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We study the spin-density-wave(SDW) instabilities in the quasi-one-dimensional conductor
(TMTSF),CIO,. The orientational order of the anions Gl@oubles the unit cell and leads to the presence of
two electronic bands at the Fermi level. From the Ginzburg-Landau expansion of the free energy, we determine
the low-temperature phase diagram as a function of the strength of the Coulomb potential due to the anions.
Upon increasing the anion potential, we first find a SDW phase corresponding to an interband pairing. This
SDW phase is rapidly suppressed, the metallic phase being then stable down to zero temperature. The SDW
instability is restored when the anion potential becomes of the order of the interchain hopping amplitude. The
metal-SDW transition corresponds to an intraband pairing that leaves half of the Fermi surface metallic. At
lower temperature, a second transition, corresponding to the other intraband pairing, takes place and opens a
gap on the whole Fermi surface. We discuss the consequence of our results for the experimental phase diagram
of (TMTSF),CIO, at high magnetic field.
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[. INTRODUCTION study of the SDW in presence of anion ordering does not
apply directly to the experimental situation. Nevertheless, it
The organic conductors of the Bechgaard salt familyis the first step towards the understanding of the behavior of
(TMTSF),X (where TMTSF stands for tetramethyltetrasel- (TMTSF),CIO, at high field. Our work shows that in previ-
enafulvalene anX=PFR;,ClO, .. .) exhibit a very rich phase ous analysi$ > (with or without magnetic fiely the
diagram when temperature, magnetic field, or pressure am@nion ordering was not accounted for properly. Because of
varied! One of the most remarkable phenomena is the existhe anion potential, the SDW order parameter necessarily has
tence of a series of spin-density-wal&DW) phases in pres- two Fourier components. As a result, the metal-SDW transi-
ence of a moderate magnetic field of a few Téslhese tion temperature is determined byganeralizedStoner cri-
phases are separated by first-order transitions and exhibittarion. This point has been systematically overlooked, which,
quantization of the Hall effecter,, = —2N e?’/h per layer of  therefore, calls for a revision of previous works.
TMTSF molecules, where the integdrvaries at each phase  The results obtained in this paper are based on a simple
transition. model, where the anion ordering is assumed to create an
According to the so-called quantized-nesting modelelectrostatic potentiaV/(—V) on even(odd chains. More-
(QNM),2* the formation of the magnetic-field-induced spin- over, the crystal structure is taken to be orthorhombic, while
density-wave(FISDW) phases results from an interplay be- the actual structure of the Bechgaard salts is triclinic. In the
tween the nesting properties of the quasi-one-dimensionalpirit of the QNM, we expect such a simple modeiith a
(Q1D) Fermi surface and the quantization of the electronicfew unknown parameterso correctly describe the physics
orbits in magnetic field. Although the QNM explains the of (TMTSF),CIO,. The anion potentiak=V doubles the
quantization of the Hall effetf and most features of the crystal periodicity in the transverse direction. This leads to a
phase diagram, deviations from the theoretical predictiongeduced Brillouin zone with two electronic bands crossing
have been observed at high magnetic field in the compounthe Fermi level(Fig. 1) in qualitative agreement with the
(TMTSF),ClO,.%~8In the last FISDW phase, when the mag- actual Fermi surface of (TMTSKEIO, as obtained from
netic field exceeds 18 T, the second-order metal-SDW tranguantum chemistry calculatidfi.Instead of a singlébesi
sition that occurs al;=5.5 K is followed by a SDW-SDW nesting vector, there are three possible nesting vec@rg;
transition atT;=3.5 K. It is believed that the existence of (interband pairing Q. , and Q_ (intraband pairinyg The
this low-temperature SDW phase is due to the orientationahstability that does occur at low temperature depends on the
ordering of the(noncentrosymmetrjcanions CIQ that oc- ratio V/t, between the anion potential and the interchain
curs atTao=24 K in slowly cooled(relaxed samples-®  hopping amplitudé,, . It has recently been shown, both from
Nevertheless, to our knowledge, there is no satisfying theoguantum chemistry calculatibhand experimenty’ that V
retical descriptioh of the phase diagram of (TMTSF}IO,  can be of the order df, .
at high field in spite of recent progre¥s!? In Sec. Il, we calculate the electron-hole susceptibility
In this paper, we study the effect of anion ordering on thewithin the random-phase approximatiéRPA) and thus ob-
SDW phase in the absence of a magnetic field. In relaxethin the transition temperature between the metallic phase
samples, the ground state of (TMTSE)O, is supercon- and the SDW phase. The complete phase diagram is obtained
ducting in the absence of a magnetic field. Therefore, oufrom the Ginzburg-Landau expansion of the free energy
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neighbor hopping, i.e., when,=t;,=0, the linearized dis-
persion (2.1) satisfies the property_(k)=—e€.(k+Qy),
which corresponds to a perfect nesting of the Fermi surface
at wave vectoQg=(2kg ,7/b). Fort,,,t3,# 0, the nesting
becomes imperfect. Consequently, the nesting vector shifts to

ks« Q=(2kg+ 89y, m/b+ 69,) and the SDW phase occurs with
lower transition temperature. Generallly, is neglected
Qe + ~ since it is very small, i.ets,/ty<<1. However, as we shall

