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In this paper we report first-principles calculations on the ground-state electronic structure of two infinite
one-dimensional system@&@) a chain of carbon atoms arild) a chain of alternating boron and nitrogen atoms.
Meanfield results were obtained using the restricted Hartree-Fock approach, while the many-body effects were
taken into account by second-order/Mo-Plesset perturbation theory and the coupled-cluster approach. The
calculations were performed using 6@1* basis sets, including thittype polarization functions. Both at the
Hartree-Fock(HF) and the correlated levels, we find that the infinite carbon chain exhibits bond alternation
with alternating single and triple bonds, while the boron-nitrogen chain exhibits equidistant bonds. In addition,
we also performed density-functional-theory-based local-density-approximdt@®A) calculations on the
infinite carbon chain using the same basis set. Our LDA results, in contradiction to our HF and correlated
results, predict a very small bond alternation. Based upon our LDA results for the carbon chain, which are in
agreement with an earlier LDA calculati¢k.J. Bylaska, J.H. Weare, and R. Kawai, Phys. Re88BR7488
(1998], we conclude that the LDA significantly underestimates Peierls distortion. This emphasizes that the
inclusion of many-particle effects is very important for the correct description of Peierls distortion in one-
dimensional systems.
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I. INTRODUCTION were to have equal bond distan@mulenic character with
exclusively double bondsthen it will exhibit metallic char-
Carbon occurs in several allotropic forms depending uporacter with the occupied band structure consisting(af:a
the nature of its interatomic bonding. In diamond, it exhibitscore band composed ofslorbitals (b) a valences band
sp® hybridization resulting in a three-dimensioné&3D) consisting mainly ofsp hybrids, and(c) two half-filled de-
structure. In its graphite form, it exhibisp? hybridization, generater bands at the Fermi level composedmf and 7,
resulting in a layered structure. While in the carbyne form,orbitals'®192223Therefore, the question arises whether such
the carbon atoms exhibétp hybridization consistent with a a chain will undergo a Peierls-type distortion to become an
predominantly 1D, chainlike, characteAlthough, truly in-  insulator with bond alternation along the chdercetylenic
finite isolated single chains of carbon atoms do not exist ircharacter with alternating single and triple bondor a fi-
nature, however, there are several experimental examples pite ring of carbon atoms the same question reads: will it
the tendency of carbon atoms to form 1D or quasi-1D strucexhibit aromatic(equal bondsor antiaromatic(bond alter-
tures. Lagowet al? demonstrated that linear chains contain- nated behavior?****Carbon rings containingd atoms (
ing up to 28 atoms can be stabilized by adding nonreactivés an integer undergo bond alternation due to first-order
terminal groups. There is strong experimental evidence tdahn-TelleJT) distortion® **>2However, the answer for
suggest that carbon chains and rings are also precursors oring containing #+2 atoms is not straightforward be-
the formation of more complicated structures such asause, if it undergoes bond alternation, it can only be due to
fullerenes and nanotub@s’ In addition, atom-resolved a second-order JT effe¥t*?® Perhaps it is due to this un-
scanning-tunneling microscopy experiments, on (060  certainty as to whether the infinite linear C chainy(C,
surface of 3-SiC indicate the formation of carbon atomic ring, with largeN) will undergo Peierls distortiofisecond-
chains® Similarly, simulations performed on tetrahedral order JT effectthat has led to numerous theoretical studies
amorphous carbon surfaces also indicate the formation aff these systemy.2*? First-principles calculations of the
rings and chainé Additionally, for the carbon cluster anions infinite C chain fall in two categories, namely, the
C,, there is sufficient experimental evidence to indicate theHartree-Fock'=?* (HF) and the density-functional-theory
existence of chains fon<10, and rings for the larger (DFT) calculations:®!16181ap initio HF calculations in-
structure$ variably predict an infinite C chain with bond alternation to
From a theoretical point of view as well carbon chainsbe energetically more stable as compared to the equidistant
and rings have elicited a large amount of intefeétLet us  configuratior?~2*However, HF calculations generally have
assume an infinitely long carbon chdi@ chain hereaftgr  a tendency to overestimate bond alternation, which was also
with the conjugation direction along theaxis. If the chain  evident in our previous studies drans-polyacetylen&®2° |t
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is only the subsequent treatment of electron-correlation efnanotubes have been studied theoretically by several
fects that brings the bond-alternation in such systems closeuthors:®3"3° Experimentally, the BN nanotubes were first
to the experimental realif? Therefore, one would expect Synthesized by Chopret al,* while recently, multiwall BN
that the DFT-based approaches, which do include electrorfanotubes, as well as fullerenelike BN cages, have been syn-
correlation effects in an approximate manner, would providéhesized by Leet al,* in a catalyst-free manner, using the
an unambiguous picture. However, this is not the casdaser-ablation technique. Additionally,"@oet al** calcu-
Whereas the local-density-approximationDA) results of lated the optical properties of the BN analogs of photolumi-
Springborg and co-workef&*®°place the bond alternation Nescent conjugated polymers pggra-phenylene and

