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The lowest-energy structures of neutral and cationic Ge,M (n =9, 10; M = Si, Li,
Mg, Al, Fe, Mn, Pb, Au, Ag, Yb, Pm and Dy) clusters were studied by genetic algo-
rithm (GA) and first-principles calculations. The calculation results show that doping
of the metal atoms and Si into Geg and Ge g clusters is energetically favorable. Most
of the metal-doped Ge cluster structures can be viewed as adding or substituting metal
atom on the surface of the corresponding ground-state Ge, clusters. However, the
neutral and cationic FeGeg 19,MnGeg 19 and Ge oAl are cage-like with the metal atom
encapsulated inside. Such cage-like transition metal doped Ge,, clusters are shown to
have higher adsorption energy and thermal stability. Our calculation results suggest
that Gey joFe and GeySi would be used as building blocks in cluster-assembled
nanomaterials because of their high stabilities. © 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4923316]

. INTRODUCTION

There has been considerable interest in metal-doped semiconductor clusters since the observa-
tion of the reaction between metal atom and silicon in a supersonic jet to form metal atom doped
silicon clusters by Beck in 1987." It was shown by photo fragment spectroscopy that metal-doped
silicon clusters are more stable than pure silicon clusters of the same size.! This discovery has
stimulated a lot of theoretical and experimental studies on the metal-doped silicon clusters.>2"
For example, photoelectron spectroscopy was used to show that EuSi; is the smallest encapsu-
lated cage structure among Eu-Si clusters.* First-principles calculation showed that WSi, cluster
exhibits high stability dues to its closed-shell electronic structure.? Both anion photoelectron spec-
troscopy and theoretical calculations also indicated that Sc@Sij is very stable.” Compared with
pure silicon clusters, metal atom doping not only improves the stability of silicon clusters, but also
greatly changes their electronic properties, such as superconductivity, magnetism, optical and other
properties.

In contrast to the studies of metal doped silicon clusters, investigation of metal-doped germa-
nium clusters are relatively few, with several studies focus on transition metal-doped germanium
clusters.?%2 For example, Debashis et al. reported the relative stability of Sc, Ti, and V encapsulat-
ing Ge, clusters in the size range n = 14 - 20.! They also calculated the electronic properties such as
HOMO-LUMO gap, ionization potential, vertical detachment energy, and electron affinity in order
to gain insights into the stability of the clusters.?! Since germanium also is one of the important
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semiconductor elements, it is of great interest to investigate in more detail regarding to the stability
of Ge clusters upon doping by various metal atoms.

Searching for stable clusters has become one of the main subjects in cluster science;>>2°
because it can be used as building blocks in cluster-assembled nanomaterials for various applica-
tions.?”?® It is well known that Ge ;o and Gey, especially Ge g are relatively stable clusters; and they
can be used as building blocks in medium-sized Ge clusters, such as Ges4_44.2> In this paper, we
performed a systematic study of the structures and stability of metal doped and Si doped Ge clusters
by structure optimization using genetic algorithm and ab initio calculations. The lowest-energy
structures of neutral and cationic Ge,M (n = 9, 10; M is Si and the metal atom including Li, Mg,
Al, Fe, Mn, Pb, Au, Ag, Yb, Pm, Dy) clusters were studied. The calculation results show that
doping these metal atoms and Si atom into Gey and Gey clusters are energetically favorable. And
the clusters Geg joFe and GeoSi may be used as building blocks in Ge-based nanomaterials because
of their high stabilities.

Il. COMPUTATIONAL METHODS

The low-energy structures of the clusters are searched by genetic algorithm in which the
local structure relaxation and energy evaluation are performed using first-principles calculations
based on density functional theory (DFT). Initial structures for the GA search are generated either
randomly or manually based chemistry intuitions. The offspings in the GA search are gener-
ated by the cut-and-paste operation. The first-principles DFT calculations were carried out at
the levels of PBE/PAW in VASP?' and PBE/DND in Dmol® of Material Studios, respectively.
In Materials Studio (MS) Package the DFT calculations were done with the all-electron DFT
method compiled in DMol® with a double numerical basis with d-polarization function (DND). The
exchange-correlation energy was treated within the generalized gradient approximation (GGA) of
the Perdew, Burke and Enzerhof (PBE) functional. Self-consistent calculations were done with a
convergence criterion of 107> Hartree on the total energy, and the structures were fully optimized
without any symmetry constraints and with a convergence criterion of 0.002 Hartree/A° on the
forces. In the VASP calculation, we employed the Projector Augmented Wave (PAW) - PBE method
with a plane wave (PW) basis set. The energy cutoff we used is 249.7 eV. The energy convergence
criterion for the self-consistent electronic calculation is 10~eV and that for the structure relaxation
it is 10~eV. Spin orbit coupling is also considered in the VASP calculations for all metal-doped
(except the simple metal-doped and Si-doped) Ge,M clusters.

