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ABSTRACT

Evolution of electronic and vibrational properties of M@Xn (M = Ag, Au,

X = Ge, Si, n = 10, 12, 14) nanoclusters is investigated by using first-principle

density functional theory (DFT)-based calculations with effective core poten-

tials. To explain the thermodynamic and chemical stability of the ground state

cluster in each size, variation of different thermodynamic and chemical

parameters, like, binding energy (BE), HOMO–LUMO gap (DE), vertical ion-
ization potential (VIP) and vertical electron affinity (VEA) was studied with the

variation of the size of the clusters for emphasizing the differences and simi-

larities in the clusters. It is found that Au doping in Ge and Si cages prefers

endohedral position, whereas Ag prefers to take the position at the surface of the

cages. In addition, IR and Raman spectra of the clusters are also studied to

understand the vibrational nature of the stable clusters. At the end, present

theoretical results are compared with existing experimental data. Theoretical

knowledge of the thermodynamic, chemical and vibrational properties of these

specific ground state structures is important for understanding its potential

application in the field of optoelectronic science.

Introduction

The explorations of growth mechanism, properties

and the insight of stabilities of nanocluster have a

long-standing challenge in cluster science. Germa-

nium and silicon are the most significant semicon-

ductor elements in the microelectronic industries.

With the ongoing rationalizing of components

toward nanoelectronic devices, there is a significant

role of nanosized stable hybrid transition metal-

doped semiconductor nanoclusters [1, 2]. A possible

move toward the stabilization of Ge and Si nan-

oclusters is the doping of transition metal (TM) atom

as a part of the cage surface or take endohedral

position inside the semiconductor cage cluster as

found experimentally and theoretically [3–10]. These

studies have confirmed that the encapsulation of TM
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atoms leads to stable semiconductor cages. In this

direction, Hiura et al. [11] shown that the Si12W

hexagonal prism structure is the most stable and it

follows 18-electron counting rule in chemistry. In an

experimental study, Beck found that addition of third

row TM atoms (Cr, Mo, and W) stabilizes the pure

Si15 and Si16 cages [12]. An experimental evidence of

high stability of TMSi16 (TM = Sc, Ti and V) cluster

was established using mass spectroscopy and anion

photoelectron spectroscopy by Koyasu et al. [13].

Zhang et al. [14] studied structural and magnetic

properties of different endohedral TM metal (TM–V,

Cr, Mn, Fe, Co and Ni)-doped silicon clusters. The

experimental study of the relative bond strengths

between Si–Si and Si–Ag in SinAg? (n = 7 and 10)

cluster was reported by Jaeger et al. [15] where they

found that photodissociation of SinAg? cluster pro-

ceeds primarily by the loss of metal atoms, and thus

indicating Ag–Si bonds in the cluster are weaker than

the Si–Si bonds. Chunag et al. [16] studied the SinAg

(n = 1–13) cluster by using first-principles investiga-

tion and found Ag atom capped exohedral position

on the pure Sin clusters. Ziella et al. [17] carried out

computational study of geometries and electronic

properties of SinAg (n = 1–15). Recently, Kong et al.

[18] investigated the structural evolution and elec-

tronic properties of anionic SinAg (n = 3–12) by using

anion photoelectron spectroscopy in combination

with DFT calculation and found that in these clusters

the Ag atom prefers to take exhohedral position.

Zhao [19] suggested that when a transition metal

(TM) is doped into the silicon cluster, the TM atom

absorbs the unsaturated bonds present in the semi-

conductor cluster to form closed shell structures with

enhance stability compared to pure silicon clusters.

By doping the TM atom(s), one can modify the

properties of the hybrid semiconductor cluster in a

wide range and it is easy then to tailor the properties

of the nanoclusters depending upon the demanding

properties [20–22]. A systematic study on the optical

properties of TMSin (TM = Ti, Cr, Zr, Mo, Ru, Pd, Hf

and Os) clusters is reported by the Oliveira et al. [23]

which is useful for applications in nanoelectronics.

