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Abstract

We formulate a local picture of strongly correlated systems as a Feynman
sum over atomic configurations. The hopping amplitudes between these
atomic configurations are identified as the renonmalization group charges,
which describe the local physics at different energy scales. For a metallic
system away from half-filling, the fixed point local Hamiltonian is a gener-
alized Anderson impurity model in the mixed valence regime. There are
three types of fixed points: a coherent Fermi liquid (FL) and two classes of
self-similar (scale invariant) phases which we denote incoherent metallic
states (IMS). When the transitions between the atomic configurations
proceed coherently at low energies, the system is a Fermi liquid. Incoherent
transitions between the low energy atomic configurations characterize the
incoherent metallic states. The initial conditions for the renormalization
group flow are determined by the physics at rather high energy scales. This
is the domain of local quantum rhemistry. We use simple quantum chem-
istry estimates to specify the basin of attraction of the IMS fixed points.

1. Introduction

‘The anomalous normal state properties in the high T, super-
conductors have led to current theoretical interests in
addressing how electron-electron interactions can result in
non-Fermi liquid fixed points [1, 2]. For interacting fermion
systems in one dimension, the breakdown of Fermi liquid
theory occurs for infinitesimal values of the interaction and
can therefore be studied using a renormslization group (RG)
which is perturbative in the interaction strength {3].

In more than one dimension, such a perturbative RG
analysis has led to the conclusion that, Fermi liquid theory
describes weakly interacting systems with regular dispersion
[4]. Therefore, the breakdown of Fermi Kiquid theory, if it
occurs, is necessarily non-perturbative in the interaction
strength. Most of the previous approaches to this problem,
however, start with quasiparticle states and ask how singu-
larities can occur in the interaction vertex between these
quasiparticles. Motivated both by the non-perturbative
character of the problem and by the local character of the
interactions we approach the problem of the breakdown of
Fermi Liquid theory from the opposite end: the expansion
around the atomic limit suggested in Hubbard’s early work
[5]. The main difficulties with this approach is that a direct
perturbation expansion around the atomic limit is a classic
example of a singular perturbation problem which requires
a zeroth order solution before the perturbation expansion
can be attempted. This zeroth order solution is not available
except at very high temperatures. For these reasons, this

approach was largely abandoned by most of the con 3ensed
matter community. However, recent non perturbativ: solu-
tions of lattice models in large dimensions have revealed
that in certain regime of parameters the Hubbard descrip-
tion becomes asymptotically valid at low energies [8, 9]. An
important technical advance was the extension of carly
work of Haldane on the Andersom model [10], tlrough
which we have developed a systematic renormal zation
group method for arbitrary set of local configurations. This
allows us to contro! the perturbation expansion around the
atomic limit and, in the regime where non-trivial phases
occur, calculate with some rigor the low energy prope: ties of
incoherent metallic states (IMS) [9]. We stress that at the
end one ought to be able to express -our results, cerived !
using a local method, in a language that would make !
contact with perturbative calculations in the interactions. |
When this is done we may be able to identify som¢ simi-
larities between our ideas and those of the theorie: cited
earlier. In particular, we stress that the phases we identify
exhibit charge spin separation and power law type corre-
lation functions. These properties have striking analo zies to
the Luttinger liquid in one dimemsion, [3] and ‘o the
uniform RVB in the gauge theory formulation [11].

In this paper we outline a general framework for deter-
mining the conditions of the breakdown of Fermi :l.iﬁuid
theory, from a local analysis. We explain the pliysical
meaning of the parameters which control the local espects
of this phenomena, ie. the RG charges, as well iis the
reasons why they are scale dependent. In an incoherfent
metallic state the evolution of the RG charges as a fu action
of length scale, can be determined analytically at suffi:iently
low energies. At high energies the initial coqgitions.of the
flows can be determined by simple perturbative quantum
chemistry calculations. Assuming that the two regimes can *‘
be matched smoothly we specify the explicit parumeter |
range for which a two band model falls i e bisin of
attraction of the incoherent metallic phase.

