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Field-induced spin-density-wave phases in TMTSF organic conductors:
Quantization versus nonquantization
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We study the magnetic-field-induced spin-density-wésSDW) phases in TMTSF organic conductors in
the framework of the quantized nesting model. In agreement with recent suggestions, we find that the SDW
wave vectoiQ deviates from its quantized value near the transition temperatuia all phases with quantum
numbersN>0. Deviations from quantization are more pronounced at low pressure and Nigimel may lead
to a suppression of the first-order transitiosis 1—N for N=5. Below a critical pressure, we find that the
N=0 phase invades the entire phase diagram in accordance with earlier experiments. We also show that at
T=0, the quantization of) and hence the Hall conductance is always exact. Our results suggest a novel phase
transition/crossover at intermediate temperatures between phases with quantized and nondpantized
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[. INTRODUCTION order transitiong(i.e., discontinuous jumps d®,) survive
althoughQ, is not quantized. Lebed’s results call into ques-
Quasi-one-dimensiondQ1D) organic conductors of the tion our theoretical understanding of the QHE in the Bech-
(TMTSF),X family* (also known as the Bechgaard sptise ~ gaard salts, since the latter relies on the quantization of the
highly anisotropic crystals that consist of parallel conducting=ISDW wave vectof:'*®
chains. The electron transfer integrals along the chéms Lebed’s conclusions raise two important questions. First,
the a direction and transverse to the chaifis theb andc ~ the very existence of the FISDW phases, which is due to a
directiong are typicallyt,=250 meV, t,= 25 meV, andt, quantumeffect of the field, requ|reh=wC/ch to be large
—0.75 meV? Because of the strong anisotropy, the Fermi€nough. Indeed, wheii>w,, the magnetic field can be
surface of these materials is open and consists of two discorj"lr-_eated sem|cIaSS|caIIy _and we expect _the FISDW cascade to
nected sheets located neaikg, which are the Fermi mo- dl_sappear in fa_vor of either the metallic phase or the SDW
menta along the chains. In the presence of a moderate ma fith Q,=2k (i.e., the phas&l=0). Thus, we expect the

o ; : uppression of first-order phase transitions to occur only in a
netic field H along thec axis, the interplay between th? small window of the parametdr. Second, the fate of the

" f elect bits due to th tic field leads t "’bHE can be understood only by considering explicitly the
lon of electron orbits due fo the magnetic field feads 1o %W—temperature limit. The extrapolation of results valid near

cascade of magnetic-field-induced spin-density-\_/vavel-c’ as done by Lebed’, is not reliable since the SDW wave
(FISDW) phase$.These phases have long been theoret'ca"X/ectorQ may vary with temperature
X .

explained in the framework of the quantized nesting model | this paper, we investigate the FISDW phase diagram
(QNM).2~® A central prediction of the QNM is that within  poth atT=T, andT=0 as a function of the strength of the
each FISDW phase characterized by an intdgethe wave  glectron-electron interaction. The latter is a decreasing func-
vector Q=(Qx,Qy) of the spin modulation is quantized: tjon of pressure and can therefore be varied experimentally.
Qx=2ke+ NG, where G=ebH/%c is the magnetic wave e find thatQ, deviates from its quantized value ndarfor
vector andb the interchain distance. As the field increases,g)| phasesN>0. Deviations from quantization are stronger
the integerN varies, which leads to the FISDW cascad®e ( at Jow pressure and highét. When pressure is decreased,
=...,4,3210). In each phase, the quantizatio®eim- g ppression of first-order phase transitions occurs Nor
plies the quantization of the Hall effeat,, = —2N€’/hper =5 At lower pressure, below a critical vali,, we find
layer of TMTSF moleculeS:® The ability of the QNM t0  that the N=0 phase invades the entire phase diagram in
explain the quantum Hall effetQHE) observed in the accordance with earlier experimetsOn the other hand, at
Bechgaard salt$is one of Its main successes. T=0 the quantization of, and hence the Hall conductance
Recently Lebed" called into question some fundamentalg exact for all pressures and &l down to the critical pres-
aspects of the QNM He showed that due to the particle- grep_ below which theN=0 phase again invades the phase
hole asymmetry in the FISDW phases with¥0, Q, devi-  giagram. Our results suggest a novel phase transition/

ates from its quantized values. At the metal-FISDW transi-rossover at intermediate temperature between phases with
tion, deviations from quantization are controlled by the rat'oquantized and nonquantizel, .

