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Ab initio many-body calculations of static dipole polarizabilities of linear carbon chains
and chainlike boron clusters

Ayjamal Abdurahman
Technische UniversitaDresden, Institut fuPhysikalische Chemie and Electrochemie, D-1062 Dresden, Germany

Alok Shukla
Physics Department, Indian Institute of Technology, Bombay, Powai, Mumbai 400 076, India

Gotthard Seifert
Technische UniversiteDresden, Institut fuPhysikalische Chemie and Electrochemie, D-1062 Dresden, Germany
(Received 5 April 2002; published 25 October 2p02

In this paper we report a theoretical study of the static dipole polarizability of two one-dimensional struc-
tures: (a) linear carbon chains (C(n=2-10) and(b) ladderlike planar boron chains,BEn=4—14). The
polarizabilities of these chains are calculated both at the Hartree-Fock and the correlated levels by applying
accurateab initio quantum-chemical methods. Methods such as restricted Hartree Fock, multiconfiguration
self-consistent field, multireference configuration interaction|ldld’lesset second-order perturbation theory,
and coupled-cluster singles, doubles, and triples levels of theory were employed. Results obtainad from
initio wave-function-based methods are compared with the ones obtained from the density-functional theory.
For the clusters studied, directionally averaged polarizability per atom for both the systems is seen to increase
with the chain size.
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[. INTRODUCTION array of methods of different accuracy and computational
cost. Moreover, the prediction of reliable values of dipole
The role that atomic and molecular clusters will play in polarizabilities and hyperpolarizabilities by rigorous
future nanotechnologies is indisputabfeThe experimental quantum-chemical methods has made significant contribu-
progress in this field has been breathtaking, and novel applitons, and added new vigor, to the search for optical
cations have been found in areas such as molecular transpenaterials>* Thus, in order to obtain reliable estimates for
and optoelectronick.® However, theoretical research in this dipole polarizabilities, and also to cross check the DFT-based
area can also play a very important role in that, by undertakresults, it is worthwhile to investigate the electron-
ing calculations on clusters of different types, it can help thecorrelation effects in a systematic way by using quantum-
experimentalists in identifying different structures for inves-chemical many-body techniques. In this work, we present
tigation. Ab initio calculations on structural and electronic fully size-consistenab initio calculations to the static dipole
properties of atomic clusters are frequently performed, angbolarizability of linear carbon clusters,Gn=2-10) and
the results are put to test in the experiménBne such prop- chainlike boron clusters B (n=2-7), of increasing size.
erty of clusters is their electric-dipole polarizability whose The reason behind our focus on one-dimensional structures
experimental and theoretical determination is an area of inis that quantum confinement due to reduced dimensions,
tense researchThe measurements of dipole polarizability combined with the possible delocalization of the electrons
are frequently used by experimentalists to characterize thalong the backbone, can lead to enhanced linear and nonlin-
nature of atomic and molecular spectds.describes the re- ear susceptibilities of these structures, as compared to their
sponse of the electron cloud of the given molecular system tthree-dimensional counterparts. In the present study, the
the presence of a dc electric field, and thus is easily amenabkdectron-correlation effects have been taken into account by
to experiment. Since the static polarizabilities are the zerovarious size-consistent methods: multireference configura-
frequency limits of the corresponding dynamic quantitiestion interaction, second-order Mer-Plesset perturbation
they also provide information about the response of the sysheory, coupled-cluster singles and doubl&CSD), and
tem to off-resonant ac fields. Most of the theoretical calcula-coupled-cluster singles and doubles with the perturbative
tions of both the structural and electronic properties such ageatment of the triple§CCSOT)]. All earlier calculations
static polarizabilities of atomic clusters are performed withinon these systems, with the exception qf Brere performed
the framework of density-functional theofpFT). Despite  within the framework of DFT, with which we compare our
the fact that DFT has enjoyed indisputable success in solideesults. Next, we briefly review the state of the art of re-
state physics and quantum chemistry as a computationallyearch on these two types of clusters.
cheap routine tool for large-scale investigations, the draw- Carbon clusters have been the subject of research for de-
back is that results depend highly on the chosen functionatades as possible key materials for future nanotechnolégies.
and cannot be improved in a systematic way. Wave+or the smaller systems, up to and including those containing
