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Universal sign change of thermopowermining Ppl, Ppl is converted from PTc
by using the relation in

Fig. 2!c" discussed below. To clearly label how Ppl was de-
termined for each sample or data set used in this paper, we
use the following character to designate such that I to be the
second method if the cited data have no TEP but Tc and II to
be the third method if the cited data has only PTc

. This des-
ignation to indicate the origin of Ppl will be used in Tables
V–IX and in Figs. 3–6. We will use no designation whenever
Ppl is directly determined from the TEP. All the HTSs used in
the present analysis are summarized in Table I.

We examine various characteristic temperatures and ener-
gies of HTSs for constructing the phase diagram. The
pseudogap is generally observed as the characteristic tem-
perature derived by a scaling of the temperature dependence,
as a distinct change in the slope of the temperature depen-
dence or as a peak value in the energy dispersion at a fixed
temperature. Therefore, a reliable estimation can only be
achieved through using a wide temperature or energy range.
We only chose the characteristic temperatures and energies
obtained by direct observation or those obtained through
careful analysis of the data covering a wide temperature or
energy range. For example, when T! is derived by the scaling
of the temperature dependence observed below 300 K, T!’s
over 300 K is not used.

The pseudogap was first noticed as the temperature show-
ing a broad maximum in !T1T"!1 vs T curve.82 The charac-
teristic temperatures are observed as a broad maximum in the
temperature dependence of S vs T !Ref. 8" and ! vs T.65 S!T"
can be scaled by S!TS

!" and TS
!.24 The resistive pseudogap

temperature !T"
!" is defined as a temperature where the resis-

tivity bends downward from the linear temperature depen-
dence at the high temperature.60 The similar characteristic
temperatures are observed also in # vs T.61 The pseudogap
by the QPR is observed as the gaplike behavior in substantial
transient change of the optical transmission or reflection in-
duced by ultrashort laser pulse photoexcitation.66 The
ARPES and tunneling experiments provide us with the char-
acteristic energies and temperatures, such as the peak and

TABLE III. The Tc
max. and Ppl

opt. for single-layer HTSs plotted in
Figs. 1!a"–1!c".

HTS Tc
max. !K" Ppl

opt. Ref.

SrD-La214 39.4 0.16 27
SrD-La214 37 0.16 28
SrD-La214 36 0.16 29
SrD-La214 38 0.16 30
OD-Hg1201 97 0.235 31 and 32
CD-Bi2201 35.5 0.28 33
CD-Bi2201 33 0.28 34
OD-Tl2201 93a 0.25a 7, 35, and 36

aWe use the reported highest Tc=93 K as Tc
max. !Ref. 37". From the

plot of Tc vs Ppl in Fig. 1!a", the optimal Ppl is estimated to be
#0.25. The detail is in the text.

FIG. 2. !Color online" S290 as a function of the hole-doping content per CuO2 plane. !a" S290 !$7 %V /K" on the upper panel is plotted
on a logarithmic scale, while !b" S290 !&7 %V /K" on the lower panel is plotted on a linear scale. The plotted data are summarized in Table
IV. !c" Quantitative comparison between Ppl and PTc

. The dotted line shows Ppl= PTc
. We used this relation for the conversion from PTc

into
Ppl. The error of Ppl is below 0.04 for the CD-Bi2201 and below 0.01 for all other HTSs. The error bar for the other materials is not shown.
The shaded area represents a region with the Ppl error of '0.01 around the universal S290!Ppl" curve.
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by using the relation in

Fig. 2!c" discussed below. To clearly label how Ppl was de-
termined for each sample or data set used in this paper, we
use the following character to designate such that I to be the
second method if the cited data have no TEP but Tc and II to
be the third method if the cited data has only PTc

. This des-
ignation to indicate the origin of Ppl will be used in Tables
V–IX and in Figs. 3–6. We will use no designation whenever
Ppl is directly determined from the TEP. All the HTSs used in
the present analysis are summarized in Table I.
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temperature. Therefore, a reliable estimation can only be
achieved through using a wide temperature or energy range.
We only chose the characteristic temperatures and energies
obtained by direct observation or those obtained through
careful analysis of the data covering a wide temperature or
energy range. For example, when T! is derived by the scaling
of the temperature dependence observed below 300 K, T!’s
over 300 K is not used.

