can e‘nhﬁnce this value by creatjon of distpition as well as bv a“pp‘fvmg external f|eld In
2z-d for NiSix it is 2%"’67 46% af)‘l&ym Oobosﬁf’ﬂ‘}% e’|28%°tr|c’é‘?°°

4000 000 =, 28000 10000 12000 14000

potentlafs of 1.5 an 3V}(A f( 1. is 2.35 and 2.44 while on applying negative eIect(r|c potential the R.I. is
1.24 and 1.05 respect|vely

At a one glance from Fig. 1.10 we observed that in UV region the value of refractive index is very high
and is lowered in visible region. On the creation of distortion in NiS, the value of refractive index is 6.39,
5.32 and 2.35 for NiS*, Ni*S and NiS respectively i.e. NiS*>Ni*S>NiS. In UV region the order of refractive
index in xx direction is the order NiS1.sev >NiSzey>NiS> NiS-15ev > NiS-3ev >NiS*>Ni*S. On applying electrical
potentials the order of refractive index is NiS +1.5ev > NiS 1.5 ev NiS-3 ev >NiSs3ev >NiS> Ni*S>NiS*, in near IR
region Ni'S NiS™> NiS .15ev>NiS3ev>NiS.3.y>NiS and in LR. region at 7000nm NiS3ev>NiS1sev>NiS>NiS.
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1.5ev>NiS*>NiS.3ey >Ni*S. From above study we see refractive index is different in I.R., U.V. and near I|.R.
regions. So from above discussion we can conclude that in different region NiS may be used like a
sensor.

1.3.4 Transport properties:

Electrical Conductivity and resistivity:

We have plotted electrical resistivity with temperature to see its variation [Fig 1.11].

Ni*S’, NiS™, NiSTsvja, NiS.isw7aNiSavs 222

i —N!S
nry low. When we chanm: its stoc ™ E:gmvf NiS and on the

-1.5eV

application of positive and egative” 1ootent|al of 1.5 and 3V/A the order = E:gvv y dhanges is Ni;xS>
NiS1,> NiS and N|536V>N|S 5ev> NiS> NiS. 15ev> NiSzy. From the graph we also see that for all different
aspects of study NiiS has bighest resistividy and NiS at electrical potential of 3V/A hasdawest resistivity.
From literature survey, we found the millerite NiS [12] HB%<a high metallic conductivity of 2x10 * (Q-cm) -

Lwhile hexagonal NiS has a lower value of 1.6x10 #(Q-cm)™. Both phases have resistivity of nearly same

order, though we may use either hexagonal or millerite phase.

Hall Coefficient:

In fig 1.12 we have seen the variation of Hall Coefficient vs temperature and observed that Pure NiS has
highest hall coefficient whereas it is lowered for positive (3V/A) potential difference.
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The effect of external electric field as well as Ni Xegt S deficient NiS on mobility of charge carriers have

been plotted in fig 1.13.
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Fig 1.13: Mobility
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Table 1.3: Transport properties of of NiS, Ni 'S, NiS*, NiS1.sev, NiS.1.5ev, NiSzevand NiS_zev

Samp|95/ NiS Ni *S NiS* NiS1_5ev Nis.1,55v Ni53ev Nis.gev
Properties

o(Q-m)*x10° 1.60 478 .7458 1.44 1.69 1.27 1.98
p(uQ-m) 0.625 2.09 1.34 0.69 0.59 0.78 0.50
x(m3/mol)x10~*° 1.21 0.522 1.73 1.35 1.13 1.49 1.12
n (1/cm3x10% -0.405 -0.011 | .102 0.131 0.189 0.074 0.241
K (m?/V-s)x10® -24.6 -253.3 | 45.3 68.25 55.77 106.0 51.2
C 2.24 0.821 2.98 2.07 1.78 2.47 1.65
K(W/mK) 11.78 3.72 5.24 12.01 13.76 11.05 15.47
S(uV/K) -14.0 -33.3 -.019 -29.1 -32.5 -23.7 -33.4
Ru(m3/C) x10'1* -1.54 -53.0 6.08 4.74 3.3 8.35 2.59

1.5 Conclusion:

In this work we have studied the hexagonal phase of NiS and compared our results with experiment as

well as previous calculated results which are in good agreement. We have performed a comparative
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study of Ni-atom and S-atom deficient NiiS and NiS:« and also studied the effect of applied external
potentials. From the above discussions we conclude that millerte and hexagonal NiS phase possess
nearly similar characteristics, we may use any one of the phases of NiS. On application of external
electric field, NiS shows the possibility of application as optoelectronic material. A deficient of Ni or S
leads to increases in transmittance ~ (80%) in IR region.
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