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within the framework of the finite band contirou- = fivee
proposed by Gammel (1986) for the case of rolva-=7ile cnzisz In

the present paper, we study the physical charastericvizzs o

liton pairs and polarons,both nunerically =nri =zrnaly*:

of our paper is twofold. At first, we extend *the fo7:

tonian (Rice and Mele 1882) hy adding elecirzn tri-sfer: =

second nelghbour sites since their role in scre AP

"

be considerably enhanced in comparison with *¥e pilvzie=yl<cnz  ~<z-

se. At second, we investigate numerically =w-zlecwr:- crzttrz  <f
finite AB chains to estimate sffecte causged by dicro- i mrn=
lattice.
Let us consider the model Hamiltonian
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for the linearly conjugzated AB polymer,wherec t“r*UxZL.ZA..S, de-

notes electron transfers between the first and esoond

respectively,C: (cn a) are the creation
s

&

of n-electrons with spin ¢ at a site n,

potential,K is a harmonic epring constant and 1 are lattaice
rlacements . We note that elastic interactione are rec-ricted o <re
nearest-neightour atomic cores.Also, the kinetic er=zrgy ternm 1s
omitted in (1) because we are interested here in s.ztic la%ttice
configurations only.It is assumed that there is one w-electron fer
site.

As usual,we adopt the linear forms for hopping ratrix slenents
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where to and t, are the electron tranefer integrals between first
A3l

and second neighbours in a regular chain. The corresponding deri-

and t with reapect to intersite separation
[l

vatives of tn' ez

n+1

a in the regular chain are denoted by -¥ and -an.Whilat the para-

meters t = +*® and » = r:B do not depend on the site index,the hop-
[a) 1

pings t, and elJectron-lattice coupling constante 7,  are egual

AABB)_ } AA®mB_ f dd even sites,
z _tzA(t'zu) and z - YZA(YZB) er © ( )

to t

respectively.

It is convenicnt to rewrite the Hamiltonian (1) in terms of

the dimensionless bond- Jength changen v":r(um‘-‘ un)/'.o
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where Xeff:4r2/nﬁto is the dimensionless electron-phonon coupling
constant. As it follows from (6), the dimerization exists for
A0>t0(ao—Ar) only. Hence,Tor some AD materials with o cleoce to A
and tz:c#tzn’ the second neighbour intoractions can easily supprors
the dimerized structure of the ground gtate, In  a  gencral caee,

1A-f1n,equa‘l,ion (7) haes to be ralved nomerically For T, Ve find
2 1.2
1+ .
12 e = —HV ) Ry B 0, (8)
1-z
where K(m) and E(m) are the complete olViptico intepgrals of the
first and second kind, resporotively, m (1 I'.’)/(]iyk) and y mo/‘;l.

Finally, for A&7 « 1 and y « 1, At « 1, eq 7T can be solved annlyld

anlly even for 1o and we find
A L]

Vot Ay w BL cxp( /a0 (4)

. , R
The: charpe tronsfer Y¢ between the A and Ioatome becomes
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where t_ and t,, are the electron tranefer integrals between Tfirst
o] n

and second neighbours in a regular chain. The corresponding deri- ~
vatives of t and t with respect to intersite separation

= n,n+d nn+2
a in the regular chain are denoted by -¥ and —rZH.Nhilat the para- ,

meters t = +*% and » = r:n do not depend on the site index,the hop-
o 1

pings t and eclectron-lattice coupling constants y, =~ are equal

n
ARBER & AnBR odd even sites,
to tz :tZA(tZH) and v, = rZA(rZB) for ( )
respectively. ¢

It is conveniont to rewrlte the Hamiltonian (1) in terms of

the dimensionltenn bond- Tengith changes Vn:r(um" un)/tn
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where Xeff:4rz/nKL0 is the dimensionless clectron-phonon coupling
constant. As it foliows from (6), 1ihe dimeriszation e¢xists for
A°>to(aD—AT) only. Hence,for somc AD materials with @ close to A0
and tZA?‘tzn, the second neipghbour intcractions can easily suppress
the dimerized structure of the ground state. In  a genceral  cano,
1A?‘Tn,equation (7) hae to be wolved mmerically. For 1,1, W find

