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First principles calculations have been performed to study the characteristic properties of SenTen (n¼ 5–10)

clusters. The present study reveals that the properties of these small clusters are consistent with the

properties of Se–Te glassy systems. Several hundred equilibrium structures obtained from a genetic

algorithm based USPEX code are relaxed to their minimum energy using the VASP code. Most of the

lowest energy buckled ring-like structures are formed from Se–Te heteropolar bonds. Detailed structural

analysis and distance energy plots unveil that many equilibrium structures are close in energy to their

global minimum. The computed Raman and IR spectra show the dominance of Se–Te heteropolar

bonds, consistent with earlier simulation and experimental findings in Se1�xTex glass materials. Low

frequency vibrational modes observed in small clusters are characteristic features of amorphous

materials. Non-bonding orbitals (lone pair) are observed in the HOMO, whereas the LUMO is formed

from purely antibonding orbitals. The dielectric functions corroborate the bonding mechanism and

slightly polar nature of SenTen clusters. The energy loss and absorption coefficient indicate the presence

of p–plasmons in the UV-visible region. Furthermore, it is ascertained that the use of a hybrid functional

(B3LYP) does not affect the properties of small clusters appreciably, except causing a blue shift in the

optical spectra. Hence, we find that the small clusters have bearing on the formation of glassy Se–Te

systems.
1 Introduction

Nanoclusters have received attention because of their unique
properties and technological applications. The exceptional
structural, electronic, optical, magnetic and catalytic proper-
ties1,2 of clusters facilitate their use in nano-solid state devices.
They have potential applications in carbon nanotubes, semi-
conductor nanowires, chemical catalysts, creation of memory
cells, lasers and photonics.3 Small clusters are considered as the
building blocks of nanomaterials, and hence, play a vital role in
determining the properties of these materials. Consequently,
cluster-assembled materials are likely to exhibit unique prop-
erties.4 Recently, transition metal and semiconductor clusters
have been studied5,6 because of their interesting magnetic and
optical properties, respectively. Nanostructured transition
metal chalcogenides have gained enormous consideration due
to their typical chemical stability, electronic properties and
remarkable structure.7

Since, clusters exhibit properties of molecule and bulk,
hence, they are known as 5th state of matter.8 The computa-
tional convenience of clusters makes them a supplement to
niversity, Shimla 171 005, India. E-mail:

ibai Phule Pune University, Pune 411 007,

tion (ESI) available. See DOI:

–1482
conventional large systems and thus they are considered as
microscopic analogues of bulk systems. Small clusters exhibit
size dependent effects not observed in bulk systems. The
properties of clusters are expected to converge to their bulk as
the cluster size approaches the bulk dimensions. A high value of
the ratio of the number of atoms on the surface to that inside
the cluster show the properties of a bulk surface without
affecting their reactivity. Size dependent effects in small clusters
are the origin of the coexistence of liquid-like and solid-like
states.9 The size and composition of a cluster can be controlled
with atomic precision. Mostly clusters exhibit a large number of
isomers, in which atoms are arranged in different congura-
tions/structures. Separation between different structures, i.e.,
ordered and disordered structures, has been discussed in
several ways.10 Disordered structures are said to exhibit amor-
phous nature.10,11 The concept of amorphous or glassy clusters
was reported by Rose and Berry.10 According to them, if a cluster
has a large number of inherent disorder structures compared to
ordered structures, it can be considered to have a micro-
amorphous (MA) state. The MA state is a small analogue to the
bulk, in reference to the properties of bulk glass. For a MA state
to exist, clusters must be trappable into solid amorphous
structures through realistic experimental processes. The exis-
tence of disorder structures as a low energy conguration has
been reported12–15 in the literature. Bulgac and co-workers have
reported the existence of small Na8 glassy clusters.16 The liter-
ature shows the existence of many more glassy clusters9,10,17
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Most of the surface properties are determined by the nano-
structures present on the surface. The formation, growth and
dynamics of surfaces are believed to be essential components in
device fabrication.18 Researchers have focused on the use of free
clusters for assembling nano-structured thin lms.1 Nano-
structured lms obtained by assembling atomic clusters are of
strategic importance for a wide variety of applications.1,2

Recently, nano-structured thin lms were prepared and their
structural, optical and electrical properties were studied.19–23

The formation of small clusters has been noticed23 in Se–Te thin
lms. The presence of small structures or defects in thin lms
has a signicant impact on their structural and functional
properties.24,25 The synthesis, characterization and different
properties of Se–Te nanostructured thin lms26,27 have been
reported in the literature. Amorphous nano-structured Se–Te
lms have shown enhanced and direct band gaps not reported
for their counterparts,28,29 crystals. The Raman spectra and
photoluminescence study of Te94Se6 nanoparticles thin lms
have shown their application in optical disk and semi-
conducting devices.28 Tripathi et al.30 have reported the optical
properties of nanostructured selenium-tellurium thin lms
grown by a thermal evaporation technique. Several
researchers31–33 have reported the electrical and transport
properties of chalcogenide glasses. A structural study of Se–Te
glasses using Raman spectroscopy and rst principles methods
has been recently reported34 by A. Tverjanovich et al. They have
simulated open triatomic Se–Te clusters and oligomers of Te to
compare their results with experiments. Experimental
studies35,36 on Se–Te glasses indicate the presence of chain like
structures with a signicant contribution of Sen and Ten frag-
ments. The Raman study34–36 of Se–Te glasses and triatomic
clusters has shown that the Se and Te atoms are randomly
distributed in the chain with preference to heteropolar bonds.
In view of the isoelectronic nature of Se and Te, it is expected37

that Te not only enters the chain and rings of Se but also favours
the cross linking of rings and chains. The addition of Te to Se
results in an increase in structural and compositional disorder.

However, studies on nano-chalcogenides are at the primary
stage and the overall features are not explored. The study of
nano-chalcogenides is crucial for device fabrication. Free from
bonding restrictions, amorphous nanostructures may result in
a large range of nanostructures, in contrast to crystalline nano-
structures. Control on the nanometer scale in nanostructures
could be an important area of research in amorphous semi-
conductors. Thus, the study of nano-chalcogenides is inevitable
for their use in nano-devices2 like nano-electronic devices,
memory devices, optical memory devices, nanophotonic
devices, etc. Furthermore, the increasing focus on free cluster
assembled thin lms demands the study of small clusters.
Clusters of S, Se and Te have been synthesized in experiments
like gas condensation and laser vaporization in a pulsed-nozzle
cluster source. Detailed discussion on Se–Te small structures is
still missing. Here, a rst principles study of SenTen clusters will
help us to understand the molecular origin of the vitreous state
of a material. In this way, the present investigation is an attempt
to study the properties of a conventional large system through
its microscopic analogue. In the present work, we aim to study
© 2022 The Author(s). Published by the Royal Society of Chemistry
the structural, electronic and optical properties of SenTen clus-
ters using the rst principles method. SenTen small clusters of
different sizes are obtained using the USPEX code.38,39 Most of
the buckled ring-like structures exhibit properties similar to the
properties of Se–Te glass. Hence, our work is relevant to the
experimental work on bulk systems, because bulk as well as Se–
Te thin lms in their properties show the dominance of small
clusters.