5 see, t;, plays an important role in the SDW phases with
~n/ intraband nesting vectof3, andQ_, and should, therefore,

FIG. 1. Possible nesting vectors in presence of the anion poterR€ retained.

tial. Qe Q~) corresponds to interbandntraband pairing. The The anion potential in Q1D systems can be most simply
magnitude of the band splitting &=+ /2b equals %, wherev ~ Modeled as/ayio=V(—1)", wheren is the chain index. In
is the strength of the anion potentigee text the presence of the anion potential, the Hamiltonian of the

system in the absence of electron-electron interaction can be
(Sec. ). For a weak anion potentiaM<t,), we find that  written as
the SDW phase corresponds to the interband pair@g) -

The transition temperature is strongly suppressed by the an- _ 2 At o A

ion potential and in general vanishes above a critical value of Ho= | d r;’U Yao(N)ve(aky—ke) +1,(k)b)

V. The SDW instability is restored whevi becomes of the A

order of the interchain hopping amplitudé/{t,). The +V(= 1), (1), (2.5

metal-SDW transition corresponds to the intraband pairing R
Q. (or Q_). Half of the Fermi surface remains gapless, sowhere they,,'s are fermionic operators for right(= +)
that the SDW phase is metallic. At lower temperature, a secand left (@#= —) moving particles, andr=1,| is the spin
ond SDW |ﬂStab|l|ty occurs at tf‘(éntraband neSting Vector jndex.r= (X,nb), andRX ,Ry are momentum operators a|0ng
Q- (orQ.), thus opening a gap on the whole Fermi surfacex andy.
Some of our conclusions agree with the results of KlShlgl The Ham"tonian(Z_S) can be diagona"zed to obtain the
and co-workers?*?In particular, these authors have shown gjgenfunctions and energy eigenvalues,
that the anion potential may stabilize SDW phases with wave
vectorsQper, Q- Q4 (0r Q_ andQ,).* | 1 .
W)= —=exi(k+K/2)-r] > y[PePk2
1. INSTABILITY OF THE METALLIC PHASE \/'X‘ p== ! 2.6
In Q1D materials, the Fermi surface consists of two
slightly warped open sheets. As a result, in the vicinity of the eja =Ue(aky—kg)+ e{< , (2.7
Fermi level, the electron dispersion is well approximated as ' Y
where j==*, A=L,L, is the area of the systemK
€a(Ky Ky) =ve(ak—ke) +t, (kyb), (2. =(0,m/b), andk,e[— /2b,w/2b] reflecting period dou-
wherek, andk, are the electron momenta along and acrosling alongy due to the presence of the anion potential. The
the conducting chains, argis the interchain spacing. Here transverse momentum dependent part of the enekgys
and in the rest of the paper, we neglect the third direction ( given by
axis) that does not play an important role for our purpose,
and use natural units=kg=c=1. In Eq.(2.1), the longi- el =j\/V2+[tﬁaq kyb) 12+ t5"*Tk,b). (2.9
tudinal electron dispersion is linearized kg in the vicinity Y
of the two 1D Fermi pointstkg, andvg=2at,sink-a) is  The presence of the anion potential splits the energy disper-
the corresponding Fermi velocity, is the transfer integral sions into two bands with energiesk ande, , as shown in
along the chain and the lattice spacinga=—,+ corre-  Fig. 1. The factorsyl are given by
sponds to the left and the right Fermi sheets. The transverse y

dispersiont, (k,b) is given by odd 12
++ _ ——_i 1— t (kyb)
t, (kyb) =tk b) + Tk b), (2.2 Yo Ty TR T kb P V2
eve _
ty r(kyb)— 2t,, cog 2kyb), (2.3 L L 1 . tidd(kyb) 1/2
9%k b) = — 2t, cog k,b) — 2tz COS3k,b),  (2.4) Yo T M T 2T 0%k, b) P V2

2.9
wheret,,, is the transfer integral for electron hopping to the @9

nth neighboring chaint®® andt®"*" correspond to odd and The amplitude of the wave function et (x,nb) depends on
evenn, respectively. For a simple model with only nearest-the factorSy{(’; and is given by
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[eDI=lyie + (=D (2.10
Electronic states in the (—) band have a higher probability
amplitude on everfodd chains. This localization becomes
very important whenV= \/2t,, (assumingts,<t,, which is

obviously the case for a realistic dispersion Jain this re-

gime, even and odd chains tend to decouple, and the disper-

sion law reduces te!, ,=vg(ak,—ke)+jV +15*Tk,b).
Using Egs.(2.6) and(2.7), we obtain the Green functions
in the absence of electron-electron interaction,

ja,k(r)ch:k(r’)

Ga(r(r,r’;wn)=2k d (2.1
B

i wn— €4k

wherew, is a fermionic Matsubara frequency.

