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Spin-polarization effects in (AB,), polymeric chains
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The techniques of renormalization of interactions and transfer matrices are used to investigate spin-
polarization effects in &B), polymeric chains, within a Hartree-Fock solution to a diagonal Hubbard Hamil-
tonian approximation. The electronic structure of the infinite chain is obtained and the corresponding magne-
tization is examined for different values of the one-center repulsion inte@iréiss observed that one-third of
the total electronic states available are associated to nondispersive states localizeB sitetbiefor half-filled
systems the conductive and magnetic properties of the chain are obtained as a fundtidrhefdamped spin
density wave resulting from a substitutional impurity onfanenter is also calculatef50163-182606)03823-

4]

I. INTRODUCTION which Nagaoka has demonstrated an important theorem valid
for the almost half-filled band cagé.
After an earlier suggestion that odd-alternant radicals In the present work we will use the renormalization of
would be likely candidates to present organic ferromagnetiénteractions techniqdé®*to examine the electronic structure
interactions, in his 1978 pioneering work Ovchinikdshas  ©f (AB,), chains|[Fig. 1(a)], described by a diagonal Hub-

examined the existence conditions for ferromagnetism irPard Hamiltoniarf” This polymeric structure represents the

large alternant hydrocarbon molecules. By definition, alterSimplest case of the type of nonclassical system with odd-

nant molecules are those in which one could identify twoMémbered rings — analyzed Dby  Tyutyulkov —and
classes of atomsC and C*, such that each atom of one collaborator$:?6?” for which no alternant structure can be

assignedand hence the CR theorem cannot be appliedr

given kind would only have atoms of the other type as first} ese systems the unpaired molecular orbitals in excess are
neighbors, and vice versa. Classical alternant molecules ha 0% nonbonding nature and will collapse into an infinitely nar-

" .
an equal number o€ and C* carbon sites and obey the , "nang that could lead to a high-spin ground-state

Coulson—RushbrooI?e((?R) theorem, W.hiCh states that in configuratior?® This system was first discussed for the case
such systems there will be a well-defined unoccupied Moy iqentical (A=B) atoms by Coutinho-Filho and

|ECU|QF_OrbIt?|(MO) corresponding to each occupied MO. cqjiaporator€® who have obtained results through direct di-

Ovchinikov** has also considered the case of nonclassicajgonalization and quantum Monte Carlo simulation. We will

alternant molecul€€ in which one type of atom is in excess: show in Sec. Il how the use of renormalization techniques

it can be expected that the ground state of these moleculggill permit the investigation of the characteristics of the non-
would display a high multiplicity and a total spin dispersive states of theA@,),, chains in a simple and ana-

lytical manner. In Sec. lll, these techniques will be used to

Inc—Nex| s_tud_y the effects of.the introduction of a gubstitutional impu-

== (1 rity in an A—type.sne upon the eleptromc structure of th.e

system. A preliminary account of this work can be found in

Ref. 29.
wherenc andnc+ are the numbers of atoms of each kind. By

the same reasoning, nonclassical alternant polymeric chains
would have a nonvanishing magnetization per unit cell
(Sy,9 and an extremely high total spin.

The field experienced a renaissafi¢éin the second part
of the 1980’s. Since then, the search for organic ferromag-
nets of increasingly high Curie temperature has continued at
a steady pac¥™ and a promising development was the
relatively recent identification of all-organic magnetism in
the family of nitroxide crystald**®

From the conceptual point of view, the study of the mag-
netism in polymers is akin to the investigation of the behav-
ior of one-dimensional Heisenberg chaffi/ for which a 1y O Vi -1
series of theorems have been established within the Hubbard b) @ R @ @
modet®~2°[as a matter of fact, Eq1) has been rederived in oy g R
this context by LieB”]. To analyze the existence of ferro-
magnetism in these systems, the electron-electron repulsion FIG. 1. (a) Regular @B,), chain and(b) its renormalized
is usually described within a Hubbard approximattorior  equivalent.

a)
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Il. PERFECT CHAIN

A. General expressions

Let us consider first a perfect chain with no impurities or
defects presenfFig. 1(@)]. Following the general idea of
renormalization of interactiorfs;**we will identify two dif-

ferent kinds of sites in the AB,), chain: ‘“knot”
(....,—2,-1012....) and “angle”
(....,—ay,—ay,as,a,,...) sites. The former will be pre-

served, while any explicit reference to the latter will be
eliminated in the renormalization process.

