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Confinement of interchain hopping by umklapp scattering in two coupled chains
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The effect of umklapp scattering on interchain hopping has been investigated for two coupled chains of
interacting electrons with a half-filled band. By analyzing in terms of the renormalization-group method, we
have found that interchain hopping is renormalized to zero and is confined when a gap induced by umklapp
scattering becomes larger than a critical value. From a phase diagram calculated on a plane of the interchain
hopping and the gap, we discuss a role of the correlation gap that has been studied in the metallic state at
temperatures above the spin-density-wave state in organic condd&0163-182898)52324-1

The linear-chain conductors, called Bechgaard salts anpairings of density waves is remov&d? The model with
described by the formula (TMTTEX and (TMTSFyX—  backward scattering exhibits a phase diagram that is different
where TMTTF and TMTSF stand for tetramethyltetrathio- from that of a single chain. In the case of the Hubbard model
fulvalene and tetramethyltetraselenofulvalene, respectivelyVith a repulsive interaction and an incommensurate band, the
and X refers to various counterions—have been, over thédround state of two chains is given by the superconducting

years, the subject of intensive studies. Early attention ha O state  with '%tgﬂ]am and in-phase pairing, ie.,
focused on the various broken-symmetrgagnetic and su- -wave-like pairing.”™*!*The transverse hopping becomes

erconducting states but recently the state above the hasrelevant even for a small transfer energy unless the intrac-
percon -cently t i : PRaSEain interaction is extremely lard8.0On the other hand, it
transition became the subject of intensive studies. In thes

; ; o L as been maintained that confinement with no coherent
salts the transfer integrals are different in different d'reCt'O”SsingIe-particIe hopping occurs in coupled chains of Luttinger

and thgy span a wide range ,Of Qimepsiondiilv\lhile the liquids for the interchain hopping smaller than a critical
bandwidth along the chain direction is comparable in the,g),e15-17

various salts, and the bandwidth in the least conduction di- | this paper, two coupled chains with intrachain interac-
rection is rather small, the transfer integral in the second besfon and a half-filled band are considered. The model applies
conducting b) direction increases going from the TMTTF to to the normal state of organic conductors, TMTSF and
the TMTSF salts:® One central feature of these salts is aTMTTF salts, for which the importance of umklapp scatter-
transfer of one electron from the TMTTF or TMTSF chain to ing has been pointed out earl#&r'°We demonstrate that the
the X counterions, as well as a dimerization along theinterchain hopping becomes irrelevant and confined with in-
TMTTF and TMTSF chains. Thus these materials can bereasing the magnitude of umklapp scattering. The relevance
regarded as having a half-filled electron band, and thereforef our result to experiments is also discussed.
umklapp scattering is important. We consider two coupled chains with the intrachain
Various experiments give evidence for a charge gap fointeraction and interchain electron hopping. The kinetic
the TMTTF salts and a metallic behavior for the TMTSF energy parallel to the chain is linearized with the Fermi
salts. Recent optical, transport, and dielectric experinfentsyelocity ve (—vg) and Fermi momentumkge for the
taken together with photoemission measurerhéedd to a  right-moving (left-moving electron, respectively. The
picture where, with increasing transfer integtgl a transi- intrachain interactions consist of forward scattering, back-
tion occurs from an insulating state where electrons are corward scattering, and umklapp scattering, whose coupling
fined to the individual chains, to a metallic state where theconstants are defined &$,, g;, and gs, respectively.
electrons are deconfined. This transition occurs whgtee-  After diagonalization of the term for interchain hopping,
comes comparable to the charge §ap. the kinetic energy is expressed in terms of the bonding state
These conductors have been studied theoretically by usingnd antibonding state with new Fermi momentup, =k¢
a model of quasi-one-dimensional electron systems having- (+t/vg), wheret denotes a hopping energy. Applying the
repulsive intrachain interaction without umklapp scattering.bosonization method to electrons around the new Fermi
The hopping perpendicular to the chain becomes relevargoints, we introduce Bose fields of phase variablés,
even for a small transfer energyalthough the hopping is andé,, (6. and#fs.), which express fluctuations for the
suppressed by one-dimensional fluctuaflofiwo coupled total (transversp charge density and spin density,
chains have been studied as a basic model that includes inespectively?> The commutation relation with conjugate
trachain interaction and transverse hopping. For thephase is given by 6,.(x),0,_(x")]1=[6,+(X),0,-(x")]
Tomonaga-Luttinger model with forward scattering, it has=[6c,(x),0c_(x")]=[0s.(X),0s_(X")]=im sgnx—x").
been shown that a gap appears in the transverse density fluerterms of these phase variables and the bosonization for the
tuations and that degeneracy of in-phase and out-of-phasield operatof’ our Hamiltonian is given by
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Where Up:l)F\ 1_(262_61) y UU:UF\Il_al, Kp p
=[{1- (20~ M1+ (28~ G} K,=[(1+G)/(1  gj Crr 5o (27 KeTKIGyi 597 Crv 04 Ger sploly)
—01) 1Y% andKc=Kgs=1. The quantitya(~ 1/kg) is of the
order of the lattice constant amj=g;/(2mvg) with j=1, =G+ c-Ge- sps (6)
2, and 3. In deriving Eq(1), a phase factor of the bosonized
field operator, which is added to retain the anticommutation d )
relation, is taken in order to conserve the sign of g Gepsp=(2-Kg—K§ )GCp,Sp’_';,_ Gp+.cpGp+ sp
interaction?! P

