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Finite temperature behavior of impurity doped Lithium cluster, Li 63N
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We have carried out extensive isokinedio initio molecular-dynamic simulations to investigate the
finite temperature properties of the impurity doped clustgBhiand the host cluster-Li The data
obtained from about 20 temperatures and total simulation time of at least 3 ns is used to extract
thermodynamical quantities like canonical specific heat. We observe that, figSih becomes
liquidlike around 250 K, at much lower temperature than that for(kt425K). Second, a weak
shoulder around 50 K in the specific heat curve @i is observed due to the weakening of Li—Li
bonds. The peak in the specific heat of Id very broad and the specific heat curve does not show
any premelting features. @003 American Institute of Physic§DOI: 10.1063/1.1626538

I. INTRODUCTION Na clusters by Haberland and co-worletfsave demon-
. _strated that there is no systematic size dependence observed

Small clusters are known to behave differently than theif, the melting temperature of clusters between sizes 50 and
bulk counterparts, mainly because of their finite size. The;og, More interestingly, the peaks in the melting temperature
finite size effects are reflected in most of their properties, likeys function of size do not occur at the geometric or electronic
equilibrium geometries, energetics, optical properties, ionizagpg| closing.
tion potential, polarizabilities, efc® For example, equilib- In the present work, we investigate the finite temperature
rium geometries of small as well as medium size clusters argaonavior of LiSn and Lj. Since the impurity is known to
considerably different than the bulk_s_tructures. Stability_of achange the geometry as well as bonding substantially in the
class of clusters depends on the filling up of geometric of,ogt cluster it is also expected to change the finite tempera-
electronic shell. The well-known example of such a stabilityyre properties of the host cluster. The motivation for carry-
is that of alkali metal clusters displaying magic numbers,,y ot detailed thermodynamic investigations of these clus-
Further, the properue_s of.ho_mogeneous clu§ters may bg alars comes from our previous study of Sn doped Li
tered, some times quite significantly by adding an impurity.. sters4 This study has shown that, doping of lithium clus-
In the last few years some work has been reported on thg, yith 4 tetravalent impurity such as Sn, induces a charge
impurity doped cIu;ter@. These studies have brought out & yansfer from Li to Sn and as a result the nature of bonding
number of interesting aspects like trapping of an impurity,.hanges from metallic like to dominantly ionic like. Prelimi-
modifications in the equilibrium structures, changes in thqqary investigation of the finite temperature behavior gk

bonding characteristics and enhancement or otherwise in ) gicated that this charge transfer induces dramatic effects at
stability. A few studies have also been reported on the optical,,, temperatures. The interest in these systems also stems

properties. Many of these properties have been shown 10 9g{,m, the anomalous behavior seen in the bulk properties
|anl.J.enced by the relatllv.e difference in the valence, ionic(e g electrical resistivity, density, stability functioof Li-
radii and. ellectro-nege.1t|V|ty.' ) Group IV alloys as a function of compositidh These alloys

A majority of the investigations on heterogeneous andsnoy peak in the resistivity around 20% Sn composition and
homogeneous clusters pertain to the ground state properti€gis has been interpreted as atomic clustering around Sn at

During _theo last few years a number of experimétitaind g composition whereas other alkali metal-Group IV alloys
theoretical®™*? studies on finite temperature behavior of show peak in the resistivity around 50% composition of
clusters have been reported. Finite temperature behavior ‘éroup IV elements. It has also been observed that Li—Si
homogeneous clusters turns out to be very intriguing and hag oy ¢l show 15% volume contraction in the liquid state for
brought out many interesting features in contrast to the bulks; concentration between 15% and 50% whereas in Na—Sn
behavior® For instance, clusters exhibit a broad peak in thealloys” melting takes place vieotor phase in which alkali

specific heat which is sometimes accompanied by a premelty;oms are suppose to diffuse freely while the group IV poly-
ing feature like a shoulder indicating possible isomarization4ions perform only rotational or vibrational movement.
Recent experimentsnd simulations-*2on tin clusters have As we shall demonstrate in this paper, addition of an
shown that these clusters be_come liquidlike at higher teml'mpurity has significantly lowered the “melting” tempera-
peratures than the bulk melting temperature (i €ON- e of the cluster. In addition, the impurity also induces a
trary to the belief that solidlike to liquidlike transition in the ., <trained motion of alkali atoms around Sn at low tem-
finite size systems occurs at a temperature lower thag,Im heraryres. Further, in the liquidlike state the value of root
because of the surface effects. A number of experiments ogo4 square bond length fluctuations, &) of impurity
T

