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We report three surprising results regarding the nature of the spatial broken symmetries in the two-
dimensional(2D), quarter-filled band with strong electron-electron interactions that provides a microscopic
model of the 2:1 cationic organic charge-transfer sal@§S’s). First, in direct contradiction to the predictions
of one-electron theory, we find a coexisting “bond-order and charge-density weBEDW) insulating
ground state in the 2D rectangular lattice &k anisotropies, including the isotropic limit. Second, in contrast
to the interacting half-filled band, which exhibits one singlet-to-antiferromagkfeél) transition as the inter-
chain coupling is increased from zero, there occur in the interacting quarter-filled band two distinct transitions:
a similar singlet-to-antiferromagnet/spin-density wa@é-M/SDW) transition at small interchain coupling,
giving rise to a bond-charge-spin density waBCSDW) state, followed by a second AFM/SDW-to-singlet
transition at large interchain coupling. Third, we show that our conclusions remain unchanged if one assumes
the conventional “effective 1/2-filled” lattice of dimer sites for the CTS’s: the dimer lattice unconditionally
dimerizes again to give the same BCDW found in the quarter-filled band. We make detailed comparisons to
recent experiments in the tetramethyl-tetrathiafulvaleMdTTF), tetramethyl-tetraselenafulvaleGEMTSF),
bisethylenedithio-tetrathiafulvalenéBEDT-TTF) and bisethylenedithio-tetraselenafulvale(BETS)-based
CTS'’s. Our theory explains the mixed charge-spin density waves observed in TMTSF and certain BEDT-TTF
systems, as well as the absence of antiferromagnetism in the BETS-based systems. An important consequence
of this work is the suggestion that organic superconductivity is related to the proximate Coulomb-induced
BCDW, with the SDW that coexists for large anisotropies being also a consequence of the BCDW, rather than
the driver of superconductivity. We point out that the BCDW and BCSDW states are analogous to four
different classes of “paired” semiconductors that are obtained within certain models of exotic superconduc-
tivity. That all four of these models can in principle give rise to superconductivity in the weakly incommen-
surate regime provides further motivation for the notion that the BCDW may be driving the superconductivity
in the organics.

[. INTRODUCTION rotationally invariant models in 1D, and the ground state is
dominated by singlet spin coupling, which favors the BOW
Theoretical discussions of spatial broken symmetries irpver the SDW. Two dimensionality is thus essential for the
strongly correlated electron systems have largely focused oBDW.
the 1/2-filled band Mott-Hubbard semiconductor. The one- The 1/2-filled isotropic two-dimensiondlD) case has
dimensional1D) case has been widely discussed in the conbeen investigated in great detail in recent ye@ansstly for
text of polyacetylené? Here it is known that Coulomb the case of !arg7e intrasite Hubbard interaction but zero inter-
electron-electrond-e) interactions can strongly enhance the Sit€ interaction’ as this limiting case is known to describe
2ke (ke=o0ne-electron Fermi wave vecjdvond alternation the parent semiconductor compounds of copper-oxide based

expected within the Peierls purely electron-phonesph) high-temperature superconductors. The BOW instability that

L - L . characterizes the 1D chain is destabilized in 2D by Coulomb
coupled model, giving rise to a periodic modulation of the. B-10 and the dominant broken symmetry here is

o interaction
bond-order, a bond-order wayBOW). In the limit of very ' . L . . )
strong on-site Coulomb interaction, the BOW instability isthe X SDW, with periodic modulation of the spin density.

llv referred t th i-Pei instability. In th Most recently, it has been demonstrated that this SDW state
usually referred to as the spin-Peie&P) instability. In the appears for the smallest nonzero interchain hopping in

presence of intersite Cou'lomb |n'teract'|on.s, and 'for Certa'@veakly coupled 1/2-filled band chaifisjn agreement with
relative values of the on-site and intersite interaction paramprevious renormalization-groufRG) calculations213 As in

eters, a charge-density wa@DW), periodic modulation of 1 6 there is no CDW-SDW coexistence in 2D The ab-

the site charge density, can be the dominant instabiltye  sence of coexistence between the BOW and SDW for the
BOW and the CDW occur in largely nonoverlapping regions1/2-filled band in both 1D and 2D can be readily understood
of the parameter space and compete against each %ther.intuitively: the BOW requires spin-singlet coupling between
True antiferromagnetisniAFM)—i.e., a long-range order alternate nearest-neighbor spins, which clearly has to disap-
(LRO) 2k spin-density wavéSDW)—is absent in for spin-  pear in the SDW. An alternate way of viewing this is to
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observe that the probability of charge-transfer to the left andons that drive a CDV§® We list three primary motivations
to the right in the AFM are exactly equal, and therefore thefor this extensiorf® First, the cooperative coexistence be-
SDW cannot coexist with the BOW. On the other hand, bothtween the BOW and thekz SDW found in the 1/4-filled
the BOW and the SDW require that the site occupancies bpand forweakinterchain transfer is exactly opposite to the
electrons are strictly uniform, and thus neither the 1D BOWcompetition between thekzg BOW and the X SDW (with
nor the 2D SDW will coexist with the CDW. the latter dominating for nonzero interchain transierthe
Coupled 1/2-filled band chains have also been discusseti2-filled band. It is then immediately natural to ask what the
within the context of the so-called ladder systeth#vhether  nature of the ground state is fetronginterchain hopping of
or not a givenn-leg ladder system, for smatfi, exhibits the  electrons in the 1/4-filled band. Second, from a more general
BOW now depends on whetheiis odd or even. This feature theoretical perspective, whether or not the vanishing of den-
of the ladder systems could have been anticipated from thsity waves that is predicted by one-electron nesting ideas
physics of the odd versus ev&Heisenberg chainS. Thus  remains true for strongly correlated electrons is of consider-
at least for the simplest monatomic lattices, ground states afble general interest. Finally, our results are likely to have
the 1/2-filled band are known: the BOW, CDW, and SDW relevance to experimental observations in the organic
phases compete against one another and do not coexist, agidarge-transfer solidéCTS’s), including those that exhibit
2D behavior emerges for the smallest 2D coupling. superconductivity?32
In contrast to the 1/2-filled band, broken symmetries in  Our investigations yield the surprising result that the co-
non-1/2-filled bands with strong-e interactions have been existing bond-charge density wayBCDW) persists as the
investigated primarily in 1D lim#>~*° or at most in the ground state of the strongly correlated 1/4-filled band in 2D
quasi-1D regime of weak interchain couplifigthis empha-  for all values of the interchain electron transfer, including
sis likely arises from the theoretical preconception that finitethe isotropic limit. We show that this result can be under-
one-electron hopping between chains destroys the nestingood physically as a consequence of interchain confinement
feature that characterizes the 1D limit, leading necessarily tarising from strong intrachain Coulomb interactiofis>>
the restoration of the metallic pha&eA recent work has The SDW component of the BCSDW, on the other hand,
examined coupled chains in the limit of weak-e  attains a maximum amplitude at some intermediate inter-
interactions> The weak-coupling approximation employed chain transfer, after which it typically vanishes at a critical
in Ref. 23 reproduces the loss of nesting predicted withinvalue of the transfer.
band theory. While the continuum renormalization-group In order to discuss applications of results to real materials,
calculation$®!’ predicted CDW-SDW coexistence fon-  including the 2:1 cationic CTS, we need to clarify an impor-
commensurateand fillings, early quantum Monte Carlo cal- tant aspect of our approaetis-a-vismost previous work on
culations for the 1/4-illed band failed to find this models of these materials. In our above discussion of band
coexistenceé? Many more recent numerical simulations on filling, “1/4-filled” is defined in the usual manner: namely,
discrete finite systems assume the absence of coexistengethe absence of the BCDW, the lattice is uniform in at least
between the B- BOW, the kg CDW and the X SDW that  one direction, and the average density of electiparssiteis
characterizes that 1/2-filled band also applies to the non-1/2t/2. In real materials, crystal structure effects often cause a
filled bands. Indeed, it is often assumed that the CDW idattice dimerization that is unrelated to any underlying elec-
driven by thee-ph interactions and the SDW fgre interac-  tronic or magnetic instabilitysee below*® As shown in Fig.
tions and that their effects are competing. This assumption ig(a), this dimerization leads to a gap in the single electron
made despite the result mentioned above that already in thepectrum ak-= 7/2a, and consequently suggests using an
simplest case of the 1D 1/2-filled barete ande-ph inter-  effective 1/2-filled band model that focuses on the upper
action effects are known not to be competing but to act in aubband. In real space terms, this approximation amounts to
cooperative way to give the enhancekk2BOW.! considering the system as a set (Gfghtly bound dimers
Recently, we have begun a systematic study of the natur@.e., a diatomic latticewith one electron pedimer site, as
of the broken symmetry ground states in the 2D 1/4-filledshown in Fig. 1b). This approach has been widely
band on an anisotropic rectangular lattice with betph and  applied>®~*° particularly with considerable success in the
e-e interaction€*% Earlier work by us had already estab- context of the magnetic field-induced spin-density wave
lished thecooperativecoexistence between the BOW and the (FISDW) in 2:1 salts of TMTSF*2 As we show below, a
period 4 “2kg” CDW in the 1D 1/4-filled band, with each further dimerization of the dimer lattice is unconditional in
broken symmetry enhancing the other, for bothboth 1D (the well-known spin-Peierls transitipand 2D (a
noninteracting® and interacting electrons. The latter results surprising resu)t and that thislimerization of the dimer lat-
have been subsequently confirmed by Riera and PoilBfanc.tice leads spontaneously to different electronic populations
In the more recent wofk>>we have demonstrated an appar- on the sites within a dimer, i.e., to the safle- CDW that
ently unique feature of the 1/4-filled band: namely, the co-occurs in the 1/4-filled (monatomic) bafsee Fig. 1c)]. For
existence of the BOW-CDW with the period 4 K2” SDW, small interchain electron transfer, the BCSDW will therefore
giving rise to a coupled bond-charge-spin density wavehave nearly the same structure as the original 1/4-filled band.
(BCSDW) that appears for weak interchain electron transferThis is a third interesting result, perhaps also surprising, and
between chains. shows that the number of electrons per site within a unit cell
In the present paper, we extend our calculations to the fulis a more fundamental parameter than the band filling: the
range of anisotropies, from uncoupled chains to an isotropitatter is strictly a one-electron concept of limited use in the
2D lattice. We include both the Su-Schrieffer-HeegeBH interacting electron picture.
intersite phonons that drive a BO%¥\gnd the Holstein pho- We expect our results to be relevant for the 1D semicon-
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E(k,) ments, based on a configuration space picture of broken
symmetry®2%2that predict both the BCSDW for weak in-
terchain electron transfer and the persistent BCDW state in
the isotropic limit. In Sec. IV, we present the results of ex-

Ky tensive numerical studies, exploring behavior in both the

—nioa Toa strict 1D limit and for the full range of anisotropies in the

quasi-2D case. These studies, in confirmation of the qualita-

tive predictions of Sec. lli{i) establish the persistence of the

BCDW up to the isotropic limityii) suggest the occurrence

of two quantum critical transition as an SDW first appears

for weak transverse hopping and then disappears for the

(a) nearly isotropic case; an(ii) prove the equivalence of the
1/2-filled dimerized dimer and 1/4-filled monatomic lattices.
CHDIRC o CIDNNC D) For clarity, in Sec. V we summarize our theoretical conclu-
Cyo Gl o efi9 sions; readers not interested in the underlying physical argu-
(eNe (o o ¢ e (o D) ments or numerical details can skip directly to this summary
o @GN G ¢Nto in Sec. V. In Sec. VI, we examine in some detail several

recent experiments that indicate the applicability of our
theory to the insulating states that are observed to be proxi-

(o &+ © (o 4o © mate to the superconducting states in the organic CTS’s. Fi-
A N R I S S (R nally, in Sec. VII, we indicate possible future directions for

¢ ot o ¢ 9t o our research, focusing on commensurability defects in the

BCDW state and their possible role in the proximate super-

9 ¢ ot 9 ¢ o conducting phases. We point out several intriguing similari-

© ties between this potential microscopic mechanism for super-

conductivity and other recent phenomenological models. We
conclude the article with three appendices, which deal with
a gap in the single particle spectrumkat = 7/2a (a=lattice spac-  2/10US more technical arguments and details of the numeri-

ing), resulting in a half-filled upper subband. Note that although theCal methods.

actual CTS materials are indeed nominally 3/4-filled electron bands

(hence 1/4-filled hole banyisin the text we follow the convention Il. MODELS AND OBSERVABLES
and refer to them simply as “1/4-filled.tb) A real-space depiction

of a 2D lattice of dimers in the strong correlation limit. The two . . . .
g IHamlltonlans on a rectangular lattice 2D witim general

sites within the parentheses form one lattice point of the dimer_". trobi lect h - The first del d in
lattice, and the intradimer bonds are stronger than the interdime@NISOtropic €lectron hopping. € Tirst moael describes a

bonds. The charge and spin populations on individual sites withir{nonatomic 1/4-filled band and is defined by the Hamiltonian
each dimer are equal, and the effective 1/2-filled band lattice is _

antiferromagnetic in 2D(c) Schematic of a frozen valence bond H=Ho+Heet Hinter, (1a)
state resulting from the dimerization of dimer lattice. The inter-
dimer bonds are now different; the line denotes a singletbond. This p — — > [t—a(A W)IB: isimm ot B UimNim
frozen valence bond diagram is relevant in the 1D limit, and then iM,o I by LML iM PV
again for the strongly 2D case, where the antiferromagnetism has

disappeared. The antiferromagnetic phase that occurs for interme- +K./2 A )24+ Ko[2 2 1b
diate interchain coupling is shown in Fig. 2. 1 ]EM (Ajm) 2 ,ZM Vim: (1b)

FIG. 1. The effective half-filled band and dimerized dimer
model.(a) Dimerization in a 3/4-filled 1D band aflectrondeads to

We consider two different extended Peierls-Hubbard

ductors(TMTTF),X, the so-called “quasi-1D” organic su-
perconductor§TMTSF) ,X, as well as the 2D organic super- Hee= UE nj,M,Tnij,lJrVE NjmNj+im, (10
conductors (BEDT-TTF),X and the more recently 1M M
synthesized(BETS),X.*® In Ref. 24 we showed that the
highly unusual “mixed CDW-SDW state’®444® found in o -

Hinter="t. 2 Bj jmm+10- (1d)
(TMTTF) ,Br, (TMTSF),PF;, and (TMTSF),AsF; can be iMoo
explained naturally as the BCSDW state within the strongly
correlated 1/4-filled band scenario. Our current work shows In the abovej is a site indexM is a chain indexg is
that dimerization of the dimer lattice leads to the same respin, and we assume a rectangular lattt®:*’As t, varies
sults, and hence the weak high-temperature dimerizatioffom O tot, the electronic properties vary from 1D to 2D. An
along the stack axi§ is effectively irrelevant: starting from implicit parameter in the above Hamiltonian is the band fill-
either the 1/4-filled model or the effective 1/2-filled scenario,ing, or more precisely. We shall focus on the 1/4-filled
the final outcome is the sarié. case, for whichp=1/2. In applications to the organic CTS’s,