In a Wannier orthogonal basis, the generic equation fo
the Green function can be written as

EGi,j:5i,j+Ek Hi,ka,j' (2)

where, within the diagonal Hubbard approximation adopted,

only intrasite

HAR =~ (an I )= = (an+ 1),
©)
iR =~ (s o)) =~ e+ 1),

and first-neighbor (W |H'W|W¥;_,.,)=—V interactions
are consideredAs usual, the superscripty{|) indicate the
spin orientation. The self-consistent nature of this simple
Hamiltonian is such that the “self-energy” of an electron of
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and VL= (8

I —pnl = _ -
RTPAT 2+ p) 4(c 1 ph)

are present.

This renormalization scheme allows the formal reduction
of the original lozenge-shaped chain to the simpler structure
of Fig. 1(b), where only knotlike A-type) sites are retained.
The general expression for the Green function of this latter
chain,

(e+ a&)gg,oz _VTRngkl,O_ VEGh 1,00 9

Can be solved for any particular element of interest after the
introduction of the transfer matd% T'=g],; /Gl ;. The
resulting equation foff ' can be solved analytically, and in
terms of the self-consistent parameters and pg one can
write

T'=[2(e+pa)(s+pp)—1]

+[4(e+pp)(e+pL) VA (e +pp)(e+ph)—1.
(10)

Since G} »=T'Gl o, we can now solve for the diagonal
element of the Green function for site O:

12
1

V(e +pp(e+ph)—1

s—i—pL
8+pTB

gg'o: * (11)

a given spin orientation at any atom will depend on the elec-

tronic density of electrons with opposite spin orientation al-

An essential feature of the renormalization process is that

ready present at that site. If we take O to represent a typicdhere is no loss of physical content associated with it; rather,

A-type of site of the perfect chain, we hauéor the
Telectrons, for instange

EGho=1-VGj_, —VGia,

—(aptfpGoe—VG)_p ~VGhy , (4
or, using the symmetry of the chain,
(E+ap+fr)Glo= 1—4VG;1,0. (5)

It is convenient to divide the above equation b@/ SO
that the set of parameters(,f,,E) could be replaced by
the corresponding dimensionless quantitieg, (5, ,£). Ac-
cordingly, the dimensionless Green function
gi,jzzﬁvei,j is introduced and one can write finally

(8+PAGh =128 o, (6)

where pi=as+8a(ny) is a parameter to be self-

all necessary information about the angle sites can be recov-
ered from the new expressions for the renormalized knot
sites. For the original chain, one can write, for example,

1 gl 1

2\/5 02, 2\/5
Using Eq.(6), and the fact that by symmetg, =G, we
obtain

(8 +PAGL a=1 Glar (12

1+ (e+ph)G)
- :#' (13
184 2(e+pg)
or, finally,
gT = 1 +1 8+p;‘-\ " !
27 2(e+pg) 2\ s+Ps) Vietpu(eiph L
(14)

Equations(11) and (14) will provide all information re-

. . . quired for the knowledge of the electronic structure of the
consistently determined, after the amount of electronlc( AB,)
n

unit cell. The band edges for the spin-up electrons

charge at any individual site is correctly adjusted. Due to th%an be analytically found as

first-neighbor coupling approximation, the equivalent ex-

pression forg}, o only involvesGy, andgj ;, and therefore

we can eliminate any explicit reference to thgsite (of the
B-type) and write

(e+ aR)g(T),O: - ZVRQI,Ov

where only the renormalized interactions

(@)

31: —Pa;
el=—pt,
(Ph+PL) (PA—PB)?

+1, (15)

4

and
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. (PAtPh)  [(pa—pb)? 80
Q= — 2 - 4 +1,

with similar expressions for the other spin orientation. 6.0
The poles ofgg%) correspond to the band edge singulari-

ties and have vanishing residue. Therefore all states associ- @

ated to knot sites are of a delocalized nature and can be Q.

