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Interplay of Correlation, Randomness and 
Dimensionality Effects in Weakly-Coupled 

Half-Filled Random Hubbard Chains 

JUN-ICHIRO KISHINE and KENJI YONEMITSU 

Institute f a r  Molecular Science, Okazaki 444-8585, Japan 

We study interplay of electronic correlation, randomness and dimensionality effects in 
half-filled random Hubbard chains weakly coupled via an interchain one-particle hopping. 
Based on the two-loop renormalization-group approach, phase diagrams are given in terms of 
temperature vs. strengths o f  the intrachain electron-electron umklapp scattering, the random 
scattering and the interchain one-particle hopping. 

Keywords: quasi-one-dimensional conductor; umklapp scattering: Mott insulator: random- 
ness; Anderson localization 

INTRODUCTION 
Randomness effects in interacting electron systems have provoked a great 
deal of controversy over the past two decades. In the one-dimensional case 
away from half filling, Giamarchi and Schulz['] discussed strong interference 
between correlation-induced quantum fluctuations and random scattering 
processes, by applying the renormalization-group (RG) approach t o  the 
bosonized Hamiltonian obtained by the replica trick. Recently, Fujimoto 
and Kawakami12] discussed the case of half filling, where competition be- 
tween the correlation-induced Mott transition and the randomness-induced 
Anderson localization arises. In quasi-onedimensional systems, three di- 
mensionality induced by an interchain coupling plays an important role13]. 
In half-filled Hubbard chains weakly coupled via an interchain one-particle 
hopping, t l ,  without randomness. there occur the interchain one-particle 
propagation through the t l -  process and the propagation of the 1D antifer- 
romagnetic (1DAF) power-law correlation through the interchain particle- 
hole exchange (ICEX) p r o ~ e s s e s ~ ~ l * ~ ~ ] .  The former process drives a crossover 
to the Fermi liquid (FL) regime, while the latter process causes a transi- 
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tion to an antiferromagnetic (AF) phase from an incoherent metal (EM) 
phad'l. In this paper, we study the randomness effects on the competi- 
tion between them in weakly-coupled half-filled random Hubbard chains. 
We apply the two-loop RG approach to the effective action obtained by the 
replica trick. Instead of the bosonization  technique[']^[*] which takes account 
of only the collective degreea of freedom, we here use the effective action 
with Grassmann representation to treat both of the interchain one-particle 
(individual) and two-particle (collective) processes. 

EFFECTIVE ACTION 
We consider an array of the half-filled random Hubbard chains. In Figs.l(a)- 
l(e), we show all the fundamental processes included here. The intrachain 
one-particle propagation to the right- and left-directions [Figs.l(a-1) and 
(a-2), respectively] is treated by linearizing the one-particle dispersion at 
the Fermi points. Scattering of electrons by the weak random potential 
at a spatial position, 3, is taken into account through a real field, q f s ) ,  

corresponding to random forward scattering [Fig.l (b-I)] and complex fields, 
[(I) and ('(I), corresponding to random backward scattering [Fig.l(b-2)]. 
We assume the random potential to  be governed by Gaussian distributions, 

pq exp [-D, 1 d+V(I)Z] , (1) 

PC exp 1-4 d+Zi.)EW] 1 (2) 

where D, = ( T N F T ~ ) - ~  and Df = ( T N F T C ) - ~  with rv,c and N F  being 
the scattering mean free times and the noninteracting oneparticle den- 
sity of states, respectively. At half filling, the intrachain interaction gen- 
erates the normal [Figs.l(c-1,2)] and umklapp (Fig.l(c-3)j scattering pro- 
cesses with dimensionless strengths, 91, gz and 93, for the backward, for- 
ward and umklapp scattering, respectively. Initial values of the intrachain 
scattering strengths are related to the on-site Coulomb repulsion, U , by 
glT0 = 9Z;O = g3:. = U / n u ~  at  half filling with V F  being the Fermi ve- 
locity. We here consider only the case of 91;o - 29~~0 < I  g3;o 1, where the 
most doniinant 1D power-law correlation is an antiferromagnetic one. Ac- 

cordingly, the most dominant ICEX process is in  the AF channel. Figures 
l(d-1) and (d-2) show the interchain one-particle hopping ( t l )  processes be- 
tween the nearest-neighbor chains for the right- and left-moving electrons, 
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INTERPLAY OF CORRELATION, RANDOM. 

respectively. Multi-tl- and g; (i = 1,2,3)-scattering processes generate dy- 
namically the interchain AF interactions during the renormalization. Their 
strengths in the normal and umklapp channels are denoted by J [Fig. (e-l)] 
and h' [Fig. (e-2)], respectively. 

FIGURE 1 Fundamental processes considered here. The solid and bro- 
ken lines represent the propagators for the right- and left-moving electrons, 
respectively. The wavy lines represent the intrachain two-particle scatter- 
ing (gl, gZ and g3). The zigzag lines represent the interchain oneparticle 
hopping, t ~ ,  from the i-th chain to the nearest-neighbor chain. The white 
and black squares represent the interchain AF interactions, J and K, in the 
normal and umklapp channels, respectively. i and j denote different chain 
indices. 

We consider quenched randomness, where the free energy is averaged 
over random potentials by the replica trick, In 2 = limN,o(ZN - i ) / N ,  for 
the partition function, 2. Here iV identical replicas are introduced with 
indices, a = 1,2 , . . . ,  N. We take an average (2N)rdom for integer N ,  
continue the result analytically to real N, and finally take the N -+ 0 limit. 