1/x . Gyt [ K(m) E(m) | (8)
eff ~ ' ,
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where K(m) and E(m) are the complete ¢lliplic integrals of the
firot and second kind, respoctively, m (1 ;ﬁl)/(lcy‘l) Hniel y»cx“/'.l!.
Finally, for A7 <« 1 and y <« 1,81 <« ), e 7 ¢on be polved analytd

cally even for rAf:“ and we tind
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Mele (1982). Recently, their linearized scheme has been extended
by Fedyanin and Osipov (31987) by including the electronic disper-
sion. Since the finite band scheme involves the Rice-Mele approach
as a special case we start with finite band field equations (for
details see Fedyanin and Osipov 1987) for eigenvalues Ek,eigensta—

te amplitudes Ak(x), Bk(x) and the local dimerization gap A{x)

F=n

A a Uk(x)
(Ek’°"tzk ) Ak(X) = v (k) g - (c(k)—iAl(x)) Bk(x)
R 3 Ak(x)
(Fgtecty ) B (x) = ~iv (k) —p - ((k)+14,(x)) A (x)
(11)
and
A idria O * e e VYOO
(x) & L (A (x) B(x) ¢.c )coska, (12)
k,

where the elgenvector corresponding to the eigenvalue K is  the

k
—ikx Uk .
spinor wk(x) (w:(x),w:(x)) = (Ak(x)e ,Bk(x)e . ) normal ized
-2
accoordliog Lo 5 dx (|w:(x)|7¢|w:(x)lz): 1; Ak(x) A(x)oonka, vr(k)"
L2

v ok, whieroe v, denoton Lthe Fermi velocity vFv‘Zt,n, (k) 'ﬁl,nuink:l;
r

Ay con?ha oand Cinadly, the length of the chavin 1, Naooso
7k 2ALIM)

Only linear Lerme In .1/1,“ lf.” VL’/A) are retainod in (11) and (B2

and, Lthorelove, the doayavat iven y (which appaear in bormn af

zacm
an ordor ot (a/F )‘) e abment o (11) and (12) Wo ahonld note
”
that here and heroalfter the wavevecotnr k Is meanured relatlve Lo
.
kl /Y
Foor the gromul pgtate Aty conit, the solutionn of (1V) and
(1) ares plane waves with conntant amplitndes and yield the elgen
valuen piven by () vt ko han/ta In peviodle chalnn the topa

logte conatratnta dfmply Yhat Che nolllong o b carentesd from thea

grond mlnta cnly o Vhe Fovm of AN noliton palin

Let us consider first the case of t_ =t* =t” Since now the
zk zk 2k
effect of the second neighbour hoppings resnlts in a shift of the
chemical potential only,it iz convenient to introduce new encrgy
variable Ek: Ek—tzk. For a < Ao we have
A(x)= * A th(x/Z ), (13)
where the plus refers to an A soliton with the encrpy EA: +a  whe-
reas the minus to a B soliton with the energy EB: ~ct . The conti-
nuum states have similar energics Ek an those of  the dimerized
chain but they are phase shifted by &(k): —arctg '\»/Lk)'
The wvave functions of single A soliton (K. 0) road s
A(x)= A _(x) - N gech(x/f )  and . B 0 14
wo(x)= A (x apech(x/f anc y,, (x) o (%) . [14)
where N, = [(1/2%) cth(L/;fr,o)J"’ C The amplitudes of conbinuim

sltatces (k # 0) become

1 2

- [fr(k)lif\kl,h(x/?,“)] and Hh(x) (NLI') ,

whire: Nl"'Z[Ek-I\:«‘,“/l'(l‘fk ) l/(|':y o) Thee  amplitades  of  ningt e B
soliton and corrcaponding continoam ntate. apre ohibained from (14)
and (15) by charngringt A v B ooawd o v e
The chanpo in the Tooal edectrande oo iy ol 1) dhmep e
chiadn dnduced by the prenence of bhe AL codbibon patr o
A . .
Apr(x) (l'. '.'l') 0N I R I R B re U, (16)
whe o " and e are e cnpatbon nambe v o A and B8 o titon cnea gy
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. ) z 1,2 d
the first and second kind, respectively, m’=(1-m ) an tgn =

B
a(1+y5) Y% a (1-2°)*%.The charge densities ph(x) and eL(x) read

as

1 2
pg(x):% seoh®((x-L/8)/¢,) and  ep(x)= 7, sech ((x+L/4) /8 ).
(o]

(18)
As it follows from (16) the soliton charges of the AB pair are

Q = -(vt - Zli)lel. (19)

