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Structure and electronic properties of Gg, (n=2-25) clusters from density-functional theory
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The geometrical and electronic structures of the germanium clusters with up to 25 atoms are studied by using
density-functional theory with the generalized gradient approximation. The clusters follow a prolate
growth pattern withn=13. For medium-sized clusters, we find two kinds of competing structures, stacked
layered structures and compact structures. The stacked layered structures with capped tetrahedosteGe
are more stable than compact structures and other stacked structures. The size dependence of cluster binding
energies, highest-occupied and lowest-unoccupied molecular orbital gap, and ionization potentials are dis-
cussed and compared with experiments.
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[. INTRODUCTION rithm simulations based on a nonorthogonal tight-binding
(NTB) model*®

Clusters containing a few to thousands of atoms consist of
an intermediate regime between individual atoms and bulk
solids? In this regime, the physical and chemical properties Il. METHODS
of clusters are size dependent. Thus, clusters are often con- ) . ) )
sidered as a bridge for a comprehensive understanding as to Density-functional electronic structure calculatlons on
how matter evolves from atoms to bulk. During the past twoC (”22_25)8‘3'“5?[”5 have been performed by using the
decades, the group-IV semiconductor clusters have been if?MOL packagé?” During the density-functional calculations,
tensively studied both experimentaly®  and the effective core potential and a double numerical basis in-
theoretically*~2" because of their fundamental importancedUd"_‘g th(_ad-polarization functi_on are chosen. The_den_sity
and potential applications in nanoelectronics. So far, thdunctionalis treated by generalized gradient approximation

structures and properties of small silicon and germaniun)(vith exchange—correlatipn potgntial parametrized by Wang
clusters (=2-7) are already well understood. But our and Perdew? Self-consistent field calculations are carried

. . . out with a convergence criterion of 10 a.u. on the total
knowledge of the GﬁdUSt.GrS W|thn>;0 are sill quite lim- . _energy and electron density. Geometry optimizations are per-
ited. For example, previous experimental and theoretic

. ) ormed with the Broyden-Fletcher-Goldfarb-ShanB&-GS
studies have suggested that small germanium clusters m%Ygorithm We use a convergence criterion of £0a.u. on
adopt highly coordinated compact structures that are totaII)(he gradiént and displacement and %0a.u. on thé .total

different from the bulk diamond structure. The rearrange-gnergy in the geometry optimization.

ment from small compact structures into a bulklike diamond  The determination of ground-state structures is one of the
lattice in germanium clusters is still an open question. most fundamental and challenging problems in cluster phys-
Experimental works on germanium clusters include atscs due to the numerous isomers in configuration space. The
omization energie$,mass spectrd;® photofragmentatio, most commonly used strategy in searching the lowest-energy
photoionizatiorf, photoelectron spectroscopy and elec-  structures of small clusters with reliable accuracy is the
tronic gap** ion mobility measuremerif etc. In particular, simulated annealing(SA) scheme based on density-
ion mobility measurements suggest that the germanium clugunctional calculations. However, the well-known NP leads
ters adopt the prolate growth pattern uprte 70. Previous to a computation that is expensive for clusters with 10.
theoretical works based on tight-binding molecularAlternatively, we perform an unbiased global search of the
dynamic$®2°(TBMD) or ab initio method$'~?"are focused cluster low-energy isomers by using genetic algorithii
on the lowest-energy structures and electronic structuresased on NTB molecular dynamitsOur essential idea is to
Among those studies, accurate first-principles calculationglivide the phase space into a number of regions and find a
are usually limited in small cluster sizea{13). locally stable isomer to represent each of them. It is already
In this paper, we explore the lowest-energy structures oproven that the NTB scheme can give a good description of
germanium clusters and investigate their electronic propergermanium clusterS Thus, these minima are expected to
ties including highest-occupied and lowest-unoccupied momake a reasonable sampling of the phase space and can be
lecular orbital(HOMO-LUMO) gap and ionization poten- further optimized by DFT. If there is no significant difference
tials (IP's) using density-functional theoryDFT) with a  between the DFT and tight-binding phase space, the global
generalized gradient approximati¢8GA). The equilibrium  minimal configuration at the GGA level should be achieved
structures of Ggclusters are determined from a number of by such a combination of NTB-GA search and GGA mini-
structural isomers, which are generated from genetic algomization.
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TABLE I. Lowest-energy configurations and electronic proper- Ill. LOWEST-ENERGY STRUCTURES OF GERMANIUM
ties of Gg clusters.E] (eV): theoretical binding energy per atom. CLUSTERS

