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Phase diagram of the CuQ chains in YBaCu304,4, and PrBa,Cu3Og.
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We use a mapping of the multiband Hubbard model for €efains inR Ba,Cu;Og., « (R=Y or a rare
earth onto at-J model and the description of the charge dynamics of the latter in terms of a spinless model,
to study the electronic structure of the chains. We briefly review results for the optical conductivity and we
calculate the quantum phase diagram of quarter filled chains including Coulomb repulsion up to that between
next-nearest-neighbor Cu atoMs, using the resulting effective Hamiltonian, mapped ontX&(¥ chain, and
the method of crossing of excitation spectra. The method gives accurate results for the boundaries of the
metallic phase in this case. The inclusion\gf greatly enhances the region of metallic behavior of the chains.
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There is consensus in that the electronic structure ofccording to their parameters, while the auth@ssumehat
RBa,Cu;05. 4 (R=Y or a rare earthcan be separated into the hole occupation of the Cuy@hains is 0.5 in both cases.
that of the two Cu@ planes per unit cell which become Thus this explanation seems to require a gap in the chains to
superconducting under doping, and that of the guGsub-  be consistent.
system, in which Cu@chains are formed for oxygen content  However, all he above data can also be consistently ex-
x=0.5 and low temperaturésThe electronic structure of the Plained assuming intrinsicallynetallic chains cut by~5%

CuO; chains is crucial because it controls the doping of thePf defects or oxygen vacanciez+0.95), which is usual in

superconducting Cudplanes. The dependence of the Super_these system$. The appropriate multiband model for CyO

conducting critical temperatur&, with annealing com-  chains was mapped numerically intota) model with t

bined with Raman measuremehtnd persistent photocon- ~0.85 ?V andJ~O.2'eV. With thgse parameters., the de-
ductivity experiment4;® show an intimate relation between crease in the occupation of the chains upon replacing Y by Pr
' is only 0.05. Taking into account that the charge dynamics of

i .6
thz o_xyge? orderr]m_g n the Cu(q:Ihanes and‘{c.f ?Xy?('fg %ﬂe model can be described up to a few percent by a spinless
ordering along chains increases the amount of twofold ang " o\en ford/t=0.41314 charge modulations and the

fourfo]d coordinated Cu atoms at .the expense of threefol_q) tical conductivity can be explainéd.in particular, the
coordinated ones, and leads to an increase in the hgle dOp"I@\/er energy part of the latter is given by

of the superconducting Cy(lanes. Detailed calculations of

the relation between electronic and atomic structure in

RBa,Cu0Oq. 4, together with a simple explanation of the o(w)= ﬁexp(—A/w), (1
above facts valid in the strong-coupling limit were 2

presented. These results show the relevance of interatomic

Coulomb interactions. In addition even near the optimumWith

doping (~1/5 holes per Cu atom in the plangthe average
distance between carriers is of the order of two lattice pa-
rameters of the planes suggesting that interatomic repulsion
at smaller distances are screened only partially.

Several pieces of evidence suggest that the {el@ins  andc=1-x is the concentration of oxygen vacancies . The
are insulating. For example, PrBawO; is semicon- experimental results were fitted using= 0.35 eV13 The re-
ducting/ and the contribution of the CuQhains to the op- sulting optical conductivity below 0.4 eV is shown in Fig. 1.
tical conductivity () is very similar in this compoufd Note that in spite of the metallic character of the chains, as a
and in superconducting YBE&WOg,,>'° displaying a consequence of the oxygen defeetéw) has a pseudogap at
broad peak neab~0.2 eV and a slowly falling tail at higher low energies. The experiments cannot confirm this due to
frequencies. Also, charge modulations observed by scannirigrge errors forw<0.1 eV However, recent STM stud-
tunneling microscopySTM) were interpreted in terms of a ies of the local density of states detect a pseudogap of about
charge-density wave and a gap in the spectrum of th@5 meV and numerous intragap resonariée$he latter
chains* Finally, in the explanation of Fehrenbacher andmight be explained by the effect of defects on superconduc-
Rice of the suppression of superconductivity upon substituttivity in the chains induced by proximif§, but also in prin-
ing Y by Pr in YBaCuwO;, they propose that the holes ciple by eigenstates of long finite metallic chains. Unfortu-
which dope the superconducting Cuflanes in YBaCu; O, nately, the local density of states of the one-dimensionhl
are displaced towards a hybrid Pr-O state in B80;.'>  model depends also on the spin-wave function and cannot be
This implies a shift in the Fermi level of about 0.25 eV described solely by spinless fermioHs®