lll. RESULTS AND DISCUSSIONS
A. Geometries

Pure Ge clusters - Prior to the discussion of the structures of the metal-doped Ge clusters, it is
worthwhile to review the structures of the pure Geg, Geg, and Gey; clusters. FIG. 1 shows several
low-energy isomers of the Geg_;; clusters. Isomer a is the ground-state structure. Isomers b and ¢
are frequently observed as building blocks in large Ge clusters.??*%3? Experiment®® has confirmed
that the Ge cluster is a magic cluster, i.e., it is energetically more stable than Gey and Ge; clusters.
The geometric structures of the Geg_;; isomers shown in FIG. 1 will serve as references for our
discussion of the structures of metal-doped clusters.

Doping by simple metal Li, Mg and Al atoms - FIG. 2 shows the geometric structures of
neutral and cationic Ge,M (n = 9, 10; M = Li, Mg and Al) clusters. Among these clusters, there
are many similarities between Li and Mg doped structures, both in neutral and cationic cases. The
neutral GegM and Ge oM (M = Li and Mg) clusters can be viewed as adding a Li or Mg atom to the
Geg_b or Gejo_b isomers shown in Fig. 1, respectively. Similarly, the cationic GegLi* and GegMg™*
clusters are based on the Geg_c isomer while GeoLi* and Ge (Mg are based on the Ge o_a isomer.
There are some small differences between GeoLi and Ge;gMg and between GegLi* and GeoMg™*
where the metal atoms are added to the different sites of the Ge, clusters.
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Gen_a

FIG. 1. Motifs of Ge, (n =9, 10) clusters. Isomers a, b and ¢ are frequently observed as building blocks in Ge,M clusters.

On the other hand, the structures of Al-doped clusters are different from those of Li or Mg
doped clusters. Al atom trends to form more bonds with Ge upon doping. In particular, the Ge;pAl
cluster appears to be sphere-like. The Al atom is encapsulated in a cage formed by Ge atoms. This
structure resembles the transition metal Fe and Mn doped clusters which will be discussed latter. For

GeygLi* Ge;pMg* GeAl*

FIG. 2. Neutral and cationic geometric structures of GegM and Ge;oM (M = Li, Mg, and Al) clusters.
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GeoSi* Ge,Pb* GeySi* GeyPb*

FIG. 3. Neutral and cationic geometric structures of GegM and GejoM (M = Si and Pb) clusters.

GeoAl, GeyAl* and GegAl* clusters, their configurations look like the structures of Gejo b, Gejg ¢
and Gey; a clusters, respectively; and Al atom tends to occupy the high coordination site in the
clusters.

Doping by the same group elements Si and Pb - Si, Ge and Pb are the same group elements
in periodic table of elements. Consequently, the geometries of both neutral and cationic Si-doped
Ge, clusters are the same as the ground-state structures of the corresponding pure Ge, . clusters,
with a Si atom substituting a Ge atom at a high coordination site as shown in FIG. 3. For Pb
atom doping, the structures of the neutral and cationic GegPb and cationic Ge;oPb also adopt the
ground-state geometries of Gejo and Ge;;, but the Pb atom tends to cap on the Ge, cluster and
have low coordination; On the other hand, the neutral GeoPb is formed by adding one Pb atom to
Gem_b.

