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Structure and stability of Al-doped small Na clusters: NaAl (n=1,10
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We have investigated the ground-state geometries of aluminum-doped sodium clusgéds(mNal,10)
using amab initio molecular-dynamics method. It is seen that a single Al impurity atom affects significantly the
geometries of small Na(n=<6) clusters, whereas the effect is less pronounced for large clusters. Our results
show an early appearance of nonplanar ground-state geometries and it is observedritei the Al atom
gets trapped inside the Na cage. The stability of these clusters has been examined from the systematic analysis
of energetics. This indicates Ba and NagAl having 8 and 10 valence electrons to be the stable clusters.
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PACS numbes): 36.40.Qv, 36.40.Mr, 61.46.w, 31.15.Ar

I. INTRODUCTION ters, which have a trivalent impurity in a monovalent host.
We compare and contrast these results with thafpLi,Al
The ground-state geometries, energetics, stability, anbLO] clusters where the same trivalent impurity is added in a
such other properties of clusters is currently the subject oflifferent monovalent host Li an@) Na,Mg [9] where a
intensive experimental and theoretical investigat[dy2].  divalent impurity Mg is added in the same monovalent host
The interest in the physics and chemistry of clusters arise§@. In the earlier calculations it had been reported that for
due to a number of reasons such as the availability of freémall Li,Al clusters, the impurity atom prefers to get
cluster sources, their distinct shapes, and characteristic eleff@Pped inside the cage formed by Li atoms whereas for
tronic properties, which are different from bulk and the pos-Na&M although the Mg atom gets trapped inside the cage
sibility of using them as building blocks for novel nanostruc- formed by Na atoms, it is not at the center of the cluster.
tured materials, etc. The field of clusters has witnessed OUr calculations are based on the CPMD technique,
considerable growth in both experimental and theoretical un?/hich has emerged as one of the most powerful toolsbor
derstanding. A number of theoretical investigations using thditio investigations of clusters. However, the conventional
powerful technique of density functional theory along with CPMD technique using Kohn-Sham orbitals can be compu-
Car-Parrinello molecular dynami¢8] (CPMD) have been tationally very expensive espe_mally for Igrge systems. Re-
carried out. Such investigations have yielded valuable inforS€ntly, we developed and applied a density-based molecular
mation about their structural, electronic, magnetic and omi_dynamms(pBMD) method that uses approximate klne.tlc en-
cal properties. ergy functionals based on charge density only. Our investi-
By and large homoatomic clusters of 4, Mg [5], Al gations show that the DBMD method yields the correct

[6], P[7], Se[8], etc. of sizes ranging from 3 to 20 have beendround state geometriggxcept for Jahn-Teller distortipn

investigated for their ground-state and low-lying geometries@nd Pond lengths to within 10% of CPMD. This has been

structural stability, bonding characteristics, and in somevfa”f"ad for many clustersiz. small d|mer§ and trimerigl 1],
cases vibrational properties. A way to get insight into thetinAl (n=1,8)[11], Na, (n=1,8)[17], Li, (n=1,8)[17],
physics of clusters is to dope them with an impurity. A few @"d Ak (n=1,8) [17]. Thus a combination of DBMD and
investigations of an impurity in metal-atom clusters using ancPMD offers an attractive strategy for obtaining the ground-

ab initio molecular-dynamics method have been reported ostate geometries of clusters with much less computational
Na,Mg [9], Li Al [10,11 (where a monovalent host is effort. In the present work we have followed the same strat-
H n H

doped with a divalent and a trivalent impurity, respectiyely €gy. i ) .

Also the clusters with trivalent host Al and monovalent im- 1 huS we first obtain the ground-state geometries gfflla
purities such as Li and Na have been studi#®,13. The (n=1,10) qlusters by employing the full simulated annealing
results are also available on heteroatomic clusters such &&ategy with DBMD and then these structures are further
alkali-metal-atom—antimony A, Sh,) clusters[14], Na,F, guenched with CPMD using nonlocal pseudopotentials. Thus
[15], NaK,, [16], etc. These early investigations have re-the final results presented here are obtained with CPMD. In
vealed tha{1) the addition of the impurity atom changes the tis work CPMD will always mean a Kohn-Sham-orbital-
geometries of small pure cluster@) there is an early ap- Paséd method and DBMD will mean an approximate
pearance of nonplanar structuré3) in some cases the im- density-based met.hod. . . .