function—basedab initio quantum-chemical techniques on nine atoms, linear neutral, positively and negatively charged
the other hand are free from this flaw, and provide a largelusters are generated and detected in experimefitse
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structures and energetics of linear carbon clusters are welies of rhombic B using various quantum-chemical
studied by employing coupled-cluster approachésRe-  method<® and several other boron clusters, Bn=3
cently, we studied the ground state of an infinite carbon chain- 8,10) within the framework of DFT, employing a variety
at theab initio level using various many-body approachesof exchange-correlation functionafs.However, unlike the
including CCSIT).? Lou and Nordlonder have investigated quasi-one-dimensional geometries considered by us, Reis
the influence of an electric field on the energetic stability ofet al3® performed these calculations on the ground-state ge-
linear carbon chain¥. Recently FuentealBhhas calculated ometries of boron clusters optimized earlier by Bousfani.
the static dipole polarizabilities of carbon chains using den\We compare our many-body static polarizabilities of various
sity functionals of the hybrid type in combination with the boron clusters to those reported by Reisal?**°in order to
finite-field method. He showed that dipole polarizabilities areunderstand the influence of the cluster structures on their
an important quantity for the identification of clusters with static polarizabilities.
different numbers of atoms and even for the separation of The remainder of the paper is organized as follows. In
isomers. Here we compare our many-body-methods-basegec. Il, the applied methods and computational details are
polarizabilities with those computed by Fuentedtbasing briefly described. The results are then presented and dis-
the DFT approaches. cussed in Sec. Ill. Finally, our conclusions are presented in
Boron is a trivalent element with the valence shell con-Sec. IV.
figuration s?p*. Although compared to carbon, the valence
shell of boron is electron deficient, and it still exhibig? Il. METHODS AND COMPUTATIONAL DETAILS
hybridization with strong directional chemical boridsln
composite materials, for small content, boron tends to form a For the closed-shell clusters, first the polarizabilities are
linear chain, while as its content increases it can form struccalculated using the restricted Hartree-FgBtF) method,
tures ranging from two to three dimensiofaAs far as iso- and thereafter the electron-correlation effects are included
lated clusters containing boron are concerned, experimenda the Mdler-Plesset second-order perturbation theory
tally, they have been studied by Anderson and co-workers, (MP2), and the coupled-cluster techniques. For the open-
and by La Placat al'* In addition, Chopraet al’® and Lee  shell clusters, the calculations are initiated by the multirefer-
etal’® have experimentally synthesized boron-nitrogenence self-consistent-fieldMRSCH method, while the
nanotubes and cagelike boron-nitrogen structures. Sever@lectron-correlation effects are taken into account by the
authors have also reported theoretical calculations on the bénultireference configuration-interactidgMRCI) method. In
ron clusters’—*° Boustaniet al?* have shown theoretically order to calculate static dipole polarizability first we per-
that, similar to carbon, boron has a strong potential to fornformed calculations without an external electric field, and
stable nanotubular structures. Boustani recently studied smaften we added an external electric field of strength 0.001 a.u.
cationic? and neutral bordft clusters and obtained struc- along thex, y, andz axes separately. Stability of the results
tures that are fundamentally different from crystal subunitswith respect to the value of the field was carefully examined
of the well-knowna— and 83— rhombohedral phases of bo- by performing some calculations for various other values of
ron, which consist mainly of B icosahedra. Boustani and the field strength. However, when we perform high-level cor-
Quandt classified the boron clusters into four topologicalelated calculations, the expectation value of the dipole mo-
groups: convex and spheriddl, quasiplanaf® and Mment is not directly available. Therefore, to calculate the
nanotubulaf® The quasiplanar and convex structures can bétatic dipole polarizabilities, we have adopted a finite-
considered as fragments of planar surfaces, and as segmeflifference formula in which the diagonal polarizability ten-
of hollow spheres, respectively. The main focus of their theSor elements are obtained through the second derivative of
oretical work has been to ascertain the structures of largehe total energy with respect to the external electric field. The
boron clusters in terms of a small number of building field-dependent total energy is used in the following finite-
blocks?’?® However, recently Sabra and Boustdrstudied difference formula:
the ground-state energetics of ladderlike quasi-one-

