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Influence of the anion potential on the charge ordering
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We examine the various instabilities of quarter-filled strongly correlated electronic chains in the presence of
a coupling to the underlying lattice. To mimic the physics of the tetramethyltetrathiafulvene (TMXTF)
Bechgaard-Fabre salts we also include electrostatic effects of intercalated anions. We show that small displace-
ments of the anion can stabilize new mixed charged-density wave—bond order wave phases in which central
symmetry centers are suppressed. This finding is discussed in the context of recent experiments. We suggest
that the recently observed charge ordering is due to a cooperative effect between the Coulomb interaction and
the coupling of the electronic stacks to the anions. On the other hand, the Spin-Peierls instability at lower
temperature requires a Peierls-like lattice coupling.
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Site-centered charge-density wai@@DW) or bond order Ref. 1 or Fig. 3.3 of Ref. 2 We only focus here on the most
waves (BOW) states are generic in one-dimensiofaD) anisotropic compounds of the sulfur series where inter-chain
chains at commensurate fillings. It is known that a strongcharge transfer can be safely neglected.
enough short-range electronic repulsion leads to k)4 Our model consists of a 2D array of electroféxtended
charge instability>> Molecular crystals such as quasi-1D Hubbard chainghereafter calledE chaing coupled to clas-
charge transfer sakg present a very rich physics due to the Sical lattice degrees of freedom;
interplay between electron-electron and electron-phonon in-

teractions. Several systems have been observed to show tran- .
y H:E t(l'J)(Crfl,j;(rci,j;(r—'_H'C')_'—Uz ni'mni’j;l
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sitions towards charge ordered phases where the molecules 5o
of the conducting stack exhibit unequal electron densities.
Th Ifur ri f the Bechgaard-Fabr Its famil
e sulfur series o e Bechgaard-Fabre salts family, +Vi2j Ni 1N+ Helas™ Hanions (1)

namely (TMTTFLX (X=PF;,AsF;), consists of quarter-

filled (n=1/2) molecular chains with very anisotropic trans- o _ ) .
port propertied. Below the Mott localization crossover Wherei(j) are site(chain labels, nj;.,=c;;.,Ci ., and
temperaturd evidences for a true transition towards a sym-Ni,j="ij;1 T Nij;; . We have included a nearest-neighbor
metry broken state have been recently provided by dielectri€NN) interactionV. Small local displacements of the mol-
response measuremehend NMR? This lower symmetry

phase is characterized by the disappearance of all centre /7< 01\(\ c /7( CN

symmetry centers in the crystalChe Spin-Peierl$SP tran-
sition observed at lower temperatliie characterized by a
freezing of remaining spin fluctuation®pening of a spin a
gap and it is accompanied by a tetramerization of the

chains! \

The interplay between electronic correlations and lattice
effects in 1D quarter filled chains have been addressed in :
number of previous theoretical studfe§ where interesting
modulated phases have been proposed. Generically, lattic
modulations(or BOW) were shown to be always accompa-
nied by CDW'’s of weaker amplitudés-However, the poten-

