
Nonorthogonal Tight-binding Study of

the Geometries and Electronic Properties

of Gen (n= 2— 20) Clusters
*

LI Si-dian
* *

, ZHAO Ji-jun
†

and WANG Guang-hou
†

( Taiyuan Teachers’ College , Taiyuan , 030001; Department of Physics and National Laboratory

of Solid-State Microstructures† , Nanjing University , N anjing , 210093)

( Receiv ed Feb. 9, 1998)

* Suppo rted by the National Na tural Science Founda tion o f China.

* * To whom co rr espondence should be addressed.

　 　 The univ er sa l-pa rameter nonor thogonal tigh t-binding sch eme proposed by Menon and

Subbasw amy w as used to optimize the geometrical st ructures, binding ener gies and elect ron

affinities o f small g ermanium cluste rs Gen (n= 2— 20) . A comple te ag r eem ent wi th available ab

initio r esults from the low est-energ y st ructures for Ge2— Ge6 was obtained and reasonable

str uctur es fo r these clusters we re pr edicted and compa red with tho se o f co rr esponding silicon

cluster s in the range of n= 7— 20. Th e averaged discr epancy w ith experiments in binding energ ies

fo r n= 2— 7 is about 6% and the calculated electr on affinities ag r ee well with the measured values

in the r ange o f n= 2— 8 as w ell.
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Introduction

Studies on clusters of g roupⅣ elements ( C, Si , Ge, Sn and Pb) have receiv ed much

a ttention in th e last decade fo r thei r po tential applica tions in material science. But most of

the w ork has been done on carbon and silicon clusters, while much less theo retical and

experimental research es have been performed on germanium and other heavier meta l

clusters
[1, 2 ] . Recent experimental studies on Gen included pho to elect ron spect ro scopies of

nagativ e ions
[3 ]

and the injected ion dri f t tube measurements
[4, 5 ]

. Reliable theo retica l

predictions on Gen a re limi ted to n≤ 7. Pacchioni and Koutecky
[6 ]

predicted the geometries

and energies of Ge3— Ge7 using a MO-LCAO /SCF-CI method which kept all the nearest bond

leng ths at one value. M ost of th e st ructures o f Ge2— Ge14 in reference
[ 7]

are unstable when

checked wi th mo re accurate calcula tions[1, 6, 8 ] . The most recent ab init io calculation by Lanza

and co-w o rkers[ 8] optimized the st ructures of Ge2— Ge6 within the giv en symmetry

constrains.

The univ ersal-parameter nono rthogonal tigh t-binding scheme propo sed by M enon and

Subbasw amy
[9～ 11 ]

has been successfully applied to bo th ca rbon ( C60 )
[10 ]

and silicon clusters

up to n = 14[9, 11, 12 ] . In this w o rk, w e applied this method to optimizing the geometrica l

st ructures, binding energies and elect ron affinities o f small Gen clusters (n= 2— 20) .

Theoretical Method and Structural Optimization

In th e nonorthogonal tight-binding scheme of Menon and Subbaswamy
[9, 11 ] ( refered to as
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M-S N TB model in this w o rk) , the total energ y of an Xn cluster system is the sum of three

terms:

UT = Uel + Urep+ Ubo nd ( 1)

w here Uel i s the sum o f the one-elect ron energies fo r the occupied states:

Uel = ∑
occ

k

Xk ( 2)

and Urep represents the classical repulsive tw o-body term contribution:

Urep = ∑
i
∑
j> i

i(rij ) = ∑
i
∑
j> i

i0exp [- U( ri j - d0 ) ] ( 3)

w hereU= 4 /r 0 , r0= 0. 122 nm, one-half o f the dimer bond leng th
[ 13]

