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BROKEN SPIN SYMMETRY APPROACH TO CHEMICALREACTIVITY AND MAGNETISM OF GRAPHENIUM SPECIESE. F. Sheka a*, L. A. Chernozatonskii baPeoples' Friendship University of the Russian Federation117923, Mos
ow, RussiabEmanuel Institute of Bio
hemi
al Physi
s, Russian A
ademy of S
ien
es119334, Mos
ow, RussiaRe
eived June 1, 2009The basi
 problem of weak intera
tion between odd ele
trons in graphene and sili
ene is 
onsidered in theframework of the broken spin symmetry approa
h. This approa
h exhibits the pe
uliarities of the odd-ele
tronbehavior via both enhan
ed 
hemi
al rea
tivity and magnetism.1. INTRODUCTIONOdd ele
trons are a 
hara
teristi
 feature of thegraphenium spe
ies. The term was introdu
ed in or-gani
 
hemistry in des
ribing the ele
troni
 stru
ture ofdiradi
als and naturally 
overs the �� ele
trons�, �mag-neti
 ele
trons�, and �dangling bonds� [1℄. In the 
ur-rent 
ase, the term indi
ates that the number of va-len
e ele
trons in ea
h 
arbon atom of graphene and
arbon nanotubes (CNTs) as well as in ea
h sili
onatom of sili
ene and sili
eous nanotubes (SiNTs) islarger by one than the number of interatomi
 bondsformed by the atom. Due to an in
reased length ofthe valen
e bonds of the spe
ies in 
omparison to theC�C bonds of a 
lassi
 �-ele
tron system of the ben-zene mole
ule, a 
onsiderable weakening of the ele
-tron intera
tion o

urs, whi
h 
auses a partial ex
lusionof odd ele
trons from the 
ovalent bonding [2; 3℄, andhen
e the odd ele
trons 
ovalently bound in the ben-zene mole
ule be
ome e�e
tively unpaired in graphe-nium spe
ies. These e�e
tively unpaired ele
trons pro-vide a radi
alization of the spe
ies, whi
h results in a
onsiderable enhan
ement of their 
hemi
al rea
tivityand magnetism. They were on
e 
onsidered for 
arbo-neous and sili
eous fullerenes [2; 4�6℄ and single-walledCNTs [3; 7℄. In this paper, we address the problem ingraphene and sili
ene.A generalization of the quantum-
hemi
al approa
hto systems with weakly intera
ting ele
trons ultimately*E-mail: sheka�i
p.a
.ru

requires taking the ele
tron 
orrelations into a

ountand passing to 
omputational s
hemes that involvethe full 
on�guration intera
tion. But the traditional
omplete a
tive spa
e self-
onsistent �eld (CASSCF)methods that deal 
orre
tly with two-ele
tron systemsof diradi
als and some dinu
lear magneti
 
omplexes
annot handle systems with a large number of ele
tronsdue to a huge number of 
on�gurations generated inthe a
tive spa
e of the system (for m singly o

upiedorbitals on ea
h of the n identi
al 
enters, 2mn Slaterdeterminants should be formed by assigning spins upor down to ea
h of the nm orbitals [8℄). It has beenassumed until re
ently that CASSCF-type approa
hesare nonfeasible for many-odd-ele
tron systems su
h asfullerenes, CNTs, and graphene. Hen
e, resorting tosingle-determinant approa
hes appeared to be the onlyalternative.The open-shell unrestri
ted broken spin symmet-ry (UBS) approa
h suggested in Ref. [9℄ is well ela-borated for both wave-fun
tion and ele
tron-densityquantum-
hemi
al methodologies, based on the unre-stri
ted single-determinant Hartree�Fo
k s
heme [10℄(UBS HF) and the Kohn�Sham single Slater determi-nant pro
edure of the density fun
tional theory (UBSDFT) [11℄. The main problem in the UBS approa
h
on
erns spin 
ontamination of the 
al
ulation results.The interpretation of UBS results in view of their rel-evan
e to the physi
al and 
hemi
al reality 
onsists inmapping between the eigenvalues and eigenfun
tions ofthe exa
t and model spin Hamiltonians. While the im-plementation of the UBS HF approa
h, both ab initio136
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h to 
hemi
al rea
tivity : : :and semiempiri
al, is quite standard and the desiredmapping is quite straightforward, this is not the 
asewith the UBS DFT due to the total spin problem. Asis known, the DFT 
annot be dire
tly applied to 
al
u-lation of the spin and spa
e multiplet stru
ture, and anumber of spe
ial pro
edures, all of whi
h are beyondthe pure DFT s
ope [12℄, are suggested to over
omethis di�
ulty. The pro
edures di�er in the 
omputa-tion s
hemes and in the obtained results, and thereforeUBS DFT is theory-level dependent [12; 13℄.Although the odd-ele
tron problem seems to be ob-vious for benzenoid spe
ies, involving graphene andsili
ene in parti
ular, the 
omputational s
ien
e ofthese 
arboneous nanomaterials has been restri
ted un-til now to the 
omputational s
hemes (mainly DFTones) based on the restri
ted approa
h. This impliesthat odd ele
trons are lo
ated on ele
tron orbitals inpairs subordinating to the Pauli prin
iple. Therefore,in the 
ase where the odd-ele
tron number is even, theground state of the system is expe
ted to be singlet,and hen
e the ele
tron spins should not be taken intoa

ount. But for ele
trons that intera
t weakly, therestri
ted approa
h results in an unstable solution be-
ause there is another more stable unrestri
ted solu-tion lower in energy (see a dis
ussion of the problemin [9℄ and the referen
es therein). It turns out thatodd ele
trons are individually lo
ated on ele
tron or-bitals and the spa
e orbitals for ele
trons with di�er-ent spins are di�erent. That is why the even-singletstate of the ele
tron system be
omes spin dependentwhile the total spin is equal to zero. These new fea-tures of the unrestri
ted solutions o�er a large numberof deli
ate 
hara
teristi
s that highlight new fa
ets ofthe odd-ele
tron behavior. In this paper, the �rst ap-pli
ation of the unrestri
ted approa
h to graphene andsili
ene is given. A 
omparison of the results to �nd-ings obtained in the framework of many-body 
on�g-uration intera
tion s
hemes [14; 15℄ manifests the UBSHF unique ability to quantitatively des
ribe the pra
-ti
ally important 
onsequen
es of weak intera
tion be-tween odd ele
trons of the studied nanospe
ies.2. BASIC RELATIONS2.1. Odd-ele
tron-enhan
ed 
hemi
al rea
tivityWeakly intera
ting odd ele
trons produ
e a numberof e�e
tively unpaired ele
trons, whi
h in the frame-work of UBS solutions are dire
tly related to the spin
ontamination C = hŜ2i � S(S + 1): (1)