_t'al created by th? |_ntercalated anlons_ ha\_/e _also beeﬂef. 1 used in this paper: electronic chaifgray site$ are sepa-
invoked as an extrinsic cause to thekd dimerization. In 404 by anionic chainglack sites with one anion for two organic
that case, a weaker lattice coupling is sufficient to produce gojecules. Due to the complete charge transfer of one electron per
similar 2k instability (tetramerization In this work, we €X-  anjon the electronic chains are quarter-filled on average. The arbi-
tend our previous model of Ref. 8 to include the crucialtrary displacementgexaggerated for clarityof the anions with re-
effect of the anion potential. The following approach is spect to symmetric positions are shown by arrows. Central symme-
based on the realistic 2D structure of the charge-transfer salify centersC, C’, C;, andC, in the high-symmetry configuration
depicted in Fig. 1(for more details see also Figs. 1 and 8 of are indicated on the plot.
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FIG. 1. Schematic structure of the,p-c) plane(see Fig. 8 of
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ecules along th& chains can couple strongly to the electronsHere( . . .) is the GS mean value obtained by Esing the
via modulations of the single-particle hoppings of the Peierld.anczos algorithm of Hamiltonian (1) on periodicM X L
type, clusters. Typically,M =2 units (two electronic chains and
two anionic chainswere considered in the transverse direc-
t(2p—1,)=t3(1+ 5§p_1,j), tion (so that modulated structures with=0 or 7 can spon-
taneously appeawith up toL=12 (L/2=6) electronigan-
t(2p,j)=tg(1+g5§p’j), (2)  ionic) sites in theE chains @ chaing. The nonlinear coupled
. ) equation(5) can be solved by a generalization of the iterative
with an elastic energy procedure of Ref. 10. Note that since spin and charge are
conserved in each electronic chain, each of them can be di-
H =EK > (682 3 agonalized independently. Note also that, for finite lattice
elas™ o B AT coupling, finite-size effects are, in general, quite small.
Our numerical results show a very rich phase diagram
The electron-lattice couplings have be@artially) absorbed  ith mixed CDW-BOW structures. Quite generally the larg-
in the re-definition of the bond modulatiomi?j so that the est Superce” unit is four lattice Spacings |0ng a|0ng Ehe
strength of the lattice coupling scales lik&Ky/. Let us now  chains and has two basi& (chaint A chain) units in the
consider the role of the charged” anions located on the transverse direction. Therefore, in order to discuss our re-
so-calledA chains as shown in Fig. 1. They introduce a newsults, it is convenient to parametrize the real-space behavior
periodicity of two lattice spacings on tie chains whicha  of the various observables in the following way:
priori, might lead to a dimerization of the bare electronic
transfer integrals along the chain, i.€#1t9. Hereafter, the : i T )
mean valuet=(t2+13)/2 is set to 1 and we assum@-13  ANi;j=pak.(—1) cogk )+ pac COS(E' k] +q>2kp)’
=0.1t. However, the qualitative conclusions of this work do
not really depend on whethef andt) are assumed to be _
equal or not. For simplicity, we shall takp=1. The anions &= da_(—1)'cogk, j)+ &5 COE(
can play a dominant role if they are allowed to undergo small
displacementgalong some arbitrary directigpeading to lo-
cal changes of the on-site electronic energies. In lowest order
in these displacememﬁ’j one gets

aw

Sitki] +c1>2kF),
©6)

3pj= 85 cogk, )+ &7(—1)P cogk, j),

where An; ;=((n; ;)—n)/n is the relative change of the
Hanions= 2 {(NSh ;= O 4 1)N2p electronic density. Note that the periodicity of thieg4(re-
p.J spectively, Xz) modulation corresponds to (@espectively,
1 4) lattice spacing of th& chains while a uniformK, =0) or
+( 53,1‘ -\ 5§]j+1)n2p+1‘j}+ EKAE (5;\’])2, (4)  astaggeredk, =) arrangement occur in the transverse di-
p.J rection. Note that both the kg-BOW (dimerization, the

wherep labels the positions of the anions in the chain direc-2ke-BOW  sequence X—0-X-0 (®3,=0) and the

tion. Note that all displacementfor molecules and anions 2ke-CDW sequenceB—B-B—B (P, = m/4) preserve at
are defined with respect to the high-symmethigh-T) LR =
phase shown in Fig. 1. The parameter(O<\<1) ac- least one of_the ce_ntral symmetries of Flg.XL:_(—X).

counts for the nonequivalent location of each given anion Beforé discussing the generic phase diagram of the
with respect to the two nearest molecules in each of the tw&0d€l, it is interesting to comment on the special liri

neighboring chains. Hereafter, results are obtained for an in=* I-€., corresponding to fixed anion positions,(=0).
termediate value.=0.3. In that case, thé& chains decouple from each other and the