, d0 i s the nearest bond

leng th in crystal germanium, and rij is the distance between tw o atoms. To prevent the

collapse o f cluster st ructures into phy sically unreasonable range during full st ructura l

optimization, w e added a sti ff w all exp [- 50( rij /d0 - 1. 0) ] ( only when rij < 0. 8d0 ) in the

repulsiv e part. The bond-counting term Ubond ta kes the following form:

Ubond = - N (anb /N + b) ( 4)

and

nb = ∑
i

[exp(
di - Rc

Δ
) + 1 ]- 1 ( 5)

w ith Rc= 0. 350 nm andΔ= 0. 01 nm, the same values as fo r silicon clusters
[9, 11, 12 ]

, a and b

a re fi t ting pa rameters which are cho sen to reproduce the cohesive energies of sev eral smal l

Gen clusters in clo se ag reement wi th the experimental v alues
[ 6]
.

The characteristic equation of the system possesses the form

( Hi j - Xk Sij )Ck = 0 ( 6)

w here Hi j =∫ *i H  jd3r , Si j =∫ *i  jd3r , both const ructed f rom the universal o rthogona l

tight-binding parameters V ij o f Harrison
[14 ]

Sij =
2V ij

K (Xi + Xj )
( 7)

Hi j = Vi j 1+
1
K

- S
2
2 ( 8)

w here

S2 =
Ssse - 2 3 Sspe - 3Sppe

4
( 9)

describes the nono rthogonali ty between tw o sp
3
bonding orbi tals. The univ ersal pa rameters

Vi j are calculated by means of scaling Sla ter-Koster parameters Vλλ’ _

Vλλ’ _ (rij ) = Vλλ’ _ (d0 ) exp [- T(rij - d0 ) ] ( 10)

w hereT= 1 /r0 .

The overlap pa rameter K and the coefficienti0 in eq. ( 3) are fit ted to reproduce the fo rce

constant and bond leng th for Ge2
[1 , 13] . All the parameters used in this w ork are listed in

Table 1.

Table 1　 Param eters in the M-S NTB scheme used fo r Gen in this w ork*

-X0 / eV - Xp /eV - Vsse /eV Vspe / eV Vppe /eV - Vppc /eV K i0 / eV a /eV b / eV Rc /nm Δ /nm

14. 38 6. 36 1. 70 2. 30 4. 07 1. 05 1. 469 0. 078 - 0. 313 - 1. 250 0. 350 0. 010

　　* X0, Xp and Vλλ’_ w ere f rom ref. [ 14] .

　　 The optimization o f the geometrical st ructures o f a cluster Xn is , ex cept fo r smal l n , a

nontrivial task, owing to the high dimensionali ty o f the problem. The most commonly used
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st rategies include the molecular dynamics ( MD ) and the M onte Carlo ( M C ) annealing

simulations. In this w ork, w e adopted the following pro cedure: ( 1) For smal l clusters(n≤
9) , w e employed a DFP variable metric minimization routine

[15 ]
which minimizes the tota l

energies of Xn sta rting f rom random ly constructed ini tial st ructures by treating the 3N - 3

coo rdina tes as independent v ariables. All the resul ts for n≤ 9 w ere checked wi th an MC-

based routine and the DFP full optimization method was found faster and mo re accurate. ( 2)

For larg er clusters (n≥ 10) , either f ragments of bulk cubic st ructures ( sc , bcc, fcc , and

diamond la t tices) o r sepecified high symmetry g eometries( like a Td st ructures for Ge10 ) are

g enerated as the starting geometries of the optimiza tion process as described in ( 1) . Most of

these high symmetry structures w ere found unstable and disto rted to the global o r loca l

minima. Considering the fact that g ermanium and silicon a re simila r in bo th bulk and

microcluster form s, w e a lso “ bo rrow ed” the optimized st ructures fo r si licon clusters w ith

comparable size obtained by other autho rs
[9, 10, 12, 16, 17 ]

as the ini tial g eometries o f the st ructura l

optimization. The st rategy described above originates f rom tha t adopted fo r the st ructura l

optimization of si licon clusters based on a pa rameterized many-body po tential
[18 ]

.