doped cluster turns out to be considerably lower than that of
dElectronic mail: kavitaj@unipune.ernet.in Li- indicating that volume expansion upon melting is much
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less in this cluster. Although it is difficult to establish a direct The data obtained from these extensive simulations is
correlation between the properties of the bulk alloys and aised to extract different thermo-dynamic quantities such as
small cluster like L§Sn, we believe that the physics of im- entropy, specific heat, etc. The ionic specific heat is calcu-
purity induced effects in both the systems essentially has thiated from the fluctuations in the internal energy of the sys-
same origin arising out of the charge transfer which resultéem and is given by
into the strong ionic bond.

It is now well established that for reliable ion dynamics C(T)= 3Nkg T 1 ((V3),— (V) (1)
one must reproduce the bonding properly. Description of ion 2 kgT? v
dynamics critically depends on the correct microscopic de-

scription of instantaneous state of electrons as systerwherev is total electronic energy andl--), denotes time

S o . veraged over the entire trajectory. A smooth specific heat

evolves in time. This is especially true when the nature o . . . .

. . : : . an be obtained by using multiple histograiMH)
bonding may change during evolution of the trajectories al : 3 nr - : L .

. L ; > “technique?® With multihistogram fit, which is basically a
different temperatures. Therefore, for obtaining reliable ion ) .
. . . least-square fit we extract density of stafés(E)] or en-

dynamics we have chosen to use density-functional theor

(DFT). Small size of the system has permitted us to performyrOpy [S(E) =kg In (E)]. From entropy we can compute

ab initio calculations for substantially larger simulation time various thermodynamic quantities like canonical specific
intiatly 1arger O MM heat,C(T)=oU(T)/JT, whereU(T) = Ep(E,T)dE is the
as compared to the previously publisheab initio - .
resultsto-12 average total energy, and where the probability of observing
) an energyE at a temperatur@ is given by the Gibbs distri-

The paper is organized as follows. In Sec. Il we describe_ . B - . ;
briefly our computational and statistical approaches. Resul?gutlonp(E,T)—Q(E)exp( ElkgT)/Z(T), with Z(T) the nor

for the equilibrium geometries, nature of bonding and finitemaIIZIng canonical partition function.

. . . . . Along with these thermodynamic quantities we also ana-
temperature properties of Land LiSn are given in Sec. lll, lyze the data using phenomenological indicators such,
and the conclusions are given in Sec. IV. Y gp 9 RS

and power spectr€(w).
The 6, is defined as

All the calculations have been [ 2 (<R'2J t_<R'J>t2)l/2
performed using the 5 _

Kohn—Sham formulation of density-functional molecular dy- M N(N=1) %5 (Risht ’

namics(MD),*® using the nonlocal norm-conserving pseudo-

potentials of Bachelett al® in Kleinman—Bylander forrff

with the Ceperley—Aldét exchange-correlation functional.

A cubic supercell of length 30 a.u. is used with energy cuto The power spectrum, which is a Fourier transform of

of 15 Ry. for_ I."68n and 12 Ry. fqr 4, which is fo_und to velocity auto correlation is defined as
provide sufficient convergence in total electronic energy

(Eiop)- To have a sufficiently precise evaluation of the

Hellmann—Feynman forces on the ions, we ensure that the
residual norm of each KS orbital, defined ablsi; ) ) ) ) ]
— e.4|? (& being the eigenvalue corresponding to eigenstatdVith velocity autocorrelatiorc(t) is defined as

Il. COMPUTATIONAL DETAILS

2
where N is the number of ions in the systerR;; is the

distance between ionk and J, and(---); denotes a time
ﬁaverage over the entire trajectory.