EE: experimental binding energy per atofRefs. 3 and 18[for ) )
Ge,_s Measured atomization ener@ef. 3; for Gey_;o, estima- The obtained lowest-energy structures of germanium clus-

tion from ion mobility (Ref. 13]. IP? (eV): theoretical vertical IP's.  ters are described in Table | and Fig. 1. The binding energy
IP® (eV): experimental IP'SRef. 8. A (eV): theoretical HOMO-  of the Ge dimer is 1.23 eV, which agrees well with the

LUMO gap. experimental valug¢1.32 eV}°. The Gg is an isosceles tri-
- - angle C,,) with bond length 2.40 A and apex angt
n Geometry E; Ep PP IPP A =84.9°. For the Gg, the lowest-energy structure iRy,

rhombus with side length 2.55 A and minor diagonal length

2 Dlmer. 123 1.35 753 1.67 2.07 2.76 A. Trigonal bipyramid D4,) and distorted octahedron
3 Isosceles triangle 224 2.04 7.83 8.03 1.32 .
(D,y,) are obtained for Geand Gg. The most stable geom-
4 ) Rhombus _ 2.0 253 7.52 7.92 111 opieg for Ge, Geg;, and Gg are pentagonal bipyramid
5 Trigonal bipyramid 291 272 7.77 7.92 2.23 (Dgp,), capped pentagonal bipyramid and bicapped pentago-
6 Distorted octahedron 3.05 2.85 7.64 7.67 2.32na| bipyramid, respectively. The configuration of Gand
7 Pentagonal bipyramid 3.22 2.97 7.60 7.67 1.81Ge, can be easily understood as growth on the basis ef Ge
8  Capped pentagonal bipyramid 3.16 3.06 6.78 6.83 1.09Thus, it is not surprising that the Gés more stable than the
9 Bicapped pentagonal bipyramid 3.24 3.04 6.83 7.15 1.6356; and Gg clusters. In the case of the e our calcula-

333 3.13 7.13 7.61 1.82tions suggest that the tetracapped trigonal pri<ig, ) has

10 Tetracapped trigonal prism
favorable energy. The current structures for small, Ge

11 Bicapped square antiprism 3.27 3.13 6.45 6.64 0.91 . : .
pped sa P =3-10) clusters are consistent with previous DFT

12 Distorted icosahedron 326 321 6.63 7.00 170, 1ations”-252” Moreover, as shown in Table I, our theo-
13 Layered structure 3.29 3.12 6.58 7.00 1.16 qiicq| cohesive energies of the Gausters agree very well

14 Layered structure 3.34 3.14 6.63 7.15 1.52\jth the experimental data. Therefore, we believe that the
15 Layered structure 3.34 3.15 6.46 7.15 0.88present DFT-GGA scheme has made a successful prediction
16 Layered structure 3.35 3.17 6.58 6.83 1.37 of the germanium clusters and can be further applied to the
17 Layered structure 3.31 3.15 6.24 0.83 larger systems.

334 315 6.33 6.63 1.12 For Ge with n>10, there are few first-principles calcu-
tions on the equilibrium structures of the clusters. Shvarts-
urget al.compared germanium and silicon clusters up to 16

18 Stacked layered structure
19 Near-spherical compact structure 3.31 3.15 6.12 6.40 0.6

20 Stacked layered structure  3.33 6.326.40 L.16 i’ o cal density approximatiofLDA) calculations-" But

21 Stacked layered structure  3.34 6.13 6.32 0.99¢ jnjtial geometries of the germanium clusters with 13

22 Compact structure 3.32 6.00 6.00 0.68 come from those of silicon clusters, which might not give an
23 Compact and stacked structure  3.34 6.08 6.00 0.9&ccurate description of the configuration space of the
24 Compact and stacked structure 3.34 5.91 5.94 0.5Mmedium-sized germanium clusters. From our calculations,
25 Compact and stacked structure  3.34 5.83 5.94 0.63he lowest-energy structure for Geis a bicapped square

