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Abstract:-We have investigated the stacked structures built from a tetracapped octahedron of Ge10 cluster by using 
the full-potential linear muffin-tin orbital molecular-dynamics (FP-LMTO-MD) method. It is found that the stacked 
structures built from Ge10 subunit up to 80 atoms are stable. Of all the stacked structures, Ge30 cluster is the most 
stable. Besides, the compact structure built from four Ge10 subunits has also large binding energy. It is more 
interesting that Ge20 cluster including two Ge10 subunits has three stable states as the bond length between them 
increases. 
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1 Introduction 
Semiconductor clusters have been the focus of 
numerous experimental and theoretical investigations 
for the potential application in the semiconductor 
industry. Theoretically, small Gen clusters have been 
investigated considerably due to lesser cost of 
calculations in comparison with large clusters. Antonio 
et al. have investigated the ground-state structures and 
finite temperature properties of the Ge clusters in range 
n=2-14, using molecular-dynamics simulation along 
with the method of steepest decent quench, in which 
the interaction potential is the Stillinger-Weber 
potential as modified by Ding and Andersen [1-2]. 
Ogut and co-worker have studied the electronic 
structures of the neutral and charged Gen clusters 
(n=2-10), using Langevin molecular dynamics coupled 
to a simulated annealing procedure [3], and explained 
the substantial differences in the photoemission spectra 
of some anionic Si and Ge clusters. Shvartsburg and 
co-workers have performed a systematic ground state 
geometry search for the neutral Gen clusters and their 
cations in the n≤16 size rang using density functional 
theory-local density approximation and 
gradient-corrected method [4]. For the Ge clusters with 
n=11-25, Wang et al have reported their ground-state 
structures obtained by using density functional theory 
(DFT) with a generalized gradient approximation 
(GGA) [5]. Their results suggest that there are some 
similarities between the Si and Ge clusters although 
many differences are presented.  

 
Experimental results show that the mass spectra of 

Gen are nearly the same as that of Sin, with “magic 
numbers” for the cations at n=4,6, and 10 [7,8]. But, 
photoelectron spectra (EPS) for Si-

10 and Ge-
10 are 

quite different [3,9]. The global minimum based on 
LDA is the C3v tetracapped trigonal prism for Si-

10 
while the C4v bicapped tetragonal antiprism for Ge-

10 
[3]. The structures of the Gen and Sin clusters for n=13 
and n≥15 differ in details [4]. Ion mobility 
measurements have confirmed the difference [10,11]. 
Fuke and Yoshida examined the photoionization 
thresholds of Gen (n=2-34) with a wide photon energy 
(5.0-8.6 eV) using a laser photoionization 
time-of-flight mass spectrometry [12]. They found a 
characteristic size dependence of ionization potential 
(IP) with a maximum at n=10 for the clusters smaller 
than 22 atoms. The rather high IP of Ge10 in 
comparison with its neighbors is consistent with the 
results on the photodissociation study of Ge+

10. The 
experimental results indicate that Ge10 is more stable 
than its neighbors. The Ge+

10 cluster is a favored 
neutral product [12]. Obviously, the Ge cluster with 10 
atoms is an important and interesting cluster. We have 
also investigated some Gen (n=3-10, 20-25) clusters by 
using full-potential linear-muffin-tin-orbital 
molecular-dynamics (FP-LMTO-MD) method 
[6,13-14]. Some new isomers that are lower in energy 
than any previously reported have been found.  

 
Although the ground state structures of the small 

Gen clusters have been extensively investigated, our 
knowledge of the Gen clusters is still very limited in 
comparison with semiconductor silicon clusters. Some 
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results, for example, the ground state structures of the 
neutral and anionic Ge10 clusters, are controversial 
theoretically. Langevin molecular dynamics method 
coupled to a simulated annealing procedure suggests 
that the tetracapped trigonal prism (C3v) and the 
bicapped tetragonal antiprism (D4d) are the most stable 
structures of the neutral Ge10 and anionic Ge-

10 clusters, 
respectively [3]. Their different photoemission spectra 
are resulted from the structural change upon charging. 
However, FP-LMTO-MD method produces different 
results. The tetracapped octahedron with Td and the 
tetracapped trigonal prism (C3v) are the ground state 
structures of the neutral Ge10 and anionic Ge-

10 clusters, 
respectively [15]. Another distorted tetracapped 
trigonal prism (Cs) has the same stability as the C3v 
structure for Ge-

10. The Cs structure has a small gap. 
The photoelectron spectrum of the Ge-

10 ion observed 
experimentally can be explained as the mixed results 
of the two structures.    