Following the method of Ref. 8 based on exact diagonalProblem reduces to the single Peierls-Hubbard chafThe
ization (ED) of small clusters supplemented by a self- Phase diagram of this modetxhibits, for sufficiently large
consistent procedure we obtain the lowe§t=(0) energy Iatnce coupling, an mstablllty towards two ldnfferent transla-
lattice configuration without any assumption on the superfion symmetry breaking phas&, andD; (i) in the weak
cell order of the broken symmetry ground sté@S). The  coupling regimelet's sayU/t<3), a strong - BOW with
condition that the energf({s, ,53],}) is minimum with ~ ®3,_=7/4, i.e., corresponding to X-X-X-X type of se-
respect to the sets of distortions/displaceme{rﬂ%} and  quence of the bonds occurs. This modulation coexists with a
{5’3'1.,} reads, weaker Xp site-centered CDW A—-0-A-0 type of se-

quence of the on-site relative charge densjtiaad an even
Kgdr +1(C]_1.4Ci j.o+ H.C)=0, weaker &g (i.e., A~A—A—A) CDW component;(ii) at

larger U/t, a superposition of a lattice dimerization K4
Kadh ;- N({(Nzp ) —(Nzps1jr—1) BOW) together with a tetramerization k2 BOW with

<I>2kF= 0) both coexisting with a weakkg CDW component

+(Ngpy1j)—(Ngpjr—1)=0. (5)  (with ®y_=m/4) occurs. It is interesting to note that the
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FIG. 2. Phase diagram versus the two electron-lattice couplingsg a-phase & -
forU=6, V=2, and\ =0.3. Dashed regions are beyond the valid- Eoar b;f - J
ity of the model. The different phases are depicted in Figu3. & ol b-phase
denotes the uniform phagwith only bare dimerization The nu- 5 O--—-0- .0
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dimerization observed in experiments on Bechgaard-Fabre
saltd is absent in the weak-coupling; phase. In addition,
the D, phase, a natural candidate to describe the low- FIG. 4. Amplitudes of the variouskg and & CDW and BOW
temperature SP phase, still exhibits one center of symmetryomponentgas indicated on the plpts a function of the Peierls
(e.g.,C,) while recent experimerftpoint towards the disap- coupling 1Ky, for U=6V=2X=0.3, and two different anion-
pearance oéll center of symmetries below the charge order-electron coupling constants as indicated on the plots. The corre-
ing transition. Therefore, we believe that the anions may plagpondence to the ordered phases of Fig. 3 is shown.
an important role in stabilizing new lower symmetry CDW-
BOW phases. by a uniformk,=(0,0) displacement of the anions with re-
The T=0 phase diagram of our model is shown in Fig. 2 spect to their symmetric positions as shown in Fi@).30n
for typical parameters in Bechgaard-Fabre salts. A rich varithe other hand, th®, phase of the single chain systdsee
ety of charge ordered phases are found and schematicaljef. 8 at large enough K/g coupling is weakly affected by
depicted in Figs. 3. We note théit least on finite clusteys the coupling to the anions and continuously evolves into a
finite values of the electron-lattice couplings are necessary ttwo-dimensional in-phase arrayi.e., k, =0) of mixed
stabilize these translation symmetry breaking phases. A2kp-CDW/2k-BOW/4ke-BOW chains(named ash phase
small Peierls coupling, the coupling to the anion displacehere, which extends in a wide region of the phase diagram.
ment field generateska.= (4kg,0) electronic CDW simulta- Note that, as soon asKY is finite, this mixed CDW-BOW
neously with a dimerization in the chain directidmereafter phase is accompanied byka= (7,0) component of the an-
named as tha phasé. This charge ordering is accompanied ion displacement fielflsee Fig. 8)] so that the translation
symmetry is fully preserved in the transverse direction. As
for the single chairD, phase, the two-dimensionklphase
arrangement preserves the symmetry cerfierandC’. In-
teresting phases are obtained in the region of intermediate
1/K, and 1Ky couplings. Thec phase of Fig. &) [respec-
tively, d phase of Fig. @&)] is realized by a superposition of
a uniformk,=(0,0) displacement andlg,= (7,0) [respec-
tively, ko= (7,7r)] modulation of the anion positions. The
charge ordering is characterized by the superposition of a
4k CDW with a &z CDW whose phase APy < l4

depends on the model parameters. Similarly the lattice

modulation contains akg componentdimerization super-

posed with an out-of-phagee., 0<®ng< 7l4) 2ke-BOW.

