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THE INFLUENCE OF THE ELECTRON CORRELATIONS
ON THE PEIERLS TRANSITION

V.Ya,KRIVNOV and A, A, OVGHINNIKOV
Institute of Chemicsl Physics, .S.8,R,
Academy of Scienees, Moscow, U, .S R,

Abstract The problem of the Peierls instability
are considered for two models weskly interescting
Fermi-particles, It is shown that the influence
of the interaction is essentlial differeat for the
system of spinless particles and for the Habbard
model,

INTRODUGTION

According to well-known Peierls theory1, one~dimensi-
onal metsl is unstable with respeet to lattice distor-
tions, This theory implies & number of important conse-
quences for one-—dimensionsl gystems theoryz. In parti-
cular it serves as a basis for the conception of soli-
tons as 8 apedial kind of exeited states of polyace~
tyleneB.

However, it is necesssry to polnt out that Pei-
erls conclusion applies to the system of non-interact-
ing electrons, Though not once sttempts have been un-
dertsken to consider the influence of intersction on
Peierls instebility besed either on different approxi-~
mate methods4'6 or on the results of anumerical calcule-
tions of finite chains, this question has not been com-
pletely solved as yet,

The given psper will consider the problem of Pei-
erls instability for two models of weakly interscting

435
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Fermi-psrticles: spinless lattice Fermi-gss with Hamil~
tonian:

Z“SKQ&'QK +lSZJ¢hK QX QK+T

-F< x<F

1) co39 QA',+2 a"_’ Qx,ak, 1)

and Hibbard model

4
23 ck@rstrs + (62 Sthk ansarens
F<K<H (2)

-+

+[9/N) Zakn’d Qp,o Q’J"’:F ax,a
There will be considered the csse of hglf-filled band
where according to Peierls theory doubling of chain
period (i,e,dimerizstion) tekes place, The 5 value
involved in (1) end (2) is dimensionless amplitude
of periodiec distortion, It should be noted, that Hamil-
tonian (1) ean be expressed through spin operstors
thus describing spin-Peierls system with anisotropic
intersction,

The purpose of investigstion of one-~dimensionsl
system instebility with regard to chsin distortion co-
mes to finding out the dependence of the ground state
energy&on 5 Since lattice elsstic energy is Eela at =

Naed /,2 (where #€ - dimensionless force constsnt) the
distortion is energeticelly favoursble if the value of
A@(&) + Egyggt he® minimum ot d#o0.

For 8 =
g E(E)~ 5§ (3)
and it is clesr that there is minimum when d<< 1. This
is the very ststement which constitutes the essence of
Peierls theorem,
The calculation oi’f(g) value we shall carry on
with the help of perturbation theory on } « Unlike di-
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agrams for Eo(O)é‘(S) disgrams contein the lines cor—
responding to the "normsl" average

aax>= ud= §(1+cosk/s(x)
+ 1] .
<Laxabtr>= 3= f-ud 5 E(k) = (cos™k+ 850
as well as the lines responding to the "snomslous" gve-
rage

R

< 4: Qrer) = (5Sin K/RE(k)

The number of the latter is always even in the diagram,
A1l the £(8) diagrems can be obtained from the disg-
ram for EO(O) by means of all kind of substitutions of
the normal lines for the snomalous ones, For instance,
the second order diagrsm given on Fig.,1 has been obtai-
ned from the corresponding EO(O) diagram by substitut-
ing a pair of normasl lines for snomslous ones (double

lines on Fig,1).

FIGURE 1 Second-orderE () diasgream, i
3
The disgrsm on Fig,1 contributes into & ({)'\-5}‘3&5 .
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The analysis of the perturbation series shows that se-
nerslly n-th order lesding contribution to ¢ (&) ~8"«
"’4;""5 . It i3 not difficult to conclude that disgrems
5(5) giving such kind of contributions possess the fol-
lowing qualitiess 1) they contsin 8 pasir of snomslous
lines; 2) with the anomelous lines being broken the
rest of the disgram with the four ends can be devided
into two psrt by cutting it slong twoinner lines (such
kind of diagrems sre so-called "psrquet" diagrams),
Summstion of these £(§) disgrems will be done be-
low (it is sssumed that @<« 1), For this purpose it is
convenient to express their sum through the vertex
J( k.ls;’ K&G:")' K363,ky6;,) ( K:k)“)),
@ - spin’index)”s