Geometrical Structures of Ge(n= 2— 20) Clusters

The optimized st ructures and binding energies per atom Eb obtained wi th the procedure

described above a re li sted in Table 2, compared wi th available experimental and o ther

electronic st ructure calculation results. Some o f the optimized geometries are illustrated in

Fig. 1. The second dif ferences of cluster energies defined asΔ2
E= E (n+ 1)+ E (n - 1) - 2E

(n) [2 ] , which are sensitiv e to indicate the rela tiv e stabilities o f clusters, are show n in Fig. 2

fo r n= 3— 13.

Table 2　 Th e optimized geometries and binding energ ies pera tom Eb ( eV ) obtained in this wo rk

compa red with experimental and o th er elec tronic structure calculation results[6, 8]

Gen St ruc. Symm. M-S N TB Exper. Ab init io SC F-C I Gen St ruc. Symm. M-S N TB Exper. Ab initio SC F-C I

Ge2 D∞h 1. 238 1. 32 1. 06 0. 91 Ge9 Ⅺ C 0 2. 918

Ge3 Ⅰ C2v 2. 032 2. 24 1. 49 1. 28 Ge10 Ⅹ Ⅱ D4d 2. 924

Ⅱ D3h 2. 013 Ⅹ Ⅱ C3v 2. 907

Ⅲ C2v 2. 007 Ge11 Ⅹ Ⅵ C5v 2. 913

Ge4 Ⅳ D2h 2. 594 2. 61 1. 90 1. 57 Ge12 Ⅹ Ⅴ Ih 2. 928

Ge5 Ⅴ D3h 2. 715 2. 74 1. 97 1. 40 Ge13 Ⅹ Ⅵ C3v 2. 896

Ge6 Ⅵ C2v 2. 838 2. 98 2. 12 1. 47 Ⅹ Ⅶ C3v 2. 823

Ⅶ C2v 2. 836 Ge14 Ⅹ Ⅷ C 1 2. 830

Ge7 Ⅷ D3h 2. 911 3. 04 1. 60 Ⅹ Ⅸ C 0 2. 825

Ge8 Ⅸ C 0 2. 884 Ge20 Ⅹ Ⅹ Ih 2. 869

Ⅹ C2h 2. 866

　　 The bond leng th r= 0. 244 5 nm and binding energ y Eb= 1. 238 eV obtained fo r Ge2 are

in clo se ag reement wi th experimental results (r = 0. 243 9 nm , Eb = 1. 32 eV ) [1, 6, 8 ] . The

low est-energ y structures found fo r Ge3 is an iso sceles t riang le(Ⅰ , C2v ) w ith a bond leng th r

= 0. 246 2 nm and the apex angleθ= 95°, while the equi lateral t riang le (Ⅱ , D3h ) w ith r=

0. 251 4 nm lies only 0. 06 eV higher in energ y. The o ther lo cal minimum w ith C2v symmetry

(Ⅲ ) has a shorter bond leng th r= 0. 242 8 nm and smaller apex ang leθ= 76°. The linear Ge3

is much less stable and is no t a mimimum on the potential-energ y surface. These pa rameters

a re comparable wi th M RSDCI
1
A2 C2v g round state(r= 0. 232 nm, θ= 83. 3°) [19 ] and the ECP-

DZP
1
A2 D3h g round state(r= 0. 247 3 nm)

[8 ]
. It is o f interest to no te tha t Si3 also has two
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Fig. 1　 The low -energ y geome trical str uctur es o f Ge3— Ge20 obtained with the M-S NTB scheme.