h=w./7T; wherew.=veG (v is the Fermi velocity along
the chaing and T, is the transition temperature. Whénm
reaches a critical value, , the first-order transitions between
different FISDW phases are suppress@g.then becomes a The Hamiltonian describing the Bechgaard salts in the
continuous function of the field. At lower temperatures, first-vicinity of the Fermi energy in the presence of a magnetic

Il. METAL-FISDW TRANSITION
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Here the operatowgg(r) creates(annihilate$ a right (« H(Tesla)

=+) or left (a=—) moving electron with spirr. We use

the notationr = (x,mb) (m integej and fdzrzbEmfdx. FIG. 1. Phase diagram fgr=0.38. The inset shows the param-

_ . : . L eterN=(Qyx—2kg)/G at the metal-FISDW transitionT(=T.) as a
UF \/Etaa Is the Fermi velocity along the chairi@ith t, function of the magnetic field. The vertical lines are guides to the

rn?prl]i(t)up dpemgf ?rrre plétllé?;teroirjgltergréitt:ﬁ?ersa?cii(i)l?gwg %;CE Iin_eyes and indica_tg firs_t-order tr_ansitioﬁthey glo not cqrrespond to
earized the Hamiltonian around the Ferm eﬁergy and useté]e actual transition lines, which are not strictly vertital.
the gauge A=(0Hx,0). t, (u)=—2t,cosfi)—2t,,cos(2)

describes the interchain hopping in a tight-binding approxi- «(T,Q,) =
mation, t, being the nearest-neighbor hopping. The next- ey
nearest neighbor hopping amplitutg destroys the perfect ) . )
nesting of the Fermi surface and stabilizes the metallic phaséhere ¢ is the Riemann zeta function ard=1,(Q,). €

in the absence of magnetic field. Here and in the rest of thi¥anishes only in the phasé=0 (for which Q= 7/b) due to
work i=c=1. To obtain the phase diagram négy, we the particle-hole symmetry which impliesl, (7/b)
compute the static spin susceptibility(q) within the = | _n(m/b). . . .
random-phase approximationy(q) = xo(q)/[1—gxo(q) ], The phase diagram obtained by numerical solution of the

wherex,(q) is the bare spin susceptibility. It can be written Stoner criterion is shown in Figs. 1 and~2 for different values
ad of the dimensionless interaction constayt gN(0). Since

gecdkt,, increasingg can be experimentally achieved by de-
creasing pressuré.For smallg, the quantization of), is

2712 2
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o

= 12 -nG), 2 ) : . ~ )
Xo(d) n:z_m n(Gy) X10( ) @ essentially exacfsee Fig. 1 obtained fag=0.38). Figure 2,
which is obtained foig=0.43, shows that strong deviations
N(0) 2vE, 1 from quantization appear for a sufficiently strong interaction.
X10(9x) = o In T v 2 These deviations are more pronounced for high valuéy. of
1 For g=0.43, the first-order transition=6—N=5N=7
_ 4 Ur _ —N=6,... are suppressed. The parameted=(Qy
Re\l}( 2 * 4i 7TT(qX ZkF)”’ @ —2kg)/G varies continuously in the corresponding field
27Tdu ) . 16.0 6.0
|n(qy)zjo Zelnu+(|/wc)[Tl(u+qyb/2)+TL(ufqyb/2)]1 (4) 0
120 1%,
where T, (u)=fgdu’t, (u’), N(0)=1/mveb is the density VM
of states per spiny’ the digamma functiork, an ultraviolet S gol M Htwa
cutoff of the order of the bandwidth, ang=1.781 the ex- =
ponential of the Euler constant. The instability to the FISDW
phase occurs when the Stoner criteriondyo(q) =0 is sat- “0 1
isfied. © ] 3
Since the 1D susceptibility has a logarithmic divergence 0.0 = s : ! =
45 75 105 135 165