2. The local view of a metallic system

The local description of a strongly correlated me st
from selecting a relevant set of “atomic coafigurations” in a
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take a cluster consisting of a single site with a small set of
atomic configurations. However, more general choices
(larger clusters or more general molecular configurations)
are possible. Locally the dynamics within this Hilbert space
is described by carrying out a Feynman sum over all the
local histories. Each history is described by a succession of
hops between the atomic configurations. The weight of each
path depends on the local physics and the coupling to the
neighboring sites. .

This idea can be made precise, in any number of dimen-
sions, by following Georges and Kotliar [7] in writing down
a path integral representation of the partition function and
integrating out all the electrons except for those in the selec-
ted cluster. The result of this process is an effective action
which describes the influence of the environment on the
quantum tunneling between the configurations (ie. the
“atomic states”) of the cluster. Formally, 7

e-Seff(r) = '[H’ d./,'* d.l,e—sl**.ﬂ (l)

where TI’ involves all sites except those in the cluster we are
interested and

SeeT) = gz jdrs ds; Tob w5,
X '/l:l(’tl)a (RS w:.(rn)ll’ﬁl(sl), L] 'l’ﬂ,.(sn) (2)

where y, are orbitals of interest.

The exact determination of the various I, for models in
finite spatial dimensions is a difficult problem. In infinite
dimensions [7], the effective action simplifies and contains
only a quadratic term, and quartic terms which are given by
the bare local interaction. In the absence of broken spatial
symmetries, the coefficient of the quadratic term, which in
previous publications was denoted by —Gg*, can be simply
related to the local correlators calculated with this action.
This paves the way for exact solutions of correlated models
in large dimensionality. We stress, however, that at this
~ point our general framework is not restricted to large
dimensions. What the large dimensionality limit allows us to
do is to calculate explicitly the effective actions and the local
corréTalion functions. In addition, from the knowledge of
the local physics one can reconstruct all the lattice corre-
lation functions [6, 7]. ‘

This local view opens the road to a classification of all the
possible low energy behaviors of metallic systems in the
limit of infinite dimensions. In finite dimensions this local
analysis can give a qualitative understanding of the nature
of the metallic state. The key point is that, while generically
the problem associated with S involves many configu-
rations and, hence, is not universal and belongs to the realm
of quantum chemistry, at low energies the physical content
of S, simplifies since it has to describe the fluctuations
between a very small number of low energy configurations.
If the configurations have the same charge, we are in an
insulating situation. The typical example for such a case is
provided by the Mott insulating phase which has been
studied recently in infinite dimensions [8]. If the system is
metallic, it has to fluctuate between low energy configu-
rations having different charges. A natural possibility is that,
e the low energy configurations with different charges are a

P

spin singlet and a spin doublet. If the S.¢ describes a
interacting with a bath with a nonsingular density o
one can write down the most general model which contains
a singlet and a doublet interacting and hybridizing with a
bath: this is the generalized Anderson impurity model in the
mixed valence regime.

From the local point of view, the survival or the demise of
Fermi liquid theory depends on how the quantum mechani-
cal hopping amplitudes are renormalized as we go to lower
energies. If these quantum mechanical hopping amplitudes

are renormalized to infinity, coherent hopping results in at
long time scales, and the system is a Fermi liquid. If they ¢re

renormalized to zero, at long time scales the transiticns
between the local states occur incoherently, and the
resulting state is an incoherent metallic state (IMS). Tha: a
transition between incoherent and coherent tunneling does
occur in two level systems coupled to an environment is
well understood in the context of the macroscopic quant m
tunneling [12]. To extend this idea to the strong correlat on
problem, we identify the coordinate that performs the
quantum tunneling with the atomic configurations of the
correlated system. We then carry out an RG analsis
describing the renormalization of the tunneling amplitudes
as a function of length scale.

The minimal model in this case is a three level syst:m,
with a singlet state and a spin doublet. The fact that the
coordinate lies in a three dimensional space brings together
the physics of spin and charge fluctuations, and gives ris: to
a novel zero temperature quantum phase transition, the
mixed valence critical point, which is in a new univers: Ity
class [9]. A detailed analysis of this critical point car be
found in our previous publications. Here we discuss the
physical content of our results, and stress the generality of
our ideas.