With these comments complete, we can describe the ogach site is occupied by a single organic molecule, the dis-

ganization of the remainder of the paper. In Sec. Il we introlacement of which from equilibrium is described by,
duce our model Hamiltonian, as well as that of the dimerizedwith A; y=(uj+1m—U;j m)]; vj v is an intramolecular vi-
dimer model. In Sec. lll, we present physical, intuitive argu-bration, nj,M,(,chT’M’Uc,-,M,U, Njm=2,Njm,, and
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Bj,k,L,M,aE[CjT,L,aCk,M,U+ H.c], where C]T’L’U is a Fermion instance, even in the strictly 1D limit, where well-established

operator. We treat the phonons in the adiabatic approximaRG (Ref. 16 and bosonizatiof techniques have existed for
tion and are interested in unconditional broken symmetrydecades, for théntermediatecoupling regime, there have
solutions that occur foe-ph couplings ¢,3)—0%. All en-  recently been some surprising discoveries in the phase dia-
ergies such as), V, andt, will be given in units of the gram of the extended Hubbard mod&f°In 2D, developing
undistorted intrachain hopping integtal a clear physical intuition is still more crucial, as numerically
The second model describesliatomic/dimenattice, with  tractable lattices are even farther from the thermodynamic
one electron per dimer. The Hamiltonian for this case idimit, and the competition among broken symmetries is
similar to that above, with identicdd .. andH;,.e,, but with likely to be more subtle. Brief presentations of these physical
modified intrachain one-electron tery,, ideas fort, =0 (Refs. 26 and 27andt, <t (Ref. 24 have
been made previously. Here we discuss these ideas for the
H— _t 2 B .. complete range €t, <t, focusing on(i) the transition from
0 L&, ATLAMMe 1D to 2D, and(ii) the difference from the 1/2-filled band
monatomidattice.
A2 A physical picture of spatial broken symmetry in strongly
“ (Ajm)7 correlated electron systems must necessarily be based on
configuration space ideas, as one-electron bands have simply
(2} ceased to exist for strorege interaction. Within the configu-

. L . ration space picture of broken symmet’/?° each broken
for:rrw]sthae Sit:r(w)(\e/f v?/?tﬁh ﬁF))( ael(rj ogosm?; l(2>1t'Mb)e§/\r/]ger(1a tr':/(la 2n symmetry state, independent of band filling, can be associ-

. PPing, R '’ ated with a small number of equivalent configurations that
Aj,M:(u2j+1,M_u2j,M)! with u2j—1,M:u2j,M! this means

- X . ! I h i ion. F -
that there is no modulation of the intradimer bond length are related by the symmetry operator in guestion. For com

and the dimer unit is displaced as a whole. As written, themensuratep, these configurations are easily determined by

model assumes an “in-ohase” 2D arranaement of the dimemspection. The relevant configurations consist of repeat
o . P arrange linits which themselves possess the same periodicity as the
units (i.e., dimers on different chains lie directly above one

: . density wave. For illustration, we choose the 1D 1/2-filled
anot_he}, Wh'Ch we have determined 1o be the onver EN€GYhand. In this case, each broken symmetry has two extreme
configuration for both zero and nonzelq ), . Notice that '

f . ) ) . configurations, the pairs corresponding to the SDW, BOW,
H; does not contain the Holstein on-ségh coupling. Nev- and CDW being, respectively: the two  dle states
ertheless, we will show that a site-diagonal CDW is a con-__ 101--- and ---[1]1--- (SDW); the two nearest

sequence of the BOW here. iahb | bond di 1.2)(3.4)(5.6(N
The broken symmetries we are interested in @rethe rleigN) (;;dv&elr;c(g 3) (0 4n 5) . '|(aNgr_ar2n ;_(1)’ [\)/\Ehén)a(q ’j)I is

BOW, with periodic modulations of the intrachairearest- a spin singlet bond between siteandj andN is the number

neighborbond order(=;B; j. 1 m,q); (ii) the .CDW’_ with site§ (BOW); and the configurations- - 202 020 - - and
p“gnodlc modulatlpns of.thg site charge—dens{ntg{,M),_ and . +--020202 - - (where the numbers denote site occuparncies
(iii) the SDW, with periodic modulations of the site spin (CDW). N applications of the one-electron hopping term in

d_ensﬂy(nj'M,T—nj,M,_l}. Note thfat In case of the d_|mer _Iat- Eqg. (1) on any one extreme configuratiécorresponding to a
tice [Eq. (2)] we are mter.ested in both intra- and |nterd|mer iven broken symmetjygenerates the other extreme con-
charge and spin modulations, although bond modulations ¢ ljuration, but forN—o this mixing of configurations is

occur only between dimers. Furthermore, in the CDW an mall, and the ground state resembles one or the other of the

the SDW the modl_JIatlons of the sﬂe-bz_:lsed_ densities OCCixtreme configurationqualitatively, with reduced spin mo-
along bOt.h Ion_gltudlnal and transverse directigiough not ment, bond order or charge-density difference due to quan-
necessarily with the same periodicities, see be¢ldw case tum fiuctuation§

of the BOW, a complete description would require the deter- The key insight of the configuration space heuristics is

mination of the phase difference between consecutive chaing, .+ e qualitative effects of many-body Coulomb interac-

tions, as well as additional one-electron terms, can be de-
lll. CONFIGURATION SPACE PICTURE OF SPATIAL duced from their effects on any one of the extreme
BROKEN SYMMETRY configurations:®2° As a trivial example of this, a repulsive
HubbardU destroys the CDW in the 1/2-filled band, simply
The physical arguments presented in this section providbecause double occupancies in the extreme configuration
crucial insights that allow us to anticipate the apparently---202020-- “cost” prohibitively high energy. Signifi-
counterintuitive results of this paper. The need to develogantly, in the 1/2-filled band, the extreme configurations fa-
such arguments arises from the limitations inherent in all truezoring the SDW, the BOW, and the CDW are different, and
many-body numerical simulations of strong correlated electhere is a complete lack of overlap between them. This es-
tron systems: namely, one can study only systems of limitedentially guarantees the absence of coexistence among these
size and distinguishing finite-size artifacts from true resultsoroken symmetries in both 1D and 2D.
requires physical understanding. In turn, true many-body nu- To apply these ideas to the 1D 1/4-filled band, we begin
merical methods are essential here because of the intermedliy considering the on-site charge configurations. A
ate magnitude of the-e interactions(comparable to the 2kg (4kg) density wave here has period(2) in configura-
bandwidthg in the organic CTS'’s, which renders both mean-tion space. As discussed above, the extreme configurations
field and perturbation theoretic approaches questionable. Fof interest must also have period 4 or 2, and there are then

N | X

—j% [to— @A mIByj 2 +1m Mot
y e
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only three distinct sets of extreme charge configurations: - - and- --1010 - - .*° At first glance, the extreme configu-
These contain the repeat units- 2000 - -, ---1100 - -,and  ration ---1010 .-, corresponding to a period 2
-..1010 - -, respectively, where the numbers again denoté'4 kz"CDW,*° appears to be strongly preferred, but in fact
site occupancies. There are four distinct configurations fomore careful analysis shows that it dominates the ground
sets 1 (--2000 --) and 2 (--1100 - -), whereas there are state only for fairly substantiaV.>* This can be seen rigor-
only 2 for set 3 (--1010 - -). By analogy with the 1/2-filled ously for U—~, where the 1/4-filledspinful band can be
band(see above we now introduce spins and note that con- mapped rigorously to the 1/2-fillespinlessband>? which in
figurations belonging to sets 2 and 3 can again have spiturn can be mappe@ia a Jordan-Wigner transformatipto
singlet bonds between pairs of nearest-neighbor singly occwan anisotropic Heisenberg spin-1/2 chairJsing this ap-
pied sites, or the spins of the occupied sites can alternate @soach, one finds that the period 2 K4 CDW becomes

in the 1/2-filled band Nel configurations. Let us now show, the ground state only fov>V.=2 (in units of |t|).>* For

by considering the different cases separately, leesvinter-  finite U, numerical resulf§ show thatV, is slightly larger
actions affect these configurations and how an understandirthan 2. Given the estimated values\oin the organic CTS's,
of these effects suggestsorrectly) the broken symmetries it seems unlikely that they will exhibit this-¢-1010 - -)

to be studied. intrachain ordering. This expectation is strongly supported
by the result that the- - 1010 - - CDW cannot coexist with
A. 4-filled band, t, =0, U=V =0 the BOW?3=% whereas thé TMTTF),X are known to exhibit

a low-temperature transition to a SP-BOW ground state.

The noninteracting case provides a simple example to in- e
troduce some of the important differences between the 1/4- For V<V the extended 1D Hubbard model at 1/4-filling

. . . 6 . .
filled and 1/2-filled bands. Actual calculation indicates thats. & LUttinger liquid® that is also susceptible to &g bond

o . " and charge distortion, and it is this distortion that can be
W'th'n the 1D HoIstem model the charge densitigson the described by any one of the four equivalent configurations
sites have the functional forth

...1100 --2" The 2% CDW compatible with the

p;=0.5+ po cog 2keja) = 0.5+ py cog 7 /2). (3) -+-1100 - - configuration has the form
This charge-density pattern could have been anticipated by ) )
focusing on the extreme configuration - 2000 - -, which pc(j)=0.5+pg cog 2kgja—37/4)
also predicts three different charge densitiesge, interme- — 0.5+ po COS 7] /2— 37/4). )

diate, small, and intermediafesince each “0” that is imme-

diately next to a “2” is different from the other pair of sites

labeled O that are further away from the 2. occupancylhis particular CDW also coexists with a BOW, since the
scheme- - - 2000 - -, the probabilities of charge-transfer be- charge transfer across a “1-1" bond is different from that
tween a 2 and the two neighboring 0’s are larger than tha@cross a “1-0"(or “0-1") bond, which again is different
between the two neighboring 0's themselves. For nonzero from the charge transfer across a “0—0" bond. It is a subtle
in Eq. (1), this difference in charge transfers leads to latticebut crucial fact, confirmed by earlier numerical studieg)at

distortion of the form this same CDW can now promat&o different BOW'’s, each
with three different bond strengths. In each of these the 0—-0
Uj=Ug cog 2Kgja) =Uuq cog mj/2), (4) bond is the weakest, but depending upon the strength of the

_ ) Coulomb interaction, the 1-1 bond can be stronger than a
with bonding pattern SSWW (for strong, strong, weak, 1_g (or 0—1) bond (since charge transfer in the former can

weak, where a strongweak bond has hoppings>t (tw  oceur in both directions but it can also be weakesince

<t). This then is one very important difference from the cparge transfer in the former leads to double occupancy,
1/2-filled band: whereas in the 1/2-filled band differences inypiie no double occupancy is created in the charge transfer
bond-orders arise from spin effects oritpe probability of  henvem a 1 and a p Consistent with this and the numerical
charge-transfer is greater between nearest-neighbor singlerbsuhsz] we shall refer to the first bonding pattern as
coupled sites than between nearest-neighbor nonbondeds (for a strong 1-1 bond, undistorted 10 bond,
sites), in non-1/2-filled bands this difference can also origi- weak 0-0 bond, followed by an undistorted 0—1 bond

nate from site occupancieBrecisely because the BOW and \, hare a strong bond hag>t, an undistorted bond has,

the CDW here are both derived from the same extreme con-; -4 a4 weak bond has,<t. This BOW has pure period
gg‘;[jazgon' they coexist in the noninteracting 1/4-filled 4 .5 v periodicity and is accompanied by lattice distortion

B. Y4-filled band, t, =0, U,Vv>0 Uj=Uq cog 2kgja— m/4) =ug co 7j/2—m/4).  (6)

For nonzerao(positive U andV, the interplay among the
various possible broken symmetries becomes both morAgain consistent with the numerical results, we call the sec-
subtle and more interesting. Since double occupanciesnd bonding pattern W SWS (for a stronger weak 1-1
“cost” energy, the extreme configuration--2000 -- is  bond, strong 1-0 bond, weak 0—-0 bond and strong 0-1
suppressed even at a relatively smalf’ For the strongly bond, with tg>t>ty,>t,). Interestingly, the W’ SWS
correlated U—o0) 1D 1/4-filled band with convex long- bonding pattern is a superposition of the puig Deriod 4
range interactions, Hubbard showed that there dwistdif- SUWUstructure and the purekg period 2SW SWstructure
ferent Wigner crystals, with occupancy schemes1100 and is accompanied by lattice distortion
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Uj=Uo[ I o COS 2Kgja— m/4) +1 4 cog4kgja)] lﬂ%oﬁg*ﬂTélﬂ I
=Ug[r ok COS | /12— m/4)+T1 4 _cOL7])], (7) Fmm— - |
I |
whererzkF and Fak, are the relative weights of thek2 and a) * E— T:: l — + il f —T
4ke bond distortions, respectivefy. These results were es- fmomoo o :
tablished numerically in Ref. 27, where from comparisons to l S + . * — T — l _*
available experimental data in the 1:2 anionic TCNQ sys-
tems it was also shown that the phase relationship between
the coexisting R CDW and theW’ SWSBOW (the W’
bond connects sites with greater charge densities thawthe 1.089  0.848, 1.080 4 0.974| 1.089
bond is precisely in agreement with theory. l — 1= T‘ - l \
Very importantly, we show below that the dimerization of - |
the dimer lattice with one electron per dimer also leads to a b) d—— T: - l: w_ 4 :T
W’ SWShonding patternsee Fig. 1c)], which in its turn [ |
promotes the site occupancy scheme1100 - -. This co- T ’
existence will therefore occur in either the full 1/4-filled l: + --- *: T --=c l:
band model or the effective 1/2-filled, dimerized dimer ap-

roach.
P FIG. 2. Sketches of the BCSDW ground states that occur for

) smallt, in the strongly correlated, anisotropic 2D 1/4-filled band.
C. l/a-filled band, t, <t, U,V#0 The arrows indicate the spin directions and their sizes indicate the
The above two BOW-CDWs describe the ground state ofelative charge and spin densities. The hopping integrals used to
the interacting 1/4-filled band in the limit af =0, where calculate the energies of the distorted lattices correspont)to
the 1—-1 bond is a singlet. As in the 1/2-filled band thoughfa«.=0 (see text, Sec. Vand (b) r4_=r2c_, and are shown above
singlets are expected to give way to SDW order tfio# 0. the bonds along the top chain. This variatiort ieflects the BOW.
Thus we must understand the role of the spin degrees dfhe bond-distortion pattern irb), with slightly modified weak
freedom. Once specific spins are assigned to the sites label@ANd hopping integrals, also corresponds to the dimerized dimer
1 in the ---1100 - - configuration, the sites labeled 0 be- lattice for small enogghi. Note that the charge orderl_ng _corre-
come distinguishable, as a given 0 site is now closer to on ponds to the 1D paired electron crystal along the longitudinel

particular 1(up or down than the othe?? In this case the 0 oth diagonal directions and the monatomic Wigner crystal along

site is expected to acquire the spin characteristic of its neighthe transverse direction.

boring 1. The charge and spin along a chain can now thus be )
denoted as, | ..., where the sizes of the arrows are sche-ihat the overall ground state for small is one of the two

matic measures of the charge and spin densities on the sitdsCSPW states shown in Fig. 2, with overall 2D periodicity

