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Stability of lutetium microclusters: Molecular-dynamics simulations

T. Baştuğ, Ş. Erkoç,* M. Hirata, and S. Tachimori
Department of Materials Science, JAERI, Tokai-mura, Naka-gun, Ibaraki 319-11, Japan

~Received 18 September 1998!

Structural stability and energetics of lutetium microclusters Lun(n532147) 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 of Lu2, which is calculated by the
relativistic density functional method. Stable structures of the microclusters forn53213 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 sizesn5332147. @S1050-2947~99!08405-X#

PACS number~s!: 36.40.Cg, 31.15.Qg
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I. INTRODUCTION

Clusters play an important role in understanding the tr
sition from the microscopic structure to the macrosco
structure of matter. The research field of clusters, particul
microclusters, has shown rapid development in both exp
mental and theoretical investigations in the last two deca
@1–3#. Although there has been considerable improvemen
the experimental techniques, there are still difficulties in
production and/or investigation of isolated microclusters
some elements. Computer simulations provide help fo
deeper understanding of the experimental observations
the one hand, and they can also be applied for systems w
are practically difficult to experiment on, on the other han
Atomistic level computer simulations using empirical mod
potentials have been used successfully to investigate b
surface, and cluster properties of elements. Several empi
potential energy functions have been proposed and applie
various systems in the last decade@4#.

Lutetium microclusters are interesting and have poten
importance in the physics and chemistry of lantanides@5#.
Although there is theoretical and experimental informat
about the molecules and/or clusters containing lutetium
oms in the literature@6#, this information is limited for sys-
tems containing only one lutetium atom. Only the bindi
energy of the lutetium dimer is available as experimen
information@7#. Although the large-scaleab initio computa-
tions are possible these days, the electronic and geom
structures of lutetium microclusters have not been stud
yet.

In this work we will investigate the structural propertie
of isolated lutetium microclusters containing 3 to 147 ato
using a pair potential as a first approximation. First we p
form the total energy calculations for the lutetium dimer
using relativistic density functional theory~RDFT!. The po-
tential energy profile of the lutetium dimer will be obtaine
Although density functional methods have been used
many-atom systems@8#, it is still difficult with the available
computer facilities to optimize the geometry of many-ato
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systems containing heavy elements. Therefore we will
rametrize an empirical potential energy function~PEF! for
the Lutetium element. Using the empirical PEF we p
formed molecular–dynamics~MD! simulations to predict the
optimum geometries of lutetium microclusters.

II. RDFT CALCULATION FOR DIMER

Relativistic effects remarkably influence the electron
structure and the chemical bonding of heavy atoms@9,10#.
The main effects, such as the spin-orbit interaction, ma
velocity, and Darvin terms lead to a substructure and c
traction of electronic shells. These affect the electronic str
ture, and thus the chemical bonding. In order to fully inclu
all relativistic effects a four-component relativistic formul
tion is essential@11#.

In this work, we first calculated the geometric structure
the Lu-dimer with anab initio all-electron fully relativistic
density functional method@12#. The total energy is expresse
as a functional of charge densityr(r ),

E@r#5(
i

ni^f i utuf i&2E rVn

1 1
2 E rVc2Exc1 (

p.q

ZpZq

uRp2Rqu
, ~2.1!

wheret is the Dirac kinetic energy operator, a 434 matrix in
spinor space,Vn represents the potential energy of the inte
action of the electrons with the nuclei, andVc is the direct
Coulomb-interaction potential among the electrons. The
two terms represent the exchange-correlation and
nucleus-nucleus Coulomb interaction energies, respectiv
The total energy functionalE@r#, Eq. ~2.1!, has a minimum
with the ground state densityr of the system. Application of
the variational principle with the constraint of conservati
of the number of electrons leads to the single particle Ko
Sham equations

@ t1Vn1Vc1Vxc#uf i&5« i uf i&. ~2.2!
al
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The exchange-correlation potentialVxc is a functional de-
rivative of the exchange-correlation energyExc with respect
to the density, that is,

r~r !5(
i

nif i
†~r !f i~r !, ~2.3!

where ni are the occupation numbers. The parametriz
exchange-correlation potential of Vosko, Wilke, Nusair@13#
is used for the local density approximation. The generali
gradient approximation~GGA! of Becke @14# is included
perturbatively in order to consider nonlocal contributions.
both LDA and GGA level calculations, the relativistic form
of the exchange-correlation potentials, which was develo
by Engelet al. @15#, has been used.