2 Computational details

First principles calculations are performed, using the Vienna ab
initio simulation code (VASP),40–42 to examine the structural and
optical properties of SenTen clusters. The Perdew–Burke–Ern-
zerhof (PBE) form of the exchange correlation functional of the
generalized gradient approximation (GGA) has been
employed43,44 to perform the simulations. Projected augmented
wave (PAW) pseudo-potentials are used to describe the electron–
ion interactions. The outermost valence electrons 4s24p4 of the
Se atom and the 5s25p4 valence electrons of the Te atom are
considered to compute the potential. Initially, SenTen clusters
are generated using the universal structure prediction evolu-
tionary xtallography (USPEX) code.38,39 It generates several
hundred possible structures along with their symmetries,
knowing only the chemical composition of the system. Only
a few (50–60) stable structures of each cluster have been
considered for examination. Generated clusters are placed at
the center of cubic supercells of different sizes, ranging from 15
to 30 Å depending upon the size of the cluster, so that the
interaction among the periodic images of clusters separated by
vacuum is negligible. The structural optimization of each
cluster is carried out with VASP until all the force components
become less than 0.005 eV Å�1 with a convergence of about 10�4

eV Å�1 in the total energy. The USPEX run provides hundreds of
structures, but generally many of them are duplicate structures.
To isolate the duplicate structures, the Crystal Fingerprint
(crystalfp) code45 has been used. The Crystal Fingerprint
approach has been further exploited to generate distance energy
(DE) plots for these clusters. Established least energy structures
(ground state structure) are considered to compute the IR and
Raman spectra, eigenvalue value spectrum and optical proper-
ties of SenTen clusters.

3 Results and discussion
3.1 Structural and electronic properties

The least energy (ground state) structures of SenTen clusters, n¼
5–10, along with a few isomers are presented in Fig. 1 and 2. The
energy of the least energy structure is taken as zero and the
energy of its isomers is relative. It is observed that SenTen
clusters acquire closed chain ring type structures exhibited by
pristine Sen and Ten clusters,47 also reported in a Se–Te liquid
phase.48 Most of the examined structures are ring type with two
nearest neighbours. However, for n ¼ 5, we have noticed a few
high energy structures with three nearest neighbours, reported
in the ESI (Fig. S1†). SenTen clusters adopt an order–disorder
pattern, Fig. 1 and 2, noticed in isolated Sen and Ten clusters.47
Nanoscale Adv., 2022, 4, 1464–1482 | 1465
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Fig. 1 Lowest energy isomers of SenTen clusters, n¼ 5–7. Red spheres represent Te atoms and yellow spheres represent Se atoms. Given energy
is in eV.
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The point symmetries, bond lengths, HOMO–LUMO gap and
binding energy per atom are given in Table 1. The values given
in the table are our results and superscripts a and b on values
show that these values are consistent with the values reported in
ref. 35 and 46.

Binding energy per atom is calculated for each SenTen cluster
from the relationship

Eb ¼ ðE½SenTen� � nE½Se� � nE½Te�Þ
2n

; (1)

where E[Se], E[Te], and E[SenTen] represent the energy of an
isolated Se atom, Te atom and SenTen clusters, respectively, and
2n is the total number of Se and Te atoms in a SenTen cluster.
The dynamic stability of least energy structures is examined
from their vibrational frequencies. The computed vibrational
frequencies of these structures do not possess any imaginary
value, which reveals their dynamic stability. The thermody-
namic stability of clusters has been ascertained from mixing
energy. The energy of mixing is computed from the equation49

Emix ¼
�
E½SemTen� � m

N
E½SeN � � n

N
E½TeN �

�
; (2)

where N¼m + n, andm and n represent the number of atoms in
SeN and TeN clusters, respectively. The obtained energy of
1466 | Nanoscale Adv., 2022, 4, 1464–1482
mixing is reported in Table 2 along with the B.E per atom of Se2n
and Te2n clusters. A negative energy of mixing indicates that the
alloy formation is thermodynamically favorable.

It is noticed that with an increase in the number of atoms (n),
i.e. cluster size, the ring gets buckled and elongated. Though the
addition of an atom in a cluster does not change the B.E. per
atommuch, the geometries get modied, Fig. 1 and 2. The deep
examination of these structures reveals that the structural
parameters, i.e., bond length and bond angle, do not remain the
same throughout the structure, Table 1. All ground state (GS)
structures consist of heteropolar Se–Te bonds, except Se9Te9. It
has a different geometry consisting of Se–Te, Se–Se and Te–Te
bonds. Bonding in these structures shows that Te atoms enter
the Se chain and get dissolved in the chain. In some higher
energy isomers, the Se–Te–Se–Te–Se bonding pattern is dis-
obeyed and instead, Se–Te–Te–Se, Se–Te–Te–Te–Se, Se–Se–Te–
Te–Te–Se, and Se–Te–Te–Te–Te–Se bonding patterns are
observed, Fig. 1 and 2. This shows the presence of homopolar
bonds along with the heteropolar bonds. The dominance of Se–
Te bonds in GS structures is consistent with earlier work,35,46 in
the case of open chain structures. Though the bonding
arrangements of the isomers are different, the B.E. per atom is
very close to the ground state. It differs at the most by 0.35 eV.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The same as in Fig. 1 for n ¼ 8–10. Given energy is in eV.
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The bond angle a (x–y–z with x, z ¼ Se/Te and y ¼ Te/Se) has
been observed in the range 101� to 111� for all structures. Its
value in triatomic clusters34 lies between 105.5� and 108.5�and
in Se–Te glasses the reported average bond angle value is 105�.35

To determine the effect of bonding arrangement on ground
state structures, we constructed a few structures with 5, 6, 7 and
8 atoms of Se on one side of the ring and of Te on the other side
of the ring (not reported here). Structures were relaxed in VASP
so as to attain their minimum energy state. It is found that Se
and Te atoms do not change their positions, which means that
Se–Se and Te–Te homopolar bonds still exist as before relaxa-
tion. The B.E. of these relaxed structures is close to the B.E. of
the GS structures reported in Fig. 1 and 2. This shows that the
B.E per atom of a structure is not affected by the presence of
heteropolar/homopolar bonds, a possibility in experiments
during lm deposition.51

