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. i · l1cc11~aymTCH pa31111•1111,1e Hllilbl 11eycn1ii•111tto~n1 ( CDW. Sl)W; SS) H oa110M_ep-
11oii ~10aem1 Xa66apii.a c tt:ia11MoueiicT1111eM, on1e•iam1U11M oa11011peMe11110My 11epe
~K0Ky 11ap1,1 ,meKTpOIIOB. 'np11 JTOM IICIIOJ;b3Y~TCH , 11p116.11i0Ke1111oe ypatt11e1111e 

. EeTe-Ca1m11r~pa. l1ccJ1euo11m111e, llpOHOllllTCH wrn Hp0113BOJlbllOii JJleKTpb1111oii 
IIJl~lTIIOCTII II :mo61,1x 31ia•1e1111ii MOileJlbllb(X 11apa~1eTpo11. np,; UTcyrcTBIII( Oill~O- · 
y,3e111,11oro B3,IIIMOlleiic:rn1rn, 11 coorneTc1'm11'i c 1ieua11110 1JOJ1y•1e1111b1M11 pe3y111,rnrnM1i; 
11e'o611apy)KIIBUeTCil 1iepeBOlla 11plt IIOJl~IIIIIIIIOM 3(111omie111m WIH mo6oro K011e•111oro. 

'~Tpi'maTeJ(b!IOro napaMeTp,i, OTB~'HIIOLUero OllllOBpeMe!IIIOMY nepecKoKy napbl JJJeK: , 
,, ·, , ·/ , , . ' ', , , , , . , 

TpOIIOB. B 11aweM Bbl'IIICJlellflll; 11pew10JmraeTCH, •no MOllCJ(b ne11co11a-:-Ko.i16a 
(t, W) c IW/tl < n/sin kF Ka•1ecrnc11110 neucT ce6H KaK MOilCJlb Xa66apmi (t. U ). 
npeucn11111e111,1 . cj:i.nom,1e wmrpam11,1 MOlleJ111 • ne11co11a-KoJ16a-:-Xa66apua 
~ll,.]'.J'11pu. pa3JHl'lllblX (IJIOTIIOC)'HL · · . ,' ,·· . · '. · , . . ,' 

·· · Pa6cna Bbi11om1e11a II Jla6opan1p1111 TeopeT11•1ecKoii cj:i11311K11 11M.H.H:Eoromo60~ 
Ba Ol151l1. ·· · 

. ' ' . -
npc11p1111T O(h,CJUIIICIIIIOlll llllCTIIT)'Ta ~m:p111,1x IICC!IC;1011a11i1ii: lly611a. 1995,'·: .. 
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Ground-State Instabilities 
in the One-Dimensional Penson..::_Kolb-Hubbard Model· 
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Different •kinds of instabilities (CDW, SmV, SS) iti the, Io· Hubbard model 
with pair~hopping inte'n{ction :are _investigated using. and· approximate Bethe
Salpeter equation. The study is performed at any density of electrons· and for arbitrary 
values of the model paramet~rs. In the absence l)f the on-site . internctiori. 
no transiti<?n o~curs l}t half filling for any finite pair-hopping parameter. in agreement. 
with recent results;. our. calculatiori suggests that the Penson""7Kolb model· (t. W) 
with IW/tl < n/sin kp behaves qualitatively like the Hubbard model (t, U). Phase 
diagrams .. o( the .Person-Kolb-::H.ubb,~rd . model (t, U, W) at . various densities 
are presented. · · · · 

'The · investigation has been pcrfo.rn1cd. at , the Bogoiiubov 'Laboratory 
of Theoretical Physics, JINR. 
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· 1 ~: Introduction 
; ! ' ', ; ' •: ~ ' : ! >' I . • .: ''.,. ' - • • _; • "I_ ., .. \ ' ~ ' , : l-:° • ' . ' ' 