While all the E chains are in-phase in thephase, they are
FIG. 3. Schematic representation of the various phases found igltérnating in thel phase. It is important to note that only the

this work. Different average charge densities are indicated by difuniform phase and thie phase preserve at least one center of

ferent levels of gray(a) and(b) [respectively(c) and(d)] have two ~ Ssymmetry of the crystal.

[respectively, foufnonequivalent sites. Whil@) and(b) show two The modulation amplitudes are plotted v&4/in Figs.

and three nonequivalent bonds, respectivaty,and(d) have four.  4(a) and 4b) for two characteristic values of the electron-

0.8
1K,
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anion coupling constants. These plots show clearly that théhese(electronically decoupledchains via the anion poten-
Peierls coupling stabilizes BOW’s while the coupling to thetial. We believe that the dimerizeddphase stabilized above a
anions rather stabilizeskd CDW. We believe that the com- critical value of 1K, might be a fair description of the or-
petition between these two effects produces the interestindered phase with two inequivalent sites in agreement with
mixed four-component CDW-BOW phases at intermediatéNMR spectroscopy resulfsClearly Coulomb interaction\(
1/K 5, and 1K values. In thec phase andl phase the phase term) also cooperates with the electrostatic anion potential to
of the & CDW [respectively, R BOW] increases rapidly generate the ke CDW instability. The small additional
from ~0 to ~ /4 [respectively, decreases from=/4 to BOW and CDW components of the phase(or d phaseg
~0] for increasing Peierls coupling to eventually becomemight also explain the additional translation symmetry
locked to the valuew/4 [respectively, 0 in the b phase breaking(and the spin gap openingccurring at the SP tran-
(analogous to the 1M, phasé¢. Note that all centers of sition. Indeed, although af=0 we obtain first-order lines
symmetries are removed by th&4CDW component in the between the various G8y varying the parameterscon-
a phasec phase, andl phase and/or also by th&k2z CDW tinuous transitions could appear at finite temperat(amd
and/or BOW components in tiephase andi phase as soon 0once lattice dynamics is introduc)_etjetween let us say the
asy_# m/4 and/ord5_+0. Note also that electronic in- uniform phase and tha phase at high temperature and tne
teraction (e.g., U) tends to suppress bothkg CDW and phqse anld thh@ phase(pr ?] phgsellat I%werhtemﬁerature.
BOW components as seen in Ref. 8. _InC|dentaI y, this scenario then implies that the charge order-
We finish by a discussion of our results in light of the ing must be accompanied by(probably quite smallglobal

. S . shift of the anions with respect to their symmetric locations
recent experlmen‘isr’ prowdmg_ewdences of a charge modu- and that the subsequent SP transition is linked to an addi-
lated state in (TMTTRX(X=PF;, AsF;). Although the tional (even smallerk— (.0) or k= ) modulation
spontaneously dimerized phdg®, phase of the (uniform) onafte A=A A=\ '
single chain Peierls-Hubbard model is a reasonable candidate Computations were performed at the School of Computa-
for the charge ordered stdfeit seems in contradiction with tional Science & Information Technolog€SIT) and at the
the conclusion of the dielectric response measurements duwecademic Computing and Network Services at Tallahassee
to its remaining central symmetry center. Hence, althougti{Florida and at IDRIS, Orsay(France. Support from
the single chain Peierls-Hubbard model contains most of th& COS-SECyT A97EO5 is also acknowledged. We are in-
relevant features of the experimental system, a correct undedebted to S. Ravy for many useful suggestions and com-
standing is still required to consider the effective coupling ofments.
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