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The most stable isomers of zinc and cadmium nanoclusters of the normally geometrically closed shell,
“magic” sizes of 13, 38, 55, 75, and 147 atoms, are found to be of very low symmetry or disordered. The
normally global minimum, highly symmetric, ordered icosahedral structures at 13, 55, and 147 atoms, and the
Marks decahedral at 75 atoms, are found to be unstable. The 38-atom fcc truncated octahedron is stable for Zn,
but unstable for Cd. The lowest energy configurations were obtained usingbady Gupta potential and
employing a global, evolutive search algorithm. All structures were relaxed with density-functional theory
calculations at both the LDA and GGA levels which confirmed the greater stability of the disordered isomers.
Structure factors are given for anticipated comparison with experiment.
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We have recently predicted that gold nanoclusters of gedideal hcp structure of/a=+/8/3. This has been explained
metrically closed shell sizes of 38, 55 and 75 atofam  through reduction in the band structure energy through lattice
intermediate subset of the so-called “magic” size clusters distortion® Both metals have relatively low melting tem-
have disordered global minima geometries at all temperaperatures, 692.5 and 594 K respectively. Zn and Cd in the
tures up to at least 300 K3 Recent experimental data lend bulk have been used as effective catalysts for many reac-
support to this resuft? Since the chemical, electronic, opti- tions, and recent results of increased activity with metal
cal, and other properties of these systems are sensitive to th@nocluster catalyst§ hint at intriguing possibilities for Zn
geometrical configurations of the lowest energy isomersand Cd nanoclusters. Despite their interesting atomic and
confirmation would have important implication to the ap- bulk properties only recently has experimental work begun
plied fields of catalysi® and nano-electronics/optiés? on elucidating the characteristics of Zn and Cd

An important question is whether other metals of the Penanoparticle¥’ and, the authors are not aware of any prior
riodic Table are also disordered in their lowest energy nanotheoretical works on these clusters.
structured geometries. There are indications that certain Pt The choice of using the-body Gupta potential in the
nanoclusters may be disorder@d? and theoretical calcula- Search for other possibly disordered candidate metals from
tions on the compromise between internal strain and surfacdée Periodic Table was based on our good experience with
atom coordination suggest that indeed they should?be. this potential in modeling Ni, Ag, and Au nanoclustérs,
Other first principles investigations on Al clustetalso sug-  qualified by confirmation using density-functional theory of
gest a high degree of structural distortion for the 55 atomthe geometry and stability of the predicted structures. The
normally icosahedral, structure. Gupta potentidf is based on a second-moment approxima-

The investigations described here, based on globdion of the electron density of states of a tight-binding
searches with the-body Gupta potential and further relax- Hamiltonian and has the following forfd,
ation with density-functional theoryDFT), indicate that N
only nanoclusters of the transition metals Zn and Cd are V=2
disordered in their most stable configuration for all of the =
magic sizes up to at least 147 atoms, and probably even
beyond 192 atoms. This is a surprising result since the sizes
of 13, 55, and 147 atoms normally correspond to the ordered,
closed-shell icosahedral structure; 38 atoms to the ordered,
fcc truncated octahedral; and 75, 146, and 192 atoms to thEhe free parametet, £,p, andq are fitted to the experimen-
ordered, Marks decahedral. These are the most stable geoited values of the bulk cohesive energy, lattice parameters and
etries; for example, for Ni and Agfor Rh* and for most  elastic constants. The nearest neighbor distagees a func-
other transition metalS. These normally global minimum tion of the type and number of atomsin the cluster. In the
ordered structures were in fact found to be unstable for bothesults presented here, reduced units are used in whjch
Zn and Cd, except for the fcc structure ofygn =1.0, except in the calculation of the free energies for which

Zn is directly above Cd in the Periodic Table, the two DFT calculated distances were used.
metals falling within the first and second transition series, The search for nanoclusters of other elements disordered
respectively. Both elements have all electronic shells closedn their most stable geometry consisted of first delineating a
In the bulk, both Zn and Cd are of the hexagonal closetegion in the p—q” parameter space for which the disor-
packed (hcp structure with an unusually large/a ratio  dered global minimum geometry found for guRefs. 2 and
(1.856 and 1.886, respectivelgbout 15% greater than the 3) had a lower energy than the lowest energy ordered struc-
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FIG. 1. Plot of the regions in thp—q parameter space of the
Gupta potential where the global minimum configuration of 38 at-
oms corresponds to the “disordered” and “fcc” structures. Of all
the transition metals, only Zn, Cd, and Au lie within the disordered
region. See text for an explanation of the “novel” region.