The pseudogap was first noticed as the temperature show-
ing a broad maximum in !T1T"!1 vs T curve.82 The charac-
teristic temperatures are observed as a broad maximum in the
temperature dependence of S vs T !Ref. 8" and ! vs T.65 S!T"
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dence at the high temperature.60 The similar characteristic
temperatures are observed also in # vs T.61 The pseudogap
by the QPR is observed as the gaplike behavior in substantial
transient change of the optical transmission or reflection in-
duced by ultrashort laser pulse photoexcitation.66 The
ARPES and tunneling experiments provide us with the char-
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TABLE III. The Tc
max. and Ppl

opt. for single-layer HTSs plotted in
Figs. 1!a"–1!c".

HTS Tc
max. !K" Ppl

opt. Ref.

SrD-La214 39.4 0.16 27
SrD-La214 37 0.16 28
SrD-La214 36 0.16 29
SrD-La214 38 0.16 30
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aWe use the reported highest Tc=93 K as Tc
max. !Ref. 37". From the

plot of Tc vs Ppl in Fig. 1!a", the optimal Ppl is estimated to be
#0.25. The detail is in the text.

FIG. 2. !Color online" S290 as a function of the hole-doping content per CuO2 plane. !a" S290 !$7 %V /K" on the upper panel is plotted
on a logarithmic scale, while !b" S290 !&7 %V /K" on the lower panel is plotted on a linear scale. The plotted data are summarized in Table
IV. !c" Quantitative comparison between Ppl and PTc

. The dotted line shows Ppl= PTc
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Ppl. The error of Ppl is below 0.04 for the CD-Bi2201 and below 0.01 for all other HTSs. The error bar for the other materials is not shown.
The shaded area represents a region with the Ppl error of '0.01 around the universal S290!Ppl" curve.
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Unified electronic phase diagram for hole-doped high-Tc cuprates
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We have analyzed various characteristic temperatures and energies of hole-doped high-Tc cuprates as a
function of a dimensionless hole-doping concentration !pu". Entirely based on the experimental grounds, we
construct a unified electronic phase diagram !UEPD", where three characteristic temperatures !T!’s" and their
corresponding energies !E!’s" converge as pu increases in the underdoped regime. T!’s and E!’s merge together
with the Tc curve and 3.5kBTc curve at pu#1.1 in the overdoped regime, respectively. They finally go to zero
at pu#1.3. The UEPD follows an asymmetric half-dome-shaped Tc curve, in which Tc appears at pu#0.4,
reaches a maximum at pu#1, and rapidly goes to zero at pu#1.3. The asymmetric half-dome-shaped Tc curve
is at odds with the well-known symmetric superconducting dome for La2!xSrxCuO4 !SrD-La214", in which two
characteristic temperatures and energies converge as pu increases and merge together at pu#1.6, where Tc goes
to zero. The UEPD clearly shows that pseudogap phase precedes and coexists with high temperature super-
conductivity in the underdoped and overdoped regimes, respectively. It is also clearly seen that the upper limit
of high-Tc cuprate physics ends at a hole concentration that equals to 1.3 times the optimal doping concentra-
tion for almost all high-Tc cuprate materials and 1.6 times the optimal doping concentration for the SrD-La214.
Our analysis strongly suggests that pseudogap is a precursor of high-Tc superconductivity, the observed quan-
tum critical point inside the superconducting dome may be related to the end point of UEPD, and the normal
state of the underdoped and overdoped high temperature superconductors cannot be regarded as a conventional
Fermi liquid phase.
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I. INTRODUCTION

