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Abstract: The structural, electran and magnetic properties of niobium and tantatloped
germanium cluster81Ge, (M = Nb, Ta and r= 1-19) are investigatedy first principles
calculatiors within the Density Functional Theory approach (DFT)The growth pattern
behaviors, stabilitiesgndelectronic properties afesented and discussed. Endohedral-cage
like structuresn which the metal atom is encapsulaseé favoredor n « . The doping
metal atomcontributes largelyto strengthen thestability of the germanium cagdike
structureswith the binding energgrdered as followBE(Gea+1) < BE (VGe») < BE(NbGe) <
BE(TaGe). Our resultshighlight the relative high stability dlbGes, TaGas andVGea.

Keywords: clusters; Germanium clusters; metaped germanium clusters; DFT; ab initio
calculations;

1. Introduction

Atomic clusters containing few atoms have attracted much attention during the last
decadeddue to their physial and chemical properties which are generally much different
compared to bullsystems The properties othesesmall clustes are very sensitive to the
geometricalstructure andhey change dramatically with tttemposition and the number of
atoms.Nanodusterspromiseto be useasbuilding blocks inadvanced materiaisith specific
propertiefor many applicationgén nanosciences anthnotechnoloigs|1].

Germanium is an important element in the field of semiconductor mat&madl and
mediumsized germanium clusters havieeen intensively studieth both theoretical and
experimental fieldd2-4]. While pure semiconductor clusters are chemically active due to
unsaturated dangling bond#je doping with a foreign atom may lead to a significant
enhancment of the stability, for example byh@psulating one or mor@toms ingile the
cluster in order toadurate the dangling bor{é$.

During the lastdecadesmany theoretical and experimentakearches on germanium
clusters Gedoped with different metatoms have been reportéet39]. Most of thes works
prove that the doping with @etal atom contribess tostabilizegermanium cage structwe
and induce novel magnetic properties or special semiconductor behamosng early
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works, the geometries, abilities, and electronic and magnetic properties of GUBe 2
13)[6], ThGe, (n = 16, 18, 20)4], NiGen (n = 1:13) [7], WGea\ (n = 1:17) [8], CrGea, (n = 1-
5)[9], G&Sim (m + n = 5)[10], CoGa Q i 11], Mo.Gen (n = 915) [12], FeGe (n =
9-16) [13], Bi2Gew2 (n = 38, 12) [14], FeGen Q P 7 15], MnGe, (n = 216) [16]
clusters have been systematicaltyestigated by using Densifsunctional Theory (DFT)
calculations These studies concluded ththe growth patterns depend on the nainfréhe
doping metal atomParticularly the charggansfer mechanisms depend on the metal atom,
and also on the size atitk structure of the cluster. Most tife clusters prefer structures with
a high-spin groundstate and a large magnetic moment, fotanseCrGe, [9]. The magnetic
moment of the doped clusters mainly originatiom the 2 unpaired electron®f the
substituteddoping atom[11-13]. No quenching of the magnetic moment dfetdoping
transition metal atornasbeen foundor Co, Fe and Mn dag small germanium cluster]]
13, 16]. The magnetic coupling betweemon and germanium atoms igenerally
antiferromagnetidike and the charge transfarainly occurdrom Fe to Ge atoms in F8en
clusters[15]. In the case of Mg5e, clusters, theMo. dimer move to the center of theage
and becomecompletely encapsulated into the germanium clustetbe size increasgl2).

In the last decadenanynew investigatiors on metal atom doped germanium clusters
have been reporteBhysicalproperties ofTMGe, (TM = Sc, Ti, V; n = 1420) [17], NiGen (n
= 1-20) [18] and CuGe (n = 1-:20) clusters 19] have beerninvestigaed by bandyopadhyay
and coworkersThey found that a relativieigh stdility of TM (Sc, Ti, V) doped germanium
clusters may be related tine formation of a filled shell freelectron gas iside the
germanium cage or to the geometric effects].[ The growth behavior, electronic and
magnetic properties of TMG&TM = Mn, Co, Ni, Cr; n = 113) [20, 21], (TM = Ti, Zr and
Hf; n = 1-20) [22], StmGen P Q 7 23], AGen (n = 1-9) [24] clusters have beealso
investigated It was found that the magnetic behavior of TMGEM = Mn, Co, Ni, Cr)
clusters is due to TM doping atoms and the magnetic moment is mainly localized at the TM
site and neighouring Ge atoms2), 21]. The Al atom desnot enhance the binding energy of
germanium clusters in AlGg24]. The CoGe' (n = 211) [25] and VGe' (n = 312) [26]
clusters were also investigated with anion photoelectron spectroscopy and density functiona
theory calculationsBoth experiment and calculati@howan electron transfefrom the Ge
framework to the metal atom andranimization of the magnetic momethiat isrelated tathe
structural evolution from exdo endohedral

Recently, a study of the multicharged ruthenintloped germanium clusters
RuGe (n=2-12,q = -2, -3) hashighlighted an inherent tendency of formation of endohedral
cage[27] and the decreasing tife transfer of negative charge frahe Ge, framewaok to the
doping atomwith the increasing ionizationA DFT investigation of theelectronic and
magnetic properties of mediusized CrGe " Q 7 28 bas shown that the
encapsulation of Cr atoms within fs€lusters leads to stable @#, cages The atomic and
electronic struwire of both neutral and negatively charged Zr(pe= 1-21) andAuGe, (n =
2-12) clusters have been studied usaiginitio calculationsand compared to the experimaint
photoelectron spectroscop3,30]. For AuGe, the metalatom prefes the peripleral position
for clusters fom < 11 andthe endohedral one for larger n.