The structural disorder and existence of metastable struc-
tures with energy very close to the ground state energy indicate
the amorphous nature of SenTen clusters. To complete the
structural analysis, we have examined the distance energy (DE)
plots, Fig. 3, of SenTen clusters. The DE plot provides necessary
information regarding the character of the potential energy
surface (PES) and allows us to distinguish between glassy and
non-glassy clusters. We have generated the distance energy
© 2022 The Author(s). Published by the Royal Society of Chemistry
plots using crystalfp. The ngerprint function (F), which char-
acterizes the structure, is dened as52,53

FABðRÞ ¼
X
Ai

X
Bj

d
�
R� Rij

�
4pRij

2 NANB

V
D
� 1 ¼ gABðRÞ � 1; (3)

where the double sum runs over all ith and jth atoms of types A
and B, respectively, within a distance Rmax. Rij is the interatomic
distance, Ni is number of atoms of type i and d(R � Rij) is the
Gaussian-smeared delta function absorbing numerical errors.
To be robust against numerical errors and computationally
convenient, the FAB(R) function is discretized over bins of width
D. gAB(R) is the pair correlation function and subtracting 1 from
it makes it short ranged.

The discretization of ngerprints, FAB(R), allows it to be
represented as a vector. Each structure can thus be uniquely
described by a ngerprint vector and the dissimilarity between
structures can be calculated using the denition of distance,

D ¼ 1

2

0
BB@1�

P
AB

P
k

F1;ABðkÞF2;ABðkÞwABffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
AB

P
k

F1;ABðkÞ2wAB

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
AB

P
k

F2;ABðkÞ2wAB

r
1
CCA: (4)
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Table 1 Calculated structural and electronic properties of SenTen clusters

n Point sym.

Bond length (Å) H–L gap (eV) B.E. per atom (eV)

Se–Se Te–Te Se–Te (eV) (eV)

Se5Te5 C5v 2.55a,b 1.80 �3.11
Cs 2.54–2.56a,b 1.65 �3.10
C1 2.39a,b 2.71a,b 2.52–2.59a,b 1.69 �3.10
Cs 2.36–2.37a,b 2.73–2.74a,b 2.55a,b 1.87 �3.09
Cs 2.54–2.57a,b 1.65 �3.09

Se6Te6 D3d 2.55a,b 1.94 �3.11
C1 2.53–2.58a,b 1.61 �3.11
D3d 2.55a,b 1.86 �3.11
C1 2.38–2.39a,b 2.73–2.74a,b 2.53–2.56a,b 1.90 �3.11
C1 2.35–2.37a,b 2.74a,b 2.55a,b 1.96 �3.10

Se7Te7 Cs 2.53–2.61a,b 1.54 �3.12
Cs 2.54–2.56a,b 1.73 �3.12
C1 2.36–2.37a,b 2.67–2.75a,b 2.51–2.67a,b 1.48 �3.10
C1 2.36–2.39a,b 2.72–2.76a,b 2.52–2.57a,b 1.52 �3.10
C1 2.37–2.38a,b 2.69–2.82a,b 2.52–2.65 1.44 �3.09

Se8Te8 D4d 2.55a,b 1.68 �3.12
D4d 2.55a,b 1.62 �3.108 9
C1 2.37–2.39a,b 2.71–2.74a,b 2.53–2.57a,b 1.65 �3.11
C1 2.34–2.41a,b 2.71–2.77a,b 2.52–2.59a,b 1.63 �3.11

Se9Te9 C1 2.39a,b 2.69–2.72a,b 2.52–2.62a,b 1.53 �3.11
C1 2.35–2.36a,b 2.69–2.73a,b 2.51–2.62 1.62 �3.10
Cs 2.38–2.40a,b 2.73–2.74a,b 2.53–2.56a,b 1.75 �3.10
C1 2.39–2.40a,b 2.65–2.71a,b 2.50–2.63 1.70 �3.10

Se10Te10 Ci 2.53–2.58a,b 1.45 �3.12
C1 2.38–2.39a,b 2.72–2.73a,b 2.52–2.58a,b 1.58 �3.11
D5d 2.55a,b 1.40 �3.10
C2 2.37–2.39a,b 2.73–2.75a,b 2.54–2.56a,b 1.55 �3.09

a Ref. 35. b Ref. 46.

Table 2 Energy of mixing for Se–Te clusters and BE per atom of Se2n
and Te2n clusters

Cluster Emix (eV)

B.E. per atom (eV)

Te2n Se2n

Se5Te5 �0.40 �2.82 –3.47
Se6Te6 �0.48 �2.83 –3.47
Se7Te7 �0.49 �2.84 –3.47
Se8Te8 �0.72 �2.84 –3.47
Se9Te9 �0.81 �2.84 –3.46
Se10Te10 �0.60 �2.83 –3.46

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 4

:4
3:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fi,AB(k) represents the ngerprint of component i in the kth

bin and

wAB ¼ NANBP
NANB

; (5)

is the weight factor of each ngerprint component. To charac-
terize the molecular structures, congurational ngerprint
vectors have been introduced.53 They are the counterparts of the
quantities used to identify the structures experimentally. The
Euclidean distance between the congurational ngerprint
vectors satises the properties of a metric and can therefore
safely be used to measure dissimilarities between
1468 | Nanoscale Adv., 2022, 4, 1464–1482
congurations in high dimensional conguration space. The
normalized Euclidean distance

DDðp; qÞ ¼ 1ffiffiffiffiffi
N

p kFp � Fqk; (6)

measures the dissimilarly between structures p and q with no
need to superimpose them. F is a symmetric N � N matrix
whose elements depend only on the interatomic distances rij ¼
kri � rjk of an n-atom conguration. Vectors F containing
eigenvalues of such a matrix form a congurational ngerprint,
which allows the identication of a structure. In order to make
DD independent of the atomic indices, the elements of each F
are sorted in an ascending order. Computing the distance
between two structures one quanties the difference between
them. Detailed discussion about ngerprint calculations is
given in ref. 52 and 53. In DE plots, Fig. 3, the obtained distance
of isomers from the ground state is taken along the x axis and
the corresponding energy with respect to the global minima is
taken along the y axis. Such DE plots, in particular, have been
used to infer17 the glassy nature of clusters. In the present case,
clusters are 1D ring-like structures and do reveal interesting
features. Se7Te7 and Se10Te10 clusters show the presence of
many low energy structures at small distances. It means that the
structures are similar and very close to the ground state. In
Se6Te6 and Se9Te9 however bunching of structures is seen. It
implies that there are so many low energy structures, which are
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Shape parameters Qx, Qy, and Qz as a function of sizes of
clusters.