Here, hŜ2i is the expe
tation value of the total spinangular momentum that follows from the UBS solu-tion. The spin 
ontamination C is tightly related tothe Löwdin symmetry dilemma [16℄, whi
h is expressedas asymmetri
 ele
tron densities of the UBS HF solu-tion and an asymmetri
 lo
al spin density approxima-tion (LSDA) Hamiltonian of UBS DFT with di�erentex
hange-
orrelation potentials for spin-up and spin-down orbitals. This feature exhibits the tenden
y ofspin-up and spin-down ele
trons to o

upy di�erentportions of spa
e. The asymmetry results in the ap-pearan
e of the new density fun
tion �rst suggested byTakatsuka, Fueno, and Yamagu
hi thirty years ago [17℄and 
alled the distribution of �odd� ele
trons,D(rjr0) = 2�(rjr0)� Z �(rjr00)�(r00jr0) dr00; (2)where � is the ele
tron density. The tra
e of this fun
-tion, ND = trD(rjr0); (3)was interpreted as the total number of su
h ele
trons.The authors suggested the fun
tion D(rjr0) to mani-fest the radi
al 
hara
ter of the spe
ies under investiga-tion. 22 years later, Staroverov and Davidson 
hangedthe term to �distribution of e�e
tively unpaired ele
-trons� [18℄, emphasizing a radi
al 
hara
ter of takingND ele
trons out of the 
ovalent bonding. It was sug-gested in [17℄ that the fun
tionD(rjr0) 
an be subje
tedto a population analysis in the framework of the Mul-liken partitioning s
heme, su
h that in the 
ase of asingle Slater determinant, Eq. (3) be
omes [18℄ND = trDS; (4)and ND = NORBSXi;j=1 Dij ; (5)where DS = 2PS � (PS)2; (6)P is the density matrix, S is the orbital overlap matrix,and NORBS is the number of orbitals. The e�e
tivelyunpaired ele
trons that appear here point to the rad-i
alization of the mole
ular spe
ies under study; theirnumber is an evident quanti�er of the radi
alization or,in other words, of the enhan
ed 
hemi
al rea
tivity.As shown in [18℄, the total number ND of e�e
tivelyunpaired ele
trons is related to spin 
ontamination asND = 2�hŜ2i � (N� �N�)24 � ; (7)137
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trons withspin � and �. Therefore, quantifying ND requiresknowing either trD(rjr0) or hŜ2i.For a single-Slater-determinant UBS HF fun
tion,the evaluation of both quantities is straightforward be-
ause the 
orresponding 
oordinate wave fun
tions aresubordinated to the de�nite permutation symmetry,su
h that ea
h spin value S 
orresponds to a de�niteexpe
tation value of the energy [12℄. Thus, hŜ2i is ex-pressed as [19℄hS2i = (N��N�)24 +N�+N�2 �NORBSXi;j=1 P�ijP �ij ; (8)where P�;�ij are matrix elements of the ele
tron densityfor spins � and �. Similarly, Eq. (5) has the form [5℄ND = NATXA NDA; (9)where [5℄ NDA =Xi2A NATXB=1Xj2BDij : (10)Here, Dij are matrix elements of the spin densityand NAT is the number of atoms. In the 
ase ofthe negle
ting-di�erential-double-overlapping approxi-mation underlying the AM1/PM3 semiempiri
al 
om-putational s
hemes that we use below, this matrix isexpressed as [5℄ D = (P� � P �)2: (11)The NDA value, attributed to the e�e
tively unpairedele
tron number on atom A, is very important be
auseit plays the role of the atomi
 
hemi
al sus
eptibility.A 
orre
t determination of both ND and NDA is en-sured by the AM1/PM3 UBS HF solution [5℄ of theCLUSTER-Z1 software [20℄ used in the 
urrent study.Oppositely to UBS HF, UBS DFT fa
es a 
on
ep-tual di�
ulty in the determination of both hŜ2i andtrD(rjr0). This is due to the invarian
e of the ele
trondensity � under the permutation symmetry [12℄, withthe result that DFT does not distinguish states withdi�erent spins. All attempts to in
lude the total spininto 
onsideration are related to either 	-based 
on-tributions to the DFT body or introdu
ing the spinthrough ex
hange and 
orrelation parts of fun
tion-als [12℄. If spin-dependent ex
hange potentials 
an bepresented analyti
ally, there is no relation that 
on-ne
ts the 
orrelation potential with spin, and hen
e itsspin dependen
e is 
ompletely arbitrary. That is why

DFT relations similar to Eqs. (5)�(10) are absent, andevery individual 
al
ulation of either hŜ2i or trD(rjr0)is of a partial interest and is related to a parti
ular
al
ulation s
heme used in Refs. [21; 22℄.2.2. Odd-ele
tron magnetismMagnetism of odd-ele
tron systems, as the mole-
ular magnetism, 
an be 
onsidered in terms of theHeisenberg Hamiltonian [23℄ involving the total spinand the ex
hange integral J (presently, often 
alledthe magneti
 
oupling 
onstant [13℄). The eigenfun
-tions of the Hamiltonian are simply spin eigenfun
tions,and J is dire
tly related to the energy di�eren
e 
or-responding to these eigenstates. The determination ofthe magneti
 
oupling 
onstant is a 
entral point of themagnetism study.Many authors have attempted to apply the Heisen-berg des
ription of magneti
 intera
tion to the ele
-tron stru
ture of a mole
ular ele
tron system (see re-views [13; 23℄ and the referen
es therein). A su