 
Recently, Greytak and co-workers have studied that 

growth and transport properties of complementary 
germanium nanowire field-effect transistors (FET) 
experimentally [16]. n-and p-type Ge nanowires were 
synthesized by a multistep process. Complementary 
FETs made from these nanowires show high 
transconductances and excellent ohmic contacts. C, Si 
and Ge belong to the group IV in the period table. Both 
chains, fullerene cages and nanotubes for carbon, and 
nanowires for silicon and germanium exhibit novel 
physical and chemical properties. Using the 
FP-LMTO-MD method, we found that tricapped 
tetragonal prism (TTP) subunits can stack thin and 
short stable silicon structures [17]. Motivated by these 
results, we would investigate stacked structures for Ge 
in this letter theoretically. It is found that the ground 
state tetracapped octahedron subunit of the neutral 
Ge10 cluster can form a thin-stacked stable structure, 
whereas the structure is unstable for Si. The 
investigation helps us understand the growth 
mechanism and fragment pattern of the Ge clusters.  

                   
2 Method 
The FP-LMTO method is a self-consistent 
implementation of the Kohn-Sham equations in the 
local-density approximation [18-20]. During the 
molecular-dynamics calculations, space is divided into 
two parts: non-overlapping muffin-tin (MT) spheres 
centered at the nuclei, and the remaining interstitial 
region. LMTOs are augmented Hankel functions inside 

the MT spheres, but not in the interstitial region 
[20-23]. Self-consistent filed calculations are carried 
out with a convergence criteria of 10−5 a.u. on the total 
energy and 10−3 a.u. on the force. In the local density 
approximation, the calculated bond lengths can be 
expected to be reliable to within 1-2%. The details of 
how the molecular dynamics method can be performed 
are described in references [20-23].  

 
3 Results and discussion 
An adamantine cage with Td symmetry is a piece of the 
bulk diamond structure. We can obtain a much more 
stable structure though distorting the cage by 
elongating it along its fourfold vertices so that its 
twofold vertices could begin to participate in more 
than two bonds. The distorted structure is just the 
tetracapped octahedron (Td symmetry), which is 
regarded as the ground state structure of the neutral 
Ge10 cluster, shown as 10A in Fig.1. Its binding energy 
per atom is 3.625 eV.  

 
By using the Td structure as stack subunit, we can 

obtain a series of stable stacked structures. The 
structures are shown as 20A-80A in Fig.1. Their 
common structural characteristic is that only one bond 
ties two neighbor subunits. The ground state structure 
of Ge20 cluster is just built from two such subunits [14]. 
Further calculations suggest that its symmetry, the 
bond length between two subunits, and its total binding 
energy are D2d, 3.12 A° and 72.91 eV, respectively. 
Besides, the binding energy between the upper subunit 
and the lower subunit is only 0.30 eV. The result 
suggests that the two subunits are bound loosely, and 
the bond between them is easy to break. It is more 
interesting that 20A has other two energy minimums as 
the bond length between two subunits changes. The 
two stable positions correspond to 2.82 A° and 4.21 A°, 
respectively. Their corresponding binding energies are 
72.88 eV and 72.83 eV, respectively.  

 
On the other hand, if the upper subunit in 20A 

rotates 90° in relation to the lower subunit, the stacked 
structure is meta-stable. It is easy to transfer into 20A 
because the potential barrier height between them is 
only 0.03 eV. Why is there such a small interaction 
between the two subunits? In fact, the subunit (Td) is a 
compact structure, in which there is a cumulative 
atomic dipole moment at the atom connected into 
another subunit [24]. The orientation of the atomic 
dipole moment refers to an axis through the center of 

Proceedings of the 6th WSEAS International Conference on Applied Computer Science, Tenerife, Canary Islands, Spain, December 16-18, 2006       76



mass of the subunit and the atom connected. The two 
subunits are bound loosely through atomic dipole 
moments.  