antiprism with an additional face-capped atom, which was

FIG. 1. Lowest-energy structures for Gén
=11-25) clusters.
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previously obtained by Let al?’ For Ge,, the most stable e L
structure is a strongly distorted icosahedrap) {( which is
different from the C,, geometry found by Shvartsburg
et all’ For the Gg clusters withn=13, the lowest-energy
structures follow a prolate pattern with stacks of small unit
clusters, which are forming layered structures. For example
the lowest-energy structure for zeonsists of a square @e
subunit and a capped tetragonal prismgGEhis structure
can be understood as 1-5-3-4 layers. A similar 1-5-4-4 lay-
ered structure is obtained for e In comparison with
Gey3, the Gg unit is replaced by a bicapped square anti-
prism Gg, in the case of Gg. Our present results suggest a
structural transition from spherical configuration to prolate -
layered structures around=13. o

The lowest-energy structure of ¢z@s a stacked structure 1.0 . e e
with 1-5-3-5-1 layers. Similar stacked structures are obtainec 3 10 1’5 2 »
for Geg and Gg, as 1-5-4-5-1 or 1-5-5-5-1 layers. The lay- Cluster size n
ered structures have also been found in medium-sized silicon g5 5 Binding energies vs cluster sizasfor Ge,. Circle:

. 17 .
and germanium clusters by Shvartsbetgl™" These equi-  eyperimental resultéRefs. 3 and 18 Square: DFT calculations.
librium structures for Geand Sj, (n=13-17) imply that

formation of layers with four- or five-member rings is the . .

dominant growth pattern of these medium-sized clusterdransition from _near-sphenpal structu_re fo prolate geomeiry
However, such a structural pattern does not continue gt Gegt n:|13t (see Ftlhg~ %OEZBerltmenta;ll)I/I, it was fouor|1_d that_ thel
and Gegq. Alternatively, Ggg consists of two interpenetrated € clusters wi —aV atoms [oflow a one-dimensiona
pentagons connected with a bicapped square antiprisg Gegrowth Sl%quence and the prolate structures continue up to
subunit. A cagelike configuration with higher compactness isab(ljrl:tcruéter hvsics. the second difference of cluster ener-
obtained for Ggy, which is also similar to that obtained for physics,

C 34 . gies, A,E(n)=E(n+1)+E(n—1)—2E(n), is a sensitive
g'é:' a n-;hg me!?;g rsntigresgaggeg Oitfrigﬁtrl;rtie: nig?;i:jﬁgam EEgtuantity that reflects the stability of clusters and can be di-
0 1 -

¢ : : . rectly compared with the experimental relative abundance.
ter is two stable Ggisomers connected with a @eubunit, . )

. . Figure 3 shows the second difference of cluster total ener-
while the Ge, cluster is a stack of three Gelusters. On the

other hand, a compact configuration is found at the cIusteﬁ'eS’AzE(n)’ as a function of the cluster size. Maxima are

»
W
T
)

g g-g-0-0-0-0-0-p-0-0~p-0-0-0

s :

/

/

—e— EXP .

3.

tom (eV)
(]

R

Crgy per
)
W

[ g
(=
T

Binding En
&

Ge,,, Which can be seen as an open-compact structure wit ound atn 4’7’10’14’16’18’21’2.3’ |m'ply|ng. that these clus
: ers are more stable than their neighboring clusters. The
two core atoms but with fewer bonds among atoms. firor . _ . . :
: axima ain=10,14,16 coincide with the experimental mass
=23, the lowest-energy structures are constituted of compac

stacks based on GeFor example, the Ggcan be seen as a spectr&~® and the magic numbers at 4, 7, and 10 resemble
: : xample, % those found for silicon cluster8:®® The relatively stable
unit of Gg and Ggg. Similar stacks of Gg and open-

compact structure are also found in Sand Ges. Our structures for the clusters with=14,16,18,21,23 might be

present results suggest a competition between compact struc-

tures and stacked structures in the medium-sized clusters T - T C]
Thus, as cluster size further increases, we expect that th ’ n »
germanium clusters will eventually adopt compact structure. |

During this transition, there should be a switch from prolate -0 . 1
structure to near-spherical structure, which had been ob- i . 1

served experimentalfy}

o
W
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IV. SIZE DEPENDENCE OF CLUSTER PROPERTIES