dimensional clusters of boron by quantum-chemical meth- aZE(sj) . E(g))+E(—&j)—2E(0)
ods. They concluded that such structures are not the lowest%jj~ — Je2 =—lim 2

in energy. However, because of the proximity of the struc- & g0 &m0 €

tures’ energy to that of the true ground-state geometries, they

can be regarded as metastable st&td$us, with some ex- = lim zw

perimental manipulation, it may be possible to realize such 8j—0 €] ’

structures in laboratory. Keeping this possibility in mind, we

decided to compute the static polarizabilities of ladderlikewhereE(e;) is total energy with respect to fiele=0.001
quasi-one-dimensional structures of boromalnyinitio many-  a.u. andg(0) is total energy without field. This equation
body methods. In addition to the quantum-chemical calculaholds only for centrosymmetric systems.

tions, we also perform the DFT-based calculations of static For the linear carbon chain, assuming thexis is the
dipole polarizabilities of these clusters using the same basishain direction, we calculated the parallel,f) and perpen-
set, so as to understand the influence of electron-correlatiogicular («,,) components of the static dipole polarizability.
effects on the polarizabilities of these systems. RecentlyDur calculations are performed using the geometry reported
Reis and co-workers computed the static dipole polarizabilby Watts and Bartleft. Since the ground state of an even
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number of carbon atoms is a triplet and an odd number of TABLE I. Linear carbon clusters: Static dipole polarizabilities
carbon atoms is a singlet we calculated the static dipole po-  (in a.u) calculated with the Sadlej basis s&ef. 32.
larizabilities of an even number of carbon atoms, i.e, C

Cs, Cs, and G, for its ground state by the MRSCF and the Atoms Methods Q= Ayy Az Ay
MRCI methods, whereas for an odd number of carbon atom MRSCE 28.00 25 22 2707
ie., G, Cs, C;, and G, we calculated them by using the MRCI 2457 o5 24 24.79
RHF, MP2, CCSD, and _the CCS$D methods. All calcula— DET/B3LYP: 100.00 33.90 78.00
tions were performed with theoLPRO molecular-orbitalab c RHE 24.72 5116 33.53
initio program packagé by employing Sadlej basis séts VP2 had6 o158 3302
which were especially constructed for the calculation of di- ' ' :
pole polarizabiﬁﬂes_ ccsoT) 24.82 52.66 34.10
For the chainlike boron clusters we assumed that the bo- DFT/B3LYP? 25.30 50.50 33.70
ron atoms were lying in th&y plane, with the chain direc- Ca MRSCF 29.86 91.88 50.54
tion along thex axis. We first optimized the geometry of each MRCI 29.71 92.38 50.60
cluster, i.e., B, Bg, Bg, By, By, and By, for its ground DFT/B3LYP* 32.10 93.70 52.60
state at the B3LYP/6 31+ G(d) level of approximation by ~ Cs RHF 35.42 145.74 7219
using thecaussiaNgs program® The ground state is singlet MP2 35.38 149.74  73.50
for B,, Byg, By, and B, and triplet for B and B;. Then we ccsoT) 35.50 149.88 73.63
calculated the paralleld,), transverse ¢,,), and perpen- DFT/B3LYP* 36.20 142.90 71.70
dicular (a,,) components of the static dipole polarizabilities Co MRSCF 40.81 219.88 100.50
with standard polarized valence double-z&t®Z) basis sets MRCI 40.45 220.40 100.44
at the Hartree-Fock and correlated levels, e.g., MRCI, MP2, DFT/B3LYP? 42.80 214.70 100.00
CCSD, and CCSO) by employing themoLPRO molecular-  C, RHF 46.54 303.50 132.19
orbital ab initio program packag&: Although the basis set MP2 46.22 314.80 135.75
we used in chainlike boron clusters is a rather small basis set, ccsoT) 46.74 312.30 135.26
a larger set would have been computationally too expensive DFET/B3LYP? 47.00 285.80 127.00
when we prolong the chain. It has been shown further in Refg, MRSCF 51.82 464.78 189.47
30 that using the larger triple-zeta basis set aug-cc-pVTZ MRCI 51.34 462.11 188.26
does not have a large effect on the calculated polarizabilities DFET/B3LYP? 5260 403.00 169.00
for '_[he cluster B. There_fo_re, for these clusters the chosenC9 RHE 57.58 537.12 217.43
basis set should be sufficient. MP2 57 20 55504 293 15
CCsOT) 57.64 551.54 222.27
Cio MRSCF 62.85 777.51 301.07
Ill. RESULTS AND DISCUSSIONS MRCI 62.29 776.39 300.32