The unique hallmark of high temperature superconductors
!HTSs" is a pseudogap phase characterized by the observa-
tion of a multiple pseudogap temperatures !T!’s" and
pseudogap energies !E!’s" by a large number of different
experimental probes. While the pseudogap phase precedes
the high temperature superconducting phase characterized by
the superconducting transition temperature !Tc" and super-
conducting gap energy !"c", it is not clear how T!, Tc, E!,
and "c are related to each other. Specifically, how are T! and
E! related to the occurrence of the high-Tc superconductivity
is still unclear. Is pseudogap a sufficient and/or necessary
condition for high Tc or is it just a complication of specific
material systems? Is it collaborating or competing with su-
perconductivity? For instance, it is argued that the pseudogap
is a competing order that may have nothing to do with high
Tc.1 On the other hand, it is also suggested that the
pseudogap is intimately related to high Tc.2,3 To distinguish
these, two contradictory pictures that are critical to the
mechanism of high-Tc superconductivity requires a compari-
son of various characteristic temperatures and energies in a
universal phase diagram for all HTSs. Any systematic behav-
ior derived from this kind of phase diagram will provide true
intrinsic properties of HTS that are free from material-
specific complications. However, up until now, there is no
such a comparison made and no such phase diagram is avail-
able. We have analyzed numerous published data in the lit-
erature. We carefully select 27 HTSs: 11 single-layer, 11
double-layer, and five triple-layer HTSs, as summarized in

Table I. The selection criteria will follow when we discuss
the construction of the figures. There are 16 different experi-
mental probes used for these 27 HTSs, which are summa-
rized in Table II. In this paper, we unify the characteristic
temperatures of all these data of 27 HTSs on one single
phase diagram entirely based on our proposed universal hole
concentration scale that itself is also based on experimental
results.

In the single-layer SrD-La214, where the hole-doping
concentration can be unambiguously determined from the Sr
content !x",4 Tc!x" exhibits a well-known symmetric bell-
shaped curve, i.e., the so-called superconducting dome, with
a maximum Tc !Tc

max" located at x#0.16.5 The symmetrical
dome-shaped Tc curve or the superconducting dome is ap-
proximately represented by the following parabola:

1 !
Tc

Tc
max = 82.6!x ! 0.16"2. !1"

Assuming that all HTSs have the identical symmetric super-
conducting dome, x can be replaced with the hole-doping
concentration !PTc

". Then, this relation could be used to de-
termine the hole-doping concentration for many other
HTSs.5–23 Using this hole-scale based on the superconduct-
ing dome, the PTc

-scale, various phase diagrams have been
constructed.1 A distinct feature in one of such phase dia-
grams is that T! crosses the superconducting dome and
reaches zero at a quantum critical point !QCP" inside the
dome.1,6 On the other hand, without using the PTc

scale,
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Universal sign change of thermopowermining Ppl, Ppl is converted from PTc
by using the relation in

Fig. 2!c" discussed below. To clearly label how Ppl was de-
termined for each sample or data set used in this paper, we
use the following character to designate such that I to be the
second method if the cited data have no TEP but Tc and II to
be the third method if the cited data has only PTc

. This des-
ignation to indicate the origin of Ppl will be used in Tables
V–IX and in Figs. 3–6. We will use no designation whenever
Ppl is directly determined from the TEP. All the HTSs used in
the present analysis are summarized in Table I.

We examine various characteristic temperatures and ener-
gies of HTSs for constructing the phase diagram. The
pseudogap is generally observed as the characteristic tem-
perature derived by a scaling of the temperature dependence,
as a distinct change in the slope of the temperature depen-
dence or as a peak value in the energy dispersion at a fixed
temperature. Therefore, a reliable estimation can only be
achieved through using a wide temperature or energy range.
We only chose the characteristic temperatures and energies
obtained by direct observation or those obtained through
careful analysis of the data covering a wide temperature or
energy range. For example, when T! is derived by the scaling
of the temperature dependence observed below 300 K, T!’s
over 300 K is not used.

The pseudogap was first noticed as the temperature show-
ing a broad maximum in !T1T"!1 vs T curve.82 The charac-
teristic temperatures are observed as a broad maximum in the
temperature dependence of S vs T !Ref. 8" and ! vs T.65 S!T"
can be scaled by S!TS

!" and TS
!.24 The resistive pseudogap

temperature !T"
!" is defined as a temperature where the resis-

tivity bends downward from the linear temperature depen-
dence at the high temperature.60 The similar characteristic
temperatures are observed also in # vs T.61 The pseudogap
by the QPR is observed as the gaplike behavior in substantial
transient change of the optical transmission or reflection in-
duced by ultrashort laser pulse photoexcitation.66 The
ARPES and tunneling experiments provide us with the char-
acteristic energies and temperatures, such as the peak and

TABLE III. The Tc
max. and Ppl

opt. for single-layer HTSs plotted in
Figs. 1!a"–1!c".