Very recently,extensive studiefg31, 32 of the equilibrium geometries and electronic
and magnetic properties vanadium and coinage metal doped germanium clusiizs, (M
=V, Cu,Ag, Au; n = £19), haveshowed that the most stable clustgmshich correspond to
an endohedral cagie structure for VGe and CuGe, or a hollow cageor AgGers and
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AuGers) present a peculiar electronic structure in which the valence electrahs adping
atom and Ge atoms are delocalized and exhibit a shell structure associated with the quasi
spherical geometrysome properties dhevery smallclustersVGe,' (n= 1-7) and CoGg'

(n = 1:3) have been investigated with the DFT and nmdnfigurational CASSCF/CASPT2
methods B3, 34, 35]; calculated vertical and adiabatic detachment enevges in agreement
with the experimental resultg joint photoeleaton spectroscopy and DFT stuf36-37] of
FeGe™ (n = 3-12) and CsGa:' (n = 3-14) hassuggestd a high potential to change the
magnetic behavior ofermanium clusters by introducing transitioetal dopant atomsThe
atomic structures of anionic clusteZrGe' (n = 820) have been explored by DFT
calculations and compared to the available experimeheatronic spectra3p]; the doped
anion clusterspresentan exchedral structurefor smaller sizeswhile the formation of
endohedral cages is favored fos 12.

Our previous work on VGeclusters B1] has enhanced the high stability of Vige
with present arO, symmetry structure and a high binding energy, high HOMUDIO gap,
high ionization potential, small electron affinity, and large chemical hasdidgsatcluster
presents a peculialectronic structure in which the valence electrons of V and Ge atoms are
delocalized and exhibit a shell structure associated with the-spiasiical geometry (1S 1P
1D 2S 1F etc.). That shell model, which was vkelbwn in metal clusters and explained by
the jellium model, was not expected in mataped germanium clusters the present work
we focus orNbGe, and TaGe(n=1-19) clusterssince Ta, Nb, and V are in the same column
of the periodic tablein orderto s2e whether Ta and Nitoped Ge clusters also present such
peculiar electronic configurations. We aim tmderstandtheir structural, electronic and
magnetic properties, and to characterizértbeolution ofthe physicochemical properties as a
function ofthe size, the shapand the compositiont is very important to determine the
relation between the structural, electronic and magnetic properties since the magnetic
properties depends on the electronic structure which in turn depends on the geometry.
Therfore, a systematic study of these clusters is required to understand the physical and
chemical propertiesAccording to our knowledgeno investigation of the Nbe, and TaGe,
clusters has been reported in the literature to date.

We think that this workvould be useful to understand the different properties of these
new systems and could provide powerful guidelines for other theoretical and experimental
studies.In section 2 wegive a brief description of the theoretical method and computational
scheme usd in this workln Section 3, we preseand comparghe results and discussion of
the obtained geometries, electo@ndmagnetic properties of thdifferent MGe clusters.
Finally, Section 4 summarizes th®in conclusions of ouesults.

2. Computational methodology

Firstprinciples alculationsusingthe generalized gradient approximation (GGA) with
the PerdewBurke-Ernzerhof (PBE)density functional[40] were performed by using the
Siesta simulation packadél]. They have been performed by usingetmethod of norm
conserving TroullietMartins nonlocal pseudpotentialg42, 43]. We used a@ouble zeta (DZ2)
basissetfor Geatoms and double zeta basis pbhadarization orbitals (DZP) foNb and Ta
atoms.A large cubic cell of 408 edge lengthwith the periodic boundary conditienwas
taken in order to avoid the interaction between the neighboring cluBter&. grid integration
has been carried usirige +point approximationThe atomic positionsave been optimized
without any symmetry constrairamduntil the residual forces are smaller thar® 28¥/A.
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A complete exploration of geometricabnfigurations is impossibldn the present
work, a considextble numbeof possible initial structure@bout 56 for very small clusters
and about 50 for larger oneskre considered for each siz&ll isomericstructuresobtained
by substituting oneGe atom with a metal atomon different site of thelowestenergy
configuration ofpure Gea-1clusterg31] have been considered/e havealsotested structures
already published for MG&M=V, Ag, Cu, Au,Ni, Co, Cr, etc.) I8, 20, 21, 24, 31, 32, and
try to build MGe by adding one Ge atom to Mge Several spirmultiplicity states were
tested.

The stability ofNb and Ta doped germaniunusters can be studied by tbaculation
of thebinding energythe energy differencleetweenthe Highest Occupied Molecular Orbital
(HOMO) andthe Lowest Unoccupied Molecula®rhbital (LUMO), and the secondrder
energy difference. The binding energies per atdnMGe, (M=Nb, Ta) are definedby the
following formula:

En(MGa)(eV/atom¥ (n E(Ge)+ E (M) +E(MGey))/(n+1) 1)

whereE(Ge) is the total energy of frége atomE(M) is the total energy of free M atom and
E(MGe,) is the total energy of the M@eluster.The HOMO-LUMO gap is calculatefom
the energy of the orbitals

“( H9 ( /8EHOMO) (2)

The seconarder energydifferencefor the groundstate MGe (M=NDb, Ta) clusterscan be
calculated by:

“2E = E(MGe+1) + E(MGear1) 2 E(MGe) (3)
whereE is the totalenergy of thenost stable structufer each spece

At the present level of calculatiome bond lengths of Gevasfoundto be 2.45@, in
good agreement with thestimatecexperimental data &f.44A [44]. The binding energy per
atom, calculated to be 1.4¥ which is alsan good agreement with dotheoretica[6, 9, 21]
and experimentgh1.35 eV)[45] data.

3. Resultsand discussions
3-1. Structural properties

Using the computation scheme described above, we have explored a number of
isomers and determined tipaitative lowestenergystructureof all MGe, (M= Nb, Ta and
n=1-19) clusters The lowestenergy structureand some of theirepresentativdow-lying
isomers are shown in Figures 1 addor NbGe and TaGe respectively The symmetry
group, binding energy FHeV/atom), HOMG/802 JDS QV), the total spin magnetic
moment, the vertical ionization potential VIP (eV), the vertical electron affinity VEA (eV),
the chemical hardness(eV) and the averagée-Ge and MGebond lengtls are summarized
in Table 1 and Table 2or all NbGe, and TaGe clustersrespectively The most stable
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structures of NbGeclusters are generally similém those of TaGeclusters In the detailed
description below, we compare the present results to those recently obtaineddiped/Ge
[31].