Ma et al. [24] reported the electronic, magnetic and

optical properties of TMSin (TM = Cu, Ag, Au)

cluster where they found that the optical adsorption

enhances the doped clusters compared to the pure Sin
clusters. Comparative study on the geometric and

energetic properties, absorption spectra and polariz-

abilities of charged and neutral Cu-doped Si cluster

has been investigated by Lan et al. [25] and found

that in the visible range the adsorption spectra are not

influenced by a charge of the clusters. The electronic

features and chemical bonding of Au-doped Ge

clusters are theoretically studied by analyzing the

density of states (DOS) and electron localization

function (ELF) by Li [26]. Alessandra et al. [27] found

that the multiple TM metal doping in isolated inter-

stitial sites in the germanium cages are energetically

not favorable. Wu and Su [28] reported the electronic

structures and chemical bonding in metal-silicon

dimeric monosilicides MSi (M = 3, 4, 5 d transition

metal elements) in neutral and charged states. Mn-

doped germanium clusters (MnGen) have been sys-

tematically investigated by Zhao et al. [29] using the

density functional investigation, and it is reported

that the clusters at n = 5, 9, 12 and 14 are having

higher stability compared to other sizes. Li et al. [30]

studied Au–Ge nanocluster and analyzed chemical

bonding of some selected stable nanocluster using

electron localization function (ELF). Most theoretical

investigation [24–30] centered on the stability, mag-

netic, electronic properties and growth behavior has

been done by various group mentioned above, but

there is no systematic theoretical report on infrared

intensity and Raman activity of Ag- and Au-doped

germanium and silicon clusters at different sizes. In

this present manuscript, we report a detail study on

infrared intensity and Raman activity of Ag-, Au-

doped germanium and silicon ground state isomers

within the size ranging from n = 10 to 14. The work

could be useful to understand the stability and elec-

tronic behavior of these clusters which are important

for their application as optoelectronic materials. We

also hope that these theoretical works would give

some light on the experimental characterization of

these clusters in future.

Computational method

The search for ground state structures without any

imaginary frequencies of cluster was performed by

under density functional theory using B3LYP func-

tional [31] as implemented in the Gaussian’03 pro-

gram package [32]. To completely describe the inner

core shell of TM metal atom, we used a double zeta

LANL2DZ basis set with effective core potential

[33, 34]. To search for low-energy isomers and to see

whether Au and Ag atoms prefer endohedral or
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exohedral position, a large number of possible initial

geometries including one-, two-, and three dimen-

sional configurations are obtained by using the fol-

lowing methods: (1) optimizing the pure Gen clusters

based on the previously optimized structures

[3–5, 7, 35–42] (2) Considering lots of isomeric

structures of Ag-, Au-doped germanium by placing

Ag, Au at various sites of optimized host Gen clus-

ters, i.e., (1) capped (2) encapsulated (3) substituted

patterns. All geometries are optimized under no

external symmetry constraints. In the report, we

present some selected ground state clusters with

n = 10, 12 and 14 which are our prime focus. Rest of

the low-energy isomers in other sizes along with their

relative energies are presented in supplementary

information (SI Fig. 1). With increasing the size of the

clusters, the number of isomers in a particular size

increases exponentially. So it is a challenging job to

search for a true ground state cluster in a particular

size. In our previous report, we have used a global

structure predictor method using USPEX (Universal

Structure Predictor: Evolutionary Xtalloraphy) and

VASP (Vienna AB-inition simulation package) to

get all possible optimized geometric isomers in each

size [37]. It is worth to mention here that there are

several global search methods are available to predict

the geometry of the clusters. Tai and Nguyen [43]

adopted a stochastic search method that covers a

good number of isomeric structures and increases the

chance of finding the ground state geometry. In the

present work, we have selected few low-energy

geometries based on our previous reports [35, 37]

(where we used global structure prediction method)

as initial guess geometries with different point group

symmetries and optimized those geometries with

different spin multiplicities. In addition, we have

examined the harmonic vibration to make sure that

each optimized structure is a realistic one (true opti-

mized isomer) without the presence of any imaginary

mode of vibration. Further, to examine the optical

adsorption characteristic, we performed IR and

Raman activity of the clusters.