in the range 0.1 A& 8<0.2 A (3= Tsingle—wiple) the recent pon(para-phenngm.ev]nngr)ueHowever, to t'he best of our
LDA study of Bylaskaet all! predicts only a very small knov_vledge, the_: infinite isolated BN pha_un has not been
value §<0.04 A for the infinite chain. Keeping in view these Studied theoretically so far. Therefore, in light of the current
conflicting results obtained for the bond alternation from thelnteérest in novel BN compounds structurally similar to
DFT calculations, and the fact that HF results tend to overc@/bon-based compounds, a parallel study of the infinite
estimates, we believe that a systematic study of the influ- BN chain is desirable. Indeed, we find that the infinite BN
ence of electron-correlation effects on the bond alternation i§h@in has properties different than the infinite C chain in
the infinite C chain is in order. Therefore, we decided tothat it does not exhibit bond alternation. This result is si-
apply ourab initio wave-function-based many-body method- Milar to our earlier result where we found that_ the BN
ology used earlier to study a number of conjugateda”alog . of 0transrpolyacetylene does not exhibit bond
polymers?39-32tg the problem of the infinite C chain as alternatior’ , , , _

well. In addition, to put our correlated results in proper per- "€ remainder of this paper is organized as follows. In
spective, we also performed LDA calculations on the C chai€C: ! the applied methods and computational details are
using the same basis set that was used for the HF and t{i€fly described. The results are then presented and dis-
subsequent many-body calculations. These LDA calculation§USSed in Sec. lll. Finally, our conclusions are presented in
were performed using therysTALes program® Indeed our ~ S€C- IV.

many-body calculations predié=0.15 A close to the find-

ings of Springborg and co-workeéfs®!° but in complete

d|sagreemen_t with those of Bylaslei al: Howeveg, our Il. APPLIED METHODS AND COMPUTATIONAL

LDA calculations performed with therysTAL98 code® pre- DETAILS

dict a very small bond alternation @<0.04 A, in excellent

agreement with the LDA value 06~0.036 A reported by For the linear infinite C chain we chose a unit cell con-
Bylaskaet al! sisting of two carbon atoms, while for the BN chain a corre-

Another useful concept to quantify the tendency towardssponding unit cell consisting of one boron atom and one
bond alternation is the condensation energy defined as th@trogen atom was considered. For both systems HF calcula-
difference in energy/atom of the equidistant configurationtions were performed first to obtain the results at the mean-
and the bond alternating configuration. Our best value of théield level. For the dimerized C chain, as well as for the BN
condensation energy, obtained at the many-body level usinghain, the HF calculations were performed in the infinite
the coupled-cluster approach, is 18.4 milliHartree/atom. Thisystem limit using both the Bloch-orbital-based electronic-
value is much larger than 0.13 milliHartree/atom predictedstructure prograncrYsTAL,>***as well as our own Wannier-
by our LDA calculations and also the LDA value of 0.09 function-based programvanNIER.?® Both these programs use
milliHartree/atom, reported by Bylaskat al’* Thus our the linear combination of atomic-orbital approach based on
many-body calculations indicate a much stronger tendenc{saussian-type basis functions. However, for the equidistant
for the infinite carbon chain to undergo Peierls distortion asC chain, we encountered convergence difficulties with the
compared to the LDA calculations. CRYSTAL program when diffuse basis functions were used.

In addition to the infinite C chain, in this paper we also Therefore, for the metallic C chain, we obtained HF results
study an infinite chain composed of boron and nitrogen atby performing finite-cluster calculations using clusters of in-
oms (BN chain, hereafter If we consider a two-atom unit creasing size, and by ensuring that the convergence with re-
cell, the carbon and the BN chains are isoelectronic. Thus i§pect to the cluster size was achieved. To further check the
the two chains exhibit different behavior, it will be entirely accuracy of the finite-cluster approach, the finite-cluster HF
due to the differences in the nature of bonding caused bgalculations were also repeated for the case of insulating
different atomic species. As a matter of fact, starting fromchains for which the infinite system HF resultRysTAL and
well-known carbon-based materials, the prospect of obtainwANNIER) were available, and excellent agreement between
ing novel material by performing alternate boron and nitro-the two sets of results was obtained.
gen substitution, has fascinated experimentalists and theore- As mentioned earlier, for the purpose of comparison with
ticians alike3**4-3°410f course, cubic and hexagonal BN, other approaches, we also performed LDA calculations on
which are the counterparts of diamond and graphite, respethe infinite C chain to study its bond-alternation properties.
tively, are well-known materials. In our own earlier wofk, These LDA calculations were performed with thRySTAL98
as also in the works of Armstrong and co-work&the BN program®® employing the same 6-8&** basis set as was
analogs ofrans-polyacetylene and polyethylene were inves-used in the HF and the subsequent many-body calculations.
tigated theoretically. BN analogs of fullerenelike cages andBoth in the HF and the LDA calculations performed with the
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Bloch-orbital-basedcRYSTAL program®>#* particular atten- TABLE |. Total energy E, (Hartreg, cohesive energy\E.qp,