Fig. 3 DE plots for SenTen clusters.
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energetically close but structurally different than the ground
state. From Fig. 3, it is evident that enough congurations of
a cluster exhibit local minima very close to the global minima,
a distinct feature of glassy systems.17 Thus, there exist enough
geometries of similar energies separated by a barrier of different
heights. Cooling through room temperature may leave any of
these structures in the ground state. Any system having such
metastable geometries are said to possess glassy nature. Such
clusters may lead to the formation of amorphous solids via
rapid cooling10 of these liquid clusters. The formation of such
clusters in bulk alloys as well as on the surface of thin lms23

will make them to behave as amorphous materials. The amor-
phous nature of the Se–Te alloy has been well established in the
experimental studies.

Shape analysis of these clusters has been done using the

shape deformation parameter 3d ¼ 2Qx

Qy þ Qz
, whereQx$Qy$Qz

are the eigenvalues of the quadrupole tensor Qij¼
P

IRIiRIj. Here
RIi is the i

th coordinate of ion I relative to the centre of mass.54,55

The eigenvalues of quadrupole tensors Qx, Qy, and Qz, as
a function of cluster size are shown in Fig. 4. There is a signi-
cant change in the shape along the x direction compared to that
in the y and z directions. It means that with an increase in the
size of the cluster, it gets elongated (Qx > Qy). The variation in
Qx, Qy and Qz shows a considerable change in the x and y
directions, whereas along the z direction it is negligibly small.
In the histogram, Fig. 4, for n ¼ 5, 6 and 8, Qx x Qy, which
implies their circular shape, see Fig. 1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2 Raman and IR spectra

Vibrational spectroscopy is a commonly and widely used tech-
nique for the structure elucidation and identication of sus-
tained impurities in a givenmaterial. The Raman spectra for the
ground state geometries of SenTen clusters, n ¼ 5–10, are shown
in Fig. 5(a). The Raman intensities of phonon modes have been
calculated from the derivative of a macroscopic dielectric tensor
with respect to the normal mode coordinate.56 The observed
Raman bands along with the assigned modes are presented in
Nanoscale Adv., 2022, 4, 1464–1482 | 1469
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Fig. 5 (a) Raman and (b) infrared spectra of SenTen (n ¼ 5–10) clusters.
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Table 3. The values given in the table are our results and
superscripts a and b on values show that these values are
consistent with the values reported in ref. 50 and 34. The
occurrence of Se–Te bands is consistent with their structural
Table 3 Raman and IR bands in SenTen clusters

Clusters
Raman u

(cm�1) Mode

Se5Te5 214.7b Se–Te (stretch
72.2 Se–Te (bendin
59.3 Se–Te (bendin

Se6Te6 211b Se–Te (stretch
39 Te–Te (bendin

Se7Te7 222.9 Se–Te (stretch
221.5 Se–Te (stretch
207.7b Se–Te (stretch
182.1b Te–Te (stretch
173.4b Te–Te (stretch
106.3 Se–Se (bendin
74.8 Se–Te (bendin
59.1 Se–Te (bendin

Se8Te8 214.4a Se–Te (stretch
32.2

Se9Te9 242.9a,b Se–Se (stretch
242a,b Se–Se (stretch
232.9a Se–Se (stretch
224.3 Se–Te (stretch
217.6b Se–Te (stretch
210.9b Se–Te (stretch
200a Se–Te (stretch
197a Se–Te (stretch
108.4 Se–Se (bendin

Se10Te10 223.9 Se–Te (stretch
220.1 Se–Te (stretch
219.3 Se–Te (stretch
216.6b Se–Te (stretch
201.1a Se–Te (stretch
194.1a Se–Te (stretch
178.5b Te–Te (stretch
99.7 Se–Se (bendin
36.7

a Ref. 50. b Ref. 34.

1470 | Nanoscale Adv., 2022, 4, 1464–1482
arrangement, Fig. 1. The band at 214.7 cm�1 in the Se5Te5
geometry is ascribed to stretching vibration and the bands at
72.2 cm�1 and 59.3 cm�1 are assigned to the bending vibrations
of Se–Te bonds. In the Se6Te6 cluster, Raman bands are
IR u

(cm�1) Mode

ing) 213.9 Se–Te (stretching)
g) 77.5a Se–Te (bending)
g) 64.5 Se–Te (bending)
ing) 216.5a Se–Te (stretching)
g) 55.9 Se–Te (bending)
ing) 222.9a Se–Te (stretching)
ing) 221.5a Se–Te (stretching)
ing) 221.4a Se–Te (stretching)
ing) 182.5 Te–Te (stretching)
ing) 182.1 Te–Te (stretching)
g) 173.4a Te–Te (stretching)
g) 98.4a Se–Se (bending)
g) 72.2a Se–Te (bending)
ing) 218.6a Se–Te (stretching)

93.7a Se–Se (bending)
ing) 242.9a Se–Se (stretching)
ing) 242a Se–Se (stretching)
ing) 215.4a Se–Te (stretching)
ing) 214.3 Se–Te (stretching)
ing) 210.9 Se–Te (stretching)
ing) 202.6 Se–Te (stretching)
ing) 197 Se–Te (stretching)
ing) 196.6 Se–Te (stretching)
g)
ing) 223.9a Se–Te (stretching)
ing) 220.1a Se–Te (stretching)
ing) 219.3 Se–Te (stretching)
ing) 210.7 Se–Te (stretching)
ing) 205.7 Se–Te (stretching)
ing) 180.7 Te–Te (stretching)
ing) 105.2a Se–Se (bending)
g) 99.7a Se–Se (bending)

91.5a Se–Se (bending)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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observed at 211 cm�1 and 39 cm�1. The band at 211 cm�1

corresponds to stretching vibration in the Se–Te bond, whereas
the band at 39 cm�1 shows the presence of a Te–Te bond not
observed in the ring structure. The Raman spectra of Se7Te7,
Se9Te9, and Se10Te10 clusters unveil the occurrence of Se–Se, Te–
Te and Se–Te stretching and bending modes, Table 3. The
Raman stretching modes observed in the spectral ranges 242–
243, 197–233 and 173–194 cm�1 correspond to the stretching
vibration of Se–Se, Se–Te and Te–Te bonds, respectively. The
difference in the positions of the occurrence of Raman peaks
may be ascribed to the difference in the structural parameters51

of these clusters. The emergence of Se–Se stretching and
bending modes in Se9Te9 may be understood from its ring
structure. Raman bands depicting the presence of homopolar
bonds is a consequence of buckling in a ring structure that
causes interaction between the nearest atoms. Bending Raman
modes are noticed in the spectral ranges 100–108 and 60–75
cm�1 less than 50 cm�1 for Se–Se, Se–Te and Te–Te bonds,
respectively. The noticed Raman bands are consistent with the
Raman bands observed in a-Se, a-Te and Se–Te glass.34,50,57–62