Note that this represents the SDW of the form of (2kg,m).
ps(1)=(C M 1Cim.1 = Clm. Cim.) D. /4filled band, t, <t, U,V#0
= Psak.CO 2Kpja— m/4) + psy COg 4K ja— ), What happens afs is further increased? Withik-space

single-particle theory, increasing should destroy the nest-
(8) ing of the Fermi surface. But as we have indicated above, our
which coexistswith the BOW and CDW. real-space analysis predicts, and our numerical results will
Commensurability effects imply that the possible phaseestablish, that this destruction does not occur. To argue this
shifts between adjacent chains in the anisotropic 2D systergonvincingly, we must first show how this destruction of the
are 0,7/2, and, and we have performed explicit numerical nesting, which certainly does occur for noninteracting elec-
calculations to determine that the lowest energy state is ofons, can be correctly described within our configuration
tained with a phase shift of. The intrachain bond orders, space picture of the broken symmetry. Recall that the one-
determined by the probabilities of nearest-neighbor chargélectron hopping term in Eql) introduces “paths” between
transfers, continue to be different for the different pairs ofthe extreme configurations, where each step in a given path
neighboring sites. This is the major difference between theonnects two configurations related by a single Hid@
possible broken symmetries in the 1/2-filled and 1/4-filedNonzerot, introduces many additional paths connecting the
band. While in the 1/2-filled band there is no overlap be-extreme configurations that are the 2D equivalents of
tween the extreme configurations favoring the BOW, CDW,- --1100 - - (with a wr-phase shift between consecutive
and SDW, in the weakly 2D 1/4-filled barilde same extreme chaing. For U=V=0, there is no inhibition of these paths,
configuration supports all three broken symmetfié$or  and it therefore becomes easier to reach one extreme con-
small nonzerat, we therefore expect a strong cooperativefiguration from another, leading to enhanced configuration
coexistence between the BOW, the CDW, and the SDWmixing (relative to 1D, which in its turn destroys the “nest-
Furthermore, since the same CDW coexists with both théng” and the broken symmetry.
SUWU BOW and theW’'SWSBOW, this coexistence is The situation described above changes, however, for non-
independent of which particular BOW dominates. This haszero Coulomb interaction. Interchain hopping leads to
been explicitly demonstrated in Ref. 24, where it was showrpartial double occupancy on a single site]() with an en-



13 406 S. MAZUMDAR, R. T. CLAY, AND D. K. CAMPBELL PRB 62

ergy barrier that, while less than the badeis aU¢; that ~ BCDW state for realistic parameters: in particuMy;,q sta-
increases witHJ. The energy barrier tinterchain hopping  bilizes the BCDW relative to the other Wigner crystal
leads to “confinement” of the electrons to single chains, a(---1010 - -) along bothx andy directions.
concept that has been widely debated recently, in the context In the above our goal has been to predict a BCDW semi-
of high-T, superconductors~>°For large enough ¢, the conducting state that is more stable than the metallic state.
confinement can be strong enough that the broken symmetfgven if this semiconducting state is assumed, however, there
state can persist up to the isotropic lirhjt~t. is an additional surprise in our claim, viz., the dominance of
More precisely, the bond and charge components of thé!e singlet BOW over the SDW for strong two dimensional-
BCSDW can persist up to the isotropic linjt~t, leading to ity in the interacting quarter-filled band. This éxactly op-

the BCDW state we have previously introduced. The evolyPositeto what is observed in the 1/2-filled band. While in the
tion of the spin structure is different from and more Subtlehah‘-filled band a single singlet-to-antiferromagnet transition

than the bond and charge components. From the cartoons preurs with increasing, , for the 1/4-filled band, a second

. S . antiferromagnet-to-singlet transition is predicted at large
F,|g. 2, we see that for the ?DW o existitis essential that theg; o 5 'fy)|"giscussion of this second transition at this junc-
0’s have a spin “direction.” In the smatl, case, the sign of

h . . iiv that of th s hai tion would interrupt the flow of the narrative, we defer it to
the spin @ a 0 isnecessarily that of the nearestrachainl.  apnengix A, which presents arguments based on variational
Note, however, that each 0 also has timterchain 1's as

g ) - concepts and valence bond theory to motivate this result.
neighbors and that for a stable SDW, the spin densities of the

1's that are neighbors of a specific 0 must be opposite

shown in the figure Therefore, with increasing , compet- IV. NUMERICAL RESULTS
ing effects occur. On the one hand, the magnitude of the A. Results for 1D lattices
interchain exchange couplinj ~17/Uey; increases. On the Computational limitations will compel us to use fairly
other hand, the spin density on a site labeled O decreas%%a” lattices in 2D and will prevent us from studying dy-
because of the canceling effects of th&a- andinterchain

. . ) .__namical phonongeven at a classical, self-consistent lgvel
nelghb_orlng L f we th_us expect the SDW of _the 2D IattlceAs a consequence, we will have to work with explicitly dis-
to vanish at &; that will depend on the magnitudes of the

torted lattices, rather than allowing the distortions to arise
bare U and V.

) . . . naturally, as they would in larger lattices calculated with
This description of the evolution of the SDW applies to ; O e . i
the true 1/4-filled band. In lattices that are dimerized ini_dynam|cal phonons. To provide justification for this ap

tally. further di ation leads 1o th 10 01proach, in this section we&) extend our previous 1D results
1atly, lﬁrd.er wmrr:za lon elad.s o (ta. ocpupancyt Orth obtained with nonzerax and 8 (Ref. 27 to zero eph cou-

on each dimer. € ornginal dimerization 1s very strong, epIings, to demonstrate that these bond and charge distortions
spin on a given 0 will continue to be strongly influenced by

. . . . ‘ are unconditional, andli) show that the dimerization of the
the spin on its partner in the dimer, atfdat which the SDW dimer lattice[see Eq.(2)] leads to the same CDW as the
vanishes in this case will be larger.

. monatomic 1/4-filled band.
The robustness of the BCSDW and the BCDW relative t0 ¢ js known that in a sufficiently long open chain the bond

the uniform metallic state can be understood from the carg qers and the charge densities at the center of the chain
toon occupancy schemes in Fig. 2. It is instructive to discusghow the behavior in the long chain limit, even in the ab-
the BCDW state in terms of the two largd Wigner  qonce of thee-ph coupling. In Fig. 8) we show the exact
crystal structures discussed by Hubbeftdve refer 10 the  nearest-neighbor bond orders and charge densities at the cen-
--+1100 - ej,lectron arrangement as that of a paired elec-tor of an openundistortedchain of 16 atoms with all hopping
tron crystal,” and the---1010-- as the “monatomiC nieqrals equal, fotU=6, V=1. Note that both the BOW

Wigner crystal.” For the 3D low-density electron gas, Mou- 54 the CDW show the 2 modulations discussed in Sec.
lopoulos and Ashcroff showed that there exists an interme- IIl, and appear in spite of uniform hopping integrals.

diate density range where the paired electron crystal has Second, we recall that in a purely 1D system, a long-range

lower energy than the monatomic Wigner crystal, and th&,rqer (LRO) SDW can occur only if an external staggered

region 0<V<V_ in our discrete lattice case can be thought,gnetic field is applied. We therefore incorporate an addi-
of as intermediate between thve=0 andV>V.. A striking  ignal (external fieldlike term

feature of the BCSDW and the BCDW occupancy scheme is

that it is a paired electron crystal along the chains

(---1100 - -, periodicity Zg), a monatomic Wigner crystal _ , : _ :

transverse to the chains-¢1010 -, periodicity 4g), as Hsow™ 2 eln.y cos2ke]) 1y, Ot Zke] + m/2)]

well as a paired electron crystal along both diagonals 9
(---1100 - -, periodicity Zg). It is thus possible to predict

that even in the presence of interactions not explicitly in-and consideH +Hgpyy for the 1/4-filled band with ampli-
cluded in Eqg.(1), the BCDW continues to persist. For in- tude e=0.1. In Ref. 27 the same Hamiltonian was investi-
stance, by enhancing thekd charge ordering along the gated for the case of finite bond distortion. Figuréls) Z&nd
transverse direction, the nearest-neighbor interchain Cous(c) show the bond orders and CDW for a periodic riagro
lomb interactionV, will further enhance the stability of the e-ph coupling andundistortedhopping integrals with the
BCDW. Similarly, the diagonal - - 1100 - - charge ordering SDW 7| |1 superimposed on it. Note that because of the
implies that even the additions of hoppihg,, and Coulomb  periodicity, the bond orders are uniform for the finite ring for
repulsion V.4 along the diagonals will not destroy the e€=0. Fore=0.05[Fig. 3(b)] and 0.1[Fig. 3(c)], the exter-
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.386 410 346 410 where E(u; ) is the electronic energy per site wifixed
a) --- - distortionu; \, along the chainsi) the site charge densities
p;j.m for the bond-distorted lattices; due to the coexistence of
the BOW and the CDW, measuring the CDW amplitude that
412 -390 349 -390 results as a consequence of the external modulation of the
b) .:.—Q—----Q—. hopping integrals is exactly equivalent to the measurement
of the bond order differences in the charge-modulated lat-
tices; and(iii) the z-z component of the spin-spin correla-
.384 A11 .333 411 tions, for a range ob, V, andt, . We consider three distinct
¢) .I —_— Z.:Q— --- -Q:. distorted lattices, two of which correspond to those shown in
Figs. 2a) and 2Zb), where we have indicated the hopping
integrals along the chaiftthe uniform lattice has a hopping
integral of 1.0 corresponding to all intrachain bondthe
d) @: . : --- - third distorted lattice we consider is the dimerized dimer lat-
tice, the hopping integrals for which will be discussed later.
FIG. 3. Numerical results of 1D simulations for=6, V=1. (a) Ideally, calculations that aim to demonstrate persistence

Charge densitienumbers inside each circle, which represents onedf @ spatial broken symmetry should do fully self-consistent
molecular sit¢ and bond orderénumbers against the bondat the ~ calculations of the total energy, which is a sum of the elec-
center of an open uniform chain of 16 sites fe=8=0. (b) Bond  tronic energy gaimAE (including effects of bothe-e and
orders in a 16 site periodic ring with uniform hopping, and with e-ph interactions and the loss in lattice distortion energy.
externally imposed period 4 magnetic field of the same form as ifJnfortunately, in true many-body simulatio®uch as exact
Fig. 2, with amplitudee=0.05. (c) Same as in(b) with e=0.1.  diagonalizations or CPMCof the very large 2D lattices we
Because of equal bond lengths and nonzérahere is a weak investigate(see below, such self-consistent calculations are
contribution by the - - 1010 - - CDW to the ground state here and not possible. A well-tested alternate apprdaistto calculate
the charge densities are not pure 1100 - -. The filled (unfilled)  only the electronic energy gain fixedlattice distortion and
circles correspond to Iarg(es_mall) charge densities. The bond or- compare the calculateNE against a known reference con-
ders also show weak deviation from pB& SUor W'SWSbehav-  figyration, where the distortion isnownto occur. This ap-
ior, and the bond orders shown are averages for each kind of bond55ch works because for a fixed distortion, the contribution
The magnetic field induced SDW creates a spontaneous BABW. ot tha glastic energy to the total energy is constant, indepen-
Charge densities in a periodic dimerized dimer lattice of 16 SittSyant of the other parameters; therefore the gain in electronic
ggﬁe?joggf dzotgd:%o;re;r?;%dgtt?els'sésir:/delt;eNdo(iget?];ng]gogglvev energy, relative to that for the refe_rencg configuration, is a
L " . . direct measure of the tendency to distortion. An example of a
patte_rn in this effgctlve_ 1/2-filled band system is the same as th%revious successful application of this approach is the en-
V4-filled band lattices irf@). (b), and(c). hancement bg-e interactions of the bond alternation in the
) . 1D 1/2-filled band; here, the reference configuration corre-
nally imposed SDW createspontaneou8OW'’s with ry.  sponds to the limit of zer@-e interaction §SH mode),
=0 andr4kF¢0, respectively. where the Peierls bond alternation is known to occhor

In Fig. 3(d) we show the charge densities orperiodic ~ nonzeroe-e interaction, the electronic energy gain for fixed
ring of 16 sites, now for the dimerized dimer latti¢he ~ bond alternation can be largésee Figs. 2.26 and 2.31 in
hoppmg integra|5 here are 1.2, 0.9, 1.2, and.()'['ﬂe Charge Ref. 1), indicating the enhancement of the bond alternation
modulations(which appear entirely due to modulations of by e-€ interaction, a theoretical result that has been con-
the interdimer bond orders on the sites are exactly as in firmed by all subsequent studies. Similarly, in the 2D 1/2-

Figs. 3a)—3(c), with the larger charges occurring on the sitesfilled band, calculations of the electronic energy gain for
connected by the stronger weak bofile W’ bond, with ~ fixed bond distortion have been used to provedbereasen

tyw=0.9). In discussions of the spin-Peierls transition withinthe tendency to Peierls bond alternation upon the inclusion of
the effective 1/2-filled bandcorresponding to the dimer lat- €-€ interaction(see Fig. 10 in Ref. 10 a result that is in
tice), it is usually assumed that the electronic populationsagreement with other studfé$as well as the determination
within each dimer cell remains uniform in the spin-Peierlsof long-range AFM in this caseThus the approach has been

state. Figure @) clearly shows that this is not true. shown to work in two cases in which exactly opposite
outcomes—in one case, an increase in dimerization, in the

. other case, a decrease—occurred, indicating its robustness.
B. Results for 2D lattices At first glance, it appears that there exist two different

To confirm the expectations based on the qualitative arleference configurations in the present case. First, for given
guments of Sec. Ill, we use exact diagonalization and cont. » On€ could StudAE as a function olJ andV: in essence,
strained path quantum Monte Carl6PMC) (Ref. 58 nu- this amounts to comparingncorrelatedand correlated lat-
merical techniques to calculate for representative finite 20ices for eacht, . Second, for giverl andV, one could

lattices: (i) the electronic energy gained upon bond distor-calculateAE as a function ot, . In fact, the first approach
tion, doesnot yield correct results for two reason@) the uncor-

related 2D lattices are undistorted, so there is no obvidts
with which to compare the correlated results; dingd mag-
AE=E(0)—E(uj u), (10 nitude of AE decreasesvith U andV even in the 1D limit,
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where weknowthat the bond and charge distortions are un- 3 v - - -
conditional(see Refs. 16—19 and 27, as well as the immedi- O 8x2U=6 V- i
. . . ® 8x6U=6V=1 E
ately previous subsection on 1D numerical resulthus to O 16x6 U=6 V=t
. . . . 25 == ax2U=v=0 I
determine properly the tendency to distortion in 2D, our ref- " ||..... 8x6 UnVm0
erence configuration should be the single chain. We therefort o 166 U-V=0 i &

normalize the energy gained for coupled chaifh&] against
that for the single chainXEg) with the sameU andV. A
decreasindA\E/AE, as a function ot; signals the destruc-
tion of the distortion by increasing two dimensionality, while
a constant or increasindE/AE, indicates a persistent
distortion!® Since the BOW and the CDW are coupled co-
operatively, the behavior of the charge ordering gives a sec:
ond measure for the tendency to bond distortion. Decreasing
charge ordering fofixedbond distortion, as a function of
(as occurs for noninteracting electronindicates the ten-
dency to decreasing bond distortion, while constant or in- .
creasing charge ordering indicates persistent bond distortion o ! ' ! ' ! ' ! ' !
The expectedand calculated, see belpweharge ordering ’ ) '
pattern is the same for all bond distortion patterns and is the L
22&%3; é?];ig;mh’ however, ar-phase shift between con- FIG. 4. AE/AE, versust, for a 2k bond distortion {y_
As mentioned above, our numerical calculations involvezo) for the 8x2, 86, and 16¢6 lattices forJ=V=0 and for
both exact diagonalizat,ion and the CPMC technique Be-UZG’Vzl' For the 8<2 Iattl_ce both _exag(csolld ling) and cPMCe
h ) results are shown. Intrachain hopping integrals for the distorted
cause of the sign errors that plague quantum Monte Carl

. . . . . L fhttices are as indicated in Fig(a.
calculations in 2D, it is critical to obtain a precise idea about

the accuracy of the numgrical results. This is especially SQistortion in theS= 1 subspaceA E necessarily corresponds
because CPMC calculations that have been reported g e energy gained upon distortion in tBe-0 subspace.
far”***are only for the simple Hubbard Hamiltonian and did pg ths important but subtle point requires extensive discus-
not '”C'F‘de the nearest-neighbor mtera_tcthzinln Append|x _sion that would interrupt the presentation here, we present
B we discuss our methodology and give detailed compariyne getails in Appendix C, where we show that despite this

sons of energies and correlation functions obtained for ﬁnitesubtlety the behavior oAE/AE, nevertheless is a proper
lattices within the CPMC and exact dlagonallzathn ProC€imeasure of the stability of the distorted state for nonzero
dures. As shown there, although the CPMC technique is not

variational, the accuracies in both energy and correlation 1 gyact diagonalization and CPMC calculations g =0
functions are sufficient for our purposes. ] ] F

