PHYSICAL REVIEW A, VOLUME 61, 025201

Calculated polarizabilities of small Si clusters
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The polarizabilities of Si clusters with 9 to 28 atoms are calculated using a density functional cluster method.
The atomic geometries are based on those carefully optimized by energy minimization. The polarizability
shows fairly irregular variation with cluster size, but all calculated values are higher than the polarizability of
a dielectric sphere with bulk dielectric constant and equivalent volume.

PACS numbe(s): 36.40—c, 42.65.An, 33.15.Kr, 33.10.Dk

The structure and physical properties of small clusters, 3 e—1
especially that of Si, have attracted a lot of attention in the a=a- EQ, (1)
past decad¢1-12. The physical property of a cluster is
ultimately determined by its geometrical structure, and so the
geometrical arrangement of the atoms is the key to the unwhere(} is the bulk atomic volume and is the bulk static
derstanding of the physics of these systems. However, a dilielectric constant of Si. This smaller polarizability is inter-
rect experimental determination of the geometric structure opreted as the consequence of the quantum size effectaf
small cluster is very difficult, if not impossible. On the the- small ensemble of atoms should have a larger gap and hence
oretical side, it is possible in principle to determine thea smallere than the bulk. However, for even smaller clusters
ground state structure by a direct minimization of the total(9<n=50), the measured polarizabilities vary strongly and
energy of the cluster with respect to the atomic coordinatesrregularly with n. Measureda values can be bigger or
Once the ground state structure is fixed, all other physicasmaller than the bulk limit, although most of the measured
properties can in principle be calculated. In the past twdend to be smaller than the bulk limit. Vasiliev,g@, and
decades or sab initio density functional based techniques Chelikowsky[7] have calculatedr for Si, using a pseudo-
and ab initio quantum chemistry method have advanced tgpotential based finite-difference method foe 10 based on
such a level that the relative energies of structural isomerthe structures determined by energy minimization. The cal-
can be determined to a high precision. The zero-force geoneulated average are all higher than the bulk polarizability,
etry (local minimumm of an atomic cluster can be determined although the values tend to decrease towards the bulk limit
by total energy and force calculations given a certain set osn increases. Since almost all the experimental results are
initial atomic coordinates. Indeed, for very small clusters, thebeyond this range, there is no meaningful comparison that
structure can be determined theoretically. As the cluster sizean be made. Sieckt al. [8] and Jacksoret al. [9] have
increases, the number of local minima increases rapidly witltalculated o for selected cluster sizesn€3-14,20,21),
the number of atoms in the cluster, and it becomes imprachased on geometries that they optimized by calculation.
tical to exhaust all the possible local minima. Even thoughAgain, the calculated values are above the bulk limit, and
efficient optimization algorithms have been devised in ordethere are large differences between the calculated and mea-
to overcome this problem, and atomic clusters of progressured values. In this work, we calculatefrom n=9 to 28.
sively lower energies have been proposed, there is no assur- The calculations are based on local density functional for-
ance that a particular zero-force geometry found by theory isnalism as implemented in a cluster simulation package
the global ground state. Even the most efficient optimizationbmoL [13]). The Vosko-Wilk-Nusair parametrization of the
algorithm can only cover a small part of the phase space. It ifocal exchange-correlation energy is used. The all electron
thus important to compare the physical properties of thesevave functions are expanded in a local atomic orbital basis.
clusters with experimentally measured values. The agredn the double-numerical basis set, the Siaénd 3 orbitals
ment between theoretical calculations and experimental meare represented by two basis functions each, and &/ge
surements can establish the ground state geometry of smaillave function has been used to describe polarization. The
clusters. extra-fine grid mesh points are used for the matrix integra-

The purpose of this article is to calculate the polarizabil-tion. The starting geometry of the clusters witirom 12 to
ities of small Sj(9=<n=28) clusters whose structures have 28 are taken from the atomic configurations that have been
been determined previously via accurate initio total en-  optimized by a genetic algorithfii0,14. These cluster ge-
ergy techniques combined with efficient optimization algo-ometries are probably the be§te., lowest energyin the
rithm. The polarizabilities of small Si clusters have beenliterature, and there is good evidence that these structures are
measured by Scler and co-worker$6] for clusters withn at least consistent with some measured quantities such as
=4-120. Forn=60—120, the measured polarizability  ionic mobilities[10], dissociation energigd 1], and ioniza-
per atom is systematically less than the bulk limit, which hagion potentialg[12]. For smaller clustergfrom n=9 to 13,
a value ofa=3.7 A/atom. This bulk limit ofa is defined as  cluster geometries provided by Sieck and co-workers are also
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used as the starting point. Symmetry constrained geometry TABLE I. The calculated binding energi¢BE), absolute values
optimizations are performed with the Broyden-Fletcher-of the dipole momentx), average polarizabilities(¢)), effective
Goldfard-Shanno technique from these starting geometriegolarizabilities @) for Si, . For some clusters ($iSiyo, Sky), We
This assures that the calculated dipole moments and polari#clude GGA calculated values dfw) in the brackets after the
abilities would pertain to the energy minimum Structurecorrespom_:iing LDA v_alues. The starting geometries of the clusters
within the current formulation. In each case, the starting gemarked with an astrisk are from Re8], the others from Refs.
ometries are already very close to the final zero-force conl10.14.