essfuldes
ription of su
h a deli
ate physi
al property lies inthe appropriate mapping between the Heisenberg spineigenstates and suitable 
omputationally determinedele
tron states. It is 
ustomary to derive a relation be-tween J and the energy di�eren
e of pure spin states.As regards the UBS HF approa
h, where ele
tronstates are de�nitely spin-mapped, the problem 
onsistsin the determination of pure spin states and the rel-evant J value from the spin-
ontaminated eigenvaluesof the UBS HF solutions. The problem was perfe
tlysolved by Noodleman [9; 23℄ within the broken spinsymmetry approa
h. In the 
ase of an even numberof �magneti
� (odd) ele
trons, J is given byJ = EUBSHFS=0 �EPSSmaxS2max ; (12)where EUBS HFS=0 and EPSSmax are the energies of the UBSHF singlet state and the pure spin state with the maxi-mal spin Smax. This is an exa
t pure spin single-deter-minant solution. Consequently, the energy of the purespin singlet state is determined by the equation [9℄EPSS=0 = EUBS HFS=0 + SmaxJ; (13)and the energy of the subsequent pure spin states of ahigher spin multipli
ity are given byEPSS = EPSS=0 � S(S + 1)J: (14)As noted above, both the magneti
 
oupling 
on-stant J and pure spin states 
annot be straightfor-wardly obtained in the DFT s
ope. Parti
ular pro
e-dures are used to rea
h the goal. Without pretending138
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h to 
hemi
al rea
tivity : : :Table 1. Atomi
 
hemi
al sus
eptibility of hydrogen-terminated nanographenesNGr (na; nz)� NDAArm
hair edge Central part Zigzag edge(15,12) 0.28�0.14 0.25�0.06 0.52�0.28(15,12)�� 1.18�0.75 0.25�0.08 1.56�0.93(7,7) 0.27�0.18 0.24�0.12 0.41�0.28(5,6) 0.27�0.16 0.23�0.08 0.51�0.21�Following [32℄, na and nz respe
tively mat
h the numbers of benzenoid units on the arm
hair and zigzag ends ofthe sheets. ��After removing the hydrogen terminators.to give an exhaustive list of publi
ations 
on
erningthe problem, we 
olle
t some representative examplesin Refs. [24�29℄. Some of these attempts are rather su
-
essful in terms of 
omparison with experimental data(this is the 
ase with the long study of magneti
 be-havior of biomole
ular 
omplexes with transition met-als [29℄).Magnetism is the phenomenon spe
i�ed by weakele
tron intera
tion, i.e., a small absolute value of J .The smallness of J is parti
ularly important for the o
-
urren
e of magnetism in systems with a singlet groundstate due to the se
ond-order 
hara
ter of the mag-neti
 phenomenon in this 
ase [30℄. At the same time,the J value obviously 
orrelates with the number of ef-fe
tively unpaired ele
trons and the UBS spin densityD(rjr0), whi
h both in
rease as J de
reases. However,there is no exa
t relation between J , on one hand, andeither ND or D(rjr0), on the other. That is why theempiri
ally known upper limit of the absolute J value,at whi
h the magnetization of a spe
ies o

urs, at thelevel of 10�3�10�2 k
al/mol [31℄, 
annot be straight-forwardly translated into the 
orresponding values forND or D(rjr0). Therefore, J remains the only quan-tity that may quantify the magneti
 behavior from thetheoreti
al standpoint.3. CHEMICAL REACTIVITY OF GRAPHENELow and homogeneous 
hemi
al rea
tivity of in-ner atoms of a graphene sheet is usually expe
ted bythe predominant majority of s
ientists dealing with thegraphene 
hemistry. But this is not the 
ase be
ausethe length of equilibrium C�C bonds of graphene ex-
eeds 1.395Å, whi
h is the upper limit of the 
om-plete 
ovalent 
oupling between odd ele
trons [2; 3℄.The 
al
ulated results for graphene sheets of differentsize (nanographens, NGrs) are listed in Table 1. We

used re
tangular NGrs labeled as (na; nz) stru
turesfollowing [32℄. Here, na and nz respe
tively mat
h thenumber of benzenoid units on the arm
hair and zigzagedges of the sheets. The atomi
 
hemi
al sus
epti-bility (NDA) pro�le for NGr (15,12) with hydrogen-terminated edges presented in Fig. 1a demonstrates arather signi�
ant variation of the quantity over atomsdue to a noti
eable dispersion of the C�C bond lengths.The bond dispersion o

urs when equilibrating thestarting 
on�guration 
hara
terized by the 
onstantC�C bond lengths of 1.42Å over the sheet. As 
anbe seen from the �gure, the highest sus
eptibilities are
hara
teristi
 of 
arbon atoms at the zigzag edges, andthose of the arm
hair edges are similar to the values ofthe sheet inner atoms and are 
omparable with the onesof fullerenes [2; 5℄ and single-wall CNT sidewalls [3; 7℄.When hydrogen terminators are removed, the NDApro�le over the sheet remains un
hanged, while NDAvalues on both zigzag and arm
hair edges in
rease sig-ni�
antly (Fig. 1b), still retaining bigger values forzigzag edges.The obtained results allow drawing the following
on
lusions 
on
erning the 
hemi
al rea
tivity of NGrs.1. Any 
hemi
al addend is �rst atta
hed to the NGrzigzag edges, both hydrogen terminated and empty.2. Nonterminated arm
hair edges slightly di�erentin a
tivity 
omplete with zigzag ones.3. Chemi
al rea
tivity of inner atoms is indepen-dent of the edge termination and is 
omparable withthat of single-wall CNT sidewalls and fullerenes, thusproviding a large range of addition rea
tions at the NGrsurfa
e.4. The dis
losed 
hemi
al rea
tivity of both edgesand inner NGr atoms 
auses a parti
ular two-mode pat-tern (a normal mode and a tangent or parallel one) ofthe NGr atta
hing to any spatially extended mole
ularobje
t su
h as a CNT or substrate surfa
e.139
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hemi
al sus
eptibil-ity (in ele
tron units, e) over atoms of re
tangularNGr(15,12) with hydrogen-terminated (a) and empty(b) edges. UBS HF solution. Singlet stateWe 
onsider the results of the UBS DFT studiesof NGrs. The �rst noti�
ation about pe
uliar edgestates of graphene ribbons appeared as early as 1987[33℄, but further extended study started about ten yearslater [34; 35℄. Sin
e then, three main dire
tions ofthe pe
uliarity investigation have formed, fo
used on1) edge states within the band stru
ture of graphene;2) 
hemi
al rea
tivity, and 3) magnetism of grapheneribbon zigzag edges. The �rst topi
 mainly pertainsto the solid state theory 
on
erning the formation oflo
alized states 
aused by the breakage of translationalsymmetry in a 
ertain dire
tion that o