For numerical results obtained from finite-size calcula- N Fig. 4 we show the behavior &E/AE, for the non-
tions to be relevant in the thermodynamic limit, it is essentialinteracting and interacting{=6, V=1) cases for three dif-
to choose proper boundary conditions. In the present Casgrent lattices SatISfyIng our boundarylcond|t|0n COI.’IStraIntS.
we choose lattices and boundary conditions based on tH8 all cases we measure the electronic energy gained upon
physical requirement thaor noninteracting electrons any 2ke SUWU bond distortion (corresponding to nearest-
nonzero t must destabilize the BCDW on that particular Neighbor hopping integralts=1.14, t,=1.0, and ty
finite lattice Details of the analysis that guided our choice of =0.86), relative to that of the undistorted state with equal
2D lattices are also presented in Appendix B. There we showiopping integrals. For the 82 lattice the calculations in-
Nx M lattices(with N the number of sites per chain aiti ~ Volved both exact diagonalization and the CPMC technique.
the number of Chairjghat obey the above physica| require_ The 8% 2 results, taken together, then provide an estimate of
ment are restricted to those for whith=8n, wheren is an  the precision of the CPMC calculation. The exact diagonal-
integer. On the other hand, there is no restrictiorMynex-  ization studies also confirm that the system is in the total spin
cept thatM be even to avoid even/odd effects. In our calcu-stateS=0 for t, as small as 0.04see Appendix €
lations below, we have chosei=4n+2, for reasons that ~ The large scatter in the normalize&cE at very large and
are also discussed in Appendix B. very smallt, may be due to the degeneracies in the non-

We make one final point before presenting the 2D nu-nteracting system at, —0 andt, —1. Furthermore, as
merical data. The restriction f8=8n sites coupled with the ~pointed out in Appendix BSec. 1, the absolute values of
1/4-filling introduces a potential subtlety into the numerical AE are rather small, especially for the purkg2(r_=0)
computations of AE/AE, for nonzeroU and V. Finite  distortion. The systematic errors due to the CPMC approxi-
4n-electron non-1/2-filled 1D undistorted periodic rings havemation are therefore large in these two regions. Nevertheless,
their ground state in the total spB~ 1 subspace, and even except for theAE/AE, value att, =0.1 for the 8<6 lattice,
the distorted system’s ground state can be in3kel sub-  at all othert, the AE/AE, values are above 1 for all three
space for the smallestdelectron rings. We have confirmed lattices, and far above the normalized noninteracting values.
from exact diagonalizations of thex® lattice that the As seen in Fig. 4, while for the noninteracting cases the
ground state is in th&=0 state for the smallest nonzetrp. AE/AE, decreases rapidly with , for the interacting cases
Thus whileAE, can correspond to the energy gained uponthe AE/AE, either remains unchanged or is enhanced, hy

=0)

AE/AE(t,
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Because of the strong degeneracies in the one-electron occi 0.55
pancy scheme at the Fermi level at=1, a single well-

defined one-electron wave function is missing here. The

CPMC calculations therefore could not be donetfo1.0.

It is, however, highly unlikely that the BCDW persists for P.{) 0.5
t, =0.9 but vanishes at, =1; this expectation is corrobo-

rated by the results of the exact diagonalization studies for

the 8X 2 lattice, which were performed for the full range of L ]
t,, including t;=1 and showed enhanced distortion 0.45

. . ; 2 4 6 8

throughout the whole region. In the following sections we
also showAE/AE, for the 2k + 4k (r4.#0) and dimer- site j
ized dimer lattice. In both of these cases, the magnitude of 0.1 . . . . .
AE is larger and hence easier to compute, but degeneracie ) ! ! ! — ax2 |
restrict CPMC simulations to smalldar, . In both cases, 0.08 ® 8x6
AE/AE, is close to or above 1 for atl, we have studied. - * e o 16x6|

As discussed in the above, the bond-distorted IatticesAp (j)0.06_— e o o e 2 o ]
(both Mok =0 andr4kF¢O) have a synergetic coexistence " 5,1 ® go\
with the CDW. Thus the amplitude of the CDW, defined as - / —
Ap.=pc—pes, Wherepg andp., are the larger and smaller 0.02- -
charge densities on the - 1100 - - 2kg CDW, is an alter- 0 I T
nate measure of the stability of the BOW. If the nonzero 0 0.2 0.4 0.6 0.8 1
destabilized the bond distortion, then even wiiked 2k t
distorted hopping integrals the amplitude of the BQWea- +
sured as the differences in the bond orgleveuld decrease, FIG. 5. (9) Site charge densities on one of the six chains in a

and the diminished strength of the BOW in turn would de-2k. bond-distorted &6 lattice, fort, =0.2, U=6, and V=1.
creaseAp.. This is easily confirmed for the noninteracting The line is meant as a guide to the eye. Note the expected
Hamiltonian, where the amplitude of the CDW decreases--1100 - - structure discussed in the texb) Amplitude of the
with increasing, . In Fig. 5a) we show the charge densities 2k: CDW for the X bond-distorted & 2 (exact, 8x6, and 16
on a single chain for a bond-distorteck® lattice (because X6 lattices. The ground state of the>16 lattice is in theS=1
of periodicity, all chains are equivalerior U=6,V=1,and  subspace fot, >0.6, and the CDW amplitudes for ti&=0 states
t, =0.2. In Fig. §b) we have shown the behavior Afp, for here are expected to be greater than those calculated for the ground
all the three lattices we have studied, now as a function oftate and shown in the figuteee text
t, . Degeneracies in the one-electron energy levels in the
16x6 lattice fort, >0.6 even with finite bond distortion charge densityn; y ;+n; v, only weakly, but the spin den-
cause the CPMC ground states in this region toSsel.  sity, being the difference; y ;—n; v, is a smaller quantity
Exact calculations in the 1D limit show that the amplitude ofand is affected relatively more strongly. It is useful here to
the CDW inS=1 is less than that i8=0. Thus the weak recall, however that within the rectangular lattice, 1010
decrease in thé p. values witht, in the 16<6 lattice isa ... charge orderings along both longitudinal and transverse
spin effect: the bond distorted stateSs-0 at smallt, and  directions give triangular lattice of occupied sites, and thus a
S=1 at larget, . TheAp, values at large:, for the 16x6  pure---1010 - - cannot give the SDW profiles of Fig.(6ee
lattice should therefore be considered lawer limits (the  also below.ﬁo
Ap, values of the 1& 6 lattice are considerably larger than  Qualitatively, att, =0.1 the SDW behavior is the same as
that of theS=1 single chain of 16 sitgsIn agreement with in Ref. 24, where these calculations were done for the
the behavior of thelE in the interacting casésee Fig. 4, 12X 4 lattice: the amplitude of the interchain spin-spin cor-
the CDW amplitude novincreasesor remains constant with relation is independent of the distance between the sites, in-
increasingt, for all the lattices studied, indicating a greater dicating long-range order. The qualitative behavior of the
tendency to bond and charge distortion with increading  spin-spin correlations is the same for=0.4, where, how-
Taken together, the results of Figs. 4 and 5 provide quantiever, the amplitude of the SDW is larger. At still larger
tative proof of our qualitative arguments establishing thatt, (=0.6), the interchain correlations are very strongly anti-
the BCDW is a robust broken symmetry state for the interferromagnetic at short distancejs<(1,2 on chain 2 but the
acting 2D -filled band. antiferromagnetic correlations have disappeared at larger dis-
In Fig. 6 we show the interchain spin-spin correlationstances. This can be seen from comparisons of the spin-spin
between sites 1 and 2 on the first chain, and gite§—8 on  correlations corresponding to values dfing near the center
the second chain, for thekg bond-distorted & 6 lattice for  of the second chainj&5), which are farthest from the spins
several values df, . The SDW profile is somewhat different occupying sites 1 and 2 on the first chain. While the spin-
from what is expected from a pure--1100 -- charge spin correlations negr=>5 increase fronmt, =0.1 to 0.4, they
modulation along the chains because the wave function ofiecrease as is further increased to 0.6. Similarly, focusing
this finite lattice also has contributions from the on site 8 of the second chain, we see that the spin-spin cor-
---1010 - - type intrachain charge modulation. The small relation with site 1 on the first chain has actually changed
---1010 - - contribution to the wave function affects the sign upon increasing, to 0.6 from 0.4(due to the very
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A 0.002 - -1
b N a
N(,JV l/{
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r - - - - - - : tions between sites (left panels
0.004 |- t,=0-4 . and 2 (right panel$ on the first
0002 . chain of the 86 lattice and sites
20 j=1-8 on the second chain, with
90002 / ] U=6,V=1 for four values ot, .
—0.004 4 ] Due to finite-size effects the wave
I : L : L — function has small admixing with
0.01 F tl=0l.6 ' ' i the -..1010 .- charge order
A 0.005 |- ] which affects the individual mag-
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strong short-range antiferromagnetic correlatjpread the Figure 7 shows the interchain spin-spin correlations be-

magnitude of the positive spin-spin correlation with site 2 ontween sites 2 and 3 on the first chain and sjted.- - - 16 on

the first chain has decreased. All of these results indicate thie second chain for the ¥& lattice. The admixture of the
absence of long-range spin order for large=0.6 in the intrachain---1010 - - CDW is weaker in this larger system:
8X 6 lattice. The loss of the long-range spin-order is mosthis is because the “tunneling” between the extreme con-
clear att, =0.9, where spin-spin correlations are nonzerofigurations ---1100 -- and, say,---0110 --, decreases

only for the nearest interchain neighbors. with size, and as consequend&g, increases with size in fi-
T | L | 1 T v 1
0.002 |- 1.=0-1 4 } =0 4 0.002
AT ] 1 A
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Ngv 0 /\ /\ tF } 0 N;’«» tions between sites @eft panels
v \/ V 1 71 v v \Y/ \/ v and 3 (right panel$ on the first
-0.002 |- 4 F - -0.002 chain of the 1& 6 lattice and sites
= e ——————— = ——————— j=1-16 on the second chain,
0.004 |- 1 =0.3 1 [ 1=03 -] 0.004 with U=6, V=1 for four differ-
20.002 ent values oft, . The finite size
W, ol effects, and contamination with
vaoooz E the---1010 - - charge order here
et is smaller than in Fig. 6. Lines are
-0.004 -y guides to the eye.
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v
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150 '8 > lt : | : I ' ] not correspond to a natural periodicity for the noninteracting
® 506 OPMC system. As a consequence the noninteracting wave functions

- 4 are not suitable trial wave functions for the CPMC calcula-
_ tion. For the same reason theX6 calculation could not be
T, = E * = N performed here. The similarities between the results for the
5 1 8X 2 and the &6 lattices are obvious. The ratioE/AE, is

4 independent ot, over a broad range df, and increases

Ll . L . .

< g5k _ slightly for larget, , indicating once again a stable 2D
BCDW. Although only limited data could be obtained for

o 8 this case, the dimerized dimer lattice is very similar in char-
0 . | . | . | . acter torg, #0 [see Fig. &)]. In the following we show

0 0.2 0.4 0.6 0.8 convincing evidence for persistent double dimerization in
2D.
t

L

FIG. 8. AE/AE, versust, for M ake =" 2k, for the 8x2 and 3. The dimerized dimer lattice
8X6 lattices forU=6, V=1. Intrachain hopping integrals for the

distorted lattices are as indicated in Figbp We have previously noted that Fig(l2 suggests that an

alternate way to view the BCDW/BCSDW states is as a

nite systems. This can be seen by simply comparing the ﬁgglmer lattice with additional structure within each of the

ures on the left and right panels for=0.1 and 0.2. If the dimer cells; the dotted box in Fig(l® represents one dimer.

: . e L Each dimer has one electron, leading to an “effective half-
intrachain COW were a pure- -1010 -, the signs of the g i 0 VB0 aaiag o it oo (BT R
Spin-spin correlations for eaghwould be the same for both filled band is uncbnditional for alU>2V,*® and thus this

i =2 andi=3. Different signs for these correlations are sig- . Co . . ; oS

natures of the- - -1100 - - CDW (see Fig. 2 As in the dimer lattice itself distorts in a period 2 dimerization pattern

86 system, long-range SDW behavior is seentfor 0.1 in 1D. In this section we show the additional result that the
Y L _g_ 9 . " . (anisotropig 2D dimer lattice is unconditionally unstable to
Focusing on site§=7—12 on the second chain, the ampli-

. - - a second dimerization for al .
tde .Of the SDW increases frotp=0.1 tot, =0.2, but fur- We choose the hopping integrals between the two sites
ther increasing, to 0.3 destroys the long-range order, as

evidenced aaain by verv large AEM correlations at short diS_Within the dimer cell to be 1.2 in our calculations. The two
gain by very large. : o interdimer hopping integrals for the uniform dimer lattice
tances and vanishing correlations at large distarisiss

- ) Lo . were taken to be 0.8, while for the distorté@limerized”)
=7---12 on the second chalrThe vanishing of the SDWis 4,01 attice these were taken to be 0.7 and 0.9, respectively
seen most clearly at very large (t, =0.9 in Fig. 7. We

. i . (i.e., the dimerized dimer lattice has hopping integrals 1.2,
observe this same behavior of the SDW ox 3 lattice. In : : R
. ) o .7,1.2,09 al h chairExact lizat h
all cases, the SDW amplitude initially increases, exhibits 0 0.9 along each chairExact diagonalizations show

) . . S Ghat a m-phase shift between the chaifise., dimer cells
maximum, and then vanishes atawhich decreases with i, directly above each other, but a strong interdimer bond
the size of the system. As discussed in Sec. Il D, this beha

o DeNaVsn one chain facing a weak interdimer bond on the next
ior is to be expected from the nature of the BCSDW in F'g'chairj gives the lowest total energy. Again we defin&

20. The initial increase qf the SDW amplitude indicate; thatandAEo as the electronic energies gained per site upon in-
t] is nonzero, a conclusion that is also in agreement with thesrdimer bond distortion by the 2D and 1D lattices. Figure 9
experimental observation of the BCSDW state in the weaklysows theAE/A E, behavior for the &2 lattice over the
2D organic CTS(see below. Based on the calculations for complete range of, and for the 8<6 and 16<6 lattices for
16X 6 lattice, we estimate 01t <0.3 for the strictly rect-  goyeral differentt, for U=6 and V=1. The 8<6 and

angular lattice folU=6, V=1. 16X 6 lattices, taken together, cover nearly the full range of
) ) ) ) t,, and theAE/AE, behavior for these lattices closely fol-
2. Persistent distortions with 4_#0 low the curve for the &2 lattice. As before AE/AE, is

The bond modulation pattern in the 1/4-filled band givensignificantly greater than 1 for the complete rangetQ
in Eq. (7) has in general both k2 and &g components. <1, indicating the persistence of the dimerization of the
Figures 4 and 5 show persistent distortion at large interchaidimer lattice in the interacting case, whereas for the nonin-
couplings forr4kF:0 (purely e bond distortion. The per-  teracting case, the dimerization vanishes, as expected.

sistent BCDW is expected also foﬁkjo- Physically, the Figure 10 shows the interchain spin-spin correlations be-

reason for this persistence is tbeexistingsite CDW, whose tween sites 2 and 3 on one chain and sjtesl —16 on a
nature is independent 0f4kF-24’27 We show in Fig. 8 the neighboring chain, for a 266 dimerized dimer system. No-

) tice the far smaller contribution by the -1010 - - intra-
calculatedAE/AE, for rgy_=ry_ (equal admixtures of & chain charge ordering here. This is because of the large dif-
and 4 bond distortions for the 8<2 and 8x 6 lattices for  ference between the hopping integrals even in the “uni-
U=6 andV=1. The hopping integrals corresponding to theform” lattice with interdimer hopping integrals of 0.8 here.
distorted lattice here are 1.089, 0.974, 1.089, and 0.848, arffluch a large bond dimerization diminishes the intrachain
the energy gained is being measured against the uniform--1010 - - contribution. The spin-spin correlation ampli-
lattice. Starting front, =0.5, the one-electroAE is highly  tudes cannot be directly compared to Fig. 7 because of the
discontinuous. This is because distortions witlh_#0 do  different distortion amplitudes, but Fig. 10 shows that the
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3 . T . . T - disordering of the spin, hence the greater stability of the
L i SDW. We shall later argue that this same phenomenon is
o5l related to the very large magnetic moments of the
' k-(BEDT-TTF) salts.
2 4. Effects of additional Coulomb interactions
& r Figure 2 clearly suggests that interchain nearest-neighbor
= 15k Coulomb interactiornV, stabilizes the BCDW further. We
3 — 82U=6V=1 | | have confirmed this by exact numerical calculations for the
< . delsyoL 8X2 lattice, as shown in Fig. 11 below, where we have
1 rer 86 U=V=0 . plotted AE/AE, for three different values df, : 0, 0.5, and
£ -~ ;g%li\j\zlgo i 1. NonzeroV, inc_rease_sAE further.. Similar calculations
05l -§\§ _ /.«.\ N were d_one also_ Wlth_ varlabhﬁf!_L bL_lt fixedV, /t, . An even
RENS N ‘~. larger increase iAE is found in this case. Implementing,
i "'“'-‘----—.=-..-..,.._,____._____._______.\._:._‘___'__:_:__—___:_.___._, ] over and abov¥ is difficult within the CPMC, and therefore
0,— 0'_2 0'_4 e o!s ""1 these calculations could not be performed for larger lattices.

