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Abstract

A Hamiltonian H (T") applicable to cuprate HTS, with a doping
dependent pairing interaction I'(x) = V(x) 4+ U(z), is linked to a
Cu3d-O2p state probability model(SPM). A consequence of doping
induced electron hopping, the SPM mandates that plaquettes with
net charge and spin form in the CuO plane, establishing an effec-
tive spin-singlet exchange interaction U(x). The U(x) is determined
from a set of probability functions that characterize the occupation
of the single particle states. An exact treatment of the average static
fluctuation part of H shows that diagonal matrix elements Uy, < 0
produce very effective pairing, with significant deviation from the
mean field approximation, which also depends on a phonon-mediated
interaction V. This deviation is primarily responsible for the diverse
set of HTS properties. The SC phase transition boundary T (), the
SC gap A(x), and the pseudogap A, () are fundamentally related.
Predictions are in excellent agreement with experiment, and a new
class of HTS materials is proposed. Large static fluctuation results
in extreme HTS and quantum criticality.

PACS numbers:74.20.Fg, 74.20.Mn, 74.25.-q, 74.10.+v, 74.62.-c,
74.72.-h
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1 INTRODUCTION

The 1986 discovery of non-elemental high T supercon-
ductor(HTS) cuprates|[1] introduced a class of antifer-
romagnetic Mott insulator ceramics that exhibit an ex-
otic array of seemingly disparate superconducting(SC)
and normal state(NS) properties.[2, 3] Despite the
plethora of experimental data indicating several micro-
scopic interactions, there is incomplete agreement on
which interactions are essential and how they combine
to produce HTS.[4] No current Hamiltonian leads to
the diverse HTS properties observed in cuprates. This
paper presents a Hamiltonian, conjoined with a state
probability model(SPM), that predicts the observed
properties listed below and elucidates a key ingredient
for pairing glue. It is shown that the pseudogap re-
sults from doping induced charge-spin fluctuation, and
a new class of HT'S materials with an anti-pseudogap
is suggested.

The disparity between elemental low Te < 10K
superconductor(LTS) and HTS properties is remark-
able. The doped cuprates are extreme type-II super-
conductors, exhibiting strong magnetic field induced
quantum fluctuations, with the interpretation that
the state of these materials may lie in close proxim-
ity to a quantum critical state.[5, 6] Denoting z as
the hole(electron) doping concentration, nine diverse
cuprate HTS properties are: order of magnitude in-
creased a) average energy gap amplitude A(x,T'), and
b) To(z), which is maximum at optimal doping x,p,
can exceed 100K, with T /Tr ~ 1071 —1072. ¢) large
shape ratio A(xop,0)/kpTc(zop) > 2, the maximum
BCS LTS value, d) inverted parabolic(dome) shaped
phase boundary T¢(z), e) magnetic field penetration
with A\=2(T') linearly decreasing with T for T' << T¢,
f) x dependent evolution of the isotope effect, g) a large
condensation energy AQ(z), and an anomalously large
discontinuity in the electron specific heat at Te(zop),
h) an SC gap Ax with d-wave symmetry, contrasting
the s-wave gap in LTS materials, i) a tentative first
order phase transition, with a concomitant quantum
critical point.

In the normal state an anomalous property is the
suppression of the density of electronic states referred
to as the pseudogap. The pseudogap Ap,(z), estab-
lished by a number of spectroscopic probes, summa-

rized in Ref. [7], deceases linearly in the underdoped
domain from a maximum value A,q(z ~ 0.05) until
it merges on the overdoped side x > z,, with the SC
gap A(z). Some researchers refer to A,, as the SC
gap, but there is considerable experimental evidence
that the distinct lower energy SC gap exists, with a
very different x < z,, dependence.[7, 8] Current the-
ories either promote the pseudogap state as a pairing
precursor of the SC state, or as a competitor due to un-
related dynamical fluctuations.[9, 10] Hence, the origin
and the effect of the pseudogap on the SC state remains
unresolved.[2, 7, 11, 9] The SPM gives new insight here.

Cuprate HTS theories abound. Partially sup-
ported by experiment, various theories and reviews
thereof include electron-phonon interactions[12] with
possible small polaron,[13, 14] or Jahn-Teller po-
laron formation,[15] interband interactions,[16, 17]
exciton mediated interactions,[18, 19, 20, 21, 22]
negative U-center pairing,[23, 24] bosonic electron-
hole  pairing,[25]  spin-exciton,[26]  spin-phonon
interactions,[27] fractals,[28] quantum oscillations in
fermi liquids,[29] quantum criticality,[30, 31, 5, 32, 6]
2D strong electron-electron correlation with res-
onating valence bonds(RVB) and spin exchange,

fluctuating  spin  exchange(overdoped  regime),
spinons, holons, various slave-particle techniques
with  extensive  monte-carlo calculation, etc.

[33, 34, 35, 2, 36, 37, 38, 3, 39, 40, 41, 42] The
RVB theory,[43] generally implemented using the
Hubbard ¢ — J Hamiltonian,[34] gives a reasonable
perspective of the undoped antiferromagnetic charge
transfer insulator phase, and as a potential HTS
model, spin exchange has appeal since d-wave pairing
is a natural consequence.[43] Although various HTS
characteristics are explained by reasonable, but dis-
jointed, arguments,[2, 44] present model Hamiltonians
produce only a small subset of the cuprate HTS
properties a)-i). For example, the t — J Hamiltonian
implementation of the RVB theory in the mean
field(MF) approximation does not directly produce
Tc, nor does it give the correct SC gap over the
doping range of the SC state, nor does it give the
observed ratio of the maximum pseudogap to the SC
gap at optimal doping.[34]

The Bardeen-Cooper-Schrieffer(BCS) phonon me-
diated electron-pairing theory of superconductivity[45,



46], in conjunction with the method of Eliashberg,[47]
applicable to the strong interaction regime, [48] pro-
vides the framework for understanding the microscopic
interactions responsible for LTS. However, the BCS
phonon mediated pairing interaction does not produce
cuprate HTS, although the BCS theory appears to ap-
ply to MgBs with T = 40°K.[49] Multiple pairing in-
teractions are considered necessary to explain cuprate
HTS,[2, 15, 19, 24, 3] but the exact nature of the
doping dependent interactions in the cuprate unit cell
presently remains beyond quantitative measurement.
Hence, formulation of a HT'S model Hamiltonian relies
on reasonable conjecture about the underlying mecha-
nisms responsible for HT'S, with subsequent validation
requiring comparison of model predictions with many
diverse experiments.

Our Hamiltonian H(z) is based on a phonon-
mediated interaction V'(x), detailed in Section III, and
an exchange interaction U(z), with the doping depen-
dence z determined by the SPM. The U(z) < 0 is pro-
portional an effective spin-singlet exchange, which is
related to the x dependent particle occupation proba-
bility of the O2p states. The diagonal matrix elements
of U produce significant static fluctuation(deviation
from the MF) even for relatively weak U. We show
that this static fluctuation is the key ingredient for
HTS. For weak U, the model predicts the listed a)-h)
cuprate doping dependent characteristics with a sec-
ond order phase transition(SOPT). The SPM coupled
with H produces a unique relation between the con-
joined model and the observed phase transition bound-
ary Te(z), the SC gap A(T, x) and the NS pseudogap
Apg(z). For stronger U, large static fluctuation re-
sults in an SC state that is essentially controlled by
the ratio U/V. If U/V £ 1 the model exhibits a first
order phase transition(FOPT), and quantum critical-
ity, a phenomenon of broad interest beyond cuprate
HTS systems.[50, 51]

2 STATE
MODEL

PROBABILTIY

Intrinsic cuprates are antiferromagnetic insulators with
single or multiple CuO xy-planes, alternating with car-

rier reservoir planes which may have a significant ef-
fect on the value of T(x,p) in various cuprates.[24, 52]
The Cu3d (Cu?*) ion is in an octahedral environment
surrounded by six O2p (O%7) ions, with the apical oxy-
gens on the z-axis. Jahn-Teller distortion along the z-
axis lowers the energy of the system by increasing the
Cu apical O distance. The resulting intrinsic cuprate
is a quasi-2D antiferromagnetic insulator, exhibiting
strong electron correlation. In the zy-plane nearest
neighbor Cu3d and O2p orbitals point directly toward
each other, producing strong covalent bond coupling.
This intermediary ligand coupling indirectly connects
neighboring Cu3d ions, giving rise to a large antiferro-
magnetic superexchange interaction Jzq ~ 0.13eV.

A salient property of cuprate HTS is its dependence
on the doping concentration x. For many cuprates,
hole doping produces a dome shaped SC phase bound-
ary in the doping range [z1 = 0.05,z5 = 0.27] with
Te(xop =~ 0.16) exceeding 100°K; whereas for elec-
tron doping the range is comparatively narrow, [z =
0.14,z2 < 0.2], with much lower Tc(z,p). This sec-
tion introduces a general state probability model based
on particle occupation of the cuprate electronic states.
The SPM defines the probability of the SC state, and
various normal states, in terms of the probabilities of
the accessible unit cell(UC) states, independent of the
model Hamiltonian. The SPM mandates the existence
plaquettes with net charge and spin to preserve local
charge-spin neutrality. Relating particle occupation
probabilities to the doping concentration z, the SC
gap |A(z)|, the pseudogap A,q(x), and a new anti-
pseudogap A} (z), which determine domain bound-
aries of the phase diagram, are a natural consequence
of the SPM. Linking the SPM to our Hamiltonian de-
termines the doping dependence of the thermodynamic
quantities. Electron doping, with prediction of a pos-
sible new class of HTS materials, is considered at the
end of this section.

Although there is considerable hybridization of the
atomic states, it is advantageous to denote each UC
state by the occupation of the constituent single par-
ticle states. This simplification is consistent with a
fundamental assumption of quantum mechanics that
composite systems retain the properties of the individ-
ual constituent particles to a considerable extent.[53]

The undoped cuprate state @ 4p is charge neutral,



Cu?t—02~ with a hole on the Cu3d-orbitals and two
electrons filling each of the O2 p, and p, orbitals. For
hole doping, the AF state, with few exceptions, [54] is
rapidly quenched by doping induced hopping.[2] In a
doping range 0 < x < z; there is an onset of charge
transfer excitations involving random hopping of par-
ticles among Cu3d orbitals and O2p orbitals. Initially
holes are localized, but as doping increases hopping
produces numerous possible states with net charge and
spin.

The electronic state of a doped cuprate is modeled
here by UC states containing a total of 5 fermion par-
ticles with spin o = +1/2. These single-particle states
form a large set of 2° particle states x2° spin states
= 210 = 1024 states denoted as . It is advantageous
to divide the UC states into two sets. The sets ppo
and ., represent states with a hole or an electron,
respectively, in a given Cu3d orbital. The UC states,
written as elements of a matrix, are

peo(ij) = lea)[@T ]y,
ono(if) = |ho)[@®T];,
®T = [led’,ha"), |k’ ed”),|ho’, ha), |ed’, o’

The single particle Cu3d states are denoted by |ec) and
|ho). Elements of the column vector ®, and the row
vector @7 are states representing the possible particle
configurations for the p,-orbital, and the p,-orbital,
respectively. The matrix ®®7 gives the complete set
of particle configurations, for each spin set. The @p,
states are illustrated in table 1.

Contrasting the well defined undoped AF state, the
doped state is a probabilistic mixture of the states in
Eq. (1) that result from doping induced hopping. The
constituent single particle states are assumed to be mu-
tually exclusive, and thus the distinct UC states are
mutually exclusive, analogous to a 16 sided die with
each face imprinted with one of the particle configura-
tions, including spin. Let P.,(z,T) represent the en-
ergy averaged probability that a given single particle
state is occupied by an electron with spin o, at temper-
ature T', and doping concentration x. The correspond-
ing hole occupation probability is Py, = 1 — P.,. The

(1)

).