@ oo
6(5): -i(8n)"‘§ Z fdwl[/u& &k,}dg)f{ﬁ ), X (4)
1% K,k 00 4

L d
XJ( k63 , ka6, 5 K+ 6"1)1(-,,-}11"6.'1), where & (k ,@w)~
Green's function, corresponding to the anomslous ave-
rages

5-(’()&)) =

& X
Uk + Uk
wW-E(&)+iE  w+EK)-LE

This equation is schematically presented on Fig, 2,
As is seen from (4) the vsrisbles of the vertex are
chosen asccording to the condition:
K3=K,+7r) W3=w4,' 6}:6’1 (5)
Ky=Kysm; y =Wy 6y =04
The genersl scheme of summing up“such diagrams is well-

known10’11. The spproximation shown in10’12 was used
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Kl w.t k& w&

Kr”f w_,_ k,z,*”' w.z

FIGURE 2 Generalé(S) disgresm in parquet
epproximation,

for the calculstion of Green's functions with the pur-
pose of investigstion of the instabilities arising in
one-dimensionsl system under the influence of interac-
tion between electrons, but when 5 = 0, Such kind of
approach, when 5( ) has not been cslculated, does not
gllow to consider the question of how the correspond-
ing transition sctually takes place, All diagrams of
the vertex part can be divided into 4 classes1o: Jz di-
agrsms being reduced from Ky ,K, to ks,K,, (i.e, dieg-
rams which csn be divided into two parts containing &, ,
K, and K3,K, by cutting s disgrsm slong two inner li-
nes): ﬁdiagrams, being driven from &, K3 to Kg,ky P
diagrsms being reduced from /c, 1 Ky to K, k3 snd the ir-
reducible ones (ss 8 kind of the lstter the vertex of
the first order should be chosen), In psrticulsr for
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the spinless model Jix = 4 (“3(‘/—5;)-593@745,))
and for Hebbard model

Yiv = 3( e, bcus, - 866, 66253)
In this cese the vertex of ,; » Ja8nd )3 are determined
by solving s system of non-linear integral equations
10’15. It should be glso noted that since the variabl-
es of the vertex gre connected by the following condi-~-
tion K+Ky =K+ Ky » each of the vertex depends on 3 vs-
risbles which can be essily chosen by the following
way (to simplify the notes we shall omit the spin in-
dexes so far)? Jg. =p(k,,k,)a)) Q=k,+k'&)' Yo = ©
= oy ] =K, - 6
e e e o B ) &5 e vy
integrstion over the momenta through the region in the
vieinity ofk,,K; ¥£W/4, In sccordence with this
J(K\6; s K36, ; k3034 kyGy) behaviour is of importance on-
1y with ®+%4moments, According to (5) to calculste
5(8) it is necessary to known only the following verte-~
cess J"'"*= —++= and I**":{“**, where the
signs * correspond to the * F/amoments, It is evident
that the ,'H" vertex does not result in the high pow-
er of logsrithm in the corresponding order of the per-
turbation theory, hence they can be omitted, Thus, (4)
comprise the following vertex

foyt=~t oyl _ ytb=—' 4 ppe=, B -

§r="0 yI3=p .2 2=la ,r.z=d.'z+. ¢
When caslculating ),' snd )3 functions within logarothm-
ic accuracy one can sssume fﬂ O (this fact can be eas—
i1ly verified for the lowerest order disgrsms), Accord-

ing to (5) and (6) the ]/vertex involved in (4) is the

function of Kjyand Kgs ,;z J"‘Cx,) /(4, Ketky o According

to logarithmic chsracter of yg

I‘i’ = Xl (kl) Ky, kffka,) = Jj'(mt'lb {‘41/"1/)&/(1&)
Similerly,
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()f; =Y; (ML{&L/&/, h/’ﬁ/})
Tgking into account (5), when calculatinga}land)’& fun-
ctions involved in (4) we can not sssume 4= 0, For in-
stance the contribution of the second order ):l diagram

k'w'
Ktwl K;-Hr wd'