figuration within the present formalism. Once the geometries
are optimized, the polarizability can be computed by moni-
toring the change of the dipole moment as we impose an

(a) A eff
Symmetry  BE(V)  w(D) (A%/atom) (A3/atom)

external electric field. The atomic geometries are not furthep* Cyy —37.762 0.20 4.42.349 4.46
relaxed as the perturbing field is small. 10* Cay —43.232 0.72 4.241.27) 4.65
The diagonal elements of the polarizability tensgr, 10¢ Ty —42.546 000 4.70 4.70
defined as 11* C. —46.645 073 4.18 457
11 C, —46.895 0.88 4.12 4.69
i :%, 2 11 Cs —46.500 1.39 4.04 5.47
IE; 12 Coy —-51.565  0.19 4.15 4.18
12 G —-50.934  0.77 453 4.94
whereu; andE; are the Cartesian components of the dipole3 C —55.860 122 439 531
moment a_nd the applied f|elq, respectlvely. In our galcula— 13 C, — 55628 012 450 451
tion, thls first order c'harjge is estimated by finite dlfference.13 oy _55.838 131 443 551
The dipole moment is first calculated at zero external fleld1 c _ 551381 028 417 421
An external field of strength 0.001 a.u. is then imposed in th 2 ' ' ' '
o . . . . G —60.782 1.10 3.97 4.67
positive and negative,y,z directions, respectively, and the
. g . Gy —65.581 260 4.36 8.02
change in the dipole moment is calculated and averaged t% B
. . - Dsn 65.575 0.00 4.13 4.13
give a;; . (There are a few cases in which theu| for the 16 69,305 0.00 448 448
positive and negative fields differs by more than 0.01 D. In Con ' : : '
those cases, we decrease the external field strength to 0.0088 Con —69.328 0.00  4.67 4.67
a.u) The average polarizability is then given by the invariant®’ G — 74410 080 466 4.96
trace(a) =3 (axt ay,+ a,,). 18 Gy ~79.113 416 4.86 12.63
As a benchmark test of the calculation procedures, we38 Dag —77.341 000 4.44 4.44
computed the polarizability of the CO molecule. Our calcu-18 G —78894 001 466 4.66
lated value of 1.96 Aagrees well the experimental value of 19 Gy —83.713 101 461 5.05
1.95 A3, This shows that if the geometric structure is 20 G —88.201 1.06 4.4@.42 4.91
known, the local density formalism can provide a reasonably0 Dsn —87.815 0.00 513 5.13
accurate description of the linear response of small mol21 Cv —91.612 0.60 4.83 4.97
ecules under external electric fields. 22 Gy —95.716 0.28 5.08 5.11
Our calculated results for Si clusters are summarized ir22 Cy —97.058 150 4.86 5.69
Table I, in which we list the binding energies, dipole mo- 23 Cy —100.879 0.85 4.81 5.06
ments and the average polarizabilities for Si clusters withp3 Coy —100.890 0.13 5.04 5.05
various sizes. We have checked the LDA calculdtefval- 24 (o —104.759 413 5.08 10.83
ues with the generalized gradient approximatiGGA) [15] 24 G —105.393 3.81 4095 0.86
for clusters withn=9, 10, 20, and found that the changes arep4 Co —105.299 0.84 472 4.96
very small (see Table )l In many cases, isomers that are 55 o ~110.323 4.42 5.42 11.75
competitive in energy are also considered so that we havgg o ~110.300 123 516 566
multiple entries in Table | for some values mfThe ground g Cy, ~109.868 121 513 5.60
state configuration is by definition the isomer with the lowest, C —114.341 570 5.39 15.52
energy. The polarizabilities as a function of cluster size ar c, _113.713 075 4.63 481
plotted in Fig. 1. Thé ) values corresponding to the ground Cz: 118548 050 551 558
state structures are shown as solid circles, while the ope Gy, 122877 112 557 504

circles corresponds to other isomers. The results of Vasiliev
et al. and the bulk limit are also plotted on the same graph

for comparison. From these results withsmaller than 10, positive slope. The calculated values actually deviate more
the () values start from a large value and then apparentlffrom the bulk limit as we go fronm=10 to 28. If the struc-
decreases towards the bulk limit from above. However, weure of these clusters are correct, our results show nhat
see from Fig. 1 that the polarizability actually attains a mini- =28 is still far away from the bulk limit as far as the polar-
mum whenn is between 10 and 15. For larger cluster sizesjzability is concerned.

the polarizabilities of the ground state structures display We note that the experimental values also show large
large variations with cluster size, but the general trend has @ariations with cluster size. In this aspect, theory and experi-
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FIG. 2. The calculated average polarizabilitg A3 per aton)
35 ! s s s ! plotted against the HOMO-LUMO gap for the,Silusters with 9

s=n<28.