[ ] (@] [ ] (@]
[} [ ] [¢] o
o e e o e e O e e O e e
[ ] (] [ ] (@]
[ ] [ ] (@] (@]
O @ O o @ O O @ O O @ O
[ ] (] [ ] (@]
[ ] [ ] (@] (@]
O O e O O e O O e O O e
[ ] [e] [ ] (@]
[ ] [ ] (] (@]
o O O o O O O O O O O O
Table 1: Tllustrated are the distinct single-particle

states comprising the unit cell states pp,(ij). Holes
are denoted by o, and electrons by e, with spin not
shown. The corner position represents one of the Cu3d
orbitals. The undoped, charge neutral AF state is
©(11). Other states have net charge, e.g. ¢(12) has
charge +e, ©(22) has +2e, and ¢(24) has +3e. The
UC states @e(ij) are obtained by interchanging every
e and o, with the same spin. The net charge of e, (i7)
and ¢p, (i) differ.

probability that a particular UC state @p,(ij) exists
is a joint probability involving products of the proba-
bilities P.,, and Pj,. With one high T exception in
the normal state, the scaled properties developed be-
low have negligible T" dependence.

The states ¢ps(ij) and e (ij) carry net charge-
spin. To maintain charge-spin neutrality in the CuO
plane, it is energetically favorable for plaquettes con-
taining UC states to form with opposite charge and
spin for each value of z. (Plaquette is used in a generic
sense to include various geometrical shapes commen-
surate with lattice symmetry.) The sets of plaquette
states necessary to preserve charge-spin neutrality, de-
noted as

Phts  Pets (2)

Phl, Pel s



must satisfy the state probability equalities

P(pnt) = P(pel),  P(per) = Plony),  (3)

where P(p) is the probability that ¢ exists. Having
established the UC states and the probability require-
ment Eq. (3) for pairing the plaquettes, one can de-
termine SC and normal state probabilities and average
properties.

SC State: In a doping range z; < = < T3 a co-
herent doping dependent SC state pgc emerges for
T < Te. An effective exchange interaction respon-
sible for the SC state is formulated below. Based
on repulsive energy considerations, it is assumed that
the SC state excludes the AF state ¢(11) and the ex-
treme overdoped state ¢(44), with completely filled or
completely empty p-orbitals, respectively. In the over-
doped range x ~ x5 states form in the charge transfer
gap, resulting in a Fermi-liquid state ¢pr with negli-
gible remaining individual particle character, and the
SC state is destroyed.

We define the probability that the SC state exists as
the sum of the probabilities of the UC states o that
remain after extracting the high energy states ¢(11)
and ¢(44) from Table 1, and the corresponding .o
states. The result is

PSC(SOEO') = Peany PSC(SOhJ) = Phon (4)
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(Pezr/ + Pea'”)(Phcr’ + Pha”} -

QPEU’PEO'”PhU’PhU’“

Adding the expressions in Eq. (4) gives the SC state
probability Psc = Fj,, which depends only on the oc-
cupation probabilities for the p-orbitals. For the re-
mainder of the analysis of the SC state we neglect spin
dependence of the p-orbital probabilities P,,. and Py,
giving

Psc = 4P.Py[1 — %PePh]. (5)

The first term in Pg¢ arises from a simplified three par-
ticle state model by considering the row and columns
in table 1 independently, excluding doubly occupied p-
orbitals. The second term results from a joint proba-
bilty involving both p, and p,-orbitals. Thus Pgc, as

defined above, automatically excludes all doubly oc-
cupied p-orbitals. Writing Psc in the form Pse =
1 — P} — P! confirms that ¢(11) and ¢(44) are ex-
cluded from the SC state.

The utility of Psc is implemented by relating the
particle occupation probabilities to the doping concen-
tration z. Assuming a uniform probability density over
a doping range w = x2 — x1, the probability that a
doped hole is created in doping range [x1,x1 + ] is
I} (z) = (x—=1)/w. (Setting dIl/dz constant, and ne-
glecting temperature dependence, is the same assump-
tion used in Anderson Ref. [34], but its application
and the resultant HTS properties are clearly not the
same, as discussed below.) The doped holes fill oxygen
orbitals in the reservoir planes, which in turn distort
the lattice and induce particle hopping in the CuO con-
ducting planes. Since the probability of the SC state,
Eq. (5), reduced to the that of effective p orbital states
with an electron and a hole, it is reasonable to assume
that the probability Py, that a position labeled h has a
hole is Py, o ITj(x). Without loss of essential informa-
tion, we set the constant of proportionality to unity,
giving the probability P, = Il.(z) = 1 — II,(z) that
a position labeled e has an electron. Hence, Eq. (5)
written in terms of the dopant probabilities is

Pse(r) = AM@W ()1 - L@@], (6

Hh(l’) = z xla He(l’): 2 xa w =T — T,
w w
with I (z) 4+ Iy (z) = 1.

Equations (4)-(6) are independent of the detailed
interaction responsible for the SC state. The proposed
pairing interaction is a net effective inter-plaquette,
spin singlet exchange J(x) per unit cell that emerges as
a consequence of doping induced hopping. The J(x)
is an average over the values for each UC state (;;
participating in the SC state. Determination of the
exchange J;; between states ¢pq(ij) and ¢y (ij) re-
quires microscopic analysis to determine the overlap
integrals and the resultant eigenstates of a very com-
plicated system. Here, the relative value J(z)/J(xop)
is obtained by probability arguments, with J(z,,) a
parameter found by fitting experimental data in Sec-
tion V.




The exchange energy, per unit cell, averaged over
the accessible UC state configurations ¢; ; is formu-
lated in Appendix A. The result from Eq. (63) is

J(x) =~ JoIle(x)dp(x)[1 —2(1 — %)Heﬂh] (7)

Ji = Ju+ Joe +2(J12 + Jaa),

Jy = 2(Jiz+ Jaz), Jz3=2(Jia + Joa),

The J;; are the exchange constants corresponding to
the interaction between ¢p4(4,7) and e (4,5). Thus
J(z) is an average spin-singlet exchange between the
paired plaquettes that ensure local charge-spin neutral-
ity. Although microscopic evaluation of the J;; involves
multiple particle-particle and particle-antiparticle in-
teractions between UC states, the doping dependence
of J(z) is via the II(x)’s which refer to p orbital occupa-
tion. The participation of the Cu3d particle serves as
a mediator, appearing only in the exchange constants.
Note that for Jy/J; = 3/2, the effective exchange is
identical to Pgc, to within a constant of proportion-
ality. Since the maximum of (1/2)II.(x)II,(x) = 1/8
the small p,-p, interaction correction will be neglected
below. In this approximation the J;; in the factor J
have no effect on scaled HTS properties.

Retaining the linear two particle terms in Eqs. (6)
and (7), the effective exchange J(z) and the SC state
probabilities are given by

J(x) < Psc(x) = 41l (2)Iy (). (8)

The simplification to the dominant two particle term
implies that an effective electron-hole pair within the
p. and p,, orbitals is an essential ingredient characteriz-
ing the SC state. Assuming a lower energy alternating
spin state, the implied quasi-particles are spin-excitons
with spin-singlet exchange. This picture is somewhat
distinct from the Zhang-Rice[35] and Geballe[24] pic-
tures which explicitly contain a Cu3d particle. All
three scenarios involve dynamical processes, which are
treated here as static, time-averaged, phenomena.

In view of Eq. (8), we propose an hypothesis:

Doping dependence of scaled energy param-
eters that characterize SC, and normal,

states is manifested only via the doping de-
pendent probabilities that the relevant UC
states are accessible.

The validity of this hypothesis, already evident in Eq.
(8), is further substantiated by the following analysis
that produces the doping dependence of many observed
cuprate properties.

In accordance with the hypothesis, the scaled SC
gap A(x) o< I, () (z). This result is also confirmed
by combining Eq. (46), which is a direct consequence
our model Hamiltonian developed below, with Eq. (8).
This gives the doping dependent relations

To(z) _ Az)

To (o) = A, AT (o)L (2),  Ag = A(op).
9)

These universal relations, independent of the aver-
age density of states Ny and the cutoff temperature
T,, defined in Section IV, give the doping depen-
dent phase boundary T (x) and the low temperature
SC gap A(zx) observed in cuprates, as shown in Sec-
tion V. Equation (9), concomitant with the Hamilto-
nian model relation T¢(v), is supported by the (T, x)
dependence of the Hall-coefficient used to track the
hole(electron) charge characteristic throughout the SC
phase.[25] The two-particle nature of the pairing in-
teraction parameter v(z) and the resulting A(z), is
consistent with measurement of the SC gap, requir-
ing two-particle probes.[7] In the RVB-Hubbard model,
Ref. [34], the SC gap is assumed to be proportional to
g2(z) = [22/(1 + z)]?, where g; is a kinetic energy
renormalization factor. This function only approxi-
mates A(z) in the very underdoped region z << xp,
whereas Eq. (9) agrees with the observed gap over the
entire doping range of the SC state.

Normal State: The doping dependent normal
state is characterized by unusual properties, e.g. pseu-
dogap, vortices, stripes, etc, reviewed in Ref. [2]. The
apparent complexity is daunting, as are the myriad of
complex and exotic theories. Nichtsdestoweniger, it is
our contention that there is a rather simple explana-
tion for many properties based on the UC states in Eq.
(1) and illustrated in Table 1.

Since doping induced hopping is a random process,
it is asserted that the normal state is characterized by
the complete set of UC states in Eq. (2). Assuming




that all of the state configurations in Eq. (1) are ac-
cessible, the probability P(pp) that some one of the
states in ¢y, exists is denoted by

P(¢ns) = P(Iha)®0T) = Py P(@)P(@T).  (10)

The probability that ® exists is defined as the sum of
the probabilities for each state, i.e. it is the probability
that some one of the states exist. Thus

P(@) = (PEU/ —+ Pho")(PeU” —+ Pho'”) = 1. (11)
Since P(®)7 is also unity, one obtains
P(@ha’) :Pha(xaT)v P(‘)Oetf) :P&T(x7T)7 (12)

independent of the p-orbital occupation for any given
spin set. Ome can derive the same result for P(ypne)
by tediously summing the probabilities for each of the
UC states @po in Table 1, and for the corresponding
Yeo States.

The seemingly trivial expression in Eq. (12), a
consequence of the completeness of the UC p-orbital
states used, has profound implications. It gives a non-
zero probability for static charge and spin fluctuation
on any given Cu3d orbital. Since Pj(z) # Pe.(z) for
T # Top, it is evident that the states ¢y, and ¢, cannot
exist alone. As concluded above, plaquettes form in
the CuO plane with opposite charge and spin for each
value of z. The presence of such plaquettes is consis-
tent with the formation of charge and/or spin density
waves with concomitant gaps.[2, 55] The paired pla-
quettes dictate that the system is composed of the four
states in Eq. (2). Since Eq. (12) shows that the dop-
ing dependence of these states is characterized by the
Cu3d orbital occupation, we set P(z) = II(z), giving
the plaquette state probabilities

Plent) = T(x), Plper) = (),

(13)
Pleny) = Te(x),  Plpey) = ().

Consider a checkerboard pattern of UC plaquette
states o4, and ¢;. Since I.(x) 4+ IIx(z) = 1, the
plaquette state p4(xz < ,p) is dominated by spin-up
electrons, and the plaquette state ¢ (x < ) is dom-
inated by spin-down holes. At optimal doping z = z.p

there is no net charge or spin for the plaquette pair.
Overdoping gives the reverse of the underdoped pic-
ture.

Since the probability of the normal states reduced
to simple, one particle probabilities for the Cu3d or-
bitals, we are able to formulate the exchange inter-
action between plaquettes in the normal states more
precisely than that in the SC state. Let Jo = J(h 1
;e l) = —J(e 1, h ]) denote the spin singlet exchange
between spins in the plaquette states characterized by
the corresponding particle and spin in the Cu3d or-
bital. Neglecting particle-particle exchange, expected
to be much weaker than particle-antiparticle exchange,
and noting that exchange requires joint probabilities,
the doping dependent average interaction energy J,(z)
for the balanced plaquette pair is

Js(@) = Jo[I} (x) 12 (2)] = Jo[Ip(z) —Le(2)]. (14)
Introducing the definitions

Ah(x) = JO + JS(IE) = 2JOHh($)
(15)
Ac(z) = Jop— Js(x) =2JpI(x),

the energy A.(x) becomes identical to the experimen-
tal pseudogap Ay, (x) with the single requirement that
Ag(xr) > A(z). This gives the maximum SC gap
Ay = 0.5Jy such that A.(z) is excluded from the SC
state, yielding the form

Apy(z) = Ao(z) = 40011, (2). (16)

The pseudogap A,4(z) in Eq. (16) decreases lin-
early with doping from a maximum Ap,(z1) = 44
to Apg(z2) = A(xe) = 0. It is shown in Section V
that both Eqgs. (9) and (16) are in excellent agreement
with a broad class of cuprates. In comparison, the
RVB-Hubbard theory in Ref. [34], Figure 2, also gives
Apg(z) > A(x), but Apg(z1) > 6Ag does not agree
with experiment.