tion was paid to the convergence of total energies with re{eV) per unit (C-C) and bond lengths (A) for the undimerized
spect to the number df points used in the Brillouin-zone structure of the infinite carbon chain. Cohesive energies were com-
(BZ) integration. The number df points was increased until Puted with respect to separated atoms.

the total energy/cell had converged at least up to<1L.0 ©

Hartrees. We noticed that using B(oints in the irreducible Method Etot AEcon T'double
part of the BZ was sufficient to achieve aforesaid converinite cluster SCE 755644 5.733 1251
gence both for HF and the LDA calculations performed with, 55 _75.7847 10.327 1.268
the CRYSTAL program:>** Moreover, the excellent agree- ~~qp 757813 9.570 1267
ment observed among the HF energies/cell computed usin(gCSuT) _75:7996 16.052 1'_272

the CRYSTAL program, our OWNWANNIER program?’ and the
finite-cluster-based HF calculations, leaves no doubt that the
convergence in energies has been achieved. terminating the chains with{a) one H atom on each enth)

The many-body calculations beyond HF were performedwo H atoms on each end, ar{d) unequal number of H
only within the finite-cluster model. However, since the cor-atoms on the two ends. However, converged energies per cell
relation effects are highly localized in real space, converwere found to be quite insensitive to the end geometry of the
gence with respect to the cluster size is rarely a problenghain. Therefore, in close analogy with the undimerized C
here. Moreover, in our earlier calculations on the infinite LiH chain, we finally settled with terminating the BN chain with
chain! and the bulk LiH}? we had carefully compared the two H atoms on each end, and the expression
correlated calculations performed simultaneously on the in-
finite system and its finite cluster, and found excellent agree-
ment between the two sets of results. The issue of the con- E= lim AE,= lim [E({BN},1Hs) —E({BN},H4) ] (3)
vergence of the present set of results with respect to the n=e n=e
cluster size is very important, and, therefore, will be dis-was used to compute its energy per unit cell. As discussed in
cussed again in Sec. Ill. the following section, the HF energy/cell of the BN chain

In order to perform the correlated calculations, three dif-obtained by this method is in excellent agreement with the
ferent many-body approaches, viz., second-ordefllvio  ones obtained from the infinite-chain calculations performed
Plesset perturbation theorMP2), coupled-cluster singles with the CRYSTAL andWANNIER programs. Therefore, we be-
and doubles (CCSD, and coupled-cluster singles and lieve that the aforesaid termination scheme, which effec-
doubles with perturbative treatment of the tripf@&CSD(T)]  tively models a BN chain as composed of double bonds, is a
were used. All the finite-cluster-based calculations, both agound one.
the HF and the correlated level, were performed with the
MOLPRO molecular orbitalab initio program packag® In IIl. RESULTS AND DISCUSSIONS
order to minimize the boundary effects associated with the
finite clusters, we extracted the energy per unit cell from the Calculations on both the systems were performed with
finite-cluster calculations by computing the total energy dif-6-31G** basis sets. For the HF calculations on the infinite
ferences between the clusters containmgandn+1 unit  insulating chains, we had to increase the outernpeistpe
cells, with as large a value of as feasible. In view of the €Xponents of the original basis sets because of the linear-
typical accuracy of the periodic HF codes, i.e., 1 milliHartreedependence-related problems. This led to 0.29871 for carbon
per atom, we consider the results to be converged with retoriginal 0.16871, 0.16675 for borortoriginal 0.1267%, and
spect ton, when the(total/correlation energy per unit cell is  0.29203 for nitrogen(original 0.21203 The outermost
stable within this accuracy. The undimerized C chain, whichs-type exponents of the original basis set were left unaltered.
consists of C atoms connected by double bonds, was termithe d-type exponents used for each atom were: 0.8 for car-

nated with two H atoms on each end, and the energy/cell wagon, 0.6 for boron, and 0.8 also for nitrogen. Thesexpo-
computed using the expression nents were preferred over the originditype exponents

available from themoLPRO library,*® because they led to
lower total energies. For the correlated calculations, we used
E=lim AE,= Iim[E(Cy,,oH4) —E(CoyH4)]. (1)  the original basis set to compute the energy/cell and the cor-
n—o n—oe relation energy was computed by subtracting from it the HF

