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Stability of lutetium microclusters: Molecular-dynamics simulations
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Structural stability and energetics of lutetium microclusters(he- 3—147) have been investigated by
molecular-dynamics simulations. An empirical model potential energy function has been parametrized for the
lutetium element by using the dimer interaction potential energy profile gf Wwhich is calculated by the
relativistic density functional method. Stable structures of the microclustens=$@&— 13 have been deter-
mined by a molecular-dynamics simulation. It has been found that lutetium microclusters prefer to form
three-dimensional compact structures. Molecular-dynamics simulations have also been performed for spherical
lutetium clusters generated from hcp crystal structure with size83— 147.[S1050-294{@9)08405-X

PACS numbds): 36.40.Cg, 31.15.Qg

[. INTRODUCTION systems containing heavy elements. Therefore we will pa-
rametrize an empirical potential energy functit®PEP for

Clusters play an important role in understanding the tranthe Lutetium element. Using the empirical PEF we per-
sition from the microscopic structure to the macroscopicformed molecular—dynamigdD) simulations to predict the
structure of matter. The research field of clusters, particularlpptimum geometries of lutetium microclusters.
microclusters, has shown rapid development in both experi-
mental and theoretical investigations in the last two decades
[1-3]. Although there has been considerable improvement in IIl. RDFT CALCULATION FOR DIMER

the experimental techniques, there are still difficulties in the  po\5tivistic effects remarkably influence the electronic

production and/or investigation of isolated microclusters ofgi.,cture and the chemical bonding of heavy atdgdd].

some elements. Computer simulations provide help for &nhe main effects, such as the spin-orbit interaction, mass-
deeper understanding of the experimental observations Qpacity, and Darvin terms lead to a substructure and con-
the one hand, and they can also be applied for systems whigfy, (o of electronic shells. These affect the electronic struc-

are practically difficult to experiment on, on the other hand.y;re "and thus the chemical bonding. In order to fully include
Atomistic level computer simulations using empirical model 5| rg|ativistic effects a four-component relativistic formula-

potentials have been used successfully to investigate bulk is essential11].

surface, and cluster properties of elements. Several empirical |, s work, we first calculated the geometric structure of
potential energy functions have been proposed and applied {§e | ;_dimer with anab initio all-electron fully relativistic

various systems in the last decddg. _ density functional methofL2]. The total energy is expressed
Lutetium microclusters are interesting and have potential ¢ 5 finctional of charge densipfr)

importance in the physics and chemistry of lantanifigs
Although there is theoretical and experimental information

about the molecules and/or clusters containing lutetium at-

oms in the literaturg6], this information is limited for sys- E[P]:zi ”i<¢i|t|¢i>_f pV"

tems containing only one lutetium atom. Only the binding

energy of the lutetium dimer is available as experimental L Z,Z,
information[7]. Although the large-scalab initio computa- +3 f pVe—E*+ pzq R—Ry’ 2.9

tions are possible these days, the electronic and geometric
structures of lutetium microclusters have not been studied

yet. o ) _wheret is the Dirac kinetic energy operator, &4 matrix in

In this work we will investigate the structural properties spinor spacey” represents the potential energy of the inter-
of isolated lutetium microclusters containing 3 to 147 atomsaction of the electrons with the nuclei, aMd is the direct
using a pair potential as a first approximation. First we percoylomb-interaction potential among the electrons. The last
form the total energy calculations for the lutetium dimer by o terms represent the exchange-correlation and the
using relativistic density functional theofRDFT). The po-  pycleus-nucleus Coulomb interaction energies, respectively.
tential energy profile of the lutetium dimer will be obtained. The total energy functiond[p], Eq. (2.1), has a minimum
Although density functional methods have been used iRyith the ground state densipyof the system. Application of
many-atom systemis], it is still difficult with the available  {he variational principle with the constraint of conservation
computer facilities to optimize the geometry of many-atomy the number of electrons leads to the single particle Kohn-