urs when agraphene sheet is 
ut into graphene ribbons. This fun-damental property is well dis
losed 
omputationally in-

dependently of the te
hnique used [35; 36℄ and has been
on�rmed experimentally [37; 38℄. Two other topi
s areintimately 
onne
ted with the UBS DFT [39�42℄ itselfand demonstrate a spin-
ontaminated 
hara
ter of theobtained solutions.The �rst UBS DFT examination of the 
hemi
al re-a
tion between a hydrogen-terminated graphene ribbonand 
ommon radi
als [39℄ dis
losed unpaired � ele
t-rons (authors' nomen
lature) distributed over zigzagedges in 0:14e on ea
h atom (NDA in the terminolo-gy of this paper). The �nding permitted the authorsto make 
on
lusion about the open-shell 
hara
ter ofthe graphene singlet ground state of the ribbon andof the spe
ial 
hemi
al rea
tivity of the atoms thatleads to partial radi
alization of the spe
ies. The nextauthors' 
on
lusion 
on
erns nonedge ribbon 
arbonatoms, arm
hair atoms, and CNT (presumably, side-wall) atoms that show little or no radi
al 
hara
ter.The 
ited UBS DFT results 
orrelate with those ofUBS HF of the 
urrent study in two aspe
ts. Both ap-proa
hes dis
lose the open-shell 
hara
ter of the groundsinglet state of graphene and establish the availabilityof e�e
tively unpaired ele
trons. But the numbers ofe�e
tively unpaired ele
trons di�er by an order of mag-nitude, whi
h restri
ted the UBS DFT dis
ussion of the
hemi
al rea
tivity of graphene to zigzag edge atomsonly. The �xation of the open-shell 
hara
ter of theNGr singlet ground state by both UBS te
hniques isobvious due to the single-determinant 
hara
ter of thewave fun
tions in the two 
ases. The feature is revealeddue to 
onsiderable weakening of the odd-ele
tron in-tera
tion in graphene 
aused by rather large C�C bondlengths. As regards the magnitude of the unpaired odd(�) ele
tron numbers NDA, it is di�
ult to dis
uss the
orresponding DFT value be
ause no indi
ation of theway of its determination is presented. Its de
rease byone order of magnitude 
ompared to the UBS HF datamight indi
ate a pressed-by-fun
tional 
hara
ter of theUBS DFT 
al
ulations [13℄. The fun
tional-dependent
hara
ter of the UBS DFT solutions was thoroughlyanalyzed just re
ently [43; 44℄. At any rate, the re-sults 
learly exhibit a mu
h lower sensitivity of theUBS DFT approa
h to the 
hemi
al rea
tivity of atoms,whi
h 
an be imagined as lifting the zero reading levelto (0.2�0:3)e in Fig. 1a and to 1:1e in Fig. 1b, afterwhi
h the �xation of values below the level be
omesimpossible.The 
lose-to-zero 
hemi
al rea
tivity of grapheneinner atoms predi
ted by the UBS DFT 
al
ulationsstrongly 
ontradi
ts the a
tive 
hemi
al adsorption ofindividual hydrogen and 
arbon atoms on graphenesurfa
e re
ently found experimentally [45℄. Gener-140
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h to 
hemi
al rea
tivity : : :ally, the 
hemi
al rea
tivity of inner atoms has beenproven by the formation of a 
hemi
ally bound inter-fa
e between a graphene layer and sili
on dioxide overthe extent of the graphene sheet [46℄ and by produ-
ing a new parti
ular one-atom-thi
k CH spe
ies 
alledgraphane [47℄. At the same time, the empiri
al obser-vations agree well with the UBS HF data obtained inthis paper.A strong support of the UBS HF data obtained 
anbe found in the re
ent many-body 
on�guration inter-a
tion 
al
ulations of polya
enes [14℄. Applying ab ini-tio density-matrix renormalization group (DMRG) al-gorithms, the authors highlighted the radi
al 
hara
terof the a
enes, whi
h is 
aused by the appearan
e of ef-fe
tively unpaired ele
trons and whi
h starts in naph-thalene and strengthens as the a
ene size in
reases, infull agreement with our UBS HF data for lower a
enesfound previously [3℄. On the 
ontrary, the UBS DFTapproa
h reje
ts the radi
alization in this 
ase untilthe a
ene be
omes quite long [48℄. The DMRG ap-proa
h also permitted determining the total numberND of e�e
tively unpaired ele
trons. In using the algo-rithm for the quantity determination suggested in [18℄and presented in Eq. (5) in Se
. 2.1, the authors ob-tained ND values that 
oin
ide with the relevant dataobtained in the framework of the UBS HF approa
hbased on the same algorithm [3℄, Table 2. The ob-served �tting of the DMRG and UBS HF approa
hes isundoubtedly a strong support of the ability of the UBSHF approa
h to highlight physi
al reality of a systemof weakly intera
ting ele
trons. That is why we sup-pose that the obtained data on the 
hemi
al rea
tivityof graphene are quite reliable and the atomi
 
hemi
alsus
eptibility values 
an serve as quanti�ed pointers forpredi
ting 
hemi
al rea
tions and/or modi�
ations towhi
h graphene 
an be subje
ted. Thus, the revealedrea
tivity of both NGr edge and inner atoms as wellas a possible two-mode pattern of an NGr sheet ap-proa
hing a CNT have allowed suggesting a number ofpe
uliar graphene-nanotube 
omposites [49; 50℄ whoseappearan
e might be expe
ted in the near future.4. MAGNETISM OF ZIGZAG EDGEDNANOGRAPHENESThe phenomenon, predi
ted and studied 
omputa-tionally for NGrs, is one of the hottest issues of thegraphene s
ien
e. At the heart of the statement ofgraphene magnetism are lo
alized states whose �atbands are lo
ated in the vi
inity of the Fermi leveland whose pe
uliarities were attributed to zigzag edges