Stretching Se–Se, Se–Te and Te–Te bands in SexTe1�x glasses
are observed34,57–62 at 250, 210 and 175 cm�1, respectively.
Meanwhile in a DFT study34 of triatomic clusters, these bands
were calculated to be in the spectral ranges 264–270, 218–230
and 180–183 cm�1, respectively. Our values for the Se–Se band
are red shied, whereas for Se–Te and Te–Te bands they are
blue shied in reference to experimental results. This difference
may have been due to the absence of inter cluster interaction
discussed in ref. 34. We have recorded the Raman spectra of
individual clusters, whereas in glass they exist as a bunch of
clusters. Our values are in good agreement with experimental
values for Se–Te glasses, which shows that the Se–Te alloy, in
the bulk form or in thin lms, consists of ring structures.23,34,37

We have also examined the IR spectra of these clusters. IR
intensities are computed from the eigenvectors and the Born
effective-charge tensors. The Born effective charge tensor and
the phonon eigenvectors are calculated from density functional
perturbation theory (DFPT) implemented in the VASP code.56,63

Bands observed in IR spectra are also given in Table 3. Our
results show the presence of Se–Se, Te–Te and Se–Te stretching
and bending modes in the IR spectra in concurrence with
Raman spectra. Se–Se, Te–Te and Se–Te IR stretching bands are
ascertained in the spectral ranges 242.9–242, 173.4–182.5 and
196.6–222.9 cm�1, respectively. IR bands at lower frequencies,
i.e., in the ranges 98.4–105.2, 45–49 and 55.7–99.7 cm�1, are
assigned to the bending vibrations of Se–Se, Te–Te and Se–Te
respectively. Our results are in agreement with the values re-
ported for a� Se and SexTe1�x glasses or lms.50,62

It is noticed that even the ground state structures of Se7Te7
and Se10Te10 clusters do not contain any homopolar bond, i.e.,
Se–Se or Te–Te bond, but Raman and IR spectra show the
presence of Se–Se and Te–Te stretching and bending modes.
The origin of these modes is the buckling in the ring structures.
At the buckling point, a Se–Te–Se or Te–Se–Te trimer is formed.
Depending upon the angle, the distance between two adjacent
atoms may reduce and the Se/Te atom in one trimer starts to
interact with the Se/Te atom of the second trimer. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
occurrence of different bands at different wave numbers is
ascribed to the difference in the bond length and bond angle.51

From Table 3, it is observed that IR active vibrational bands are
also Raman active and surfaced more or less at the same wave
number. Surfaced vibrational bands in the low frequency
region, <100 cm�1, represent boson peaks. The appearance of
boson peaks is a universal characteristic of glassy materials and
they exist in all amorphous solids.60

Raman, IR and congurational studies reveal that the
structural properties of SenTen clusters are consistent with Se–
Te glass. It means that Se–Te glass is an ensemble of small
clusters, each of which is in a congurationally disordered state.
From the above discussion, we can say that SenTen clusters
represent the microamorphous states of the bulk Se–Te system,
because they can be realized experimentally. The structural
parameters of SenTen clusters may differ from those of the Se–Te
conventional system due to the fact that the experimentally
acquired conventional amorphous system is not a true binary
system.37
3.3 Energetics

The energy of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) for the
least energy isomers (ground state) has been examined for each
cluster. The difference in energy between the HOMO and LUMO
refers to the chemical stability of clusters, Fig. 6(a). Clusters
having a high value of the HOMO–LUMO gap (HLG) are
considered more stable compared to other clusters.

Binding energy per atom for ground state SenTen clusters as
a function of cluster sizes is reported in Fig. 6(b). The maximum
variation in B.E per atom is about 0.02 eV. In our previous work,
we have studied pristine Sen and Ten clusters47 and observed
that the values of the HL gap and BE per atom of SenTen clusters
lie in between the values of pristine Sen and Ten clusters. This
indicates that Se–Te clusters have intermediate behaviour
between pure Se and Te clusters also observed in bulk Se–Te
systems.27

The stability of SenTen clusters is also discussed in terms of
ionization potential (IP) and electron affinity (EA). The ioniza-
tion potential measures the energy difference between the
ground state of the neutral and its cationic cluster, whereas the
electron affinity is the energy difference between the ground
state of the neutral and its anionic cluster. The IP and EA for the
ground state structures are reported in Table 4. A high IP refer
to more stability and less reactivity, whereas a high EA indicates
high reactivity. The computed IP of these clusters lies between
4.89 and 5.61 eV, Table 4, which is lower than the IP of a-Se,64

9.75 eV, and a-Te,64 9 eV. Meanwhile the EA values are compa-
rable to the values reported for Se,65 2.02 eV, and Te,66 1.97 eV.
To investigate the effect of addition and removal of electrons on
the charge distribution in a cluster, we have computed the
charge density difference between the neutral and charged
clusters. The charge density difference prole of the charged
systems reveals that the electron and hole charge does not spill
over to the vacuum region but is localized on the cluster (see
Fig. S2, ESI†).
Nanoscale Adv., 2022, 4, 1464–1482 | 1471
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Fig. 6 (a) HOMO–LUMO gap and (b) BE per atom of SenTen clusters.

Table 4 Ionization potentials (IPs), electron affinities (EAs) and
compositions of the HOMO and LUMO in SenTen clusters

IP (eV) EA (eV) HOMO LUMO

Se5Te5 5.61 2.69 0.20% s + 98.23% p 8.95% s + 87.05% p
Se6Te6 5.42 2.49 98.82% p 10.02% s + 85.77% p
Se7Te7 5.47 2.75 2.47% s + 95.82% p 8.83% s + 87.14% p
Se8Te8 5.28 2.82 98.84% p 9.72% s + 86.11% p
Se9Te9 4.89 2.59 0.38% s + 98.11% p 10.02% s + 85.27% p
Se10Te10 5.01 2.77 98.26% p 10.33% s + 85.19% p
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The nature of eigenvalues as a function of cluster size can be
analysed from the energy eigenvalue spectrum. We have plotted
the energy eigenvalue spectrum in Fig. 7. The black (blue) part
of the spectrum is identied as occupied (unoccupied) orbitals.
The reference energy for each cluster is with respect to the
vacuum energy, which is zero. The occupied part of the spec-
trum consists of three well separated groups bunched together,
similar to pristine Sen and Ten eigenvalue spectra.47 A splitting
of energy levels in the lower group, except for n¼ 9, as well as in
the upper group is observed. Band energy along with site pro-
jected s and p characters for n ¼ 5 clusters is given in Table 5.
Due to quasi-degeneracy, Table 5, the number of energy levels in
a particular group is not clearly distinguishable. The nearly
degenerate levels are reected in the broadening of the line in
the spectrum. The angular momentum character of the states
can be analysed by examining the partial density of states
(PDOS). The angular momentum projected density of states,
a typical case for n¼ 5, is shown in ESI, Fig. S3.† The analysis of
orbital electronic occupancies for different ground state struc-
tures discloses that the lowest group is mainly formed from
atomic s orbitals and is well separated by an energy gap of
$4.50 eV from the p group. The upper occupied group is formed
mainly from pure p orbitals. All three px, py and pz orbitals are
found to contribute to the formation of the upper group. It
means that the lowest lled group is a result of pure s orbitals,
whereas the upper group is a mixture of px, py and pz orbitals.
The composition analysis of HOMO and LUMO levels, Table 4,
1472 | Nanoscale Adv., 2022, 4, 1464–1482
shows that the contribution of the s component is about 0 to 3%
in the HOMO orbital and 8 to 10% in the LUMO orbital. This
indicates the least possibility of mixing of s and p orbitals,
meaning no sp hybridization. The LUMO is separated at most
by �2 eV from the HOMO, Fig. 7, consistent with our earlier
results.47 The HOMO–LUMO gap determines the optical prop-
erties of a material. The HL gap of the investigated geometries
concurs with the optical band gap of the amorphous Se(1�x)Tex
system.26,67 Furthermore, our values of the HL gap, Table 1, are
close to the reported energy gap of a-Se, 1.99 eV, and higher
than that of a-Te, 0.5 eV.37
3.4 Chemical bonding