Theelectronicgroundstate of NbGe and TaGe diméssa sextet with a bond length of
2.592 and 2.603 A respectivelJhe binding energy (per atom) calculated to be 1.230 and
1.358 eV for NbGe and TaGe respectively, is smaller than that-odier (1.446 eV)31].
The bindingenergy of TaGe is 0.160 and 0.128 eV larger than that of VGe and RbGihe
trimers NbGe and TaGeg the triangular structure witlc,y symmetry is found to be the
lowestenergy structwe. This grounestate structure vgaalsoobtained in the case of eand
VGe trimers. NbGes is a quartet and itstructureis a Cay pyramidsimilar to that reported for
VGes, butthe lowestenergy ofTaGe is a doublet and preserdsly aCs symmetry sincéses
triangle is no longer equilateral but becomes isosceles withGe-Ge bond are enlarged
from 2.72 to 2.90 AThe planarstructure withCz, symmetry which is reported as the ground
state structure for Gdas found to be lesstable The global minimum structure of the
pentamers NbGeand TaGeis found to be a distted rhombus witlCs symmetry which is in
agreement with the ground state structure of ¥Qée TaGe average bond distance is
respectively 0.070 an@.081 A higher thafNb-Ge and VGe average bond lengths. For the
hexamers NbGeand TaGe the square byamidal geometry wittCs, symmetry is found to
be thelowestenergy structure. The obtained ground state structure is more regular than that
obtained for VGewhich has only &>, symmetry[31]. The NbGe and TaGe bond lengths
are 2.631 Aand 2.658 Aregectively. The most stable isomer of the heptamers Nbedel
TaGe is a bicapped pentagonal geometry withsymmetry. The similar structure is found
for the most stable isomers Gand VGe with Dsh and Cpy point group symmetry
respectivelyFor NbGe; and TaGe clusters, the capped pentagonal bipyramid structure with
Cs symmetry is found to be the ground state strucsirgilar to the ground state of &and
VGe;. The lowestenergy structure of thBlbGe and TaGeclusters is a tricapped trigonal
prism g®metrywith a Coy symmetry The same symmetry is obtained in the cak¥Ges
with the binding energy of 2.966V/atom[31]. In the case of NbGeand TaGeclusters, the
lowestenergy structure can be viewed as a pentagonal bipyramieccdpped by three &
atoms it is much different from VGgwhich is formed by two distorted hexagonal prims and
a Cs symmetry We can notehat the binding energies of Nb&and TaGe are respectively
0.044 and 0.055 eV/atom smaller comparatively to the ground state strotthibGe and
TaGe clusterswhich may berelatedto the lossof symmetry. For NbGeo and TaGe
clusters, thenetal atom is partially encapsulated in an opened wdtlpeC> symmetry. Tis
structure has been already found as the most stable isomer foy di@ster[31]. The average
Ge-Geand TaGebondlengths are0.005 A and 0.109 A larger than Mke and VVGe average
bond lengths respectivelfzor the size n = 11, the optimized ground state structure of Nb
doped Geclusters differslightly from thatof Ta-doped Gg A distorted superposition of two
rhombic structures witlC, symmetry is found to be thiewestenergyisomer of TaGa
which is consistent with the ground structure of Y{G&he Nb atom occupies a more central
position and tends to form mok@ndswith germanium atoms, therefore NbGseems to be
more a opened cage witken Nb-Ge bonding.Its binding energy is 0.015 eV/atom smaller
than that of NbGe.

Starting from n = 2, the endohedral structureghere the Nb or Ta metal atoim
highly coordinated and totally encapsulated inside a germanium cage ,apgelar the
exohedral structures lie much higher than the endohe&iatdar to VGa: clusters, a perfect
hexagonal prism isomer haviagDss symmetry with the Nb or Ta doping atoencapslated

5



into a caged Ge framework is foud to be the groundtate isomemn NbGe, and TaGe
clusters. These grourstate isomers have the shortest@&e bond lengths of 2.598nd
2.594A, respectively. However, a second isomer, labeledbGexb and TaGe-b
respectively with Cs symmetry liesonly 0.003 and 0.004 eV/atoabove theDsssymmetry
isomer at the present level of calculation. Then isomers are-dggsnerate. The second
structures is somewhat similar to the lowesergy one but one Ge atorantes to cap a
hexagonal face Gand thus closing the cage on one sldeNbGeas and TaGes clusters, the
lowestenergy isomer is a hexagormaism capped bowl kind of structure with Nb and Ta
metal atoms insidthe cagewith Cay symmetry In the case 0¥ Gers, the most stable structure
is alsoacapped hexagonal prisbut with thehigh Cev symmetry The average Nise and Ta
Ge bond lengths are 0.192 A and 0.193 A larger than the averaGe ®end length. The
most stable isomer of Tagds less stable #n TaGe. by only 0.002 eV/atom The lowest
energy structures of Nb@eand TaGes are theperfect sealedcage structuresvith Co
symmetry the metal doping atons highly coordinatedand locatedat the center of the cage
The endohedral structures Nb@b and TaGer-b with high O, symmetry which have been
reported as the ground state structure in MG&1], arefound at0.069 and 0.01&V/atom
respectivelyabovethe lowestenergyisomer They do not compete for the ground state, but
they are metastabknce all frequencies are calculated to be positive.

The most stable structigéor the sizes n = 15, 16 and 17 obviously derive from the
groundstate for n = 14 by adding one Ge atom, two Ge atoms and three Ge atoms,
respectively. Thelowestenergy structure of the NbGes and TaGes clusters has &Cay
symmetry with NbGe and T&Ge bondlengths 0f2.987 and 2.990 A, respectivelJhis
endohedral structure has already been found as the lewesgy isomer in the case of Vise
The ground state geometriebtainedfrom n = 16 to 18or each species are all less stable
than the corresponding TaGGand NbGess clusters The lowestenergy structure of NbGeis
NbGese-awith C; point group symmetry and thewestenergyisomer of TaGs is TaGes-a
with Cs symmetry and thelargestTa-Ge average bond length 0f029 A. However, the
NbGese-b clusterwith Cs symmetrywhich hasthe largest NiGe average bond length of
3.016 A is found to lieonly 0.002 eV/atomabovethe lowestenergyisomer ofNbGes. The
lowestenrergy isomer of VGes is an irregular cagkke structurewith C; symmetry.The
endohedral ground state geometries for n =hélbng theC; symmetrygroup with average
Nb-Ge and T&Ge bond distances of 2.948ahkd 2.961A respectively. A prolate structur@$
been previously predicted to be the ground state fori¥Glasters.The lowestenergy
structures of NbGe and TaGes are the irregular cagée with respectivelyCs and C1
symmetry and the doping atom completely encapsulated at the center of thA pagiate
like cage gmmetry structure withC; was obtained as thewestenergyisomerof VGes
clusters.For NbGay, two structures (NbGea and NbGerb) compete for thedwestenergy
isomer. In thelowestenergyisomer (NbGe-a), the GeGe averagebond length is much
larger (2.806 vs 2.730 A) and the /@ average bond length is much shorter (2\850.978
A). The lowestenergy isomer for TaGecluster has the shortest &= and the largest Tae
average bond lengths of 2.686d 3009 A respectiely. The binding energies of Nb&end
TaGay are respectively 0.010 and 0.029 eV/atom larger comparatively to the ground state
structures of NbGe and TaGegs clusters.