' :rl1c st udic~ ~f l.iic 0;1(rdii~cnsio~al h;6dels of C(>rrel~ted electronic sistems ' 
'can. L;c a prirrrnry source td ;indcrstarid the OCClirence of the high tenipe~ature 
. su'perco/1ducti,,ity. ii1• materials ·which physics. js· mainly tvm-'dimensional. . In 
.. tlic:se l;igh~7'; supcn:6n,d1;1ct~rs th~ ·".Coop_~r pairs" are ~xtremeli·imall with 

coltc\rCIJCC lcngtlis con;iparable ,vith _the size _oLthe unit cell,' Varipus mecha-
11isms cap l~~acl to thi,s local_pairii1g [l]uln tlii{paper we corisid~~ a modei which, · 
7, /- . ' , ' ' ' •• -· •.. '· .···· ... ' 

. , can be rcfovai1t to the high~Tc superc:cmducti".i~y b~cause it contains not only . 
such, a local p,1.iring but also an on7si.te ele_ctior~~electron; repulsion, interaction 
'.\~h_i,i:!1,· rnai le;ad·tc~, the; i11su\ating phas~ of th~ cuprates; : .· •. r :/ i . . ' 
· . I_he gam1ltonrnn of the,Penso1~°Kolb_-Hubbard (PKH) model 1s [~]-. 

+u ~ n;,;ni,! 
' ✓ l ,' . 

\JJicrc "':C '1w.vc ·usc;d tlie _stand~rd.not~tion f~r. fe,r~nioi1,ope;ators: cL,(c;,u). 
,ci:eates • ( q~stroys ), ai1 electro~• ~)f spi~ __ ;,. =i, l on the latti~e site f and n;,a ::;: 

c} aci a···• li1>thc absence ~f the' on-site 'interaction te~m·u , rthe ha~iltonian. (1 )
1 

! . I . ' ,- , , \; • , , • • ~• ' • . . • , • ' ' • , , '\ 

reduces to the Pensoµ-Kolb; (PK) model [3]. where the competition bet\veen 
thc1 si~{gk and·. p~ir: h'opping ,of dec~rn~s can lead. to in,teresting effects in: 1D;. I 

·a spin-gap trai1si tion at half filling for W < 0. has :heen the subject of so.me 
con_trcJversy [~, 3, A; 5]. : R~ceritly, s.?me. variantes of the, PKH II}~deL were 
solvi)d by .Bethe ansatz method [6, 7], _where. the single-pai;ticle hopping term 

' ·islr~odifiecl t~ inc.lt1d~ i~tera.ction effects: the jumping of an elec~ron .to an' 
· erripty site diffeis from 'that corresponding t~ an :occupied one [8].:· 'But the' . 
. htt:egr~bility of 1inch :model :is possible .011ly under s~nie restrictioris on the 
··. interaction parameters. Consequently, it remairi's interesting to: have results-. 
depending on all parameters' ofthe'rriodeLaridin a:wide'r~nge. That is why. 

· we. wm consider botl; positive and negative yahies for U and T,,V ( t > 0) ,in 
: eEq; (1) and arbitrary density; however; our results-for the 'ground-state phase 
·diagram are valid in'~ 'definite'range of pJramet~rs determir:{ed ·below, , . . 

· · . \:'e ,investigate the p'ossibie occuience ofinstabilitiesin the ground~state 
• of the_PKH model in thes~me 'ma;{ri~r.[9]asit~was donefor,the '1D ,(£, U, X)' 
.. rnodcl [10] _:·:,vi thin the1(l'iero-temperature) Green.:ftind~on formalism in t~e _·. 
' Blochrep~esent~tion, t}1e 1nsta?ilities are' signaled by the poles of the vertex 

... function r which obeys f.he' Bethe-Sal1;<'.ter equation'. \Ve.solve this equat\On in 
, ·. the appr<ixim~tioii· when the irreducible vertex'part is just.the bare potenti~r 

'. •. • ' . ,: • • . ''•' , • ,· ' . ' . ·,. • , ' ' • . • \ ... :: • . • ~ ' : ' .i._ • 