The insulating C chain, consisting of alternating single angenergy/cell obtained by finite-cluster calculations done also

triplet bonds, was terminated with a single CH bond, leadingVith the original basis set. In this manner, we ensured that no
to the formula spurious contributions to the correlation energy were ob-

tained because of the use of two different basis sets during
these calculations. Next we discuss the results obtained for
E=lim AE,= lim[E(Cy,,,H,) —E(C,Hy)]. (20 the two systems in detail.

n—o n—oo

As far as the BN chain is concerned, its bonding pattern is A. Carbon chain

not obvious. Therefore, several end-termination schemes to Our final results for the equidistant and dimerized C
saturate the dangling bonds were explored. These includezhains, employing the wave-function-based approafHés
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TABLE II. Total energyE,,; (Hartreg, cohesive energA Eqp, the cluster size, is presented in Fig. 2. It is clear from these
(eV) per unit(C-C) and bond lengths (A) for the dimerized struc- figures that the energies for the dimerized chain converge
tu_re of the infinite carbon chain. Cohesive energies were computegery rapidly, consistent with our intuitive picture of localized
with respect to separated atoms. electrons in such systems. The convergence in the undimer-
ized chain, although comparatively slower, has also been

Method Etot ABcon  Tsingle  Tiiple achieved, at least, to the milliHartree level.

WANNIER SCF —75.5807 6.176 1.367 1.173 The optimized geometries reported in this work were ob-
CRYSTAL SCE —75.5798 6.150 1369 1.173 tained by the usual procedure of first performing several total
Finite cluster SCF  —75.5810 6.184 1360 1.174 energy calculations for various geometry parameters, and
MP2 —75823% 11375 1337 1.217 then fitting the results by a least-squares procedure to poly-
ccsD — 758226 10678 1362 1197 homials of suitable degrees. The fact that the finite-cluster
ccsoT) —75.8364 11.053 1358 1207 results atthe HF level agree fully _vvith those obtained_ by the

CRYSTAL and WANNIER programs gives us added confidence

&Correlation contributions added trysTAL SCF energies. in their correctness. It is clear that the dimerized structure is

energetically much more stable as compared to the metallic

MP2, CCSD, CCSDT)], are presented in Tables | and II, °N&; at all levels of calculatlon$SCF, MP2, CCSD,
respectively. Results of our LDA calculations performed with CCSOT)]. At the HF level we obtained a percentage bond
CRYSTAL98 program®® along with the comparison of our re- alternations(%)=14.5%[where 5(%)= (/1 5,) X 100, with
sults with those of other authors, are presented in Table 11Ifas = ("single™ 'tripie)/2], and at the CCSQ) level of corre-
As mentioned earlier we experienced convergence difficullation it reduces to 11.8%. The condensation energy, defined
ties with thecrRYSTAL program for the undimerized chain, so €arlier as the difference in the total energy/atom between the
HF results for that system were obtained by the finite-clustePPtimized undimerized and the dimerized C chains, at vari-
approach only. Moreover, all the correlated calculations wer@US levels of correlation treatments, is obtained tEbBg, 4
also done in a finite-cluster model. Therefore, it is important==8.8 milliHartrees, Ett=19.25 milliHartrees, ESony
for us to demonstrate the convergence of all the finite=20.35 milliHartrees, andESSSX(D=18.4 milliHartrees.
cluster-based results for both the undimerized and the dimeifhus, based on the CC$D approach, which is the most
ized C chain as a function of the cluster size. sophisticated correlation approach that we have used in these
Total HF energy/cell as a function of the number of unitcalculations, our final result for the condensation energy of
cellsn in the cluster is plotted in Fig. 1, and it is clear that an infinite C chain of 18.4 milliHartrees/atom. As reported in
the convergence with respect to the cluster size has beerable lll, the value of condensation energy obtained from
achieved both for the dimerized and undimerized chains, atur LDA calculations performed witliRYSTAL98 prograni®
least, to the milliHartree level. Table | also presents the totalas 0.13 milliHartrees/atom, which is very close to the LDA
energy/cell for the undimerized chain including contributionsvalue of 0.09 milliHartrees/atom reported by Bylaskaal, ™
of the electron-correlation effects, while the correspondingand much smaller than our many-body results based upon the
data for the dimerized chain is presented in Table II. TheCCSD(T) method.
convergence of the correlation energy/cell computed by the The summary of our many-body and LDA results, along
CCSOT) method for both types of chains, with respect towith those obtained by other authors is presented in Table Il

TABLE lll. Infinite carbon chain: comparison of the present results with those of other authors. The
percentage bond alternatidif%) = (6/r,,) X 100, whered=rgjgie= l'riple » @aNAr 5, = (I singie™ Itriple) /2.