3-2. Electronic properties

Binding energy



By using the formula (1)ve calculae the binding energies for all the1Ge, (M= Nb,
Ta and n=119) clusters.The obtained resultare listed inTable 1 and 2 and their evolution
with the cluster sizare plotted in Figure 3lhe size dependencghows anincreasingof the
binding energiegor all pure and Mdoped(M= V, Nb, Tg germanium clustersa dramatic
increasing of the binding energy is observed for the very small size, tne8)the binding
energy increasemore smoothly.We also observe that the binding energy of Tathesters
are generally the largest comparatively to the other species followed by the binding energies
of NbGe, then the binding energy of Vend finally the biding energy of pure
corresponding germanium clusterspGeDoping with Nb (resp. V) enhances the stapiot
Gen FOXVWHUYV |R8), vihile dopikgHwiSTa haalwaysa stabilizingcharacterThe
nature of bonding between&hM atom and neighboring Ge atomsan explained this
difference in theevolution of binding energgs a function of the dopingam speciesTa
presentsa stronger covalent character tha&tb which in turnis more covalenthan the
vanadium Thus the binding energy of the dimer TaGe, NbGe, VGe is calculated at 1.358,
1.230, 1.198 eV/atom respectively.

Additionally, the average bindg erergy curve presestalocal maximum value at n =
8 and 15/or both Nb and Ta-doped Geimplying that theclusters areelatively more stable
than their neighbordActually, the local maximum for n=8 is due to the relative low stability
of metal dopd Ge, likely related to the loss of symmetry and a relatively low coordination of
the metal atom. Therthe largest value of binding energy is observed in the case ofidaGe
and NbGes.

Another parameter which can reflect the stability of the smaltanisiss thesecond
order energy difference 2E) defined by the relation3]. It is physically related to the
experimental relative abundance of the corresponding elemetite mass spectroscopy
experiments The calculatedecondorder energydifferenceof the lowestenergyisomers of
different sgcies studiedni this work are shown in Figure As we can see, the pronounced
SRVLWLYH 2 Bre ocbsevweR fdib-TaGe and \ANb-TaGao 1215 indicating that these
clusters may have specghbilities

Nb- and Tadoped Ges present relative Igh stability, while the most stable structure
for V-doped Gewas obtained for the size n=14 for which a perféesymmetry cage was
obtained[31]. The atomic radius of Nb and Ta being slightly higher than that of V, it was
probable that the optimal cageould be obtained for n slightly greater than 14. Tingh
stability of VGeis wasassociated to a peculiar electronic structure since the valence electrons
of both Ge and Mvere found to belelocalized and exhibit a shell structure associated to the
quasispherical geometry, with the following occupation? 18° 1D 28 1F* 3% 2P 1G'°
2D* [31]. In Figure 5, we show the density of states (DOS) and the 46blam orbitals
calculated at PBE/epvtz level with the software Gaussian@®][in the case of T@aes. The
3s and 3p valence electrons of Ge and the fivedsdavalence electrons @ exhibit a shell
structure associated to the somewhat spherical strudidee.can easily distinguish the
character of therbitals thoughthere aresome little deviatns from a perfect sphere due to
explicit location of atoms and th&,, symmetry instead oK, (the symmetry of the atom)
The 65 valence electrons of the cluster are organized with the following occupati®ag® 1S
1D 1F4 2% 2P 1G* 2D° 1H. The nunber of electrons does not exactly fit with shell



closings numberdyut the pooling of electrons and the organization in stafributes to the
high stability of the clusteSimilar results are found for Nb@e

HOMO -LUMO gaps

The HOMOLUMO gap isone important parameter that characterizes the chemical
stability of thesmall clusters.A small value of HOMGLUMO energy gap corresponds &0
high chemical reactivity whila largevalueis related to an enhanced chemical stabilitye
size dependence dtiie calculated HOME@.UMO gaps for all the groundtate structures
shown in Figureb. An oscillating behavior is observed in the evolution of HOM@VO
gaps as the size increasébe HOMO-LUMO gaps of metal doped germanium clusters are
generally smallethan that of thecorresponding pure germanium clustehich means the
dopingmetalatomenhancsthe reactivity ofrelevant clusters and favors the apparition of the
metallic behavior especiallyfor smallest claters where the metal is locatadan exoheral
position. For the cagkke structures, VGe.14 presentlearly a higher gap than Nland Ta
doped clustergndicating that these clusters may have a relatiwereactivity.

VIP, VEA and

Thevertical ionization potential (VIPand thevertical electron affinity (VEARre two
important parameterswhich can determine the chemical stabilityehavior of the small
clusters The VIP is defined by the energy difference between the catioB{®1Gea))* and
neutral clustergalculated at thequilibrium geometry of the neutral MGeluster, he VEA
is the energy differencleetweenthe neutralE (MGe&,) andthe anionic clustersalculated at
the geometry of the neutral clustaes given in the followig equations:

VIP = E(MGe)* - E (MGa)) (4)
VEA = EMGe&) - E(MGea) (5)

Results are reported in Tablg and 2 for NbGeand TaGeg clustersand their evolution as a
function of thecluster size are plotted Figures 7 and8 respectivelyVIP values are between

6 and 7.3 eV. A oscillating behaviors observed in the evolution of VIP for Nb and Ta
doped germanium clustetsocal maxima are found for n = 10, 12, and THhe effect of the
doping is clearly vidile for very small n andfor n > 15where the metal atom induces a
significantdecreas of the VIP, but for n = 1415 the effect of the dopant is weak because the
metal is highlycoordinatedn acompact cage.