In order to solve the Kohn-Sham equations we us
the molecular-orbital–linear-combination-of-atomic-orbita
~MO-LCAO! approach. The molecular wave functionsf i are
expanded into the symmetry adapted orbitalsx j , which are
also expanded in terms of the atomic orbitalsjnn

(r ). These
atomic orbitals are four-component Dirac spinors. The sy
metrization coefficients are obtained by the use of group
oretical projection operators@16#

f i~r !5(
j

x j cj i 5(
j

jnv
~r !dny j cj i , ~2.4!

whereny5(n,n,k,m). Here y indicates atomic site andm
andk are magnetic and Dirac quantum numbers. The va
tional coefficients are determined by using standard pro
dure for solving the secular equation

HC5«SC, ~2.5!

where H and S are the Hamiltonian and overlap matrice
respectively. The matrix elements are evaluated numeric
by using the modified version for relativistic numerical wa
functions @17# of the integration scheme of Boerrigte
Velde, and Baerends@18#. The direct Coulomb potential Vc

has been calculated via an additional variational proced
which reduces the numerical errors and yields a variation
consistent total energy@11#.

The numerical (1s-6p) Kohn-Sham orbitals of the Lu
atom are chosen as the basis set. The binding energy o
Lu2 is calculated as a difference of total energies of the L2
molecule and Lu atoms in their ground states. The ato
total energies are calculated by the molecule code in orde
increase the numerical accuracy.

The calculated potential energy curve of the Lu2 molecule
has been presented in Fig. 1 together with the fitted PEF.
have estimated the spectroscopic constants of the Lu d
as r e52.510 Å , De52.388 eV, andve5174 cm21. Com-
paring to the experimental binding energy@7# of 1.47 eV, our
estimation is relatively deep. It is well known that dens
functional methods give over estimated binding energies,
good bond distances. To our knowledge there is no exp
mental bond distance and vibration frequency available
the literature for Lu2.

In order to study the role of the partially filledd-like and
unoccupiedp-like KS atomic orbitals in the bonding, w
applied the Mulliken’s population analysis for Lu-dimer ca
d
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culations. The main contribution to the bond formation of t
Lu-dimer are due to the 5d-5d, 6s-6s, and 6p-5d overlaps.
The bond overlap populations are 0.334 for 5d-5d, 0.274 for
6s-6s, and 0.234 for 6p-5d. The 6s-6p, 6p-6p, and 6s-5d
overlaps are relatively small compared with the 5d-5d inter-
action. The 4f orbitals are located energetically deeper,
that the contribution of the 4f orbitals to the bond formation
is negligible. The Mulliken’s population analysis shows t
importance of thed- andp-like KS orbitals in the bonding. A
potential energy calculation with a basis set excluding un

cupiedp orbitals gives a bond distance ofr e52.550 Å and a
binding energy ofDe51.45 eV. Although this value agree
better with experimental result of binding energy, the ba
set is less complete compared to the basis set includinp
orbitals.

III. PARAMETRIZATION OF THE PEF

We have expressed the pair potential energy function
the dimer as the recently developed empirical functio
which works well for transition metals@19#. The empirical
pair potential energy functionU(r ) is in the form

U~r !5
A1

r l1
e2a1r 2

1
A2

r l2
e2a2r 2

. ~3.1!

The first term represents the repulsive branch and the se
term represents the attractive branch of the interaction po
tial between two atoms. By performing a nonlinear lea
square fit procedure the parameters (A1 ,a1 ,l1 ;A2 ,a2 ,l2)
of the empirical pair potential are determined. In the fit pr
cedure we have used the binding energy values of Lu2 cal-
culated at various interatomic distances by RDFT. The e
mated points by RDFT and the fitted function are shown
Fig. 1. The potential parameters for lutetium are determin
as A15165.954552,A25290.3411822,l150.681183981,
l250.911960557,a150.470134794,a250.273350677. In
these parameters energy is in eV, and distance is in Å.