C(w)=2J?C(t)COS{wt)dt, (3

; of the KS HamiltoniarH ¢s), was maintained at 102 a.u. ((v(to+1)— () (v(te)—(v)))

After every ionic movement the total electronic energy is (= 5 4
converged up to 10° a.u. for low temperaturesT 200 K) {(v(to)=(v))%)

and the convergence is 1fa.u. for higher temperatures. We would like to make few pertinent comments on some

Such a high convergence is not warranted in the simulatetechnical issues which are specific db initio simulations.
annealing runs but it is very crucial for probing finite tem- Since such DFT simulations are quite expensive, a judicious
perature behavior of impurity doped clusters. The grouncthoice of simulation time stepAt), criteria for the conver-
state and other equilibrium structures have been found bgence in the total electronic energy during Born—
carrying out several steepest-descent runs starting fro®ppenheimer MD AEgcp and total simulation time has to
structures chosen periodically from a high-temperature simube made. Some of these issues may not be very crucial for
lation. geometry optimization, since there the details of ion dynam-
The ionic phase space is sampled by isokinetic iy ics are secondary. However, for reliable extraction of ther-
which the kinetic energy is held constant using velocity scalimodynamic data, the ion dynamics should be faithfully simu-
ing. For Li; we split the temperature range 106K lated using the accurate forces. Since the calculation of
<1000K into about 20 different temperatures, performingforces involves the total electronic enerdy,{;), the choice
up to 90 ps of simulation for lower temperaturés., T  of AEgce can turn out to be crucial. We demonstrate this
=<200) and 150-200 ps for higher temperatures. FgBhi point by showing potential energy distributiRED) (shown
we split the temperature range 16 <900K into about in Fig. 1) calculated using two differenAEgcr criteria,
23 different temperatures, performing up to 200 ps of simu-0.0001 and 0.000 01 a.u., for two temperatures 40 and 175 K.
lation for lower temperature6.e., T<200) and 150 ps for Let us recall that PE¥,T) denotes accessible energy states
higher temperatures. This results into total simulation timebetweenE andE+dE (whereE is total electronic energy of
about 3 ns for Lj and 5 ns for L§Sn. the system Figure 1 clearly shows that two differeAE g
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FIG. 1. Comparison of PED for 40 and 175 K using different criteria for FIG. 3. Normalized potential energy distribution of;Lfior some relevant
convergence in the total electronic energyEHscp. (a) denotesAEgcr temperaturesyiz 150, 200, 240, 280, 320, 400, and 500 K. It should be
=0.000 01 a.u. an¢b) denotesA Egc=0.0001 a.u. noted that PED for 400 and 500 K are very flat and almost overlapping.

leads to considerably different PEDs. The height of the peakonds and as a result cluster spans wider configuration space
in Fig. 1(a) (i.e., AEgc,=0.000 01 a.u.) is about 25% higher Which reflects in the broader PED. We note that around 400

than Fig. 1b) (i.e., AEsc,=0.0001 a.u.) at 40 K. Further, it K the PED becomes very flat which indicates that the cluster
can be seen that the lower accuracy curve is seen to spansaspanning large number of energy states with equal prob-
broader energy range and we have verified that this leads ®pility. This rather broad PED around 400 K and above as
the erroneous specific heat in this range of temperatures.
However, as the temperature rises lower criteria can be used
without lose of accuracy.

—
o0
1

1

IIl. RESULTS AND DISCUSSIONS

A. Finite temperature behavior of host cluster: Li 7

-
=
T
1

We begin our discussion by examining the equilibrium
geometries of Li (shown in Fig. 2. The ground-state struc-
ture is a pentagonal bipyramid wifbs,, symmetry. The ex-
cited state is tricapped tetragof4, symmetry with 0.22
eV higher in energy compared to the ground state. These
geometries are consistent with the earlier reported Wohle (a)
expected the charge distribution is completely delocalized L L L 1 L 1 L
indicating metallic like bonding in this clusténot shown. 100 200 300 4‘%061“ iggure (Ig‘))o 700 800

Before discussing the thermodynamic quantities like pe
specific heat it is instructive to examine normalized potential
energy distribution (PED) obtained via our molecular-
dynamic simulations, as a function of temperature. In Fig. 34
we show PED for different temperatures ranging from 150 toS.
500 K. It may be noted from Fig. 3 that the PED for low 9
temperatures is very sharp and narrow indicating that the:
system spans a very restricted range of energies. Indeed th-
observed motion at these temperatures shows that atoms On..
cillate around their equilibrium positions. As temperature in- g
creases the pumped in energy is used to break some of thg
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FIG. 4. The canonical ionic specific heat of,Li(a): Computed directly
from fluctuations using Eq1) with 75 ps for temperatures up to 200 K and
150 ps or more for higher temperaturés): The specific heat curve calcu-
lated using multihisto fit.