In Figure 8 we see that th&EA is sensitiveto the sizeand shows an increasing
evolutionwith theincreasing clustesizewhich indicates thathe clustersith large sizewill
capturean electronmore easily.The metal doped Gehave a stronger VEA than the
corresponding Ge: cluster except fom=14

ThH FKHPLFDO KDUGQHVV LV GHILQHG DV WKH GLIIHL
potential and electronic affinity as:

9 ;8EA (6)



It is considered as a good parameter to understerwhemical stabilityof small clustersThe

clusters with high values of hardnease less reactivg47]. The size dependencef the

chemical hardness for all M@elusters are shown iRigure 9. The value of presentsa

roughlydecreasingvolutionwith increasing size fdnoth NbGe, and TaGgwithout peculiar
values except a local minima for n=11, already visible forn{zeln contrastthe size
dependence of for V-doped Ge clustershighlights the size n = 14which presents the
highest stability.

3-3. Magnetic properties

The magnetic properties of the small-WN&-Ge, clusters is discussed on the basis of
the total spin magnetic moment (TSMisl§ the difference between the tdtallliken chage
populations in spin up and spin down electrofise calculated TSMM for alisomers are
reported in Tables 1 arid As we can see, the TSMM is generally equal t@ &xcept for the
very small clustersvhere p= 5 for NbGeand 318 for NbGe 3. For TaGe clusters the
TSMM is 5 and 3 g for TaGe and TaGeaespectivelyPartial densities of states in Figut®
in order to examinethe contribution of different valence orbitals (s, p and d)of the
componentsThe spin up densities is plotted as positive sredspin down as negativeor
NbGe which have the high value & pB, the TSMM is due to the contribution of two
species by 4s and 4p orbitals of Ge and the 4d orbital @tdih However, in the NbGeand
NbGe; clusters, the TSMM is mainly due to the dxbitals of Niobium atom.In the case of
TaGe clusters all of the valence orbitglarticipateto the TSMMwith a large contributiomf
the 5d orbital of the Tantaluatom.In all of other clusters the TSMM of the doping atom is
guenchedit should be de to orbital hybridizations andhargetransfers between M and
surroundng Ge atoms

4. Conclusion

First-principles DFT calculations have been performed to study Hteictures
stabilities,electronicand magnetic properties bib and Ta atoms doped geaniumclusters
MGen (M= Nb, Ta and n=119). The growth pattern foMGe, (M= Nb, Tg shows that the M
atom occupies a peripheral position forwemall clusters (i< 10), whilefor n « 10 the
endohedral structures which thegermaniumcage encapsulatéise metal atom arstrongly
favored The binding energy increases with theereasingcluster sizeor all MGea, (M= Nb,
Ta) clustersand he M atomsenhance the stabilities of doped clusters comparativelyhtat
of the correspondingpure germaniumcluster. This stability is related to the pooling of
valence electrons from both germanium and metal at®dafSe, clusters present the highest
stabilities. TaGg and NbGes are predicted to present a relative high stabikty.of the
isomers of Nb and'a doged germanium clusters hathe total spin magnetic moment equal
to 1 ps exaept for the very small sizen (" 3 for NbGe and n” 2 for TaGe). PDOS analysis
reveas the high total spin magnetic moment for the very small clusterdués to the
contribution @ the different valence orbitals with a large domination of 4d odbattNb and
5d orbitak of Ta atoms.Finally, we hope that these resuttight be helpful for further
theoreticalandexperimentalnvestigations oruture nanaesizedmaterials.
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Table 1.Symmetry group, binding energy, EeV/atom), HOMG /802 JDS aG( H9
vertical ionization potential VIP (eV), vertical electron affinity VEA (eV), chemical hardness

(eV) and average bond lengiBece and @enb (A) for NbGe, clusters Data for tie lowest
energy isomer are inotd.