Doping by noble metals Au and Ag - FIG. 4 shows the structures of noble metal Au and Ag
doped Ge,, clusters. While the neutral GeyAu cluster looks like a distorted Geg-a, GegAg adopts the
structure of Gejo-c, with a Ge atom being substituted by the Ag atom. Neutral Ge pAu and GejpAg
clusters are formed by adding an Au or Ag atom to the Gejo b and Gejy-a, but the metal atoms
are attached at different sites. Au atom caps to the Ge-square at the bottom of Ge;g b; while Ag

GegAu* GegAg* GeyAu*

FIG. 4. Neutral and cationic geometric structures of GegM and GejoM (M = Au and Ag) clusters.
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GegFet GeoMn* GeFet

FIG. 5. Neutral and cationic geometric structures of GegM and GejoM (M = Fe and Mn) clusters.

atom attaches to a side of the Ge triangle of the Ge;( a. For cationic Ge,M clusters, the structures
of the GegAg* and GepAu* are similar to their corresponding neutral clusters, while GegAu* and
GejpAg" are formed by adding an Au or Ag atom to the Gey ¢ and Ge|_a isomers, respectively.

Doping by transition metals Fe and Mn - The Fe and Mn doped Gey and Ge) clusters exhibit
a cage motif with the metal atom encapsulated inside the cage as shown in FIG. 5. This motif is
different from those in most of the other metal doped clusters discussed above except GejpAl (see
FIG. 2). In GejpAl, Al atom is also encapsulated inside a cage formed by Ge atoms, but the Al atom
is not located close to the center of the cage. The structure of GegFe is similar to that of GesMn.
The geometry of GegFe™ is also the same as that of GegMn*. But the structures of the neutral and
cationic GegM (M = Fe, Mn) are not the same although all structures are cage like. On the other
hand, the structures of both neutral and cationic Ge;(M (M = Fe, Mn) are very similar.

Doping by lanthanide metals Yb, Dy and Pm - For lanthanide we selected 3 metals: Yb
with full filled 4f shell, Dy and Pm with some lone pair electrons. Similar to the case of doping
by simple metals discussed above, most of the neutral and cationic GegM clusters here can be
viewed as adding one metal atom to the Geg_b isomers as shown in FIG. 6 except GeoPm™ cluster.
The structure of GeoPm* does not resemble any structure motif of Ge, clusters shown in Fig. 1.
GejoYb can be obtained by adding a Yb atom to Geo-b cluster. Ge;oPm can also be obtained by
adding a Pm atom to Ge;o_b but with more distortion. Ge oDy looks like a cage consists of several

GeyYb

W

GeyDy* GegPm* GeyYb* Ge;gDy* GeyPm*

FIG. 6. Neutral and cationic geometric structures of GegM and Ge;gM (M = Yb, Dy and Pm) clusters.
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five-membered rings and a six-membered ring. The structures of the cationic Ge,o)M* (M=Yb, Dy,
and Pm) look peculiar. Ge;oYb" is an elongated structure where a trigonal bipyramid and a pentag-
onal bipyramid are connected using the Yb atom as a common joint atom; Geo(Dy* and GeoPm™*
also do not simply follow the motifs of the pure Ge, clusters.

B. Relative Stabilities

In order to gain a deeper insight into the thermal stability of the metal-doped Geg and Ge)
clusters, we have studied the energy gain due to the metal adsorption on the Gey and Ge clusters.
The adsorption energy for a metal atom in a Ge, cluster is defined as

Eads (GenM) = _[Etot (GenM) - Elot (Gen) - Ed(M)] (1)

Where E,45(Ge,M), Eioi(Ge,M), Eo(Ge,,) and E (M) are the adsorption energy of M on Ge,, the total
energy of the Ge,M cluster, the total energy of the Ge,, cluster and the atomic energy of the metal atom,
respectively. By this definition, the larger the E, 4, the more energy gain upon the formation of the
metal-doped cluster thus the more stable of the Ge,M cluster is. The calculations for the adsorption
energies are performed using both the VASP at the level of PBE/PAW and the Dmol® code in Material
Studios at the level of PBE/DND. Spin polarization correction to the energy have also been considered
in all the calculations.