Table 2. The total number of e�e
tively unpairedele
trons in a

ordan
e with Eq. (5)Mole
ule NDUBS HF [3℄ DMRG [14℄Benzene 0 �Naphtalene 1.48 1.95Anthra
ene 3.00 3.00Tetra
ene 4.32 4.00Penta
ene 5.54 5.20[33�35; 40; 41; 43; 44℄. In numerous UBS DFT studies,this fa
t was 
onne
ted with the spin density on edgeatoms. Computations were 
arried out in presumably	-
ontaminated UBS DFT approximations in a

or-dan
e with the following logi
al s
heme: taking spinsof edge atoms into a

ount at the level of wave fun
tion;
onsidering so-
alled antiferromagneti
 (AFM) and fer-romagneti
 (FM) spin 
on�gurations with spin align-ment up on one edge and down (up) on the other, ornonmagneti
 
on�guration when up�down spin pairsare lo
ated at ea
h edge; and performing 
al
ulationsfor these spin 
on�gurations. The obtained results haveshown that 1) the AFM 
on�guration 
orresponds tothe open-shell singlet ground state and is followed instability by FM and then nonmagneti
 states; 2) the
al
ulated spin density on edge atoms 
orresponds tothe input spin 
on�gurations in all 
ases. It should beadded that numeri
al results obtained in di�erent stud-ies di�er from ea
h other when di�erent fun
tionals areused in the 
al
ulations.However, the UBS DFT AFM (singlet) state is asspin 
ontaminated as the UBS HF state and the avai-lability of the spin density is just a strong 
on�rmationof the spin 
ontamination. Nevertheless, the presen
eof spin density at zigzag edge atoms was a

epted as ade
isive point in heralding magnetism of graphene rib-bons, after whi
h the phenomenon was 
onsidered tobe 
on�rmed, whi
h gave rise to strong optimism re-garding a number of ex
iting possible appli
ations ofthe material, in spintroni
s for example [51℄.Be
ause spin density is a dire
t eviden
e of the so-lution spin 
ontamination, parti
ularly for the singletstate, it is worth 
omparing spin density data 
omputedat the UBS DFT and UBS HF levels of the theory.The UBS HF spin density distribution over NGr(15,12)atoms with hydrogen-terminated and empty edges isdemonstrated in Fig. 2. As 
an be seen from the �g-ure, the spin density is available at all atoms of the141
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troni
 
hara
teristi
s�NGrs�� The number of�magneti
� (odd)ele
trons EUBS HFS=0 ,k
al/mol J ,k
al/mol EPSS=0,k
al/mol Singlet�tripletgap���,k
al/mol(15,12) 400 1426.14 �0:42 1342.14 0.84(7,7) 120 508.69 �1:35 427.69 2.70(5,6) 78 341.01 �2:01 262.72 4.02�The tabulated energies EUBS HFS=0 and EPSS=0 
orrespond to the heats of formation of the relevant states.��For the nomen
lature of nanographenes, see the footnote to Table 1.���For pure spin states, the singlet�triplet gap EPSS=1 �EPSS=0 = �2J [9℄.
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Fig. 2. Distribution of spin density (in ele
tron units)over atoms of re
tangular NGr(15,12) with hydrogen-terminated (a) and empty (b) edges. UBS HF solution.Singlet state

graphene sheet. In both 
ases, its summation over allatoms gives zero be
ause a singlet state is 
onsidered.The spin density at zigzag edge atoms is the highest,even absolutely dominating when the edges are emp-tied. In 
ontrast to this 
ase, the UBS DFT data arerelated to zigzag edge atoms only and the absolute val-ues of spin density vary from 0.26 to 0.47 when thelo
al density fun
tional is repla
ed by the s
reen ex-
hange hybrid density fun
tional [43℄. To see only theseatoms in Fig. 2 means shifting the zero reading level up(down) to about�0:4 in the �rst 
ase and to�1:3 in these
ond 
ase, whi
h, in other words, means lowering thesensitivity in re
ording the density values. The samesituation 
aused by the pressed-by-fun
tional 
hara
terof the UBS DFT solution was dis
ussed for the NDApro�les in the previous se
tion.We note that the UBS HF spin density on a zigzagedge is distributed quite pe
uliarly, not following theabove-mentioned up- and down-edge AFM regular 
on-�guration assumed for the ground state by UBS DFT.Re
alling that the spin density value is sensitive to theC�C bond length, it be
omes 
lear why varying thatlength produ
es variation in the density distribution aswell. Therefore, the UBS HF data di�er from thoseof UBS DFT both qualitatively and quantitatively, notsupporting a ranged 
on�guration of spins on zigzagedge atoms only. At the same time, the UBS HF datawell 
orrelate with (presently, the only) many-body
on�guration intera
tion 
al
ulations of the edge statesof graphene [15℄. It follows from these 
al
ulations thatalthough the ele
trons have the tenden
y to a

umu-late at the edges, their spins are distributed withoutorder, and hen
e a regular net spin polarization of theedges is highly improbable. Therefore, as in the 
aseof the 
hemi
al rea
tivity of graphene dis
ussed in theprevious se
tion, many-body 
on�guration intera
tion
al
ulations are well 
orrelated with UBS HF ones, thus142
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h to 
hemi
al rea
tivity : : :supporting the ability of the approa
h to highlight themain physi
al features of weakly intera
ting ele
trons.Returning to magnetism of graphene ribbons, wehave to pro
eed from the fa
t that the real groundstate of the obje
t is a pure spin singlet. This meansthat the real spin density at ea
h atom is zero. We
an nevertheless dis
uss the possibility of the magneti
behavior of the obje
t, although not from the spin den-sity standpoint but addressing the energy di�eren
e be-tween states of di�erent spin multipli
ities as was dis-
ussed in Se
. 2.2.An attempt to go beyond the spin-density 
on
eptat the UBS DFT level was made just re
ently [43℄. Thistime, the main attention was fo
used on the differen-
e in position of the singlet and higher-spin (mainly,triplet) states of NGrs, thus impli
itly appealing to theJ value. However, as noted in Se
. 2.2, the magneti