A. Linear carbon clusters
&Taken from Ref. 11.

The calculated Cartesian components of static dipole po-
larizabilities and average polarizabilitiese,,=(a,, tity, therefore, for very large numbers of atoms in the chain
+ 2ay,)/3 for linear carbon clusters are presented in Table I(N— ), «,,/N should approach its bulk value. However,
Figure 1 presents our calculated polarizabilities per atomfrom our results it is obvious that foX=10, «,, /N is still
plotted as a function of the number of atoms in the chairincreasing as a function dfl, exclusively because of the
(N). Additionally, for the sake of comparison, in the sameincrease in the parallel componeat,/N. One can under-
figure we have also plotted the DFT-based results ottand the increase iay,/N as a function ofN on intuitive
Fuentealbd? It is not possible for us to compare our results grounds based upon the behaviormtlectronsar electrons
to experiment because of the absence of any polarizabilityof which the carbon chain has two per atpeompared tar
data on the carbon chains. From Fig. 1 it is obvious that thelectrons, are highly delocalized along the chain direction.
parallel component of the static dipole polarizability per Therefore, it will take much larger cluster sizes before their
atom, a,,/N, increases roughly linearly from,Cto C,5,  response to an external field approaches that for the bulk.
whereas perpendicular componentg, /N and ay,/N are The other somewhat surprising aspect of our results for
essentially constant as a function Nf As far as the com- the carbon chains is the generally excellent agreement ob-
parison of our results with the DFT results of FuenteHlim  tained between the DFT values and the many-body values of
concerned, the agreement is generally very good on all conthe static polarizabilities. This means that for the static po-
ponents of polarizabilities except for the caseNosf2. For  larizabilities of carbon chains, DFT is able to describe the
N=2, however, Fuentealbareports an anomalously large electron-correlation effects quite well. It is also rather inter-
value ofa,, (and hencex,,/N), making it disagree with his esting to note that the MP2 method provides a theoretical
values ofa,,/N computed for higher values &f. From Fig.  description of these clusters quite close to that obtained with
1itis also clear that the directionally averaged polarizabilitythe CCSOT) method. A similar effect was observed by
per atome,, /N also shows an overall increase as a functionMaroulis* in the polarizability calculations of a system com-
of the chain length. Since polarizability is an extensive quanposed of two water molecules.
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FIG. 1. The static dipole polarizability per atom of linear carbon clusters. The lines have been plotted to guide the eyes.

B. Chain-like boron clusters and correlated levels, as well as at the DFT level, are pre-

Earlier Sabra and Boust&fihad shown that strictly one- se_nted in Table Il. The polarize_lbilities per atom based upon
dimensional chains of boron are unstable. They demonstratdfis data are plotted as a function of the number of atoms in
that boron prefers to form a Zigzag ladderlike quasi_onelhe CIUSter in F|g 2. An inSpeCtion Of the table and the ﬁgure
dimensional structur® Therefore, in the present work we reveals the following trendsi) The longitudinal static dipole
have concentrated on the identical structures of borgn B polarizability per atomu,, /N increases almost linearly with
(n=2-7), which, as shown in Fig. 1, can be obtained byN, and the component,,/N shows a gradual decrease,
adding boron dimers to B which has a parallelogram struc- while «,,/N exhibits saturation(ii) For the triplet ground-
ture. First we optimized the ground-state geometry of each oftate clusters Band B;, the polarizabilities computed by the
these clusters by employing the B3LYP/81+ G(d) MRSCF and the MRCI methods are in almost complete
method, and these optimized geometries are given in Fig. lagreement indicating that the MRSCF method has already
From optimization we found that the system is completelycaptured the most important correlation effeciis) For the
centrosymmetric. The optimized geometries of each clusteremaining clusters whose ground states are singlet, the inclu-
are comparable to those obtained by Bougtamho opti-  sion of electron-correlation effects leads to a reduction of the
mized the structures of elemental, convex and quasiplanat,, component, while the other components are rather unaf-
boron clusters B (n=2-—14) at the RHF level with the 3 fected. For example, the CC$D value of a,, for By, is
—21G basis set. about 6% smaller compared to its RHF val(ig) Similar to