From the physical point of view, our picture has three
degrees of freedom which fluctuate without an encrgy
barrier. The spin flips are massless, since spin up and spin
down have the same energy due to the global spin rotz tion
invariance. The physical reason why the transition bet'veen
states with different local charges is massless is more st btle,
since it is not protected by any symmetry. In fact the break-
ing of local U(1) gauge invariance is characteristic of m etal-
lic state. The essential point [13] is that, in order fcr an
incoherent state to be metallic, it is necessary to allow for
charge transfer between the localized degrees of frecdom
and the bath. This can only happen if the local degree of
freedom is in equilibrium with the conduction electron bath.
This requires the heavy level to be at the chemical pot:ntial
causing the empty and the occupied states to have the same
energy.

This is reminiscent of recent approaches based on the
slave boson technique [11]. The slave boson des:ribes
the local charge fluctuation and remains incoherent n the
uncondensed phase. In both treatments we se¢ that, n the
IMS, the local gauge invariance which is broken ty the
coherent hopping is restored at low energies.

We therefore find an unusual situation, that the im purity
model that the large d system maps onto has a large " sym-
metry than one would have naively expected. The strongly
correlated metallic state is locally described by an im purity
model, a generalized Anderson model, in the mixed yalence
regime [7, 9].
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3. The universal low energy behavior

3.1. Fixed point hamiltonian

The generalized Anderson impurity Hamiltonian describes

three local states coupled to an electron bath with a smooth
density of states:

H= chckac,‘,+E¢d d, + 5 Zd d,d;.d,

a*o’

+Zt(d*c +hc)+V,Zd d,clc,

g, 0’

| 2

2 —

+ }_‘ T
©1,02,03,04

0101 o;a4d d C C (3)

where 7 label the Pauli matrices. The local spin singlet s>
and spin doublet |6) are denoted by the vacuum | 0> with
Eo = 0 and the singly occupied states d; |0) with E, = EQ
respectively. An infinite onsite interaction, U = oo, is intro-
duced to enforce the three dimensional restricted configu-
ration space. The hybridization t, the density-density
interaction ¥,, and the spin exchange interaction V, describe
the generic couplings between the local states and the elec-
tron bath.

Here ¢, describes the dispersion of the electrons in the
bath. Such a dispersion is determined by solving the self
consistency condition. We envision that below a scale 1, (the
low energy regime) the density of states is feature]ess and
can be taken to be a constant. We have shown that such a
non-singular density of states is self-consistent [9, 14].

At energy scales lower than 1,, we write the partition
function and the local correlation functions as Feynman
sums over trajectories in the local configuration space. We
envision calculating N point correlation functions of
Hubbard operators X, , at N values of imaginary time. The
insertion of Hubbard operators force the system to be at
certain configuration or to flip configurations at given
values of imaginary time. The amplitude for this process is
the sum over all trajectories consistent with these con-
straints. The weight for each trajectory depends of course on
the reaction of the electrons in the neighboring sites to a
given local trajectory. This exact representation is due to
Haldane [10]. It was recently extended by us, to incorporate
generic local configurations and couplings in all channels,
using a simple bosonization procedure. It has the, form:

z Z CXp (_S[tl’ LR ] Tn]) (4)

n=0 ay,...,

where

Sty ooos T = Y (Kl @) + K04y, 0;45) — K, Q)

i<j

— K(@;+y, 2) In u
o

- Z In (ya.'an 1) + z hc.‘u glu_lé(;—_‘t'? (5)

Here 7;, for i = 1, ..., n, labels the hopping event from local
state |a,) to o ,), and ¢, is the ultraviolet cutoff.

The fugacities y, , describe the amplitudes for quantum
hopping between the configurations |a) and |B). The

|

charge fugacity describes the hopping between two lccal
states with different charges and is determined by the
hybridization term, y, ., = y, = t&. Similarly, the spin fugac-
ity describes the hopping between two local states with dif-
ferent spin quantum numbers and is determined by the
transverse component of the exchange coupling, y, .,
v;=(V3/2)¢. The fields h, describe the energy split ing
among the local conhgurauons. They have to be introdu ced
since generically there is no symmetry between the local
many body configurations. In our three state problem, there
exists a spin rotational symmetry but not a symm:try
between spin and charge. Therefore, we introduce a iield
related to the d level E,,i.e. hg = —3E;¢ and h, = $E, &
The logarithmic interaction between the hopping ev:nts
(which can be thought of as defects) describe the reaction of
the electron bath towards disturbances at the impurity sites.
The bare values of the stiffness constants, ¢, = — K(0, o) and
¢;= —K(o, o' # o) are determined by the interaction
strengths. They provide the initial conditions of the re1or-
malization group flow, and will be discussed in detail in the
next section. The logarithmic interaction in the action (5)
can be written as a classical “spin” model with long ringe
1/r? interaction, Y K(a;, a;)&o/(t; — 7;))* [15]. This allows