AE =0.0eV

FIG. 2. The ground state and the first excited-state geometry,of AE
represents difference in the total energies.
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FIG. 5. Root-mean square bond length fluctuations efdrid LigSn. The 0.2t 1L i
slow monotonous rise i, for Li; below 320 K indicates solidlike be-
havior whereas linear nature above 450 K shows liquidlike behavior. For 0.1 1F 4
LigSn the Lindmann criteria gets satisfied at a much lower temperature . .
(around 175 K. We also note that for kBn the value ofs,,s remains
considerably constant for a wide range of temperature, i.e., from 250 to 03 T T T ' ' T ' T
700 K. 025 4t E
02 r 600K 1 1 900K -
compared to the PED for lower temperatures is suggestive o@ 0.15 F 1T N
liquidlike nature of the cluster in this range of temperatures.® o1 | 1L ]
Some insight can be gained by observing the detailed
motion (the movig of the cluster at few interesting tempera- 005 | ]
ture. We note that, around 360 K cluster starts revisiting the 0 L —_

ground state via the first excited state and during this pro- 0 10 20 30 40 s00 10 20 30 40 50

: - Frequency (®) Frequency ()
cess, atoms from the pentagonal ring and atoms capping the
ring get interchanged. This processes of interchanging of at-  FIG. 6. The power spectra of Lfor six different temperatures.
oms, becomes more frequent with increasing temperature.
Indeed as we shall see this behavior leads to the peak in the
specific heat around 425 K. In Fig. 4 we show ionic specific
heat of Li, calculated using Eq(1) directly [shown in Fig. ~motion up to that temperature. As temperature increases,
4(a)] as well as with the multiple histogram technique more frequencies appear in the power spectra, which implies
[shown in Fig. 4b)]. Evidently, both the methods yield simi- that the motion at that temperature is a combination of all
lar specific heat except that specific heat by MH is muchhese modes of oscillations. Still the nature of the spectrum is
smoother. We note that the specific heat is very broad andiscrete and the cluster is in solidlike state. Around 500 K we
does not change significantly after the peak around 425 Kbegin to see the nonzero value =0 frequency in the
Such a broad peak in the specific heat is a characteristic gfower spectra which is a signature of diffusive motion and
small clusters in contrast to the sharp transition observed ihence liquidlike state. We also note that, with increasing tem-

the extended systems. perature, the discrete nature of power spectra changes to con-
These observations are also supported byshewhich  tinuous one.
is shown in Fig. 5. As the name sugget, indicates fluc- To summarize, the specific heat curve indicates that

tuations in the bond lengths averaged over all pairs an@bove 425 K Lj is definitelyliquidlike and the transition is
simulation time. According to the Lindmann criteria the clus- characterized by rather broad peak in the specific heat. These
ters are considered to be in the liquidlike state wiigp,  features are consistent with the specific heat gfreported
exceeds 0.1. It is interesting to note th@t,s shows three in Ref. 25. Both these clusters namely, land Lig do not
distinct regions, a solidlike region below 320 K and a liquid- show any premelting features.
like region above 450 K. 320—-450 K is a transition region
and the value o8, rises sharply in this region. If we chose
to use the Lindmann criteria to estimate the “melting tem-
perature” then this cluster “melts” between 320 and 360 K.