for g,=2kg, EQ.(2) suggests that the SDW instability will
occur with a quantized wave vect@= (2ke+NG,Qy) (N
intege). However, the parametér=(Q,— 2kg)/G obtained ki, 2. Same as Fig. 1 f@=0.43. The first-order transition
from the Stoner criterion is not in general an integer. Thisjine petween the phaséé=6 andN=5 terminates by a second-
can easily be shown analytically. Writin®@,=2ke+ (N order critical point above whiciN varies continuously with the
+¢€)G with N integer ande<1, the maximum of the sus- field. The dashed line schematically indicates a phase transition/
ceptibility xo (which will give the highest transition tempera- crossover at intermediate temperature between phases with quan-
ture) is found to be determined by tized and nonquantize@, (see text

H(Tesla)
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range. Sinc&), is exactly quantized at=0 (see beloy, the
low-temperature first-order transition line between the
phasefN=6 andN=5 terminates by a second-order critical
point above which the first-order transition is suppressed
(Fig. 2). We find that first-order transitions+1—N with

N<5 are never suppressed. Indeed, if one increasbs-

yond the critical valugy.=0.433, the phas&l=0 invades

the entire phase diagram. This latter result agrees with the
experimental results showing that the same SDW phase is
stable for any value of the field below a critical pressure
P.~6 kbar** 0.1

4.5 7.5 10.5 135 16.5
H(Tesla)
Ill. ZERO-TEMPERATURE PHASE DIAGRAM
FIG. 3. ay(H) [Eq. (9)] vs field for g=0.43. The condition
an<1 implies that quantization d®, and hence the Hall conduc-
tance is exact af=0.

To obtain the phase diagram &0, one should calcu-
late the condensation energy of the system and look for it
minimum as a function o (at fixed electron density Ac-
cording to the QNM, each FISDW phzase is characterized by,equality (9) to be satisfied. Our numerical results fgr
a Tserles of ~gaps  A,=glA where A _0 43 confirm this expectatioffFig. 3. We find thatay(H)
=(¢[-(Ng.(r)e e is the SDW order parameter. The ;o505 with\, but is always much less than unity. For
gap with the largest amplituda, opens up at the Fermi <0.43, ay further decreases. We therefore conclude that,
energy. Here we aIIO\_/v for a nonquantized wave ve&Qr while it is never quantized neat, for N+0 [see Eq(5)], Q,
=2ke+ NG+2/ve (N intege) and assume thag|<Ay. If g strictly quantized aT =0 for all values ofN.

Q, is not quantizedZ+ 0), the particle number conservation The zero-temperature phase diagram, obtained by solving
implies a shift 5u=z+sgn(@)(z°+A2)*? of the chemical Egs.(6) and(7) is shown in Fig. 4 as a function of field and
pote(n?ial. '|°‘55 T “15“)“' th% Cr:]eﬁicl?l pogential does not lie in &jectron-electron interaction strength. For 0, we find that
gap(since|du|>Ay), and the Hall conductance is not quan- B o . ~
tized. In order to determine the valuemfwe use the method tj% 4N3—3;)0%%alse A?QI’(?\I/C tler]r\;%(i:?;ut?ee Egszitigigrtzn?hﬁ t
of Rgf. 8. We take into accc_)unt the main ga exactly, and_ =0 condensation energy will be exponentially small
consider the gapa .y which open away from the Fermi (e~ /Ty, Thus, the quantization oD, will persist in a
level within perturbation theory. Skipping technical details,* ’ ' T ~ o~
we obtain the condensation energy finite t_emperatl.Jre range. This implies that fgeg., at
some intermediate temperatufé(g,H) betweenT=0 and
N(O) , 9. A2\12 2 T=T,, there must be a phase transition or a crossover be-
AEN=— ——ARENO)[Z[(Z2+AW™=2"],  (6)  tween phases with quantized and nonquantiggd This
phase transition/crossover is schematically indicated by a

2 dotted line in Fig. 2. The details of this transition/crossover is
2 2Eg IN+n, 2B 7|
=—=In—+ 2 ——In—— —arcsinh— beyond the scope of our present study.
gl Ay 7o 13 Ino| An
) IV. COMPARISON WITH PREVIOUS THEORETICAL
z IN+n RESULTS

