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LATTICE STABILITY AND MAGNETIC PROPERTIES OF QUASI-1D MATERI- 
ALS : THEORY AND APPLICATION TO (TMTTF)2X COMPOUNDS. 

C. BOURBONNAIS, (*'+) and L.G. CARON (+I 
Laboratoire* de physique des qolides (C.N.R.S.) Bat. 510, 914 
05, Orsay, France, and Centre,, de recherche en physique dn SD- 
lide, Universitg de Sherbrooke, Sherbrooke, Quebec, Canada 
J1K 2R1. 

Abstract We investigate the properties of a one-dimensional 
(1D) half-filled-band electron gas with both electron-electron 
and electron-phonon interactions. We estimate the variation 
of 2K dimerization pseudo-gap A as a function of umklapp 
scattering strength gjH or the correlation gap %. 
of pressure on the phase diagram is analyzed in connection 
with the available data on (TMTTF)*X (X=PF6, AsF6, Br,...) 
compounds. 

f The effect 

I- INTRODUCTIUN 

The recognition of the role played by umklapp scattering processes 
in the properties of quasi-1D conductors has led to sizeable pro- 
gress in the understanding of the various phase transformations 
taking place in the (TMTSF) X and (TMTTF)2X series of con-. 

tribution to the processes comes from the anion potential that 
produces a 4Kf dimerization gap A(4K ) in the middle of the con- 
duction band of the organic stack. 
sulfur series of compounds (TMTTF)2X (X=PF 
centro-symmetrical anions, where an activagLd behavior of the con- 
ductivity is clearly observed4. 
pressure acts to reduce A(4K ) which in turn, reduces the correla- f tion gap2 % responsible for the activated conductivity. 
important source of umklapp scattering that can be quite sensitive 
to pressure3 comes from the electron-phonon interaction. 
cond mechanism is quite relevant to the phase diagram of organic 
materials. 
perties of a 1D model which incorporates both electron-electron 
and electron-phonon interactions. We use its predictions in the 
phase diagram analysis of the sulfur series. It is the one-dimen- 
sional nature of the model which retains our attention, This is 
so because of the 1D origin2 gf the correlation gap % which tell 
us that the 1D properties of the electron-phonon system should 

2 ' 3 .  Following Barisic and Brazovskii', an important con- 

$his is quite relevant to the 
AsF6, Br....) with 

In this scheme, the effect of 

Another 

This se- 

In this work, we will be mainly interested in the pro- 
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288 C. BOURBONNAIS AND L. 0. CARON 

prevail until the solid is close to a real low temperature phase 
transition6 (Tc I lO....2OK). 
the (TMTTF)2PF6 compound which presents ID 2K diffuse scattering 
over a large temperature range' (15K C T < 6 0 i ) .  

This has been clearly confirmed for 

11- THE ELECTRON-PHONON MODEL AND ITS RENORWLIZIBILITY 

We stst our analysis with the Peierls extended Hubbard model 
of a 1D electron-phonon system. 
considerable attention5 
te for realistic applications to real quasi-lD materials'. 
our 
model Hamiltonian for a half-filled band in a "g-ology" form: 

T h i s  system has recently received 
since it appears to be the best candida- 

For 
purposes, it is more convenient to write the corresponding 

H=Cw (d'd +f)+#A{Vf (K-Kf)a&aKar+Vf (-K-Kf) bKabm} + 
q q  q q  

-1 N,1&f3E1K g 2H a+ K1a b+ K2f3bK,+pf3aKl-pa+N~ I2&f3(k1K g3H+fi"Kg3ph) 
lp2 lp2 

lP2 

[aKla%2a + + b  K2-2Kf+pf3 b K1+2Kf -p-4Kf +h.c], 
+ where the acoustic phonon frequency is .U=2(K/M)*Si*. d (d ) an- 