Sham equations

*Present address: Department of Physics, Middle East Technical
University, 06531 Ankara, Turkey. [t+V"+VE+ V)| pi) =¢€i| di). (2.2
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The exchange-correlation potentiai® is a functional de- 5
rivative of the exchange-correlation energ§* with respect
to the density, that is,

EN

w

p<r>=2 nig! (1) i(r), (2.3

N

[y

where n; are the occupation numbers. The parametrized

exchange-correlation potential of Vosko, Wilke, Nugdi8|

is used for the local density approximation. The generalized

gradient approximatiofGGA) of Becke [14] is included

perturbatively in order to consider nonlocal contributions. In

both LDA and GGA level calculations, the relativistic form

of the exchange-correlation potentials, which was developed -3 ¢ 20 25 30 35

by Engelet al.[15], has been used. R (Angstrém)
In order to solve the Kohn-Sham equations we used

the molecular-orbital-linear-combination-of-atomic-orbitals _FIG. 1. Potential energy curve of LuCircles represent the

(MO-LCAO) approach. The molecular wave functiopisare RDFT results, and the full line represents the fitted empirical pair-

expanded into the symmetry adapted orbitgls which are potential energy function.

also expanded in terms of the atomic orbitgls(r). These ] ] o ]
. . . Y culations. The main contribution to the bond formation of the
atomic orbitals are four-component Dirac spinors. The syms

o . : Lu-dimer are due to the®5d, 6s-6s, and §-5d overlaps.
metrization coefficients are obtained by the use of group the- .
oretical projection operatofd6] &I'he bond overlap populations are 0.334 foi-5d, 0.274 for

6s-6s, and 0.234 for §-5d. The 6s-6p, 6p-6p, and 6-5d
overlaps are relatively small compared with thi:5d inter-
¢i(r)=2 chjizz §nv(r)dnujcji, (2.9 action. The 4 orbitals are located energetically deeper, so
J J that the contribution of the #4orbitals to the bond formation
is negligible. The Mulliken’s population analysis shows the

Wherenvz(v,n,K,_m). He”?” indicates atomic site anth ._importance of thel- andp-like KS orbitals in the bonding. A
and « are magnetic and Dirac quantum numbers. The varia:

. o . . otential energy calculation with a basis set excluding unoc-
tional coefficients are determined by using standard proce‘2 9y g

Potential Energy (eV)

'
—

4.0 45 5.0

dure for solving the secular equation cupiedp orbitals gives a bond distancegf=2.550 A and a
binding energy oD.=1.45 eV. Although this value agrees
HC=¢SC, (2.5  better with experimental result of binding energy, the basis

set is less complete compared to the basis set including
whereH and S are the Hamiltonian and overlap matrices, orbitals.
respectively. The matrix elements are evaluated numerically

by using the modified vgrsion f(_)r relativistic numerical_wave Ill. PARAMETRIZATION OF THE PEF
functions [17] of the integration scheme of Boerrigter,
Velde, and Baerendd.8]. The direct Coulomb potential v We have expressed the pair potential energy function of

has been calculated via an additional variational procedurdghe dimer as the recently developed empirical function,
which reduces the numerical errors and yields a variationallyvhich works well for transition metalgl9]. The empirical
consistent total energhi 1]. pair potential energy functiobl(r) is in the form

The numerical ($-6p) Kohn-Sham orbitals of the Lu
atom are chosen as the basis set. The binding energy of the A » A, .
Lu, is calculated as a difference of total energies of the Lu U(r)= Te*“lr + Te*“Zr . (3.)
molecule and Lu atoms in their ground states. The atomic re ree
total energies are calculated by the molecule code in order to
increase the numerical accuracy. The first term represents the repulsive branch and the second