purity prefers to get trapped inside the cage formed by the In the next section we briefly describe the salient features

host atoms. of DBMD and CPMD along with the relevant numerical de-
In the present work, we study the Md (n=1,10) clus- tails.
Il. METHOD AND NUMERICAL DETAILS
*Electronic address: ajd@physics.unipune.ernet.in Our approach is slightly different in the sense that the
TElectronic address: vaishali,kanhere@unipune.ernet.in DBMD method is used first to scan the configuration space
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extensively and the geometry thus obtained is used as inpu - R
for CPMD. The CPMD method used has been well docu- A) :
mented and our implementation is the standard one. Hence ¢ o—=0 \/

brief account of only DBMD is given here.
The total energy of a system consistinghdf atoms and
N, interacting electrons, under the influence of an external

field due to the nuclear charges at coordind®scan be - /\ (—
written as a functional of the total electronic charge density — /\/\
p(r) as \/ {:"_~:7“—<','

Elp{R}1=Tlp]+Exdp1+Edlp] @

+ Eexl[Pv{Rn}] +E;jj ({Rn}),

NajAl Na, NagAl Nag

)

where E,. is the exchange correlation enerdy, is the
electron-electron Coulomb interaction enerdy,,; is the
electron-ion interaction energy affg is the ion-ion interac- M (i i

tion energy. The first term representing the kinetic energy (a) NagAl Nag
functional T[ p] is approximated as
Tlp]=F(Ne) Tt p]1+Tulp], ()

where T¢ is the Thomas-Fermi termr, is the gradient
correction given by Weizsacker, and the fadtqiN,) is

Al A

2
F(Ne)z 1_N_e 1_N_(]_::/3+N_2/3 (4)

with optimized parameter valueA;=1.314 and A,
=0.0021. This kinetic energy functional is known to de-
scribe the response properties of the electron gas well anQp) NagAl
has yielded very good polarizabilities for various atomic sys-
tems. It also provides an excellent representation of the ki- FIG. 1. (a) The ground-state geometries of M clusters along
netic energy of atoms. The total electronic energy for a fixedvith Na, (n=2,6) clusters(The dark circle represents an Al atom
geometry of atoms is minimized using the conjugate gradienand the white circle a Na atojnb) The ground-state geometries of
techniqud 18] and the geometry minimization has been per- Na, Al clusters along with Na(n=7,10) clusters(The dark circle
formed using Car-Parrinello simulated annealing strategytepresents an Al atom and the white circle a Na atom.
All the DBMD calculations were performed using only a
local part of Bachelet, Hamann, and Sdbklupseudopoten- nealing study using the CPMD method for jand NgAl
tials[19] and the exchange correlation potential of Ceperley-and verified that the ground-state geometries obtained by
Alder as interpolated by Perdew and Zun{&0]. A periodi-  both method§DBMD and CPMD are identical.
cally repeated unit cell of length 30 a.u. with a>684x54
mesh and time stefpt~20 a.u. was used. We have chosen to IIl. RESULTS
use the plane-wave expansion on the entire Fourier-
transform mesh without any truncation yielding the energy The ground-state equilibrium geometries for Nk (n
cutoff of 95 Ry. =2,10) clusters are shown in Figs(al and 1b) where a
During the dynamical simulated annealing, the clusterglark sphere represents the Al impurity. For proper compari-
were heated to 600 K and then cooled very slowly to get theson we have also shown the ground-state geometries gf Na
ground-state and low-lying energy configurations. In somegn=2,10) clusterg4]. First, we discuss the general features
cases the geometries of the clusters have been confirmed bpserved in these clusters and compare the results with ho-
starting with different initial configurations and then per- moatomic Ng clusters wherever appropriate. We will also
forming a simulated annealing for a few thousand time stepszompare and contrast them with the reported CPMD results
The geometry thus obtained was taken to be the startinfpr Li Al (n=1,8) [10] and NaMg (n=6,9 and 18 [9]
geometry for CPMD and quenched further to get the finallusters.
ground-state geometry. Figures 1a) and Xb) clearly show that for small Na
In case of CPMD the full nonlocal pseudopotential of (n<6) clusters the ground-state geometries change signifi-
Bachelet, Hamann, and Schéu up top nonlocality has been cantly on addition of an Al impurity while for larger clusters
used with energy cutoff of 12 Ry. Apart from changes inthe effect of impurity is less pronounced. It is seen that for
bond length, symmetries obtainddxcept for Jahn-Teller homoatomic Na clusters the ground-state geometries are
distorted systemsare the same as that obtained by DBMD. nonplanar forn>5 onwards whereas on addition of an Al
In addition we have also performed the full simulated an-impurity, an early appearance of nonplanar ground-state ge-