We reexpress the nonlinear term in Edl) as 1
(velma®)G,p 1 p COSV20,,COSV20,,  Where  v20,, o, Got.cpCot.sp s @)
=v26,,—4tx/ve for v=C andp=+, andv20,,=v26,,

otherwise. In the present case, there are 12 coupling con- d .
stants, which are given byGc, s,=8,~91, G s- g td )=t(1)~$(G&, s+ +GZs s +G2, ¢y
—02, Gc-s+=02, Ge-s-=—02+01, Goscr
_Ga+,c—: Got 5+ = Gu’+ S-= =0;, and Gorct +Gi+,c+)KcJ1(y)' (8)
=G, c-==G,y 5+=G, 4, s-=03. The renormalization

group method is applied to response functions for spinwhere KP=K;* for p==, T,=v,/ve, ()
density-wave(SDW), 4kr charge-density-wave&CDW), and —t(|)/(vpa ), y=4t(l), and Ju(y), (n=0,1), is the
SC states, which are calculated with the assumption that rd3essel function. The variableis written explicitly only for
sponse functions are scaled to the same form desa’ (1) wheret(0)=t/er=t with er=vg/a and the corre-
= ae?.?22% Thus, renormalization group equations within sponding energy is given by exd—I]. Note that these
the second order are obtained(as-p, o, andp,p’ ==*) equations in the zero limit df become equal to those of the
one-dimensional cagé.
d 1 We examine both cases gf=0,#0 andg,=0, g,#0
a k=52 2 KILG2, ¢ do(y) by calculating renormalization group equations #(1),
v (,(I) KC(I) Ks(l), and G, (1) with several choices
+(32+ o +(3V+ S++G2+ s 1, 2) of §,, 91, 03, andt. For the relevant interchain hopping,
1(1) increases rapidly with increasingwhile t(I) decreases
d to zero for the irrelevant hopping. The relevaft) corre-

i Ke= %p:+ [{—K2Jo(y) Sp++ Sp -} sponds tdK (1) —, which comes from the rapid oscillation

{GCp S++GCp S*+Gp+ Cp+GZ+ cptls 3

of Jo(y) in Eq. (3). The quantityK(I) represents the degree
of transverse charge fluctuation. Thus deconfinenteoi-
finemenj is obtained when the limiting value ¢€-(l) be-
comes infinite(finite).

d 2 2 In Fig. 1,T(1) and 1K ~(1) are shown as a function bb
ai Ks=2 2 [(~K&8p 105 ){GL 1 splo solid Cl?rves (a)nd dotteg(c)urves, respectively, with theyfixed
. , 93=0.1, §z. (=0.189) and 0.3, wheré=0.1 andg,;=7,
+GE_ gyt G2y 5yt Gll s, (4 =0.3. The case fogs;=0.1[curves(1) and (4)] shows the
result leading to deconfinement. With increasing(l) in-
d creases rapidly and K. (1) decreases monotonically to zero.
47 Crr.cp= (2K~ K®)G,+ cp Our solution stops at a value ofcorresponding tcK (1)