Author Method I'single Mriple 5(%) Econd
(A) (A) (mHartrees/atom

This work RHF 1.360 1.174 145 7.80

This work CcCsnm) 1.358 1.207 11.8 18.40

This work LDA 1.286 1.246 1.6 0.13

Bylaskaet all* LDA 1.2882 1.2522 2.9° 0.09°

Erikssonet al 16 LDA 1.376 1.296 6.0

Springborget al 18 LDA 1.503 1.259 18.0

Springbord® LDA 1.439 1.249 14.1

Karpferf? RHF 1.363 1.198 12.9

Kertesz et al?® RHF 1.145° 1.405° 20.4

Kertesz et al?* UHF 1.335 1.185 11.9

Teramaeet al?! RHF 1.339 1.166 14.1

4Calculated from the average bond distance of 1.270 A &nf.9%.
bUpper limit (Ref. 11).
Calculated from the average bond distance of 1.275 A &n#0.4%.
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088 T T T T T T TABLE IV. Total energyE,; (Hartreg, cohesive energhE.,
(eV) per unit (BN) and B-N bond lengttrgy (A) of the infinite
0885 = . boron-nitrogen chain. Cohesive energies were computed with re-
spect to separated atoms.
-0.56 |- —
w
8 Method Eror AEcon reN
a -0.585 [— -
% WANNIER SCF —79.1801 7.5845 1.287
P 7 CRysTAL SCF —79.1794 7.5656 1.288
P Finite cluster SCF —79.1773 7.5076 1.287
o 1 wmP2 —79.3968 11.9478 1.300
058 I\H i CCSD —79.4017 11.4723 1.299
—= = = = u ccsOT) —79.4113 11.7204 1.301
oo 1| ; ; ‘It ; é ; tla &Correlation contributions added tRrvysTAL SCF energies.

FIG. 1. Total HF energy per unit cell for both the undimerized calculations on the optimized ground-state geometries of
(circles and dimerized(squarey carbon chains computed by the C,y ., rings using a quantum Monte Carlo method and their
finite-cluster approacfcf. Egs.(1) and(2)], plotted as a function of  results for the bond alternation for thegand G, rings were
the number of unit cells. Two carbon atoms were assumed per unit 7%, Although, our final CCS[I) result of 11.8% bond al-
cell. The bond distances in these calculations correspond to thgrnation for the infinite C chain is more than that obtained
optimized geometries reported in Tables | and II. by Torelli and Mita$ for the large C rings, yet we believe

that qualitative trends indicated by most of the calculations

Itis clear from the table that the results obtained by variousyggest a significant bond alternation in the infinite C chains.
authors on the optimized geometry parameters of the C chaif, this context we would like to mention that for the finite

vary quite a bit, however, almost all of them report the bondring systems containing +2 carbon atoms, the Hiel
alternation to be more than 10%. The exceptions to this remeory predicts that the bond alternation due to the second-
sult are(a) our own LDA Ca"igla“or{&%):lﬁ]' (b) LDA  qorder Jahn-Teller distortion will increase with increasMg
calculations of Erikssoret al.® [8%)=6.0], and (¢) LDA  eyentually coalescing with the value corresponding to the
calculations of Bylaskat al." [5%)=2.9]. Thus these re- pejeris distortion, foN—s o Discounting the basis-set ef-
cent LDA results, which predict rather small bond alterna-fects; in our opinion, our value of bond alternation of 11.8%

tion for the C c[lsaligl, are in contradiction with the older {5, the infinite C chain, as compared to 7% reported by

LDA calculations,™™ as well with our many-body results. fog|jj and Mitad for the G, rings, is indicative that the
We believe that one should expect a rather small bond altetssoresaid Fiakel result is valid even when the many-body
nation from the LDA-based calculations, because thé&gfects have been included.
homogeneous-electron-gas approximation therein leads pref- oher authors have not reported the value of the conden-
erentially to a metallic ground state. At this point, we would g5 energies obtained in their calculations. But, based on
like to mention that recently Torelli and Mitaperformed  the trends visible from the calculations on bond alternation,
we believe that it is safe to assume that the condensation
energy for the infinite C chain is in access of 10
omsa 1 milliHartrees/atom. Thus for condensation energy, our many-
.\'\1\.*._. body results, as well that of the Torelli and Mita®r the
025 |- -4 finite rings, are quite different from our LDA results of 0.14
milliHartree/atom, and 0.1 milliHartree/atom reported by
Bylaskaet al!