Most of the properties of a material are determined by the
nature of bonding in the material. The unusual stability of the
clusters can be ascertained from the formation of different
types of covalent bonds. We have examined the partial charge
densities of individual MOs of ground state structures to
understand the nature of bonding in SenTen clusters. The
different ways in which orbitals overlap to form a covalent bond
is the origin of the unusual stability of ring structures. Since s
and p energy levels are far apart, there is no possibility of mixing
of these energy levels. It shows that the bonds will have
a dominant s or p character. The orientation of the Cartesian
axis has been inserted in Fig. 8. The contributions of px, py and
pz orbitals are provided in Table 5 for n¼ 5. It may be noted that
the z-axis is perpendicular to the plane of the ring.

We have examined the individual MOs of Se5Te5 clusters,
Fig. 9, to understand the signicant features of bonding. For
analysis, we have considered 1/6th to 1/8th iso-surface values to
the maximum value. The 1st molecular orbital of Se5Te5 is
formed from pure s orbitals with the formation of delocalized
ss bonds, Fig. 9(a). The 11th MO is formed from purely p
orbitals. Here, only the px and py components participate in the
bonding, which forms a s bond along the line joining the
atoms, Fig. 9(f). The delocalization of charge is evident in the 1st

and 11th MOs. As we go for higher MOs, the participation of py
and pz components in the bond formation is realised. The 15th
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Eigenvalue spectrum for SenTen clusters.

Table 5 Band energy and s and p characters of molecular orbitals for n ¼ 5

Band Energy (eV) S (%) py (%) pz (%) px (%) Band Energy (eV) S (%) py (%) pz (%) px (%)

S1 �18.490 96.74 0.42 2.12 0.42 P1 �9.014 0 48.24 0 48.58
S2 �18.211 96.07 0.84 1.83 0.84 P2 �8.973 4.13 54.04 22.44 17.59
S3 �18.207 96.07 0.84 1.69 0.98 P3 �8.960 4.13 16.88 22.8 54.4
S4 �17.530 94.54 1.91 0.82 2.05 P4 �8.383 8.79 22.71 44.51 23.26
S5 �17.528 94.54 2.05 0.82 2.05 P5 �8.383 8.81 22.75 44.4 23.3
S6 �15.304 91.05 3.92 0.42 3.92 P6 �7.747 3.18 44.16 8.28 43.52
S7 �15.303 91.05 3.92 0.42 3.92 P7 �7.483 7.51 19.96 44.87 26.74
S8 �14.122 93.42 3.49 0.81 1.88 P8 �7.481 7.82 21.64 47.64 22.18
S9 �14.116 93.56 1.74 0.67 3.49 P9 �7.474 4.36 27.13 21.78 45.74
S10 �13.479 96.83 0.13 2.64 0.13 P10 �7.469 3.99 51.9 19.16 23.95

P11 �6.326 5.45 10.48 68.76 11.32
P12 �6.079 0.79 45.04 10.71 42.06
P13 �6.077 0.79 44.05 10.71 43.06
P14 �5.947 3.13 29.1 64.64 1.29
P15 �5.933 3.13 0.92 65.19 28.91
P16 �5.450 1.96 1.96 90.96 3.14
P17 �5.220 3.55 5.72 39.25 48.52
P18 �5.213 3.54 48.62 38.98 5.91
P19 �5.026 0.2 47.15 4.72 46.56
P20 �5.024 0.2 47.15 4.72 46.37
P21 �3.220 8.95 36.19 24.95 25.9
P22 �3.208 8.94 26.81 24.33 35.93
P23 �3.078 6.76 36.87 17.18 36.68
P24 �2.420 9.49 22.08 41.61 22.08
P25 �2.310 8.46 18.27 35.38 32.31
P26 �1.995 3.86 47 11.59 28.33

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 4

:4
3:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
MO, Fig. 9(i), indicates the formation of three centred p

orbitals, originating from buckling in the ring, along with an
adjacent ps bond.68 The formation of such three centred p

orbitals facilitates distortion in the ring, necessary for the
stability of one dimensional structures. Thus, bending or
buckling is facilitated by the formation of pp orbitals due to
mixing of px, py and pz orbitals. In higher MOs, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
delocalization nature of orbitals is not seen. The 30th and 31st

MOs, i.e. HOMO and LUMO, consist of nonbonding and anti-
bonding orbitals, Fig. 9(m) and (n). The HOMO along with the
antibonding orbitals consists of nonbonding orbitals (lone
pairs). The presence of lone pairs in a material facilitates the
formation of amorphous structures. Furthermore, the 33rd MO
consists of purely antibonding orbitals, Fig. 9(o). Since we have
Nanoscale Adv., 2022, 4, 1464–1482 | 1473
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Fig. 8 Different geometries, (a)–(c), of SenTen cluster with the orientation of Cartesian axes.
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plotted the charge density of MOs, it is not possible to show the
sign of the lobes, which makes the identication of bonding
and anti-bonding MOs difficult. However, in some cases it is
possible to identify the bonding and anti-bonding character of
MOs from the nature of the iso-surface. The 1st, 2nd, and 3rd

MOs in Fig. 9 reveal the bonding nature, whereas the 8th and
10th MOs show the anti-bonding nature of s MOs. The 11th, 12th,
and 13th MOs represent ps orbitals, the 15th, 16th, and 26th MOs
represent pp orbitals and the 29th, 30th, 31st and 33rd MOs
reveal the presence of non-bonding and anti-bonding MOs.