The outputs of PBE/PAW of VASP give the total binding energy (E;,) of Ge,M cluster which is
defined as

Ep(GeaM) = Eoi(Ge,M) — n*Ey(Ge) — E,(M) (2)

Therefore, the adsorption energy can be calculated by the total binding energy of clusters in VASP,
provide that the spin polarization effects in the atomic energies are included:

Eaas(GesM) = —[Ep(Ge,M) — Ey(Ge,y)] 3

However, in the binding energies calculated VASP, the atomic energies without spin polarization are
used in the Eq. (2). Therefore, a correction to the atomic energy (E.,) needs to be considered. Thus,
the adsorption energy should be calculated by the formula below:

Eads(GenM) = ~[Ey(Ge,M) — Ey(Ge,) — Ecor] 4

When the binding energies from the outputs of VASP are used, especially for transition metals
where the spin polarization effects are significant. For many transition metals, the correction values
have been provided by VASP3* In this work, the correction values (E,,) are 3.15 eV for Fe and
5.62 eV for Mn, respectively.** For other metals where are correction values are not available from
the VASP website we calculated their atomic energies with spin polarization Es(M) and without spin
polarization E (M) in a big enough box. Then the E.,, is calculated by the differences of E(M) and
Ens(M)’ ie.Eeor = ES(M) - Ens(M)~

The outputs of PBE/DND of Materials Studio (MS) provide both the total energy E,(Ge,M)
and total binding energy E,(Ge,M) of Ge,M, and spin polarization is considered in atomic energies
for binding energies calculation. Therefore, the atomic energies in the Dmol® calculations can be
determined using the outputs of total energies and binding energies. Then the adsorption energies
can be calculated using Eq. (1).

The calculation results are shown in Table I and plotted in FIG. 7(a) and 7(b), respectively.
The solid lines and dotted lines represent the adsorption energies for a metal atom in Ge;y and
Gey clusters, respectively. From FIG. 7(a) we can see that all the metal-doped clusters studied in
this paper are energetically stable with respect to the separated Ge, cluster and a metal atom. In
particular, Ge, clusters doped with the same group Si and Pb atoms, transition metal Fe atom, and
lanthanide metal Pm atom have relatively larger adsorption energies thus higher stability. The re-
sults of the PBE/DND in Dmol® shown in FIG. 7(b) are enssentially consistent with the results from
PBE/PAW calculation using VASP. One of the differences is that the stabilities of Ge, clusters with
Au doping in Dmol? calculation are more stable than those in the VASP calculation. Furthermore,
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TABLE I. Adsorption energies of Ge,M (n =9, 10; M = Li, Mg, Al, Si, Fe, Mn, Pb, Au, Ag, Yb, Pm and Dy) calculated at
different level.

Clusters Eabs(PBE/PAW) Eabs(PBE/DND) Clusters Eabs(PBE/PAW) Ears(PBE/DND)
GejoLi 1.7210 1.3747 GeogLi 2.1473 1.8659
GejoMg 0.8220 0.4673 GegMg 1.1989 0.9577
GejpAl 2.4219 2.1950 GegAl 3.1856 3.0691
GejoSi 2.9032 3.2413 GeoSi 4.7593 4.8396
GejoFe 4.6520 4.7030 GegFe 5.0101 4.4331
GeoMn 2.3980 2.6262 GegMn 4.0890 2.5632
GeoPb 2.0806 1.7763 GeoPb 3.4973 3.3596
GejpAu 1.7848 0.5094 GegAu 22144 0.8970
GejoAg 1.1593 0.8672 GegAg 1.5123 1.2576
GejoYb 3.8298 1.7173 GegYb 4.4953 2.4376
GejoPm 1.7054 3.8247 GegPm 2.1568 4.6014
GeoDy 3.4638 3.4422 GegDy 4.4269 5.0067

the stability of Dy in the Geg cluster is better in the PBE/DND as compared to PBE method in the
VASP calculation.

We also found most of the GegM clusters, particularly GegSi, are more stable than the Ge;(M
clusters with the same M. This probably stem from the fact that Ge, is a magic cluster. The tran-
sition metal Fe doping is special. Both GegFe and GeoFe have high stability. These results suggest
that Geyg_ joFe and GeySi would be used as building blocks for cluster-assembled nanomaterials.