A(B)
Finally, the creation energy of the AB soliton pair becomes

2
26 (v, 0 )-:,_1(“;,..»‘)of“f:{.l; [E(m) (1-m3)E(m) [+ Yooy T(n/2,n,m)}

e m" (1+vy7)
(20)
where 1W(2/2,n,m) ig the complete elliptic integral of the third

kind and n - (1! z’)

Let un now discusn bricfly the cane of tZAszB.Au relevant  de-
rivations within the fintte band ccheme are lengthy and do not re-
anll In clooe analytical formalas, we restriot our anacbysin du this
Letber anly Lo bhe Pineariaed version of equations: (11) and (12,
Approgimiling in (11) Ging = x and cosx o 1 and introdoacing noew
cncrpy var bable I'iL l",L (l”\ll.“.) we arrive ot the modified Rive

e Mede (198 caquations

(l"‘ (e A1 Hv'A(,«) 1 iv‘_“/x 1oiA(x)]) w“(x)
(I\ZL 1o (en f'l))v’n(‘() i leVA VA ) V*A(x‘), (1)
vl A | Hene oo bangeinge oimply o0 v c0 AL e e readily
N 1A

apply ol thee Povamdan of the Hiee and Mele paper (UU7T) Moo o am

ple the creatlon ey ol o nentral ALV e len o pecols

4 .on |
','If,.'m(n'.,i» } (4 Al)(.'||~l oy " [ A (oo At e "

(")

oo C20) b Dol e thob Thoe aies omd e b hbhoaa Integyac Chonn onn

slgnificantly modify an energy required Lo cxcite an AB soliton
pair. Similarly, changing @ + a-At in polaron solutions of (21)
(see Camphell 1986), we find that the polaron becomes unstable at
(a—At)>Aa/I§_ and decays into an AR soliton pair. Thus, the second
neighbour interactions affect also the stability of the polaron
states.

To investigate effecta caused by discreteness of the Jattice we
have carried out numerical calculations on periodic chains (i.e.
rings with fixed lengths) using the sclf consistent discrete me-
thod propcesed by Shastry (1983) and applied by several authors Lo
polyacetylene and polyyne chains and  rinen  (Stalfstrom  and  Chao
1984; Drechsler et al 1987 ,and Malek ot a1 1988) . A modifiaalion
of Lthe diccrete method Lo a diatomic palymer caee is  ctandghllor
ward. The eigenvalue problem for o pertodic chadn deseribed by the

Hamlltonian (3) reads as

n

K k> = B |k> anil [k - IJ| v, () “,.,_,,I""‘ (23)

where the eigenvalucn B, the edpenvectorn fhe (The frdea koin
eludes the epin indea near) depoavd, o e, o Lhe bond Tengith

climges v b Miadmizbage the total cncrey ol the peartodie chatn

anne [X]
. i — .
- ne oo v o, ?4)
Lot Y R [N
Y ] LTI |
wnder  the  conntraint condit o cuprennlige perbodie bovimdao y
cond i bion
12]
Novooob, (rh
Ty L] "

with renpect Lo v, we miartve ot the acltf complntont oguat bonn

e ] .
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where the Lagrange maltiplier X reads as

N occ - ~
N L Ewa(nu)wk(n)+rhw:(n+z>wk(n)+rn_,»{(n+1)wk(n—1) +c.e)
e (27)

and the index k runs over all oceupied spinorbitals.

Fauations (23)-(27) may be solved by an iteration procedure for
the ground,AB politon psir snd polaron ectatco,respeetively, utili-
zing conbinuam theory expressions for displacements u_- as star-~

ting anmatz. The creation cnergy 28, of an AB soliton pair and
f P . . AD
the formation energy E of a poloron state are  2E = E -
feor eNC Lot

DIM

1
X 7 X ATe he
s F'u’L and Flol ar th

DIM P R DIM ~AD
-k and K B 1 . where R
tot fer Lert et tot

reclovant toLtal energien pgiven by (24).  The greound nptate  charge
strnetnre along the periodic chaln (In ZDO approximatlon) reqods

e
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q (n) ( T IWTlM(n)
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IZ

v 1) l!!' . (28)

where Lhe second Lerm in (28)  deseribes  the  charpe  of  atomle
cores The chamees in the charpe distribution of the dimericed ring
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their middle sites. For even values of M, the A soliton with ener-
gy +a ig centered on A atom and B soliton with energy -« on B
atom. The soliton charges QA and QB result from summing up the
charge diatribution ApAB(n) over the corresponding regions (i.c.
over A- or B-"open” <hainc) of the ring.