FIG. 2. Energy distribution of the 100 lowest energy stationary
configurations found in 100000 and 120000 runs of the symbiotic
algorithm for Zngg and Zn,,, respectively. The number of times the
configuration was found is plotted on a logarithmic scale onythe

ture, which is the fcc truncated octahedron. The most extergXis.

sive parameterizations Of&tg? Gupta potential by Cleri andy, ¢ nave one plane of symmetry, there is no other discern-
Rosato for transition metatSindicate that apart from Au, ible order. The normally global minimum ordered structures

only Zn and Cd have the appropriate combinatiop ahdq are given for comparison. All the icosahedral structures and

(Fig. 1). Surprisingly, neither the parameterization of Pt, nory, - - < qecahedral structures for both metals are unstable.

that of Al, suggest that ;hey should be disordered in thGIrAlthough all are stationary points, they have very small
!‘owest“e;nergy (_:onflgurauon of 38 atoms. The region I"’1b(3|6(|j1egative eigenvalues in the Hessian which cause them to
n(_)vel in the_ figure corresponds to a region within which eform upon tight relaxatiofusing the potentialinto very
neither the disordered nor the ordered structures are stab istorted versions of high energy with respect to the disor-
(see Ref. 2 here the stable structures are clusters of dmeraered global minima appearing to the left in Fig. 3. The fcc

and trimers. -
Using the parametrizations of Cleri and Rosétable |) ;tl;%?:t%? ;ﬁtahedron of 38 atoms is unstable for Cd but
S .

an exhaustive global search for the lowest energy i§omers The binding energies of the three lowest energy isomers
gﬂr%ncdeC%‘,’Z)aietgfghpgﬁoﬁrge:dog tgem%lijgttii %?t%r:it%ﬁ\;energ%und (all disorderedgl are listed in Table Il. The disordered
i ploy y 9 N nature of the global minima for the Zn and Cd nanoclusters

efficient variant of the genetic algorithm, followed by a con- : - T
. . ; can be appreciated by comparing their pair distribution func-
jugate gradient relaxation. 100 000 such global searches Welons witlgpthe more )(/jiscre?e digtributic?ns of the normally

performed, starting from different random initial configura- lobal mini dered struct f th ber of
tions of the atoms, for each element and for each cluster siz&.0>2 MinNiMuMm ordered structure ot the same humber o
An additional 20 000 searches were performed, starting frondloMS(Fig. 4. Another indication of their disordered nature
the geometries of the lowest energy isomers thus found, fd® that none of the global minima presented in Figegcept

the largest sizes of 75, 146, 147, and 192 atoms. This searétfss) have degenerate vibrational normal modes. ,
produced an extensive distribution of low energy minima We verified the potential model predictions for the stabil-

(Fig. 2 and confirmed that the global minima at all magic 'V 960metry, and energy ordering of all structures by con-

sizes were indeed disordered. A further search, of roughly the TABLE II. Gupta potential binding energiegV) of the three
same CPU time, was performed for the global minima cantowest energy isomers found for each cluster size.

didates with the basin-hopping algoritimThis search con-
firmed the global minima at 13 and 38 atoms, found a lower Isomer

minimum at 55 atoms, but did not find the candidatesr 1 2 3
structures lower in energyat 75 and 147 atoms.

Figure 3 presents two mutually perpendicular views of the#M3 —17.03214 —17.03168 —17.02912
geometry of the lowest energy isomer found for each metafds —14.9603 —14.96018 —14.95902
at each cluster size. Although the sizes of 13, 38, and 53Mss —50.49998 S aUane02 —50.49294

o _ © TCdy ~4396762  —43.96570  —43.96562

TkAiLI? Il Parametrization of the Gupta potential used in this ZNss —73.30973 —73.30285 —73.30166

work (Ref. 19. Cds ~63.71104  —63.70700  —63.70696
n —100.18498 —100.18406 —100.18268

AleV eV s
[eV] ¢ [eV] P d Cdbe -86.94018  -86.93930  —86.93682
Zn 0.1477 0.8900 9.689 4.602 ZNyy7 —197.14463 —197.14202 —197.14184
Cd 0.1420 0.8117 10.612 5.206 Cdy4; —170.66888 —170.66846 —170.66578
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FIG. 4. The atomic pair distribution function in reduced units
(r*=rj;/roy) for the disordered and ordered isomers ofgZand

Zn(>1537), Cd(®)

= Zny47. The number in parentheses is the isomer number. Results for
W 147

'\.{//é.n\%‘\%‘/’ the Cd clusters are similar.