HTS Tc
max. !K" Ppl

opt. Ref.

SrD-La214 39.4 0.16 27
SrD-La214 37 0.16 28
SrD-La214 36 0.16 29
SrD-La214 38 0.16 30
OD-Hg1201 97 0.235 31 and 32
CD-Bi2201 35.5 0.28 33
CD-Bi2201 33 0.28 34
OD-Tl2201 93a 0.25a 7, 35, and 36

aWe use the reported highest Tc=93 K as Tc
max. !Ref. 37". From the

plot of Tc vs Ppl in Fig. 1!a", the optimal Ppl is estimated to be
#0.25. The detail is in the text.

FIG. 2. !Color online" S290 as a function of the hole-doping content per CuO2 plane. !a" S290 !$7 %V /K" on the upper panel is plotted
on a logarithmic scale, while !b" S290 !&7 %V /K" on the lower panel is plotted on a linear scale. The plotted data are summarized in Table
IV. !c" Quantitative comparison between Ppl and PTc

. The dotted line shows Ppl= PTc
. We used this relation for the conversion from PTc

into
Ppl. The error of Ppl is below 0.04 for the CD-Bi2201 and below 0.01 for all other HTSs. The error bar for the other materials is not shown.
The shaded area represents a region with the Ppl error of '0.01 around the universal S290!Ppl" curve.
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Unified electronic phase diagram for hole-doped high-Tc cuprates
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We have analyzed various characteristic temperatures and energies of hole-doped high-Tc cuprates as a
function of a dimensionless hole-doping concentration !pu". Entirely based on the experimental grounds, we
construct a unified electronic phase diagram !UEPD", where three characteristic temperatures !T!’s" and their
corresponding energies !E!’s" converge as pu increases in the underdoped regime. T!’s and E!’s merge together
with the Tc curve and 3.5kBTc curve at pu#1.1 in the overdoped regime, respectively. They finally go to zero
at pu#1.3. The UEPD follows an asymmetric half-dome-shaped Tc curve, in which Tc appears at pu#0.4,
reaches a maximum at pu#1, and rapidly goes to zero at pu#1.3. The asymmetric half-dome-shaped Tc curve
is at odds with the well-known symmetric superconducting dome for La2!xSrxCuO4 !SrD-La214", in which two
characteristic temperatures and energies converge as pu increases and merge together at pu#1.6, where Tc goes
to zero. The UEPD clearly shows that pseudogap phase precedes and coexists with high temperature super-
conductivity in the underdoped and overdoped regimes, respectively. It is also clearly seen that the upper limit
of high-Tc cuprate physics ends at a hole concentration that equals to 1.3 times the optimal doping concentra-
tion for almost all high-Tc cuprate materials and 1.6 times the optimal doping concentration for the SrD-La214.
Our analysis strongly suggests that pseudogap is a precursor of high-Tc superconductivity, the observed quan-
tum critical point inside the superconducting dome may be related to the end point of UEPD, and the normal
state of the underdoped and overdoped high temperature superconductors cannot be regarded as a conventional
Fermi liquid phase.