-0.252

-0.258 -

-0.26

B. BN chain

A Egg (Hartrees)

-0.262 |-

As mentioned earlier, in nature there appears to be a one-
to-one correspondence between several structures of carbon
and BN allotropes, such as diamond vs cubic BN, graphite vs
hexagonal BN, and carbon nanotubes vs BN nanotubes etc.
1 2 3 4 5 6 Therefore, it will be natural to assume that a BN chain, simi-
lar to a carbon chain, will also have a strictly linear geometry

FIG. 2. Correlation energy per unit cell computed by the €xhibiting sp-type hybridization with, 180° bond angles.
CCSOT) approach both for undimerize@ircles and dimerized However, this being the first theoretical Study of this system,
(squaresfinite carbon chains, plotted as a function of the number ofwe decided to be careful with this assumption. Therefore, in
unit cellsn in the finite cluster. For the undimerized chaig,,,, ~ OUr calculations, along with the linear geometry, we also ex-
=1.26 A, and for the dimerized chainnge=1.37 A, andry;,.  plored the energetics of various zigzag structures of the BN
=1.175 A. chain. However, we found that in all cases the zigzag struc-

-0.264 |-

-0.266
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-0.2324

interaction due to ionicity in the BN systems that, in our
_ opinion, leads to equal bond lengths. The optimized BN
distance at the CCSMD) level was obtained to be 1.3 A,
which is slightly more than the optimized average bond dis-
-4 tance of 1.28 A obtained for the infinite C chain. For the
linear chain, our optimized BN distance of 1.3 A should be
compared to the in-plane BN distance of 1.45 A in the hex-
7 agonal BN, and the BN distance of 1.57 A observed in the
- cubic BN. The significant difference in these three BN dis-
tances is consistent with the fact that the BN chain, hexago-
nal BN and the cubic BN originate from very different bond-
4 ing schemes based osp, sp?, and sp® hybridizations,
02888 | | | | | | respectively.

-0.2325 —

-0.2326 [~

-0.2327 |~

-0.2328 —

-0.2329 -

A Eg (Hartrees)

-0.233 -

-0.2331 |~

-0.2332 [~

FIG. 3. Correlation energy per unit cell of finite boron-nitrogen IV. CONCLUSIONS
chains computed by the CC$D approach, plotted as a function of

the number of unit cells in the finite cluster. The bond distance | lusi h daminiti dv of th
was taken to begy=1.301 A. n conclusion, we have presente initio study of the

ground-state properties of the infinite carbon and boron-

ture led to higher energies compared to the linear one, |ead1_itrogen chains. The influence of electron—cqrrelation effects
ing us to the conclusion that if the BN chains exist, similar toWas included by several approaches including the coupled-
the C chains, they will have a linear structure. Table IV pre-cluster method accounting for up to triple excitation opera-
sents the results of our calculations for the BN chain both afors. As far as the carbon chain is concerned, all our many-
the HF and the correlated levels. Since we obtained perfedtody calculations predict a dimerized ground state,
agreement on the HF energy/cell for the BN chain frean-  consistent with the phenomenon of Peierls distortion. Thus
NIER, CRYSTAL, and finite-cluster-based approaches, we areur calculations on the infinite C chain based upon many-
again very confident of the correctness of our correlatedody methods, such as, the coupled-cluster approach, are in
studies performed on finite BN clusters saturated with hydroagreement with the Monte Carlo calculations of Torelli and
gens on the ends. To further confirm this point, in Fig. 3 weMitas’ performed on carbon rings, which also revealed a
present the variation of the correlation energy/cell of BNstrong tendency of these systems to exhibit bond alternation
chain, as a function of the number of unit cells in the clusterin the infinite chain limit. We also performed a parallel LDA
Itis obvious from the figure that satisfactory convergence ircalculation on the infinite C chain, which predicted very
correlation energy has been achieved. At the COSIevel  \yeak dimerization, in excellent quantitative agreement with
we obtain a cohesive energy of 11.72 eV/cell, whlph IS SOMethe recent LDA results of Bylasket al This, in our opin-
what greater than the value of 11.05 eV/cell obtained for th?on, establishes in most unambiguous manner that LDA un-

d:cmgrizedhc (:Bhl\?in.hThis rrr:ealgs th?t frorr;) an energbeltic POINferestimates Peierls distortion in one-dimensional systems,
'Osol\g?g:/j' ée hai ¢ a(|jn tSh ou f at tﬁaSt E %?’l.tSta fef. ZS. alnd that powerful many-body methods, such as, the coupled-
I chain, and, therelore, the probabiity of finding ,qq, approach, are essential for the correct description of
linear sp-type hybridized structures composed of BN unltsthe broken-symmetry ground state

should be as high as that of the C units. In addition, we also presented first principles correlated