K+ w,
‘ b w' Kawy

FIGURE 3 Second-order vertex l‘z disgrsm,

Calculstion of the higher order diagrsm contribu-
tion indicates thst if the arguments of J;; are connect-
ed through (5) condltion then

024 = P (A el B lial, €n8)
Besring in mind all the mentioned above the expression
of (4) cen be put down in the following way:

= g [ fo@{»(m( &)~
"'r 5I ('Ml'”' (tl)tl)) +)';¢, (tl)t,z )¢) - J’a_ (t, ) t, ) ¢)},

(7)
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where P=-#§ with logarithmic substitution & =
- G (bkjnade in (7), Thus the ],1 and )'3‘ vertex involv-
ed in (7) ere the functions of single varisble and cen
be obtsined through Sudskov's technique'', while jf

and ]f’functions sre the functions of three variagbles

and can be obtslined by the technique developed inﬂ

SPINLESS MODEL

At first we should consider spinless lattice fermi-
gas, The system of equations for the vertex considered
as functione of ain e veariable tskes the forms

H+yiw=-1 j(z OLHC) m’(f)m‘())“df
5~y )= .é/ Clari0)- ) +T) - ) @
r (¢)+)3 @= j@; +HIT O+ R R+ (f))#
-5 = Jepte) gyt

with -

X @=y""6; FO=5"1®
To find J7 and J'3 from these equations it is necesssry
to determine ), a8 & function of single vsrisble, For-

mally ’this fugction s?aﬁ.es the following equationss
H@+ Y@ = - [ +56) 443 (t)+aa()+xzﬂ))§z )
Ke) =g @)=JC-23+5i0) K0 170 - itV

The vertex Ja, involved in (7) sre being derived from
the equationss

(e, ?)=- | X i) rin )T s

L t?)=-y fX-(m(tot))(X—[”“"ﬂ?ﬁ)*’" (£322,9)dt 1)
with /3 (*l,fa,¢)-fo2 (t")t-";9>i )’J (t,)tg)P)
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Xz (B) =~ +p®)2)yl®)

The way to derive equations (10)1 15 besed on the ge-
nerallization of Sudskov's spproach, The solution of
the system of equstions (8)-(9) tskes the forms

¥ )=y D= @)= =- % ; Jab)=psi=0 11
Substituting (11) in (10) we find out thet

Viltyts P05 i (t,40,2) =~ 4 bmin (1) ~ 3 fe2p 9 ety
- minlty))-15~g{exp (4pP~dpti-dgty)-1F 12)

The substitution of (11) and (12) in (?7) and taking
into account the term of the zero order produces:

E5) =gy (eap(99-y)
The given derivation of the expression for&£(§) (13)
is of rather g methodical character, The point is that
this formuls can be obtained by the most straight for-
ward way, Nemely, Hamiltonian (1) can be reduced to
the Hamiltonisn with linear spectrum model using the
substitution of fermi-operators:

Qr = Cix K&T/gl)' Qi = Cax k=-W2

A8 g result of this the Hamiltonian one will be trans—
formed into the Hamiltonisn of Thirring's messive mo-
del°

=2 K(C/kC/k - Cgk C.u) - SZ@/K Cak —Cdk clk)

+ QGN! 57 €14 Crx Cak-y, Cax’
It is well-known that one should tske csre while trans-
forming such kind of Hamiltonisn as type (1) into the
Hsmiltonisn of the model with linesr spectrum (anywsy,
it is velid if ever only under condition if ;<<1).
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In this case however the immediate check will show that
the disgrsm contributions into £(8) for (1) end (14)
are the ssme within the leading logarithmiec approxima-
tion, though E,(0) is different for these two models!
As for Hamiltonisn (14) the exact solution for the gro-
und state energy and the spectrum of exditations15 is
known,

Making use of the results’” with j« 1 givee (13).
As it follows from (13) with gP«K1 E(S) coinside with
(3), thet 1s 12 & >> exp/-T/fg)she account of inter-
action effects does not influence upon Peierl's result,
1t §—> 0 (9_q3>>1) than