oupling 
onstant J should be attributed to the dif-feren
e of pure spin states, while the UBS DFT statesunder dis
ussion are spin-mixed, and their energies donot therefore 
orrespond to those of pure spin states,whi
h makes the 
on
lusions in [43℄ quite un
ertain.In 
ontrast to UBS DFT, the UBS HF o�ers astraightforward way to determine pure spin states [9℄.Computed in a

ordan
e with Eqs. (12)�(14), theEPSS=0, EUBS HFS=0 , and J values related to the studiedNGrs are listed in Table 3. As 
an be seen from the ta-ble, the ground state of all spe
ies is singlet, and hen
ea question arises as to whether the magnetization ofa singlet-ground-state obje
t is possible. As dis
ussedin [30℄, the phenomenon may o

ur as a 
onsequen
e ofmixing the state with a higher-multipli
ity one, e.g., ina

ordan
e with the van Fle
k mixing promoted by anapplied magneti
 �eld [52℄. Be
ause the e�e
t appearsin the �rst-order perturbation theory, it depends on J ,whi
h determines the energy di�eren
es in denomina-tors. Consequently, J should be small to provide a no-ti
eable magnetization. Obviously, the singlet�tripletmixing is the most in�uent. As follows from Table 3,the energy gap to the nearest triplet state for the stud-ied NGrs 
onstitutes 1�4 k
al/mol. The value is large toprovide a noti
eable magnetization of these mole
ularmagnets [31℄. However, the value gradually de
reasesas the number of odd ele
trons in
reases. The behavioris similar to that obtained for fullerene oligomers [6℄,whi
h led to the suggestion of a s
aling me
hanism ofthe nanostru
tured solid state magnetism of polymer-ized fullerene C60.In view of this idea, we estimate how large NGrshould be to provide a noti
eable magnetization. Asmentioned in [31℄, mole
ular magnetism 
an be �xedat the J value 10�3�10�2 k
al/mol or less. Based on

the data in Table 3 and assuming the quantity to beinversely proportional to the number of odd ele
trons,we obtain N � 105. In NGrs, N 
oin
ides with thenumber of 
arbon atoms, whi
h is determined for re
t-angular NGrs as [32℄N = 2(nanz + na + nz); (15)where na and nz are the respe
tive numbers of ben-zenoid units on the arm
hair and zigzag ends of thesheets. To �t the needed N value, the indi
es na andnz should be given by a few hundreds, whi
h leads tolinear sizes of the NGrs equal to a few nanometers.The estimation is rather approximate, but it neverthe-less 
orrelates well with experimental observations ofthe magnetization of a
tivated 
arbon �bers 
onsistingof nanographite domains nearly 2 nm in size [53; 54℄.The obtained results highlight another importantaspe
t of the graphene magnetism exhibiting the re-lation of the phenomenon to a parti
ular nanosize ef-fe
t. This means that the graphene magnetization isobserved for nanosize samples only, moreover, for sam-ples whose size is within a parti
ular interval, whilethe phenomenon does not o

ur in either very small orma
ros
opi
ally large samples. Photolumines
en
e ofnanosize sili
on 
rystals [55℄ and other semi
ondu
tivegrains [56℄ 
an be the best examples of su
h phenom-ena. A
tually, an individual benzenoid unit (in
lud-ing a benzene mole
ule) is nonmagneti
 (only slightlydiamagneti
). When the units are joined to form agraphene-like 
luster, e�e
tively unpaired ele
trons ap-pear due to weakening the intera
tion between oddele
trons. The weakening a

elerates as the 
lustersize in
reases, whi
h is followed by a de
rease in themagneti
 
onstant J until it a
hieves a 
riti
al levelthat provides a noti
eable mixing of the singlet groundstate with higher-level spin states for the 
luster mag-netization to be �xed. And as long as the in
rease inthe 
luster size does not violate the mole
ular 
luster-like behavior of odd ele
trons, the 
luster magnetiza-tion in
reases. But as soon as the ele
tron behaviorbe
omes spatially quantizied, the mole
ular 
hara
terof the magnetization is broken and substituted by thatdetermined by the ele
tron band stru
ture based on theproperties of a unit 
ell. A joint unit 
ell of grapheneinvolves two atoms that form one C�C bond of the ben-zenoid unit; that is why we return to the 
ase of a largemagneti
 
onstant J when the magnetization be
omesnonobservable. A similar situation o

urs in the 
aseof polymerized C60-fullerene 
rystals. The 
rystal unit
ells involve either one (tetragonal and orthorhombi
)or two (hexagonal) diamagneti
 mole
ules, and hen
ethe 
ell magneti
 
onstant is either J or J=2, both143
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h does not allow �xing the magnetizationof a perfe
t 
rystal. On the other hand, when the 
rys-tal is nanostru
tured by produ
ing nanosize s
ales, themole
ular-like behavior of odd ele
trons of the 
lustersprovides a signi�
ant weakening of the intera
tion be-tween them, whi
h gives rise to small J and to 
lustermagnetization [6℄. In both 
ases, the 
riti
al 
luster sizeis given by a few nanometers, to be 
ompared with theele
tron mean free path lel. Evidently, when the 
lustersize ex
eeds lel, the spatial quantization quen
hes the
luster magnetization. An a