4.0

described by the local density of staigdS) Vs
1 20
pAR(e)=——Im[Ghg'(e)]. (16
. N . . 00 . ; :
A different situation occurs for thB-type sites, since a pole 15 10 -05 00 05 10 15 20
for g;yal with a residue equal to 1/2 is found to exist at €

e After introducing the corresponding LDS FIG. 2. The uc DOS for the casé=J,=Jg=0; 1/3 of the

electronic states are associated to a dispersionless state at the

plB(e)= - %m[g;(li';l(s)], (17)  middie of the band.
the total electronic charge per unit cell and spin orientatiorelectronic states will be present at the middle of the band
9,V =g,V + 29, can be written as (Fig. 2); note that this dispersionless state, which occurs at
any B site, has its origin associated to the lozenge topology
- [BFY 1w of the chain. o .
uc f_m Pana(e)de For the case of a nonvanishing intrasite interaction, e.g.,

J/IV=—-1.0 and for the initial chargesg,.=2e and
g..=1le, a different situation arises: for each spin orienta-
tion, a gap of width|ph!—plY| now separates the va-
lence and conduction bandsig. 3). We note that while for
(18 the DOS of siteA there is no Van-Hove-type singularity at
where @(¢) is the Heaviside step function. The pattern of the top edge of the valence band, the position in energy of
electronic distribution along the chain can then be derivedhe localized state of th8-type sites will be distinct for
from the total electronic charge and the net magnetizatioflifferent spin orientations: for example, this state will appear

glh) 1
+2 J' ] pTB(,lB)(S)dS-FE@(E'T:(U_FpTB(l)),

per unit cell obtained, respectively, as at the top of the valence band for thieelectrons but at the
bottom of the conduction band for theelectrons. Since the
Que= Qe Ol (199  corresponding residue is 1/2 and there are Bvatoms per

unit cell, 1/3 of the total electronic states will continue to be
associated to the corresponding energy position.

To determine the effect of the relative strength of the
intrasite repulsion integral on the properties of the system,
It is important to note that since the Hamiltonian used had"® have exa”."”ed the evollut|o.n of t.)Oth the 9ap .W'dm’
no spin flipping terms, the total number of electrons of eacHand of the unit cell magnet|_zat|on with the Va“a“‘”? of the
given spin orientation must be independently preserved. Thigarameter.]. As shown in Fig. 4£, grows monotonically

is consistent with the so-called “fixed spin moment”

and

Muc= qLTJC_ qlﬂC' (20

scheme!~33s0 that the system naturally obeys Lieb’s theo- 80

rem. Once the parameters are defined, the self-consistent pro- e spin up
cedure defined by E¢3) can be initialized by taking a guess — spindown
at the up and down electronic charges for fandB sites, 6.0

i
and will proceed until the desired convergence is attained.

B. Results and discussions i
Let us consider initially the particular case of a homo- A
atomic chain with a half-filled band since this corresponds to 2.0
the most important physical situatiéh?3*and examine the
conditions for the existence of a gap just above the Fermi
level. If J=J,=Jz=0 anda,= ag=0 are taken in the gen- 00 =6 95 oo o5 1o 15 20
eral expressions above, one can observe that for all different ' ’ ' e ' ' | '
values ofV just a single band exists for the unit cell density
of states(uc DOS and hence the corresponding polymer FIG. 3. DOS for the casd/V=—1.0 andq).=2e, q'.=1e.
would behave as a conductor. As previously found in theThe dispersionless state appears at different positions according to
literature®® a localized state that contains 1/3 of the totalthe spin orientation.