 
Furthermore, if more subunits are stacked along 

z-axis, longer stacked structures up to 8 subunits can 
be obtained. We do not investigate the stacked 
structures with more than 8 subunits because of too 
much time-consuming calculation. But, their basic 
structural property is similar. Our calculations show 
that the thin-stacked structures are stable. For Ge30 
cluster, its binding energy per atom is 3.645 eV, which 
is largest among the thin-stacked structures. It is found 
from observing 30A in Fig.1 that the bond length (3.09 
A°) between the top subunit and the mid subunit is not 
equal to the bond length (3.15 A°) between the bottom 
subunit and the mid subunit. The asymmetry can be 
also found in all the other thin-stacked structures. 40A, 
50A, 60A, 70A and 80A in Fig.1 are the stacked 
structures of Ge40, Ge50, Ge60, Ge70 and Ge80, 
respectively. The bond lengths between any two 
neighboring subunits are also shown in Fig.1. There 
are three such single bonds among four subunits in 
40A. The middle bond length is 3.24 A°, which is 
larger than the other two bond lengths. It is interesting 
that all the longest bonds are located in their middle 
position in every stacked structure of 50A, 60A, 70A 
and 80A. The longest bond ties two parts. One part 
consists of three subunits; the remainder subunits build 
another part. This maybe relate to the larger binding 
energy of the thin-stacked structure of Ge30. Besides, 
all the bond lengths between the subunits are larger 
than the bond lengths in the subunit 10A. For Gen 
(n=30-80), the shortest bond length tied two neighbor 
subunits is 2.96 A° (their average value is 3.08 A°), 
whereas the average bond length in any subunit is only 
2.66 A°. This suggests that the thin-stacked structures 
are easy to fragment into Ge10 subunit. According to 
the discussions above, the stacked structures firstly 
fragment into two parts. One part of which is the 
stacked structure of Ge30. Because of its asymmetry, 
Ge30 would fragment into Ge20 and Ge10 again. Finally, 
Ge20 fragments into two Ge10 subunits.  

 
Zhang and co-workers have investigated 

photodissociation of semiconductor positive cluster 
ions [25]. The larger Gen

+ species show a 
fragmentation corresponding to loss of Ge10 and to 
some extent Ge7. Ge30

+ fragments at low fluence to 
produce almost exclusively Ge20

+ presumably by loss 

of neutral Ge10. At higher fluence, Ge10
+ appears 

presumably by stepwise loss of Ge10 from Ge20
+. 

Obviously, we can explain the experimental results by 
using the stacked structures.  

 
In order to investigate the stability of the stacked 

structures, we search for the ground state structure of 
Ge30 cluster. It is found that 30B, which is 1.26 eV 
more stable than 30A, is the most stable structure of 
Ge30 cluster. It also consists of three such subunits. But 
it undergoes obvious structural distortion. 40B in Fig.2 
consists of four subunits, forming a ring. Its binding 
energy per atom is up to 3.653 eV, which is larger than 
3.641 eV of 40A in Fig.1. The subunits in 40B undergo 
slight structural distortion compared with 10A. 40C is 
a prolate structure. It is also not so stable as 40B.42A 
and 48A are obtained by adding some Ge atoms on the 
top and bottom positions of the hollow site in 40B. The 
subunits in 42A and 48A have significant structural 
distortion. But, their stability decreases. 60B is 
obtained by adding two subunits on the top and bottom 
positions of the hollow site in 40B. 60B is 5.88 eV less 
stable than 60A.  

 
The ground state structures of the neutral Ge20 and 

Ge30 clusters are stacked from the ground state 
structure of the Ge10 cluster. The thin-stacked structure 
of the Ge40 cluster is not the most stable. But, the ring 
structure built from the Ge10 subunit has also larger 
binding energy. Calculations show that the ring stacked 
structures for Ge50 and Ge60 clusters are not stable. 
Besides, it is found that the stability of the thin-stacked 
structures decreases as the number of the stacked 
subunits increases. Therefore, the ground state 
structures of Gen clusters adopt other geometrical 
configurations. For Sin clusters, similar properties have 
been found [17]. The tricapped trigonal prisms (TTP 
subunit) can build the thin-stacked structures for the 
Sin clusters. They include five TTP subunits at most. 
For the Ge clusters, they can include eight tetracapped 
octahedron subunits at least. But, more subunits also 
destabilize the stacked structures.  