Nag NaqAl Naq
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FIG. 2. (a) The binding energyeV) per atom for the Nl (n=1,10) clusters shown as a function of the total number of atoms.
(Arrows indicate the stable clustergb) The dissociation energigV) for the NgAl (n=1,10) clusters as a function of the total number of
atoms. The dotted curve represents dissociation with respect to a single Na atom and the continuous curve shows dissociation with respect
to the Na dimer(Arrows indicate the stable clustersc) The second difference in ener¢gV) for the NaAl (n=1,10) clusters shown as
a function of the total number of atom@\rrows indicate the stable clustergd) The HOMO-LUMO gap(eV) for the NaAl (n=1,10)
clusters shown as a function of the total number of atasows indicate the stable clusters.

ometries =3 onward$ is observed. According to the trapping is also influenced by the strength of relative bonds
spherical jellium model, the nonplanar structure is expectedhvolved. It is seen that the Na-Mg bor{6.23 eV) [22] is
when thep, orbital gets occupied. Note here that both clus-weaker than the Na-Al bon@.82 e\j [22] due to the close
ters Ng and NaAl for which a planar to nonplanar transi- shell configuration of Mg, which makes it weakly interact-
tion occurs are 6-electron systems. In the case of [Mbthe  ing.
highest occupied level is triply degenerate while for;Ala In the ground-state NaAl cluster h&s., symmetry with
this level splits into singlet having, character which is bond length between Na-Al as 5.55 a.u. As expected MNa
completely filled and two degenerate states hayipgndp,  goes into an isosceles triangle, however, the presence of an
characters. This level structure makes sPMlanonplanar. Al atom makes the NgAl cluster tetrahedral. NgAl is the
Thus early appearance of nonplanar structures is related fost cluster whose geometry differs significantly from a pure
the p, orbital of an Al 3p electron(hybridized with a Na3  Na, cluster. Na forms a rhombus(planar geometiy
electron getting occupied in tetrahedral coordination. whereas NgAl is a pyramid (nonplanar geometjy Again
Another feature to be noticed is that for-5 the Al atom  note the difference between Nand NaAl clusters. Nais
gets trapped inside the Na cage and is almost at the center pfanar withC,, symmetry and NgAl is formed by capping
mass of the cluster. This behavior is similar to that observedhe pyramid of Na atoms by Al on the other side of ,Na
in Li, Al [10,1] clusters. However, in the case of Nég plane. Trapping of an Al impurity atom at the center of clus-
[9] it has been observed that the Mg atom does not geter is first seen for NgAl. The Ng; cluster is the first non-
trapped forn<9 [9,21]. The trapping of an impurity atom planar cluster in the case of pure Na clusters where five Na
can be understood on the basis of ionic radii of constituenatoms form a pentagon and the remaining Na atom caps this
atoms and the strength of the bond between them. The ionijentagon. Addition of an Al atom to this cluster changes this
radius of Na(1.57 A) is largest among M@1.36 A), Al (1.25  structure significantly into an octahedron but this octahedral
A), and Li(1.25 A). From the radii values it is also clear that geometry in the case of Néas been demonstrated to be
Al is more easily trapped than Mg inside the Na cage. Thaunstable. The ground-state geometry ofgAlsshown in Fig.
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FIG. 3. Eigenvalue spectrum for Na, Al, and M4 (n
=1,10). (Energies are in eY.Unoccupied states are shown with
dotted lines. For the highest occupied state and the lower occupied
degenerate states the number on the right of a state denotes degen-
eracy while the number on the left denotes total occupancy. All
other occupied states have occupancy 2.

1(a)(i) is similar to LigAl. However, this geometry is differ-
ent from that of NgMg. We have also obtained the two
low-lying almost degenerate structures of gashown in
Figs. 1(a)(ii) and Xa)(iii) with an energy difference of 0.1 eV
compared to the ground state. One of these viz., the pentago-
nal bipyramidal structure shown in Fig(dl(ii)) happens to
be the ground-state energy structure ofMg. In Na;Al, the
Al atom prefers to occupy the central position in a pentago-
nal bipyramid, which is the ground-state geometry of;Na
In this case Al can be considered as an interstitial impurity in
Na;. The ground state of Nds the dodecahedron. But in the
case of NgAl, Al gets trapped in the archimedian antiprism,
which is one of the low-lying energy structures of gN&hus
it seems that the Al impurity stabilizes one of the low-lying
energy structures of NaThe NaAl cluster is very differ- (c)
ent from Ng and is seen to be obtained by capping the ) _ _
NagAl structure. NagAl can also be considered as a case of EIG. 4. (a) Isodensity surface correspondlng to the highest oc-
interstitial impurity since the Al atom gets trapped at theCUPied state for the Nal cluster. (b) Isodensity surface corre-
center of ground-state structure of {Nawhich is the bi- Spond'ng o the highest OCcup'ed state for the,/NlacIust_er. ©
L - . . _|sodensity surface corresponding to the lowest unoccupied state for