!
|
|
|
|
1
1




53 SPIN-POLARIZATION EFFECTS IN AB,), POLYMERIC CHAINS 16 261

10, 40 8 B
Hg
pat:
051 30 a)
a, 00 & 208
—
-05- .0
Ba
A
-10 : : : . 00 Ve Ve o Ve Vg
-100 -80 -60 -40 -20 00 b ) _@ % 2 @ @__
J/vV ol Y, o
R o R

FIG. 4. Behavior ofey (¢), ua (O), and ug (@) and as a
function of the ratiol/V. FIG. 6. (a) (ABy), chain with anX substitutional impurity in an
A-type site andb) its renormalized equivalent.

with the increase oflJ/V|, while u,—1e in the limit  opp expressions for the calculation of the Green’s-function
|J/V|>1. Consistent with this behavior, we note that theelements for the different sites at varying distances from the
pattern of electronic charge transfer along the chain is suclimpurity are then needed.
that as|J/V/| increases there is a net charge transfer of spin | the impurity is characterized by a different intrasite
up (down) electrons to the angléknot) type sites. As could parameterly, the corresponding diagonal Hamiltonian ele-
be expected, in the high intrasite repulsion limit teB(),, ment will be given by
chain will behave as an antiferromagnet.

We can conclude that the ground state of the perfect ho- HiY = —(ax+Ix(n{")=—(ax+ 1Y), (2D
moatomic chain of lozenge topology corresponds to a spin ) o o
density wavé®38 of J-dependent magnitudéFig. 5), with We label the impurity S|te_ as 0 a|jd use the remaining reflec-
S,.=1/2 in agreement with Lieb’s theorefh Also, we can  tion symmetry of the chain to write
note that the asymmetry between the spin-up and spin-down
DOS shown in Fig. 3 closely resembles the “covalent mag- (e+pl)Goo=1- \/Eg;l'o (22
netism” model introduced by Williamt al*® to describe

" ) . " for th in lectrons, wher
the itinerant magnetism in transition-metal systems. or the spin up electrons, where

T— ax+ f;
Ill. A-TYPE SUBSTITUTIONAL IMPURITY Px 2\/§V .

(23

A. General expressions o
If one follows the same renormalization procedure as be-

The role that impurities play on the electronic and opticalfore, the following set of coupled equations,
properties of polymers is well knowl{.We will consider

here how the electronic distribution of th&B,),, chain will (e+a)Glo=1-2VEG] ,,

be affected by the presence of a substitutional impurity

X in a knot (A-type) site [Fig. 6@]. The presence of the (e+aR)G] o= — VLG o~ VRGh o, (24)
impurity represents a break in the translational symmetry of

the system. As a consequence, the electronic distribution of (e+aR)Gh o= —VEG] o~ VRGh o,

the chain will be most affected in the immediate vicinity of
the X site: as successivAB, cells further away from the €tc., where
impurity are considered, the corresponding uc DOS should

reveal a gradual “healing” to the regular chain pattern. Gen- (25)

ab=pl- s,
2(s+pp)

will be obtained. We then see that th&HR,),X chain is

equivalent to the renormalized chain of Figbg and that for

the periodic part of the system the transfer matrix given by

Eq. (10) can be used. In this way, the dimensionless diagonal

Green's-function element for the impurity site can be found

easily as

' e+ ah+VLT!
900~ (e+ab)(e+ak+ VLT —2(VL)2T!

(26)

FIG. 5. Spin density wave associated to the regulaBy),
chain, for the casd/V=-2.0 andq/.=2e, g..=1e. Note that and successive use of the transfer matrix will allow the con-
ma=—0.36 and ugz=0.68, leading tou+=1.0e andS,.=1/2. secutive diagonal matrix elements to be obtained as
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FIG. 7. LDS for the 0 anda; sites in the case

Ja=Jg=-0.5V, Jy=-1.0V, andq/.=2e, g!.=1e. The local-
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To obtain the complete solution of the problem, one still
needs to find the position of the localized states and the
corresponding residues. The best way to accomplish that is
’ to substitute the values of the parametefs, Vg, and
into Egs. (26) and (31). For the spin-up electrons, for in-
stance, one gets

ized state above the conduction band has a residue of 0.16 (0.05) at

the 0 @,) site.

where

1V
" gt b+ VLT

(27)