A. Bare susceptibilities

Due to the presence of two electronic bands, there are

three possible SDW instabilities with wave vect@s ,Q_ ,
and Qjner @S shown in Fig. 1Q, and Q_ are intraband
nesting vectors that satisfyQ{) .. ~ m/2b. Qe is the inter-
band nesting vectdwith (Q,)ine~ 7/b]. In the absence of
the anion potential, the SDW instability occurs wit

=Qiner- TO Obtain a quantitative description of these pos-
sible instabilities and the phase diagram for the system, we

calculate the susceptibility(q,q’) in the particle-hole chan-

PHYSICAL REVIEW B 65 035108

FIG. 2. Susceptibilityy°(qg,q) in the absence of anion ordering
(V=0). Herex’=x%,=x%,, andq, is measured from . The
maximum is located at the interband nesting ved@fe, with
(Qintedy=7/b. The susceptibilities shown in Figs. 2-4 are ob-
tained forT=0.02,, t,,=0.1t, andt;,=0.0%,.

E {Ixes
X (

XG0+ K)= & T (KA = X o (k,0)]

e+ 4+—
'Yk Vk ’ka

qyyky:qy)
+X 2 (K@) = Xao (k,0)]
T— y;ytqyy;y:qy)}, (2.15

X (v %,

ere

nel within the RPA. First, let us consider the susceptibilities

in the absence of electron-electron interaction,

X (11 57— 1) =(TA o (r, DAL (1", 7)),
(2.12

whereA , (r,7)= gb—(r 7) .o(r,7), 7 is an imaginary time,
and7_ is the time-ordering operator. The mean value in EQ:
(2.12 heEto be taken with the Hamiltonia#h,. We use the

notationa= — «, and;=L,T for o=1,]. In frequency do-

main, x° can be expressed in terms of the Green function

(2.11) as

wn_ pn)!
(2.13

X2 (T TP = =T Goolr,I';0n)Gag(r',r;
Wnp

wherep, is a bosonic Matsubara frequency. For studying the

instabilities of the metallic phase, it is sufficient to compute
the static susceptibilitieg?,(r,r’";p,=0)=x2,(r.r’). Us-
ing Egs.(2.6), (2.7), (2.9, and(2.11), we find

X2,(0,0) = E{[x Tk, Q)+ Xao (k)]

4+ ++

X(?’k Yk,—a, 7k Yk 7qy)2

+[Xao (K@) + Xap (K,0)]

X (%, Y —a,” Yo %, ) (214

Xa(r(kq _TE Iwn_eak) l(lwn ak,q)il'
) (2.16

Notice that due to the presence of the anion potential, the
static susceptibilities have a nonzero off-diagonal component
x°(9,9+K). The sum ovek, in Egs.(2.14 and(2.15 can

be analytically calculated using

[m(

1

2

bL

N(0)

2

2yE,
Ll

1

2

=v[3

ve(ady—2Kg) + €{<y+ 6{<y—q

~Rew amT

il
(2.19

but thek, sum needs to be evaluated numerically. In Eq.
(2.17), N(0)=1/mveb is the density of states per spin at
Fermi energyEq~t, an ultraviolet cutoff energyy=1.783
the exponential of the Euler constatt, the digamma func-
tion, and ReV means real part off. Note that whenV
=0,Xfw(q, g+ Q)=0 and the susceptibility becomes diago-
nal in momentum space.

To find the effect of the anion potentid on the bare
susceptibilities, we plox®(q,q) and x°(q,q+K) for differ-
ent values oW/t in Figs. 2—4. Herg®=x% = x|, andg
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FIG. 3. Off-diagonal component®(g,q+K) of the susceptibil- FIG. 4. Diagonal component®(q,q) of the susceptibility for
ity for V/t,=1. The notations are the same as in Fig. 2. V/t,=1. Besides the maximum &, there are two peaks at
gy=m/2b corresponding to the intraband nesting vectQrs and
is chosen such that~2kg . ForV/t,=0, x°is diagonalin  Q_. The notations are the same as in Fig. 2.
momentum space and the peaky3{q,q) is located aQ;er

with (Qjneer)y= /b (Fig. 2). The position of the peak moves Xao(8,9+K)=x° (q,9+K)/D, (2.22)
away froma/b when deviations from perfect nesting due to “

to, and ts, become important. As we increasé/t,, D=[1-0.° 1—d.+° (a+K. g+K
x°(0,g+K) becomes nonzero and develops peaks,at (17 02xer (4.1~ Goxas(aH K. H )]
+7/2b as shown, fol/t,=1, in Fig. 3. The maximum of —92[x°,(g9.9+K)1? (2.22

x°(a,9) [i-e., X°(Qinter»Qinten ] reduces in height and two . N -
additional peaks develop a®, and Q_ [with (Q.), A SDW instability occurs when the susceptibilitie$,(q,q)
=m/2b]. The development of these additional peaks inand xo,(0,q+K) diverge, i.e., when the denominatbrin
x°(q,9) can be seen by comparing Figs. 2 and 4. Wkésa Egs. (2.20 and (2.21) vanishes. This yields a generalized
strong enough, the maximum gf moves fromQ,,to Q.  Stoner criterion for a SDW instability at wave vecQr
or Q_. We, therefore, expect the SDW wave vector to shift
from Qiner to Q. and/orQ_ asV exceeds a critical value [1-92x%(Q.QI[1-g2x*(Q+K,Q+K)]
(assuming that the anion potentildoes not suppress the 2c 0 2
SDw inst%bility). Our resulfs for the diagonal supspceptibility ~ X (Q.Q+K)J"=0, (223
x°(a,q) are similar to those of Ref. 12. whereQ is chosen such thdd,~ 2kg . This equation is the
same forQ and Q+K (reflecting the fact that the SDW
B. RPA calculation contains Fourier components@tandQ+K). We choose to
To find the critical value of the anion potential and to Iaé)el the S('):)W phase by the wave vectQr such that
obtain the phase diagram, we now compute the susceptibil¥ (Q:Q)>x"(Q+K,Q+K). Note (’ghat the off-diagonal
ties for the interacting system within RPA. We model the €omponent of the susceptibility, i.6¢,(Q,Q+K), has been
interaction using the g-ology model keeping omgy to be systematically overlooked in previous works on the effect of