However, based on the similarities between Ate behavior
of the three lattices studied in Figs. 4 and 9, no difference in

FIG. 9. AE/AE, versust, for a dimerized dimer lattice for the the larger lattices is expected.

8X2, 8X6, and 16<6 lattices, forU=6, V=1. The intradimer
hopping integrals are 1.2 in both cases. All interdimer hopping in-
tegrals are 0.8 in the dimer lattice, and 0.7 and 0.9 in the dimerized
dimer lattice.

V. SUMMARY OF THEORETICAL RESULTS

We have performed detailed numerical calculations of
various broken symmetries for the 2D 1/4-filled band within

SDW amplitude is significantly greater in the intermediate Eg. (1) and for the effective 1/2-filled b.and of dimer lattice
regime ¢, =0.37 in the figure compared to the smai, ~ Within Eq.(2), for U = 6,V = 1. Regarding these parameter
regime unlike the results in Fig. 7. Our calculations indicatevalues, the broken symmetries we have found will occur for
that the larger the difference between the intradimer and théll intermediate to strong) but requireV to be less than a
interdimer hopping integrals, the greater the range oftthe cfitical Vo=2t.° o .

over which the SDW is stable. Thus with hopping integrals_ We have discovered three distinct new results in 1D.
of 1.2, 0.9, 1.2, and 0.7 along each chain, the SDW in thd St we have confirmed that the BCDW state occurs spon-
86 lattice persists even &t =0.6 (in contrast to the B taneously even for zere-ph couplings[see Fig. 8)]. The
bond-distorted lattice of Fig.)2but vanishes at still larger Pond distortion pattern in the center of a long open chain
t, . This is expected from our discussion of the behavior ofcorresponds to a purekg distortion, and coexists with the
the SDW in Sec. Il D. Recall that the smaller spin densities?Kr - - - 1100 - - type charge modulation. Second, we have
on the sites labeled 0 are influenced by both the intrachaighown that a BOW appears spontaneously in a uniform pe-
nearest neighbor as well as the interchain nearest neighb#pdic ring when the SDWF, |, 1,1 is superimposed, con-
with opposite spin, and this competition creates a disorderin§fming the synergetic cooperation betwes ande-ph in-
effect. The larger the hopping integral between the 0 and théeractions. The BOW pattern corresponds fg =0 [see Eq.
nearest intrachain 1, the larger thenecessary to create the (7)] when the amplitude of the superimposed SDW is rela-

T T | T T T | T T T I T T T T T I T T T I T T T I T T T
0.005 |— =01 - | u=01 — 0.005
i = 3K 2 i
IA A A AR T A
0 0 @,
Nw J NUJ
Y l'r'J \i\l/ I\!/ u 1t u \f‘!/ \5—_" v FIG. 10. Thez-z spin correla-
i tions for the 166 dimerized
-0.005 — 1 — -0-005 dimer lattice. Correlations are
TR N TN SN NN T T S N R ' TN S T B RN B R RN shown between site 2 and site 3
Ry L I I VAT L on the first chain and sites 1-16
0.005 = ] —0.005 on the second chain with =6,
| 1L i V=1 for two values oft, (0.1
A A and 0.37. Lines are guides to the
@ o o % eye.
73] w
ANRVERY Ry
B 1T »
—0.005 |— —H — -0.005
(] 1 | 1 1 1 1 1 1 | 1 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1

8

12

16
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25 T T - T T T - interchain spin-spin correlations in Figs. 6 and 7, the SDW

H— V=00 - amplitude of the novel BCSDW state is initially enhanced by
t,, but with further increase ih, the SDW vanishes, indi-

g cating a singlet BCDW state again in the latgeaegion. The

- range oft, within which a stable SDW is found depends on

i the BOW pattern, and within the dimerized dimer lattisee

Fig. 10 the SDW can be stable over a wider rangé of

05 7] VI. COMPARISON TO EXPERIMENTS ON THE
r . INSULATING STATES IN 2:1 ORGANIC CTS
0 1 I 1 I 1 I 1 X A ) A ) i
0 0.2 0.4 06 0.8 Experimentally, the organic cationic CTS, with cation:an-

t ion ratio of 2:1, span the range <0.1 in (TMTTF),X to
t, ~1 in certain(BEDT-TTF) ,X. Hence these materials pro-
FIG. 11. AE/AE, vst, for the 8xX2 lattice, withU=6,V=1, vide a critical testing ground for our theoretical results. In
andV,=0,0.5,1.0, forr 4 _=0. Ref. 24, we compared our theoretical predictions regarding
the BCSDW state to the mixed CDW-SDW found experi-
tively weak [Fig. 3(b)], but switches over to,_#0 when — mentally in (TMTTF),Br, (TMTSF),PF, and a-(BEDT
the SDW amplitude is larggFig. 3(c)]. Our earlier demon- — 1 1F)2KHG(SCN),. Here we make additional, more de-
strations of the BOW-SDW coexistence were only for thet@iled comparisons, distinguishing between 1D TMTTF and
bond distorted periodic systems. Finally, from exact calculaWveakly 2D TMTSF-based compounds, and also emphasizing
tions for a periodic dimerized dimer ring, we have estap-the similarities and differences between the salts of BEDT-

lished the new result that the BOW here also coexists withl TF and BETS with different crystal structures. In the case
the ---1100 - - 2ke CDW, with the large(small charges of the TMTTF and TMTSF band structure calculations of

occupying the sites connected by the stror(gezakey inter- ~ NOPPINg integrals have been summarized by Yqﬁ’ra]h

dimer W' (W) bond [see Fig. &j)]. Our earlier work had bot_h cases the lattice is anisotropic tnangulz?\r in _nature,

claimed that a 1/4-filled description was essential to obtaif?hich would correspond to our rectangular latice with one

the BCDW and the BCSDW states. As shown in Figl)3 ~ additional diagonal hopgiag beyond the usuall, . Botht,

the same result is obtained, however, even for the dimefNdlaiag are small in the 1D TMTTF, while they are com-

lattice, providedthe second dimerization is allowed to occur. Parable in TMTSF and about QtL in magnitude. As dis-
Three different bond distortion patterns were investigatedussed in Sec. llI D, the paired electron crystal ordering even

in 2D. These correspond Oy, =0 [Fig. 2(a)], Fak =2k, al_ong the diagonql d_irections in the configurations shown in
Figs. 4a) and 2Zb) indicate that the BCDW and the BCSDW

[Fig. 2(b)], and the dimerized dimer lattice. In all cases a : _ .
m-phase shift in the bond distortion between consecutiveStates continue to be stable for nonzggig, and there is thus

: : . no loss of generality in considering a rectangular lattice. Sev-
chams gives the Iow_est energy. From calculations of ener9¥%ral crystal structures occur in the BEDT-TTF systems, and
?oarltr(la?jdlgtr:i((): résbc\),\r/}?hfllstozrt(l)or;n\:jverz cozcrlude;rheatbia] bls]g(:edlshore subtle and individual analyses for the different cases

kg _ ke 2ke o are required. Our aim is to show that a variety of recent
stable than the uniform lattidsee numerical results in Figs. experiments indicate that the BCSDW and the BCDW are
4 and 8. Similarly, the dimerization of the dimer lattice is appropriate descriptions of the insulating states of this entire
also unconditionalsee numerical results in Fig).9The per-  cjass of 2:1 cationic CTS, and conversely, the very nature of
sistence of the distortions is an interesting effece@ in-  the insulating ground state in certain cases provides direct
teractions and is in contradiction to what is expected withinerification for some of our more surprising theoretical re-

one-electron nesting concepts. The ground state of thgyts. we discuss below each class of material individually.
strongly correlated 1/4-filled band is therefore an insulating

BCDW state for allt, .
The persistence of the BCDW for all anisotropies is also A. (TMTTF )X
evident from the charge density calculations. In Fig. 5, we  The(TMTTF) ,X compounds are nearly 1D semiconduct-
have shown the amplitude of the CDW that accompanies thgg materials with weak to moderate dimerization along the
ra.=0 BOW as a function ot, . In the absence oé-e  stacks at high temperature. Because of this dimerization,
interaction, the CDW amplitude decreases rapidly with they have often been described within the effective 1/2-filled
even with nonuniform hopping integrals. One interesting asband picturé’%? Further dimerization of the dimerization
pect of these calculations is that the CDW pattern is the sameccurs below the SP transition temperatditg (~15 K).
for all bond distortion patterns. Our computer capabilities doExisting theories of the SP transition in these systéris
not allow us to determine self-consistently which of the threenot discuss the simultaneous appearance of the @DW
BOW patterns dominate within Eq&l) and (2) for a given  andassumehat the site populations continue to be uniform
U, V, t,, «, and B. This is, however, largely irrelevant, below Tsp. As depicted in Fig. (), and as confirmed in
because the charge ordering is the same with all the boniig. 3(d), independent of whether these systems are consid-
distortion patterns. ered as 1/4-filled or effective 1/2-filled with a dimer lattice,
The SDW behavior is different from those of the BOW the appearance of thiskg CDW is unconditional and the
and the CDW. As seen from our numerical calculations ofsite populations are therefore not uniform. In a recent
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NMR study of C spin-labeled (TMTTF),PF, and One additional comment appears to be necessary.
(TMTTF),AsFs charge-ordered states have been fotind. Frohlich mode sliding conductivity has been seen in
Although such a charge-ordering suggests agreement it MTSF)2X.%® While this indicates a weak incommensura-
the theory presented here, one problem is that the initial agRility of the density wave(see below, an equally important
pearance of the charge-ordered pHage- 70 K in (TMTTF) pom.t is that the sliding conduct|V|ty_|n the past has_been
,PF] occurs considerably abovesp (15 K).5 There are ascribed to a SDW: the SDW collective transport is viewed

; ; . that of two CDW'’s, one for each spin subband. The actual
two possible reasons why the charge ordering might appe%? ’ S . T
at a temperatur@ o> Tep. First, this might be due to fluc- isplacement of the charge density is difficult to visualize in

. . . configuration space within this picture. We believe that the
tuation effects associated with the 1D r_1ature of the Crys.talsexperimental demonstration of the coexisting CDW and the
As has been shown by Schifzfluctuation effects associ-

d with the SP ” b gresent theoretical work, taken together, suggest the more
ated with the SP transition may be seen at temperatures g erent viewpoint that the sliding mode conductivity is that

high as 4sp, in which case signatures of charge ordering, 5 BCSDW.

would also become visible at these high temperatures. The

observation of diffuse x-ray scattering atg2in this material

already at~60 K (Refs. 36 and 44seems to support this C. a-(BEDT-TTF),MHg(SCN),

possibility. A second possibility is that the charge ordering is This class of materials, with = K, Rb, Tl, and NH, has
dri\{en primarily by the Holstgim-ph coupling8 in Hamil- been of considerable intérest recer;ﬂy;, NIL|4 is a super-
ton_lan(l_), and the SSH couplmg is small, Sl.JCh that actual conductor, buM = K, Rb, Tl are nonsuperconducting. Early
lattice displacement and spin singlet fo.rmatlon takgs place %agnetic susceptibility studies in thé=K material had in-
lower temperature. Inde_p_en_dent of which me<_:han_|sm domlEiicated anisotropic susceptibility below the so-called “kink”
nates to givel co>Tsp, it is important to keep in mind that 5 nqition that occurs at 10 K, indicating a SDW; here the
(1) no charge—ordermg IS exp_ected at all within con\{entlo_nalkink refers to the change in slope that occurs in the tempera-
theories of SP transition, ar(d) as discussed extensively in ture dependence of the resistivity and the Hall coefficient.