2
e
A=-2tmIn(1—c)sinkg; B= z(l—cz)t Sinkg,
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- - T T T TABLE |. Quantum numbers of the ground state and the first
1.0+ excited state of the different phases fomultiple of four.
3
o 08} K s P T
S~
fé\ Ground state 0 0 1 1
% 06 Exc. spin fluid T *1 -1 -
Exc. AFI T 0 -1 -1
04| Exc. dimer, AFII T 0 1 1
0.2 . . . .
dure. This procedure usually terminates at a fixed point,
which determines the properties of the system for the initial

00 =0 100 180 200 250 300 350 a00  barameters given. A phase transition occurs when the flow
goes towards a different fixed point. Since the renormaliza-

o (meV) tion group is a weak-coupling approach, the phase bound-

aries are not given accurately by the method for large inter-

actions. The basic idea of the method of level crossings is to
combine numerical calculations of excitation levels with ba-
sic knowledge on the properties of these fixed points. The

The natural candidate to open a gap in the effecti more interesting phase transitions involve one fixed point
model for the Cu@ chains is the nearest-neighbor repulsion_ = ~ '9 pn L, P
which is scale invariant. This is for example the case of the

V1. Keeping the assumption that the charge dynamics is d X XZ model with next-nearest-neighbor interactions studied

scribed by a spinless model, one expects that a gap opens fof ; .
V;>2t~1.7 eV |f the Coulomb repulsions were com- By Nomura and Okamot. The spin fluid phase of Eq3)

pletely unscreenel; ~e?/b=3.6 eV, whereb is the lattice [which corresponds to the metallic phase of B, like that

parameter along the chains. Recently Seo and Ogata showgaan ordinary Heisenberg model is characterized by a scale
that inclusion of next-nea}est-neighbor repulsivla en- Mvariant fixed point? Then, using conformal field theory

o . one can relate the excitation energy which corresponds to
hances the range of stability of the metallic phase, calculat- . A, ~
: : 21 some operatoA; at sitei (for example a spin flis", S),
ing the gap as a function af,.

We calculate the phase diagram of the spinless mode[o the dependence of the correlation functions of this opera-

includingV; andV, using the method of crossing of excita- or with distanced, for larged:
tion levels?>~24 Actually, the mapping of the energy of the
one-dimensionat-J model into that of a spinless model is
strictly valid only for J=0,1"2%?1put we expect it to be a
very good approximation fo#/t<0.4.2*'4The advantage of
the method of level crossings, briefly explained below, oveiHereL is the length of the systenp, the spin-wave velocity,
previous approach&s?is the accuracy that can be achieved E4(L) the ground-state energfa(L) the lowest energy in
for the phase boundaries. This has been shown for examptie adequate symmetry sectopnnected to the ground state
in its application to the Hubbard model with correlatedpy A;) and x, the critical dimension for the excitatioA.
hopping®#”in comparison with exact resufs. Since the dominant correlations at large distances determine
In standard notation, the model is the nature of the thermodynamic phase, a phase transition is
determined by the crossing of excited levels for different
symmetry sectors.
In the present problem, the relevant quantum numbers
which determine the symmetry sector are total wave vector
with n;=cfc;. Using a Jordan-Wigner transformati® K, total spin projectior§?, parity under inversio® and par-
=ch expim= < n), Sj’z(Sf)T, S{znj—l, the model can be ity under time reversal. We have restricted our calculations
mapped into anXXZ model with next-nearest-neighbor to number of sited multiple of four to avoid frustration of
antiferromagnetic Ising interaction, the phase which we call AFl(see below. For these sizes,
the quantum numbers of the ground state are always the
- XX vy rez rez same in the region of parameters studied. They are listed in
H—Ei [J1(S'S 1+ 55, 1) +A1S S 1 +A55S 5], Table I, together with the quantum numbers of the first ex-
(3) cited state of each phase. Our main interest are the bound-
aries of the spin fluid phase of the spin model Bj.which
wheres,ﬁ is the 8 component of the spin-1/2 operator at site corresponds to the metallic phase of E2). With increasing
i, Jy=2t, andA;=V, .2 A; (A,) there is a continuous transition to an insulatingeNe
A successful approach to describe the qualitative propererdered(dimerized phase’? The Neel ordered phase, which
ties of one-dimensional strongly correlated systems isve call antiferromagnetic(AFI) for maximum order param-
bosonization followed by a renormalization-group proce-eter has a spin ordering|1]--- and corresponds to a

FIG. 1. Low-energy part of the optical conductivity of C4O
chains forA=0.35 eV[see Eq(1)].