,~ .~ ... , 1=:::?.. ~bit£ .. 11: .. i,t~n J.,1 ••• ,~ rl ·i 
Bl'!~nMt 'ucc.'i~Jl;:~1,t~~'::lJ l 
, 6\-1SJl~iOTEHA - -~ 

__._._....,,,_ · ........ -
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arid the single-particle propagator has the 'free' expression.\ Thi!' imaginary, • . . . . I . . . , ·: • . . . , . . 
1 '.Pci:rt of the poles (in the total frequency variable), interpr_ctccl as thi· inverse of·. 

the relaxation time to a new grourid~state, gives us the regioi1s in the p;;·r;lm·· 
eters space where the instabilities can occur; in the regions c~mrnon to more 

.. instabiliti~s we choose that phase with the shortest relax~tion 'time. ,, . . 
I ·, . ' . . • , . 

2 . Bethe-Salpeter equ~tioti 
: , ~ 

To understand what kinds of i~stabi'iities-can ocr:tll' in the -~-v~tcm. 01ic 

can im;estigate the ·ge~erali~ed susceptibilitie;. ; It is a:ssiirr1cd ,t11:1: \VC \tii:rt' _· 
from a p1ia~e where there is no ordeiparan1cter, and study the dci1sit_y•de11sit/ 

· fluctuations; Wh~n tl1e· g~neralized susceptibility is singular, it is ai1 indication 
that a spontaneous distortion or ordering. can occur in the sy~teui..' 
· · The generafiorm of t~e sus~eptibility is · \:: . · . _ : 

x(k,w) ==3.'-if dt ;i~t:·<: T{V(k, t)vt (kio)J > i (2} 
,• .: . . , . \ ..... ·. .· . , . ,· ... . . . . , : . .-.:· ' ,' . ,\ 

where Tis the usual chronological operator and''D(k, t) is. a density operator. 
The b;ackets indicate an av~:rnge in the groµnd-st11te (for zero-ter~~f)Crat.1/rc; 
ca;e) or. a statistical average (for 'fo1ite-tfrriperature case) .. If V(k, l) · i~ a. 
charge-density. operator, the co;respondirig susceptibily I'cnw will tcsl.thc 
'charge density·wave (CDW) instability; ina similar·wayca.n be. dcfine'd Ui'~~ 
susceptibilities relevant to the other kjnds of instabilities: rsmv forspin den
sity 'wave (SDW),T s/for singlet supercondu~tivity (SS) and r TS for t_r,ipl~t 

' · superconductivity (TS). The.correspondence betweeri these quantities and the /, 
components of the vertex function can be· found i~ Refs. [9]. ·. . . 
. ,: ~he·generalized susc~ptibiliti~s lre two-'particle Ore-en function's and th~y 
oheJthe Bethe~Salpeter'equation>In the simplest approximation, where only 

. thf .bare interaction is .considered for. the irreducible vertex. pa:'rt and thci ·one-· 
particle propag~tor a is ~eplaced by th~ free one 0°; it;can be w;iti.cn as:. '\, 

.·, ·• • I ~· i I .· :, < 1_, .· .·• •. II .. I II, , , '. II ; / , . • ' 

(I'(k,k;A,n)=-:--V(k,k;K)+EV(k,k ;1()Q(k.;A,n)l(k ,k;K,n) (3) 
. ,· ~·· \ . . / , 2~ . ;-, . , ' k" . . : ... · ' : . . , ' . . • .. 

where' r can be:any ofthe quantities r CDW, I'snw 'or l'ss ;',the' TS case does 
not o~cur in this approximation because the;intera2tion in the Hamiltonian ( 1) 
is only .between electrons with opposite spin: 1( (n) dcriotes the transfer moc 
men tum (frequency) in th~ particles hole (ph) channel and .ti1c total 1r1orni!ntum , · · 