nonzerot® anion ordering in (TMTSE)CIO,. As a result, the simple
' (but wrong criterion 1-g,x°(Q,Q)=0 has been used to
g, bt nt N N determine the SDW transition temperature instead of the
Hin=>" > f AT (N (1) P (1) ae(T). generalized Stoner criterion given in EQ.23.
0,0 Eqg. (2.23 has to be numerically solved to obtain the tran-

(218 sition temperaturd ;(V) as a function of the anion potential

Using the interaction Hamiltonian given by B@.18, we V- The qualitative nature of the phase diagram, however, can

obtain the susceptibilities by summing the RPA diagramd’€ understood qualitatively from E(2.23 without numeri-
shown in Fig. 5, cal computation. FoV=0, the off-diagonal susceptibility

X°(Q,Q+K)=0 and Eq.(2.23 reduces to +g,x°(Q,Q)
, 0 ) 0 , o =0. The SDW instability occurs with the nesting wave vec-
Xao(9:0") = Xa0(0,0 )+922” Xao(®:0") Xao(d",0"). tor Qjner COrresponding to the maximum of the bare suscep-
4 tibility x°. WhenV increases, the wave functions become
(2.19 ; :
o _ _ more and more localized on even or odd chains. SDgg,
Substituting Eqs(2.14 and(2.15 in Eq.(2.19, we find that  corresponds to pairing of electron and hole on chains of op-
Xoo(0,9") is nonzero only whe’ =q or g+K and is given

by i
Xao(0,0) ={Xao(0 D1~ gax oo (a+K,q+K)] " "y
+92[ng(q7q+K)]2}/D, (2.20 FIG. 5. Feynman diagrams for within RPA.

035108-4



SPIN-DENSITY-WAVE INSTABILITIES IN THE . . .

PHYSICAL REVIEW B 65 035108

15 1.0 .
ton= 011, I ta=0.02 ty
f2o= tap = 0 — t®=0
- 10 ~
F 2
: N\ Qinter s 0.5 Q inter
2/ = /
o5 y
Q_—> ki Q.+
i 1.0 1.5 20
0.0 ‘ . ‘
0.0 05 1.0 1.5 20 V/ts
V/ty

FIG. 7. Phase diagram with nonzetg, and ts, showing the

intermediate metallic region. The solid line indicates the transition

FIG. 6. Phase diagram with,=t5,=0. The thick vertical line .
9 o =tsp temperature wheriz,=0. Below T®®=T/}, the two intraband

is a guide to the eye for estimating the critical potential at which the, ) .
transition fromQ;,., to Q- takes place. Fov>V =1.1,, there is SDW's coexist(see Sec. Il &
coexistence of two SDW'éwith wave vector€Q, andQ_) below

the transition line(see Sec. Ill ¢ The degeneracy betweé€h, andQ_ is lifted by the pres-

ence of a nonszerty, (Fig. 7). Fort3,>0, the SDW with
posite parity, T, drops, until at some critical value of the wave vectorQ_ has a higher transition temperature, i.e.,
anion potentialV;, there is no SDW instability witlQ T, >T. . The opposite is true when,<O0. It is clear that
=Qiner- [Note that the anion potential does not affect thewhenV>t,, the two SDW's will coexist at low temperature.
nesting atQjn.r, Which is limited byt,, in our model] Si-  In this regime, even and odd chains are essentially decou-
multaneously, the pairing wit@=Q_ and/orQ_ becomes pled, and the twdintraband instabilities take place almost
increasingly favorable, due to both the wave-function local-independently at transition temperatuigs and T, . This
ization and an improved nesting, and eventually at a value dfads to a phase with two coexisting SDW's beld§**
the anion potentialy.,~t,,, the SDW phase wittQ=Q, :T:<TC‘ (assumingz,>0).
and/or Q_ wins over the metallic phase. Indeed, when Figure 8 shows the ratié=[1+tan(d)]/[1—tan(p)] of