RENORMALIZATION-GROUP EQUATIONS 
Based on the bandwidth cutoff regularization scheme, we parameterize the 
temperature as T = Eoe-' with the scaling parameter 1. As 1 goes from zero 
to infinity, we move from high-temperature scales, where the system is re- 
garded as collection of isolated 1D chains, to low-temperature scales, where 
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the interchain coupling is substantial. Performing a scale transformation 
at the two-loop level and re-expressing the renormalized action at 1 + dl in 
terms of the renormalized coupling strengths, we obtain RG equations, 

dgl/dl = w1 - 26j1 - Dc, (3) 
dG2fdl = ~2 -2632 - B,, (4) 

dg3ldl = ~3 - 26g3, (5) 

dD,/dl = wq + (1 - 2tJ)D,, (6) 
dDc/dl = wc f (1 - 26)D,,  (7)  

d l n t l l d l  = 1 - 6 ,  (8) 

dli ldl  = -2j2g3c + 2(&&' + g3J) - JK, (10) 

dJldl  = -($ + 4g3')</2 i- &J/2 f 2g3K - 5'14 - K', (9) 

where Di = DiA/20~,  D,, = D q A / 2 v ~ ,  g1 = g1 - De, gz = g2 - D,, and 
i, = t , /Eo.  A is the length scale which characterizes inelastic scattering 
processes between differetlt replicas. The two-loop vertex correction dia- 
grams for 81, 6 2 ,  g3, B,, and D( give w1, wa, w3, wg and w,, respectively, 
and the two-loop self-energy  diagram^ give 8 .  The antributian of the dia- 
grams containing a loop coiiiiected to outer lines via the random scattering 
as shown in Fig. 2 is proportional to the number of replicas, N, and vanishes 
in the replica limit, N -t 0. 

FIGURE 2 A diagram which vanishes in the replica limit, N + 0. Note 
that the replica index of the internal loop, 7, runs from 1 to N. 

PHASE DIAGRAMS 
Based on the RG flows obtained through solutions of Eqs. (3) - (lo), we 
introduce the three characteristic scales, lb,, IFL and l * ~ :  

Dc = 1 at  I = /Ioc, ( 1 1 )  
t J E o  = 1 at  1 = ~ F L ,  (12) 

Ii = -w at 1 = I A F .  (13) 
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INTERPLAY OF CORRELATION, RANDOM ... [ 1363]/559 

Ibc is the scale which characterizes the crossover to  the Anderson localiza- 
I ion phase. We call this pha,se a, “one-dirr1ensiona1 Anderson localization 
( IDAL)  phase,” since the one-dimensional scaliiig procedure works dur- 
ing the crossover. IFL is the scale which charac.terizt?s the crossover to the 
tlrree-dirnensiotal FL phase with randomnms. IAF is the scale a t  which 
there occurs the phase tramition to the AF phue from the ICM phase. We 
solve the coupled KG equations, (3)  - (10). and check which of Eqs. (1.1) -. 
(131 is satisfied at the highest. energy scales, depending on the initial values 

of the c:oitplinq strengths, and olkain phase diagrams which are clad%xl 
into thr. followirip three cat cqories. 

(c) 
TIE 

Bf 0 tlsi fEv t i .0 fEo 

FIGURE 3 Phdse diagrams ol I s l i t *  system. ICM=incoherent metal phase. 
AFLSaiitiferroriingiietic phase. lDAL=oiie-diinensional Anderson localiza- 
t 1011 p hasc . F 1, = Fermi l i c p  I (1 ph we. 

I. Competitiorl between the AF phase and the lDAL phase [Fig.l(a)] 

For U z 0.3avp. Bv;ct = 0.01 and tL;() = 0.01E0, we obtain Fig.3(a) on 
the plane of the initial randoin backward scattering strength, &, and the 
temperatiire. Owiiig to the strong nmklapp scattering and the weak inter- 
chain one-particle hopping. the low temperature phases a.re determined by 

o u  between the AF coherence alrd the IDAL. We 4 8 6  that, the 

A P  trailsition tenipwiture, &, incwases with L)t;o, siiicc. during the renor- 
rnitlizatioir process growi.11 of D, suppresses 41 aild enhances 9,. Growth of 
lhr iimlilapp srat,t2ering p h y s  ari essentia.1 rule for the AF tratisition from 
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the ICM phase[']. 
II. Competition between the lDAL phase and the FL phase [Fig.f(b)l 

For U = 0 . 0 5 r u ~ ,  D,;o = 0.01 and D ~ ; o  = 0.2, we obtain Fig.3(b) on 
the plane of the initial interchain one-particle hopping integral, t l , ~ ,  and the 
temperature. Owing to the weak umklapp scattering and the strong random 
backward scattering, the low temperature phases are determined by the 
competition between the IDAL and the interchain one-particle coherence. 
111. Competition between the AF phase and the FL phase [Fig.3(c)] 

For U = 0 . 5 r v ~ ,  D n ; o  = 0.08 and & = 0.08, we obtain Fig.3(c) on the 
plane of tL$  and the temperature. Owing to the strong umklapp scattering 
and the weak random backward scattering, the low temperature phases are 
determined by the competition between the AF coherence and the interchain 
one-particle coherence. 

Finally, it should be noted that even inside the AF and FL phases in 
Figs.3(a)-(c), the randomness effects would work. This issue is beyond the 
scope of the present RG approach. 
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