capped antiprism. Finally, we remark that, Li and Na bein he NaAl cluster
isoelectronic, NgAl and Li,Al (n=1,10) clusters have '
similar ground-state geometries except for=7, which  systems, respectively. It can be noted that with the Na-Al
arises due to the different geometries of ;Nad Li;. bond being stronger than the Na-Na bond the addition of the

The stability of the NgAl (n=1,10) clusters is Alimpurity is favored over the addition of a Na atom. This is
discussed on the basis of their energetics. We define th&lso confirmed from the comparison of binding energies of
binding energies per atomEgy[Na,Al]=(—E[Na,Al] clusters having the same number of total atoms, e.g.,
+nE[Na]+E[Al])/(n+1) and the second difference in NaAl (0.82 eV)— Na, (0.71 eV}, NaAl (1.56 eV)— Na,
energy as AZE[Na,Al]=—2E[Na,Al]+E[Na,,,Al] (1.147 eV, and NaAl (1.556 e)— Nag (1.216 eV.
+E[Na,_;Al]. The dissociation energy with respect to In Fig. 2(b) the dissociation energyn eV) has been plot-
single Na dissociation is given b&E[Na,Al]=E[Na,Al] ted against the total number of atoms in the cluster. The
—(E[Na,_;Al]+E[Na]) and with respect to Na dimer dissociation energy has been calculated with respect to two
dissociation by AE[Na,Al]=E[Na,Al]—(E[Na,_,Al] dissociation channels viz., dissociation of a single Na atom
+E[N&]). (shown by a dotted line in the figurand dissociation of a

In Fig. 2(a) the binding energy per atofin eV) is plotted Na dimer from the clustefshown by a continuous line
against the total number of atoms in the system. The bindinflote the absence of a clear odd-even pattern as was also seen
energy shows a monotonic increase with two slight peaks foin case of LjAl [10] clusters. A single Na atom dissociation
NasAl and NgAl, which are 8 and 10 valence electron channel shows the minima for jal and Na&Al. The com-
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TABLE I. The total number of electrons in the systel], the symmetry, the minimum bond lengtfis
a.u) obtained using CPMD as well as DBMD between Na-Al and Na-Na along with eccentricity parameter
(obtained using CPMPfor Na,Al (n=1,10) clusters.

System Ne Symmetry Bond lengtlta.u) 7
CPMD DBMD
Na-Al Na-Na Na-Al Na-Na
NaAl 4 C.p 5.55 4.85 1.0000
Na,Al 5 C,, 2x5.57 5.87 %4.81 6.51 0.2830
NagAl 2 6 Cs, 2x5.44 6.00 X4.84 6.31
5.46
Na,Al @ 7 (OF% 2X5.41 5.77 4<4.89 6.20 0.3430
2X5.22
NasAl 8 Ca 4X5.13 5.97 4<4.88 6.11 0.1445
5.54 4.97
NagAl 9 On 6X5.00 7.02 6 4.84 6.80 0.0324
Na,Al 10 Dsp 2x5.02 6.12 % 4.85 5.87 0.0480
5X5.22 5%X5.00
NagAl 11 D.g 8x5.29 6.14 8<5.05 6.05 0.0815
NagAl 2 12 Cs, 6x5.35 6.18 6<5.12 5.86 0.0120
2X5.49 3x5.23
5.52
NayoAl 2 13 D g 8%5.43 5.99 85.23 5.64 0.1010
6.05, 6.10 X5.45

aJahn-Teller distorted systen{&or these systems symmetries of corresponding undistorted symmetric struc-
tures are given.