0&\\:.';(\1.7' was used as the basis set, allowing for multipland polar-

2d ization orbitals, slightly excited by a common energy shift of

0.001 Ry, and truncated at a resulting radial nttfe.Tests
of the bulk were first performed within these approximations
(Table 1lI).

Table IV lists the binding energies and free energies of the
stable fcc ordered geometry for gnwith respect to the
global-minimum disordered structure found using both the
Gupta potential and density-functional theory. The free ener-
gies were calculated in the harmonic approximation, and in-
clude the zero point energy and only the most important
vibrational contribution to the entropy. The disordered
structure for Zgg is the most stable up to a temperature of
slightly over 165 K, after which the fcc truncated octahedral
structure is favored. Note that using the DFT calculated bind-
ing energies, at all temperatures and all sizes, and for both
metals, the disordered structures are the most stable. In fact,
Zn( @), Cd(p) the DFT ordered structures, where stable, have such high
energies £0.03 eV/atom extrawith respect to the disor-
dered global minima, as to make them inviable at any tem-
perature up to at least 300 K.

The structure factor@Ref. 2 for detail$ of the disordered
global minima and those of the normally global minimum
closed shell ordered structures are given in Fig. 5 for com-
Zn(1), Cd(1) similar Zn( @), Cd( @) parison with anticipated experimental data. Notable differ-

) ) ences exist between the structure factors of the disordered
FIG. 3. Two perpendicular views of the geometry of the Iowestand ordered isomers.

energy isomer found for each cluster size. The normally global , ¢oncjusion, we predict that the most stable structures of
o i St b 05 WS 2 s o e g vt <o
g P ' =13,38,55,75, and 147) are disordered or of very low sym-

number(in parenthesgdsfor the stable ordered structure of s . .
given as a lower limit since it is not likely that all the intervening metry (except for Cdg). Since the closed shell magic num-

isomers have been found. The symigodenotes that the configu- ) ) )
ration is unstable or inviable with respect to the Gupta potential and TABLE lII. Predicted unit cell volumes (A and bulk modull

B : : . :
DFT calculations. The point group symmetry of each structure igN> 10"/m?) obtained with DFT(GGA) compared with experi-
given. mental result§Ref. 26. The errors in the bulk moduli result from

interpolation between the volume versus energy points.
jugate gradient relaxation of the geometries using density-

Zn(1), Cd(1)
147 atoms

functional theory at both the local sp{bDA) and the gra- V DFT Expt. Bm DFT Expt.
dient corrected spin densitGGA) levels, as implemented in

the SIESTA program! ~Standard norm conserving Zn 30.317 30.33 0.7280.026 0.598
pseudo-potentiafd were used in their fully non-local ford?. = cd 43.224 43.22 0.4720.032 0.467

A linear combination of numerical pseudo-atomic orbitals
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TABLE IV. Free energy difference®V) of the Zn, 38 atom fcc 7 T ' T T T T ' T
ordered structure with respect to the global minimum disordered __ R
structure obtained with density functional thedqyGA) at a tem- % . R Zn_13 ) % N Zn_55
perature of 0 K and with the Gupta potential at 0, 77,and 300 K. ~ { ' /%~ /% /7 N A A A
VAV ERCSUIRY, B It S ALV VAV ERVA
0 1 2 3 4 5 0 1 2 3 4 5
DFT GUpta s [1/r_On] s[1/r_On]
0K 0K 77 K 300 K T T T T T T T T
fcc Zngg +2.018 +0.140 +0.076 —0.110 z B |
W |n Zn_38 w Zn_75
ber clusters normally have the highest binding energy per 0 2 3 5 0 2 3 5
. . .. L . s [1/r_0On] s[1/r_0On]
atom of the symmetric structures, the implicit prediction is . : . . . . : .
that at most sizes Zn and Cd have low symmetry global
minima. The geometry and stability of these structures was2 Cd 3n zh
confirmed with density functional theory at both the LDA “ [} o 1 n 247
and the GGA levels. The usual global minimum high sym- e i O N S UV v ey,
metry ordered structures were found to be unstable or invi- o 1+ 2 3 4 5 0 1 2 3 4 5
s [1/r_0On] s [1/r_0n]

able, except for the fcc structure of 4n up to a temperature
of at least 300 K. Results obtained with the Gupta potential FiG. 5. The structure factor of the global minimum disordered
also indicate that the magic sizes of 146 and 192 have disonfiguration(solid curveé compared with the ordered structures
ordered global minima, but this result remains to be con{dashed curye The spectra were obtained using the geometries
firmed with DFT. It is noted that these new structures are notjiven in Fig. 3. Results are similar for the Cd clusters, except for
merely Jahn-Teller deformations. We have shown in Ref. 1Zdsg which is shown.