We have performed numerical caleculations on the ringe of N=8§2,
1862 and 202 atoms. With the employment of the representative va-
lues t_=3av, k=68 .6ev/R", y28ev/B and 0 3cy, which yield the
characterictic lenpth Lua 9. 1a, we have calculated the Pelierls gap
2/\0,thf:- dimerisation coordinate u o, the soliton charges (JA and @
and the: ecveation snd formstion energien of AB politon prirs  and
polarons, reppectively . Negleoting gecond  neiphbonr trauncfers  we
have obbained resaltn given in Tablen 1 and 2. One can fmmediabely
obtierve Lhe perforl, aprecment botween the recults ol the finlte
band vernion of Lhe conlimmm theory and Lhe  dicercte  model From
Tablen 1 oand 2 it tallows aleo that for a/t’f”<< 1 thee Hieo Mole
gobeme Jo oot fiet ot by necvupate Lo deneribe well ol b bthee chnrae e
Flatien of Lhe paonnd sl cxeiLed oy polaron ghaten ol AR poly
mern Wee note there b0 pawctieally no differcnce bheluaeon the name
Pheanl verad b deydved Trom the rinpa of 162 apd 207 niber

Tov wer b1y Piwi e of the continmiam Lheory wee have choagted 1.hee
Gt ang conmt ot o B34 .’A:u/'l(/ whiivh yiretde 2 o e The penalte

o
can b Loanmd b Tabile 8 In Lhie cane, of couwrne, Lhe fbueray el
oheme et boword o owe bt hat the Cintte band oo hewe 0D con
fovmee wedl to Lo pernadtn of the ditorete moddel calewbab o Thto
tooosn dmpoa bant oo b becane b AN rondopes o the polvyne chalng
cne e edper Voo b o mnd pod oo with very thor bl ter e

Ve Yo bh,

Thes oy proceen of thye pegat bvely charpad polaron rtate iabg

10

Table 1. The dimerization gap parameter Ao(see eaqs. (8) and (9) for
finite band and linearized version of the contimium ilheory,resp.),
the dimerization coordinate u (determined as uO:A/4r in the con-
tinuum model and as uo'-~t0v1/2}/ in the discrete model,resp), the
soliton charges QA and QB, and the creation energy of the neutral
AB soliton pair 2E__ for t013eV,‘K:68.6eV/gz, y=8e¥/8, ©z0.3eV,

and tZA-_—tZBZ}’ZA:YZH’ZO '

el | Wzsee) f (o) || 1D Hfer)
82 o 718 | v.0193 ]| +0 65 0.390
discrete 162 o.722 | o ozoq | o 722 0,391
202 0.722 0 0204 Yo oTeR 0.391
finite - 0. 174 Y v ozos | tuv. e 0.394
_band _ o . o o
lincarized - o.1o6 | 0. ozoo | ro. T2l 0,387

Table: 7. The churscteriobion of Lhe pepatively charged polaron.,

For notaticnes and the parameteoer oot aned e Table 1

. »
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Tabile 3. The coharacler vt b of the penalya)l AN nolbblon pabhra
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the charged pair of A and B sclitons is shown in Fig.2. The calcu-
lation has been carried out on the ring of 162 atome using the

above mentioned parameter set with a=0.6ev and t?A:tZBZO. The po-

laron decays into the B soliton with the charge Qg =-0.387|e| and

the A soliton with QA:—O.SBBJeI. The linearized theory (see Table

2

1) gives A0704706ev and A:(Azua )bq=0.3729v,which in accord with

discrete caleculation,yields Q":—z‘——arctg(A/a)|el:~0‘353]e| and QA:
-(14Q) 7 -0.647|e].

Finally, in Fig.J we show the offect of the second necighbour
transtoers on the creation enerpy of a neutral AB soliton pair. The
Catculatiom:s have been performed on the ring of 162 sltes by ucing
the parapetor et with o 0.3V and At wvavied from -0.3eV to 0.3eVv.