urate determination oflel for odd ele
trons in graphene is not known, but theanalysis of a standard database for the ele
tron meanfree paths in solids [57℄ shows that the quantity shouldbe in the vi
inity of 10 nm, whi
h is supported by ex-perimental data of a 3�7 nm ele
tron free path in thinCu-phthalo
yanine �lms [58℄.5. SILICEOUS GRAPHENE�SILICENEA 
omparative study of 
arboneous and sili
eous
ounterparts has always been one of hottest topi
s inmaterial s
ien
e and 
hemistry. The 
urrent interestin the subje
t has been stimulated by extreme expe
-tations related to graphenium nanopro
essors. How-ever, despite the reigning optimism about the devi
es,the graphene dis
overers pointed out that the pro
es-sors are unlikely to appear in the next 20 years [59℄be
ause repla
ement of the 
urrent sili
on ele
troni
ste
hnology is an extremely 
ompli
ated issue. On theother hand, a 
ompatibility of sili
on-based nanoele
-troni
s with the 
onventional one has enhan
ed atten-tion to the question whether 
arboneous graphene 
anbe substituted by its sili
eous 
ounterpart. Meetingthe demands, the De
ember '08 internet news reportedon �epitaxial growth of graphene-like sili
on nanorib-bons� [60℄. The report, based on the hexagon-patterneda

ommodation of sili
on atoms adsorbed on the [110℄Ag surfa
e, has heralded the sili
ene manifestation andis full of ex
iting potential appli
ations.However, under detailed examination, the situationdoes not seem so transparent and promising. To 
larifythis, we spe
ify basi
 terms. First, we make 
lear whatis implied under the term �sili
ene�. If any hexagon-pa
ked stru
ture of sili
on atoms 
an be named sili
ene,then it has been known sin
e as long ago as, say, thewidely known sili
on nanowires. However, four valen
eele
trons of ea
h sili
on atoms form the sp3 
on�gu-ration and parti
ipate in the formation of four 
hem-i
al bonds in this 
ase, and hen
e nobody 
ould pre-

tend to have observed a similarity between these spe
iesand 
arboneous graphene. Therefore, not the hexagonpa
king itself but a mono-atom-thi
k hexagon stru
turethat di
tates the sp2 
on�guration for atom valen
eele
trons with the la
k of one neighbor for ea
h sili-
on atom meets the requirements of 
omparison of sil-i
ene to graphene. Obviously, similar hexagon patternsshould form the ground for sili
on nanotubes (SiNTs).Only under these 
onditions 
an graphene and sili
ene,as well as CNTs and SiNts, be 
onsidered on the samebasis.As regards theoreti
al analysis, the performed 
om-putations of sili
ene [61℄ and SiNTs [62�64℄ meet therequirement 
ompletely. On the other hand, experi-mental reports frequently refer to SiNTs (see brief re-view [65℄) and sili
ene [60℄ (in the �rst announ
ementof the �nding observed [66℄, it was attributed to sili
onnanowires) in spite of the evident sp3 
on�guration ofsili
on atoms in the stru
tures observed. The fa
t wasa

epted by the experimentalists themselves. But atemptation to dis
lose SiNts and sili
ene seems to be sostrong that the di�eren
e in the ele
tron 
on�gurationis simply ignored. A detailed analysis of the availableexperimental data shows that sili
on stru
tures that
an be 
ompared to CNTs and graphene have not yetbeen observed. If we re
all that fullerene Si60 has notbeen produ
ed either, we have to a

ept the existen
eof a serious reason for su
h a drasti
 di�eren
e between
arboneous and sili
eous analogues.The problem is not new and is rooted deeply: � : : :A
omparison of the 
hemistry of tetravalent 
arbon andsili
on reveals su
h gross di�eren
es that the pitfallsof 
asual analogies should be apparent� [67℄. Su�
eit to mention that there are neither sili
oethylene norsili
obenzene, nor other sili
o-aromati
 mole
ules. Awidely spread standard statement that �sili
on does notlike the sp2 
on�guration� just postulates the fa
t butdoes not explain the reason of su
h behavior. A realreason was dis
losed for the �rst time when answeringquestion why fullerene Si60 does not exist [4; 68℄. Theanswer addresses 
hanges in the ele
tron intera
tion forthe two spe
ies when their ele
tron 
on�gurations aretransformed from the sp3 to the sp2 type. The intera
-tion of two odd ele
trons formed under the sp3-to-sp2transformation of any interatomi
 bond depends on the
orresponding distan
e Rint, whi
h is about 1.5 timeslarger for Si�Si 
hemi
al bonds than for the C�C ones.As was shown, generally, the distan
e Rint = 1:395Å is
riti
al for these ele
trons to be 
ovalently 
oupled [2℄.Above this distan
e, the ele
trons be
ome e�e
tivelyunpaired, the stronger the larger the distan
e. In the
ase of graphene, the distan
es between two odd ele
t-144
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h to 
hemi
al rea
tivity : : :Table 4. Energies� and the number of e�e
tively unpaired ele
trons in sp2-
on�gured sili
eous spe
ies (see Fig. 3)Spe
ies N (N2)�� ERHFS=0 , k
al/mol EUBS HFS=0 , k
al/mol EPSS=0, k
al/mol NDI 2 54.50 48.95 39.02 0.88II 6 144.51 121.25 108.67 2.68III 60 1295.99 1013.30 996.64 62.48IVa 96 (24) 2530.19 1770.91 1749.56 128IVb 96 1943.14 1527.77 1505.48 95.7Va 100 (20) 2827.73 1973.67 1958.54 115.05Vb 100 2119.60 1580.77 1559.64 100.12VIa 60 (22) 1950.20 1359.44 1346.68 75.7VIb 60 1253.39 1001.27 972.12 54.04�The tabulated energies ERHFS=0 , EUBSHFS=0 , and EPSS=0 and 
orrespond to the heats of formation of the relevant states.��Numbers in parentheses are N2 of two-neighbor edge sili
on atoms.rons �ll the interval 1.39�1.43Å. Evidently, only partsof C�C bonds ex
eed the limit value, whi
h 
auses par-tial ex
lusion of odd ele
trons from the 
ovalent 
ou-pling and makes the mole
ular spe
ies partially rad-i
alized as dis
ussed in Se
. 2. The radi
alization israther weak be
ause only nearly 20% of all odd ele
-trons (equal to the number of atoms N) are unpaired.But Rint in sili
eous spe
ies is equal to 2.3�2.4Å, whi
h
auses a 
omplete unpairing of all odd ele
trons, andhen
e all sili
eous spe
ies with the expe
ted sp2 
on�-guration should be many-fold radi
als.The appli
ation of the UBS HF approa
h to theproblemmakes these expe
tations evident. Table 4 lists
al
ulation results of the total number of unpaired ele
-trons ND and a set of energeti
 parameters for a num-ber of sili
eous sp2-
on�gured spe
ies shown in Fig. 3.As 
an be seen from the table, there is a drasti
 de-
rease in the total energy of the spe
ies, amounting toabout 20�30% of the largest values, when the 
lose-shell restri
ted HF s
heme is substituted by the open-shell UBS HF. Large ND numbers of e�e
tively un-paired ele
trons [2℄ for all spe
ies indi
ate a highly spin-
ontaminated 
hara
ter of their singlet UBS HF state.Following the pro
edure suggested in [9℄, we were ableto determine the energy of the singlet pure spin statesin a