>ty, the even and the odd chains tend to decouple. Théne SDW amplitudes on even and odd chasee Sec. Il D.
dispersion law of the two electronic bands (and —) be-

comes e,  =ve(ake—kg)+jV+t5ekb), and T.(V)
—TO=(2yEy/m)exd —2/N(0)g,], whereT(" is the tran-
sition temperature for a system with perfect nesting. Higher- In the preceding section, we have shown that two SDW
order harmonics in the transverse dispersion law, suth,as instabilities(at wave vector), andQ_) may occur wherv
(not considered in this paperwould introduce deviations is strong enough. In order to study in more detail the possi-
from perfect nesting that survive whew—o. They are, hility of coexisting SDW's, we derive the Ginzburg-Landau
however, expected to be very small and can be safely disexpansion of the free energy and then deduce the phase dia-
carded. IfV >V, there will be a metallic region in the gram.
phase diagram with no SDW instability fof,;<V<V ,; In the presence of two SDW'’s, the order parameter
otherwise, there will be a transition from the SDW phaseAM(r):@w(r)) takes the general form
with Q= Qjner to the SDW phase witlQ=Q, and/orQ_ .
Our numerical calculations show that both the scenarios
are possible. The phase diagram wijh=1t5,=0 is shown
in Fig. 6. In this case, there is a transition between SDW
phases withQ= Q;yr and Q= Q.. without any intermediate
metallic phase. Moreover, the SDW’s wi= Q.. have the
same transition temperature. The transition between the 08 |
SDW phases witlQ; e and Q.. occurs alv=V_~1.1t,, as )
indicated by the thick vertical line in Fig. 6. \
The phase diagram with more realistic parameters, shown T~
in Fig. 7, is quite different. Witt,,=0.1t,, andt;,=0, the =
SDW phase withQj.r persists up toV.;~0.4t,. For V
>V, we find a metallic phase tilV=V ,~t,. For V
>V, the SDW phase witlQ).. is stabilized. Whert,, is
strong enough, the SDW ;. IS suppressedi.e., V¢
=0), but the transition temperature of the intraband SDW’'s FIG. 8. Ratios=[1+tan(d)]/[1—tan(h)] of the SDW ampli-
is not affected. In this case, the metallic phase is stable atides on even and odd chaifsge Sec. Ill . The figure shows if
T=0 up toV., where the SDW with wave vect@, or Q_ 8<1 ands lif 5>1. The parameters of the plot are the same as in
sets in. Fig. 7 (with tg,=0.02,).

Ill. GINZBURG-LANDAU EXPANSION

1.0

) inter

0.5

10 15
Vit

0.0 05 2.0

035108-5



K. SENGUPTA AND N. DUPUIS

Ag(n)= >

j==.p=

K
QJ+(p_1)E) W}
(3.1

ip i
. Awexr{m

Note that the SDW with wave vectdp; corresponds to a
spin modulation with Fourier componeng; and Q;+K.

The order paramete3.1), which corresponds to electron-

PHYSICAL REVIEW B65 035108

hole pairs with opposite spins, assumes the SDW’s to be
polarized in the X,y) plane, i.e.,(S,(r))=0. The spin
modulation(S(r)) is discussed in more detail belo@@ec.
I D). The relationA;(r)=A%_(r) implies that the com-
plex order parameters!?, satisfy A= AP *.

Up to quartic order in the order parameter, the free energy
(per unit surfacgis given by

d?r T T
Fo.3 | 80+ 65 S | oAl (A6, (1.r2.0) Gt 0) + 0

XE dzr1d2r2d2r3d2r4Az(rl)Aa(rz)A’;(rg)Aa(r4)GaT(r1,rz,w)G;l(rz,r3,w)GaT(rg,r4,w)Ggl(r4,r1,w),

whereA ,(r)=A,(r).

A. Quadratic contribution F,

Let us first consider the quadratic contributiBa to the
free energy. One easily obtains

Fo=0,2, (AL"* Al7%)
a,]

( 1-9.x%Q;.Q)) -92x%Q;,Q;+K)
—02x°(Qj+K, Q)  1-9x%(Q;+K,Q;+K)
AlF

o

Introducing the new order parameters, ,vj, defined by
ALY (cos{ 6,) —sin(6;) uja)
cog 0]) Vja '

AlZ ) sin())
with 6; e ] — m/4,m/4] and
2x°(Q;,Q;+K)
X(Q+K,Q+K) —x%Q;, Q)
we obtain the diagonal form

X (3.3

(3.9

tan26,)= (3.5

Fo=2 (N U2+ 2] [v)4d?) (3.6

a,]

where

N = 22022 Q) - Gx°(Q) + K, QK]
% 0

+25gix%(Q +K, Q)+ K) ~ x%(Q). Q)]

X{[XO(QJ ij)_XO(Qj +K,Qj+ K)1?

+4[x%(Q;,Q+K) A2 3.7

(3.2

The transition temperatur'EL is determined by

min\;"(T})=0. (3.9
From Eqgs.(3.7) and (3.8), one easily recovers the general-
ized Stoner criterion obtained in the preceding section
[Eq. (2.23]. Since we have assumeg(Q;,Q;)>x°(Q;
+K,Q+K) (see Sec. Il B min\;"=\;" and the order pa-
rameter of the transition ig;,. For T<T{, we then have
vja=0, ie.,

Al-=tan(6;)AL" . (3.9

This equation determines the relative amplitude of the spin
modulation on even and odd chaifsee Sec. Il D. If T
>T! (i.e., tg,>0), thenu_,#0 whenT<T_ . To deter-
mine whether we can have alaq ,+# 0 at lower temperature
(i.e., coexistence of two SDWswe must analyze the quar-
tic contribution to the free energy.