Results and discussion

To give good reason for the reliability of our method,

the vibrational frequency and bond lengths of Ag–

Ag, Au–Au, Ge–Ge, Si–Si, Ge–Ag, Ge–Au, Si–Ag and

Si–Au dimers are calculated. The calculated results

perfectly matched with theoretical and experimental

results. We summarized the calculated results and

compared with experimental data, which is shown in

Table 1. We can wrap up that our calculated results

based on B3LYP [31] method and LANL2DZ (ECP)

[34, 35] basis sets are very close to the experimental

results. So our computational scheme is logically

good to depict these clusters.

Structure analysis

In this present calculation, search for ground state

energy structures is performed for Ag-, Au-doped Ge

and Si cluster with size n = 10, 12 and 14. To find out

whether the TM atoms (Ag, Au) will take endohedral

or exohedral position, we generated several initial

geometries based on the previous report of our

Ge10Ag:CS Ge10Au:D5h Ge12Ag:C2 Ge12Au:C2 Ge14Ag:C1 Ge14Au:D6h

Si10Ag:CS Si10Au:CS Si12Ag:D6h Si12Au:C2 Si14Ag:C1 Si14Au:D6h

Figure 1 Ground state

isomers of TMXn- (TM = Ag,

Au; X = Si, Ge and n = 10,

12 and 14).
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results [3–5, 35] as mentioned before and some other

groups [61, 62].

TMGen (TM 5 Ag and Au; n 5 10, 12
and 14) clusters

The goal of this present study is looking at relevant

features related to the geometric and vibrational

properties of the TMGen clusters. For that, we have

searched for the ground state clusters in each size and

compositions and are presented in the Fig. 1.

For the ground state isomer of AgX10 (X = Si, Ge),

we have optimized different endohedral and exho-

hedral doping. We found that bi-capped square

antiprism X10 (X = Si, Ge) cage structure with Cs

point group symmetry and capped with Au or Ag

atom at one of the Si or Ge capping position is the

ground state structure as shown in Fig. 1 which is

supported by other reported results [28, 63]. How-

ever, same AgSi10 structure is found as second

nearest neighbor isomer as reported by Guo et al.

[64]. For AuX10, structure with Ge and Si is different.

AuGe10 ground state structure is a pentagonal prism

structure with D5h symmetry and Au atom doped as

endohedral atom. The same structure also found as

ground state isomer reported is elsewhere [30] using

B3LYP/LanL2DZ level of calculations under DFT

method, whereas AuSi10 ground state has a point

group symmetry Cs which is similar to exhohedral

Ag-doped Ge10 cage like structure with endohedral

Au atom. Very common low-energy isomers of

TMX12 isomers are hexagonal prism, icosahedral and

fullerene like structures. In the present calculation,

we found that AgGe12, AuGe12 and AuSi12 are of

similar fullerene type of structure with C2 point

group symmetry, where the TM atoms are doped as

endohedral atom (Fig. 1). However, ground state

AgSi12 is a hexagonal prism structure with D6h

symmetry. Ground state AgX14 (X = Si, Ge) and

AuX14 (X = Si, Ge) are with C1 and D6h symmetry,

respectively, where both Ag and Au atoms are doped

inside the X14 (X = Si, Ge) cages. AgX14 (X = Ge, Si)

structure is octahedron pyramidal structure, whereas

AuGe14 consists of six pentagons and three rhombi,

similar to previous works [7, 27, 35, 61].