We also calculated the binding energies per atoms of Ge;oM and GeoM clusters and the calcula-
tion results are plotted in FIG. 8. The binding energies are calculated using Eq. (2) and corrections
to the atomic energies due to the spin polarization are included. The binding energy per atom of

(a) VASP (PBE/PAW)|—a— Ge;gM
as

Adsorption Energies(eV)

GenM clusters

—_
% L) Dmol’ (PBE/DND) | —=— GejgM
A
Z. " e
20 Si Fe
g i .l' Pm"'/.
= 4l Dy
= Al Pb fra
S 5l o M ;
=) Li®% m ' |
» LN k! ,o’/
= 1r \./ \. o
< W Mg Aun"Ag

0

Ge“M clusters

FIG. 7. Adsorption energies of Ge,M calculated at two different levels. Solid lines and dash dots represent the adsorption
energies of GejoM and GegM calculated at the corresponding level, respectively.
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FIG. 8. Binding energies per atoms of GejoM and GegM clusters at the level of PBE/PAW in VASP [(a) and (b)] and
PBE/DND in Dmol® [(c) and (d)]. Solid lines represent the binding energy per atoms of Gejp magic cluster.

the Gejo magic cluster is also shown as the solid red line in each plot for reference. The Ge,M
clusters with binding energy larger than Ge; can be considered to be more stable than Ge;o. From
FIG. 8 we can see the results of stability tend from both VASP and Dmol® calculations are very
similar, although the energies from the Dmol® calculation exhibit larger variation. The calculation
results also showed that stability of Geg joFe and GeoSi are higher than Ge,q calculated from both
codes. The clusters doping with Pm and Dy also have relatively higher stability. These results are
consistent with the results from the adsorption energy analysis.

We next discuss the energy gap between the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals of Ge,M and Ge,,; (n = 9, 10) clusters which are summarized in the
Table II. The results show that the energy gaps of the clusters doped with Mg, Si, Pb, Au, Ag and
Yb are relatively larger, while Pm and Mn doped clusters have smaller energy gaps. In general,
clusters with larger HOMO-LUMO gaps exhibit high stability. However, adsorption energy and
HOMO-LUMO gaps are not always strongly correlated. Comparing Table I and II, GeoSi has large
adsorption energy, but relatively small HOMO-LUMO gap; while Ge;(Mg have relatively small
adsorption energy but large HOMO-LUMO gaps. The adsorption energy is related to the thermal
stability of the cluster; and the HOMO-LUMO gap can be considered as a measure of chemical
reaction stability of the cluster.

TABLE II. HOMO-LUMO Gaps (in eV) of GeyM and Geyy; (n =9, 10; M = Li, Mg, Al Si, Fe, Mn, Pb, Au, Ag Yb, Pm
and Dy) calculated at the level of PBE/DND in Dmol>.

Clusters HOMO-LUMO Gap Clusters HOMO-LUMO Gap
GejoLi 0.851 GegLi 1.163
Ge oMg 1.559 GeyMg 1.263
GejpAl 0.749 GegAl 1.535
GepSi 1.244 GeoSi 1.955
GeoFe 1.257 GegFe 0.586
GeoMn 0.314 GeoMn 0.665
GejoPb 1.001 GegPb 2.041
GejpAu 1.205 GegAu 1.508
GejpoAg 1.004 GegAg 1.269
GejoYb 1.546 GegYb 1.331
GeoPm 0.34 GegPm 0.395
GejoDy 1.181 GeygDy 0.83

Geyj 1.266 Gejo 1.939
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IV. CONCLUSIONS

The most stable structures of neutral and cationic Ge,M (n =9, 10; M is a metal atom including
Li, Mg, Al, Fe, Mn, Pb, Au, Ag, Yb, Pm, Dy) and Ge,Si clusters were studied at the DFT level with
generalized gradient approximation in the form of PBE for exchange-correlation energy functional,
using two different codes: VASP and Dmol®. Our calculation results show that most low-energy iso-
mers of Ge,M clusters are formed by adding the metal atom to the low-energy isomers of Geg, Gejg
clusters. The transition metal Fe and Mn doped clusters are distinct from most of other clusters.
Both the neutral and cationic Ge,Fe and Ge,Mn clusters are cage-like with the metal atom encapsu-
lated inside the cage formed by Ge atoms. Energetic calculations show that such cage-like transition
metal-doped Ge, clusters have higher adsorption energy and thus higher thermal stability. And the
clusters Geg joFe and GeoSi may be used as building blocks in cluster-assembled nanomaterials
because of their high stability.
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