The calculated potential energy curve of the lomolecule  term represents the attractive branch of the interaction poten-
has been presented in Fig. 1 together with the fitted PEF. Wtal between two atoms. By performing a nonlinear least
have estimated the spectroscopic constants of the Lu dimequare fit procedure the parametefs (@1,M1;A2,a2,\))
asr,=2.510 A, D,=2.388 eV, andw,=174 cm . Com-  of the empirical pair potential are determined. In the fit pro-
paring to the experimental binding eneldl of 1.47 eV, our  cedure we have used the binding energy values ofdal
estimation is relatively deep. It is well known that density culated at various interatomic distances by RDFT. The esti-
functional methods give over estimated binding energies, bunated points by RDFT and the fitted function are shown in
good bond distances. To our knowledge there is no experiFig. 1. The potential parameters for lutetium are determined
mental bond distance and vibration frequency available iras A;=165.954552 A,= —90.3411822\,=0.681183981,
the literature for Luy. N>=0.911960557,2,=0.470134794 a,=0.273350677. In

In order to study the role of the partially filledtike and  these parameters energy is in eV, and distance is in A.
unoccupiedp-like KS atomic orbitals in the bonding, we The total interaction energyd) of an N particle system
applied the Mulliken’s population analysis for Lu-dimer cal- may be calculated from the sum of pair interactions
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FIG. 2. Variation of cohesive energy with respect to atomic

volume for various crystal structures.

N
q>:i2<j u(ry). (3.2

Due to the lack of many-body interactions in the potential

energy function, the calculated cohesive energy by using E

(3.2 might be too much lower than the experimental value.

In order to overcome this deficiency one may scale the tot

interaction energy to the experimental bulk value by separa

ing the pair energy into two parts as repulsivg;(r) and
attractiveU,,(r) terms[19]. The final form of the potential
energy function containing the many-body contributions ma
then be expressed as

N N

CD:DZI;:J_ U21(rij)+D22i§<:j UooATij)- 3.3

The additional parameter®g,;,D,;) may be determined
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FIG. 3. (8 Equilibrium structures of lutetium microclusters for
n=3-13, (b) equilibrated spherical clusters generated from the hcp
structure.

tional parameters calculated for the lutetium PEF Brg
qi2.51086634,D22= 0.902502748, which are unitless num-
ers. Therefore, the present empirical potential energy func-
ion for the lutetium element satisfies the dimer potential, the
tE)ulk cohesive energy, and the bulk stability condition ex-
actly. The present PEF also satisfies the crystal stability. The
variation of cohesive energy with respect to the atomic vol-
Yume for various crystal structures are shown in Fig. 2, hcp
and fcc structures have almost the same energy versus vol-
ume profile. Using this PEF we performed molecular-
dynamics simulations to obtain the most stable structures of
lutetium microclusters with the number of atoms from 3 to
147. A similar PEF with different parameter sets was suc-
cessful to simulate bulk and cluster properties of Cu, Ag, and
Au elementg19], and nanowire properties of J22]. We
expect that we may also use this PEF for the cluster proper-

analytically from the total interaction energy expression, Eqties of lutetium.

(3.3, and the bulk stability conditiorw®/dV=0 at T
=0 K. The combinationD ,;U,4(r) +D2Uo(r) represents
the effective pair interactiofil9]. The lattice sums have been

IV. RESULTS AND DISCUSSION

calculated using the hcp crystal structure for lutetium with

the lattice constanta=3.50 andc=5.55 A [20]. We have
used the value of-4.40 eV for bulk cohesive energ21]. A

Lutetium microclusters having 3 to 147 atoms have been
investigated by performing a molecular-dynamics simulation

nine digit accuracy is obtained in the lattice sums. The addiat constant temperature to obtain the most stable structure of
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FIG. 4. Average interaction energy per atdhinding energy FIG. 5. Average interaction energy per atdbinding energy
E,) versus cluster sizenj. Ep) versus cluster sizen(3).

each cluster. In the MD simulations the parametrized empiricommon for almost all microclusters. Since we scaled the
cal PEF was used. The simulations were carried out by starPEF during parametrization to the bulk cohesive energy, as
ing at 600 K, then the temperature is reduced to 1 K. Wen—  this curve should go asymptoticly to the bulk cohesive
have done this procedure in order to increase the probabiliténergy value of-4.40 eV.