In Fig. 6 we show the power spectra of,Lfor six dif-
ferent temperatures. Let us recall that oscillatory motions
give rise to one or more discrete peaks in the power spectra
whereas the diffusive motion is signaled by the nonzero am- AR A AB= 0.16 &Y

plitude atw=0. As e>_<pected, for I_ow_temperatur@:ap to 2_50 FIG. 7. The ground-state and the first excited-state geometry8hLiA E
K) we observe a single peak, indicating purely oscillatoryrepresents difference in the total energies.
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FIG. 8. The isosurfaces for difference charge-density g6hi (a): Charge
gained region(b): Charge depletion region. Sn is shown by the black sphere
at the center whereas white spheres indicate Li atoms.

B. Finite temperature behavior of impurity doped

Potential Ene
> o
(=1 o
[=1 f=3

. 500 -
cluster: Li ¢Sn
0 S
In this section we present our results on the impurity 0 50 100 150 200 250
doped cluster, namely §$n and contrast the behavior with Total Electronic Energy (in arbitrary units)

that of host C|U3t_er L. o FIG. 10. Normalized potential energy distribution at 150 and 400 K of
Before studying these finite temperature effects let usisn and L.

examine the equilibrium structures of ¢Sn which are
shown in Fig. 7. First, we note that both the geometries argtrained motion around Sn as shown in Fig. 9. We note from
considerably different than that of-Li Second, in the ground Fig. 9 that the initial[Fig. 9(a)] and final[Fig. X(d)] geom-
state, Sn has sixfold coordination whereas the first exciteétries are same but have different orientations. Since the mo-
state which is 0.16 eV above the ground state, has fivefoltion is observed at very low temperatures the potential bar-
coordination with Li atoms. Thus the first excited state hagier joining these twdidentica) structures must be very low.
one less Li—-Sn bond. Further, these two structures can behe effect of this motion shows up in the PED og&n. In
obtained by capping the most stable,$n tetrahedrott in Fig. 10 we compare PED of $n with that of Li. Evi-
two different ways. dently, at 150 K the PED of kBn is significantly different
Now we turn to the bonding features of the system. Ouithan that of Lj. A rather narrow and sharp distribution for
earlier work* has shown that a tetravalent impurity like Sn Li; indicates that it is showing clear solidlike behavior ex-
in lithium clusters changes the delocalized metalliclike bond-hibiting small oscillations at this temperature, whereas the
ing to dominantly ionic like. For the sake of completenesssignificantly broader distribution of k&n indicates that
we discuss the bonding characteristics in brief. Toward thisther modes of excitations are also available to the system
end, in Fig. 8 we show the difference charge density ofaround this temperature. In fact the observed motion at this
LigSn, defined as the difference between the selfconsistet@mperature shows breaking of most of the Li—Li bonds. On
charge density and the superimposed atomic charge densitfie other hand at 400 K the PED of both clusters have simi-
Quite clearly, the charge gained region is mainly around Sriar shapes.
whereas the charge depletion region is near all Li atoms. This  Turning to the ionic specific heat of {$n(shown in Fig.
clearly shows that there is a charge transfer from all Li atomd.1) we note that the specific heat curve is significantly dif-
to Sn, filling in the Sn centered orbitals?® Typically the  ferent than that of Li. Unlike Li;, it shows a shoulder
depleted charge is of the order of 2/3 electron per Li atomaround 50 K(Ref. 27 and the main peak is observed at
As a consequence of the significant charge transfer from L$ubstantially lower temperatur@.e., 250 K compared to
to Sn, considerable depletion of charge in the region othat of Li; (425 K). The shoulder in the specific heat curve of
Li—Li bond is observed which results into weakening of LigSn corresponds to the low temperature motion described
Li—Li bond. This weakening of Li—Li bonds show dramatic
effects on the finite temperature behavior of the cluster. 1.2 ! ' ' ' ' ' '
The consequences of weakening of Li—Li bonds are ob-
served at very low temperatures. Around 30 K two Li—Li
bonds break and Li atoms get separated into two bunche
(see Figs. &) and 9c)]. These bunches perform a con-

e

FIG. 9. Actual snap shots of a typical low temperature motion of Li atoms 0 100 200 300 400 500 600 700 800
around Sn depicting passage of the cluster between two identical structure Temperature (K)

(a) and(d); (a): The ground state geometftb) and(c)]: Two Li—Li bonds

are broken and the Li atoms get separated into two bunches which form &IG. 11. The canonical ionic specific heat of&n. The peak is around at
constrained motion around Sfd): The resultant geometry. 250 K which is substantially lower than observed i Li