nihilates (creates) a phonon of wave nuder q. Here a isqth8 lat- 
tice constant and Ns in the number of sites. The second term is 
the linearized energy spectrum of electrons with a (b ) as the 
electron annihilation operator of wave number K>O(RO)%easured 
from the Fermi level K (-Kf). Because of the retarded nature of 
the electron-phonon inferaction, the double-prime surmnation in (1) 
indicates that the phonon-induced electron-electron backward and 
umklapp scattering terms g = - 4 h 2 / ~  and g =g are cut-off at 
2K phonon enetrga U(2Kf)5.1ph X is the &bct&k-phonon coupling 
and K is the elastic constant between nearest-neighbor sites. One 
note that in the present model the electron-acoustic phonon con- 
tribution to the forward scatteting term g is neglibible5. 
For the extended Hubbard interaction, the 8@lcward, forward and 
umklapp scattering processes are respectively given by g H=U-2V 
flcU+2V and g *g , where U and V are the intrasite a d  inter- 

e electron-ifec#on interactions, both with a hi her energy 
cut-off of the order of the Fermi energy Ef=VfKf"RKf). This cut- 
off energy restricts the range of the primed summation in (1). 
Clearly, this formulation reflects the two cut-off nature of the 
electron-phonon system'". In the energy range ]w(2Kf) ,Ef], the 
electron-phonon interaction couple oqJy electron-hole correlations 
and can lead to a possible 2Kf phonon softening"5''. It does not 
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THEORY AND APPLICATION TO (TMTTF)*X COMPOUNDS 289 

contribute significantly to the pairing correlations (Cooper chan- 
nel) because the energy involved in the virtual phonon exchange is 
less than u(2K 

The 2Kf pfionon softening is directly connected with the renor- 
malization of g and g2ph to g' and g' due to the electron 
gas correlationh?%his i straig?i@orward3gkd leads to5 : 

where N(T) is the 2K charge density response at temperature T (or 
+g3ph) frequency w).  The softening temperature occurs when l+ (g  

N ( T  ) = O ,  namely at the mean-field transition temperaturel?if. 
In !!6, this coincides with the occurence of a mean-field dimeriza- 
tion pseudo-gap A -. Tmf. It is important to note that such a con- 
dition for the 2Kf phonon soft mode is only valid when 2TTmf>w(2Kf), 
otherwise for 2"iT <w(2K ), virtual phonon exchange processes be- 
come relevant and renormalization group (RG) arguments tell us that 
the system has scaled to a non-adiabatic quantum regime5" with no 
possibility of dimerization (A-0). In the present model, the elec- 
tron-phonon interaction comes from a modulation of the 1D transfer 
integral and for g =g > O ,  it is the 2K charge response between 
the sites that widHbe3@he strongest' an5 also the only relevant 
correlation function for the 2Kf phonon softening5. iioreover, in 
the presence of electron-electron interactions, N is no longer lo- 
garithmic which means that the expression for A has a non-BCS 
form'. 

f 

mf f 

111- CHARACTERISTICS OF THE HALF-FILLED BAND ELECTRON-LATTICE 
SYSTEM 

f 
ong as the system is in a 

RG and perturbation theories clearly show that the off-site 2K 
charge response N increase with g lH=g?H>O from its free electron 
gas value' '. 
weak coupling regime or equivalently when the correlation gap % 

This should prevail as 

3H is irrelevant (T> ) 5 .  Obviously, from Eq. (2) an increase of g 
means a growth of he dimerization pseudo-gap A .  According to 

also increases with g 

fore A acquires a spin-Peierls character. 
Peierls situation where % is not relevant (A<A ) to I? (see figu- 
re 1). Another interesting feature of the modea is the existence 

or hc for which a of a critical electron-phonon coupling glph=g3ph 

This contrasts with the 

c c  
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290 C. BOURBONNAIS AND L. G. CARON 

non-zero dimerization gap can occur. It is a 2'ilT =w(2Kf). When 
) and the system becomes non-adiagtic. 

other hand, when f;>hc, 2CIT f>w(2K ) and the sys- 

It can 
ferromagnetic (2K ) spin density-wave (SDW) corre- 

tem can be dimerized in Peierls fashion if fH<<w(2ff ) or spin- 
Peierls fashion whenever AH>>w(2Kf) (see figure 1. bf . These two 
important features of the electron-phonon system are at the center 
of our analysis for the (TMTTF)2X properties. 

FIGURE 1 Characteristics of the half-filled band electron- 
phonon system : The dimerization gap A as a function of g (a) 
and quantum (SDW) to classical (A#O) crossover as a functqon of 
Ac and g3H (b). 