ordan
e with Eq. (13). The energies EPSS=0 thusobtained are given in Table 4. As 
ould be expe
ted,the energy is lower than both ERHFS=0 and EPSHFS=0 , whilerather 
lose to the latter.We emphasize that the numbers of e�e
tively un-paired ele
trons ND listed in the table 
oin
ide quitewell with the total numbers N of sili
on atoms in all


ases where the edges of the 
onsidered sili
eous spe
iesare terminated by hydrogen atoms and ex
eed N bythe number of two-neighbor atoms (N2) when hydrogenterminators are removed from either tube ends or sili
e-ne edges. The �nding exhibits that sili
on fullerene aswell as SiNTs, and sili
ene are many-fold radi
als and
annot exist under ambient 
onditions. Importantly,no suitable passivation should be expe
ted to providethe spe
ies stabilization be
ause the passivation shouldbe absolutely total, whi
h would result in the trans-formation of all sp2-sili
on atoms into sp3-ones. Thatis why sp3-sili
on nanowires are observed instead ofsp2-SiNTs [65℄ and sp3-a

ommodated sili
on atom ad-sorption layers on the (111) Ag surfa
e are observedinstead of sp2-sili
ene strips [60; 66℄.The optimism expressed in theoreti
al papers wherefullerene Si60 [69℄, SiNts [62�64℄, and sili
ene [61℄ were
onsidered is mainly be
ause the 
al
ulations were per-formed in the 
lose-shell approximation (similar to therestri
ted HF) and therefore the problem of weakly in-tera
ting odd ele
trons was not taken into a

ount.6. CONCLUSIONThe basi
 problem of weak intera
tion betweenodd ele
trons in graphenium spe
ies is 
onsidered inthe framework of the broken spin symmetry single-determinant approa
h. The modern implementationsof the approa
h in the form of either the unrestri
tedHartree�Fo
k s
heme (UBS HF) or spin-polarized DFT(UBS DFT) were dis
ussed with the emphasis on the10 ÆÝÒÔ, âûï. 1 145
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Fig. 3. Equilibrated stru
tures of sp2-
on�gured sili
eous spe
ies, UBS HF, singlet state: I � sili
oethylene; II � sili
oben-zene; III � sili
ofullerene Si60; IV � fragments of (6,6) SiNT with empty (a) and hydrogen-terminated (b) end atoms;V � the same for (10,0) SiNT; VI � (3,7) sili
ene sheet with empty (a) and hydrogen-terminated (b) edgesappli
ability of spin-
ontaminated solutions of bothte
hniques to the des
ription of ele
troni
 propertiesof the spe
ies. For graphene, the UBS DFT appli
a-tions generally reveal the open-shell 
hara
ter of thesinglet state of the obje
t and manifest an extra spindensity 
on
entrated on zigzag edge atoms. Similarly,our study shows that the UBS HF approa
h supportsthese �ndings but exhibits the extra spin density notonly on zigzag edge atoms but also on all atoms of thesheet. This pe
uliarity permits quantitatively des
rib-ing the odd-ele
tron behavior via both enhan
ed 
hem-i
al rea
tivity and magnetism. The former is presentedin terms of a quanti�ed atomi
 
hemi
al sus
eptibilitythat is 
ontinuously distributed over all nonedge inneratoms with the value similar to that for fullerenes andCNTs sidewalls and is twi
e or �ve times greater onzigzag edge atoms depending on whether those are ter-minated (by hydrogen) or empty. The arm
hair edgeatoms four times prevail over the inner ones only in theabsen
e of 
hemi
al termination.

Magneti
 response of graphene sheets is shown tobe provided by a 
olle
tive a
tion of all odd ele
tronsand to be mole
ular-like by nature, whi
h attributes thephenomenon to the size e�e
t. The relative magneti

oupling 
onstant J de
reases as the sheet size in
reasesand J approa
hes the limit value 10�3�10�2 k
al/molneeded for the obje
t magnetization to be re
orded,when the sheet is a few nanometers in size, whi
h is
onsistent with experimental �ndings. When the lin-ear size ex
eeds the mean free path of odd ele
tronsand spatial quantization of the odd ele
tron behavioro

urs, the magnetization be
omes nonobservable dueto a large value of the magneti
 
oupling 
onstant Jdetermined by the ele
tron intera
tion within a unit
ell 
ontaining two 
arbon atoms.The explanation suggested by the UBS HF ap-proa
h seems quite reasonable. A 
ommon view onboth 
hemi
al rea
tivity and magnetism of graphene,physi
ally 
lear and transparent, witnesses the in-ternal 
onsisten
y of the approa
h and exhibits its146
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h to 
hemi
al rea
tivity : : :high ability to quantitatively des
ribe pra
ti
allyimportant 
onsequen
es of weak intera
tion betweenodd ele
trons. The statement is well supported by adeep 
oheren
y of the obtained UBS HF results withthose following from the appli
ation of many-body
on�guration intera
tion 
al
ulation s
hemes to poly-a
enes and graphene. Applied to sili
ene, the approa
hreveals a 
omplete unpairing of odd ele
trons of thespe
ies, whi
h transforms it into many-fold radi
als andmakes the substan
e absolutely impossible to produ
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