B. Quartic contribution F,

The calculation of the quartic contributidf, is some-
what lengthy, and we only give the main results. More details
can be found in Appendix A. Using Eg&.6), (2.11), and
(3.1, we rewrite the quartic part of the free enerffyg.
(3.2] as

5Qj1+Qj3ijz+Qj4

F4:2 )
a g

“JaP1Pa

XBa(j1,i2,i3:14:P1,P2,P3,Pa)

XAjalpl* ALszAijps* AjaAPA' (3.10
The coefficients,, are defined in Appendix A. We now ex-
pressF, as a function of the order parameters, andvj,, .
Since the formation of the SDW at wave vectQy corre-
sponds to the order parameter,, we takev;,=0 in the
following. We then obtain a free energy of the form
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whereA;=\;".

The free energy is analyzed in Appendix B. Assuming
that T, >T. (i.e., t3,>0), we find a second-order metal-
SDW transition at temperatur€, , below whichu_,#0
andu, ,=0. This transition opens a gap on the band,
while the + band remains gapless. This SDW phase is
metallic. Note that the minimum of corresponds to
|uj+|=]|u;_]|. This implies that the SDW is linearly polarized
(see Sec. Il D.

k,j k—Qj,j If 4B, B_—C?=0, a second transition takes place at

(b)

TE=Te + (T = To), (3.14
!
K- Qi+ Qe wherey is a constant of ordeF?/V2. Below TS, bothu_,,
andu, , are finite.u, , opens a gap on the¢ band, making
_FIG. 9. (& Main contribution toB; . (b) A typical diagram con-  the whole Fermi surface gapped, so that this low-temperature
tributing to C. SDW s truly insulating. The transition is also of second
order, since the order parameters, andu, , vary continu-
ously at the transition.
F4:§a: {EJ: Bi|ui“|4+c|u+“ua|2}' (319 SinceC/B;=0(T?/V?), the condition 8,B_—C?=0 is
satisfied. Therefore, there is always coexistence of two
The expression of the coefficiens and C is given in Ap-  SDW's at low temperature when the pairing is intraband. Eq.
pendix A. The important point here is that the interaction(3.14) shows thafT:°**is well approximated byr_ .
term in Eq.(3.1)) is weak, i.e., SDW phases with wave vect@_,Q, , orQ_ andQ, ,
have been previously obtained by Kishigi and co-
workers®~128However, the overall phase diagraand in
: 312 particular the existence of a SDW-metal-SDW transitias
a function ofV has not been derived before.

This result is easily obtained by considering the diagrams

that contribute td@; or C. The main contribution t®; comes D. Spin modulation {S(r))
from the type of diagrams shown in Fig(&®. Q; being the . . . . ,
best nesting vector for the pairing in the bq’ndil1e value of . In th's_ section, we determine the spin modu!at(di@r)}
this diagram is essentially determined by the nesting propefl e dlffererltT SDW phases of the phase diagrsir)
ties. Since the quadratic terfiy, predicts an instability of the = (1/2)2,,5 o' ¥, (1) oo ¥ae (1) is the spin-density opera-
metallic phase against the formation of a SDW at wave vector and 7= (7, 7y ,7,) stands for the Pauli matrices. Noting
tor Q;, the nesting is goothnd becomes better with increas- that s_zsx_isyzzaﬁaT , we obtain

ing V). Diagrams contributing t& mix the bands+ and

T2

—. A typical diagram is shown in Fig.(B). Contrary to K

diagrams of Fig. @), it is not possible to have all electronic (S_(r))= >, AL”exp{m Qj+(p—1)—} . r}

states near the Fermi surface and at least one of them has an al.p 2

energy of orderV with respect to the Fermi level. For in-

stance, in the diagram of Fig.(l8, the state K—Q; => AlFeleQ 1+ (- 1) "tan 6))], (3.19
)

+Q_;,j") has an energy of ordev with respect to the

Fermi level when the state&,j) and k—Q;,j) lie near the ) )

Fermi surface. As a result, these diagrams turn out to be ohere we have used;,=0 to obtain the second line of Eq.
order (T/V)?2 with respect to those contributing B, (see (3.19. We consider the more general case where two SDW’s
Appendix A). As shown in the next section, this ensures thatcan be present. We write!" as

at low temperature the two order parameters, andu_,

coexist. A;+:|AJ+|ei¢{j, (3.16
C. Phase diagram and introduce the phasé¥; and ¢; defined by
Collecting the results from the preceding sections, we ob- _
tain the following free energy: o= a®;—¢;. (3.17

_ T 120R 0y |4 2 According to the analysis of the free enef@ec. Il C and
F ; 2 LAslUjal*+ Bylujal T+ Cluat-al, Appendix B], |u;,|=|A)"/cos@))| is independent ofr. We,
(3.13  therefore, obtain
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(S_(n)=21 2| |cog Q;-r+©))e
J

X[1+(—1)"tan(6))]. (3.18 ®)
From Eq.(3.18), we deduce

<sx<r>>=; 2|Al7cod ;) cog Q) r+0))

X[1+(=1)"tan(6))],

| (b)
(S(r)y=21 2/Al[sin(¢))cot Q-1 +6))