As noticed by Akola and Jones, the geometrical constraints
imposed by closed ring structures may lead to an overlap of lone
pairs with the nearest neighbour orbitals. So, it is instructive to
show the manifestation of such an overlap by examining the
charge density of some MOs, Fig. 9. We have shown the partial
charge density iso-surface of a few MOs. The 15th MO, Fig. 9,
reveals the occurrence of three and two centred bonds. The
formation of two half rings one above and the other below the
line joining the atoms can be clearly seen. It shows an inter-
esting formation, X, of a bent ps bond aided by the pz of Te and
px and py orbitals of Se. Note that all three atoms, 2 atoms of Se
and 1 atom of Te, participate in bonding. A similar formation, Y,
is seen between the 2 atoms of Te and 1 atom of Se on the other
side. The 16th MO shows the formation of an inner ring, dis-
playing the presence of a multi-centred bond by the overlap of
inner lobes of p orbitals, typically consisting of px and py
orbitals. All the orbitals involved are perpendicular to the line
joining the atoms. In other words, radially inward Te orbitals
overlap and aid the formation of a bond between two nearest
neighbour Se atoms. Since the orbitals are perpendicular to the
bond axes, it is a p orbital formation.59 In the 26th MO, a pecu-
liar orbital formation is observed. It shows a multi-centred p

ring, in which alternate top and bottom lobes of pz orbitals of Se
and Te overlap and give rise to a central ring. The nearest
neighbour overlap comes from pz lobes on different sides (up
and down). Although weak, the formation of yet another p

orbital is revealed. The existence of such p orbitals has been
noticed and discussed in the literature.59,69–75 The MO analysis
of other clusters, n ¼ 6–10, depicts the same features as
observed in Se5Te5.
3.5 Optical properties

The real and imaginary parts of the dielectric function have
been computed for most stable structures. The calculation of
the dielectric function involves the electronic transitions
1474 | Nanoscale Adv., 2022, 4, 1464–1482
between lled and empty states. The imaginary part of the
dielectric function, 3

00
abðuÞ, is computed from the momentum

matrix element between the lled and empty states using the
relationship76–82

3
00
abðuÞ ¼ e2ħ2

pu2m2

X
v;c

jhjc

��êj :p��jvj2dðEc � Ev � ħuÞ; (7)

where the indices a and b are the Cartesian components, êj is
the unit vector along the direction of the electromagnetic eld
of energy ħu, p is the momentum operator, e and m are the
charge and mass of the bare electron, jv and jc are the lled
and empty state eigenfunctions of the system and Ev and Ec are
their corresponding energies. The momentum matrix is evalu-
ated between lled and empty states using the corresponding
eigenfunctions of each lled and empty state. Depending upon
the size of the cluster, we have considered a minimum of 60 to
120 empty states to calculate 3

00
abðuÞ. We have varied the

number of empty states to ascertain that the spectrum does not
change appreciably with the number of empty states. We have
plotted 3

00
abðuÞ and 3

0
abðuÞ in Fig. S4 and S5† by varying the

empty states for n ¼ 5 and 10. It is observed that the increase or
decrease in the number of empty states does not affect the
spectra, remarkably. We found that the dielectric functions are
converged with respect to the number of empty states for the
entire energy window, Fig. S4 and S5.† Optical properties are
reported to have functional dependence. To probe the func-
tional dependence of optical properties, we have computed the
dielectric functions using the B3LYP hybrid functional, Fig. 12
and 13. It is noted that the spectra obtained from the two
functionals are consistent. The real part of the dielectric tensor
30 can be obtained from the famous Kramers–Kronig
transformation,

3
0
abðwÞ ¼ 1þ 2

p
P

ðN
0

w
0
3
00
ab

�
w

0
�

w
0 2 � w2

dw
0

(8)

where P denotes the principal value of the integral. Only inter-
band transitions between valence and conduction states are
taken into consideration.

The imaginary part of the dielectric function, 3
00
abðuÞ, for

both in-plane polarization (EtC) and out-of-plane polarization
(EkC), is shown in Fig. 10. 3

00
abðuÞ consists of sharp peaks for

both in-plane and out-of-plane polarization. Peaks are charac-
teristic features of discrete electronic states of clusters. The gap
in the dielectric function (i.e. interval for which 3

00
abðuÞ is zero)

is about 1.6 eV in (EtC) and 2.71 eV in (EkC) and matches the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Bonding, antibonding and non-bonding molecular orbitals of Se5Te5 clusters.
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obtained HL gap of the clusters. It discloses the semiconducting
behaviour of mixed clusters in analogy to pristine Sen and Ten
clusters. Furthermore, 3

00
abðuÞ reveals the pronounced absorp-

tion peaks between 2 and 8 eV. It is remarkable to point out that
the optical response of the clusters along different orthogonal
directions is not the same, and hence, clusters are no longer
isotropic. The real part of the dielectric function 3

0
abðuÞ is

plotted in Fig. 11. It reveals the ability of a material to allow the
passage of an electromagnetic eld through it. The nature of
bonding in a material has a signicant impact on its electronic
© 2022 The Author(s). Published by the Royal Society of Chemistry
polarizability (optical dielectric constant, 3N) and phonon
polarizability (static dielectric constant, 30). These quantities
can be ascertained from the real dielectric function, 3

0
abðuÞ. The

bonding mechanism in amorphous materials83 can also be
extracted from the static dielectric constant. 3

0
abð0Þ, for clusters

with n¼ 5, 8, and 10, has been obtained by extrapolating 3
0
abðuÞ

down to zero frequency. Its maximum values, 1.5, along EtC
and 1.2, along EkC, are in agreement with earlier reported
values84 and indicate their feebly polar nature. The contribution
of electronic polarizability (3N) is small compared to phonon
Nanoscale Adv., 2022, 4, 1464–1482 | 1475
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Fig. 10 Imaginary part of the dielectric function of clusters for polarization: (a) EtC and (b) EkC.