i<j

us to adapt Cardy’s RG equations [15] to our problem.

3.2. Scaling equations

The renormalization group equations describe how the
fugacities evolve as a function of length scale. A detailed
derivation can be found in Ref. [9]. Here we quote the
results for the spin 1 case,

dy/dIn ¢ =(1-¢&)y, + y,y;
dy;/dIn ¢ = (1 — &)y; + y?
de/d In & = — 6¢,y? + & 2 y,) (6)
dej/d In & = —2e(y? + 2y})
dE;¢/d In & = (v} — y]) + E,&(1 — 3y))

In the renormalization of the fugacities, the linear terms
give the associated anomalous dimensions, while the cuad-
ratic terms reflect the non-abelian nature of our three state
problem. The renormalization of the stiffness constants
reflect the correction to interactions induced by the fuga-
cities. Finally, in the renormalization of the energy level, the
y? and y? terms arise due to the particle-hole asyminetry

[10].

3.3. Universality classes

The defects are bound together when the attraction a nong
them are strong enough. This leads to fugacities which are
renormalized to zero. As in the Kosterlitz-Thouless tran-
sition in the XY magnet, unbinding of the defects cccurs
when the attraction becomes weaker. In our case, &, und ¢;
reflect the strength of the long range interactions between
the defects.

Since the spin and charge defects are coupled, the
unbinding of these defects can occur at the same time or at
different stages. We find that, there can be three kiads of
fixed points.

Physica Scrina T49




168  G. Kotliar and Q. Si

The strong coupling mixed valence fixed point occurs
when both the spin and charge defects are unbound. Here
both the hybridization and the Kondo exchange are rele-
vant and, therefore, both the local spin and local charge
degrees of freedom are quenched. This state is in the same
universality class as the usual strong coupling phase of the
Anderson model. The basin of attraction of this case is given
bye < 1and arange of ¢; < 1 wheng > 1.

The weak coupling mixed valence fixed points occur when
both the spin and charge defects are bound. Here both the
hybridization and the Kondo exchange are irrelevant and,
therefore, neither the local spin nor the local charge degrees
of freedom are quenched. The basin of attraction for this
case is determined by ¢, > 1 and ¢; > 1.

The intermediate coupling mixed valence fixed points
occur when the spin defects are unbound while the charge
defects are bound [16]. The hybridization is irrelevant,
while the Kondo exchange is relevant. Therefore, local spins
are quenched while local charges are not. The basin of
attraction of this case is in a range within ¢, > 1 and g <l
Such an intermediate phase is the analog of the hexatic
phase in the two dimensional melting problem, in which
unbinding occurs for dislocations but not for disclinations
[17].

As the chemical potential is varied, the strong coupling
mixed valence state occurs within a crossover region over a
range of chemical potential. This range is determined by the
renormalized hybridization, as was characterized by
Haldane [10]. For the weak coupling and intermediate
coupling cases, the renormalized hybridization is zero.
Therefore, the mixed valence states occur at a critical chemi-
cal potential y,. As u deviates from g, , the mixed valence
states eventually crossover into either an empty orbital or a
local moment regime. It should be emphasized that, the
pinning effect discussed previously led to the conclusion
that, yu, corresponds to a range of total electron densities.

Within the strong coupling mixed valence state, an energy
scale (renormalized Fermi energy) is generated below which
quasiparticles appear. The low energy physics is described
by a coherent Fermi liquid.

In the weak coupling mixed valence state, no such energy
scale i1s generated, and the system is scale invariant. The
renormalized Fermi energy vanishes, resulting in a non-
Fermi liquid state — an incoherent metallic state. Local
correlation functions, both in spin and charge channels, show
algebraic behavior. Spin and charge excitations are asymp-
totically decoupled. .