IV- APPLICATION TO (TMTTF)2X COIG'OUNDS 

One common feature of the (TMTTF) X compounds with centro-symmetrjc 
anions (X=PF ,AsF6, Br.....) is t8e existence of an activated be- 
havior for tke conductivity that takes place at moderate tempera- 
tures (TH-lOOK(Br). . .200K(PF6)) ?. This has been interpreted by the 
presence of a 1D correlation gap % due to the relevance of elec- 
tron-electron umklapp processes (g3H) in these compounds2. Accor- 
ding to the theory, this is the signature of strong antiferroma- 
gnetic SDW correlations12 at T<TH. The observed antiferromagnetic 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
40

 2
0 

Fe
br

ua
ry

 2
01

3 



THEORY AND APPLICATION TO (TMTTF)?X COMPOUNDS 29 I 

ground state of (TMTTF) Br at ambiant pressure clearly supported 
this view’ 3. 
re is strong evidence for a non-magnetic state for the PF 6 AsF compounds. 
tropy of the magnetic ~usceptibility’~ and the NMR data15. 
over, the X-ray data7 on a PF (AsF6) have shown the existence of 
important lD 2K 
been conjecture3 from this that the transition at 15K(llK) is of 
the spin-Peierls 
sults of section I11 which predict a spin-Peierls transition when- 
ever g 3tf gZph and % are relevant. The Debye frequency in organic 
compoun s 
leads to 2’ilTmf-w(2K ). Therefore according to the results of sec- 
tion 111, the (TIITT6)2PF6(A~F ) compound at ambiant pressure (A#O) 
would be situated just below fhe quantum classical border line 
(see fig.lb). This is quite interesting, especially if one looks  
at the conductivity4 and MlR data under pres~ure’~. The activated 
behavior of the conductivity appears to be shifted to lower tempe- 
rature under pressure, indicating a decrease of ggH. 
from the work of Barisrc and Brazovskii‘, the relevance of g at 
T<A(4Kf) is linked to tk stack dimerization which can be reatfced 
under pressure‘ thereby decreasing A Whtn the electron-phonon in- 
teraction is added, this reasoning can be easily extended to acco- 
modate a decrease of gjH with pressure. 
the unrenormalized phgnon frequencies w(2Kf) thereby decreasing 
both g 
a signhant rop of T and the condition 21TTmf>w(2K ) for a 2Kf 
dimerization might no longer be satisfied. One should expect from 
figure 1.b a crossover to a non-adiabatic regime for the phonons 
under sufficient pressure thus making room to SDW correlations 
( A $ O ) .  
ments of Creuzet et alT5 which clearly demonstrate the existence 
of a magnetic ground state for the PF6 compound under 13Kbar of 
pressure. 

In summary, we have analyzed the microscopic conditions under 
which an electron-phonon model can develop a 2K 
the band is half-filled or when umklapp processes are relevant, it 
is the off-site electron gas charge fluctuations that play the do- 
minant role for an acoustic 2Kf phonon softening. 
in spite of strong site to site spin correlations of an antiferro- 
magnetic character. In such a case A>A and the lattice soft mode 
is of the spin-Peierls type and of the peierls type otherwise. 
The ambiant pressure dimerized ground states of (TIlTTF)2PF6 and 
(TMTTF)2AsF6 would belong to the spin-Peierls type. We have shown 

3 ~ h ’  g?,H and that for the PF6 compound an appreciable decrease of  g 
g 
ahPQ3Kbar. The latter appears to be quite similar to the SDW pha- 
se of Br compound at ambiant pressure’ 

2 Under the same conditions of pressure, however, the- 
and the 

More- 
This has been attested by the low temperature iso- 

lattice flucfuations below 60K(40K) or SO. 

6 

It has 

This is highly consistent with the re- 

s around 200 . . . .250K16 and from the X-ray data7, this 

In fact, 

H’ 
Indeed, pressure increases 

and gaH(-l/w (2Kf)I3. It follows from Eq.2 that we have 
mf f 

This result a rees quite well with the recent NKR experi- 

soft mode. When f 

This can occur 

under pressure can be at the origin of a SDW magne ic p ase 

’. 
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