Ther values t t 0 08t have bheen set as oa centre of At inter
ZA Al o

val Wee have pupposed Lhe exponcntial dependence of  hopping  jate

grats t andd ot on Lhe inberatomie separation which ylelds r
/A m A 'a

aned U o b A A} Te YA (e alrno (4)) In aceord with

aoalytical proediction. (cee (22)) the ealenlated  creation  enerpy
2 sbtrongely dopendie an Yhe vadoe of 0 At Since NVZSRY 1 Lhe
o

viecornd derbvatives 3 do ot play any ensential ool Wee noter Lhat
v

for At o L the docatr o Tevelo are ahifted to the madpeap and we
arrdve at the uell knoun pletnere of Lrans polyacebylene cape oo
Al v (1 /\”) The docaly. e dewe s tend o Land odpten amd, Theareeborre,
in the polymear s waith oo o 1 /‘-“, thee pecond neaphbone U ber
coan mako Vhe creation o AL o b ton paacra impoteaybole

ACE IO DG BN
One o Yhe antliore G0 M) won b ke to Chonbke a0 b dnec b ber o

AV venbonn and o ane ol omme e

25
20
151
10
05

-05
-10
-15

-20

-25 ;] 1 1 1 1 It
20 40 60 80 100 120 140 160
n

Kig.2 The decay proceans of a negatively charged  polaron  Into a

e

pingly charged A nolidton palre The  arder  paramebor 4\“ G
v L /¥y (o untts of 10 ' K) Vv phown  The linea AR and © Muplay
noo

the astarting annatz, the ¢ atler 100 Yterations and tho el con
“

nlintent talatton, renpoctliyvely



10

08

; B
03 -02 01 0 01 02 03

At (eV)

Fig & The creabion cnerpy of an oneubral AR soliton paire we 0 fun

chbon of A 'm lM and Ay L Aoalytic  continuam  form  with
A0 (Mine A el connietent dicorele form o with AL/U A /2 (e
o
1)
IEEIRENCES
Compdes T E 0K 30y Flive lev Lot t S beh
Drecholer 2 L e biner Koand Maded W 1987 phys ctal cal(h)y 143 11y
Fedyantn Vo Eoamd Ontee VA 1987 Preprint, JINE K17 BT 6ne e,
PO pehives a0l ol Gy Y44 19
Coovpne - | 400, I986G Fhiyr ley 100y St g
Madok O Dvechcloy Sl Hanes bl Kahot WL 190n Phyro s al ol oby 1A
hew M0 and Mot b 1ol Phiyn Rew ettt 4 14ty

Dlhiactey 1 0y 0 Phviee A Hath and Gey o L t4n

Sltafestyem Sooand Chioo KA 0 Plhiya Hew 109 700

Hevolvedd by tabdb Fahibig Dot Dinegnt
N e L, TUEHY

Ocunos B.A., Manex W, ®epanun B.K, E17-88-461
HenuueiiHbie Bo36y3XReHUA B BY XaTOMHOM [OJTHMepe

[pencrapneHbl KOHTUHYAIsHBIH M CaMOCOr.1aCOBAHHBIA JUCKPETHBIA aHAITMILI OCHOB-
HOrO COCTOAHHA, CONUTOHHOR napbl, a TaKX€ NOJAPOHHOI'O COCTOAHMA B I[POTAXKEHHBIX
LenoYKax IBYXaToMHbIX mnonuMepoB. Ob6cyxmaercs ponb 3ddexToB, 06ycnoBIeHHbIX
B3aHMOeHCTBHEM BTODbLIX coceleff, koTopas 3/ech CyllecTBeHHO Bo3pacTaeT MO CpaBHe
HHIO CO CTyY8eM [I0MaLeThreHa. Boluncimens! naiepicoBckan Ienb 2A g AMIITMTYAa IXMe-
PM3AIHMH Ug, 38DA/ILI COTHTOHOB Q44 Qp, 3HEPTHU POxIeHusa AB CONMTOHHOH mapbl U 1o-
JIApOHA COOTBETCTBEHHO. UMCIeHHBIH pacyeT NOATBEPXKIaeT, 4TO KOHEeUHO3OHHAS BEPCMA
KOHTHHYRIIBHOM TEOPMH TIPaBHIILHO ONMCHBAET BCE XapaKTEPHCTHKH HeRMHeHHBLIX COCTOA-
lllli“l, naxke [IpH OUeHs KOPOTKHX XapaKTepHCTHYeU KM X JJINHAX COJTHTOHOB.

PaboTa BhinonHeHa i Jlaboparopuu Teopetnuec koi ¢pusnkn OUAH.
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Nonlinear Excitations of a Iatomie Polymer
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