of catching the global minimum of the potential energy sur-  For isolated clusters the average binding energy per atom

face of the simulated cluster. The time step has been taken @s the clusterE,=®/N may be expressed as a function of
2.2x107** sec. In the simulations we have taken 90 000 asuster sizeN [3]:

the maximum number of MD steps. This number of steps
was enough to reach the equilibrium in total energy and to
get the thermal equilibrium of the system studied. Ep,=E,+EN +EN"23 (4.0

As with conventional molecules, most clusters, in general,
have a well-defined geometry corresponding to the absolute
minimum energy of their potential surfaces. There might bewhere the coefficient&€,, Es, and E. correspond to the
many local minima on the potential energy surface of avolume, surface, and curvature energies of the particles
many-particle system. In the present study we generated tHerming the cluster, respectively. The corresponding plot for
microclusters starting from three particles. After obtainingthis expression, Eq4.1), is given in Fig. 5. The linear fit to
the most stable structure by the quenching procedure wthis equation give€,=—2.112 andE,=2.509, the qua-
added one atom to obtain the next cluster, and repeated thieatic fit givesE, = —2.055,E;=2.194, ancE.=0.374. The
guenching procedure. We applied this method for the microvolume energy term should be equal to the bulk cohesive
clusters with sizes=3—13. For each cluster model we ob- energy value of—4.40. The reason for the difference be-
tained a unique structure, without any isomer. The mostween the calculated value from the fit and the experimental
stable structures of lutetium microclusters with sires3  value is that the clusters considered in the present study are
— 13 obtained by the MD simulations are shown in Figa)3  not large enough. As the cluster size increases, the calculated
These structures represent the configuration of the systemolume energy approaches the bulk cohesive energy.
studied at the last MD step. We also simulated spherical The most stable structures of the microclusters with sizes
clusters of lutetium. In this case we generated the clusters=3—7 have a regular symmetry. The corresponding point
from hcp crystalline structure by taking the first, second, andyroups of these clusters are shown in Fi@)30n the other
so on up to 19th neighbors, and we selected five clustenand, the clusters for the sizes=8—12, have no regular
models with the number of atonms=33,51,81,117,147. For symmetry. Ly; has the highest symmetry,,. The bond
these spherical clusters we also performed the quenchingngths shown on the pictures correspond to the average
procedure. The three-dimensional structures of these clustengarest-neighbor distance values at the last MD step. The
are presented in Fig.(B). spherical clusters almost kept their spherical form after the

The binding energy, namely, the average interaction ensimulation, but atoms on the surface region reconstructed
ergy per atom in the cluster, versus the cluster size, i.e., thelightly with respect to the original positions. The estimated
number of atoms in the cluster, is plotted for the most stablénteratomic distances in the microclusters obey the general
structures in Fig. 4. The average binding energy per atomelation (.<r<d,,), wherer. is the dimer distancel,,, is
decreases as the cluster size increases, and shows te nearest-neighbor distance in the crystal, arglthe av-
exponential-like decay, as expected. The change is fast f@rage nearest-neighbor distance in the cluster. Since we de-
the sizesn=3-13. However, the variation of binding en- termine the effective pair potential parameters using crystal
ergy with respect to the cluster size for the sizes13  structure information, the estimated average interatomic dis-
— 147 is relatively slow. The general decay behavior in thetances in the clusters might be slightly larger than the actual
average binding energy with respect to the cluster size igalues.
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We have investigated the structural stability and energeteorrect trend. The electronic and geometric structure calcu-
ics of isolated lutetium microclusters containing 3 to 147lations by RDFT for lutetium microclusters for=3—13 are
atoms. As a conclusion we may say that lutetium microclusin progress in our laboratory.
ters prefer to form three-dimensional compact structures. In-
formation about the isolated microclusters of lutetium does ACKNOWLEDGMENTS
not exist in the literature, therefore we are not able to com- The authors would like to thank JAERI for financial sup-
pare the present results with experimental and other theoreport. One of the authorS.E.) would like to thank the mem-
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