DOI: 10.1103/PhysRevB.77.184520 PACS number!s": 74.25.Fy, 74.72.!h, 74.25.Dw

I. INTRODUCTION

The unique hallmark of high temperature superconductors
!HTSs" is a pseudogap phase characterized by the observa-
tion of a multiple pseudogap temperatures !T!’s" and
pseudogap energies !E!’s" by a large number of different
experimental probes. While the pseudogap phase precedes
the high temperature superconducting phase characterized by
the superconducting transition temperature !Tc" and super-
conducting gap energy !"c", it is not clear how T!, Tc, E!,
and "c are related to each other. Specifically, how are T! and
E! related to the occurrence of the high-Tc superconductivity
is still unclear. Is pseudogap a sufficient and/or necessary
condition for high Tc or is it just a complication of specific
material systems? Is it collaborating or competing with su-
perconductivity? For instance, it is argued that the pseudogap
is a competing order that may have nothing to do with high
Tc.1 On the other hand, it is also suggested that the
pseudogap is intimately related to high Tc.2,3 To distinguish
these, two contradictory pictures that are critical to the
mechanism of high-Tc superconductivity requires a compari-
son of various characteristic temperatures and energies in a
universal phase diagram for all HTSs. Any systematic behav-
ior derived from this kind of phase diagram will provide true
intrinsic properties of HTS that are free from material-
specific complications. However, up until now, there is no
such a comparison made and no such phase diagram is avail-
able. We have analyzed numerous published data in the lit-
erature. We carefully select 27 HTSs: 11 single-layer, 11
double-layer, and five triple-layer HTSs, as summarized in

Table I. The selection criteria will follow when we discuss
the construction of the figures. There are 16 different experi-
mental probes used for these 27 HTSs, which are summa-
rized in Table II. In this paper, we unify the characteristic
temperatures of all these data of 27 HTSs on one single
phase diagram entirely based on our proposed universal hole
concentration scale that itself is also based on experimental
results.

In the single-layer SrD-La214, where the hole-doping
concentration can be unambiguously determined from the Sr
content !x",4 Tc!x" exhibits a well-known symmetric bell-
shaped curve, i.e., the so-called superconducting dome, with
a maximum Tc !Tc

max" located at x#0.16.5 The symmetrical
dome-shaped Tc curve or the superconducting dome is ap-
proximately represented by the following parabola:

1 !
Tc

Tc
max = 82.6!x ! 0.16"2. !1"

Assuming that all HTSs have the identical symmetric super-
conducting dome, x can be replaced with the hole-doping
concentration !PTc

". Then, this relation could be used to de-
termine the hole-doping concentration for many other
HTSs.5–23 Using this hole-scale based on the superconduct-
ing dome, the PTc

-scale, various phase diagrams have been
constructed.1 A distinct feature in one of such phase dia-
grams is that T! crosses the superconducting dome and
reaches zero at a quantum critical point !QCP" inside the
dome.1,6 On the other hand, without using the PTc

scale,
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hump energies observed in the energy dispersion at a fixed
temperature and the temperature dependence of the energy-
dispersion curve, respectively.76 The ERS give as the coher-
ent and two-magnon peaks.22 In the NMR knight shift, TmK

!

is a temperature where the constant Kc at high temperature
bends downward, and TK

! is a temperature where the linear
Kc below TmK

! bends downward.84,85 Recently, the resistivity
curvature mapping based on the data of in-plane resistivity

up to 300 K showed that there are two inflection points, the
upper inflection point and the lower inflection point, which
are identified in the ! vs T curve far above Tc.64 Therefore,
there are various characteristic temperatures and/or energies
reported in the literature. Our goal is to see if we can put all
of them into one unified phase diagram.

III. RESULTS AND DISCUSSION

A. Universal hole-doping scale

First of all, we demonstrate how the hole-doping scale
based on S290 is effective and universal. In Figs. 2!a" and
2!b", we plot S290 of sintered sample and Sab

290 of the single
crystal as a function of Ppl, together with previously reported
data.24 S290 !"7 #V /K" on the upper panel is plotted on a
logarithmic scale, while S290 !$7 #V /K" on the lower panel
is plotted on a linear scale. In Figs. 2!a" and 2!b", the five
single-layer, one double-layer, and one triple-layer HTSs are
the newly added data points. They have been plotted with the
previous reported SrD-La214 and CaD-Y1236. The plotted

FIG. 3. !Color online" Hole-doping concentration determined by
various techniques as a function of Ppl. The plotted data are sum-
marized in Table V.

FIG. 4. !Color online" Tc and T!
! as a function of pu for !a" the

OD-Y123-related materials and !b" Y0.8Ca0.2Ba2!Cu1!yZny"3O6+%.
The plotted data are summarized in Table VI. The solid line is a
half-dome-shaped Tc curve with Tc

max=86 K. The dotted line comes
from the Eq. !1" with Tc

max=86 K.