E(8)=~(ygy* 82 /T . >0
&)=~ 6% 43/ , <o

Thus, the system is unstable with respect to transiti-
on into Pelerls state if the interaction is repulsive,
The spectrum of the Hamiltonian (1) has not gep with
6= 0. While there appesrs a gsp with 5 # O, The value
of the gap A can be expressed through the vertex:(gra-
phically the equation (16) is shown on Fig.4):

P |
A=28- 5[ (I;(t‘) () 7"‘1(’%)?)‘ A (8 é}%('] 6)

The substitution of (11) and (12) into this equation
gives:
A=25exp239)

A= 2 § with 8,49« 1 , which is equivalent to the ap-
proximation of non-interacting pasrticles, With & —» O

A= 3518/T “17)
The expression of the gap for the massive Thirring mo-—
del!? with J« cones to (17).
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FIGURE 4 General A disgram,

THE HABBARD MODEL

The vertex involved in the expression for & (S)O)can be
obtained in a8 way similar to that of the spinless case,
We will not write out the corresponding equations for
J (of type (8)-(10)) which are rather tedlous for the
Habbard model, We will show only the expression for the
function under integration in (7), summed up through
spin indexes:

' { (min (%, t«‘))‘lsq( win(tyt ) +ga(t, )49_ J(t,)é,)fp)=

\ P (18)
_ i{mh,(f“i-zn £, &) ot 1) Jat
e ) 35 8 Jf)) “

ma,
where (tb

9(1) = 6 g*(1-4p" B 1) iy #)‘_5/,
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Calculsting the integrel in (7) and considering zero
order term we finally srrive ats

£(6)= - 5%t (1-pohr)*) " (19)

In the region of & >>0,( 5o=61‘,0(-7f//§/) (19) coincides
with (3), which mesns the considerstion of the interac-
tion effects does not modify the dependence of £(§) ob-
tained with § = O, With § —»8, &5) is singular., Such
slngularity arise due to the approximate chsracter of
caleculationss only the highest powers of logarithms in
each order of perturbation theory are considered, Nowa-
days the strict determination upon behaviour of &£(5)
withg —» 0 is hardly solvsble problem, In perticuler
it is not elear whether the sccount of the higher order
corrections to be effective, The fact is the effective
electron intersction becomes resther strong with S+ 0,
thus uaperturbstion spproaches should be used in solv-
ing the sbove mentioned problem,

The expression (19) is also spplicable through
out the region §<&, if the following hypothesis is ss—
sumed,

First of 8ll we should note that contrary to (1)
the Habbard model possesses the gsp in the spectrum of
one-particle excitations even with & = O, With preex-
pronent factor omitted this gap is the same 8s 5,, for
which £ (®) is singulsr, According to our hypothesis the
method of regulsrizstion of the expression (19) con-
sists in changing s momentum cut-off erising while cal-
culating the vertex part snd integrsl in (7) so that it
would be determined by the gap A in the spectrum of
excitetious rather than 5 . To put it otherwise P=-tna
substitutes P in all the expressions, with A being
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found from the equation similsr to (16) (or Fig,4),
which looks like as follows for the Habbsrd model:
g 5= 954(%)
®P , found from this equation should then be inserted
in (19), It is evident thst&(8) found in this way is
regular at 5; 0,

The solution of self-consistent equation (20)
with 80, 1s as followss A =28

with § << 8.
A= 8o+ @8)" 5 2l
As for £Q) with 8§58,
E(8)=8%Tttu s (21)

though with 5 << b,

£(5) =~ 85 (5./2)"'%/5] (22)

Since is not sn analytiesl function of can not be
obtained within the framework of the pertubation theo-
ry, (21) and (22) expressions indicate that the Habbard
model is unstable to Peierls transition, and the ten-
dency to dimerization becomes stronger if there 1s we-—
ak intersction between electrones,

In connection with the (22) formuls we should
point out thet the depeandence & (&)~ — 4/5 was obtain-
ed 1n1® for Heisenberg model (spin-Peierls system),
which is the limit cese of the Habbard model with -—
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