Results of our calculation on longitudinak,), trans- the case of carbon chains, for all boron clusters considered
verse (yy), perpendicular &,,), and directionally averaged here, generally there is very good agreement between the
polarizabilitiesa,, = (ay+ ayy+ a,,)/3 at the Hartree-Fock  polarizabilities computed by the best wave-function methods
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TABLE II. Chainlike boron clusters: Static dipole polarizabil- 80 s
ities (in a.u) calculated with the VDZ basis set. O—© RHF-MCSCF e
*—x MRCI-CCSD(T)
Atoms Methods Ay ayy @y gy R &—©DFT/B3LYP
3 60 1
B, RHF 82.72 65.54 27.30 58.52 g&
MP2 66.34 57.28 27.30 50.31 g
CCsOT) 69.88 58.98 27.12 51.99 £
o
DFT/B3LYP  74.60 61.60 29.20 55.13 B 4o |
o
9
a
Bs MRSCF 14545 92.86 40.78 93.03 2
MRCI 144.64  92.16 40.28 92.36 §
DFT/B3LYP 14551  91.15 40.39 92.35 § 20 1
Bg MRSCF 210.72 10193 62.73 125.12
MRCI 211.28 101.17 6154 124.66
DFT/B3LYP 229.05 102.40 60.51 130.65 0, 5 3 1 5 6 7 s s 10 1
N
Bio RHF 361.86 121.24 ~ 97.00  193.37 FIG. 2. The static dipole polarizability per atom of chainlike
MP2 362.08 120.86 63.54 182.16

boron clusters. The lines have been plotted to guide the eyes.
CcCcsOT) 345.70 118.90 79.82 181.47

DFT/B3LYP  350.20 118.00 88.40 185.53 ) )
Besides B, there are no theoretical results on the larger

By, RHF 52732 15360 7790 25294 ladderlike clusters of boron. However, in another paper, Reis
MP2 44582 12952 7604 217.12 €t al2° reported DFT-based calculations of the static polariz-
ccso) 46970 14006 76.58 228.7g Aabilities of convex and quasiplanar, Bn=3—10) clusters
DET/B3LYP 505.80 14220 7680 24160 Whose geometries were optimized earlier by Boustani.
Therefore, in order to understand the effect of the geometric
B RHF 698.90 16016 11536 324.81 Structure on the polarizabilities of boron clusters, we com-
MP2 68052 152.68 75.92 1303.04 bareourresultsondd Bg, and B, with the corresponding
ccsnT) 664.48 155.08 97.66 305.74 isomers studied by Reist a|.30 For B6 Reiset a|.3o consid-
DFET/B3LYP 683.80 155.20 104.00 314.33 ered a benzenelike hexagonal geometry \Mtj’,l, symmetry,
and computed the value,,=101.3 a.u. For B also Reis
et al®® considered a ringlike structure with,, symmetry
[MRCI and CCSDT)], and the ones computed using the and reportedr,, = 114.6 a.u. Finally, for & they considered
DFT/B3LYP approach. Thus, in this case also, DFT is able tqy quasiplanar structure with,¢ symmetry and calculated
account for the electron—corrglatmn effects quite well.  @,,=143.7 a.?° These can be compared with our DFT val-
Since therg are no experlmenFaI results for the static dijeq of a,, of the ladderlike B, Bs, and B, which were
pole polarlzabllltlesI forthehlad(:]erl|ke_str|ucture|s of Eorpn'dwgobtained to be 92.35 a.u., 130.65 a.u.. and 185.53 a.u., re-
g?hrgfz;rueth%?é?geosgi:sst t:oor:s%etriﬁgr?r:g:ia;eesgftsrhgnfz:g,eB ¥pect_ive|)_/._ From the compari_son ?t is clear that although the
for the average static dipole polarizability, , we obtained poIannglIlty of the benzenellkgsas larger than that of the
51.99 a.u. with the CCSI) approach while and Reis and ladderlike B, for c'lusters.conta'mmg larger qumber of atoms
(Bg and Bg) quasi-one-dimensional ladderlike structures are