Electronic properties

Real existence of the clusters mainly depends upon

the relative thermodynamic and chemical stabilities

of the clusters. In our previous reports [3–7, 35–42],

we have presented the effect of the cluster size on

their thermodynamic and chemical stability during

growth process with the cluster size ranging from 1 to

21. And found that at the beginning stage of the

growth process different thermodynamic parameters,

like, average binding energy and embedding energy

vary rapidly and then saturate. This behavior is due

to the thermodynamic instability of the cluster in the

smaller size (say, from 1 to 7 depending upon the

composition). Other thermodynamic parameters,

like, fragmentation energy and second order change

in energy fluctuate. Different chemical parameters,

HOMO–LUMO gap, ionization potentials (VIP and

AIP) and electron affinity (VEA and AEA) are also

indication of stability. The variation in these param-

eters is mainly due to the change in hybridization

during growth process. Several other models are also

involved to explain the stability of the clusters.

Among them electron counting rules [3], shell filled

model [65], measure of NICS [66] etc. are important.

These need an extensive study with contentious

change in the cluster size from 1 to n [3–7, 35–42].

Table 1 Bond distances (Å),

lowest frequencies (x) and IP

(eV) of dimmers

Dimers Bond length Lowest frequency IP

Ge2 2.44P, 2.36–2.42 [44–46], 2.46 [47] 247a [47]

Si2 2.37P, 2.25a [48] 435.74P, 490 [49] 7.92a [50]

Ag2 2.61P, 2.53a [48] 177.218P, 192 [51] 7.59P, 7.56a [52]

Au2 2.57P, 2.51 [53] 2.47a [51] 162.49P, 174.00a [54] 9.29P, 9.45 [55]

Ge–Ag 2.56P, 2.55 [56] 184.40P 7.05P

Ge–Au 2.45P, 2.53 [30], 2.38a [57] 207.57P, 249.7a [58] 7.36P

Si–Ag 2.48P, 2.41a [59] 272.35P, 296.9a [59] 7.33P, 7.27a [59]

Si–Au 2.37P, 2.25a [60] 326.47P, 353a [60] 7.68P, 7.42a [60]

a Experimental values, P Present calculation
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With this background, to understand the stability and

to evaluate the electronic properties, relative energies

of particular stable cluster, the average binding

energy, vertical ionization potential (VIP), vertical

electron affinity (VEA) and HOMO–LUMO gap are

calculated and summarized in Table 2. These ener-

getic parameters are defined as follows:

BE ¼ � E TMXnð Þ � n½ E Xnð Þ � E TMð Þ= nþ 1ð Þ

VIP ¼ � E TMXnð Þþ�
�

E TMXnð Þ

VEA ¼ E TMXnð Þ��½ E TMXnð Þ

ðX ¼ Ge or Si; TM ¼ Au or Ag and n
¼ 10; 12 and 14Þ

We calculated average binding energy of the clus-

ter as basic parameter which emphasizes on the sta-

bility of clusters as shown in Fig. 2. The binding

energy values of the clusters are shown in Table 2.

The average binding energy of the AgGen (n = 10, 12,

14) cluster lies in the range of 2.31–2.45 eV, while the

range of AuGen (n = 10, 12, 14) is 2.37–2.50 eV. This

indicates that the average binding energy of the

clusters increases as the size of clusters increases, and

hence, the thermodynamic stability of the cluster

increases with the size of the cluster. However,

within this small variation in the range of the size of

the cluster, (from 10 to 14) it is difficult to make any

comment on the thermodynamic stability of the

cluster, where the variation in average binding

energy value is less than 0.15 eV. The energy differ-

ence, (DE), between the highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) represents the ability of clusters to

participate in a chemical reaction. A large value of

HOMO–LUMO gap reflects the higher chemical sta-

bility of the cluster and vice versa.

In Table 2, the HOMO–LUMO gap for Ge10Ag is

higher than Ge12Ag or Ge14Ag. It proves that Ge10Ag

cluster is stable in the series. Similarly, VIP and VEA

values represent the same result with the value of

6.77 and - 2.53 eV. Variation in HOMO–LUMO gap,

VIP and VEA all supports the stable nature of X10

(X = Ge, Si) size cage doped with Au or Ag.