2mTuXp 1
EA(L)_Eg(L):T-<Ai+dAi>~@- (4)

szi [t(c], (Ci+H.cH+Vinn 1+ Voninio], (2
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charge ordering 1010 in the original model Eq(2). The 3.00 ‘ , ‘ ‘ - ‘ RSP
dimer phase has a gap which is exponentially small near the 275 ¢ AFII e
metallic phasé? This renders it very difficult to detect the 250 - 001100 T
transition with alternative numerical methodsThe transi- 225 ¢ N

tions between any two of these three phases were determine  2.00 ¢
accurately from the corresponding crossing of excited levels _ 1.75 |
(see Table)l In addition, with increasing\,, we expecta 2 150 :
transition from the dimer phase to an AFIl a phase with <1 1.25 ;07§
long-range ordet 7] | - - - (corresponding to charge ordering 100 £ gSpIN FLUID
1100 - -). This transition cannot be detected by crossing of 075 F  y4erp) | 10
first excited states. Since it involves two insulating phases, it 050 ¢
is not described by a scale invariant theory and is also be- 025
yond our scope. For the sake of completeness we have draw .00 ==t i ot et
a tentative dimer-AFIl boundary using the rough criterium ' ' ' ' A
that the system is in the AFIl phase when the ground-state v
correlation function(calculated deriving the energy using  FIG. 2. Phase diagram of the effective model for Gubains
Hellmann-Feynman theoreniSS/, ,)< — 1/8. For the other  [Egs. (2) or (3)] as a function ofA,/J;=V,/2t and A,/J;
transitions, we have calculated the transition points in sys=V,/2t.
tems withL=12, 16, and 20 sites. According to field theory
predictions for large enoudh these points Elotted as a func- RBaCuOg,x. For unscreened interaction®/; =2V,
tion of 1.2 should lie on a straight lin&?’We have veri- =3.6 eV. UsingJ;=2t=1.7 eV, one can see from the
fied that this is the case for the three transitions with highphase diagram that the system falls in the metallic phase
accuracy. The linear fit provided the transition point extrapo-€ven in this extreme case. Insteadyif were neglected the
lated to 1L.2—0, and is error. The error is below 1% in chains would be in an insulating charge ordered state for the
all cases, confirming the validity of the method in the samet andV;.
present case. A numerical mapping of the appropriate multiband Hub-
The resumng phase diagram is shown in F|g 2. WQ" bard rPgOdeI for the chains totaJ model im:iicates thad/t
=A,=0, the known exact resul&® are reproduced: there is <1/4.” Itis reasonable to expect that turnidgo zero does
a transition from the spin fluidmetallio phase to the AFI NOt change sustantially the phase diagram. e, the

(charge density wayephase atA;=J, (V;=2t). Another mapping from the generalizaedd model to the spinless
known limit is the classical ond;—0 (t—0), for which model is exact and our results lead to the conclusion that the

there is a transition between both AF phases Ast CUQ" .Ch"ﬁ'ns |nRI|3|_a2Cgt())6+x ((F;:T] ora raredelart.hare
=A4/2 (V,=V1/2). Our results are consistent with this :rl[rllns&ca y rEe.t% KI:. .”se.rve : % argc(ja bmg ?at'or}.sk aga
limit. However, there is a strip of width-J, =2t of a dimer Ikely due t9|_h ne 3 fosm ations in ucg Y qedcts, (; s h
phase between both Aiharge ordered insulatinghases. vacancies. These defects or superconductivity induced by the
This is reminiscent of the physics of the ionic HubbardCuoz planes can also lead to the observed pseudogap

model, for which a strip of a dimer phase of width0.& in behavior.

the strong-coupling limit separates the band insulating and
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