Fig. 11 Real part of the dielectric function of clusters for polarization: (a) EtC and (b) EkC.
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polarizability.83,85 The dominance of 3
0
abðuÞ divulges the pres-

ence of IR active phonons, corroborated by FTIR spectra. The
small values of 3

0
abð0Þ can be unequivocally attributed to the

small difference (18%) in the electronegativity37 value of Se and
Te. Thus, the dielectric study of SenTen clusters substantiates
the covalent bonding, as discussed in the section Chemical
bonding, and weak polarization in these clusters.47

The electron energy loss (EEL) function is computed from
the real and imaginary parts of the dielectric function as

Im

�
1

3abðuÞ
	

¼ 3
00
ab

3
00
ab

2 þ 3
0
ab

2
(9)

The electron energy loss spectra (EELS) and absorption
coefficient for the studied clusters are shown in Fig. 14. We have
also ascertained that the variation in the number of empty
states does not change the EELS substantially. In Fig. S6† we
have plotted the EELS by varying the empty states for n ¼ 5 and
10. An increase or decrease in the number of empty states does
not affect the spectra, remarkably. We found that the EELS are
converged with respect to the number of empty states for the
entire energy window, Fig. S6.† Both spectra show prominent
peaks in the range 2–8 eV. Resonant peaks in the EELS with
1476 | Nanoscale Adv., 2022, 4, 1464–1482
fragmentation towards low as well as high energy represent the
main plasma peaks.86 The fragmentation of peaks reveals87 the
inhomogeneity in surface electron density. Peaks in the
absorption coefficient reveal interband transitions between the
HOMO and LUMO. The observed low energy excitations, below
8 eV, correspond to p band transitions. Because the electrons in
the p orbital are loosely bound than the electrons in the s

orbital. The resonant peaks in the spectra EtC (EkC) corre-
spond to the p plasmon. Peak positions identify the plasmon
frequency arising from the collective motion of p electrons.
With an increase in the size of the cluster, a little shi and
broadening in the resonant peaks is observed, also noticed in
the EELS. It may be due to the fact that increase in size implies
increase in polarizability and decrease in plasmon frequency.87

Also, the cluster size determines the surface plasmon energy,87

which decreases with increase in the size of the cluster.
Furthermore, p plasmons are located in the ultraviolet (UV)-
visible region. Strong absorption peaks in SenTen clusters, like
Sin clusters,6 lie in the UV-visible region, whereas Se–Te alloys
show high absorption in the visible reason.37 The intensity and
position of absorption bands in UV-visible spectra are strongly
inuenced by the particle size, shape, concentration, composi-
tion and dielectric properties of clusters.88 Thus, the clusters
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Dielectric function with PBE and B3LYP hybrid functionals for EkC.

Fig. 12 Dielectric function with PBE and B3LYP hybrid functionals for EtC.
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with tunable optical properties can be designed simply by
changing their size and composition. Absorption in the UV-
visible region implies their use in the development of opto-
electronic devices. Within the DFT framework, our results
indicate that SenTen clusters may be potential candidates for the
development of optoelectronic devices. The calculated value of
the static refractive index for the studied clusters (n ¼ 5–10) in
© 2022 The Author(s). Published by the Royal Society of Chemistry
EtC (EkC) is 1.19(1.04), 1.15(1.07), 1.14(1.11), 1.16(1.06),
1.20(1.04), and 1.19(1.08). Our values of the static refractive
index are close to the values reported for Se–Te glasses.89 The
computed dielectric functions, EELS and absorption coefficient,
using B3LYP and PBE functionals, are shown in Fig. 15 and 16.
Their comparison shows some interesting features. 3

00
abðuÞ and

3
0
abðuÞ computed from the B3LYP functional do not show any
Nanoscale Adv., 2022, 4, 1464–1482 | 1477
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Fig. 14 Electron energy loss spectra and absorption coefficient of SenTen clusters (EtC (black) and EkC (red)).

Fig. 15 Electron energy loss function with PBE and B3LYP hybrid functionals.
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Fig. 16 Absorption coefficient with PBE and B3LYP hybrid functionals.
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change in the spectra except that the spectral peaks get shied
to higher energy with decrease in intensity. For the B3LYP
functional, it is observed that peaks at lower energy occur with
low intensity, whereas peaks at higher energy occur with high
intensity in all spectra. B3LYP EtC EELS spectra for Se10Te10
reveal two more peaks of low intensity not observed in PBE
spectra. The effect in EkC is much pronounced; the rst three
peaks are suppressed and the main peak is enhanced by about
1.5. The B3LYP absorption coefficient for Se10Te10 is consistent
with PBE spectra but the main peak is enhanced by about 1.5
times in both EtC and EkC spectra. In all B3LYP spectra, the
maximum shi in energy is about 1.35 eV. It is noteworthy that
the B3LYP functional induces a blue shi in the optical prop-
erties of SenTen clusters. Experimental verication for the use of
this functional is needed.
4 Summary and conclusion

We have presented the structural, electronic and optical prop-
erties of SenTen (n ¼ 5–10) clusters. The initial geometries are
obtained from a genetic algorithm based USPEX code. Struc-
tures were relaxed using the VASP code to their minima. About
50–60 structures of each cluster were examined to study their
properties. The resulting structures are closed chain structures
in concurrence with pristine Sen and Ten structures. The values
of structural parameters, i.e., bond length and bond angle,
correspond to the values reported for Se–Te glass. Ground state
structures are purely formed from heteropolar Se–Te bonds,
observed in previous simulations and experimental studies. The
crystalfp code is employed to create distance energy plots. The
DE plots reveal the presence of a large number of isomers
© 2022 The Author(s). Published by the Royal Society of Chemistry
having local minima close to their global minima. Raman and
IR spectra describe the presence of Se–Te, Se–Se and Se–Te
bonds in the ring structures, observed in Se–Te glass. Low
frequency bands that surfaced in Raman and IR spectra are
attributed to the presence of bosonic peaks, a universal feature
of amorphous solids. The energy eigenvalue spectrum and
nature of bonding in these clusters are consistent with Sen and
Ten isolated clusters. The eigenvalue spectrum of ground state
clusters shows a clear separation between the s and p orbitals.
The nature of bonding has been analysed from the partial
charge densities of individual molecular orbitals. The partial
charge density of iso-surfaces reveals the presence of ps and pp
orbitals. From the study of partial charge densities, it observed
that the HOMO and LUMO of the investigated clusters consist
of non-bonding and anti-bonding orbitals, respectively.

Optical properties are examined in terms of the dielectric
constant, electron energy loss spectra (EELS) and absorption
coefficient. A small value of the static dielectric constant
establishes the covalent bonding and feebly polarizable nature
of the clusters. The HL gap, originating from optical properties,
matches well with the optical energy gap obtained from the
imaginary part of the dielectric function. The energy loss
spectra and absorption coefficient indicate the p-band transi-
tion that leads to the creation of p plasmons. Sharp peaks,
between 2 and 8 eV, in 3

00
abðuÞ correspond to absorption peaks

in the absorption coefficient. The plasmon frequency (up)
decreases with increase in the size of the cluster, as observed in
EEL spectra. The use of a hybrid functional (B3LYP) does not
appreciably affect the form of the optical spectra. Absorption in
the UV-visible region is unlike the absorption in Se–Te glasses.
The present study shows that the properties of Se–Te glasses
Nanoscale Adv., 2022, 4, 1464–1482 | 1479
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concur with the properties of SenTen clusters. Thus, SenTen
clusters can be considered as amicroamorphous state of the Se–
Te alloy.
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