Fig. 2　 The second differ ences of clusters energies fo r Ge3— Ge13.

isosceles triang les as minima on the potential energ y surface w hich have been rela ted wi th a

Jah n-Teller disto rtion[1 ] . A plana r rhombus (Ⅳ , D2h ) was found to be the low est-energy

st ructure fo r Ge4 with r 1- 2= 0. 252 0 nm and r1- 3= 0. 265 3 nm , in close agreement wi th the

ab initio result (r1- 2= 0. 245 7 nm , r1- 3= 0. 262 2 nm ) [ 8] . The g round state structure obtained

fo r Ge5 i s a severely compressed t rig onal bipy ramid(Ⅴ , D3h ) ( r1- 2= 0. 257 nm , r2- 3= 0. 372

nm , r1- 5= 0. 281 nm ) , also in line w ith the ab initio result (r1- 2= 0. 247 2 nm, r2- 3= 0. 337 9

nm , r1- 5= 0. 303 7 nm )
[8 ]
. The tw o minima wi th C2v symmetry w ere found fo r Ge6 (Ⅵ and

Ⅶ ) w ith the edge-capped trig ona l bipyramid (Ⅵ ) 0. 012 eV low er in energ y than the face-
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capped one (Ⅶ ) , ag reeing w ell wi th the rela tiv e stabi li ty and energ y di fference (ΔE= 0. 01

eV) obtained fo r the tw o structures in ref . [8] as w ell.

A pentagonal bipyramid (Ⅷ ) was found to be the optimum structure fo r Ge7 ( r1- 2=

0. 266 nm, r2- 3= 0. 263 nm and r1- 7= 0. 425 nm ) , in line wi th that of the SCF-CI prediction

w ith the nea rest bond leng th o f r= 0. 284nm
[1 ] . There is no elect ronic st ructure calculation

resul t av ai lable for Gen when n≥ 8. A face-capped pentagonal bipy ramid (Ⅸ ) w as found

slight ly low er in energy ( 0. 14 eV ) than the distorted bicapped octahedron(Ⅹ ) fo r Ge8 . In

fact, the small energ y dif ference betw een the tw o structures is wi thin the accuracy of the

N TB mo thod. By comparison wi th Si8 , w hich has a disto rted bicapped octahedron(Ⅹ ) as i ts

g round-state structure
[1, 10 ]

, this result is sa tisfacto ry. The bicapped pentagonal bipyramid

Ge9 (Ⅺ ) i s a natural deriv ation o f Ge7 and Ge8. This structure can also be v iew ed as a capped

anti-prism. Ex tensiv e sea rching produces no st ructures wi th low er energies. Two low-

energ y isomers fo r Ge10 have been found, of w hich the bicapped anti-prism (Ⅹ 　　) is 0. 17 eV

low er in energ y than the tetracapped trig onal prism (Ⅹ 　　　) . The results fo r Ge10 are

comparable wi th the ab init io st ructures of Si10 , w hich has a tetracapped trig onal-prism as i ts

optimum geometry (Ⅹ 　　　)
[ 1, 16] . Star ting f rom a perfect icosahedron, a slight ly disto rted

icosahedron (Ⅹ 　) w ere found favorable in energy fo r Ge12 compared w ith o ther st ructures,

simi lar to Si12
[12 ] . Remov ing one cap in Ge12 produces the low est-energ y structure of Ge11 (Ⅹ

　　) while Ge13 (Ⅹ 　　) can be const ructed by adding one cap on one face of the icosahedron

Ge12 . This capped Ge13 is mo re stable than the capped 6∶ 6 tw o-layer structure(Ⅹ 　　　) . But

fo r Ge14 , a bicapped icosahedron(Ⅹ 　　) i s less stable than a 4∶ 4∶ 4 three-layer structure

w ith tw o adjacent face caps (Ⅹ 　Ⅰ 　　) . This is also t rue for Si14
[12 ] . A slightly disto rted

dodecahedron fullerene st ructure (Ⅹ 　) i s favo red fo r Ge20 in this model compared w ith an

enlongated bicapped 6∶ 6∶ 6 three-layer st ructure defined in Ref.
[16 ] . Simi lar st ructures of

fullerene Si20 and its deriv ativ es have been the object of theoretical calculation[17 ] .