Label- Eb a( V) VIP VEA AGe Ge AGe-Nb

n | symmetry | (eV/atom) | (eV) (uB) (eVv) ev) | ev) | A A
1 |aCvy 1.230 0.704 5 6.645 | 0.697 | 5.948 - 2.592
2 | aCux 2.198 1.060 3 7.083 0.881 | 6.202 | 2.432| 2.596
b- D« 1.375 1.177 9 6.712 1.925 | 4.787 - 2.728
3 | aCa 2.370 0.406 3 6.242 1551 | 4.691| 2.682| 2.695
b- Cy 2.357 0.468 3 6.551 1.599 | 4952 | 2.425| 2.731
c-GCs 2.024 0.261 5 6.902 2.057 | 4.845| 2.466 | 2.627
4 | a-Cs 2.613 0.424 1 6.786 1.930 | 4.856 | 2.813| 2.611
b- C 2.573 0.295 3 6.5% 1.776 | 4.780| 2.660| 2.794
c-C 2.500 0. 507 3 6.386 1.600 | 4.786 | 2.548 | 2.598
d- Cyy 2.483 0.200 3 6.660 | 2.276 | 4.384| 2.486| 2.725
e Don 2.300 0.401 1 6.932 2.356 | 4576 | 2.593| 2.553
5 | a Ca 2.829 0.901 1 7.269 2.262 | 5.007| 2.770| 2.631
b-C, 2.750 0.721 3 6.658 2.073 | 4.585| 2.703| 2.685
c-C 2.687 0.527 1 6.896 2.144 | 4752 | 2.680| 2.649
6 | aCs 2.941 1.014 1 7.236 2.231 | 5.005| 2.737 | 2.774
b- Cs 2.856 0.366 3 6.273 1.802 | 4.471| 2.749| 2.812
c-Ct 2.796 0.630 3 6.397 1.695 | 4.702 | 2.744 | 2.804
d- Cs 2.754 0.929 3 6.764 2396 | 4367 | 2.7 | 2.757
e Cyy 2.704 0.334 3 6.849 2557 | 4.292| 2.759 | 2.661
7 | a-Cs 3.026 0.497 1 6.956 2.634 | 4.322| 2.728 | 2.803
b- Cs 2.992 0.837 1 6.711 1.773 | 4.938| 2.724 | 2.752
c-GCs 2.986 0.732 1 6.885 2.382 | 4503 | 2.746 | 2.705
d- Cyy 2.924 0.737 3 6.356 1.899 | 4.457| 2.740| 2.641
eC 2.846 0.602 1 6.554 2442 | 4,112 | 2.657| 2.811
f- Cs 2.805 0.607 1 6.304 2.081 | 4.223| 2.682| 2.626
8 | a-Ca 3.113 0.852 1 6.811 2582 | 4229 | 2.759 | 2.834
b- C: 3.022 0.908 3 6.890 2495 | 4.395| 2.648| 2.805
c-GCs 3.008 0.627 1 6.454 2.294 | 4,160 | 2.737 | 2.767
d-C 2.902 0.357 1 6.344 2.279 | 4.065| 2.714| 2.832
e On 2.776 0.460 3 7.041 2.854 | 4,187 | 3.001| 2.599
9 |aCs 3.069 0.551 1 6.770 2535 | 4.235| 2.745| 2.860
b- C: 3.043 0.884 1 6.739 2.328 | 4.411| 2.718| 2.773
c-C 3.027 0.446 1 6.975 2.954 | 4.021| 2.700| 2.770
d- Cay 3.018 0.418 1 6.266 2.105 | 4.161| 2.747| 2.811
e GCs 2.977 0.476 1 6.573 2.455 | 4,118 | 2.757 | 2.755
f-C1 2.971 0.723 1 6.401 2.113 | 4.288| 2.762 | 2.784
o-Gs 2.931 0.620 3 6.535 2.610 | 3.925| 2.739| 2.773
10| a-C2 3.164 0.529 1 7.016 2.874 | 4.142| 2.846| 2.870
b-C, 3.105 0.517 1 6.603 2554 | 4.049| 2.774| 2.820
c-GCs 3.042 0.663 1 6.550 2.364 | 4.186| 2.796 | 2.725
d-C; 2.964 0.540 3 6.136 2.299 | 3.837| 2.810| 2.846
11| a- Cav 3.149 0.463 1 6.950 | 3.012 | 3.938| 2.805| 2.806
b- Cs 3.112 0.595 1 6.745 2.779 | 3.966 | 2.754 | 2.865
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c-GCs 3.064 0.799 1 6.324 | 1.734 | 4590 | 2.714| 2.729
d-C; 3.035 0.647 1 6.3% 2.037 | 4.349| 2.791| 2.748
e Cs 2.999 0.471 3 6.293 | 2.503 | 3.790| 2.788| 2.765
12 | a- Dad 3.243 0.248 1 7.128 | 2.796 | 4.332| 2.593| 2.895
b- Cs 3.240 0.438 1 7.127 | 3.276 | 3.851| 2.778| 2.908
c-C 3.177 0.601 1 6.774 | 3.012 | 3.762| 2.744| 2.885
d-C; 3.167 0.636 1 6.633 | 2.900 | 3.733| 2.764 | 2.854
13| a-Cav 3.250 0.155 1 6.848 | 2.492 | 4.356 | 2.724| 2.916
b-C; 3.177 0.684 1 6.528 | 2.860 | 3.668 | 2.797| 2.881
c-C 3.177 0.603 1 6.548 | 2.940 | 3608 | 2.697| 2.842
d-C; 3.092 0.757 1 6.330 | 2.315 | 4.015| 2.775| 2.820
e Cuy 3.012 0.496 1 6.504 | 2.713 | 3.791| 2.764| 2.663
14| a-C2 3.309 0.354 1 7.095 | 2973 | 4.122| 2.769 | 2.90
b- On 3.240 1.071 1 7.055 | 3.024 | 4.031| 2.702| 2.929
c- Cy 3.082 0.500 3 6.552 | 2.871 | 3.681| 2.809| 2.726
d-C; 3.033 0.782 1 6.052 | 2.419 | 3.633| 2.712| 2.545
15| a-Ca 3.334 0.678 1 6.444 | 2909 | 3.535| 2.747| 2.987
b-C 3.209 0.797 1 6.467 | 2.700 | 3.767 | 2.743| 2.959
c-C 3.135 0.694 1 6.321 | 2.618 | 3.703| 2.735| 2.918
d-C; 3.032 0.650 3 6.330 | 2.716 | 3.614 | 2.787| 2.773
16| a-C1 3.304 0.708 1 6.315 | 2.847 | 3.468| 2.750| 3.008
b-Cs 3.302 0.661 1 6.159 | 2.637 | 3.522| 2.749| 3.016
c-C 3.258 0.667 1 6.493 | 2.877 | 3.616| 2.701| 2.938
d-C; 3.204 0.728 1 6.450 | 2.946 | 3.504 | 2.811| 2.917
17| a-C1 3.265 0.558 1 6.012 | 2.580 | 3.432| 2.762| 2.948
b-C 3.204 0.435 1 6.334 | 2.938 | 3.396| 2.769| 2.994
c-C 3.166 0574 1 6.301 | 2.943 | 3.358| 2.753| 2.853
d-C: 3.152 0.401 1 6.366 | 3.113 | 3.253| 2.759| 2.752
e GCs 3.059 0.436 1 6.170 | 2.546 | 3.624 | 2.713| 2.781
18 | a-Cs 3.245 0.312 1 6.101 | 2.796 | 3.305| 2.684| 2.973
b-Cy 3.226 0.667 1 6.382 | 3.003 | 3.379| 2.751| 2.900
c-C 3.218 0.441 1 6.048 | 2.791 | 3.257| 2.696 | 2.979
d- Cs 3.191 0.698 1 6.221 | 2.943 | 3.278 | 2.673| 2.906
19| a-C 3.255 0.669 1 6.299 | 3.054 | 3.245| 2.806| 2.950
b-C 3.254 0.629 1 6.564 | 3.067 | 3.497| 2.730| 2.978
c-C 3.251 0.580 1 6.557 | 3.019 | 3.538| 2.749| 2.970
d-C: 3.200 0.474 1 6.127 | 2.910 | 3.217| 2.726| 2.953
eC 3.185 0.733 1 6.225 | 2.882 | 3.343| 2.717| 2.872
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Table 2. Symmetry group, binding energy, EeV/atom), HOMG/802 JDS a( HO9
vertical ionization potential VIP (eV), vertical electron affinity VEA (eV), chemical hardness