parison of the dissociation energies corresponding to these LisAl [10]. Therefore we believe that the stability of this
two channels clearly shows that Md and NaAl prefer  cluster is influenced by the localized atomic levels and thus
dissociation of Na since this dissociation leads tosAl@nd  thijs 8-electron system is stable mainly because of closing of
Na;Al clusters, respectively, which are more stable. But ina| 3p manifold. Further noting the eigenspectrum beyond
fche case of N@AI, rather than Nq disspci'ation which results NagAl, which is similar to Li,Al [10] system, it may be

in the formation of NgAl, the dissociation of Nais fa-  yossiple to describe the stability of clusters for5 using
vored since it produces one Qf the stab_le clusters V'Z7ANa the description of a spherical jellium model. In this model it

In Fig. 2.(0) the second difference in e_nergm ev) is is assumed that the clusters are spherical and the ionic charge

plotted against the total number of atoms in the CIL.’St(.ar' Th?s distributed homogeneously. The calculated electronic shell
figure shows peaks at Nal and NgAl clusters confirming structure orders assd, 1p®, 1d%°, 22, 2p6, 1f etc. So

their stability. In Fig. 2d) the difference in the highest oc- hen the number of valence electrons in the cluster is just
cupied and the lowest unoccupied molecular orbital energie@’ . J
enough to complete one of the electronic shells, the corre-

(HOMO-LUMO gap in eV} are plotted against the total num- . o o
ber of atoms in the system. Note that the gap is highest fo§pon_d|ng cluster exhibits enhance(_j s_tablllty. In the case of
NasAl (8e~ system indicating it to be the most stable and alkal_|-metal (_:Iusf[eri24] the first-principle calcul_anon_ has
for Na,Al although the gap is reduced it is still significant conﬂrm_ed this plc_ture. However,_for systems with tnvalent_
and is of the order of 0.74 eV. The figure also shows satoms like Al this is not necessarily so. In the present case it
sudden jump at Nl due to the transition from planar to appears that thedland 2 levels are reversed ghas lower
nonplanar structure. energy than dl). This feature is also confirmed from the

Now we will discuss the stability of 8 and 10 electron €igenspectruntsee Fig. 3 and the isodensity surface corre-
systems on the basis of the energy level diagram shown iaponding to the highest occupied level shown in Fip) 4
Fig. 3 and spherical jellium modg23]. In the Fig. 3 we have (where hollow spheres represent the atpasd the lowest
shown the energy levels for all the clusters studied alonginoccupied level shown in Fig.(@ (where hollow spheres
with Na and Al atoms. It is clear from the figure that the represent the atom$or a N&Al cluster. The charge density
lowest eigenvalug(originating from Al 3s level) is well  in Fig. 4b) shows a dominant s character while Figc)4
separated from higher-lying ones. Figure 3 clearly shows thehows a dominand(x?—y?) character. It is also seen that
electronic cluster shell filling for 8 electrons with a sizable there is no significant degree o6Ad mixing. This may be
HOMO-LUMO gap. Further the isodensity surface corre-contrasted with a l7Al [10] cluster, which is not stable due
sponding to the highest occupied leyske Fig. 4a) where  to the significant hybridization betweanandd states. Thus
hollow spheres represent the atdnfsr NasAl shows a the closing of a 8 shell makes the N&l (10e™) cluster
marked localized character. These characteristics are similatable.
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Different parameters viz. total number of electron&),  and NaMg clusters wherever possible. Our results show an
symmetry, distances between Al and Na atoms, shortest digarly appearance of three-dimensional structures and the
tance between Na-Néfor CPMD as well as DBMD, and  trapping of Al impurity inside the cage of Na atoms for
eccentricity are summarized in Table I. The eccentricity pa=6 similar to the trend observed in case of,Al clusters
rameter» is defined asp=1—1y/lay, Wherely, is the  but different from NaMg clusters. In some cases the Al
minimum value of the moment of inertia amg|, is the aver-  atom acts as an interstitial impurity and in some cases it
age value of the moment of inertia. 4f is small, it indicates  stabilizes one of the corresponding low-lying geometries.
the cluster to be spherically symmetric. In generalde-  The stability analysis predicts Nal and NaAl to be the
creases as the number of atoms in the cluster increase, d&able clusters. The HOMO-LUMO gap and dissociation
scribing the isotropic distribution of atoms around the centerchannels corresponding to dissociation of Na and, tia-

It is gratifying to note that DBMD bond lengths are within sociation confirm the stability of these clusters.
10% of CPMD. The comparison of Na-Al bond lengths ob-

tained using CPMD and DBMD clearly shows Jahn-Teller
distortion for NaAl, Na,Al, NagAl, and NadAl clusters. ACKNOWLEDGMENTS
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