Similarly, a VIP and VEA value depicts the same

result with the value of 6.77 and - 2.53 eV. Peak in IP

values and minima in EA indicate the nature of sta-

bility as shown in our previous results [3, 7]. Simi-

larly, for Ge12Au, the value of HOMO–LUMO gap is

1.85 eV, and values for VIP are higher than Ge10Au

and Ge14Au which indicates Ge12Au having hexag-

onal prism-like structure is stable, which is also in

agreement with Xiao-Jun Li et al. [30] results. This

group suggest the decrease in the tendency of the

HOMO–LUMO gap in GenAu cluster along with

increasing number of Ge atom. The EA value which

is lower in among three also supports our result. If

we move toward SinAg and SinAu (n = 10, 12, 14),

the binding energy lies in the range of 2.51–2.72 eV

for SinAg, while 2.57–2.77 eV for SinAu clusters.

The HOMO–LUMO gap of Si10Ag shows highest

values represent the stability of cluster as shown in

Fig. 2. Similarly, highest VIP values 7.71 e V and

lowest VEA values - 2.42 e V indicate same results

that Si10Ag is stable. This result is quite an agreement

with the previous theoretical and experimental work

[28, 67]. Comparison among SinAu (n = 10, 12, 14)

cluster, Si10Au cluster with highest HOMO–LUMO

gap and VIP values indicates that this system is

stable as shown in Fig. 2.

IR and Raman analysis

One of the key objectives of this work is to examine

the vibrational properties of stable clusters. To check

the realistic nature of the clusters, we analyzed the

vibrational frequency that is important for us to

preliminarily find out some valuable information.

These findings are summarized below in the Figs. 3,

4, 5 for TMXn (TM = Ag, Ag; X = Si, Ge; n = 10, 12

and 14) clusters via IR and Raman spectra. In order to

Table 2 Average binding energy (BE) (eV), HOMO–LUMO

Gap, DE (eV), vertical ionization potential (VIP) (eV), and vertical

electron affinity (VEA) (eV) of the clusters

Clusters BE (eV) DE (eV) VIP (eV) VEA (eV)

Ge10Ag 2.31 2.25 6.77 - 2.53

Ge12Ag 2.38 1.6 6.79 - 2.54

Ge14Ag 2.45 1.82 6.95 - 2.54

Ge10Au 2.37 2.06 6.50 - 3.10

Ge12Au 2.46 1.85 6.76 - 2.40

Ge14Au 2.50 1.76 6.68 - 2.45

Si10Ag 2.51 2.61 7.71 - 2.42

Si12Ag 2.62 1.82 7.19 - 2.66

Si14Ag 2.72 1.85 6.94 - 2.73

Si10Au 2.57 2.28 7.82 - 2.58

Si12Au 2.68 1.11 6.45 - 2.45

Si14Au 2.77 1.82 6.87 - 2.63
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get insight into this work, we compare the IR and

Raman results of different same size cluster with

different compositions.

The vibrational spectra are unique structural fin-

gerprints of the clusters, and therefore, structural

identification is possible experimentally with the

theoretical information. We found some prominent

differences between the spectra of these clusters

which are due to the different impurities in same

cage and vice versa in IR and Raman spectra.

The spectrum of Ag-, Au-doped germanium and

silicon clusters shows remarkable differences. As we

know that vibration of doped atom always con-

tributes to the IR spectra, while vibration of Si and Ge

cages is mainly responsible for Raman activities.

Taking impurity as Ag in Ge10 and Si10 nanoclusters,

Figure 2 B.E (eV), HOMO–

LUMO gap (eV), IP and EA

(eV) of the Ag-, Au-doped Gen
and Sin clusters (n = 10, 12,

and 14).