(eV) and average bond lengiece and @e1a () for TaGe clusters.Data for thelowest
energy isomer are in bl

Label- Eb a( H VIP VEA ace ace
n | symmetry | (eV/atom) (eV) (uB) (eV) (eV) (eV) ce(A) | Ta(A)
1 |aCv 1.358 0.783 5 6.699 | 0.561 | 6.138 - 2.603
2 | a- Ca 2.329 1.376 3 7.005 | 1.007 | 5.998 | 2.453 | 2.579
b-D -« 1.537 0.265 3 6.481 | 1.809 | 4.672 - 2.489
3 |aCs 2.646 0.345 1 7.185 | 1.716 | 5.469| 2.781 | 2.523
b- Coy 2.487 0.485 3 6.633 | 1.557 | 5.076 | 2.428 | 2.723
c- Cy 2.178 0.149 3 6.702 | 2.071 | 4.631| 2.500 | 2.558
4 | a-Cs 2.792 0.649 1 6.894 | 1.831 | 5.062| 2.745 | 2.681
b- Coy 2.709 0.604 1 6.913 | 1.859 | 5.054| 2.494 | 2.674
c-C 2.626 0.476 3 6.436 | 1.746 | 4.690| 2.693 | 2.703
d- D2n 2.450 0.368 1 6.903 | 2.317 | 4.586| 2.599 | 2.569
5 | a- Cav 2.964 0.826 1 7.305 | 2.280 | 5.025| 2.774 | 2.658
b- C, 2.905 0.443 1 6.880 | 2.208 | 4.672| 2.669 | 2.767
c-GCs 2.811 0.645 1 6.688 | 2.154 | 4.534| 2.786 | 2.668
6 | a-Cs 3.054 0.898 1 7.297 | 2.400 | 4.897| 2.741 | 2.770
b- Cs 3.025 0.575 1 6.991 | 2.403 | 4.588| 2.547 | 2.774
c-Cyy 2.966 0.810 1 6.604 | 2.112 | 4.492| 2.745 | 2.740
d- Cs 2.918 0.463 3 6.199 | 1.644 | 4.555| 2.760 | 2.794
e C; 2.894 0.607 3 6.829 | 2.640 | 4.189| 2.706 | 2.736
7 | a-Cs 3.133 0.427 1 7.018 | 2.679 | 4.339| 2.731 | 2.801
b- Cs 3.097 0.703 1 6.764 | 2.315 | 4.449| 2.748 | 2.719
c-Gs 3.097 0.701 1 6.762 | 2.314 | 4.448 | 2.748 | 2.719
d- Coy 3.019 0.666 1 6.126 | 1.701 | 4.425| 2.737 | 2.652
e C 2.906 0.549 1 6.217 | 2.027 | 4.190| 2.684 | 2.621
8 | a Cu 3.221 0.841 1 6.787 | 2.570 | 4.217| 2.763 | 2.839
b- Cs 3.110 0.705 1 6.429 | 2.220 | 4.209| 2.742 | 2.761
c- C 3.017 0.402 3 6.984 | 2.855 | 4.129| 2.819 | 2.826
d- On 2.879 0.451 3 7.018 | 2.851 | 4.167| 3.020 | 2.615
9 |a-C1 3.166 0.509 1 6.748 | 2.537 | 4.211| 2.747 | 2.862
b-C, 3.130 0.784 1 6.663 | 2.404 | 4.259| 2.722 | 2.773
c-C 3.125 0.439 1 6.954 | 2.968 | 3.986| 2.701 | 2.779
d- Coy 3.103 0.293 1 6.155 | 2.257 | 3.898| 2.767 | 2.835
e C 3.044 0.629 1 6.230 | 2.029 | 4.201| 2.766 | 2.777
f- Cs 3.020 0.909 3 6.323 | 2.158 | 4.165| 2.811 | 2.720
10| a-C2 3.256 0.494 1 7.084 | 2.877 | 4.207| 2.833 | 2.875
b- Cs 3.114 0.596 1 6.617 | 2.440 | 4.066 | 2.798 | 2.724
c-GCs 3.095 0.360 1 6.506 | 2.684 | 3.933| 2.768 | 2.680
d- C: 3.090 0.431 1 6.213 | 2.348 | 3.865| 2.720 | 2.772
11| a-C2 3.272 0.527 1 6.875 | 3.071 | 3.804| 2.715 | 2.904
b- Cs 3.255 0.682 1 6.666 | 2.886 | 3.780| 2.672 | 2.844
c GCs 3.172 0.57 1 6.342 | 2.379 | 3.963| 2.756 | 2.822
d-C: 3.155 0.565 1 6.347 | 2.415 | 3.932| 2.705 | 2.843
e Cs 3.127 0.761 1 6.150 | 2.034 | 4.116| 2.719 | 2.733
12 | a- Dad 3.323 0.260 1 7.124 | 2.827 | 4.297| 2.594 | 2.898