that Jahn-Teller effects are very smdfbr example, for
Ausg, atomic displacements of approximately 0.02 ang
stroms and total energies of approximately 0.1 axd can-
not explain the preferred stability of these very different
structures. The structure factors obtained for the ordered and Financial support of CONACYT grants 25083E and
disordered geometries suggest that the two forms should @2276E, as well as computational support of the DGSCA-
easily distinguished, thus facilitating the experimental conUNAM Super-computing Center is gratefully acknowledged.

firmation or rejection of this prediction. The electronic and
thermodynamic properties of these nanoclusters will be pre-
sented in a forthcoming paper.

1I.L. Garzm, K. Michaelian, M.R. Beltra, A. Posada-Amarillas, D. Sanchez-Portal, and E. Artacho, Phys. Rev.68, 5771
P. Ordejm, E. Artacho, D. Sachez-Portal, and J.M. Soler, Phys. (2000.
Rev. Lett.81, 1600(1998. 133.Y. Yi, D.J. Oh, and J. Bernholc, Phys. Rev. Ledf, 1594
2K. Michaelian, N. Rendo, and I.L. Garzo, Phys. Rev. B60, (1991).
2000(1999. 14F. Aguilera-Granja, J. L. Rodyuez-Lpez, K. Michaelian, and A.
3|.L. GarZm, K. Michaelian, M.R. Beltra, A. Posada-Amarillas, Vega (unpublished
P. Ordejon, E. Artacho, D. Sanchez-Portal, and J.M. Soler, Eurt®J.PK. Doye and D.J. Wales, New J. Chezg, 733 (1998.
Phys. J. D9, 2111(1999. 18W.A. Harrison, Phys. Revl29, 2512 (1963.
4D. Zanchet, B.D. Hall, and D. Ugarte, J. Phys. Chem1®, '7S. Brown, private communication.
11 013(2000. 18R.P. Gupta, Phys. Rev. B3, 6265(1981).
5J.D. Aiken, Y. Lin, and R.G. Finke, J. Mol. Catal. A: Chefii4,  '°F. Cleri and V. Rosato, Phys. Rev.4B, 22 (1993.
29(1996. 20K . Michaelian, Chem. Phys. Lete93 202 (1998.
6C.B. Hwang, Y.S. Fu, Y.L. Lu, S.W. Jang, P.T. Chou, C.R.C.?'P. Ordejm, E. Artacho, and J.M. Soler, Phys. Rev5B, 10 441
Wang, and S.J. Yu, J. Catdl95, 336 (2000. (1996; D. Sanchez-Portal, P. Ordejn, E. Artacho, and J.M.

"R.P. Andres, T. Bein, M. Dorogi, S. Feng, J.I. Henderson, C.P. Soler, Int. J. Quantum Cher85, 453(1997).
Kubiak, W. Mahoney, R.G. Osifchin, and R. Reifenberger, Sci-??N. Troullier and J.L. Martins, Phys. Rev. &3, 1993(199)).

ence272, 1323(1996. 2. Kleinman and D.M. Bylander, Phys. Rev. Le#8, 1425
8A.P. Alivisatos, Scienc@71, 933 (1996. (1982.
9C.S. Lent and P.D. Tougaw, Proc. IEBB, 541 (1997. 24E. Artacho, D. Sachez-Portal, P. Ordejon, A. Garcia, and J.M.
105 H. Yang, D.A. Drabold, J.B. Adams, P. Ordejand K. Glass- Soler, Phys. Status Solidi B15, 809 (1999.

ford, J. Phys.: Condens. Matt@r L39 (1997. 250.F. Sankey and D.J. Niklewski, Phys. Rev4B 3979(1989.
1A, Sachdev, R.I. Masel, and J.B. Adams, Catal. La#, 57 26C. Kittel, Introduction to Statistical Physic$th ed(Wiley, New

(1992. York, 1986.

123 M. Soler, M.R. Beltra, K. Michaelian, I.L. Garzn, P. Ordejm,  2’T.P. Martin, Phys. Re®5, 167 (1983.

041403-4