A simple SC gap-pseudogap relation is obtained by
eliminating the scaling factor Ay from Egs. (9) and
(16), or alternatively retaining Ag and writing a dif-
ference relation. This gives

Ax) = Dpg(@)TIn(2) = Dpg(x) — 4001 (), (17)
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Figure 1: Plotted is the doping concentration x depen-
dence of the common, two-particle SC gap A.p(z) =
A(z) and the distinct, single-particle pseudogaps
A.(z) and Ay (x) for hole doped cuprates and the pro-
posed electron doped anti-cuprates, respectively. The

dashed curves are the transition energies Ay.(z) and
A ().

which is a universal relation corresponding to Eq. (9).
It is evident that A,, and A have the same symmetry,
and that their difference is proportional to the prob-
ability for filled p orbitals, which characterize the AF
state.

It is useful to introduce the concept of a pseudo-
gap state, and an anti-pseudogap state, defined by
their probabilities P,y (z) = Il.(z), and P, (r) =
I}, (x), respectively, corresponding to the pseudogap
Apg(z) = Ac(z) and anti-pseudogap A (z) = Ay ().
The transition domains between the pseudogap(anti-
pseudogap) state and the SC state is defined by the
joint probabilities

Paole) = P(®)Pscle),  Po) = Fifa)Pacts)
18
where Pgc(x) is given by Eq. (6). The corresponding
energy transition boundaries are Ay.(z) = AgP- ()
and A} (z) = AgP),.(x).
The SPM exhibits reflection symmetry about z,,
for energies in both the SC and normal states. The
symmetry is illustrated in Fig.1, where the SC two-

particle gap A(z) = A.p(z) and the distinct, single-
particle, pseudo gaps A.(z) and Ap(x) are plotted
in units of Ay versus the doping concentration .
The dashed curves are Ay (z) and A} (z), represent-
ing the boundary of the transition from the normal
state to the SC state. Not shown, but of interest,
is the net normal state pseudogap energy Epq(z) =
(1/400)[A2(x) + A% (x)]. As z increases on the under-
doped side E,4(x) and the pseudogap decrease and the
SC state becomes more robust. The SC state is max-
imized at optimal doping where E,4(x) is minimum,
with equal pseudogaps and no net plaquette-plaquette
interaction energy in the normal state. On the over-
doped side E,4(x) and the anti-pseudogap increases
and the SC state loses coherence.

A pertinent question is why is the pseudogap A.(x)
observed, while Ap,(z) has not yet been observed. In
the overdoped range, it is plausible that a local excess
hole imbalance would be obscured, or destroyed, by the
onset of the fermi-fluid hole state, but Ay (x) should
appear close to the SC gap on the underdoped side
near Top. In any case, Ap(x) has a significant role in
both cuprates and the anti-cuprates proposed below.

The doping dependence of the Knight-shift, which
is proportional to the spin susceptibility xs, is partially
explained by A.(z,T). Here the width of the probabil-
ity distribution w(7T) = zo(T) —21(T) is assumed to be
a function of T', with z,, = (1 +x2)/2 constant. Since
A.(z,T) is proportional to the spin-singlet exchange
between plaquettes, xs(z,T) o< 1/Ac(x,T), giving

Ac(zop) B 2

Xs(xop’T) _ =1+ m(xop — 33) (19)

s(x, T)  Ac(z)

In the underdoped range xs(z,T) < xs(Zop,T), and
in the overdoped range xs(x,T) > xs(Top, T) for each
value of T as observed in Lag_,Sr,CuQOs.[56] The T
dependence of w(T) is not obtained within the SPM.
However, using a Curie-Weiss form w(T) =T — © ap-
proximates the xs(z,T) curves.

For hole doping of cuprates, a few more compar-
isons are noteworthy. The slave-boson picture devel-
oped from the ¢t — J model,[2] divides the phase dia-
gram into domains by a fermi pairing parameter and a
MF bose condensation parameter, which have the same
doping dependence as A.(z) and Ay (zx), respectively.




The Nernst domain is very similar to our pseudogap-
SC state transition domain, bounded by A;.(z) and
the SC gap A(x).

In the Emery-Kivelson model[44] x,, is determined
by the intersection of a pairing amplitude Ag(x), which
decreases with z, and the phase stiffness Fyp(z) =
kpTy, which increases with z. The value of T (o)) is
generally not the maximum value of T (x).[24] In our
model, the intersection of the pseudogap A.(x) and
the anti-pseudogap Ap(x) occurs at op, with T (2p)
the maximum value.

Measurements of the superfluid density ns(T, 2)[9)]
provide another connection to our model. The x de-
pendence ng(T = 0,2) «x x — x; is the same as
the that of anti-pseudo gap A}, (z) o< IIj(x). Also,
dns(T,z)/dT o TI2(z), which is the probability that
a p orbital is full, fits the data as well as the singular
function dn(T, z)/dT o 22 proposed.[9]

Electron Doping and Anti-Cuprates: Electron
doping of cuprates produces an SC state in the com-
paratively narrow range, [x1 = 0.14,25 < 0.2], with
much lower T (z,,) than for hole doping. Referring to
the discussion above, the SC state of cuprates stems
from the states in Table 1, excluding ¢(11) and ¢(44).
Hole doping increases the probability that these states
exist at the expense of the definite, undoped AF state
©r(11). In contrast, while electron doping may induce
hopping, it also serves to maintain the predominance
of the undoped state to higher values of x, thus sup-
pressing the formation of the states necessary to form
the SC state. At a doping induced hopping level which
finally produces an SC state, the onset of an electron
Fermi-fluid state ppp again quickly suppresses the SC
state.

Electron doping of cuprates is not a very effective
means of producing HTS. However, envision a possible
class of ”anti-cuprates” with the same crystal structure
as a cuprate, but with exchanged anion and cation
roles: The Cu?t and the O2?~ are replaced by ions
A2~ and B2, respectively. The SC gap is the same as
that for cuprates, but the role of the pseudogap is now
taken by the anti-pseudogap Ap(x). If anti-cuprate
material exists, or can be synthesized, electron doping
should exhibit HTS properties similar to hole doping
of cuprates. The symmetry of the two HTS systems is
evident in Fig.1.

3 HAMILTONIAN H

The Hamiltonian is constructed from a combined in-
teraction V' + U. As analyzed in Section II, a conse-
quence of particle hopping is an induced effective spin-
singlet exchange interaction U(z) o J(x). However, it
is emphasized that the development in this section, and
many of the resulting HTS properties, are completely
independent of the x dependence of U. In addition
to U, the formation of small polarons contribute to
a phonon-mediated interaction V. The resulting two-
particle interaction H;,; has the general form

1
Hine = szrkk’p;({qpk’qa (20)
a kk’
Pka = C—k+q/2lCk+q/21s
where the interaction matrix I' = [Ty] = [Viae +

Uk’ ]-

In the cuprate SC state it is consistent with ob-
servation that BCS pairs c_x ck form in the CuO
planes.[57, 58] Accordingly, H;,: is approximated by
replacing all terms in the operator products in Eq. (20)
with BCS pairing terms, i.e. neglecting q dependence.
The Hamiltonian for the electron system, including the
kinetic energy is

H = Hyin+ Hipg, (21)
Hyin = Z exfcl e + ¢l ey,
k
Hiy(T) = p'Tp= Z D (c—xex) ewrei,
Kk/

where p = [c_kck] is a column vector with BCS pairing
operators as the elements. The fixed spins are implic-
itly indicated by £k = k 1, —k |. The single particle
energies, referenced to the chemical potential p, are
€r = €x — (. In the underdoped regime €y is the tight
binding kinetic energy, and in the overdoped regime it
is expected that ey is characterized by an effective mass
m*. The general form of T is retained in the analysis
below until it becomes necessary to develop the spe-
cific matrix structure relevant to cuprates. Next, a
method is introduced for dealing with non-negligible
static fluctuation due to Iy, # 0.



Mean Field and Static Fluctuation: Our pro-
cedure begins with an extraction of the mean field(MF)
part H,,; of H leaving a deviation(static fluctuation)
Hg. Then Hy,y is diagonalized and H is approximated
by (Hg4), which is subsequently evaluated exactly in the
eigenstates of H,,s. The first step is to introduce a vec-
tor pair deviation operator d = [dx] = b — p, where
d = [dk] and the components of b = [by] are complex
scalar fields by(x). Using d to reorganize H;,¢(T) in
Eq. (21) gives the form

Hb = Z Fkk’ [bl*(C,k/Ck/ + (C,ka)Tbk/ — bibk/],
kk’

Hy = ) Taedide.
kk’

If Hy is neglected, H reduces to the form of the conven-
tional BCS MF Hamiltonian with by = (c_kjckq).[58,
55] The MF approximation is valid for interactions
with only off-diagonal matrix elements, such as the of-
ten used model with T = —Vo(1—dyr). In this case,
static fluctuations are zero in the random phase ap-
proximation and Hy is negligible. However, as shown
below, Hy is not negligible for a pairing interaction
with diagonal elements 'y # 0. This key feature of T’
produces HTS.

The Hamiltonian in Eq. (22) is a reformulation
of H in Eq. (21), with no approximation. The
Bogoliubov-Valatin canonical transformation[59, 60]
diagonalizes Hy,y = Hyin + Hp(T') in terms of quasi-
particle number operators ny = *ylthk, and gx = ALAk.
To complete the diagonalization of H, the deviation
term H, is approximated by its ensemble average
(Hg) = (d'T'd). The details are outlined in Appendix
A. Exact evaluation of (d;r(dk/> in the eigenstates of
H,.r, using Egs. (85) and (88), gives the diagonal
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Hamiltonian
H = Hmf + <Hd>, (23)
Hpyp = — Z[Ek(l — Nk — qi) — £k — Axby],
k
1
<Hd> = Z Fkk’ [<d;r(><dk/> + iékk/oi],

kk’

ok = l—z—ktanh(BEkﬂ), 8 =1/(kgT),
k
Ek = 1/Ei+‘Ak‘2.

The quasi-particle excitation energy FEj\ depends on
the energy gap Ay, which is linked to the average gap
deviation (dx). They are defined by

Ap = — Zrkk/bk/, (Ok) = — Zrkk/ (). (24)
K’/ k'

Using (dx) = bk — (c_xck), and Eq. (81) to evaluate
(c_xex), the gap Ay and gap deviation (k) in Eq. (24)
are related by the constraint

(dk) 1
= :1—|—7 T 10710/725
AL Ik Ak%: Kk (C-wrCkr ), (25)
1A
(c_xex) = iE—E tanh(8Ex/2).

Setting gx = 0, Eq. (25) reduces to the conventional
BCS constraint that determines Ayx. However, it is
shown below that Ay cannot be determined from Eq.
(25) because (k) and Ak are in phase and increase
simultaneously for an interaction with diagonal matrix
elements. Since 0 < {(c_kek) < 1/2, it is evident from
Eq. (25) that a large gap solution has a corresponding
large deviation.