=
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b- Cs 3.319 0.420 1 7.067 | 3.258 | 3.809| 2.794 | 2.909
c-C 3.278 0.647 1 6.740 | 2977 | 3.763| 2.736 | 2.846
d-C; 3.247 0.645 1 6.624 | 2.901 | 3.723| 2.765 | 2.861
eC 3.163 0.609 1 6.361 | 2.668 | 3.693| 2.783 | 2.804
13| a-Cav 3.321 0.563 1 6.824 | 2.497 | 4.327| 2.727 | 2.920
aCy 3.252 0.683 1 6.528 | 2.886 | 3.642| 2.786 | 2.855
c-C 3.250 0.600 1 6.511 | 2.935 | 3.576| 2.716 | 2.849
d-C; 3.246 0.499 1 6.548 | 2.944 | 3.604| 2.739 | 2.847
e C 3.156 0.760 1 6.283 | 2.437 | 3.846| 2.777 | 2.817
f-Cy 3.133 0.537 1 6.531 | 2.718 | 3.813| 2.793 | 2.678
14| a-C2 3.381 0.345 1 7.106 | 2.952 | 4.154| 2.772 | 2.974
b-C; 3.364 0.649 1 6.887 | 3.244 | 3.643| 2.723 | 2.979
c- On 3.301 0.976 3 7.016 | 3.102 | 3.914| 2.707 | 2.932
d-C; 3.087 0.686 1 5.985 | 2.527 | 3.458 | 2.743 | 2.558
15| a-Ca 3.401 0.687 1 6441 2.910 | 3.531| 2.749 | 2.990
b-C; 3.319 0.532 1 6.383 | 2.958 | 3.425| 2.678 | 2.947
c-C 3.243 0.524 1 6.127 | 2.476 | 3.651| 2.753 | 2.903
d-C; 3.141 0.833 1 6.358 | 2.659 | 3.699| 2.765 | 2.735
16| a-Cs 3.365 0.707 1 6.170 | 2.652 | 3.518| 2.750 | 3.019
b-C 3.331 0.642 1 6.551 | 3.066 | 3.485| 2.634 | 2.896
c-C 3.265 0.697 1 6.419 | 2.965 | 3.454| 2.814 | 2.922
d-C; 3.143 0.450 1 6.169 | 2.773 | 3.396| 2.752 | 2.876
17| a-Ci 3.323 0.592 1 6.037 | 2.601 | 3.436| 2.760 | 2.961
b-Cy 3.262 0.448 1 6.330 | 2.966 | 3.364| 2.769 | 2.980
c-C 3.223 0.572 1 6.286 | 2.951 | 3.335| 2.755 | 2.861
d-C; 3.209 0.547 1 6.393 | 3.090 | 3.303| 2.745 | 2.777
e GCs 3.107 0.365 1 6.061 | 2.679 | 3.3 | 2.714 | 2.782
18| a-C1 3.279 0.608 1 6.357 | 3.037 | 3.320| 2.741 | 2.905
b- Cay 3.250 0.410 1 6.134 | 2.909 | 3.225| 2.616 | 2.948
c-GCs 3.246 0.706 1 6.220 | 2.956 | 3.264| 2.673 | 2.911
d- C; 3.233 0.526 1 6.443 | 3.149 | 3.294| 2.776 | 2.851
e GCs 3.138 0.538 1 5.967 | 2.584 | 3.383| 2.810 | 2.657
f-Ct 3.114 0.531 1 6.117 | 2938 | 3.179| 2.738 | 2.778
19| a-Ci 3.308 0.463 1 6.500 | 3.161 | 3.339| 2.696 | 3.009
b-C 3.265 0.523 1 6.302 | 2.982 | 3.320| 2.756 | 3.003
c-C 3.260 0.477 1 6.328 | 3.036 | 3.292| 2.707 | 2.992
d- Cs 3.235 0.700 1 6.214 | 2.934 | 3.280| 2.703 | 2.876
e GCs 3.223 0.271 1 6.279 | 3.055 | 3.224| 2.738 | 2.950
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8 2
NbGer-e (Cy) NbGey-f (Cy) NbGey-g (Co NbGee-a (Co) NbGeye-b (Cy) NbGerc (Cy)
NbGer-d (Cy1) NbGey-a (Co) NbGes-b (Cy) NbGes-¢ (Cy) NbGey;-d (Cy) NbGe-e (Cy)

19



NbGez-a (Dag) NbGe-b (Cy) NbGei-¢ (Cy) NbGezd (Cy) NbGera (Ca) NbGezb (Cy)

NbGeis-c (C1) NbGey>d (Cy) NbGez-e (Ca) NbGeusa (Cy) NbGeis-b (Or)
NbGewrC (Ca) NbGeysd (Cy) NbGesa (Ca) NbGesb (Cy) NbGesc (Cy)
NbGes-d (Cy) NbGesa (Cy) NbGesb (Co) NbGee-c (Cy) NbGee-d (Cy)
NbGeir-a (Cy) NbGer-b (Cy) NbGei ¢ (C1) NbGe~d (Cy) NbGere (Cy)
NbGes-a (Cy) NbGegb (C1) NbGes-c (Cy) NbGes-d (Cy) NbGerg-a (C1)
NbGeyg-b (Cy) NbGe-c (Cy) NbGegd (Cy) NbGeg-e (Cy)

Figure 1. Lowestenergy structures and din corresponding isomers ofbi&e, (n=1-19)
clusters. For each size, the lowesergy isomer is indicated in bold.
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Figure 2.Lowestenergy structures and their corresponding isomergaste (n=1-19)
clusters. For each size, the lowesergy isomer is indicated in bold.
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Figure 3.Binding energy(eV/atom)of the lowestenergystructureof MGe, (M=V [31], Nb,
Ta) (n=2%19) clusters.
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Figure 4.Seconedorderenergy G L | | H U HEX&WH &f the lowestenergystructuresof MGe,
(M=V [31], Nb, Ta) (n=119) clusters.
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TaG qS (CZV)

Figure 5.Density of states (DOS) of Tawdor alpha spirelectrons. For beta spin electrons,
the 1H orbital is empty (doublet state). For each band, the -&blam orbitals are plotted.
DOS for NbGes is very similar.
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Figure 6.HOMO-LUMO gaps (eV)of the lowestenergystructureof MGe, (M= V [31], Nb,
Ta) (n=2%19) clusters.
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Figure 7.Vertical ionization potential VIP (eV)f the lowestenergystructuresof MGe, (M=
V [31], Nb, Ta) (n=119) clusters.
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Figure 8.Vertical electron #Hinity VEA (eV) of the lowestenergystructureof MGe, (M= V
[31], Nb, Ta) (n=119) clusters.
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Figure 9. Chemical hardness (eV) of the lowastrgy structures of MG&M= V [31], Nb,
Ta) (n=2%19) clusters.
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Figure 10.Projecteddensities of states of NbGegzand TaGexclusters The Fermi level has
been taken as the origin of the energy.
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