Papadopoulds reported a CCSI) value of 60.00 a.u. for )
the same quantity. The,y and ey, values from our calcula- more polarizable than the planar structures. Although no the-

tions cannot be directly compared to those reported by Rei@retical results o, for the planar structures of 8 and

and Papadopoul@sbecause of the different orientations of Bis are available, it is clear that even for those clusters lad-
the x and they axes in their calculations. However, far,,, ~ derlike structures will be obtained to be more polarizable.
whose values can be compared directly, Reis and he fact that for a larger number of atoms, ladderlike boron
papadopom&g reported the value of 39.5 a.u., while we chains will be more polarizable than quasiplanar isomeric
obtained 27.12 a.u. for the same quantity. Although the opstructures of boron can be understood based upon intuitive
timized geometries, as well as the basis set used by Reis aadguments. As Sabra and Bousfirshowed by explicit cal-
Papadopould$ were somewhat different from ours, we still culations, with increasing size, the-electron population of
believe that those factors cannot explain the difference of these ladderlike chains increases. Since #helectrons are

12 a.u. in the values ok,,. However, clearly it is this quite delocalized along the chain direction, their response to
disagreement—the reasons behind which are not clear tihe electric fields directed along the chain direction will be
us—which is primarily responsible for the disagreement inquite large leading to the large valuesaf, obtained in our
the values ofw,, observed between our results and those ofcalculations. The fact that,, increases quite rapidly with
Reis and Papadopould3. the increasing number of atoms also confirms this hypoth-
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esis. Although the quasiplanar structure of boron alsoshas similar calculations on even larger and more complex clus-
electrons due to thep? hybridization, their response to the ters, and obtain reasonable results on static polarizability. We
external field is distributed in two directions due to their believe that such a line of investigation should be pursued in
two-dimensional character, leading to smaller polarizabil-future calculations.

ities. Therefore, it is the combined effect afelectrons and Our results demonstrate that in both the systems the com-
the reduced dimensionality which makes the ladderlikeponent of the polarizability along the chain direction, as well

chains of boron more polarizable than their quasiplanams the average polarizability, increase with the chain size.

counterparts. This is fully consistent with presence of delocalizecelec-
trons in these one-dimensional clusters. Thus, both types of
IV. CONCLUSIONS AND EUTURE DIRECTIONS clusters should be useful in nonlinear optical applications as

] o well. Of late, the molecular-transport properties of carbon
In conclusion, we have reported a systematz initio  chains have been of much interest to physicidtsecause of
study of the static dipole polarizability of the linear carbon the presence of delocalized electrons in them. However,
chains and the ladderlike boron chains employing Hartreepyr polarizability calculations point to the presence of delo-
Fock, many-body, and DFT-based approaches. For closedyjized electrons also in the ladderlike boron clusters, thus
shell clusters the polarizabilities computed by the RHFrendering them possibly useful in molecular-transport—based
method were generally within 5%—-6% agreement with thegpplications. First-principles studies of the excited states and

ones computed by the CCED method. Similarly for the he transport properties of such clusters will be the subject of
open-shell clusters the MRSCF polarizabilities were found tquture investigations.

be in very good agreement with the ones computed by the
MRCI method. Additionally, DFT-based results on the polar-
izabilities were found to be in very good agreement with the
ones computed by the many-body methods. This suggests the One of us(A.A.) is grateful to Professor T. Wolff and
possibility that by employing computationally less expensiveGraduiertenkolleg  Struktur-Eigenschafts-Beziehungen in
approaches such as RHF, MRSCF, DFT, etc. one can perforideterocyclen for financial support.
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