Figure 3 Infrared intensities

and Raman activities variation

of Ge10Au, Ge10Ag, Si10Au

and Si10Ag clusters.
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we found the dominating adsorption Raman peak at

235 cm-1 for AgGe10, while 175 cm-1 for the intensity

of IR as shown in Fig. 3. It is quite different for AgSi10
system where the dominating peak of Raman spec-

trum is at 395 cm-1 while it is at 295 cm-1 for IR.

Shifting of peaks toward higher value is an indication

of increasing bond strength, indirectly indicating the

rigidity of the doped cages. Similarly, the spectrum of

IR and Raman for AuGe10 indicates a peak at

185 cm-1 for Raman, while it is at 210 cm-1 for IR,

which nearly agrees with the result obtained by Li

[30]. These strongest peaks in IR and Raman are

assigned to the stretching of the Ag and Au atoms,

respectively, in the Ge10 cage. As Cheng et al. [68]

suggested in their report that the double degenerate

peaks of IR intense predict the antisymmetric

stretching of Si2–Si6 and Si1–Si3 bonds and the triple

degenerate peaks are associated with stretching

vibration of Si2–Si1 bond. We are also getting the

same type of double and triple degenerate peaks in

Figure 4 Infrared intensities

and Raman activities variation

of Ge12Au, Ge12Ag, Si12Au

and Si12Ag clusters.

Figure 5 Infrared intensities

and Raman activities variation

of Ge14Au, Ge14Ag, Si14Au

and Si14Ag clusters.
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AuGe10 and AuSi10, indicating the presence of

antisymmetric vibrational stretching between the Ge–

Ge and Si–Si bonds. If we compare with AuSi10, we

found a peak at 300 cm-1 for Raman and at 445 cm-1

for IR. The high-frequency peak for AuSi10 reflects its

strong bonding nature. So it is worthy to mention

here that doping of Au enhances the optical adsorp-

tion of silicon cluster than germanium cluster. Ma

[24] found the same results for Cu-, Ag- and Au-

doped silicon cluster and predicted that the doping of

Au in silicon cluster takes stronger adsorption rather

than Ag doping which is similar as shown in Fig. 1.

This suggests that the doping decreases energy gaps

values and improves the transitions of electrons. So

comparing our result, it is clear that doping with Au

in silicon cage is better than germanium cage for

optical properties and for extended optical adsorp-

tion. However, a table summarizing all the IR and

Raman modes along with their frequency is pre-

sented in SI (Supplementary information).

As discussed above, we further calculated IR and

Raman for Ge12 and Si12 nanocluster doped with Au,

Ag. Figure 4 indicates for Ge12Ag peaks are shifting

at 170 cm-1 for Raman and at 100 cm-1 for IR. On the

other hand, Ge12Au has a peak at 175 cm-1 for

Raman while at 90 cm-1 for IR. Comparing with the

Si12Au, we found peak for Raman at 315 and at

50 cm-1 for IR. The maximum Raman activity in

clusters assigned to the stretching vibration mode.

When we compare Ge12Ag with Si12Ag, we found

that peaks are shifting toward higher values as 190

and 65 cm-1 for Raman and IR, respectively. The

shifting of IR toward high frequency indicates higher

stability. For Si10Ag, the value of IR is 295 cm-1 as

pointed out in Fig. 3 and is high as compared with

Si12Ag which indicates that Si10Ag is more

stable rather than Si12Ag that is in agreement with

theoretical [28] and experimental results [67]. There

are three and four dominant peaks in Ag-, Au-doped

Si10 or Si12 which corresponds to the direction of the

motion of doped atom. Ge12Au and Ge12Ag have

only one dominant peak due to its high symmetry;

however, this is the sum of three nearby frequencies

95, 100 and 105 cm-1. The result of IR and Raman

with frequency is quite in agreement with the graph

obtained by Xiao Jun Li [30]. Similarly, for Si12Ag,

there are several peaks in IR and Raman due to its

low symmetric nature, while Si12Au has only one

dominant peak for IR and Raman spectra corre-

sponding to breathing mode of the cage. The other

peaks are very small, which may be caused by the

causation that these clusters have high symmetry.