1 
(frequency) in .the particle-particle. (pp) channel, · · 

, ' ., . . . . , . , . ,, ' . . ';_. ( 

.. ,.._{:· -1 CDW. . 
t-=1 : · 1 spw, s:s . _('1) 
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' 
g( /,;·]'".)''= ... , 1 \, J. l · • I -

(5) 2-+00 ' • {G0 (k-K/2,w-f)/2)CDW,SDW 
~ fd:wG0(k'ff(/2,w+H/2)x., ·, · · ·· . · ·. 
-r.-=. · · G0 (K/2-k,H/2-w) SS 

' : ) ~ , \ ' ', : , ; ; ' .. • : ,, ' ' ' •\ , ,"; •• ' ' • • ' ~. I \ ; '., • ' • j ' 

whc~rc.thc addition or s.ubtradion of the k0 vectors are defined modulo 27r (the.· 
Ialticc c:onst.ant is considered one). V in Eq. (3) co~es from' the inte~action 

. • . . ,. . . . . . , I 

part of the I-familtoniari ( l) /n the Bloch representation-arid has the expresion 
. . . - i -· 

~-1' 

i'(f,,'k'; ;{) = ·\{' U+2W cos(k + k:) .. cniv,sniv 
. , .. . . . I\ . , . U + 2iVcos(li), . , S.S 

........ '1 ' : ' 

_(6)' 

'. '\vhcric·N denotes thc.numbcr:~(sites in thechaiiL .· . ·, , , 
· · For the 'ph channel, Eq. (3) admits a solution of the form 

..•. 1 •, . ' 
,\ -. 

·/ 
/ 

, r,= 
2
:iiEr(~)X(K, ~)E(k') (7) 

... with 

i ' , / (.' 1 ) · · .... ·.<. ·, ... ('X11 X12 ·'X13) ·· 
E(~) = . c~s f ~ ·' X(K,D) =:= .X21, _X2'2 ,x2;' , 

· Sill k .· ; ' ·, X31 ·,X32 X33. 
( • ' ·1 J ' > ' ; ":;"-• e , \ 

(8) . 

........ ,•, ', . ,.;: ....... . '' ' 
where E 1 ·· means, the transposed matrix of E; . The ·unknown 
. X;i (J<_, D) arc determined from th~ foJ\owing algebraitsystem 

. - · < '.(u o ·· ol ) /. ...... 
, \ MX=: . o.· ...:2if1 · .. o ·•< 
, , ',, . ' . 0 0 . -:-2W .: 

coe,cients 

'(~) 

wB.cre Mis the 3 x 3 mltri,c 
, •• I ' , • 

'' ,,. ·:'' . ·. ' . . ' ), 

-• ·. (' t..,.. gU . -'-c1U ·· , .-siU · ·) 
. M·i::- 1 :_-2c1 W,, f- 2c2W .·'·. ;_.2pW.· ·-,, '· . ·, , ' . \ ' ,. 

. '2s 1 W 2pW (+2s 2 W . 
' , ·, ' ... ' .. 

' . (10) 

\ '· 

1/. 
'y 

' '~ : ,.,, 

. ' 

\. 

·I 

;---' 

·\ 



..._, 

,\ 

I 

and 
I 

··' 
. 1 : .. , 

g = -I:,Q(q;K,n) 
. N r; .• r· 

•-' 1 :-· . ' I •'' 

• Cn,'= NL (cos qr Q(q;K, nf, n = 1, 2 r 
. . q . - ' • . 

.\ 
,j ' '1 ' .. ·::. .. 

Sn= IN~ (sin qr Q(q;'K, DJ; ii,~ 1, 2 

. . . 1 •. . . - ' 
P '= N ~ si~ q ~os qQ(q; K,H) 

/. 

·~. 