Sec. ll, charge ordering of the type--1010 - -, as has g, yhe other hand, analysis of the angle-dependent magne-

sometimes lbeen iuggist(ﬁbe bzlor\]/v a?t;j I;‘E)f 31 Pro-  toresistance oscillations by Sasaki and Toyota led these au-
motes equal intrachain bonds, and thereloeSP transition ¢ 5 conclude already in 1995, prior to the experiments

could not occur if the---1010 -- charge ordering had b :
. . y Pouget and Ravy in the (TMTSF),PF;,
taken place. Finally as has been pointed out by US o the dominant broken symmetry im-(BZEDQI'

previously?’ charge ordering of the type--1100 - - also —TTF),MH ; 69 &
; A . >MHg(SCN), is a CDW?* Since, however, a CDW
occurs in the SP phase of the anionic 1.2 TCNQ solids. 14 not explain the anisotropic susceptibility, Sasaki and

Altholugh most(TMTTI;);?( exhibit th? SP "ans“if\’;f;,gg‘e Toyota concluded that the broken symmetry here is a “mys-
material (TMTTF),Br exhibits a transition to a SDW; terious” state that is a “SDW accompanied by a CDW” or a

Ii.ke the (TMTSF) ,X. Also like th_e(TMTSF)ZX, this mate-  «cpyy accompanied by a SDW.” Muon spin resonance
rial can become superconducting, although at a relativelyjies indicate very small magnetic moment per BEDT-TTF
high pressure of 26 kbars. Within the structural classification, ) jacule here~0.003x5 (Ref. 70 [to be compared against

scheme described by Jerorfehis difference is due to the 0.08uz in (TMTSF),X (Ref. 71 and 0.4 — Jg per BEDT-
largert, in (TMTTF),Br (relative to the other TMTTE We TTF dimer in x-(BEDT-TTF),Cu(CN),Cl,”> see below

therefore discuss this material along with {T&MTSF) ,X. More recent’3C-NMR studies in theM=Rb indicate even

smaller magneticé%nomeﬁf it exists agtﬁalb ~1X10 *ug."
Recent theoretical and experimental investigations con-

B. (TMTTF)zBr and (TMTSF),X clude either that the dominant broken symmetry here is a

X-ray scattering studies by Ravy and Pod§ét have CDW or that it is not a conventional SDV.

shown that in bot{ TMTTF) ,Br and the prototype TMTSF We point out here that a mixed state with very small
system, (TMTSF) ,PF;, CDW distortions occur below the magnetic moments is exactly what is expected within
SDW transition temperaturBspy. Similar conclusions have our theory. In Fig. 12 we have given a schematic view
been reached also by Kagoshireaal®® In (TMTTF),Br of the structure of the donor plane in
evidence for a K¢ lattice instability was found®**clearly  a-(BEDT-TTF),MHg(SCN),. The one-electron hopping
suggesting that the insulating state here is the BCSDW oihtegrals (called “t,” and “t.” in the figure) have been
Fig. 2b). In (TMTSF) ,PF; the authors claim a “purely elec- calculated using approximate one-electron techniques by
tronic CDW,” which would indicate the dominance of the Mori et al.”” and Ducasse and FritséhHere thet,, corre-
2ke CDW over the BOW. Since, however, in both the 1/4- spond to the interstack hopping and theto the intrastack
filled band and the effective 1/2-filled band, th&e2CDW  hopping. Four slightly differenp-type integrals and three
necessarily coexists with a BOW, the experimental workslightly differentc-type integrals are obtained by these au-
merely indicates that the transition to the BCSDW state ighors. We ignore the small differences within each type of
driven mainly by the Holsteie-ph coupling in Eq(1) rather  hopping integrals, as a more important effect is the periodic
than the SSH couplingi.e., « is smal), so that the actual modulation that appears with the BCDW. We believe that
modulations of the intermolecular distances are sfialhis ~ what is relevant in the present context is thgt-t.. The
would agree with one of the two possible reasonings giverw-BEDT-TTF lattice is then simply a rotatedy approxi-
by us for T being larger thaTsp in (TMTTF),PR; and  mately 45°) version of our rectangular lattice with botmd
(TMTTF) ,AsFg, as discussed above. t, =t, andtgj,=tc. Our calculationgsee Figs. 4, 5, 8, and



PRB 62 BOND-ORDER AND CHARGE-DENSITY WAVES IN THE . . . 13415

pancy scheme--1010 - - . As has, however, been pointed
out by previous authors;?’the - - - 1010 - - charge ordering
for the case olV=0 is an artifact of the Hartree-Fock ap-
proximation. Similarly, the Hartree approximation féralso
exaggerates the--1010 - - order while the Hartree-Fock
treatment of the Hubbard term exaggerates the SDW Gtder.
This is precisely why these authors find very large magnetic
moments in thex-phase materials, in disagreement with ex-

periments.
FIG. 12. Schematic view of structure ai(BEDT-T'I_’B donor D. k-(BEDT-TTF),X
plane from Moriet al. (Ref. 77 and Ducasse and Fritséh.The o o
solid lines correspond to stronger interstagkhopping integrals, The deviation from the rectangular lattice is much stron-

the dotted lines to weaker intrastaickhopping integrals. Thaand ~ 9€r here? Crystal structure effects are very strong, and as a
c directions indicated are the crystal axes, andxthady directions ~ consequence the lattice is strongly dimerized, with the dimer
correspond to along the chain and perpendicular to the chains igites forming an effective triangular lattiéeThe strong de-
Fig. 2. The arrangement of the spins in the BCSDW state is indiviation from the rectangular lattice precludes direct compari-
cated. Any SDW should be weak because of the nearly isotropic 23ons against our theory. A more elaborate discussion of the
nature of the lattice, but nonvanishing because of the norizero spin arrangement will be given elsewhere. Here we only
which becomed;,q in the x-y coordinate system of Fig. &ee  point out that(i) our calculations with the dimerized dimer
text). lattice indicate that very large spin moments are possible

_ ' when the intradimer hopping integrals are large compared to
9 ShQW that even af ~1 the cor_related 1/4-filled bar(d)r_ the interdimer hoppingsee Fig. 10 in qualitative agree-
the dimerized dimer lattigeremains bond and charge dis- ment with the observed verv large maanetic moment in
torted, while based on the--1100 - - ordering along the y 'arg g

' ~  k-(BEDT-TTF),Cu(CN),Cl,"> and (i) each dimer of
diagonals we have argued tfiag,q does not destroy this BEDT-TTF molecules has the cartoon occupancy of 10 or 01

order (see Sec. Il D. Furthermore, whilet, >t{ destroys and the --.1100 - ordering alond one direction and
the SDW order(leaving the BCDW intagtby disordering 191 .. ordering along ar?othe(sege Fig. 2 thereby re-

the spins on the sites labeled(€ee Sec. Il a smalltyiag  gycing the spin frustration among the dimer sites forming the

will have a tendency to restore it, since now each small spifyi, 4 iar attice. In the absence of this population differ-
has two neighbors with spins of the same sign and one spign.e” ithin each dimer celland the population differ-

with opposite sign. Thus the experimentally observed strong e is a conse R :

o ) guence only of dimerization of the dimer
BCDW and a vyeak nearly vanishing S[.)W is exactly Wh,atlattice) the frustration within the triangular lattice would
we expect within our theory. Further evidence for a partlalhave severely reduced magnetic moments. We further

; 13 ) .

gap has been found in the”C-NMR studies of ,oint gyt that a pseudogap in the spectrum of magnetic
a-(BEDT-TTF);KHg(SCN), in high magnetic fields, in & gycitations has been observed in the SDW phase of
region where the system was previously thought to be %-(BEDT-TTF),CUN(CN),]Br  (Refs. 80—-82 and
metalz6 In Fig. 12 we give a ;chematic of the spin arrange-,_(gEpT-TTF),Cu(NCS):5 this is in agreement with the
ment in thea-BEDT-TTF lattice; note that the underlying gimerization of the dimer lattice, since without the second

X<y symmetry in the isotropic 2D limit implies that there gimerization there should be no spin gap within the 2D an-
are two degenerate orthogonal 2D BCDW states here. tiferromagnet.

Since in «-(BEDT-TTF),MHg(SCN), charge-ordering The materialx-(BEDT-TTF),C ;
: . - - >CWw,(CN); merits separate
has also been discussed by Kino and Fukuyahamd more i ssion. This material is not antiferromagnetic, and mea-

recently, by Sed? we should point out that the charge or- g ;rement of spin susceptibility due to the BEDT-TTF com-
dering proposed by these authors is different from that iny,nents exhibits a steep drop below 10 K, suggesting SP-like
Fig. 12. Qur ch'arge-orderlng in Fig. 12 is @ behavior®® This behavior is very similar to that in the BETS-
rotated version of Fig. 2, where the occupancy scheme ifased materials, which we discuss below, where we point out

~--1100 - - along thex-direction and along the diagonals. 4t for,=1/2, this behavior is expected for the case of large
The charge ordering found by Kino and Fukuyama, and b;{l (>t°)
7).

Seo, assumes that the-1010 - - order dominates over the
---1100 - - order. The ordering determined by Kino and
Fukuyama is within a Hartree-Fock solution to the simple
Hubbard modelzero intersite Coulomb interaction and zero  These materials, discovered only recefifiy?®are super-
e-ph coupling and consists of a stripe structure with stack conducting for 6<z=<0.8 and semiconducting for G&
occupancies direction in Fig. 12 alternating, i.e., stacks <2.0. Thus the proximity between a semiconducting and a
are either completely filled or completely devoid of holes.superconducting state that characterizes the TMTSF and the
More recently, Seo has repeated these calculations by incoBEDT-TTF is also a characteristic feature of théBETS. In
porating nearest-neighbor Coulomb interactign but by  contrast to the TMTSF and the BEDT-TTF systems, how-
treatingU within the Hartree-Fock approximation and tiie  ever, the semiconducting state in the BETSiasmimagnetic
within the Hartree approximation. Different stripe structures,and possesses a spin gagMagnetic susceptibility studies
including that of Fukuyama and Kino, are found now, butindicate absence of anisotropy in the susceptibility, and no
once again, these are derived fundamentally from the occispin-flop transition(signature of antiferromagnetignwas

E. A-(BETS),GaBr,Cl,_, (BETS=BEDT-TSF)
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found down to 10 K, which is close to the maximum super-that is too smallbut due to a t that is too large(>t.)
conducting critical temperatur@; (onset 7.5 K, and even g give SDW. This would be in agreement with the strong
higher in certain sample§* The absence of the SDW is two dimensionality of these systefif&® We believe
particularly perplexing here in view of the strong two dimen-that the same explanation also applies to the
smnahty pgedmted within  extended Idkel band k-(BEDT-TTF),Cu,(CN)s, discussed in the above. We pre-
calculat|on§ dict that experiments that can probe charge ordering will find
The lattice structures of the-(BETS),GaBrCl,_, are  wo kinds of BETS molecules with different electronic popu-

84 : - L WG _ '
known™ The stacking of the organic donor molecules is|ations, with greater charge densities on the two BETS mol-
very similar to theB-BEDT-TTF systems, i.e., a nearly rect- ocyles that are linked by th&’ bond.

angular lattice with strong intrastack coupling, weaker trans-
verse coupling, and very weak coupling along one diagonal.
The nearly rectangular lattice permits comparison with our
theory. One interesting feature of the lattice structure is that
the intrastack bonds have strengths that\f&W S exactly What might be the implications of our BCSDW and
the structure expected for tthkFaéO lattice in Fig. 2b) as  BCDW states to organic superconductivity, the mechanism
well as the dimerized dimer lattice. We believe that while thefor which remains unclear despite two decades of research?
difference between the strong and weak bonds is a crystalle present here several partial responses to this challenging
structure effect, the further dimerization of the dimer latticequestion.
is a consequence of the BCDW instability discussed here.  First, given the robustness of the BCDW/BCSDW in the

Hartree-Fock calculations by Seo and Fukuyhwéthin exactly 1/4-filled band, we believe that the superconductivity
an anisotropic Hubbard Hamiltonian gave an antiferromagmust be the result of weak incommensurability in the actual
netic ground state instead of the nonmagnetic state. Sind®aterials. Specifically, we suggest and discuss in more detail
Hartree-Fock calculations overestimate antiferromagnetisnfelow, that superconductivity arises from the pairing of com-
these authors then chose the=< limit of Hubbard model mensurability defects in the background BCDW/BCSDW.
to arrive at a dimerized, anisotropic 2D Heisenberg SpinThat such weak incommensurability exists is strongly indi-
Hamiltonian, each lattice site of which corresponds to onecated by (i) the observation of a zero-energy mode
dimer of the original BETS lattice. The antiferromagnetic-SPin the optical conductivitf’®* of (TMTSF),PF; and
boundary within the 2D dimerized Heisenberg spin Hamil-(TMTSF) ,CIO,; (i) the observation of Fidich mode slid-
tonian has been investigated by Katoh and Imada usinid transport in the same materidfsand (iii) the observa-
QMC simulation€® For the longitudinal and transverse ex- tion of a “partially gapped Fermi surface” in the metallic
change integrals derived by Seo and Fukuyama, the QM@egion'® of a-(BEDT-TTF),KHg(SCN),. Extremely inter-
calculations still predict the antiferromagnetic structifre. esting results in this context were reported by Komatsu
Seo and Fukuyama explain the spin gapNFBETS by etal,”® who showed that the superconductivity in
claiming that the second dimerization of the dimer latticex-(BEDT-TTF),Cu,(CN); was due to a subtle change in
(i.e., intermolecular distancea’” SWS instead ofWSW$  the valence state of the Cu. The purgphase material is a
takes these systems to the 1D side of the 1D-2Dsemiconductor with the Cu valence #fl. According to the
antiferromagnetic-SP boundary, exactly @MTTF),PF;, authors of Ref. 83, the superconducting phase corresponds to
even though the actual transverse hopping integrals are larg@.different material " in the authors’ notationin which

We believe that the problem faced by these authors arisegpme of the Cuseveral hundred ppnihave acquired valency
entirely from their effective 1/2-filled band approximation. 2+. This was confirmed from electron spin resonance stud-
As seen in Fig. 10, the dimerization of the dimer latticeies. The increase in Cu valency decreases the overall nega-
enhances the SDW in the region of small to intermediate tive charge on the anion, and therefore the overall positive
and therefore cannot be the origin of the spin gap or suppogharge on the cation, providing a weak incommensurability
edly 1D behavior. Recall also theIMTTF),PF, which is  that appears to be essential for superconductiVithis re-
certainly on the 1D side of the 1D-2D boundary, is nonsu-Sult lends credence to our suggestion that organic supercon-
perconducting. In contrask-BETS does become supercon- ductivity arises from the pairing of commensurability defects
ducting and that too at &, that is considerably higher than Within the BCDW/BCSDW background.
that in the (TMTSF),X, indicating what we believe to be Second, the similarities between the organic and high
strongly 2D charactei® We believe that the solution to this temperature oxide superconductors have been pointed out in
puzzle lies in recognizing they=1/2 character of the recent years by several research groté-°>One obvious
(BET9,X. An essential difference between the effectiveapparent similarity between these two classes of supercon-
1/2-filled band model of Seo and Fukuyama and ours is thaductors is the proximity of the SDW to superconductivity.
within the former, there are only two regions, nearly 1D andOur studies suggest that superconductivity in the organics is
2D, with the spin states as singlet and antiferromagneticactually occurring at the interface of a Coulomb-induced
respectively. Our work indicates that there are three distincBCDW that for a range ot, coexists with the SDW. It
regions, singlet, antiferromagnet, and singlet again, as therefore seems more likely that the pair binding is actually
function of increasing, , independent of whether one as- driven by the BCDW, and not the SDW, although it is prob-
sumes a 1/4-filled band or an effective 1/2-filled band. Weable that the symmetry of the pairing state may depend on
therefore believe that a more natural explanation of the spithe SDW(see below. As noted above, the experimental ob-
gap phase is obtained within our theory, with the singletservation of superconductivity in thé.-(BETS),GaCl,
ground state in semiconducting BETS not being dueé to (where no proximate SDW is obsenfdsupports this view.