 
By using the FP-LMTO-MD method, we have 

investigated the structural characteristics of anionic Sin 
clusters as the atomic number increases. We found a 
structural transition to more compact geometries at 
n=27 for anionic Sin clusters [26]. The conclusion is 
verified by experiment this year [27]. The transition 
begins at n∼65 for Gen clusters [28-29]. The transition 
at different size makes them have different stacked 
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length. 
 

4 Conclusions 
The stacked structures built from the ground state 
structure of the Ge10 cluster have been investigated. It 
is found that the thin-stacked structures are stable up to 
eight subunits. The stacked structures with two and 
three subunits are the most stable structures, 
respectively. The ring structure with four subunits 
exhibits high stability. But, the longer stacked 
structures are not the lowest energy structures. On the 
other hand, they are easy to break two parts because 
they are not symmetry structures. Our calculations 
show that the Ge20 cluster consisting of two subunits 
has three stable structures as the bond length between 
them changes. 

Acknowledgments 

A Foundation for the Author of National Excellent 
Doctoral Dissertation of PR China under Grant No. 
200320, the Natural Nature Science Foundation of 
china (Grant No. 10674039) and the Natural Science 
Foundation of Zhejiang Province (Grant No. R405097) 
supported this work. 
 
References 
[1] G.A. Antonio, B.P. Feuston, R.K. Kalia, and P. 

Vashishta, Ground-state and finite-temperature 
and topologies of germanium microclusters, 
Chem. Phys. 88 (1988) 7671. 

[2] K. Ding and H.C. Andersen, Molecular-dynamics 
simulation of amorphous germanium, Phys. Rev. B 
34 (1986) 6987. 

[3] S. Ogut, J.R. Chelikowsky, Structural changes 
induced upon charging Ge clusters, Phys. Rev. B 55 
(1997) R4914. 

[4] A.A. Shvartsburg, B. Liu, Z.Y. Lu, C.Z. Wang, M.F. 
Jarrold, and K.M. Ho, Structures of Germanium 
Clusters: Where the Growth Patterns of Silicon and 
Germanium Clusters Diverge, Phys. Rev. Lett. 83 
(1999) 2167. 

[5] J. Wang, G. Wang, J. Zhao, Structure and 
electronic properties of Ge  (n=2–25) clusters from 
density-functional theory

n
, Phys. Rev. B 64 (2001) 

205411. 
[6] F.S. Liang and B.X. Li, Stable structures of Gen 

(n=21-25) clusters, Phys. Lett. A 328 (2004) 407 
[7] J.M. Hunter, J.L. Fye, and M.F. Jarrold, Annealing 

and dissociation of carbon rings, J. Chem. Phys. 
99 (1993) 1785. 

[8] J.M. Hunter, J.L. Fye, E.J. Roskamp, and M.F. 
Jarrold, Annealing Carbon Cluster Ions: A 
Mechanism for Fullerene Synthesis, J. Phys. Chem. 
98 (1994) 1810. 

[9] Y. Negishi, H. Kawamata, F.Hayakawa, A. 
Nakajima, and K. Kaya, The Infrared HOMO- 
LUMO Gap of Germanium Clusters, Chem. Phys. 
Lett. 294 (1998) 370. 

[10] M.F. Jarrold, Drift tube studies of atomic clusters  
J. Phys. Chem. 99 (1995) 11. 

[11] G.von Helden, M.T. Hsu, P.R. Kemper, and M.T. 
Bowers, Structures of carbon cluster ions from 3 to 
60 atoms: Linears to rings to fullerenes, J. Chem. 
Phys. 95 (1991) 3835. 

[12] K. Fuke, and S. Yoshida, Near-threshold 
photoionization of germanium clusters in the 
248–144nm region: ionization potentials for Gen, 
Eur. Phys. 9 (1999) 123 

[13] B.X. Li, P.L. Cao, Electronic and geometric 
structure of thin stable short silicon nanowires, 
Phys. Rev. B 62 (2000) 15788. 

[14] B.X. Li, P.L. Cao，F.S. Liang, Stable structures of 
Ge20 clusters: a full-potential 
linear-muffin-tin-orbital molecular-dynamics 
study.  
Physica B 337 (2003) 69. 

[15] B.X. Li, P.L. Cao, B. Song, and Z.Z. Ye, 
Electronic and geometric structures of Gen

+ and 
G-

n (n=5-10) clusters in comparison with 
corresponding Sin ions Phys. Lett. A 307 (2003) 
318. 