The calculation of the electronic structure associated to
any given site along the renormalized chain can be imple-
mented from the general expression derived above. How-
ever, use of Eq(27) is still not completely convenient since
for any site considered the knowledge of the immediate
neighbor diagonal matrix element is required. A more gen-

eral expression can be obtained after repeated use of the

identity
V&
8+a,;+VTRTT=—ﬁ, (28)
so that the intermediate expression
1 n—1
Grn=—yr2 (TH 4 (TH2Ghs (29
rk=0
can be simplified to
1 T[T
(. S S A 4 2nal
gn,n_ VI? 1_(TT)2 +(TT) ng()’Oy (30)
wheren=1,2,3... . This permits then the direct calculation

of the LDS associated to any knot site.
For any AB, cell considered, the diagonal Green’s-
function elements for the angle sites can be directly found in

terms of the diagonal elements for the nearest-neighbor knot FiG. 8. Evolution of the residues of the localized state as a
function to the distance from the
Ja=Jg=—-0.5V (q,.=2e, q;.=1e) for different values ofJy
along the knof@) and angleb) sites.

sites. To do this one just has to relate the desagdite to
the neighboring atoms & type at then—1 andn sites, and
use the reflection symmetry of the chain, so that

a)

RESIDUE

b)

RESIDUE

Ga,

1
o= 5L 1- 71~ (s +PRGh 1 1]

2 (gL,n—’_ gg—l,n—l)-

T8+ ph) (31)

2(e+pk)
1 _
Yoo et aherph—Alphpy 2
A(pp.PE)=2(e+pp) (e +ph)Y?
+\4(e+ph)(e+pk)>—1.
0.25 1
o.zo-\‘
\ Jy== 10V
\ —— = Jy=- 15V
0.15
0.10
0.05
0.00 T
[o] 10

knot site

—— Ug=-10V

0.02

0.00

T
g,
angle site

impurity for the case
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No analytical solution was found for the position of the poles IV. CONCLUSION

of this expression, so that the corresponding residues were ) _ _
determined numerically. In this paper we have examined the electronic structure of

the lozenge-shapedA@B,), polymeric chain, which was
B. Results taken as a model of a nonclassical nonalternant system, and
. — we have shown that the characteristic nondispersive state can
Let us consider the initial set of parameters o,y tq interesting magnetic properties in the half-filled band

(ax=ap=ag=0; Ja/V=Jp/V=—05; Ix/V==1.0). In 550 The use of the renormalization of interaction technique
Fig. 7 we depict the corresponding density of states for th‘i"'las allowed a simple and analytical treatment of the elec-

sites 0 anda, . One.can note that a new Iocah_zc_ed state aMS€%onic structure of the problem, so that the description of the
?‘bove the cond.uct|on band. The physical orgin of thls state ffects of the presence of aktype substitutional impurity
is associated with the presence of the substitutional impurit ibl

fcomes possible.

and as a consequence its residue should decrease as we ¢ : - . .
Since a characteristic spin-density-wave pattern results

sider unit cells farther away from thé atom. For the values : ) : , . -
of parameters considered, this residue is essentially equal fgem the introduction of a single impurity, the possibility of

zero for the seventh unit cell away from the impurity, al- Iong-range( through-bond") interactio® between disperse
though the corresponding LDS presents the oscillatory patMpurities along the chain can be imagined, with important
tern characteristic of perturbed systethdf the strength of ~consequences for the total magnetic properties of an appro-
the Jy parameter is increased, the damping of this localizedriately doped polymer. _ . .
state with the distance from the impurity is more noticeable " SPite of the simplicity of the polymeric chain consid-
(Fig. 8. In a similar way, the perturbation in the electronic ered, the present results indicate that other nonalternant non-

distribution is mostly confined to the immediate vicinity of classical polymers of more complicated unit cells could be
the impurity site. treated equally by the renormalization of interactions tech-

For a real system of this kind, the local disruption of the Nidue, which has g\lready been applied to polymers of more
electronic and magnetization wave pattern could be probe8omplex structuré:
eventually by a magnetic hyperfine investigation. It must be
noted that the above results were obtained for the case in
which |Jyx/Ja|> 1. If the impurity has an intrasite electronic ACKNOWLEDGMENTS
repulsion term smaller than that of the origidahtom it has
substituted, the new localized state could be expected to ap- The financial support of the Brazilian agencies FINEP and
pear below the valence band and, therefore, for a half-filedCNPq is gratefully acknowledeged. We thank Professor M.

system it would be occupied. Coutinho-Filho for bringing this problem to our attention.
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