VIl. POSSIBLE IMPLICATIONS FOR ORGANIC
SUPERCONDUCTIVITY
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An important implication of this perspective is that it castsobtained by connecting the 1-1 bonds along thand x
doubt on recent spin-fluctuation theories mfyanic super- +y (—x+Yy) directions.

conductivity within the effective 1/2-filled correlated elec- The possible BCSDW/BCDW to superconductor transi-
tron mode’®~1®The consequences of this conclusion fromtion in the organic CTS clearly requires further study. We
the organics for the higi, materials are unclear, but it is C/0S€ our present discussion of this topic with comments on
perhaps not irrelevant in this context to point out that evi-three |mpé)rta_nt open_|ss.ye(sa] the pglssmle m(ra]chanlsm for
dence for superconductivity within the 2D nearly 1/2-filled superconducting pairingji) the problem of phase separa-

. tion; and(iii) the symmetry of the order parameter.
Hubbard model, which for large has strongly AFM behav- First, the possible mechanism for pairing of commensura-

ior, has remained elusivé}~**despite more than a decade pjjity defects within the 2D BCDW can be visualized most
of intense researct**%° simply in the rigid bond limit, where nearest-neighbor bonds
Third, there are striking similarities between this retain their individual distortions independent of the occu-
“doped” BCSDW/BCDW scenario and several other theo- pancies of the sites linked by these bonds. The commensu-
retical suggestions of superconductivity induced by dopingate BCDW in this limit can be viewed as consisting of
of exotic “paired” semiconductors. As we have noted pre-“quasimolecules,” where each quasimolecule is a 1-1
viously, the BCSDW and the BCDW states are very similardimer. If two holes are now removed from the system, it is
to the “paired electron crystal’(as opposed to the mon- energetically preferable to destroy one “quasichemical
atomic Wigner crystalfound by Moulopoulos and Ashcroft bond,” thereby creating an intersitemal) bipolaron, as op-
for the intermediate density electron gasSuperconductiv- Posed to destroying two bonds and creating two polarons.
ity near the “melting” transition of the paired electron crys- Thus, within theW’SWSstructure {s>ty,>tw), eachwW’
tal has been conjectured by a number of authors in th&ond acts as a “negativie-’ center in the rigid bond limit. It
past!%-19even before the discovery of organic or high- S of_ course highly unlikely thgt superconductivity can be
superconductivity. The commensurate BCDW is also qualioPtained, at least at th(i,'lexper'lmepTQI, due to condensa-
tatively similar to a “negativedl —positiveV” effective 1/2- tion of small b|polaron_§, so this might appear to present a
filled extended Hubbard model, with the effective lattice S€"OUS problem for this proposed mechanism. In fact, when

. - . w P beyond the oversimplified rigid bond limit to the
sites consisting ofi) the “occupied” pair(1-1) of nearest- one goes )
neighbor sites, andii) the “unoccupied” pair (0-0) of full model that correctly reflects the cooperation between

nearest-neighbor sites, in Fig(cL Within this scenario ande-ph interactions in the 1/4-filled band, one finds that the
9 ! 9 ' ., actual commensurability defects are more like the extended,

there IS an _effectn_/e attrfactlon between the carriers on theresonant”(and therefore mobi)ebipolarons that are indeed
occupied pair of dimer sites, but an effective repulsion be-

. . . . candidates for explaining superconductivity in strongly cor-
tween two pairs of occupied dimers. For models of this type q|ateq system&1112To understand this in detail, consider

it is known that diagonal and off-diagonal long-range orderagain the weakly incommensurate BCDW, starting from the
can Inllgfllnllelple coexist slightly away from commensuratep |imit, but now with thee-ph interactions included. Below
filling. Further, Imada has studi€da 2D spin-Peierls the 4kg transition temperaturé _, but above the B: tran-

state (not possible n the monatomic _1/2-f|||e_d banch_ sition temperaturel,,_, incommensurability leads térac-
which each composite site is again a dimer, with the dimer F

sites now having occupancies 10 and[8&e Fig. 2) and tionally chargedsolitons withechargcelz, and each vacancy
note that the bonds between a 10 and 01 and between a §i€ates two such defects: “Previous work has assumed
and a 10 are different, giving rise to a spin-Peierls-like belhat the soliton charge remaie£ even below the - tran-
havior]. His numerical simulations find evidence for super-Sition, which implies that two vacancies create four such
conductivity in the hypothetical doped 2D spin-PeierIsdefe‘?tsl- However, Ref. 116 assumes that the site charge
state!*3Finally, Emeryet al, have recently suggestédthat ~ density remains uniform even below the 1R:2SP (dimer-
superconductivity can exist for incommensurate fillings inization of the dimer lattice transition, which is precisely
models that support stripe phases and in which a spin gap ¥hat we have shown here not to be the case. Indeed, as a
present. Since the analysis in Ref. 114 does not make dire§Pnsequence of this spatial charge inhomogeneharge
contact with an initial microscopic Hamiltonian, but rather ordering, the “solitons™ now acquire integer chargée.,
posits the form of the effective Hamiltonian in the vicinity of tWo fractionally charged solitons bind to give a single soliton
an unpinned stripe phase, it is not possible immediately t§Vith charge+e), as we have shown explicitly elsewhéré.
make detailed comparisons with our results. We can, how4 pair of added vacancies within the 1D BCDW beldi_
ever, make two comments. First, Ref. 114 reflects the widetherefore create@nly) two solitons. In the strictly 1D limit,
spread belief that models within which a spin gap persists itthese do not bind, but with increasihg, one expects bind-
the doped state are strong candidates for a microscopiag to alarge bipolaron. The source of this binding is pre-
theory of correlated superconductivity. Our preliminary nu-cisely the same as the source of soliton confinement in
merical evidence suggests that both the BCDW and theoupled chains of polyacetyledién the region between the
BCSDW will continue to have a spin gap when doped; fur-two defect centers the phase relationships between the BC-
ther work is in progress to confirm this. Second, regardingdW’s on neighboring chains is different from the preferred
the attractive possibility that our BCSDW/BCDW state pro-one (viz., ), and therefore a large separation between the
vides the background charge order within which commensudefect centers would increase the enefljyearly with in-
rability defects may pair to form a superconducting state, wereasing separatiopn There exists therefore aspace-
note that the occupancy schemes in Fig) Bnd Figs. 2a) dependentnteraction between the polarons, which is repul-
and 2b) resemble intersecting stripes, where each stripe isive at short range but attractive at sonte-@ependent
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ing involving correlated electrons, the interactions that bind
two particles also lead to phase separation, since the attrac-
tion producing pairing does not saturate. Perhaps the best
known example of this is theJ modet®*'8away from 1/2
filling. In contrast, within any “negativdJ” model there Our goal here is to understand the second AFM-to-singlet
does exist a saturation in this attractiince a single site transition that should occur in the quarter-filled band for
can at most have two electrongnd the analogy between larget, from a perspective that is different from the one
our BCDW model and the effective 1/2-filled “negative presented in Sec. Ill. Specifically, we refer to the antiferro-
U—positiveV"” case suggests that phase separation will alsanagnetic dimer lattice of Fig.(h) with weak intrachain in-
not occur here. Further, the immediately previous discussioterdimer links, and the frozen valence bond state of Fig), 1
of the proposed binding mechanism makes clear that witlin which one of the interdimer linksW’ in the notation of
small but macroscopitsay, 1% concentration of commen- Sec. Il)) is now stronger than the othe¥W(in the notation of
surability defects, there is no particular energetic advantag8ec. Ill), and is a singlet bond. We aim to give variational
in creating additional polarons or bipolarons proximate to thearguments at the simplest level tHat point out the differ-
original bipolaron(in contrast to, say, the-d model, where ence betweep=1 andp=1/2, and(ii) indicate that the fro-
thereis such an energetic advantage zen valence bond state of Figicl dominates over the anti-
Third, what symmetry do we expect for the superconductferromagnetic dimer lattice of Fig.() for larget, and
ing order parameter in our model? This is clearly a challengtherefore the dimerization of the dimer lattice is uncondi-
ing issue, particularly since even with treameBCDW  tional. The argument given below is not to be considered as
background the pairing symmetry in the highly anisotropica proof, but rather, it provides convincing physical motiva-
TMTSF might be different from that in the more two- tion for the numerical work discussed in Sec. IV.
dimensional BEDT-TTF and BETS. Several recent experi- Note that our discussion here is limited to the relative
ments have presented evidence consistent with nodes in tlsabilities of two insulating states, and not the competition
superconducting gap function in the BEDT-TT#122This  with any metallic state. We consider only the simple Hub-
is reminiscent ofd-wave symmetry of the superconducting bard Hamiltonian withvV=0 (since forp=1/2 the periodicity
order parameter in the high-temperature copper oxide basesf the CDW is the same for alf <V, and while forp=1 the
superconductors. On the other hand, k¢@l. have recently Vv merely reduces the effective on-site correlatidor t;
presented  evident®'** suggesting that a spin =1. For completeness we begin by repeating the variational
triplet p-wave pairing is necessary to explain data inargument for the dominance of the SDW over the BOW in
(TMTSF) ,PF;, where the upper critical field &4 shows no  p=1. Consider the Heisenberg antiferromagnetic spin
saturation with the field in the plane of the organic moleculesHamiltonian
and exceeds the Pauli paramagngi@logston limit ex-
pected to hold for singlet superconductdfsand the tem-
perature dependent Knight shift measurementé’sé show H :J% S-S
that the spin susceptibility remains unaltered through the su-
perconductingl . .*2* Within the continuum RG theorié&!”  Consider also the singlet variational state (1,2)(3;4fN
triplet superconductivity does indeed occur proximate to the—1,N), with singlet bonds between nearest neighbors in 1D
SDW. However, within the discrete extended Hubbardand the Nel state---7|7|---. The energy of an isolated
model, triplet superconductivity occurs within a very narrow singlet bond is— (3/4)J while that of a two-site Nel state is
region of the positiveJ —negativeV sector of thelJ-V phase  —(1/4)J. The overall variational energy of the singlet state
diagram, bounded by the SDW phase and a phase segregaiedLD is —(3/8)NJ and that of the Nel state— (1/4)NJ, so
phase?® Triplet pairing thus will not only require a change in that the singlet dominates over the éllstate in 1D. In the
sign of the nearest-neighbor Coulomb interaction within our2D isotropicN X N lattice, we comparé) the frozen valence
original Hamiltonian of Eq(1), but will also occur for a very bond state in which each chain still has the same spin cou-
narrow critical range of this parameter. But to resolve definiplings as in 1D(note that at the level of our approximation
tively the issue of the symmetry of the order parametetthe relative phases between consecutive chains make no dif-
within our model will be a nontrivial task, as the conse- ference, and(ii) the 2D Nel state. The variational energy of
quences of the interplay betweere and e-ph interactions, the frozen valence bond state is(3/8)N2J, but now be-
as well as the effects of anisotropy, must be properly undereause of the larger number of nearest neighbors the energy of
stood. the Neel state has a lower value (1/2)N2J, which therefore

APPENDIX A: AFM-SINGLET TRANSITION
FOR WEAK ANISOTROPY

(A1)
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dominates over the frozen valence bond state. Thuspfor F T T 1 " T T T T 1
=1 in 1D the SP state dominates, while in 2D the SDW wins
over the SP state. While this argument may appear simplis-
tic, it nevertheless predicts the dominance of the antiferro-
magnet over the singlet ip=1.

Consider now the isotropic 2[dimerizedp=1/2 lattice
with moderately strong dimerizatigrrig. 1(b)]. The effec-
tive 1/2-filled band is clearly a SDW, with the dimerization
pattern being necessarily “in-phase” between consecutive
chains, as shown in Fig.() [to prevent confusion in what L N T
follows we have not shown the bonds in Figh) but a - I e
strong bond between the two sites within the parentheses and 05F g _
weaker interdimer bonds have been assuméthe indi-
vidual site populations are equal in this state and each is
exactly 1/2. Our contention is that this state hakigher
variational energy than that reached by further dimerization
of the dimer lattice, which gives the=1/2 frozen valence
bond state shown in Fig.(d), where there occur interdimer
singlet bonds and site occupancies 1100 - - (the singlet
bonds in Fig. {c) are between the occupied sitehe rea- ER R T R BT
son for this is that unlike ip=1, the exchange integrals that 0 0.2 0.4 0.6 0.8 1
describe the effective Heisenberg models in the SDW and t
the singlet are nowdifferent in spite of the fact that both
Heisenberg systems are derived from the same Hubbard FIG. 13. Percent errors in the CPMC energies(®undistorted
Hamiltonian. In Fig. {c), we are considering isolated singlet and (b) 2k bond-distortedthe hopping integrals in the distorted
bonds, with site occupancies of 1, adds clearly 2%/U, lattice correspond to those in Figia®] 8x 2 lattices withU =6 and
exactly as forp=1. In Fig. 1b), on the other hand, the V=1. Triangles are for the free-electron trial function; circles for
exchange integral has to correspond to a fre€l/2 system, the UHF trial function.
since each site occupancy is now 1/2. The exchange integral
J' for arbitraryp in 1D is 2(t%/U) p[ 1—sin(2mp/)27p],°* so tial loss of signal due to the Fermion sign problem. Although
that for p=1/2 we havel’' =(1/2)J along each chaifthex  the method has been thoroughly benchmarked against known
direction. This expression is strictly true only in the 1D results for the Hubbard model, the method is nonvariational,
undistorted chain, and for the distorted 1D chain or in 2Dand it is important to check its accuracy in every new system
one needs to calculafé from comparing singlet-triplet gaps against exact results and to use a variety of different trial
within the structure corresponding to Figbland within the  wave functions. The current application is different from pre-
1/2-filled band. We have calculated these gaps for finite latvious ones in including th& interaction, as well as in the
tices separately for the longitudinal and transverse directionghoice of the band fillingpreviously tested cases were for
and have found that whild@’ =(1/2)J is quite accurate for band fillings close to 1/2 Furthermore, previous work has
the longitudinal direction, th@” in the transverse direction is shown that most accurate results are obtained when the trial
even smaller(the difference between the longitudinal and noninteracting wave functions have “closed-shell” nonde-
transverse directions originates from dimerization along thgjenerate configurations. In the next subsection it is shown
longitudinal direction only, with the restriction that only in- that the proper boundary conditions for simulating coupled
terdimer hops lead to spin exchange. Even if we consider th&/4-filled band chains involves havingi&lectrongwheren
largest possible value fal’ = J/2, the variational energy of is an integer per chain. This implies degeneracy of the trial
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the Neel state in Fig. (b) is then —(1/2)(N%/2)J’=  wave functions at, =0 and again neat, =1. It is thus
—(1/8)N2J, while that of the frozen valence bond state in necessary to check the accuracy of the method for our pur-
Fig. 1(c) (with N%4 singlet bonds is — (3/4)N?/4)= pose, and this was done by comparing CPMC results with

—(3/16)N2J. Thus the frozen valence bond state dominateghe exact results for the>82 lattice.
over the dimer SDW, implying that the dimerization of the  Figure 13 summarizes the results of the benchmark en-
dimer lattice is unconditional, and the difference from theergy calculations for an 82 lattice, periodic in the direc-
simpler p=1 case arises from the small@gy factor of 3  tion, with U=6 andV=1. Both undistorted and thek?
exchange integral in the uniform dimer lattice of Figbjl ~ [rox.#0s 4. =0 in Eq. (7)] bond distorted systems were
The above approach is obviously simplistic, but no more s@ompared, where for the uniform lattice all hopping integrals
than the physical argument for the dominance of the SDW irwere taken to be 1.0, while for the distorted system they
p=1. were 1.14, 1.0, 0.86, and 1[@s in Fig. 2a)]. For this am-
plitude of the Xg distortion, the absolute value &E is
APPENDIX B: NUMERICAL METHODOLOGY only 0.3% of the total energyat t, =0.4). Such a small
energy difference is not easy to measure within quantum
Monte Carlo. We note that energy differences of this order of
The CPMC ground-state quantum Monte Carlo metflod magnitude have also been calculated using CPMC to study
uses a constraining trial wave function to eliminate exponenhole binding in the three-band Hubbard motfeThe CPMC

1. Constrained path Monte Carlo (CPMC)
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TABLE I. Comparison of CPMC and exact charge density and a)

spin-spin correlations for an>82 system withU=6, V=1, t, G L)
=0.4, with the same distortion of hopping integrals as in Fig. 13. @nis0) (-2m80) (m8m) (28,1 s Cu80)
Sites on the first chain are numbered 1-8, those on the second cha } } } } I i
9-16. ©m
(0,0) (0O,%) ©.0)
(pj) (sfs]
j Exact CPMC i, Exact CPMC t, =0 t,=0.1

1 04799 0.4756) 1,9 —0.06095 —0.05837)
2 05201 0525®) 1,10 —0.03215 —0.03127) b) coton s
X A/12,)
3 05201 0524 1,11  0.01408 0.0187) WD wn GH®  wm  cene e
4 04799 04776) 1,12 —0.02698 —0.02316) 5 m’)
(-2r/12,7) /12,7
1,13 —-0.07299 —0.06876) Qr120)  (20/120)  @QuIZm)  (2w12m ot
1,14 —0.03085 —0.02685) — — — — O o
1,15  0.01408 0.0158) |‘°’°’ ,‘0”"' 1 it
1,16 —0.02552 —0.02397) 09
t,=0 t, =0.1

values are scaled fa&x7—0 from A7=0.05 andA 7=0.1to
remove the Trotter discretization error. The trial wave func-
tions used were either the free-electron wave function, or a
unrestricted Hartree-FoclJHF) wave function withU =2
andV=0.5. Hartree-Fock wave functions with largérand
V gave less accurate results, probably due to the tendency %

U.HF to exaggerate AFM correlations. In Fig. 13 the UHF umber of electrons per chain. This number can then be ei-
trial functions produced larger errors than the free-electroqher n or 4n+2, wheren is an integer. To obtain a 1/4-
trial functions for the distorted system at small because filled band. one ,can then han= 4n><2.:8n or N=(4n

the SDW correlations there are exaggerated by the UHF apq12)><2:8’n+4 The propem for our purpose isN=8n
proximation. The CPMC systematic errors are largest at. ' : )
small t, (<0.2) and larget, (>0.8) possibly due to the El.e., 4n electrons per chajn This follows from the one

q es in th lect . 0 and electron energy levels of coupled chains with 4nd 4
egeneracies In the one-electron occupanmels_t ab an +2 electrons per chain. In Fig. 14 below we have shown the
t, =t. However, at large, , the UHF trial wave function

. . one-electron energy levels for the undistortex B (to
produced slightly more accurate results for thg B dis- 9y (top

torted lattice possibly because the numerically derived UH Ii(at‘;i c?tfll ’plgrti)glﬁg )Iia?r? e<1§i<r§ c(tti)c?r;totr:rc])rﬁggpe) (Ij’r:git:%ig) biltg Cc?r?
] A

wave function breaks some of the symmetry of the noninter:

acting wave function. In the intermediate— 0.4 regime. the the left and 0.1 on the right in both cases. In the3Blattice,
9 : (e~ 0.2 regime, the degeneracy at =0 will lead to spontaneous distortion.