[16] A. B. Greytak, L. J. Lauhon, M. S. Gudiksen, and 
C. M. Liebera, Growth and transport properties of 
complementary germanium nanowire field-effect 
transistors, Appl. Phys. Lett. 84 ( 2004) 4176  

[17] B.X. Li, P.L. Cao, R.Q. Zhang and S.T. Lee, 
Electronic and geometric structure of thin stable 
short silicon nanowires, Phys. Rev. B 65 (2002) 
125305 

[18] M. Methfessel and M.V. Schilfgaarde, Derivation 
of force theorems in density-functional theory: 
Application to the full-potential LMTO method,  
Phys. Rev. B 48 (1993) 4937 

[19] M. Methfessel, Elastic constants and phono 
frequencies of Si calculated by fast-potential 
linear-muffin-tin-orbital method, Phys. Rev. B 38 
(1988) 1537 

[20] M. Methfessel, C.O. Rodriguez and O.K. 
Anderson, Fast full-potential with a converged 

Proceedings of the 6th WSEAS International Conference on Applied Computer Science, Tenerife, Canary Islands, Spain, December 16-18, 2006       78

http://scholar.google.com/url?sa=U&q=http://pubs.acs.org/cgi-bin/abstract.cgi/jpchax/1994/98/i07/f-pdf/f_j100058a015.pdf%3Fsessid%3D6006l3
http://scholar.google.com/url?sa=U&q=http://pubs.acs.org/cgi-bin/abstract.cgi/jpchax/1994/98/i07/f-pdf/f_j100058a015.pdf%3Fsessid%3D6006l3
http://www.springerlink.com/content/d0r2f12dpxdyeh8h/?p=248cefa6ed674817a3826e8776326a00&pi=22
http://www.springerlink.com/content/d0r2f12dpxdyeh8h/?p=248cefa6ed674817a3826e8776326a00&pi=22
http://www.springerlink.com/content/d0r2f12dpxdyeh8h/?p=248cefa6ed674817a3826e8776326a00&pi=22


basis of atom-centered linear muffin-tin orbitals: 
Structural dynamic properties of silicon     
Phys. Rev. B 40 (1989) 2009 

[21] W. Kohn and L.J. Sham, Self-Consistent 
Equations Including Exchange and Correlation 
Effects, Phys. Rev. 140 (1965) A1133 

[22] O.K. Andersen, Linear methods in band theory, 
1975 Phys. Rev. B 12 (1975) 3060 

[23] M. Springborg and O.K. Andersen, Method for 
calculating the electronic structures of large 
molecules; helical polymers J. chem. Phys. 87 
(1987) 7125 

[24] M. Krack, K. Jug, Reactivity of silicon clusters, 
Chem. Phys. 192 (1995) 127 

[25] Q.L. Zhang, Y. Liu, R.F. Curl, F.K. Tittel, and R.E. 
Smalley, Photodissociation of semiconductor 
positive cluster ions, J. Chem. Phys. 88 (1988) 
1670 

[26] B.X. Li, Stability of medium-sized neutral and 
charged silicon clusters, Phys. Rev. B 71 (2005) 
235311 

[27] Jaeil Bai, Li-Feng Cui, Jinlan Wang, Soohaeng 
Yoo, Xi Li, Julius Jellinek, Christof Koehler, 
Thomas Frauenheim, Lai-Sheng Wang, and Xiao 
Cheng Zeng, Structural evolution of anionic  
silicon clusters SiN (20 ≤ n ≤ 45) J. Phys. Chem. 
A110 (2006) 908 

[28] J.M. Hunter, J.L. Fye, M.F. Jarrold, Structural 
Transitions in Size-Selected Germanium Cluster 
Ions, Phys. Rev. Lett. 73 (1994) 2063 

[29] A.A. Shvartsburg, R.R. Hudgins, P. Dugourd, M.F. 
Jarrold, Structural information from ion mobility 
measurements: applications to semiconductor 
clusters, Chem. Soc. Rev. 30 (2001) 26 

 

 
Fig.1: The ground state structure of the Ge10 cluster and its thin stable stacked structures up to 8 subunits. The 
numbers between two neighboring subunits presents their bond lengths (in A°). 
 
Fig.2: The other stable structures for the Ge42, Ge48 and Ge60 clusters built from the Ge10 subunit.  
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