' :,, 

(11) 

·' \ 

I ', ~ ,'• ' • ' ,-_ 

Sincefor thefS .caseV(k, k\; K) = V(I(), the ·S~)h;tiop of ·q;c E<j. 
pp chan.nel reads inimediatly . i .-. · · , ' . • r:·. ·· · ·_. , 

(:3) in t.lH\ 

' . . ' ' ,, ,i ~ . , .' ' \ . ( 

. V(K) . . r· .= -. . · . (P) 
. f 5 .• 27l"N 1 - V:(K)9(1<, n) ~ 

j ' • ). ' •• ··1 . '/ ' ' .• ,:" .. , ';!. ; . ·. ' .. ,:, : 
An instabjlity in the ground-state. of the system· occurs .when the detc1:mi

nant D ·of th~ :M matri~.vanishes .for the' first time' starti~ig fr~rn the 1uonin°' . 
t~racting_case,:ihdicating· tha{ the X,;i diyc'rge .and- consequen~ly r ·cli~crgcs. 
Following Refs. [9]; we look for the, f-poles of the form · ,, •' .. ' . 

'I' h ... { 
I ff:=:=' Eexc + iT<, : Eexc= 

· 0,. CDW, snw, (I<= 2kF) 
2c:F ss . , u< ~ o) i 

' •·, I 

(!:J) 

where Eeu js the e:Xcitatio'n energy t~ proyidc th~ sy~tcrn tc> unck;rgo a phitsc; · 
transition; T is the inver~e of the relaxation time of the upstablc g1:oundc • 
state a~d can be ~lso .regarded as'. a 'temperature;; kF. = '7rh/2 is thd Fcm1i -· 
momentum (n being the de~sity. ofelect,roris) and CF = -,2t cos~/; .. In\i1is' 
case, the determiriant jJ has'theform ' 

1 
. . . . . . \ . 

, .. ·· . , '.. ·1no1 
, Jj ':::!. µ + p J,',\ In 7' 
.· . \ ' , .. 

·, 
.:.,.· '(1'1) 

which is valid for I T /Do}~ 1. This condition is sirr1ilar to .tl1c BCS ihcory,: 
\'. . - . ' . . . . . . . ,\ •. . . .· . ' 

where only the excitations of electrons around. the. Fermi level ( with energies 
much less than the Debye

0 

energy) arc take~ into ~ccount: We· will 
0

IISC; i.h/ 
ekpression' (i4): ~-o find the_ s?luti~ns of the equation_D· = 0. for IT/qui <, I , . 
and we expect the results.to be reliable.at least for not too big values ofj,\/pj .. 
•. ', . ' ,. ' . ) • ' ' . ·, ' - 1-, ., ,: \ . 

which plays the role of the coupling constant.· · · · 

<,. 

I ; .. 
., ,,,...· 

- ( Thc'p~ll',TIIH;kis in.Eq.(l•l) arc giYe·n by . 
•' } ) :- • I ' •.' •• ') ' ': '. ..._ \ • •~ 

... !: . ' 
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; . ; .. \ 

" . . ) 

',,I 

. /I= 

.2 ·.. ·· · · W2 ,I !,-f,-'~ !112 lrnskri'' 
±ti.+-- hrn/,·1.-) ll' ±-:- ± ., ... 2 f' _ uu·+ 
•.' I;. ( :21,-,'..' \. ,;.2 2;.• . 2- SIU 2'1,··_ '. )··_ ' 

. . -:--. --.,-.l11!n.>s.A·vl+"·.1.:-l11,li·os.k1.·I 'llll'
2 

27,·1sm_/,·F tanh'F .,· . · • < · ,.. . . 

\ -

. 
·( ·;. 