In the intermediate coupling mixed valence state, a coher-
ent energy scale is generated in the spin channel, but not in
the charge channel. We have therefore a spin-charge
separated state with coherent spin excitations and incoher-
ent charge excitations. This state resembles the spin-charge
separated state that occurs in the gauge approach when
slave boson is not condensed [11], which has coherent
“spinon” excitations and incoherent “holon” excitations.

3.4. Critical behavior

The description of the physics in terms of defects allows us
to make several general statements about the zero tem-
perature quantum phase transitions between the various
states we defined. These are binding unbinding transitions in
0 + 1 dimensions.
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The transitions are characterized by the collapse of an
energy scale,

& ~ &0 exp [— 1/(e — &.)7] (N

For the transition between the Fermi liquid and the weak
coupling non-Fermi liquid states, the binding-unbindir g
transition for spin defects is driven by that of the charge
defects. Therefore, ¢; corresponds to the Fermi energy of tt e
Fermi liquid and the exponent # = 4. For the two stage
transition from the Fermi liquid, through the intermedia e
coupling non-Fermi liquid state, to the weak coupling no1-
Fermi liquid state, the & corresponds to the coherence ene ‘-
gies in the spin channel and in the charge chann:l
respectively, and the exponent 7 is 4 and 1 respectively.

4. The non-universal high energy behavior-quantum
chemistry

The low energy behavior of a metallic system is universal in
the sense that the behavior of the local correlation functior s
is controlled by the different fixed points of the impurity
hamiltonian described in the previous section.

In a previous publication we arrived at that impurity
model starting from an extended two band Hubbard mod:l
on a lattice in the limit of infinite dimensions [9]. We stre:s
however that the low energy description of the previots
section is in fact much more general. There are many lattice
hamiltonians, whose local physics at low energies s
described by the renormalization group egs (6). In particul: r
one can arrive at low energies at the impurity model of tte
previous section starting from a metallic one band systen\.
The role of the “light electrons” of Ref. [9] is now played ty
the incoherent part of the one particle Green’s function of
the one band system.

In fact one can arrive at our local low energy description
for a correlated metallic state from very general conside: -
ations. The local configurations are expected to have diffe: -
ent spin and charge quantum numbers, and can te
described by a spin doublet and a spin singlet. The electron
bath should have non-zero density of states near the Fernii
level. They are coupled generically in both spin and charge
sectors. Finally we also expect a one to one correspondence
between the local degrees of freedom and the degrees of
freedom of the bath, as embodied in the self consistency
condition.

While these assumptions are simple and natural they aie
by no means exclusive. Ruckenstein, Varma and collab¢-
rators have suggested that an impurity model with a bath
with several channels of screening electrons is related to tte
copper oxides [18]. These impurity models have not been
derived from a lattice model in large dimensions.

We now turn to the crucial question of the determination
of the initial conditions for our RG flows. This is a non
universal high energy question that depends on system to
system.

In an extended Hubbard model with the Lorentzian cas:,
the width of the scaling regime t, equals the bare conduc-
tion electron bandwidth. The initial conditions are dete -
mined by the phases shifts of the conduction electron bat,
which are directly related to the physical interacticn




—-—

strength. They are given as follows,
-1[-2-4) -]
2 noomn T @
é
d; (l -2 2> (8)

) Where the phase shifts are d, = tan™’ (np, V;) and 6, =
tan~* (np, V,/4), with p, the conduction electron density of
states at the Fermi level.

The basin of attraction for different phases given in the

revious section can now be specified in terms of the phase
hifts. The weak coupling non-Fermi liquid state occurs
hen 8,/n < —(/3 —1)/2 and &, < 0. The intermediate
oupling non-Fermi liquid state occurs over a range within
J/n < —(/3 — 1)/2 and 8, > 0. Otherwise, a Fermi liquid
tate emerges at low energies.
To determine the basin of attraction of the various phases
more realistic models, a more elaborate treatment of the
igh energy region is necessary. One has to solve first the
elf consistency equation for the parameters of the impurity
odel, and then integrate out the high energy states of the
purity to arrive at the low energy effective impurity
odel. Previous work on the Hubbard model demonstrated
hat, the impurity models that describe the local physics of
ttice problems are characterized by atomic like features
ubbard bands) and narrow resonances near the Fermi
vel. To treat the atomic like features in a narrow band
ituation we can carry out a poor man’s version. of a
vantum chemistry calculation to determine the initial con-
itions for the couplings that enter the low energy renor-
alization group flow.