FIG. 1. The calculated average polarizability A3 per atom ablll'gy can be quall_tatlvely correlated with the gap size. To
plotted againsh, the number of atoms in the Si cluster. Solid circles S€€ if such correlation exists for small, $iusters, we plot in
connected by the lines correspond to the ground state geometriesid. 2 the polarizability as a function of the HOMO-LUMO
while open circles correspond to other isomers. For completenesgap for all the clusters we have calculated. While it is true
we include the results of Vasiliest al.[7] (plotted as crossgsThe  that clusters with very small HOMO-LUMO gapisuch as
bulk limit is indicated by the dotted line. those with gaps less than 0.5 eWave larger polarizability
than those with large gagsay with gaps bigger 2.5 g\the
overall distribution is so scattered that the correlation is too

ment are consistent. However, all the calcul values : . .
ted weak to be useful in this smalh regime. We next see

for the ground state structures are bigger than the bulk limit

while the experimental values fluctuates about bulk value. |

regime, and some can be substantially smaller than bulk.

Since most of the clusters have a permanent dipole mo-

ment, the measured polarizability should be givén the

T

fact, most measured values are less than the bulk limit in thi

Wwhether(a) can be correlated with a simple parameter that
Sharacterizes the geometry. To this end, we define a normal-
ized momentl/I,, wherel=m3;r? is the second moment
relative to the cluster center of mass, dges ZNmé? is the
moment of inertia of a sphere having the volumeNbbulk

Si atoms each of mass. We found that the larger clusters

high temperature and low field limitas agg=(a) .
2 : : tend to have highel/l, because they are structurally more
F(UXT)u’. This means that the measured effective polar elongated. The calculatéd) versusl/I, is shown in Fig. 3

izability should be bigger than the averageFor complete- X .
ness, the effective polarizability per atom is also shown ir]for the ground state configurations and we see that clusters

Table | for room temperature. This correction will further with higher/l, have largexa). This correlation is consis-

increase the difference between theoretical and experiment§i"t With the classical picture that more elongated objects are
values. more polarizable.

The open circles in Fig. 1 show tie) values for differ- In summary, we have calculated the dipole moments and

ent isomers with energies close to the ground state. Thig1e polarizabilites for Si clusters with from_ 910 28._The
gives us an idea of the range of the variatiomofalues one geometry of the clusters have been determined previously by

may expect if the structure of the cluster changes. From the

figure, we see that thigx) values(for the samen) do have a 80
noticeable dependence on the structure, but it is important to
note that all the calculatelv) values are above the bulk £ 58 00 &
limit irrespective of the atomic arrangements. It seems that ﬁ
all the isomers with reasonable energies hawe values & >0 o° 02
higher the bulk limit in this regime. From this observation, it & go
is unlikely that the agreement between theory and experi- Q45 o
ment can be improved by considering isomeric variations. g ° o
In the literature, the polarizabilities of semiconductor F 40 °°
clusters and quantum dots are sometimes discussed in terms
of the size of the gap. Larger polarizabilities are usually cor- 35 . ‘
related with smaller gaps. From perturbation expansions, the 05 1.0 |‘/i2 20 25

polarizability involves a summation over all the occupied

and unoccupied states, and there is no reason why the gap FIG. 3. The calculated average polarizabilitg A% per atom
alone should dominate. In addition, the oscillator strengthslotted against the normalized inertigee text for the ground state
are important. It would nevertheless be nice if the polariz-Si, clusters with 3<n<28.
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advanced optimization techniques. There is a noticable dez= 28, we observe the trend th@at) attains a minimum near
viation between theoretical and experimental determined pon=10 to 15 and th€ ) values actually increase again for
larizabilities and the difference is bigger than the typical er-larger clusters.

ror bars quoted in the measurement. The difference is also . )
bigger than what we can usually attribute to the errors intro- W€ are very grateful to Dr. BiCai Pan and Dr. A. Sieck
duced in the local density approximatiofisthe geometry is for providing us with the atomic coordinates of the Si clus-
known; see, for example, the test for £an other words, ters, and many helpful correspondences. C.T.C. thanks Pro-
the theoretically determined geometry and the measured pdessor K. M. Ho for alerting him to Ref16]. This work was
larizability have yet to be reconciled in this regime. Re-partially supported by the Hong Kong Research Grant Coun-
cently, Jackson and co-workdrs6] have calculated the po- cil through Grant No. HKUST6128/98P, by the National
larizabilities of Si clusters witm from 10 to 20, and the our “Climb” Project of China, by the National Natural Science
results are consistent with theirs. In particular, all calculated-oundation of China, and by the Foundation of the Chinese
(a) are higher than the bulk limit. When we consider up toAcademy of Science.
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