; ' .·.· ,·. •). !' ·. /. : .··. .. _. ;/ . •· 

SUI!". 
('/Jlj' 

s·s 

.. · ) [· . . • - ( . ] ll I e OSA F i ) - ' .. , '. 2 
--.~ 11+2u,±=-. s111/,·F+ .· '·f ... lllf'±•:-(slll~:f)ll'_+ 

(Li),c· 

1 l 2. .· ,, · . sm r . ,. 
. -, . . . ,. _'.' /,2 • ' . . ·, -

, , , .... 'hr ·. . hi-' . . ' . ., , . ·, . 
A= 2 .·(1.-2-_-. ..:.....+-... · 2 ."+2111irns.·~-,--i)'.'u·~] ... ' .·. -

7L , l,IIIAJ,'. ; :Sill "F- .. , . •·' 

.. smr·· 
. ('DI\' 

''( 

·1t+2w 
I .:..;-,.,. 

ss 

\yhcrc 1/ ~ y; i', w = ll'/ I ; 
. : f, .•,, ' . - - ' 

1 " ·. · , · • 2 · ·{ ··(r<>s k -)-
1 

. Ho =.'til Sill kl' .· · · .I· 
/ .. r • , · 1- ,. 

,,, ' ;' ' .. ' 

! 

'Cm V, ,.-.,'.OI I~ 
-'··' . 
' l..',"'.._'-i·. 

, . '· - -... I 
p;.-:-=.(~r.sipk1.,)--; . 

• 1 : I. •• • , J ,, 

.-.p1,;/f bci11g the dcnsit.yofst.a.t.e•s at. the)•'c·rmi·levcl. ·.· 
, • ' J • f ; ', ' '' "' 

·. It follows that:a. tra11~it.ion to an brdcrc•d ph;1sc will .occur .at 
'tcmpcrnt;1rc' . , ' _ , , 

.'_,_', ·. ..//~=·•1nu'l~~xi;(:\·)···· 
. . f . •. ' flJ,. ·. \ i ,• • • '·' .· 

'witliµ/A < 0 (~othat. j'/~/rt'1 <·!); Ii\ e\rdcr\o gcf,t.llC' phase diagrai11 for:i:i1() 
Ilarnilt.e>nia.n (1), we. determine af firs( the ,:cgions iu t.li'c: (u•, u fspacewhcrc the· 

- c1uantit.yfl/ ,\ is 1icg;1:t.ivc (foi eacli' ca~e;: CDW; s UW or SS); w!JC•l1, 111oi'c t ha.II· 
. OIIC jnst.~hilii./can ocn,ir ill ii given n:gion, \".cclccidt; for;ih~· phase wlii~J1 is lic~d 

1 
· first:; i.f'. _with the; ~hortcst 1\~Jaxat:io11 time ( oi· i~qui,·,ilcntly. •with the biggest 

.: , critical 't:cmpc;:,iturc' '/~);, We; rest.rid. m1r i-onsiclcrat ioi1s to ·that regicm of th6 · 
' '(w; 1i)-spacc 'containing the origin u = ;() ~ 0 .a.i1d,'w IC'f~;',\/p JIC\'C'r .bcc;)IIICS :· 

\ ' ~ . .' . ' --, ' \ ' . . . . ' 

i11finit.c. -· ·· - \ · 1 
1 

·:;··,-
. I ~-

I. 

..;: !'' 

5 
' I \', ~-~ 

. \.\·' ~ '( i ,, ': . , 

1· 



!' .:r 

3 ... Phase diag~~mofthff PK rilodel ;' 
,) 

' ' ror C ==:= 0 t ltellamil_to1~ic~n (I )rcduc:·~:s t () t ltd;K 1hockl (:!(By ("Ol'.IJlilri11g 
. the \·arious critical 'tcmpi:raturcs· (fm: C lJIV_,' SlJll' aud SS) \ri~ gdthc phase 

diagran1 plotted ih Fig: I; t'bc invcstigatc;dn'gio11 is lwJsinkF < fl follqwi11g. 
. frorn thc;conditiori' IT,/no! < I. as_di~cusscd abO\'(;. For, iu > 0 \\'6 /!pt only . 
. a SDW .. ; For w <: O there is a 5·s phase for. dc~usitic~S.k~s tf,ia11 a:i:ri'tical 

o~ie r,lc >•;Ar:cr:o.~(<-2
) ~.O.(J]:l'a1id ;1•C!JIV,phasci (l>r11,1 >'11c;,tlHicritical. 