To illustrate our idea, we parametrize the associated
’ mpurity problem, ie. the I', in S, using the following

o

amiltonian:
1Him9 = de:da +% ; d:dod:' do’ + £Ppg.cp0.a
o#*ao’
+ (Z)t., 2 Pjo + hc) — td] Po, + hoc)
ij
+ V9 az.,d+d Py ps + V9 z d}d,plp, )

Here ¢, and ¢, label the levels of the local d and p electrons,
both of which are determined by the corresponding levels
and the chemical potential of the lattice model. The
Hubbard interaction U is taken as infinite. t§; reflects the
toupling between P electrons at the local and the nearest
Teighbor sites. 77 parametrize the generic spectral function of
he electron bath We have also included the generic inter-
hction parameters between the d and p electrons, a repulsive
nteraction V¢ in the density-density channel, and an anti-
erromagnetic interaction V9 in the exchange channel. For a
bounded density of states, and when the hydridization is
arge we expect the inequality t > ¢,.

The scaling regime occurs within the energy range of t,
hear the Fermi level of the electron bath. At energy scales
arger than this bandwidth t,, we cannot apply the logarith-
mic RG based on decimation of the conduction electron

bandwidth and perform instead a poor man’s version of a
’ realistic quantum chemical calculation. We first ignore 1,
and diagonalize the local problem and label the twelve
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eigenstates by the charge N and the spin quantum numbers.
The eigenvectors and the eigenvalues are:

IN =0}
IN= la a, b> =(uld: + v1p6)|0>
IN =1, 0,ab) =(—v,d} + u,p;)|0)

IN=2,5b)= ( . ﬁ drps + vzp:pr)u»

1

2

Y d;p10)

IN=29 s, ab>=(“”2£aa' d:P:""“zP:pr)lO)

IN=2,t)=d’p’|

%|~

IN =3,0)>=d;p{p] |0}

E(N=0)=

EIN=1,b)=13(,+&—R,))

E(N =1, ab) = 3¢, + & + R))
EN=2sb)=¢,+3e,+e+ V) —V3—R))
E(N=2,sab)=¢,+ 5, + ¢, + VI — V3 + Ry)
EN=2ty=¢,+&+ Vi+ V3
E(N=3)=8d+2sp+2V‘,’ (10
Here “b”, “ab”, “s” and “t” refer to bonding and antibond-
ing combinations and singlet and tnplet states respectively.
The coherenoe factors are u2=1—v} = 3(1 + A/R,) and
wl=1-—0v=31+(QA—-V?+ VY/R,), where ¢, —

A R, = /AT 1+ 4% and R, _«/(A —VI+ VY + 8.

As we vary the chemical potential, the energies of thes:
local states vary. We consider the hole-doped regime, in
which case ¢, is such that the local doublet |[N =1, o, b>
and the ]oca] Zhang-Rice-like singlet |[N =2, s, b) ar:
almost degenerate, E(N =1, by~ E(N =2, s, b). Such 1
mixed-valence condition determines ¢, to be ¢, = 4R, - R,

— & =

+ V9 — V9), which in turn specifies the energies for various
excited states y: &) = E(y) — E(N = 1, b). They are given zs
follows,

gN=0)=32R, +A— R, + V{ — V9

&N =1, ab) =

&N = 2,s,ab) =

eN=21)=3R,—A+V$+3V9
oN =3)=12R, — A — R, + 2V + 2V9) (68))

We now integrate out approximately the high enerzy
eigenstates using second order perturbation theory to con-
struct the low energy effective Hamiltoman:

Heff = 84(2 IU)(O’I - |s><s|)
+ '(Z laX<s|p?, sgn (0) + h.c.)