The other remarkable aspect of the BN chain, as com- . L .
pared to the C chain, is that it does not exhibit any bonocalculatlons on the ground state of an infinite boron-nitrogen

alternation. This result is identical to our earlier theoreticalCh@iN- Based upon our calculations we conclude that the

study on polyiminoborane, which is the BN substituted anaPoron-nitrogen chain has a higher cohesive energy/cell as
log of transpolyacetylend® In contrast to trans ~ compared to the carbon chain, thus making BN-based 1D
polyacetylene that exhibits a bond alternation close to 0.1 AStructures energetically at least as favorable as the carbon-
in case of polyiminoborane we obtained optimized geompPased ones. Of course, it is a difficult task to synthesize
etries with equidistant BN atoni€.Of course, the Peierls isolated infinite atomic chains. However, similar to the case
theorent® does not apply to BN chain or polyiminoborane, of carbon, it should certainly be possible to test in the labo-
because these systems are insulators even without bomatory whether finite one-dimensional clusters based on BN
alternatior’’” However, the absence of bond alternation inunits exist. Along the same lines, it will also be worthwhile
BN compounds can be understood from a different line ofto theoretically optimize the geometries of the ground
reasoning as well. BN systems, being heteronuclear in nastates of various BN-based finite clusters. In addition to the
ture, have significant ionic contributions to bonding as op-ground state, theoretical studies of their optically excited
posed to the purely covalent carbon-based materials. Therstates will also be useful because they, in conjunction with
fore, in BN systems in addition to the covalent interactions photoabsorption-based experiments, can be used to charac-
electrostatic attraction between the B and N sites will alsderize various clusters. We will investigate the electronic
exist because of a degree of ionicity. It is this electrostaticstructure of BN clusters in a future publication.

115106-6



Ab initio MANY-BODY CALCULATIONS ON.. .. PHYSICAL REVIEW B 65 115106

ACKNOWLEDGMENTS Quantum Chemistry group of the Max-Planck-Institut fu
Physik Komplexer Systeme, Dresden, Germany. He is grate-
A.A. would like to express her gratitude to Professor P.ful to the group for their hospitality. Authors would also like
Fulde for supporting her research work. Part of this workto thank Dr. U. Birkenheuer and Dr. S. Pleutin for reading

was performed when A.S. was a guest scientist in theéhe manuscript critically, and for suggesting improvements.

1V.I. Kasatochkin, A.M. Sladkov, Yu.P. Kudryavtsev, N.M. Popov, 2°A. Shukla, M. Dolg, and H. Stoll, Phys. Rev. B, 4325(1998.
and V.V. Korshak, Dokl. Akad. Nauk SSSR/7, 358 (1967). 30A. Abdurahman, M. Albrecht, A. Shukla, and M. Dolg, J. Chem.
2R.J. Lagow, J.J. Kampa, H.-C. Wei, S.L. Battle, J.W. Genge, D.A.  Phys.110, 8819(1999.
Laude, C.J. Harper, R. Bau, R.C. Stevens, J.F. Haw, and E. Mun:A. Abdurahman, A. Shukla, and M. Dolg, J. Chem. Phy%2,

son, Scienc®67, 362(1995.
3J. Hunter, J. Fye, and M.F. Jarrold, Sciergf, 784 (1993; J.
Chem. Phys99, 1785(1993.

4801 (2000.

32A. Abdurahman, A. Shukla, and M. Dolg, Chem. Phgs7, 301

(2000.

33 ; : :
4G. von Helden, N.G. Gotts, and M.T. Bowers, J. Am. Chem. Soc. V.R. Saunders, R. Dovesi, C. Roetti, M. Causa, N.M. Harrison, R.

115, 4363(1993.

5C.-H. Kiang and W.A. Goddard Ill, Phys. Rev. Left6, 2515
(1996.

6y, Derycke, P. Soukiassian, A. Mayne, G. Dujardin, and J.
Gautier, Phys. Rev. Let81, 5868(1998.

7J. Dong and D.A. Drabold, Phys. Rev.5, 15 591(1998.

8Ph. Dugourd, R.R. Hudgins, J.M. Tenenbaum, and M.F. Jarrold,
Phys. Rev. Lett80, 4197(1998; H. Handschuh, G. GantefdB.
Kessler, P.S. Bechthold, and W. Eberharitid. 74, 1095
(1995, and references therein.

9T. Torelli and L. Mitas, Phys. Rev. Let85, 1702(2000.

0\, saito and Y. Okamoto, Phys. Rev.@®, 8939(1999.