The total interaction energy (F) of an N particle system
may be calculated from the sum of pair interactions

FIG. 1. Potential energy curve of Lu2. Circles represent the
RDFT results, and the full line represents the fitted empirical p
potential energy function.
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F5(
i , j

N

U~r i j !. ~3.2!

Due to the lack of many-body interactions in the poten
energy function, the calculated cohesive energy by using
~3.2! might be too much lower than the experimental valu
In order to overcome this deficiency one may scale the t
interaction energy to the experimental bulk value by sepa
ing the pair energy into two parts as repulsiveU21(r ) and
attractiveU22(r ) terms@19#. The final form of the potentia
energy function containing the many-body contributions m
then be expressed as

F5D21(
i , j

N

U21~r i j !1D22(
i , j

N

U22~r i j !. ~3.3!

The additional parameters (D21,D22) may be determined
analytically from the total interaction energy expression, E
~3.3!, and the bulk stability condition]F/]V50 at T
50 K. The combinationD21U21(r )1D22U22(r ) represents
the effective pair interaction@19#. The lattice sums have bee
calculated using the hcp crystal structure for lutetium w
the lattice constantsa53.50 andc55.55 Å @20#. We have
used the value of24.40 eV for bulk cohesive energy@21#. A
nine digit accuracy is obtained in the lattice sums. The ad

FIG. 2. Variation of cohesive energy with respect to atom
volume for various crystal structures.
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tional parameters calculated for the lutetium PEF areD21
52.51086634,D2250.902502748, which are unitless num
bers. Therefore, the present empirical potential energy fu
tion for the lutetium element satisfies the dimer potential,
bulk cohesive energy, and the bulk stability condition e
actly. The present PEF also satisfies the crystal stability.
variation of cohesive energy with respect to the atomic v
ume for various crystal structures are shown in Fig. 2, h
and fcc structures have almost the same energy versus
ume profile. Using this PEF we performed molecula
dynamics simulations to obtain the most stable structure
lutetium microclusters with the number of atoms from 3
147. A similar PEF with different parameter sets was s
cessful to simulate bulk and cluster properties of Cu, Ag, a
Au elements@19#, and nanowire properties of Cu@22#. We
expect that we may also use this PEF for the cluster pro
ties of lutetium.

IV. RESULTS AND DISCUSSION

Lutetium microclusters having 3 to 147 atoms have be
investigated by performing a molecular-dynamics simulat
at constant temperature to obtain the most stable structu

FIG. 3. ~a! Equilibrium structures of lutetium microclusters fo
n53213, ~b! equilibrated spherical clusters generated from the h
structure.
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each cluster. In the MD simulations the parametrized emp
cal PEF was used. The simulations were carried out by s
ing at 600 K, then the temperature is reduced to 1 K.
have done this procedure in order to increase the probab
of catching the global minimum of the potential energy s
face of the simulated cluster. The time step has been take
2.2310215 sec. In the simulations we have taken 90 000
the maximum number of MD steps. This number of ste
was enough to reach the equilibrium in total energy and
get the thermal equilibrium of the system studied.

As with conventional molecules, most clusters, in gene
have a well-defined geometry corresponding to the abso
minimum energy of their potential surfaces. There might
many local minima on the potential energy surface o
many-particle system. In the present study we generated
microclusters starting from three particles. After obtaini
the most stable structure by the quenching procedure
added one atom to obtain the next cluster, and repeated
quenching procedure. We applied this method for the mic
clusters with sizesn53213. For each cluster model we ob
tained a unique structure, without any isomer. The m
stable structures of lutetium microclusters with sizesn53
213 obtained by the MD simulations are shown in Fig. 3~a!.
These structures represent the configuration of the sys
studied at the last MD step. We also simulated spher
clusters of lutetium. In this case we generated the clus
from hcp crystalline structure by taking the first, second, a
so on up to 19th neighbors, and we selected five clu
models with the number of atomsn533,51,81,117,147. Fo
these spherical clusters we also performed the quenc
procedure. The three-dimensional structures of these clu
are presented in Fig. 3~b!.