X[1+(—1)"tan(6;)]. (3.19

The phase¢; determines the polarization of the SDW's,

while ©; gives their positions with respect to the underlying

crystal lattice. The free energy is independentpfand®; .
The ratio of the SDW amplitudes on even and odd chains VAR VAR VAR VAR W Wi

is given by the factow;=[1+tan(6;)]/[1—tan(#;) ] shown (©)

in Fig. 8. § remains close to one whe¥ is weak

=<V,;1). 6<1 or >1 whenV is strong[tan(d)— =1 for

V— ] showing that the SDW’s become mostly localized on

even or odd chaingdepending on the sign of). As ex- FIG. 10. Schematic representation of the spin modulation in the
pected,f. and §_ have opposite signs so that =5~". SDW phases i{ denotes the chain indgx(a) SDW phase for a
Consider first the SDW phase occuring for a weak anionyeak anion potentiaV (interband pairing (b) SDW phase for a
potentialV (interband pairing There is a single SDW with a strong anion potentiafintraband pairing (c) Low-temperature
wave vectorQ= (2kg,Q,=m/b). The spin modulations on SDW phase T<T¢°®) where two SDW's coexist.
two neighboring chains are out of phase and the ratif
their amplitudes is close to ori€ig. 10a)]. model, this corresponds to a large valuevpi.e.,V=t,. In
The SDW's corresponding to intraband pairing are alsdahis situation, one expects the ground state to be a SDW.
commensurate in the transverse direction, but wigh){ Experimentally, the ground state is found to be a supercon-
= 7/2b; the spin modulations on two neighboring chains areductor. There is no contradiction with our model though,
in phase quadrature. Fig. () shows the spin modulation in since we did not consider the possibility of a superconduct-
the phase with a single SDW at wave vec@r . The spin  ing transition. However, the observation of FISDW phases in
modulations belovl &°** when two SDW’s coexist is shown (TMTSF),CIO, does require deviations from perfect nesting
in Fig. 10c. The beating phenomenon is due to the fact thatotherwise, only the phase=0 would be observed This
(Q)_#(Qy) - . suggests that even when the anion potential is sttlamgeV
in our mode), important deviations form perfect nesting per-
sist. The latter can be taken into account by considetipg
V. CONCLUSION in our model. Alternatively, the observation of the FISDW
Anion ordering in the organic conductor (TMTSEIO, phases could indicate that the anion potential is weaker than
is expected to strongly influence the SDW instability. While what is predicted by quantum chemistry calculation. In our
a weak anion potentialM<t,) suppresses the SDW insta- model, this would correspond to the regidh;<V<V,,,
bility, a strong anion potential leads to a rich phase diagramwhere the ground state is metalljNote thatV ;=0 if t,, is
WhenV becomes of the order of the interchain hopping am-arge enough.
plitude (V~t,), the effective hopping between even and odd Two successive transitions have been observed in
chains is reduced. This opens up the possibility to have tw¢TMTSF),ClO, at high magnetic fiel§~8 The possibility
successive instabilities when the temperature decreases. Thiet each of these transitions corresponds to an intraband
first one primarily occurs on evefor odd chains and de- pairing, thus partially destroying the Fermi surface, has been
stroys the Fermi surface of one of the two electronic bandssuggested early chAlthough our conclusions do not apply
The other electronic band remains metallic in this phase. Astricto sensudo the experimental situation, since they are
lower temperature, a second transition occurs, primarily omestricted to the zero-field case, they indicate that this sce-
odd (or even chains, making the whole Fermi surface nario could indeed take place in (TMTSBIO, at high
gapped. field, in agreement with the conclusions of Refs. 10-12,18.
According to Ref. 16, the gap due to the anion potential in Beside the existence of two successive transitions at low
the electronic dispersion is of the order of the transverseéemperature whew is strong enough, an important result
bandwidth, and the intraband nesting is almost perfect. In ouobtained in this paper is the overall phase diagram as a func-
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tion of V. In particular, we have obtained a SDW-metal-SDW ours. However, they did not take into account a finggand
transition at low temperatur@-igs. 6 and Y. did not study the coexistence of the two SDW'’s with wave
Finally, we note that our results seriously call into ques-vectorsQ, andQ_ at low temperature.
tion the validity of most of the previous works on the SDW
transition at high magnetic field in (TMTSE}IO,. In the
presence of anion ordering, the SDW order parameter neces-
sarily has two Fourier components, and the standard Stoner We thank D. Zanchi for a useful comment on Ref. 20.
criterion cannot be used anymore. Instead, one should coi®ne of the author§KS) would like to thank Victor M. Yak-
sider the generalized Stoner criterion obtained in Sec. Il Bovenko for support during the work.
[Eq. (2.23)]. _ _
Note addedAfter completion of _thls wovrk, we became APPENDIX A: QUARTIC CONTRIBUTION F, TO THE
aware of a related work by Zanchi and BjelfsThese au- FREE ENERGY
thors have considered the effect of anion ordering on the
SDW instability in (TMTSF)}CIO, and obtained the transi- Using Eqgs.(2.6), (2.11), and(3.1), the quartic part of the
tion temperature within RPA. Their results are similar tofree energyEq. (3.2)] can be written as in Eq3.10 with

ACKNOWLEDGMENTS

4

Bu(i1,2:i3:14:P1,P2.,P3,Pa) = ZNLE 2 2 Z Fa(ll Jg.P1- -+ Pg.P5- - -Pyiky)