. density n~ tends to·or;e as i/, .:._,,, b )ccbrdii'1g; (() OU;. p1lc11lati!JllS, at. half /, 
. filling th<: systc111 is i1°1 a;sDm state for Ill '> .0, a11d i11 a·-cmv Jlhas1i for 

• . ·, , ; , ' . , ', , \ . . , . . , - / I " . , , •· ',', 

11' < O, Ld us remark.that at half fillingt hi; c:cmdit ioi1 J'I;jn 0 J.:e:c I (\\'ll(;.11 th<: 
' effective coupling constli1t'bi~co111cs i1ifi1ti,tc) clc

0

t'ci·il1i1ws t.lic limits W ~- ±ir:: 
' It i~ .i;ircresting to r10t ;\ that 

1

dos<~ tc; o'ii1' liinit w ;~ -:-1r. '.aro1111;1 t lw '. \:'aluc: ·• 
. W ·~ . ..'...:!J>. Sikkc;na arid ~\fflccl~ [-'>] 'r~m,Hl a (>liaJc s_cpa~;it,ioii t;·;1nsiti~m; 'i,; our ,' 

!i.pj~roach, th~ existence: of-s,1i'r.h. ',{· ,trimsition ca11. be, i11 principle cttlcllyscd !>Y' 
'calciil.1ting the coinpn:ssihilily i1lthc h@rogerwus J(hasc [I2]. '• •. '··.· . < '·· .. · ✓ 

· · Since at w == 0 the clectrc;ns iriovcfrc~ly arid at l~i-gcr,1cga(,ivc;·,iJ thiigrinm'cl-. · 
'stat~- O)'ntaihs ()nl_y ~Joubly octupicd arid empty. sites, it\va~ aiguc\;1 [:3} that 
: shou]<fbe a 'p1iririg'trat1iition: 'at some fiegativ<; ll)c. 'Ex~ct'.'diag<>n~lizritious on 
chains upU) 12 site~<; [2,:3] have) sh~)\Vn ,that aLhalf fillii1gt.his,i/alisit:foh,c;(T1JJ'S 

- arour~d uj/::c; -'!JI; hut~onfimrial fide! rnctliods [11] ancf rcr1cmnalization group 
) ', ~.ti1dic~ (.'i] have ~hown ,that We~ 'rr, ln)Hir ~:al~;ulat,iou ,the pnly' J:ra1isi}j~m 

\vhid1occ,urs at.half filling (in thc~inv<istigatc:d rai1ge)is for ,ui' =: O: · , I 
\.1 ' ' .-,, . ' ' '., . ' ' ,✓ ' ' 

' 

I 

;,{ ,Pha~t9 diagr~nn;:for, the PKH\inodeJ 
In .t.f1c lirriit 'of half :filling(rf-+ :1) 1

wcf~{111d :a S JJW '- C hr/1.r~nsitio.ri'., 
.a:lorig th/curvci,· . . ·• •. : ·,, ·. : . . ' . . . . . . .. 
. · . ' , . . . , . 'I [' ' ' 2 ] 

., ' ' '.. 11) 

·11, =";-:2io .1 ~·-1 + (I '-'l/1r2·);112 ,. 
' . ,~ ·. ; . ; . •'': :·· ' 

iri :,agreement 'with· the. r>r<:dictior1' of Hui ··and D~>niach [2] who fc~urld su~:h 
. tran;,iti_on ,for 11·, JibJ ·.<i:· r ~long. the line u ::: -c:2~1J: .The obtained 'r>l1asc dia- .· .. 
. grarns at variou~ den~iti<;H arc; presented' in 'Fig~.· 2,·4_ Thdirst ~(~~n~rk is thq , 

s1ipcrcor(ductingiph,tsc cannot app~:ar whci1,11+2w> O; this.is due to the form. 
'of th<i ba~c 0;tcni.ial VU<), given by' E<j: (6),i11 the pp chanri'i\ ~liicfr bcwm~s 
• rcpulsiJc:irt .thitl. region.' Howcv<ir, if-follclws: fn;rn Figs.' 2:1 tha:t 'we do riot 