11E J. Bylaska, J.H. Weare, and R. Kawai, Phys. Re88BR7488
(1998.

12p, Fuentealba, Phys. Rev.58, 4232(1998.

1BR.0. Jones and G. Seifert, Phys. Rev. L&§, 443(1997.

L. Lou and P. Nordlander, Phys. Rev. 33, 16 659(1996.

153.M.L. Martin, J. El-Yazal, and J.P. Francois, Chem. Phys. Lett.
242, 570(1995.

16|_A. Eriksson, J.-L. Calais, and M. Springborg, New J. Chéf.
1109(1992.

173.D. Watts and R.J. Bartlett, J. Chem. Phg&. 3445 (1992.

M. Springborg, S.L. Dreschler, and J. MR, Phys. Rev. B4,
11 954(1990.

19M. Springborg, J. Phys. @9, 4473(1986.

20M.J. Rice, S.R. Phillpot, A.R. Bishop, and D.K. Campbell, Phys.
Rev. B34, 4139(1986.

2M. Teramae, T. Yamabe, and A. Imamura, Theor. Chim. Azta
1(1983.

22p, Karpfen, J. Phys. A2, 3227(1979.

2M. Kertesz, J. Koller, and A. Aman, J. Chem. Phy$8, 2779
(1978.

24M. Kertesz, J. Koller, and A. Aman, Phys. Rev. BL9, 2034
(1979.

3ee, e.g., L. SalenThe Molecular Orbital Theory of Conjugated
SystemgBenjamin, New York, 1966

26Clearly, for a very large ringN— ) the second-order JT effect
of the 4N+ 2 ring will become identical to the Peierls distortion
of the infinite chain.

2’For a review of earlier works on the infinite carbon chain, see,
e.g., the introduction of the paper by Rieeal. (Ref. 20.

28M. Yu, S. Kalvoda, and M. Dolg, Chem. Phy224, 121 (1997.

115106-7

Orlando, and C.M. Zicovich-WilsorgrYsTAL98 User’s Manual
(University of Turin, Italy, 1999

34D.R. Armstrong, B.J. McAloon, and P.J. Perkins, J. Chem. Soc.,

Faraday Trans. B9, 968(1973; D.R. Armstrong, J. Jamieson,
and P.G. Perkins, Theor. Chim. Acf8, 55 (1978.

35For a review of boron-nitrogen polymers, see R.T. Paine and L.G.

Sneddon, CHEMTECI24, 29(1994; ACS Symp. Ser572 358
(1994.

36A. Rubio, J.L. Corkill, and M.L. Cohen, Phys. Rev.4®, 5081

(1994.

37X. Blase, A. Rubio, S.G. Louie, and M.L. Cohen, Europhys. Lett.

28, 335(19949.

%N.G. Chopra, R.J. Luyken, K. Cherrey, V.H. Crespi, M.L. Cohen,

S.G. Louie, and A. Zettl, Scienc269, 966 (1995.

39H.-Y. Zhu, D.J. Klein, W.A. Seitz, and N.H. March, Inorg. Chem.

34, 1377(1995.

R S. Lee, J. Gavillet, M.L. Chapelle, A. Loiseau, J.-L. Cochon, D.

Pigache, J. Thibault, and F. Willaime, Phys. Rev68 121405
(2002.

4IM. cote, P.D. Haynes, and C. Molteni, Phys. Rev6B, 125207

(2001).

42A. Shukla, M. Dolg, P. Fulde, and H. Stoll, Phys. Rev6® 5211

(1999.

43MoLPRO 1994 is a package @b initio programs written by H.-J.

Werner and P.J. Knowles with contributions from J. AliIB.

D. Amos, A. Berning, C. Hampel, R. Lindh, W. Meyer, A. Nick-
lass, P. Palmieri, K. A. Peterson, R. M. Pitzer, H. Stoll, A. J.
Stone, and P. R. Taylor.

44R. Dovesi, V. R. Saunders, and C. RoetfRysTAL92 User Docu-

ment, University of Turino Turino, and United Kingdom Science
and Engineering Research Council Laboratory, Daresbury, 1992.

4SSee, e.g., the discussion on pp. 503 and 504 of the book by Salem

(Ref. 25 abovge Also see, D.J. Klein, Int. J. Quantum Chem.
S13 293(1979.

46R. PeierlsQuantum Theory of Solid€larendon, Oxford, 1955

p. 108.

#7In a BN chain with equal bond lengths, there are no degenerate

bands at the Fermi level, because therbitals constituting the
bands are located on different atomic spe¢@sand N. Thus,

all the occupied bands are doubly filled and the system is an
insulator. A similar reasoning explains the insulating nature of
polyiminoborane with equidistant atoms, as comparettaos
polyacetylene without bond alternation.