Using H in Eq. (23) gives the model expressions
for the thermodynamic functions defined in Appendix
B. The thermodynamic potential 2 and the average
internal energy U = (H) are

Q = me—|—<I{d>7 (26)

Qnp = — Z{% In[2 cosh(BEx/2)] — ex — Axby},
Kk



and

U=~ [Extanh(BE)/2) —ex — Awb] + (Ha). (27)
k

It should be noted that since the evaluation of (Hy) in
Eq. (23) is exact, the U(T) is exact for all T. Although
Q(T) is approximate, it is expected to be accurate for
T <« Te since (0) = U(0). The third thermodynamic
function of interest is the entropy S(7). Inserting U
and Q from Eq. (26) into Eq. (92) gives

S = %Z{@/ﬁ)ln[?cosh(ﬂEkﬂ)]_
k

Ek tanh(/)’Ek/2)}. (28)
The standard Fermion gas form for S applied
in LTS,[58] is obtained using the identity =z =
In[f(—z)/f(x)]. The error inherent in  accounts
for the absence of the direct effect of (Hy) in S.
Such dependence is indirect, via Ay determined self-
consistently from the fixed point of 2.

Random Phase Approximation: To resolve the
system for non-negligible static fluctuation, we apply
a random phase approximation(RPA) to (Hy) in Eq.
(23). Assume the phases of the complex fluctuation
components (dy) are random. The only contribution
to (Hg) in an ensemble average over the phases is from
the phase independent k = k’ terms. The fluctuation
terms in (Hg4) due to the off-diagonal elements of T'yy/
are zero. The average RPA value of the complex (dy)
is also zero, but |(dk)| # 0. Noting that <dL> = (dx)*,
the phase average RPA expressions are

= ST+ o] eo)

(@ = Y [Twae (i) .

k’

(30)

It should be noted that (Hg) can make a significant
contribution to H if Ty # 0, even when the |(dy)|?
terms are negligible.

Interaction Matrix Structure: It is the goal
here to formulate a minimal structure for I' = V 4+ U
which reflects the essential physics of cuprates. The
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U = [Uky] is formulated in Appendix A from a generic
spin-singlet exchange interaction, with the effective
doping dependent exchange U(z) o« J(z) given in Sec-
tion II.

Since the doping range of the SC state of most
cuprates is relatively small (0.05 T z 5 0.27), it is
expected that a phonon mediated interaction V' has a
significant contribution due to the formation of tight
binding small polarons. Small polaron formation in
cuprates has three important consequences:[55] 1) The
lattice deformation in response to the charge variation
tracks the electron hopping between Cu3d and O2p
orbitals. 2) There is exponential reduction in the elec-
tronic bandwidth. 3) Electron hopping requires emis-
sion or absorption of phonons. In the same order, rele-
vance to our model is three fold: 1) It is assumed that
the symmetry of V is the same Cu3d-O2p bond sym-
metry as that of the exchange interaction. 2) There is a
cut-off for the kinetic energy. 3) The diagonal elements
Vikk = 0.

An additional consideration is the repulsive
electron-electron interaction V. included in V' =V, +
Ve. Since V, < 0 and V,; > 0, the net phonon in-
teraction V(z) = —[|Vp(z)| — Ve(z)]. As the mate-
rial changes with doping from an insulator to a metal,
the |V,(x)| is expected to decrease with increasing
z as the strong small polaron interaction changes to
a weaker Fermi-fluid-phonon form.[14] The V_.(z) is
also expected to decrease with increasing z as screen-
ing increases. Since x dependence of the difference
[Vp(z)| — Ve(z) is reduced, V is approximated by a
constant. Although V involves both CuO and reser-
voir planes, 3D effects[52] are incorporated here only
in the strength of V.

In accordance with the above discussion, the inter-
action matrix elements are given by Eq. (78), which
is

—To(x)(1 — ki )kt — 2Uo(x)dkxer,
(31)

Il =

1—‘0(1}) = W+ Uo(LL') U()({E) = 4J({L‘)

Gap symmetry is corroborated by numerous experi-
ments on cuprates indicating a mixed s- and dy2_ -
wave gap,[2, 15, 3] and by general gauge and time-
reversal symmetry breaking arguments.[3] As shown



after Eq. (75) the symmetry factor ¢y can be d-
wave, or s-wave, or a complex linear combination. All
three choices have the same effect on the thermody-
namic functions, which depend on |t/|?. However, a
d-wave gap Ax = Ay, with o = cos(ks) — cos(k,)
enforces the Hubbard double occupancy restriction
(clgcla,> = 0, which follows from the expression for
(c_kck> in Eq. (25).

Using Eq. (31) in the definitions in Eq. (24) gives

Ay, A=To» by
k

Ay

~
~

(32)
(0x)

Q

S, 6=T0) ldy).
k

The approximate Ax and dy assume that the sum of
terms in A and ¢ is much larger than the single term
arising from the diagonal elements of I'. Using the
approximate forms of Ay and dy, in the constraint Eq.
(25) gives

9]
+— =
A

el tanh(3E
n k/2).  (33)
Ey

Iy
—1- - Z
k
Since g is real, only magnitudes || and |A| appear in
the relative fluctuation ratio. It is shown that g > 0
for an SC state to exist.

Using A ~ Ay from Eq. (32) to eliminate the
bk from H,,; in Eq. (23), and using Eq. (31) in the
phase average RPA Egs. (29) and (30), the Hamilto-
nian assumes the form

H = Ho+(Ha), (34)
Hy = —Z[Ek(l_nk_Qk)_Ek]_Fﬁ
k FO ’
0]
(Hy) = —2(1+a)U0?—U021’
0
where
1 2 EdQ | |2
¥ = 5201{’ 01:27“<<1’ T%:Edl
k
Sa = Y [Pl S =3 (1 [l ().
k k
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The remainder of this article is based on the Hamil-
tonian in Eq. (34), coupled to the constraint Eq. (33).
The general symmetry dependent problem is outlined
in Appendix D, where it is shown that the model not
only produces small Uy HTS solutions with the |§|?
term neglected, but also extreme HTS solutions exist
for weak interactions in the large fluctuation limit. It
is also concluded that the symmetry factor 1 does not
fundamentally change the HTS thermodynamic prop-
erties which depend only on |ty |2.

4 AVERAGED
ANALYSIS

In accordance with the above discussion, the sums are
now transformed to integrals, with |iZ| replaced by
the average (|¢g|)aw = 1, which sets & = 0. The in-
teractions V' and U may have different energy scales.
However, underdoped cuprates are narrow band insu-
lators, with further narrowing due to the formation of
small polarons. Thus electronic kinetic energies are
limited to values much less than the polaron cut-off
at T = 0. In the overdoped domain the band widths
are larger but the effective pairing interaction is re-
duced, resulting in a small value of Tz. Since the use
of multiple cut-offs would not essentially change the
HTS results over the relatively narrow doping depen-
dent range of the SC state, we invoke a kinetic energy
cut-off. This simplifying assumption is implemented
by replacing electron energies € by their k-space an-
gular averages (ey), which are then bandwidth limited
by (ex) < &m = kT,

In this section we focus on the resolution of the sys-
tem when the effect of the fluctuation term with |4]? in
Eq. (34) can be neglected. However, since the gap |A|
is determined from the thermodynamic potential fixed
point equation, 92/9|A| = 0, the validity of the small
fluctuation solution can only be assessed by retaining
the [§]? in Q, and then neglecting it in the fixed point
equation.

The integral forms of the thermodynamic potential
Q in Eq. (26), the internal energy U in Eq. (27), with

SYMMETRY



(Hg) from Eq. (34), and the entropy S in Eq. (28) are

aQ(t,¢) = 1—4tly(t,¢) + dj +a(Hg), (35)
ald(t,9) = 1-—2I3(t,¢) + dj +a{Hg), (36)
_ g (%)
alHy) = 2u<7> Xh@ﬁ%
S(tv (b) = QkBX[QIO(tv ¢) - (1/t)I3(t7 ¢)] (37)

The constraint Eq. (33) assumes the form

1ol _

+ =
A\

g(t,¢) =1 =~I(t, ¢). (38)

The integrals I,,(t, ¢) are defined in Appendix E. The
scaled temperature and gap are

(39)

and the material parameters are

n= No‘/b, V= N()UO = 4N()J

(40)

Y o= ntv,

X = Noem, a=1/(xem).

The Ny is the average density of electron states in the
energy integration interval [—&,,,&.,]. The n =1, — 1.
is the effective electron-phonon interaction parameter
np reduced by the repulsive coulomb parameter 7.. As
discussed before Eq. (31), there is at least partial can-
celing of the x dependence of 7). It is possible that other
parameters, cut-off energy &,,, density of states N,
and chemical potential y are also functions of x. How-
ever, lacking explicit information, the model is kept
reasonably simple by neglecting doping dependence of
the set [1,&m, No, 1] Excellent agreement with exper-
iment in Section V confirms the validity of implement-
ing this approximation.

Gap Equation: The thermodynamic potential
(35) contains two unknowns, |A(¢)| and [6(t)]. The
constraints g = 1 — I, and 9Q/9¢?|; = 0 determine g
and ¢, self-consistently, as functions of the parameters
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[n,v, x| at each value of ¢t. From Eq. (35) one obtains
the fixed point equation

[ORE

where the integrals I and I, are defined in Appendix
E. The first term is the mean field term, the second
and third terms are from the |§|? fluctuation term, and
the last term is due to the constant diagonal elements
of the effective exchange interaction U. In the limit
v =0, Eq. (41) gives g = 1—nI(¢,$) = 0, which is the
LTS BCS constraint for non-zero t¢.

Neglecting the fluctuation terms, Eq. (41) reduces

o0 _9 o,

R

to

g 1 v
7:*71157(775:*[ t7¢ 207 42
pole (t, 9) Xﬂ ) (42)
which is valid for parameters satisfying
2 | “La(t6) + 1i(t,9)| < 1 (43)

Solutions of Eq. (42) exist for v = n + v > 0, since
the integrals I > 0 and I > 0. Thus the exchange
interaction v is so effective that even if n = 1, —n. <0,
i.e. when the coulomb interaction overrides the phonon
interaction, a SC solution exists for values of v as long
asn+v > 0.

It is elucidating to consider approximate implicit
solutions of Eq. (42) for the interaction limit ~v/[1 —
g(t)] < 0.3 at t =0 and t = t¢. Using Egs. (114) and
(118) gives

$(0) = 27907 1o = 113471790/ (44)

The BCS MF results for A(0) and T¢ are obtained for
g(v = 0) = 0. As v increases from zero, the g(t) > 0
initially results in an exponential g/v increase in A(0)
and T¢. For larger v the dependence of A(t) and T
on v is linear over a relatively broad range of v values.

The linearity is found analytically under certain
conditions. It follows from Eq. (42), using Eqs. (114)
and Eq. (117) that

90.0) _ 1ZmHAY o g0y«
Y X ¢
(45)
9609 _ G®Y s <,
y Xt



where 0.0738 < C1(t) $ 0.2. It is worth noting that
em and Ny cancel in both expressions in Eq. (45);
hence the enhancement of the gap and t¢, relative to
the BCS MF values, is due only to the exchange in-
teraction o« Uy > 0, independent of the cutoff energy
and the average density of states. Using g(0) and g(t¢)
from Eq. (45) in Eq. (44), leads to approximate linear
relations for the ratio of the t = 0 gap and t¢ at v and
V,. They are

o) _tolr) _ v o)
o(vo)  to(ve) Vo
which are independent of Ny and T,,. The impor-

tance of this positive linearity to HTS, in stark con-
trast to the negative exponential dependence in LTS,
cannot be over emphasized. It was shown in Section
IT to be an essential characteristic for the doping de-
pendence of the gap |A(z)|, and Te(z) observed in
cuprates. It is also found numerically that Eq. (46)
holds over a relatively broad range of v, including
values that give significant fluctuations requiring the
solution of Eq. (41). Using Eq. (8), and setting
Vo = V(ZTop = T1 + Ww/2) = vy, the doping dependence
of the effective exchange energy is

v(@) = 4y, (z)ILe (z).

Um

(47)

Thus |A(x)|, and Te(x) are linked to x.
Critical Field, and Specific Heat: The conden-

sation energy
AQ(t, ¢) = Q(t, ¢) — Q(t,0), (48)

defines a thermodynamic critical magnetic field Ho by

(1/2)uoHE (1) = |AQ(t, ). (49)
At low temperatures, T < T¢, for v > 0 Eq. (99)
yields the linear temperature dependence
Ho(T) T
= 1-—B(¢)=—, 50
0] )7 (50)
v Ind—-1 T¢
B(¢) = ———-—.
@ = a0 T,

It is shown in section V that for v > 1073 the slope
B(¢) lies in the range [0.4,0.6], in agreement with
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cuprate HTS observation. The v = 0 LTS limit
in Eq. (99) gives a very different Heo(T)/He(0) =
1—1.06(T/T¢c)>.