@W¢ n#0 nlﬁ '

(7
The overall phase diagram that we obtain is therefore

Equation(6) shows that for a given value dfy the energy is  dualitatively different from those obtained in the previous

minimum for z=0. Therefore, in order to stabilize a phase 0 a4

with z#0, a necessary condition iay(|z|>0)>A\(z

=0), i.e.[see Eq(7)],

5 0.42
Rk z I3 N
arcsinh—+ > — —1<0. (8) g
AN 770 @ nl

From Eq.(8), we conclude that a sufficient condition fQx,
to be quantized is

A 12 5 10 15 20
N E N+n <1, (9) H (Tesla)

an(H)=
N We n#0 nlﬁ

FIG. 4. Zero-temperature phase diagram showing the quantum
where we have usefd|<Ay . Given that thd, coefficients  numberN vs field and interaction strength Forg>g,=0.433, the
satisfy the sum ruIeSnIﬁ=1 andAy<w.,® we expect the phaseN=0 (black are becomes stable for all values bf
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studies’®1?Near the metal-FISDW transition, we find that also the conclusion obtained in Ref. 14. To our knowledge,
Q, deviates from its quantized values, in accordance witlthe sudden disappearance of the FISDW cascade below the
Ref. 12. However, in contrast to Ref. 12, our study indicatecritical pressureP; has not been explained before.

that this deviation is large enough to suppress the first-order Recent magnetoresistance measurements by Kornilov
transitions only in a very limited region of the phase diagramet al® found that hysteretic behavior occurs at low tempera-
corresponding to high values bfandg close tog, (Fig. 2.  ture at the transitions between successive FISDW phases.

In Ref. 12, it is assumed th&,=m/b. WhenN+0, this The hysteresis weakens at higher temperature and disappears
assumption is not correct and one has to look for the value ctbove a characteristic temperatufg (To<Tc) for all N

Q, which maximizes the transition temperature. Even with>0. This behavior was ascribed to the suppression of the
the assumptior, = 7/b, we are unable to reproduce Leb- first-order transitions in the temperature rafigesT=<T, in

ed's results. Instead of the FISDW cascade, we find that onlj{greement with Lebed's predictiofsHowever, this inter-

the phaseN=0 is stable at low temperature albeit with a Pretation is inconsistent with our result that the first-order
very low T,. Furthermore, at low temperaturg«T,), we  Phase transitions can be suppressed onlyNfar5. We can-
find that the quantization o, is exact(implying the quan-  not exclude, even if it seems quite unlikely, that in a more
tization of theT =0 Hall conductande which contradicts the realistic model(for instance, taking account of the triclinic
prediction of Ref. 12 based on an extrapolation of result$tructure of the Bechgaard saltee suppression of the first-
obtained neafT,. This suggests a novel phase transition/Order phase transitions would also occur fér5. In our
crossover at intermediate temperatures between phases wRRinion, the conclusion that the absence of hysteresis ob-
quantized and non-quantiz€y), . Also, below a critical pres- served in experiments originates from the suppression of the

sure, we find that thél=0 phase invades the entire phasefirst-order transitions should be taken cautiously. Such an
diagram. absence of hysteresis could also be due to the weak first-

order character of the transitions nélr as was originally
thought!! Our results suggest to perform experimental stud-
ies close tdP, since the suppression of the first-order tran-
The overall phase diagram that we obtain agrees with theitions should primarily be observed in the close vicinity of
experimental observations in the compoundthe critical pressureP. (i.e., P=P,) below which the
(TMTSF),PR;.2* Above a critical pressur®, (which corre-  FISDW cascade disappears.
sponds tay<g, in our theoretical analysiswe describe the
cascade of FISDW phases. Whé&x P, we find that the
phaseN=0 invades the entire phase diagram. Thus our
study shows that the SDW phase bel®y is nothing else K.S. thanks S. Girvin for support. N.D. thanks G. Mon-
but the phasé& =0 of the FISDW cascadéFig. 4). This is  tambaux and D. ¥eme for useful discussions.

V. COMPARISON WITH EXPERIMENTS
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