Binding Energies and Electron Affinities

With adjustable pa rameters in the N TB method, especially b in eq. ( 4) w hich shif ts the

center o f binding energ y by Nb, the M -S N TB binding energies fit wi th experimental resul ts

much bet ter than the previously published elect ronic st ructure calcula tions
[6, 8 ]

fo r Ge2— Ge7

( see Table 2) . Our averaged discrepancy w ith the experiment is about 6% in this range,

w hi le the SCF-CI method covers only 40% and the SDCI( Q) 70% of the co rresponding

measured values
[1, 12, 14 ] . The second dif ferences of cluster energies in Fig. 2 show the peaks at

n = 4, 6— 7, 9— 10, and 12, in accordance wi th the maxima in binding energies listed in

Table 2, bo th roughly in ag reement w ith th e mass dist ribution of Gen posi tive ions [1, 2 ] .

The elect ron affini ties of Gen ions(n= 2— 10) w ere calculated according to EA= E( 4n ) -

E ( 4n+ 1) (here 4n stands fo r the number of valence electrons in neutral Gen ) [2 ] , as show in

Table 3. It should be pointed out that th e bond leng ths o f anionic ions are general ly sho rter

than tha t of the neutral species and in some cases the optimum structures may be dif ferent.

For example, the optimum structure of Ge
-
3 i s an equilateral t riangle(D3h ) and that o f Ge

-
4 is

an of f-plan rhombus ( D2d ) . Ge-5 is sti ll a pentagonal bipy ramid, but Ge-6 takes a f lat

octahedron as i ts optimum geometry. W e chose the binding energies of the optimum

structures in the calculation of EA. The averaged deviation f rom the experimental v alues
[ 3]

is

about 10% and the three maxima a t n= 3, 5— 6, and 8— 10, and the three minima at n= 2,

4 and 7 observ ed in experiment are reproduced. The general trend ag rees statisfacto ri ly w ith
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that of experiments
[3 ]

except fo r Ge9 which has exceptionally a high EA value.

Table 3　 The calculated elect ron affinities o f Ge ( n= 2— 10) compared with experim ent s

Gen Ge2 Ge3 Ge4 Ge5 Ge6 Ge7 Ge8 Ge9 Ge10

M -S N TB 1. 930 2. 448 1. 804 2. 135 2. 358 2. 114 2. 200 2. 205 2. 290

Ex perimen t[3 ] 2. 07 2. 23 1. 81 2. 51 2. 06 1. 80 2. 41 2. 86 2. 41

Discussion and Conclusion

As described above, the binding energies of small Gen clusters have been included in the

parameteriza tion process and the M-S N TB scheme has reproduced a clo se ag reement w ith

experiments in binding energies as expected. But no st ructural info rmation has been involv ed

in the pa rameterization sch eme. The complete ag reement in st ructural predictions wi th ab

initio resul ts for n= 2— 6 and the satisfactory compa rison wi th co rresponding silicon clusters

in the range of n = 7— 20 st rong ly suggest that the M -S N TB scheme ref lects the main

fea tures of the covalent bonding in germanium clusters. The quantum-mechanic na ture

makes this method superio r to other empirical po tentials [7 ] and the explici t inco rpo ra tion of

the nono rthogonali ty leads this parameterization scheme transferable f rom one coo rdination

envi ronment to ano ther and is hence suitable to the study of semiconducto r clusters, where

g rea t v arieties of bonding coo rdina tion and compact configurations rather than tet rahedra l

st ructures occur. W e conclude f rom the applications of this method to bo th silicon clusters in

refs. [9, 10, 12] and germanium clusters in this w ork that the empirical M-S N TB scheme is

reliable and accurate in the study o f semiconductor clusters while keeping the computationa l

task acceptably small.
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