The entropy determines the specific heat C =
T0S/0T for p constant. Using the integral relations
(113) in Eq. (37) gives the form

t 09> (Y

2 LO9” 2 (¥
Y [Y 5 Bt } cosh <2t> . (51)
The normal state specific heat C,,(t) = C(¢,0) is given
by the first term in Eq. (51) with Y = y. The disconti-

nuity AC(t¢) = C(tc, ¢ = 0— Cy(tc) at teo, obtained
from Eq. (51) is

kpx 1d

cw =5 |

9¢°

AC(t¢) = —kpx tanh (1> y

2tc (52)

|tc
For v > 0 there is a large increase in the discontinuity
due to the large slope 9¢?/0t|;. < 0. A quantitative
comparison between the HTS and LTS C(¢) is given in
section V. General relationships between C and other
forms of specific heat are developed in Appendix C.

5 NUMERICAL SOLUTIONS
AND COMPARISON WITH
EXPERIMENT

The numerical solution of Eq. (42) is facilitated by
starting at t = 0, using the exact integrals in Eq. (114)
and then increasing ¢t. The minimum free energy SC
gap A(t) is shown in Fig. 2. Contours are the con-
densation energy AQ(t) in Eq. (48) divided by x&pm,.
Contours to the left(right) of the zero contour are neg-
ative(positive). Fig. 2 is plotted for a cutoff parameter
x = 0.01, phonon parameter n = 0.25, and a compar-
atively small exchange parameter v = 0.035 = 0.14n.
The significant points are ¢(0) = A(0)/kpTy, = 0.392,
te = Te/T,, = 0.164, and gap ratio A(0)/kpTc =
2.39. For comparison, using the same values of x
and 7, Fig. 3 is the v = 0.0 LTS MF solution, with
dmy(0) = 0.0366, tomy = 0.021, and A(0)/(ksTc) =
1.76. The enhancements relative to the LTS MF val-
ues are A(0)/A,,;(0) = 10.7 and T¢/Tomy = 7.81.
Thus a 12K LTS becomes a 94K HTS. The remarkable
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0.05

Figure 2: SOPT solutions for ¢(t) and g(t) =
[0(t)/A(t)] of Eq. (57) plotted for n = 0.25,v = 0.035,
and x = 0.01. The contours are the scaled condensa-
tion energy.

effectiveness of the diagonal matrix elements of the
exchange interaction is clearly evident by comparing
these enhancements with the modest mean field only
enhancement A, ¢(T = 0,7 + v)/Aps(T = 0,n) =
Tems(m+v)/Teoms(n) = 1.63. Large enhancement for
all t < t¢ is concomitant with relatively large values
of g(t) = |0(t)/A(t)|, which varies from g(0) = 0.52 to
g(tc) = 0.45.

The SOPT t¢ is plotted in Fig. 4 as a function
of v, and using Eq. (47) as a typical cuprate second
order phase transition boundary ¢ () for hole doping.
[15, 2, 7] An abrupt transition to the insulator(metal)
state occurs for z just outside the [zq,z5] range.
The te(z) plotted in the doping range [0.05,0.27]
for n = 0.25,v,, = 0.14n, where tc(v) is a linear
function of v, has the parabolic shape observed in
rather broad collection of cuprates: BiySroCaCuyOgg,
YBayCusOr_s, TlaBayCuOgqs, HgBasCuOyys which
have same To(zop) ~ 90 — 95K, but with different
numbers, n = 1,2, 3, of Cu-layers per unit cell.[7] For
this value of w = x5 — 1 = 0.22, the curve is of-
ten referred to as the empirical ”universal curve”. A
more appropriate designation is ”universal parabolic”.
The general form given by Eq. (9) and the equiva-
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Figure 3: LTS mean field solutions plotted for n =
0.25,v = 0.0, and x = 0.01.
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Figure 4: The scaled transition temperature ¢.(v) for
SOPT’s is plotted as a function of the interaction pa-
rameter v, and using Eq.(47), as a phase boundary
t.(x), with 2 the hole doping concentration in the range
[0.05,0.27]. The curve is for n = 0.25, x = 0.01, with
U, = 0.035. The maximum is To(xop) /T = 0.164.
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Figure 5: The SC gap A(T = 0,z) and the pseudogap
Apg(x) are plotted in units of kg1, as a function of the
doping concentration x for the same parameter values
as in Fig. 2. The maximum gap is A(zep)/kpTm =
0.392.

lent Eq. (53), is a fundamental cuprate characteris-
tic based on state occupation probability arguments.
Other cuprates exhibit a parabolic phase boundary,
but with a different values for [z1, zp, z2], and maxi-
mum 7T¢. For example. other measurements on the
two-layer BisSroCaCusOsis give (21 ~ 0.06,z,, ~
0.12],[61] but the shape of the SC phase boundary re-
mains parabolic. The phase boundaries of the single
layer BisSroLLaCuOgys and BigPbSroLaCuO6 + § are
also parabolic with [z1 &~ 0.11, 25 & 0.235].[62]

The lower T (z) for these cuprates with T (z,p) <
40°K is obtained in the model by reducing the value
of n and/or v, and changing the range of . However,
the scaled curves are independent of 7 and are given
by Eq. (53) below. Doping dependence of Ny(z)[62]
and p = p(x)[63] may play a role in determining the
SC phase transition range [z, z3], and they probably
introduce some asymmetry into the ¢c(z) boundary.
Also, the sign change of du(x)/dx contributes to the
observed asymmetry of the phase boundary for hole
versus electron doping.

The T = 0 doping dependent SC gap A(z) and
the pseudogap Ap,(x) are plotted in Fig. 5 for n =
0.25, v, = 0.140n. The gap A(z) has the same shape
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as Te(x), since both are linear functions of v(x). The
x dependence of both A(z) and T (x) is given by Eq.
(9), which can be written in the form

Te(z)  A(z,0) [ 2 ]2
= =1-|1-=(z—= , (93
Te(zop) A(zop) w( ) (53)
where w = z9 — x1. For the case 1 = 0.05,w =

0.22, Eq. (53) is identical to the empirical,[64, 65, 7]
doping dependent function observed in Bi2212, YB123,
T12201, Hgl201, listed above, with Te(xep) ~ 90 —
95K, Aczp(xop,0) = 21 & Imev, and A.;p(0)/kpTc ~
2.5+ 0.15, as summarized in Ref. [7].

The model A(0,z) curve fits the experimen-
tal Aggp(0,2) curve for a cutoff energy e, =
Acyp(Top)/d(zop) =~ blmev, at z,, = 0.16 ~ 1/6.
Using 26mev =~ 300K gives T, =~ 589K. The T,,
found from Fig. 4 is T, = Tc(exp, Top)/te(Top) =~
92.5/0.164 = 564K. The relative difference in T,
is 4.3%, which is within the experimental error in
Aexp(Top, 0) and the spread of T (exp). The effective
density of states Ny = x/em ~ 1/(5ev), which is that
of ametal, i.e. Ny ~ 1/ep. This is consistent with BCS
superconductor behavior at optimal doping.[2, 7] Using
the Ny gives the exchange constant at optimal doping
J(zop) = 0.25Ug(x0p) ~ 0.0438ev, and Vo ~ 1.25ev.
Comparison with the undoped Cu3d-Cu3d exchange
Jaa = 0.13ev gives J(zop)/Jaa = 1/3. Relating this
result for the cuprates in Ref. [7] with the commonly
used t-J model ratio Jyq/t & 1/3,[2] gives the geomet-

ric mean
Jag = [t (xop), for z,, ~1/6.

For these cuprates the competition between kinetic en-
ergy per unit area and exchange energy is characterized
by 2:170pt ~ Jdd-

The pseudogap given by Eq. (16) is

(54)

(55)

Using the above A(z,,) gives Apy = 42 & 4mev, and
Apg(x1) = 4A(zop) = 84 £ 4 mev. This is within
experimental error of the measured pseudogap A,,; =
76 £ 4, extrapolated to 1 = 0.05.[7] With this starting
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Figure 6: Scaled thermodynamic critical fields He(T)
are shown as a function of T'/T,, for n = 0.25, x = 0.01
and three values of v. The vertical scale is in units of
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Figure 7: Thermodynamic critical fields Ho (T')/He(0)
are shown as a function of T'/T¢ for the same parame-
ter values in Fig. 6. The v = 0 curve is the LTS critical
field of the BCS model, which lies slightly below that
of the two-fluid model Heo(T)/He(0) =1 — (T/Tc)?.
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Figure 8: HTS specific heat C, calculated from Eq.
(37), is shown as a function of ¢ for parameter values
in Fig. 2. The discontinuity at T¢ is 2.36 times the
corresponding LTS value.

value, A,q(x) fits the data in the SC range 0.05 < z <
0.27.

The thermodynamic critical field Ho(T') is shown
in Fig. 6 versus T/T,, and in Fig. 7 versus T//T¢. The
curves in Fig. 6, with v = 0.07, are based on the full
Eq. (57). For T' g T /3 there is significant linear slope
for all v(z) > 0, which has almost no dependence on
2. The field H¢ is related to the magnetic field pene-
tration depth A\(T') by a simple argument. In cuprates
the existence of vortices with effective penetration area
w2 are pierced by constant quantized flux for T < T¢.
Thus the flux 7A2(T)H(T) is constant, and Eq. (50)
gives the form

X(0) T

(56)

~—

For the range 1073 < v < 0.035, we obtain a slope
B ~ 0.4 — 0.6. This is in quantitative agreement with
the observed [66, 67, 68, 69, 70, 71] linear T dependence
of \=2(T') with slopes B ~ 0.5 £ 0.1.

In the SOPT domain the specific heat C(t) =
t05/0t increases with increasing v(z). As a conse-
quence the specific heat discontinuity at tc increases
with hole doping, reaching a maximum at optimal
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Figure 9: The internal energy U from Eq. (36) is shown
as a function of ¢ for parameter values in Fig. 2

doping, as observed.[2] The normalized HTS specific
heat Cs(v = 0.035,¢)/(2kpx), and the normal state
Cn(v,¢ = 0)/(2kpx) are plotted in Fig. 8. The
discontinuity at T¢ is (Cs — Cp)/C,, = 3.38. The
corresponding discontinuity for the LTS specific heat
C(v = 0,¢) is 1.43. Thus the model gives the ob-
served, large comparative, difference between LTS and
HTS specific heats.

The HTS internal energy U(T,v) shown in Fig. 9
for v = 0.035 exhibits anomalous behavior in contrast
to the LTS internal energy U(T,0), which exhibits a
monotonic increase with 7" for both the SC and nor-
mal states (See Fig. 3.3 in Tinkham([58]). The un-
usual dip in U(T,v) in the range t; ~ 0.07 < ¢t <
to = 0.14 < tc = 0.164 indicates a temperature range
[Ty, T»] of stronger effective exchange pairing than that
for T < T;. Entering the dip from the left, energy is
transferred to non-electronic parts of the system. As
T — T¢ the system is absorbing energy as SC pairs
are breaking. In the normal state T' > T energy
is again emitted, indicating some form of order stem-
ming from the exchange parameter v. Saturation, due
to the kinetic energy cut-off, occurs for T' > T with
UT,v)—1—-v/x.

The oxygen isotope effect on T¢ is characterized
by the coefficient ;5o = —0Inte/0In M, with M the
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oxygen isotope mass. Quantitative assessment of the
effect may be complicated and involve the effective
carrier mass m* on the overdoped side.[13, 15] How-
ever, making the simple assumption that dM « —dx
to preserve charge neutrality during hole doping, it fol-
lows from t¢(x) plots that ays, is positive for x < x,p,
negative for x > x,,, and independent of x near z,y.
Thus, without rigorous derivation, the model qualita-
tively gives the observed doping dependent evolution
of the isotope effect on T¢.