CPMC energies are indistinguishable from the exact energi ) ) . .
within the statistical error. The accuracy of the CPMCelg.Or nonzerat, and a-phase Sh'ft. between chan(lwhph
gives lower energy than phase shifts of 0m2), the pairs

method in this region is very reassuring, since for rbain- f | levels th led by bh ith
teractingcase, at, =0.4 the distortion has already vanished of one-glectron levels that are coupled by phonons with wave
P “yector (Xg,w) are (—27/8,00 and (+2«/8,7); and

In addition to comparing energies, we have also compareﬁlJr 27/8,0) and (— 277/8, 7). The finite gap that occurs for

charge densities and spin-spin correlation functions. Table +0 between each pair of one-electron levels coupled by
compares the charge densities and spin-spin correla’uoriﬁe (X, ) phonon indicates absence of nesting and the

computed by CPMC for the 82 distorted lattice al, destabilization of the distortion. This ener ap increases
=0.4. The agreement with the exact result is not as good as ' gy gap

for the energy(typically 1-5 % for the charges and 5-10% W.'th b ,fleaddlng_lto a decreasg mE Wr']th b fgr N—f?”l.(s‘?e

for the spin-spin correlationsbut is more than adequate to Fig. 15 for eta_|d$, ashoccurs 'T t _et ermo hynk?mlf? Imit. In

identify the presence and periodicity of the broken symmetr ontrast, consider t € X2 lattice, In whic .t € one-

states. Thus in general, we find the CPMC results are close t%lectron ground state is nondegenerate. There is now a non-
ero energy gap between the levels coupled by the 2

the exact results for both energies and correlation function€ ! . . -
except for very small or large . electron-phonon interaction alreadytat=0 (k,=—2m/12

and k,= +4m/12; k,=+27/12 and k,=—4/12). With
N nonzerot, , and once again ar-phase shift between the
2. Boundary conditions chains, the energy gap between the level®¢r/12,7) and

As noted above, we determine the proper combinations of+47/12,0, and similarly that between the levels

lattices and boundary conditions for the numerical simula{+2w/12,7) and (—4w/12,0, decreasesindicating that the

tions by the requirement that nonzetp destabilizes the tendency to distort hericreases with interchain coupling

BCDW for noninteracting electrons with those boundary at least for small to moderate .

conditions on that particular finite lattice: i.e., we require the For largeN, the difference betweeN=8n and N=8n

finite lattices to reflect correctly the known behavior of the +4 vanishes, as is shown in Fig. 15, where Figgaland

noninteracting case in the thermodynamic limit. 15(b) show the behavior oAE(t,) for N=8n and &+4,

FIG. 14. Occupancies of the one-electron levels for the undis-
torted(a) 8 X 2 lattice, witht, =0 (left) andt, =0.1 (right) and (b)
Box 2 lattice, also witht, =0 (left) andt, = 0.1 (right).

Consider anNX M lattice, with N sites along the chain
dM chains. To avoid odd/even effects, consider an even
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FIG. 15. One-electrod E/AE, versust, for (a) N=8n and(b) 0 0.2 0.4 0.6 0.8 1

N=8n+4. In each case results for sevefdlx M lattices are t

shown.

) o ) o FIG. 17. AE/AE, vst, for a 2kg bond distortion (4kp:0) for
rG.)Spe(?tlve.Iy. The qualitative behaVI(IteStablllzatlpn of the noninteracting and the interacting lattices within the UHF approxi-
d'Storf['orj 'S_the same for alN=8n, and monomn'ca"_y _de' mation. Intrachain hopping integrals for the distorted lattices are as
creasingAE is also seen foN=_8n+4 for largeN, but finite  jngicated in Fig. 2a).
size effects(increasingAE at small to intermediate, ) are
strong even foN=28, a chain length already too large for
accurate 2D many-body calculations. The correct qualitative As discussed in the subsection on methods in this appen-
behavior of allN=8n is the basis of our choice of thebe  dix, UHF trial wave functions for the CPMC calculations
In contrast to the choice dfl, there is no immediate re- were constructed for regions where one-electron wave func-
striction on the choice oM, the number of chains, except tions were degenerate. Since UHF calculations give reason-
that M should be even, to avoid even/odd effedis=4n ably correct results in the smdll,V range it is also of in-
and 4+ 2 both show the same qualitative behavior, as seetgerest to determine the tendency of the 2D lattice to distort

from the plots of AE versust, in Fig. 16, for severaM  Within the UHF approximation. One advantage of this pro-
—4n lattices (M = 4n+ 2 are included in Fig. 15 Thus both ~ cedure is that much larger lattices than those discussed in

M=4n and 4+2 are appropriate. Our choice ™ =4n Sec. IV can be tested. We report these results here. We have
+2 is based on two reasons. First, exact diagonalization cafhosen relatively small andV for two reasons: the UHF

culations on the &2 lattice allows comparisons to results procedure does not converge well for larger interactions, and

: . . o the smaller values dff andV gave better results when used
obtained within CPMC, and the exact d|ag_onaI|zat|_ons CaNas a CPMC trial functioticompared to a numerically exactly
not be done for the next larger appropriate lattice, viz.

. . 'solved 8x 2 system. Figure 17 shows the normalized ener
8x4. Second! thed =4n Iattlce_s are characterized by one- gain from a 2{,: distorgon for two different lattices, withingy
electron Fermi level degeneracies for~ 0 (even though the o yHE approximation. The UHF results show that
degenerate levels are not coupled byg2m) phonons, and  Ag/AE, remains close to 1 for at least up to~ 0.4, indi-
the absence of a single well-defined one-electron wave funccating a tendency to persistent distortion up to this Al-
tion would make the CPMC calculations considerably morehough AE/AE, begins to decrease at still larger, these
difficult than for M =4n+ 2 lattices, which have nondegen— calculations are for a relatively small value bf, and as
erate one-electron levels for nonzetro. discussed in Sec. Ill, the range of over which the distor-

tion should persist increases with. Thus the qualitative
1 ' | ' | ' | ' I ! effects of thee-e interaction are already visible within the
oo UHF approach at small, while a fully persistent broken
\ -== 16x4 symmetry state will occur only for larger values of thee
LN A interaction that are beyond the scope of the UHF. Given that
; AN the UHF approximation predicts a vanishing of the bond
2N AT dimerization in the 1/2-filled band for a fairly small. (the
. Y N actual magnitude o). depends o), in contrast to the
correct result that there is an enhancement of the
N YRR\ dimerizatiort for 0<U<4, the present results, showing a
. SR S - e persistence of the distortion for moderate is initially per-
L SeLT T ] plexing. The reason for the correct prediction in this case is
e JOSETITEPRP g that the UHF exaggerates the SDW, which destroys the
T g BOW in the 1/2-filled band, but has a cooperative interaction
with the 1/4-filled band BOW for small to moderate.

3. UHF calculations of bond distortion

AE/AE(t,=0)
o
[8;]
T
-
S ~
|

APPENDIX C: SPIN CHARACTER
L OF THE GROUND STATE

FIG. 16. One-electrodE/AE, for the 8<4, 8x8, 16x 4, 16 As discussed in Appendix B, the proper boundary condi-
X 8, and 16< 16 lattices for the R bond distortions as in Fig.(2). tion for the numerical evaluation of the electronic energy
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TABLE Il. The S=0 andS=1 energies of the 8 2 undistorted
and X bond-distorted lattice fod=6 andV=1. The lowest en-
ergy isS=0 for both undistorted and distorted cases.

t, Undistorted X distortion
S=0 S=1 S=0 S=1

0.01 —9.335651 —9.335637 —9.352522 —9.352228
0.025 —9.337570 —9.336944 —9.354380 —9.353739 I
0.05 —9.344122 —9.341546 —9.361083 —9.358425

gained upon bond or site distortion jr=1/2 involves finite
NXM lattices with N=8n. This requires the number of
electrons per chain to ben4 and it is known that in 1D
periodic undistortedrings with p# 1, the ground state has
overall spinS=1 instead of 0 for any nonzeid.

The spin of the ground state of the distorted periodic ring
depends on its size and the magnitude of the Hubblareor
the values of the correlation parameters and bond distortion t
parameter in Fig. 4, the ground state in te-8 distorted )
periodic ring hasS=1, while theN= 16 ground state has _ FIG. 18. (a) AE vst, for the 8X2 lattice at sma!U (normal-
—0. Thus theAE, in Fig. 4 for nonzeroe-e interaction ized to the value ati:0.0S)._Note the decrease in theE. (b)
corresponds t\E+t (i.e., the energy gained by the triplet 2E/AEo Vst for the 8x2 lattice atU=100.

state upon b_ond dlsto_rtlt)n‘or N=8, a}nd t0AErs (undis- 5ion should occur onlybove a threshold e interaction
torted state inS=1, distorted state il5=0) for N=16. ¢\ eake-e interaction the behavior should resemble that of
Whether or not the comparisons of the zero and nongero e noninteracting latticénith enhanced or persistent distor-
are then meaningful is an important question. We prese on occurring for a small range of neart, =0). We show
here the detailed results of three different sets of calculation§1ere the results of calculations at smidlffor site distortion

each of which indicates that our interpretation of the results(aS opposed to bond distortiprsince we also report calcu-
of Fig. 4 (viz., strong tendency of the interacting 1/4-filled lations for very largel below, and the bond distortion pat-

lattice to distort at arbitrary, ) is correct. tern (the magnitude of ) is U dependent, but the site

First, we have calculated the exact ground states of the. . . . . .
8x 2 lattice fort, as small as 0.01. In Table Il we have |stort_|on pattern is not. Th_e distorted lattice here has site
given theS=0 andS=1 energies of the 82 lattice foru ~ ENergieste, +e —e, —e (with e=0.1) over four consecu-
—6 andV=1, for three small values df, . The coupled tive sites, and ar-phase shift between the two periodic

! * rings. Since the B- CDW has a synergetic coexistence with

chain system is in th&=0 state forboth zero and nonzero - .
bond distortion for the smallest nonzerp. The important both therg';F_O BQW [Fig. 2a)] apd t'her4kF¢'O BOW
1," a persistent CDW also implies persistent BOW,;

point now is that instead of choosing the single isolated Fig- 2(0)],"" & _ _ !
chain as the standard in Fig. 4, we could have also chosef€ have confirmed this by calculating the expectation values
the coupled chain system with=0.01 as the standard, pro- ©f the bond orders. In Fig. 18 we show theAE behavior as
vided the distortion of the, =0.01 lattice is also uncondi- @ function oft, for bothU=0.5 andU=1. Decreasing\E
tional. Even if the nesting ideas were valid, we believe thatvith t, is a clear signature that the tendency to distortion
the coupled chain system with =0.01 is unconditionally ~here decreaseswith increasing two dimensionality, since
distorted and then the results in Table Il clearly show thagonfinement at these smallis not sufficient to give persis-
AE increases with further increase in, indicating en- tent distortion. Even though these calculations are with fixed
hanced distortion relative th =0.01. The error bars in the site energies, the expectation values of the charge densities
CPMC calculations prevent us from performing similar cal-depend ort, , and our calculated CDW amplitudes decrease
culations for the &6 or the 16<6 lattices, but the overall With t,, as expected from Fig. 18. This behavior is ex-
similarities in the(i) occupancies of the one-electron levels actly opposite to that in Fig.(B), indicating again a decrease
for nonzerot, and(ii) AE behavior, especially in the region N distortion witht, at smallU. Finally, we emphasize that
t, <0.4, preclude different behavior at small nonzero S|_m|lar_ calculations have :_allso been done with flxdx_d Bond

We performed a second set of calculations for the2g ~ distortion, and once again we observe decreadiigand
lattice for very small values o) (with V=0). Note that if ~CDW amplitude with increasing, . . _
the persistent distortion implied in Fig. 4 were merely due to We performed a third set of calculations with very large
our choosing the wrong reference point=0 (since exactly U_= 100, again with the_same site distorted lattice bgt now
at this pointA E,=AE+1), an apparently enhanced distortion With €=0.2, since at this very larg®), the energy gained
for nonzerot, should occur forall nonzeroU (since the upon distortion fore=0.1 is very small. The resultant BOW
single chain isS=1 for all nonzeroU, while the coupled here has strongk component 4 #0), and this is why
chain system ha§=0 for all nonzerot, andU). On the the distorted lattice was chosen to be thg ZDW in this
other hand, if the results in Fig. 4 are due to the confinemerand the above calculations, such that meaningful compari-
effect discussed in Sec. Il D, then enhanced/persistent disons between these extreme cases can be made. At this large

0 0.2 0.4 0.6 0.8 1
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U, the energy difference betwee&+0 andS=1 states is
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18(b), the AE for nonzerot, is weakly enhanced now even

negligible. For example, for the 1D eight-site periodic ringwhen compared tdEggatt, =0. Once again, the behavior

AEgg (electronic energy gained in tHe=0 subspace, with
both undistorted and distorted states $%0)=0.062 22,
while AE++ (electronic energy gained in ti&=1 subspace,
with both undistorted and distorted states 8=1)=
0.062 24. Figure 1®) shows theAE behavior as a function
of t, (with €=0.2 now. An enhanced CDWand therefore
BOW) is seen from as a function af , where the singlet
and triplet data points @t =0 are the same. As seen in Fig.

of the CDW amplitude is in complete agreement with the
prediction from Fig. 1&), viz., a weak enhancement of the
CDW amplitude witht, .

Considering the above three different sets of results, we
therefore conclude that the results in Figs. d)5and 9 are
not artifacts, and the persistent distortion is real and a true
confinement effect, as would also be expected from the
“variational” arguments in Appendix A.
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