118 - T

1.16 -

Canonical Specific heat (C,/Cy)
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T 1 ] ]
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FIG. 13. The distribution of atoms from center of mass at 700 K yBhi
0.05 1 and Li;. They axis is not normalized.
0 .
0.3 T ' ' ‘ does not show an appreciable rise from 250 to 700 K, indi-
025 + 1T . cating that the cluster is in liquidlike state, the kind of mo-
02 | 400K { | 800K - tion observed in this temperature range, iRSn is quite

different than that of Li. To illustrate this point, in Fig. 13
we show the distribution of atoms as a function of distance
. from center of mass. It may be noted that even at as high
temperature as 700 K, Li atoms ingSin are mostly in a shell
of thickness 2 a.u. and at a distance of 5 a.u. aroun¢S8n
o 1‘0 20 30 40 50 0 1'0 2'0 3'0 0 50 being heavy, it i; very close to the center of _mass_and the
Frequency (o) Frequency (®) peak near the origin is because of the Sn ajoith&s obvious
from Fig. 13 that the motion of Li atoms in Liis quite
similar to the one expected in homogeneous liquids.
Thus our calculations indicate that the main peak in spe-

earlier. As temperature rises further this constrained motioflic heat of LgSn, around 250 K is associated with the
becomes more rigorous and eventually around 200 K th@réaking of weak Li-Li bonds while retaining the bonding
bunches of Li atoms lose their identity and exhibit diffusive PEtween Li and Sn. We also note that ip&n, thoughdins
motion around Sn. This leads to the peak around 250 K irsatisfies the Lindmann criteria at very low temperature com-
the specific heat. pared to that of Lj, its saturated value is 0.17 which is
In Fig. 12 we show the power spectra of,En. It may considerably lower compared to the host (&= 0.25)
be noted that the power spectra of&n is significantly dif- cluster. This indicates that in the liquid-state the volume ex-
ferent than that of Li. In case of Lj up to 250 K we observe pansion of the impurity system is much less than in the case
a single prominent peak whereas in,&h, we note that at of the host cluste?® This is consistent with the existence of
very low temperatureground 30 K a range of frequencies stronger Li—-Sn b_on_d in the system. At still higher tempera-
contribute to the motion of the cluster. The amplitude of thefUr€S one of the ionic bonds breaks and we observe the first
prominent peak seen at 10 (due to the oscillatory motign ~ €*Cited state(shown in Fig. 7 in which Sn has one less
has considerably reduced with appearance of some low fr&oordmatlon_number than t.he groqnd stat.e. Thus the.route
quencies in the spectra. These low frequencies are identifidg" €vaporation proceeds via the first excited state. Finally
with the motion motion of Li atoms seen at that temperature'V& NOte that, L§Sn is an over lithiated cluster, i.e., the num-
Around 75 K we observe a nonzero value of the DC Compo_ber of Li atoms in the cluster are more than those required to
nent of power spectra. We also note that the power spectr_%lormgl,ete thep S,h,e” of Sn atom. It W'"_ be interesting t0.
for 400 and 800 K are similar in nature indicating that thelNvestigate the finite temperature behavior of a cluster which
cluster is in liquidlike state in this temperature range. satisfy the octet rule, i.e., like LiSn,. In these clusters

These observations are consistent with #he, which is though we expect that because aafmpletecharge transfer
shown in Fig. 5 along with the,. for Li-. For LisSn the from all Li atoms to Sn, the bonds between Li atoms will be
" rms .

value of &, rises in two distinct steps. The first step is €Xtremely weak, the ionic bond between Li-Sn will be more
around 30 K. We recall that it is at this temperature theStrond than those in the over-lithiated cluster likg3n.
diffusive motion of Li atomgin bunchegbegins and another
step is around 200 K where the bunches of Li atoms Iosév' CONCLUSIONS
their identity and diffuse around Sn. We have presented aab initio isokinetic MD simula-

It is interesting to note that, though the value &f,s  tions on L§Sn and Ly to demonstrate the dramatic effects

FIG. 12. The power spectra of dSn for six different temperatures.
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