6 LARGE FLUCTUATIONS

Comparisons in Section V to cuprate HTS are based on
Eq. (42) in which fluctuations were neglected. Here we
consider solutions of Eq. (41) to determine the devia-
tion from solutions of Eq. (42) for the case considered
in Section V with the maximum v(z.,) = 0.035, and
to show the effect of large fluctuations. Solving Eq.
(41) for g leads to the key integral equation for ¢(t).
It is

So1te) = ghto) [1£VIZQwA]. 67)
212(t7¢) _ 1
ey Y

2w
which is the symmetry independent equivalent of Eq.
(105) with & = 0. Eq. (57) determines g and ¢4,
self-consistently, as functions of [n, v, x] at each value
of t.

Large Gap Limit and ¢t — J Model Relation:
The general development in Appendix D shows the ex-
istence of a large gap solution in proximity to an in-
teraction dependent singularity for any gap symmetry.
Using the same Q) < 1 expansion of Eq. (57), and the
t — 0 limits for the integrals given by Eq. (116), the
¢+(0) and g(¢) assume the asymptotic forms

¢3=w(”/"_2/3>, g=1-21.
n—v ¢

The gap expression is valid for (2/3)xy < v < n. It
is evident that ¢ is singular at v/n = 1. The unique
point is attained for v/x = Up/en, > 2/3, and v/n =
Uo/Vo = 1, independent of the density of states Np.

Q(t7¢) = I4(ta¢)7

(58)



Since xy < 1 the point is reached even for extremely
weak interactions — a QCP characteristic. Near the
QCP, in the FOPT domain, both § and A are very
large, and g < 1. There is no order parameter that
approaches zero near the QCP at the FOPT, as is the
case for a QCP at a SOPT.[32]
In the QCP limit the scaled condensation energy
aAQ(0, ¢) = af2(0, ¢) saturates to the expression
AQ,~1-2]|1 1 59
oa,=1-2 1+ Ly, (59)
The corresponding critical field Ho(0) also saturates,
and it follows from Eqs. (37) and (115) that the en-
tropy S(t) — 0. Although it has been conjectured that
the observed spike in A2 near optimal doping[30] may
signify proximity to a QCP, the comparisons in Section
V indicate that cuprates are SOPT materials far from
the large fluctuation regime that leads to a FOPT near
the QCP.
In the large gap limit the the large gap Eq. (58)
is related algebraically to the three band ¢ — J model.
For v > (2/3)x, Eq. (58) assumes the form

A3(0)—ﬁ t=/emTy, NoJ = Lo=lo
_J, — mYO0, 0 _‘/O"‘UO

(60)

Setting A = E,—Fq4, which is the cuprate charge trans-
fer gap, Eq. (60) is identical to the analogous relation
in the three band t — J model for particle hopping be-
tween the Cu3d and the O2p orbitals.[2] The relation
between the models is remarkable, but difficult to in-
terpret, particularly since the phonon interaction Vj is
not in the ¢ — J model.

Large Fluctuation Numerical Solutions

The solution ¢_(t) of Eq. (57) coincides with the
solution ¢(t) of Eq. (42) for small p = v/n = Uy/Vj.
For fixed [n, x|, increasing p increases ¢_(t) until the
SOPT solution ¢_(t¢) = 0is lost and a FOPT solution
¢4 emerges. The FOPT occurs with ¢ (tsny) > 0 at
the SN transition with maximum temperature tgy and
gap ¢4 (tsy) > 0. In the FOPT domain there is also
a tc < tSN with ¢+(tc) = 0. For tc <t< tSN
there are two solutions for each value of t. Hence, the
FOPT exhibits ¢t dependent hysteresis with no applied
magnetic field. In the limit p — 1, both |Q2(0, ¢)| and
tsn saturate, but ¢(t < tgny) — 0o. Since this unique
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Figure 10: FOPT solutions ¢4 (t) and |5(¢)|/|A(t)] of
Eq. (57) are plotted for v = 0.964n, n = 0.25 and
x = 0.01.

point exists for all ¢ < tgy, and depends only on the
ratio p = Up/Vp, it satisfies the essential conditions of
a QCP.[30]

Fig. 10 shows a FOPT solution ¢4 (t) of Eq. (57).
Evident is the FOPT hysteresis, with the SN transition
at ¢4 (tsy) # 0 a higher ¢ than the NS transition at
¢4 (tc) = 0. The maximum T saturates near 7' T 1
as the QCP is approached. This gap-T¢ decoupling
contrasts the behavior in the SOPT domain, where
both the gap and T¢ are increasing functions of v. For
very large T¢ the ratio To/Trp ~ x ~ 1071 — 1072,
consistent with low carrier densities in HTS cuprates,
and 10® — 10* times the LTS T /Tr values.[3] The
condensation energy contours near t = 0 tend toward
the QCP saturation value aAS), = —24.5 calculated
from Eq. (59).

SOPT phase boundaries are plotted in Fig. 11.
The upper tc(z), plotted for v, = 0.84n, lies just be-
low the FOPT domain. The curve is slightly pinched
near the maximum T (xop)/Tm = 1.06, where T (v)
is nonlinear. At z,, the enhancement factor is 48 times
the BCS MF value. For comparison, the lower curve
is plotted for the same parameters used in the typ-
ical cuprate phase boundary in Fig. 4. The value of
to(zop) = 0.177 is about 7% higher than that in Fig. 4
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Figure 11: Plotted are SOPT phase boundaries ¢.(z)
versus the hole doping concentration z for n = 0.25,
x = 0.01. The upper boundary is for v,, = 0.84n
which is very close to the FOPT region, and the lower
boundary is for v, = 0.147.

where fluctuation was neglected. A significant charac-
teristic is the linearity of Tx(v) over a wide range of v
values, which produces the parabolic phase boundary
Te(z) observed in cuprates.

The SC gap A(T = 0) is plotted in Fig. 12 as
A(v) and as A(z). Linearity of A(v) over a relatively
broad range of v values, gives a parabolic A(z). The
upper curve A(z) is for parameter values very close
to the FOPT domain. As the QCP is approached,
the increased nonlinearity of A(v) gives the triangular
shape, which increasingly fills the phase domain below
the pseudo- and ant-pseudo gaps plotted in Fig. 1.
The lower curve is for same parameter values used in
Fig. 5, based on Eq. (42) where fluctuation is ne-
glected. For the lower curve, A(z,,) = 0.451 and
A(zop)/kpTe = 2.55. The quantitative effect of the
fluctuations is obtained by recalculating the value of
T,, from the experimental data, as done in connection
with Fig. 5. This gives T;,, = 537 from the experimen-
tal gap, and T},, = 523 from the experimental T=. The
relative difference in Ty, is 2.6%, compared with 4.3%.
The error in the gap ratio is 2% compared with 4%.
Thus for v = 0.035 neglect of the fluctuation term is
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Figure 12: The SC gap A(T = 0,z) as a function of
the hole doping concentration z, and as a function of
the exchange parameter v for same parameter values
in Fig. 11.

justified.

7 CONCLUSIONS

The combined state probability-Hamiltonian model
predicts a rather large set of doping dependent HTS
properties listed in the introduction, and fundamental
properties of the normal state. The relative success is
attributed to the following properties of the model:

e The state probability model, defines the proba-
bility of the SC and normal states based parti-
cle occupation of a large set of unit cell states.
To preserve local charge neutrality in the CuO
plane, the SPM mandates the formation of dis-
tinct charge-spin plaquettes. The SPM deter-
mines the doping dependence of the SC pairing
interaction and the SC gap, and in the normal
state it determines the pseudogap and an anti-
pseudogap.

e The procedure introduced to treat the deviation
from the mean field Hamiltonian produces an ex-
act expression for the internal energy U(T) =



(H). The thermodynamic potential Q(T) is ex-
act at T'=0.

e The phase average RPA value of the magnitude
|0] of static fluctuation from the mean field is
not negligible for any interaction with non-zero
diagonal matrix elements. Values of |§| and the
SC gap |A| are determined self-consistently at
the minimum free energy.

e The spin-singlet exchange interaction U, with
k independent diagonal matrix elements, is a
very effective pairing glue, resulting in significant
static fluctuation from the mean field state.

e The SC gap and the critical temperature T are
linear functions of the exchange interaction pa-
rameter v o< U over a broad range of values of v,
independent of the effective density of states and
the kinetic energy cutoff parameter.

e Large static fluctuation produces quantum criti-
cality with concomitant extreme HTS properties,
although relevance to cuprates is tentative.

The theory captures the key mechanism responsible
for a large SC gap, high T¢, a large A(T = 0)/kpTc
ratio, and a low temperature A72 o« T. It also
gives the doping dependent mechanism, coupled with
H, that is responsible for the HTS phase transition
boundary T¢(z), and gap A(z,0) for a broad range
of cuprates exhibiting a SOPT with relatively high
Tc. The doping dependent probability model ascribes
a physical basis to a ”universal parabolic” function
for Te(x)/To(zop) = A(0,2)/A(0,2,,) satisfied by
cuprates. It includes the empirical function[64, 65, 7]
as a special case. The phonon interaction parameter
n o V gives only a mean field contribution the HTS
state. Universality stems entirely from the exchange
parameter v(x). The form of v(z) is further supported
by the concomitant universal SC gap-pseudogap rela-
tion, which agrees with all observed parabolic phase
boundaries. Fitting the broad spectrum of cuprate
data in Ref. [7] further confirms the relevance and
internal consistency of the theory. These non-trivial
experimental signatures substantiate the essential role
of U(x) as a pairing mechanism. Symmetry of the state
probability model suggests the possibility of HTS in
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electron doped ”anti-cuprates”, with the roles of the
cation and anion reversed.

A FOPT with T dependent hysteresis and large
static fluctuation occurs in proximity to a QCP. The
QCP is independent of the gap symmetry function,
the density of states, and the energy cut-off parame-
ter. The unique dependence on the interaction ratio
Uy /Vp with the emergence of quantum criticality, may
indicate the possibility of extreme HTS with weak in-
teractions.

Although the theory predicts many cuprate HTS
properties, a number of aspects are not included in the
Hamiltonian. Doping dependence of parameters other
than v(x), and explicit contributions from the charge
reservoir layers are neglected. A fundamental evalua-
tion of the state dependent contributions to the effec-
tive exchange J(z), and the phonon mediated V(z) is
lacking.

References

[1] J. G. Bednorz and K. A. Miiller.
B64:189, 1986.

Z. Phys.,

[2] P.A. Lee, N. Nagosa, and X-Gang Wen. Rev. Mod.
Phys., 78:17, 2006.

[3] C.C. Tsuei and J. R. Kirtley. Rev. Mod. Phys.,
72:969, 2000.

[4] J. Zaanen et al. Nature, 2:138, 2006.
[5] A.D. Beyers et al. Phys. Rev. B, 76:140506, 2007.

[6] F. F. Balakirev et al. Phys. Rev. Lett., 102:17004,
2009.

[7] S. Hiifner et al. Rep. Prog. Phys., 71:062501, 2008.

[8] M. Hashimoto et al.
2007.

Phys. Rev. B, 75:140503,

[9] M. R. Trunin. Physics-Uspekhi, 48:979, 2005.
T. Kondo et al. Nature, 457:296, 2009.

M. Norman, D. Pines, and C. Kallin. Advances in
Physics, 54:715, 2005.



[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]
28]
[29]

[30]

[31]
[32]

C Gadermaier et al. Phys. Rev. Lett., 105:257001,
2010.

A. S. Alexandrov, 2008.

X. J. Zhou et al. Handbook of High-Temperature
Superconductivity, page 87. Springer Science,
2007.

H. Keller, A. Bussmann-Holder, and K. A. Miiller.
Materials Today, 11:38, 2006.

A. Bussmann-Holder, R. Micnas, and A. Bishop.
Eur. Phys. J. B, 37:345, 2003.

X. Chen et al. Phys. Rev. Lett., 87:157002, 2001.
T. H. Geballe and G. Koster, 2006.

W. A. Little et al. Physica C, 460:40, 2007.

Y. L. Uemura. Cond. Mat. S, 16:4515, 2004.

A. A. Abrikosov. Physica C, 468:97, 2008.

L. P. Gor’kov and G. B. Teitel’baum. J. Phys.,
108:012009, 2008.

V. Oganesyan et al. Phys. Rev. B, 65:1725041,
2002.

T. H. Geballe. J. Superconductivity and Nowvel
Magnetism, 19:261, 2006.

A. Brinkman and H. Hilgenkamp. Physica C,

422:71, 2005.