=0 due to the divergence of some @f,, , /() since the
=G, 5+Gcpsi —Gui,5-Geps-, (5)  present treatment is of the second order for the renormaliza-



RAPID COMMUNICATIONS

R15 042 Y. SUZUMURA, M. TSUCHIIZU, AND G. GRINER 57

1/ KD
T

FIG. 2. Thet dependence s, for §;=0,=0.3 (solid curve,

FIG. 1. Thel dependences df(l) and 1K(l) are shown by §;=0,=0.4 (dashed curve and §,=0, §,=0.3 (dash-dotted
solid curves and dotted curves, respectively, dgr=0.1[(1) and  curve. The case 0f3>03.(93<0s;) corresponds to confinement
(4)], 95=03c(=0.189) [(2) and (5)], andg3=0.3 [(3) and (6)],  (deconfinement
respectively, wheré=0.1 andg,=0,=0.3. The inset shows tftp,
dependence of K&>™, which corresponds to the limiting value of =0.3,9,=0 (dash-dotted curyewhere the region for con-

K (). finement (deconfinementis given by g;>03: (93<03c)-

The boundary is determined mainly by the competition be-

tion group equations. The case fg5=0.3[curves(3) and  tween umklapp scattering and interchain hopping. In addi-
(6)] shows a typical behavior for confinement. With increas-tion to g5, bothg, andg, enhance the region for confine-
ing |, T(I) reduces to zero after taking a maximum andment where the effect of the forward scattering is larger than
1/K¢(l) remains finite even at the limiting value bf There  the backward scattering. Asgoes to zerogs, reduces to

is a crossover from deconfinement to confinement around theero and then the confinement does not exist in the absence
location of | corresponding to the maximum ofl) where  of umklapp scattering.

G, .,p(l) becomes of the order of unity. We also obtained Now we examine the correlation gap defined byA
Gp+.c+(NIG,+ c-(1)=1/Kc(l) for the limiting value, indi-  =er exg —ly], wherel is evaluated fronK ,(14) =K ,(0)/
cating the irrelevance of the misfit parameter and then th@. We note that such a definition of gap reproduces well a
interchain hopping. For a critical value given =103, magnitude of gap for the one-dimensional Hubbard model
[curves(2) and (5)], one finds a marginal behavior where with weak coupling® It is found thatA is slightly larger than
botht(l) and 1K(l) reduce to zero at the limiting value of the energyw,, corresponding to a peak ofl) in Fig. 1. In

I. Thel dependence oK(l) indicates that there is a tran- the inset of Fig. 3,A is shown as a function ofj; for g,
sition from deconfinement to confinement as a functiogpf =g,=0.3(1), 9,=0,=0.4 (2), andg,=0.3,9,=0 (3) with

in the limit of low energy. In the inset, thg; dependence of

UVKEYMis shown wherKEYMis the limiting value ofK(1). T T T T
The location 0@3(: is shown by the arrow. For most param- i / T
eters leading tay;=0s., the present calculation shows a @ A an
common feature in that a peak heighti¢f) is about 0.82 0.2 A b
andw,,/t=0.94, wherew,, is the energy at the peak ©ff ).
We note that the Bessel functidn(y) in the right-hand side {04 @
of Eq. (8) plays a crucial role in obtaining such a transition 3 3
where the effect of the second term of Ef) is negligible 01k