‘jg P5 - Pg p5
0

X Ka(j 1" J 8 ky)n;m 5a(pl—p2+ P3+Py) Ki2 +(—p5—p6—p7—p8+pé+pé+ p;+ pé) K/2 n2mlb»

(A1)
K. (j1 - jaky) iw—els 1|__ Liw—el7 “Lj— 8 -1 A2
iz -isiky) bL Z (lo—ef) Hiome) o) (10=€ g raq) (07 € o) KD
L. plk.)= ~ sPs.,, isPs, J6Ps
Fall1 - -ig:P1 - Pg.Ps- - - Pg;Ky) Yig Vi Yk - aQ;y~ La(p,~ 1)~ L+ pgIK/2
i6Pg i7p7
ky=aQj ,~[a(py=1)=pg+pglK/2 “ky—aQj y+aQ) y ~[a(py+P3) ~Pg+Pg—Pg+P7IK/2
thpé yjsps
kyfan2y+an3y7[a(p2+p3)*pé+p6*pé+p7]K/2 ky—anly—[a(pl—l)—p5+pé]K/2
jgPg
X , A3
yky*anly*[a(plfl)fszrpé]K/z (A3)
|
whereN, =L, /b is the total number of chains. Sineg,
=0, we have C=§j: p;{m [Cip,Cip,C-ipsC-ips
AlP=cuj,, ><Ba(j,j,—j,—j;pl,pz,pa,p4)+cjp1c7;pch,-p3cjp4
: XBali, =1, =1.i;P1,P2,P3,Pa)]. (A5)
+=c0g6;), c;_=sin(h)). (A4)

The main contribution td3; comes from the type of dia-
Noting that the conditioanl+ Qj3=QJ~2+ Qj4 implies j4 grams shown in Fig. 9. This diagram involves the quantity,
=Jjo=j3=Ja Or j1=jo=—j3=—ja OF j1=—[2=—|3=]a
we obtain Eq(3.11) with T .
Ka(j1=++ =jg=iik)=p— 2 (lw—ely)?
x Ky, @

sz E C]plcjpzcjp3cjp4 o(1:3:0,07P1,P2,P3,P4), X(iw

_ 2
0o, € iag) (A6)
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To evaluate the order of magnitude of this diagram, we carbet us now consider a phase with two coexisting order pa-

assume perfect nesting. We then find

T A 1

K (ji=--=ja=iky,)=— 24 -2 T

ol Is y) bL, k)(Zw(w €ak’) T2
(A7)

A typical contribution toC is shown in Fig. 9. The order
of magnitude of the diagram is given by

Ka(j!jr_j!_j1j1j1j7!j;ky)

T , )

— | -1 1 -2
b, 2, (07 e 0™ €ag)
X(iw— €7 -1 A8
((1) Ea,k—an-%-anj) ( )

rametersu, ,,u_,#0. Egs.(B1) and(3.13 yield

2 —2A.B_+A_C
Upo|=———5—,
i 4B,B_—C?2
" |2:—2A_B++A+C
o 4B,B_—-C?2 '
~A’B_—A’B,+A,A_C
Foex= . (B3)

4B,.B_—C?

This solution is allowed only ifu;,,|=0. The phase with two
coexisting order parameters will be observed only if it has a

To evaluate the preceding equation, we can assume perfeglyer free energy than the phase with a single order param-

nesting in thg band,
Ka(j’j'_j’—jljijlj7|j;ky)

= i —_ J —1/; ] -2
begw(uw e, wte

. i -1 l
X(io—€,  +a) *~—

v (A9)

—lel 7 ~ -
where|a|=|e!, ea’kfanmQ_J V. We, therefore, con

clude thatC/B;=O(T?/V?).

APPENDIX B: MINIMUM OF THE FREE ENERGY F

The minimum of the free energy is obtained by solving.

the equationgF/4uj,=0,
u+a[A++ZB+|u+a|2+C|u*a|2]:Ov
U_JA_+2B_|u_,|?+Clu,,/?]=0. (B1)

In the metallic phasey;,=0 andF=0. BelowT, , there
is a phase withu_,#0 andu, ,=0. From Egs.(B1) and
(3.13, we deduce

(B2)

eter, i.e.,Feoe=F _:

—A2B_—-A%B,+A,A_C A2
2B.B__C? - . (B4)

2B_

For 4B.B_—C?<0, this condition can be rewritten as
—(2A_B,—A,C)?=0, which shows that coexistence is
not possible. For B, B_—C?=0, the conditionF ;oe,=<F _
becomes— (2A_B, —A,C)?<0 and is, therefore, always
satisfied. We thus conclude that coexistence occurs when the
condition,

4B,.B_—C?=0, (B5)

is fulfilled. The corresponding transition temperatif&®is

then determined fromu;,/=0 [Egs. (B3)]. When C/B;

<1, T is obtained from|u, ,|=0. Writing Aj=a;(T
—TL) and neglecting the temperature dependencg; aind
C, we obtain

2a,B_

TP T, +

(Tgoex_ T;)
=T +y(Tg —T)+O(THVY), (B6)

wherey=a_C/(2a,B_) is a constant of orde®(T?/V?).
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