B. H. Seradjeh and I. F. Herbut. Phys. Rev. B,
76:024503, 2007.

T. Jarlborg. Physica C, 454:5, 2007.
J. Zaanen. Nature, 466:825, 2010.

S. Chakravarty.
2011.

Rep. Prog. Phys., 74:022501,

J. L. Tallon et al.
1999.

Phys. Stat. Sol. B, 215:531,

D. van der Marel et al. Nature, 425:271, 2003.
C.M. Varma. Phys. Rev. B, 73:155113, 2006.

22

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]

[43]

[44]

[45]

[46]
[47]
[48]
[49]
[50]

[51]

[52]

P. W. Anderson. Physica C, 460:3, 2007.

P. W. Anderson et al.
16:R755, 2004.

J. Phys. Cond. Mat.,

F. C. Zhang and T. M. Rice.
37:3759, 1988.

Phys. Rev. B.,

P. Monthoux, A.V. Balatsky, and D. Pines. Phys.
Rev. B, 46:14803, 1992.

A. Damascelli, Z. Hussain, and Z.-X. Shen. Rev.
Mod. Phys., 75:473, 2003.

S. A. Kivelson, D. S. Rokhsar, and J. P. Sethna.
Phys. Rev. B, 35:8865, 1987.

C. C. Chang and S. Zhang.
104:116402, 2010.

Phys. Rev. Lett.,

A. Shimizu et al. Phys. Rev. B, 83:064502, 2011.
T. Dam et al. Nature Physics, 5:217, 2009.

S. Pathak et al.
2009.

Phys. Rev. Lett., 102:027002,

P. W. Anderson. The Theory of Superconductivity
in the High-Tc Cuprates. Princeton University
Press, 1st e. edition, 1997.

K. J. Emery and S. A. Kivelson. Nature, 374:434,
1995.

J. Bardeen, L. N. Cooper, and J. R. Schrieffer.
Phys. Rev., 108:1175, 1957.

L. N. Cooper. Phys. Rev., 104:118, 1956.

G. M. Eliashberg. Sov. Phys. JETP, 7:996, 1960.
W. L. McMillan. Phys. Rev., 167:331, 1968.

W. E. Picket. Physica C, 468:126, 2008.

P. Coleman and A. J. Schofield. Nature, 433:226,
2005.

S. Kirchner and Q. Si.
100:026403, 2008.

Phys. Rev. Lett.,

I. Suominen et al. Phys. Rev. B, 83:024501, 2011.



[63] E. Merzbacher. Quantum Mechanics. John Wiley
and Sons, 3rd e. edition, 1998.

[54] A.N. Lavrov et al. Phys. Rev. B, 79:214523, 2009.

[65] J. Callaway. Quantum Theory of the Solid State.
Academic Press, 2nd e. edition, 1991.

[56] T. Nakano et al. Phys. Rev. B, 49:16000, 1994.
[57] C. E. Gough et al. Nature, 326:855, 1987.

[68] M. Tinkham. Introduction to Superconductivity.
McGraw- Hill, 2nd e. edition, 1996.

[59] N. N. Bogoliubov. Nuovo Cimento, 7:794, 1958.
[60] D. G. Valatin. Nuovo Cimento, 7:843, 1958.

[61] M. Karppinen et al. Phys. Rev B., 67:134522,
2003.

[62] M. Schneider et al. Phys. Rev. B, 72:014504, 2005.

[63] K. M. Shen et al. Phys. Rev. Lett., 93:267002,
2004.

[64] M. R. Presland et al. Physica C, 176:95, 1991.
[65] J. L. Tallon et al. Phys. Rev. B, 51:12911, 1995.

[66] B. R. Boyce, J. Skinta, and T. Lemberger. Physica
C, 341:561, 2000.

[67] W.N. Hardy et al. Phys. Rev. Lett., 70:3999, 1993.
[68] T. Jacobs et al. Phys. Rev. Lett., 75:4516, 1995.
[69] Shih-Fu Lee et al. Phys. Rev. Lett., 77:735, 1996.
[70] A. Hosseini et al. Phys. Rev. B, 60:1349, 1999.
[71] J. Stajic et al. Phys. Rev. B, 68:024520, 2003.
[72] A.Paramekanti et al. Phys. Rev. B, 62:6786, 2000.

A INTERACTION FORMU-
LATION

This appendix contains two parts. The first relates to
the exchange interaction, averaged over the UC states
using the probability model in Section II. The second
relates to the determination of the interaction matrix
elements in the Hamiltonian in Section III.

Average Exchange. Referring to Section II,
we consider a checkerboard pattern of unit cell
plaquettes(+) with opposite net charge-spin. The UC
states in a given cell are denoted by @p+, @er, and those
in the neighbor cell are denoted by ¢, e, which sat-
isfy the probability constraints in Eq. (3) to maintain
local charge-spin neutrality. Formulation of the ex-
change interaction between states in the paired cells
requires an extremely complicated microscopic deter-
mination of the overlap integrals for the 4 x 16 con-
stituent UC states, which in turn determine the eigen-
states of the interacting system. Here only the relative
values of the exchange for different groups of accessi-
ble states are formulated. In the context of the density
functional approach with a Kohn-Sham exchange cor-
relation potential,[55] the exchange values are assumed
to be proportional to differences between characteristic
energies vpy(1j) and —veq (ij) corresponding to the UC
states in Eq. (2), as illustrated in Table 1. In the SC
state, excluding the UC states ¢(11) and ¢(44), the
average energies for the paired plaquettes are

Ew +E., = PLP.P,[J,P.P, + JoP% + J3P7], (61)
Eet + Epy = —PIPPo[JiPePy + J3P; + J3P62)
Jo = VI _ye oyt oy
VI = (o114 vae + 2(vi2 + v34)]97, g=¢eh
V37 = 2[vig +v2s)??, V37 = 2[v14 + v24]%.

The designation eo or ho in V}, is implicit in every v;;.
The P%s are Cu3d orbital occupation probabilities,
and all P’s are O2 p-orbital occupation probabilities.

Adding Egs. (61) and (62), defining J = Ept +



Ect + Epy + E.|, and noting that J, = —J}, leads to
the expression

S = DPP BP2 4 P -
(Jo = Ja)[PEPE + PRPR] - (63)

Since Jj, = thT -V + each energy difference
Jij = vn (i) = vey (i) = —[ver(ig) — vny (i5)].  (64)

is interpreted as an effective spin-singlet exchange in-
teraction between the states p+(ij) and ¢,y (i5). Not-
ing that Jy = Js, and using (P. + Py)" = 1, gives Eq.
(7).

Matrix Elements of U and V: The matrix ele-
ments of U o« J as a spin-singlet exchange interaction
is formulated. A singlet exchange interaction between
spins at coordinates r and r’ has the form

1
_ =t =
He;L' - 4 Z 2Jrr’-rr/\~rr’
(65)
= ) e [Se - S — (1/4)nanar],
Err/ = Cr’[Crt — Cy1Cry

Setting r' = r + R, the operator Elr, creates a spin-

singlet with a translationally invariant energy exchange
constant Jy yyr = Jr. Eq. (65) and the transform of
H., to momentum space, with compaction to a single
spin term is given without proof in Ref. [72]. We
develop the transform details to point out an oversight
in the determination of the diagonal elements, which
are important for HTS.
Defining the Fourier transform

.4 (66)

1
Croy = —F— Ciyo; €XD [iks - 1], =1,
D

and the shift ky = -k + q/2,ks = k + q/2,ks =
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-k’ +q/2,ks = k' + q/2, the transform of Eq. (65) is

1 -t =
Hee = oy > 2Jkk,:Lq:kq (67)
kk’
Ekq = C-kta/24Ck+q/2t — C—ktaq/21Ck+a/2}
= C—k+q/20C+a/2t T Ck+a/20C—k+a/2t
Jue = Y Jrexp[—i(k —k')-R].
R

The k space representation of H., is simplified by writ-
ing Jyw = Jg + Jy, where

i = Sk = Ji-ws
(68)

o _ o — o
Jkk/ — _Jfk,k/ — _Jk,fk”

Noting the second form of Exq in Eq. (67), it follows
that terms involving JZ,, do not contribute to Hcg;
whereas terms involving Ji, combine to give a single
spin set form

2 €

Hex = szkk’p;r(qpk’q (69)
kk'q

Pxq = C—k+q/2Ck+q/21

For a square lattice, applicable to the CuO plane
of cuprates, we assume the nearest neighbor plaquette
exchange Jg = —J is an average value for the z and
y directions. Setting R, = R, = 1, the transformed
exchange parameter is

Jae = —4J[Crae + Sier], (70)
Cuaw = coskycosky, + cosky cosky,
Sk = sink,sink, 4 sink, sin k;
Since Cyxyk + Skk = 2, the even part of Jyy is
Jlik’ =—4J [(1 — 5kk’)Ckk’ + 2§kk’] . (71)
Defining d and s-wave symmetry functions
& = cosk, —cosk,, i =cosk,+cosk,, (72)



it follows that

2Ck = Vi + Y.

This substitution of symmetry factors is used in
Ref.[72], however we note that the diagonal elements
are not correct. The contribution of Sk to Jg,, was
overlooked. This term, which produces the k indepen-
dent diagonal element in Jyy-, is essential to HTS.

It is convenient to introduce a complex symmetry
factor 9y defined as

(73)

v = %[wﬁ i), (74)

V2

which gives the product
Yty = Cae + ifcos ky cos ki, — cos ky cos k). (75)

It will be shown that all thermodynamic properties are
functions only of |1/|? = Cikk. Furthermore, as stated
in Ref. [72], the s-wave and d-wave contributions to
H,,: are the same.

Using the complex i, we replace the Jg,, with the
complex exchange interaction

Uk = —Up [(1 — S )i + 20kicr] 5

where Uy = 4J. As formulated in Section II, J is
replaced with an effective exchange J(x) that depends
on the doping dependent particle occupation of the
Cu3d-0O2p orbitals.

In the phonon mediated interaction V', the main
contribution is from tight binding, small polarons
formed in response to the Cu3d-O2p hopping of elec-
trons(holes). Drawing from the discussion above Eq.
(31): The symmetry of Vi is the same as that of
the exchange J, and the diagonal matrix elements
Vkk = 0. The structure of the off-diagonal matrix el-
ements, other than the symmetry factors, is a compli-
cated function of k and k', which is modeled here by a
constant —Vj. Accordingly, the effective contribution
of V' to the electronic Hamiltonian is approximated by

(76)

Viw = —Vo(1 — dww ) ¥xtner (77)
giving a V 4 U interaction
Ty = _(VO + U())(]. - (5kk/)’(/}k’¢;/ - 2U05kk" (78)
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B DIAGONALIZATION OF H

The Bogoliubov-Valatin canonical transformation,[59,
60] to a new set of Fermion operators i and Ay is

T = UpCk — vch,k, Ak = UkC_x + kaL
(79)
ck = upvk -+ vk)\lt, ch_k = —vpyk + uk/\lt,
where the coefficients satisfy |uk|? + |vk|> = 1. The

operators fyl(*yk) and )\L()\k) create(destroy) quasi-

particle excitations consisting of a correlated electron-
hole pair.