~

A
-ny Ia><o'|p, Por +—4—

g, 0’

x Z To102

01,02, 03,04

c;«ul 01><62‘p03p04 ‘12)
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with the various parameters given by:
R 3
gN=0) 2¢N=21 ¢N-=23)

~ 1
V= 5 (tgl)z(_'

+——£—-—(vu —Mz
gN =1,ab)\ 2! V2

- 1 v? 1 u?
— 2 (p )2 1 _ 2 1
V2 =35, (e(‘N =0 2aN=21

+____1_(,,u LAY
fN=25a)\ "7 f

F=op, (13)

By using a suggestive notation, we define a new vacuum
|vac) =s*|0), and creation operators for the doublet
d; =|0){s| which obey a no double occupancy constraint.
After  performing a  particle-hole  transformation
pI,sgn(o)— p,, the effective Hamiltonian given in eq. (12)
reduces to the Hamiltonian, eq. (3) described in the previous
section with ¥, = ¥, and V, = V,. We can now apply the
RG analysis to determine the basin of attraction of the
various phases. As stated above it is natural to express the
answers in terms of the effective phase shifts 5, =

tan~! (np¥,) and &, = tan~?! (npV,). The system renorma-
lizes into the weak coupling non-Fermi liquid state if
8y/m < — (/3 —1)2and 8, <0, and into the intermediate
coupling non-Fermi liquid state if §,/n < —(,/3 — 1)/2 and
5,>0.

The effective interactions, given in eq. (13), depend on the
way high energy states arrange among themselves which in
turn is determined by the quantum chemistry of the
problem. The basin of attraction of the non-Fermi liquid
states occurs when &N = 0) or &N = 3)is small. It is easy to
see from eq. (9) that, &N = 0) is small for a strong anti-
ferromagnetic V9 and a weak repulsive V9. We explored the
parameter space ¢, V{ and V9 for a given A, and found that
for large V3 and small V¢ the non-Fermi liquid regime is
larger when the hybridization increases.

In Fig. 1, we plot ¥,/(ty;)? and P,/(t,,)? as a function of
V9 fora A=2,t=1, and ¥$=0. It can be seen that,
Vi/(to1)* turns to negative when V9 is large enough, and
diverges upon approaching (V9), ~ 2415 at which
&N = 0) = 0. This divergence is not physical but indicates
the breakdown of second order perturbation theory. Qualit-
atively we can say that the intermediate phase is realized
when the quantum chemistry of the problem is such as to
have a low lying excited “empty state”. This happens when
the Kondo exchange which stabilizes the Zhang-Rice singlet
is large and when the hybridization ¢ is comparable to A.

Finally, we observe that, in finite dimensions, the incoher-
ent metallic states cannot be stable at zero temperature. The
algebraic decay of the local correlation functions are symp-
tomatic of a superconducting instability that sets in at a
finite energy scale T,. The feedback of the long range order
over the single particle properties is down by powers of 1/d.
In finite dimensions the coupling of the long range order on
the local physics modifies the local effective action at tem-
peratures T < T, and has the effect of cutting off the power
law singularities. Nevertheless, the incoherent metallic states
have a well defined existence at temperatures T, < T < o,
in ‘the same sense that the paramagnetic Mott insulating
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Fig. 1. Effective interactions ¥,/(5,)? (solid line) and V,/(5,)? (dashed line)

as a function of the “bare” interaction V3 defined in the text. The param-
etersare A =2, =1,and V9= 0.

phase is well defined only for Ty, < T < &r, Ty being the
Neel temperature.

The ideas presented here approach the problem of the
breakdown of Fermi liquid in strongly correlated fermion
systems in the same spirit that the combination of the
Anderson-Yuval RG calculation coupled to the Nozicres
strong coupling fixed point analysis solves the aiti-
ferromagnetic Kondo problem. It provides a conceptual
framework, in which one solves a complicated problem by
treating it with different tools at different energy scales. " “he
Kondo problem involves the spontaneous generation ¢f a
scale. Therefore it is self-similar at short distances, :ind
requires strong coupling methods at long distances. Here we
find ourselves in the opposite situation: the problem is to
understand the generation of a scale invariant self-sim lar
low energy regime. The strong coupling methods are applied
at high energy scales, and the renormalization group, wlien
started with the correct quantum chemistry initial cor di-
tions, drives us towards the weak coupling self-sim lar
regimes.
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