The binding energy, namely, the average interaction
ergy per atom in the cluster, versus the cluster size, i.e.,
number of atoms in the cluster, is plotted for the most sta
structures in Fig. 4. The average binding energy per a
decreases as the cluster size increases, and show
exponential-like decay, as expected. The change is fas
the sizesn53213. However, the variation of binding en
ergy with respect to the cluster size for the sizesn513
2147 is relatively slow. The general decay behavior in
average binding energy with respect to the cluster size

FIG. 4. Average interaction energy per atom~binding energy
Eb) versus cluster size (n).
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common for almost all microclusters. Since we scaled
PEF during parametrization to the bulk cohesive energy
n→` this curve should go asymptoticly to the bulk cohesi
energy value of24.40 eV.

For isolated clusters the average binding energy per a
in the clusterEb5F/N may be expressed as a function
cluster sizeN @3#:

Eb5Ev1EsN
21/31EcN

22/3, ~4.1!

where the coefficientsEv , Es , and Ec correspond to the
volume, surface, and curvature energies of the partic
forming the cluster, respectively. The corresponding plot
this expression, Eq.~4.1!, is given in Fig. 5. The linear fit to
this equation givesEv522.112 andEs52.509, the qua-
dratic fit givesEv522.055,Es52.194, andEc50.374. The
volume energy term should be equal to the bulk cohes
energy value of24.40. The reason for the difference b
tween the calculated value from the fit and the experime
value is that the clusters considered in the present study
not large enough. As the cluster size increases, the calcu
volume energy approaches the bulk cohesive energy.

The most stable structures of the microclusters with si
n5327 have a regular symmetry. The corresponding po
groups of these clusters are shown in Fig. 3~a!. On the other
hand, the clusters for the sizesn58212, have no regular
symmetry. Lu13 has the highest symmetry,I h . The bond
lengths shown on the pictures correspond to the aver
nearest-neighbor distance values at the last MD step.
spherical clusters almost kept their spherical form after
simulation, but atoms on the surface region reconstruc
slightly with respect to the original positions. The estimat
interatomic distances in the microclusters obey the gen
relation (r e,r ,dnn), wherer e is the dimer distance,dnn is
the nearest-neighbor distance in the crystal, andr is the av-
erage nearest-neighbor distance in the cluster. Since we
termine the effective pair potential parameters using cry
structure information, the estimated average interatomic
tances in the clusters might be slightly larger than the ac
values.

FIG. 5. Average interaction energy per atom~binding energy
Eb) versus cluster size (n21/3).



e
47
us
I
e
m
r
i

nt

lcu-

p-

is
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We have investigated the structural stability and energ
ics of isolated lutetium microclusters containing 3 to 1
atoms. As a conclusion we may say that lutetium microcl
ters prefer to form three-dimensional compact structures.
formation about the isolated microclusters of lutetium do
not exist in the literature, therefore we are not able to co
pare the present results with experimental and other theo
ical works. We should say that the MD results obtained
this work are qualitative and we believe that they represe
h
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-
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s
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correct trend. The electronic and geometric structure ca
lations by RDFT for lutetium microclusters forn53213 are
in progress in our laboratory.
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@4# Ş. Erkoç, Phys. Rep.278, 79 ~1997!.
@5# Handbook on the Physics and Chemistry of Rare Earths, ed-

ited by K.A. Gschneidner, Jr. and L. Eyring~North-Holland,
Amsterdam, 1994!, Vols. 17–19.

@6# Handbook on the Physics and Chemistry of Rare Earths, ed-
ited by K.A. Gschneidner, Jr. and L. Eyring~North-Holland,
Amsterdam, 1995!, Vol. 22.

@7# CRC Handbook of Chemistry and Physics, 78th ed. ~CRC,
Boca Raton, FL, 1997!.

@8# Density Functional Theory, Vol. 337 of Advanced Studies In
stitute, Series B: Physics, edited by E.K.U. Gross and R.M
Dreizler ~Plenum, New York, 1995!; R.G. Parr and W. Yang
Density Functional Theories of Atoms and Molecules~Oxford
University Press, Oxford, 1989!.
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