This result is well consistent with the conclusion

obtained by Yejun et al. [69]. Again comparing with

these results, we can predict that doping of Ag in

silicon will enhance the adsorption rather than in

germanium. By investigated results, it is easy to say

that doping of Au in silicon is a better option for

enhancing adsorption.

Here further we explored the IR and Raman spec-

tra of TM@X14 (TM = Ag, Au; X = Si, Ge) clusters.

The theoretical information on IR and Raman modes

in the clusters is used to evaluate the molecular

structure theoretically and to identify them experi-

mentally. To understand the effect of Ag and Au

doping in Ge14 and Si14 cages, we have studied the IR

and Raman spectra of all the ground state TM@X14

(TM = Ag, Au; X = Si, Ge) isomers and empty X14

cages. Complete IR and Raman spectra are presented

in Fig. 5. Detailed vibrational modes are presented in

SI Table 1. Comparing the IR and Raman spectra of

Ag- and Au-doped Ge14 clusters, it is found that

dominating modes in both the spectrum are nearly

identical (SI Table 1). The strongest peaks of IR at

210 cm-1 for both Ge14Ag and Ge14Au, respectively,

are the results from the stretching of the Ag and Au

atom in the respective cages, whereas the dominate

modes in the Raman spectra of Ge14Ag and Ge14Au

isomers both correspond to the breathing mode of the

cage where all the atoms in the cage vibrate in same

phase. Other small peaks are due to the different

mode of vibration of the clusters. Similarly, in Si14Au

and Si14Ag, the dominate peaks in Raman and IR

spectra correspond to the vibration of the cage

(breadth mode) and the vibrating of the doped atom

is relative to the cage, respectively, as in the other

smaller sized clusters. The dominating Raman active

frequency is assigned to the starching vibration of

different silicon–silicon bonding in the cluster. The IR

and Raman spectra for Si14Ag indicate the IR peaks at

355 cm-1 correspond to the stretching vibration of Ag

atom, while Raman peak at 275 cm-1 indicating the

breadth mode of the cluster cage. We found many

other peaks in IR and Raman spectra due to different

types of stretching vibrational mode, such as,

antisymmetric stretching, plane stretching, out of

plane wagging vibration and breathing vibration

mode as reported by Chang et al. [68] for CsSin
clusters.
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With reference to the IR and Raman spectra of

AuSi14 and AgSi14 clusters, the dominating peak of

the spectra is shifted toward higher frequency side.

This is an indication of higher bond strength. How-

ever, overall observation indicates that the dominat-

ing peak in IR of Au-doped silicon clusters is higher

compared to other clusters in the same sizes.

Conclusion

In summary, the structural, electronic and optical

properties of TMXn (TM = Au, Ag; X = Ge, Si;

n = 10,12 and 14) have been investigated systemati-

cally based on results on IR and Raman activity of the

cluster. We found that AuSin clusters are stable com-

pared to other compositions studied in each size. It is

found that in during the growth process, Au always

prefers to take endohedral position both in Si and Ge

cages for all sizes, whereas Ag take exohedral posi-

tion both in Si10 and Ge10 cages. The dominating

peaks in IR and Raman are always at higher fre-

quency side in TMSin cluster compared to the same

transitional doped Gen clusters. This tells us that

doping of Ag and Au in silicon cages is more

preferable to the germanium clusters. It is very

interesting that our results obtained by the vibra-

tional spectrum are in good agreement with reported

experimental results as discussed. So the structural

evolution and vibrational properties of these clusters

support the possibility of production of functional

materials including nanotubes and nanowires.

Electronic supplementary material: The online

version of this article (https://doi.org/10.1007/

s10853-018-2002-4) contains supplementary material,

which is available to authorized users.
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