for the relevantt(l) and becomes large for the irrelevant O
T(1). With increasingl, K,(I) decreases to zero where a £ @)
charge gap is formed fonK (=K, (0)/2, eg., atl 0 02_ 04
=3.25(1.50) forg;=0.1(0.3). "The quannt;KS(I) corre- 83
sponding to transverse spin fluctuation is also suppressed by 0 0.1 0.2
umklapp scattering. The behavior of total spin fluctuation
indicates the absence of the spin gap even at low energies
sinceK (1) !s almost the same as the on.e—dimensional ON€. /s 3 The phase diagram of confinem ion(1)] and de-
Thus one f'nd_s that there is a sepgratlon of freedpms 0gonfinement[regri)on (] 0?1 the plane of théémi?\terchain transfer
charge and spin at energy corresponding to a correlation gaRnergyt, (=/2) and the correlation ga. The solid, dashed, and
Note that the decreasesiOf(1) andK (1) are attributable 10 yash-dotted curves denote boundaries that are obtained from respec-
the backward scattering. In fadf,(1)=Ks(l)=1 for both tive curves in Fig. 2. In the inset, the correlation ghjs shown as
regions of confinement and deconfinement wher: 0. a function ofg, for 52—51—0 3,1=0.1 (D), 52_51_0 4,7=0.1

In Fig. 2, thet dependence ofz. is shown forg,=0;  (2), §,=0.3,9,=0,1=0.1 (3), andg§,=7,=0.3,1=0.01 (4), re-
=0.3 (solid curve, 9,=0,=0.4 (dashed curve and g,  spectively.
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the fixedt=0.1. The quantityd, which is determined mainly SDW state is replaced by thé4 CDW state at energy much
by §s, is enhanced also By, andg,. Thet dependence of lower thanA. The SC state is possible for the region of
A is small as seen from curv@) which is calculated for deconfinement witlyz<t and finite energy. We note that the
9,=0,=0.3 andt=0.01. Here we introducé, defined as SC state is also found in the other region 0§,29

the transfer energy perpendicular to the chain for a quasi< —[9s|, where the umklapp scattering becomes irrelevant.
one-dimensional system whetie=t/2 from the definition of In conclusion, we have found by examining the effect of
our Hamiltonian. In terms oA andt,(=1/2), the phase dia- umklapp scattering on the mter(_:ham hopplng_ in two coupled
gram is shown in Fig. 3 where regiofi$ and(Il) correspond phams, that the m'gercham hopping _becomes |rreleva}nt result-
to confinement and deconfinement, respectively. Thred'd in the transition from deconfinement to confinement
boundaries given by the solid curve, the dashed curve, an‘é(hen the correlation gap '”duce.d by “mk'app scattering be-
the dash-dotted curve are evaluated from the correspondin mes larger than the interchain hopping. This result sup-

sl . . . ports Giamarchi’'s assertibhof irrelevant hopping by um-
curves in Fig. 2. The result is that the ratio of the correlation : . . Y
gap to the perpendicular transfer energyAitt,—1.8-2.3 klapp scattering but differs slightly from that by Kishine and

. : 2y its#® who h i h ith
for the interval range of 0.64t,/ex<<0.1. This value is in onemitsd® who have obtained the state with reduced but

X ; - . finite interchain hopping.
excellent agreement with experimehtisat indicate a transi- bping

. . . . Finally, we comment on the metallic state above the de-
tion from a confined insulator to a deconfined metal betweer&o y

. ) nfinement transition, which is highly unusual: there is a
1.5 and 2. The cr|thaI val~ue ok for the confinement de- small Drude weight and a charge gap remaining, while the
creases for the largg, andg; .

The domi hich is found with d . spin excitations are gapless. The state is similar to that of a
e dominant state, which Is found with decreasing doped Hubbard chaiff. In a simple picture, single-electron
(= er exd —1]) and for the fixedy; andg,=g,>0, is exam-

) . X - transitions between the chains lead to deviations to 1
ined by calculating response functions for SDW with the

: . iy . electron/unit cell for both chains—and thus to a situation
!ntracha!n and c.)ut—of—phase. pairing, fok# CDW with the also encountered by doping—but whether interchain electron
intrachain and in-phase pairing, and for SC state with th

2 Qransfer leads to the features viewed by experiments remains
interchain and in-phase pairing. Whéret (i.e., g3>0sc), y exp

) . ] to be seen.
there is a crossover from deconfinement to confinement in

the SDW state at energy given by=w,(<A). Further, the This work was partially supported by a Grant-in-Aid for
SDW state moves into the confine# 4CDW state at lower Scientific Research from the Ministry of Education, Science,
energies. Whed <t, all the states are deconfined and theSports and CulturéGrant No. 09640429 Japan.
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