get ~·ystcrnat_ically'a SS ph~sc for Y(I<f<:O;somc.rcgior1s of,SfjW or(a.rid), . · 
C /JW pfiase stiW rc1r1ain: J'h;: SS rcgiop. decreases by i11c~casir1g the density;' ·• 
itdisappears for r? = 1: Let us not;; thatrtea[ h,i.lffilling '~mt ph~sc diagtarn 

. is q1i~litati".'c_lrin; agrc;cmc:nt.with·thtt <?b(:iir_ied :\)Y; I[ ui ,and. i)()llia~h (2] :,vh(J\ 
> '·' • ,\. :, ,-'. ·:,, , -~I I ,),' _,'•.\1,. '. ,-•, ' ·,-'·', ;.: I ) 't ·:,I.., ,,·;:•, ,.\,' ... :., < 
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: • < • , • • ~. \, '. • ·'•. ' , , , ~ ,/ '! -,
1 

': • ••. • '• , ! ,. • e • '; ' ., , ' ! < f f ' '., '. 
1 

, , 'studied t,h~ sa1ne mope) with u > 0 and w < q using exact diagonaji~iation {or 
samples·M up to 12 sites. For example, for rather big values of u and ii1,tliey 
fcmi'1d a•seq;1cr;cc SJJW-+ CDW 7 S8 in pas~ing from.u

1> ;-::-w,to u <-w;' 
this ()l)C Celli be also observed. in o~r results from -Fig. 2, . ,; · 1. . I . '. ' 

t ~ } 1 • 

5 · Conchi'sions ,\ .. 
,• 

,· \. ' 

,·· 
.· . '. , 'i ; , .. , . , ·' · .. '·, , . I 

' In. tliis papdr \VC h.ave presented phase diagrams for the' PKH model at 
•· aHiit.1'ar_y dc1{sit.ics ;f el~ctr~ns a~d·for'n1oderate'values. of .the pararheters W/t, 
•• and u I l,. Oiir rnean-ficld·typ_ciapproximation predicts resuifa con's·i~tent with 
. other w~n\ks done at. halffilling. In' the particular ca;,,e cifthe PK model(U,= 0). 
\~e · have fo1md. for. I wj)t < 7r / sir\ k~ a 'ph~~e diagram similar -to' that' ~orre: 
: spor1cfo1g' t'.ci th'.:, /Iub~a:d.m?del i~- th;

1 

~,ari-le ~ppr'oxi~ation [9F ,at half filling, : 
the only t.rans1t10n. which· occurs .is a· SDW '- CDW at W •= 0. •However,.· 
bcy,ond, t.h~>limi~~' •. JWj/t · =.·1r/ sillkpindi~~ted by 9ur approa~h,\~e\~xp~ct' . 

. a quaHtativt! change in the ground-state of.the PK rnodeL .To what, extend . 
'' i.his fad c:an lw related or. not with i:hephase S~J>araqon,transition·fo~~d by ', 

'Sikke~na and Affleck.'[~] ~t JV/t ·::d.•-3;5 'near.half1 fiiliiig;· is
1 a s~bjec(foduitl1er' ' 

. '.· .. · '· L,,' 'l \', ' ' ) ' )• •::•. '.,1 . 1 ,'_ '. ': '· ' '1; ' 

investigations. · •. ' . -' · >. .. . .. '' .: . · .. / • ···1 .: :. • .. , , ,, 
'' ' • ' • ' ', -, . - 1 • ' ' . ' ,/ f ~ ' '' \ < I , ' ' , . , 
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Figure' 1. , Ground-state phase diagram of the. tD .Penson-Kolb model in a 
mean-field-type app~oximation. Iiere and i~ tli~next figi'ii~:s\hc unlabcl;:d 
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