FIG. 5. !Color online" Extended unified electronic phase dia-
gram plotted as &c!Tc" vs pu for !a" the cation and oxygen codoped
HTSs and !b" the purely oxygen doped HTS. The plotted data are
summarized in Table VII. The solid and broken lines are an asym-
metric half-dome-shaped Tc curve and our superconducting dome,
respectively. The dotted line is the Tc curve for OD-Y123 !Ref. 26".
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et al.(Rübhausen et al., 2001) observed, that in under-
doped BSCO, changes occur in the optical conductivity
up to 3eV or 100!, where ! is the superconducting order
gap. But perhaps the changes in the 3eV range are just
indicative of some strong-coupling e"ect that has noth-
ing to do with the condensation to the superconducting
state. To answer this question, we focus on the f-sum
rule,

A = !ne2/(2m) =
! !

0
"(#)d#. (15)

In understanding the spectral changes in a high-Tc super-
conductor, it is helpful to separate A into a low-energy
component,

Al =
! !

0+
"(#)d# (16)

and a high-energy part

Ah =
! !

!
"(#)d#. (17)

The cuto" # is chosen so that Ah contains strictly the
spectral weight associated with interband transitions.
Typically, #/(2!c) = 10, 000cm"1 is su$cient to demar-
cate the minimum of "(#) which demarcates the bound-
ary between the intra-band and inter-band transitions.
The opening of a gap opens in the optical conductivity
accompanies the transition to the superconducting state.
The spectral weight removed for h̄# < !, ! the super-
conducting gap, is transferred to a $!function at zero fre-
quency. The weight in the $ function is captured by the
The Ferrell-Glover-Tinkham(Tinkham, 2004) sum rule

D = An
l ! As

l + an
h ! As

h. (18)

In BCS superconductors, there is no contribution to D
from Ah. Typically, D is recovered simply by inte-
grating up to no more than 10!. However, the ellip-
sometry experiments(Rübhausen et al., 2001) in which
changes in the dielectric function obtain for 100! sug-
gest otherwise for the cuprates. Indeed this is so. For
BSCO(Molegraaf et al., 2002) both optimally and un-
derdoped, Ah diminishes as the temperature decreases
and a compensating increase is observed for Al as de-
picted in Fig. (16). This indicates that it is the loss
of spectral weight in the high-energy sector that drives
the superconducting state. These data are also consis-
tent with other optical measurements which indicate that
the full weight of the $!function in the superconducting
state is recovered by integrating the optical conductiv-
ity out to 2eV(Santander-Syro et al., 2003) and numer-
ical calculations(Maier et al., 2008) that the frequency-
dependent pairing interaction in the Hubbard model in-
volves a non-retarded part that arises entirely from the
upper Hubbard band. This color change from the visi-
ble to the infrared implies that superconductivity in the
cuprates is fundamentally di"erent from that in metals.

FIG. 16 Temperature dependence of the low-frequency spec-
tral weight Al+D(T ) and the high-frequency spectral weight
Ah(T ) for optimally doped (top) and underdoped (bottom)
Bi2Sr2CaCu2O8!!. The insets show the derivatives of these
quantities multiplied by T!1.

That is, in the cuprates, superconductivity is not simply
about low-energy physics on a Fermi surface. The cor-
rect theory should explain precisely how loss of spectral
weight at high energies (2 eV away from the chemical
potential) leads to a growth of the superfluid density.

III. WILSONIAN PROGRAM FOR A DOPED MOTT
INSULATOR

The essence of the optical experiments on the normal
state of the cuprates is that the number of particle addi-
tion states per electron per spin exceeds unity, in direct
violation of the key Fermi liquid tenet. Within the Hub-
bard model, this state of a"airs obtains because of the
dynamical mixing of the UHB and the LHB. That is, it is
absent if double occupancy of bare electrons is projected
out. In this limit, L = 2x and L/nh = 1. The key ques-
tion that arises is: How can such mixing be incorporated
into a low-energy theory of a doped Mott insulator? As
has been pointed out previously, L/nh > 1(Leigh et al.,
2007; Meinders et al., 1993; Phillips et al., 2009) implies
that the true low-energy theory of a doped Mott insula-
tor must contain more than just electrons. As the new
degrees of freedom arise from the mixing with doubly oc-
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