AEm) V)
—
/

In Table | and Fig. 2, we compare the binding energy per /
atom,E,, of the Gg clusters with experimental results. Rea-  -05F " v / .
sonable agreement is obtained between theory and exper J
ment. The discrepancy between theory and experiments i ;g i i

less than 0.02—-0.2 eV for those clusters with 2—-25 and ] .
the size-dependent characters are also roughly reproduced k .
our calculations. As shown in Fig. 2, the cluster binding en-
ergies increase with cluster sirerapidly up ton<10 and
the size dependence become smooth=atl4—-25. Such be- FIG. 3. Second differences of cluster energieg(n)=E(n
havior can be related to the obtained structural transition-1)+E(n+1)—2E(n) as a function of cluster size for n
aroundn=11-13. The equilibrium geometries undergo a=2-25,

5 10 15 20 25
Cluster size n
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FIG. 4. HOMO-LUMO gap(eV) of Ge, clusters. Circle: experi- FIG. 5. lonization potentia_ls of (ﬁe_ Circle: expgriment$Ref.
ments(Refs. 11 and 37 Square: present DFT calculations. 8). Square: our DFT calculations. Triangle: previous DFT results
(Ref. 40. Dashed line: DSD mod€Ref. 38.

explained in light of the details of the equilibrium structures
of Ge,. Since Gg, is more stable than Geit is easy to  DFT resulté® as well as experimental dataDur caclulation
understand that the Ggcluster constructed by a @gand a  is consistent with experiments better than other theoretical
Ge, square is more stable than the,Geluster consisting of results. The failure of the empirical DSD model implies that
a Gg and a Gg triangle. The structures of Gegor Ggscan  the small germanium clusters cannot be simply considered as
be obtained adding or removing an atom from the{&is-  a semiconductor sphere. The extremely high ionization po-
ter. In the case ofi=18, 21, 23, the layered structures with tentials atn= 7,10 further verify that the Geand Geg, clus-
stable Gg subunits are more stable than open-compacters are the most stable species.
stacked structures with higher average coordination number.
We now discuss the electronic property of germanium
clusters by examining the energy gap between the HOMO
and LUMO. The low(high) electron affinity of a cluster is The lowest-energy geometries, binding energies, HOMO-
generally identified as a signature of a closed-stglen- LUMO gap, and ionization potentials of G&€n=2-25)
shell pattern of electronic configuration with largemal)  clusters have been obtained by DFT-GGA calculations com-
electronic gap. In previous experiments, Cheshnowskgl.  bined with a genetic algorithm. The germanium clusters fol-
found that clusters with 4 and 7 atoms correspond to closedew a prolate growth pattern starting from=13. The
shell electronic configurations and those with 3, 5, 9, and 12tacked layer structures are dominant in the size range of
atoms are open-shell specfe®urton et al. indicated that =13-18. However, a near- spherical compact cagelike struc-
Ge,, Ge, Ge,, Gey, and, to a lesser extent, g@re  ture appears in the cluster Ge The competition between
closed-shell species with substantial HOMO-LUMO g&bs. compact structure and stacked layer structure leads to the
Recently, Negishket al. have estimated the HOMO-LUMO alternative appearance of these two types of geometries.
gap of Gg from the measured photoelectron spectra. ConStacked-compact structures are predominant for larger clus-
siderably large electronic gaps=(.0 eV) are found for ters. The second difference of cluster energies, HOMO-
Ge,, Ge;, and Ge,™ and the gap decreases to 0.8—1.0 eV atLUMO gap, and ionization potentials are calculated for the
about n=303" The theoretical and experimental HOMO- Ge, clusters. Gg with n=7,10 are particularly stable than
LUMO gaps of Gg are compared in Fig. 4. Although our the open-packed structurés.g.,n=8,11) and the stacked
calculat|ons somewhat overestimate the HOMO-LUMOlayered structures consisting of the Geluster are more
gap®’ the size-dependent trend is generally consistent witlstable than the compact structures. The calculated binding
the experimental trend. The maxima & 10,12,14,16,20 energies and ionization potentials are in agreement with the
and minima atn=38,13,15 are reproduced by our calcula- experimental values.
tions.
_ Another sensitive quantity to pr(_)vm_le fgndamentgl insight ACKNOWLEDGMENTS
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