Applying (79) to Hpn in Eq. (21), noting that
€k = €_k , and using the anti-commutation rules, gives

Hkin = ng[]{]ﬁ +
k
2ukvk(/\k7k)T + Q(Uk’l}k)*)\k'}/k]
(80)
Ng = (Jul® = o) (nae + i) + 2[one]?,

where ny = 'yl]:fyk, and qx = >‘1T<)‘k are quasi-particle
number operators. To transform Hj, we use

cxck = Uk (1 — Nk — qu) +
(ui)* A — (01)? (i) T, (81)
giving
Hy = Y {—(ucopAx + ugoeAf) (1 — nic — i) +
K

[(v30)* A — (i) * Al dene —

[(ui)® Ak — (01) 2 A5 M) T + b Aw}, (82)

where Ax = — >, Tuwbi. The off-diagonal terms
A7k and (M) are eliminated from Hy = Hy;, + Hy,

using the coeflicient constraint
28 UKV — u%{Ak + ’UIQ(A;; =0. (83

The solution of Eqgs. (83) and |uk|? + |vk]? = 1
leads to the relations

(uk/ve) Ak =

~—

ex F By, 2Epupvk = FAx,

(84)
2Ek|’l]k|2 = Ek + €k,

2B |ux|* = FEx Fex,



where Ex = \/ei + |Ak[|?>. Using Egs. (83) and (84)
in Hyn + Hp(T) leads to the diagonal mean field form

Hpyy= Z[iEk(l — Nk — qi) + ek + Akby].
K

(85)

It is stated in the literature that one should choose the
lower sign in (84), but all thermodynamic functions
are invariant with respect to the choice of sign, which
is simply a choice of an electron or a hole picture.
Determination of (H;): To complete the diag-
onalization of H the operator dek/ is approximated
by its average <d£dk,>_ Define X [(pkgw/)] = (pxax’) —
(pk){q). Using the definition dx = bx — c_xex and
applying Eq. (81), the by’s cancel and one obtains

X[(didi)] = X[{(c-xan)Tewan)]

UiV e Ve X [((i + qic) (M + quer))] +
(uctge ) (M) Ao ) +

(vvi ) Qe e A i) ) (86)
The average of all other terms in X [(dldk/ﬂ involv-
ing unmatched creation and annihilation operators
are zero in the eigenstates of H,,;. Using the anti-
commutation relation for Fermion operators to rear-
range the last two terms in Eq. (86), and noting that

<’ylt/’yk> = 6kk/ (nk> and <)\L, )\k> = 5kk’ <qk> giVQS

X[(didi)] = weviupoe X[ + ac) (nie + a))] +
Sreter [ * (nacque) + (87)
S [ 0| (1 = mae) (1 — o)),

where O = 0 for k # k’ and 0 = 1. Since

nx and g are uncorrelated it follows from Eq. (89)
that (nkqr) = (nk){q) for all k and k’. Similarly,
(neny) = (ng)(n') for k £ K, but (nxnk) = (nk),
and {(qrqk) = (gx), since the eigenvalues are 0 and 1.
Using these relations, one obtains X [{(nx + qx)(nx +
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Q)] = G [(me) (1 = (i) + {@ae) (1 — (aue)]-
noting that (nx) = {qk), Eq. (87) reduces to

Finally,

X[dle)] = (i) (55)

Juse* (mae) + ol (1 — (nae)),

The (Nx) = (INg) is the average non-interacting
fermion gas particle number density for state k for
both spin orientations. Using Eq. (84) in Eq. (88)
and noting that (df di) = (d} ) (di) + X [(d]-dyer)] gives
(Hg) in Eq. (23). In obtaining Eq. (23) we apply Eq.
(89) to obtain (ny) = (qk) = f(Ex) = [e#Px +1]7L,
and use 1 — 2f(z) = tanh(z/2).

C THERMODYNAMIC
FUNCTIONS

General relations between several thermodynamic

functions are derived from their basic definitions, and

different definitions of specific heats are related.
Grand canonical ensemble average of an operator

Q:
(@)

Tr(pQ), p= - exp(=fH),

N

(89)

Z Trlexp(—BH)],

where 8 = 1/(kgT), H(u) = H(0) —,uN with chemical
potential u(T), Z is the grand partition function, and
p is the density operator.

Thermodynamic potential (generalized free en-

ergy):

Q=—(1/8)1n(Z). (90)
Von Neumann entropy:
S = —kpTr(plnp). (91)

The above definitions (89) - (91) give the entropy

1 I 17)9) OH

Q) = a7t <87>' (92)



The partition function for H in Eq. (23) is

Z =[]t +exp(—BEw))? exp[B(Ex — ex)] x
k

exp(—BAkby) exp(—F(Hg)). (93)

Using Z one obtains the expressions for €2 in Eq. (26),
and the internal energy U = (H) in Eq. (27).

Specific Heat: Differentiating S in Eq. (92) with
respect to T" and eliminating S, yields the useful deriva-
tive relation

The various forms of specific heat in Eq. (94) are
C = Tg—i, (95)
Cy = %;D:CHZ—;% (96)
Co = —T% :c—Ta%<g—I;>. (97)

Details for C' are given in Eq. (51). It is evident that
for any model with (0H/OT) # 0, the specific heats
differ. In this case the internal energy U cannot be
determined from an integration of C' with respect to
T, as done for LTS.[58]

Condensation Energy at Low Temperature:
The condensation energy is AQ(t,¢) = Q(t,¢) —
Q(t,0) < 0, where Q(t,¢) is given by Eq. (35) In
the limit 2t < ¢?, and 2t < 1 for ¢ = 0, the inte-
grals in Appendix E give Q(¢,¢) ~ Q(0,¢) to within
exponentially small ¢ dependence, and

2

2
Y nd - 1)t - %t? (98)

af)(t,0) = —

Noting that AQ(0,¢) = 2(0, ¢), leads to the expres-

sion

Aalte) 2B(6) — — A(0) <T>2 ,(99)

AQ(07¢) TC TC
v Ind—-1 T¢
BOY = 1a0,9) T

Al = 3|Q<0¢>| @n)

The factor v/x in Eq. (99) shows that the linear T
dependence is due to the diagonal matrix elements of
U. For v = 0 the LTS dependence (T/T¢)? is recovered
with A =~ (2/3)(7Tc/A)? =~ 2.12. But, even for a small
value of v the linear term in T'/T¢ dominates, since
x < 1. Eq. (99) gives critical field Eq. (50).

D GENERAL ANALYSIS

The purpose of this appendix is to outline the behav-
ior of the general, symmetry dependent minimum free
energy solutions. The € corresponding to the model
H in Eq. (34) is

4 |A[?
Q = —=3 E
mf ﬁ o+ - €k + Ty s
|9?
<Hd> = —0Og —UpXy, ©g= 2(1 + a)Uo,

s
where a < 1 is defined in Eq. (34). The constraint
Eq. (33) is

1ol _

+ =
A

g=1-T¢%, T'qg=Vy+ U, (101)

and the k-space sums are

Yo = ;zk:ln[Q cosh(BFEy/2)],

5 o= Iyl smge) (102)
2 - Ek k )
1

¥ = 3 gai, ox=1-— %tanh(ﬁEk/Q),

where Ex = \/ef + |Ak|? and Ax = A¢y. It follows
from Eqgs. (100)-(102) that

N g g Y
GW|T = Ffofeo(lJr,D)ITg*@OEALITO*UoEb
(103)

« Olhna

1+adm|AR



The sums arising from the derivatives of ¥; and %,

respectively, are

1 €k

Yo = §;‘¢k|2?ﬁ0kaa
1 2|Ak|2

Yy = 52}(:‘77/1k| o) Ck (104)
1 B —2

(k = —=tanh(BEx/2) — = cosh™*(8Ex/2).
By 2

The first term in Eq. (103) is from the mean field ,,,,

and the remaining terms are from (H;). Replacing the

symmetry factor |1 |? in X4, defined in Eq. (34), by

its average value unity, « = 0 and p = 0. Since a ~ 0,

it is treated as a parameter and p < 1 is neglected.
Solving 9Q/9|AJ? = 0 for g/T gives

1 w
— -y = —|1+/1- 1
Ty 205 | Q. (105)
4Uy0
Q V[(;Q 022, W =1- 6()24.

Solutions of Eq. (105) are the gap amplitudes |A L (T")].
Eq. (105) is complicated and it has several distinct
solution domains depending on the relative values of
the parameters. Extreme solutions of Eq. (105) are
the small and large gap solutions that occur in the
same limit @ < 1. To linear order in @, Eq. (105)
leads to

I'o — B9 Uo
1 U
Y = — ==X 107
-, (107)

Eq. (106) determines |A4| and Eq. (107) determines
|A_|, corresponding to the sign in Eq. (105). Setting
Uy = 0, Eq. (107) reduces to the BCS constraint for
symmetry 1y, with a small, LTS gap |A_|. Since ¥ —
¥4 > 0, Eq. (106) has no finite real solution in the
limit Uy — 0.

Eq. (107), with W =~ 1, is the small Uy equa-
tion that follows from the MF part ,,; plus the
diagonal interaction term proportional to ¥; in Eq.
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(103), neglecting terms generated by |6]?. As Uy is in-
creased from zero Eq. (107) has an effective T'cyy =
To/(1 — UpTl'gX2) > Ty that causes the gap amplitude
|A_| to increase exponentially from the BCS value.
[See Eq. (44).] The term small Uy is quantified by the
condition

Oo[UpXs + X4 < 1,

required for negligible fluctuation effect from |§|?.

Retaining the fluctuation terms leads to the emer-
gence of a second solution |Ay| determined from Eq.
(106), which becomes large when I'g — ©¢ £ 0. In this
limit the large gap solution of Eq. (106) is

(108)

I'y®
3 090
|AL(0)]” = Vo (1+20)00 X, (109)
2
[vx| ek oo — el

1
Sp=5 )
2 4 (/1AL + )32

Existence of |AL| requires a minimum value of Up
such that X5 > 0. Eq. (109) is singular when
the interaction ratio p = Up/Vy assumes the value
po = 1/(1 +2a) 5 1. Near the singularity the gap
|A+(0)] — oo, and the Xp/ is essentially independent
of |A+|

Although |A4| becomes increasingly large for p
near pg, the g saturates to its maximum g = 1, and
Q remains finite. It follows from Eq. (100), with some
manipulation, that the asymptotic saturation value is

(Z wk|> . (110)
k

Ty

2,(0) = Ek:(ﬂc Uo/2) -~
for any symmetry ||

Several inferences are drawn from the analysis
above: The symmetry factor ¥y does not fundamen-
tally change the thermodynamic properties. For small
values of Uy, defined by (108), the |A_| is independent
of |§]. The model Hamiltonian with |§|? neglected is
applied in Section III, and its relevance to cuprates is
clearly manifested by extensive comparison with ex-
periment in Section V. When the inequality (108) is
violated, retention of |§|? produces a gap solution gov-
erned by p = Uy/Vy with a QCP at pg 5 1. Extreme
HTS properties of the model are considered in Section
VL



E INTEGRALS

The integrals in Egs. (35) - (38), and (57
gration variable y = (ex) /e, are

), with inte-

1
Iy(t,¢) = /dyln[Qcosh(i)}, Y = \/y? + ¢2
0
I(t,9) = 22% /dytanh( ),
1 2
Ii(t,p) = ;/0 dy[l—ytanh(;)} ,

101 ! Y
L(t,¢) = ¢a¢1 =/ dy% {1$tanh (m:ﬂ x

IB(t7¢) =

Integration of I by parts gives the useful form
2
()] -
2t
2 ¢
1 — — tanh
-5 ()] -
1 2
1 Y
dy | = tanh | — 112
ool ()] - o

The integrals satisfy the relations

2h(t,¢) = [1 - Yilt

o, 1. 1 04
2 Tl = 2l
(113)
99> 0l 1t , 1O (Y
o =2 = ?/Ody oo | %)
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For t < tc the integrals are given by their ¢ = 0
limit

4th(0,¢) = Yi+¢°1(0,0), Yi=V1+¢?
1(0,¢) = arcsinh(1/¢) = In[(1/¢)(1 + Y7)]
1,(0,¢) = 1/Y1, (114)
L(0,6) = 1-Yi+¢[l—(1/2)arctan(1/¢)]
L(0,¢) = —(1/Yi)[1-1/2V1)]+
(1/@)[1 = (1/2) arctan(1/6)].
For ¢ >> 2t,

2uly(t.0) = Ito) = [ayy (119)

Expansions of the integrals in Eq. (114) in powers of
1/¢ < 1 are

1 1 1 1
I(Oa¢) = 5_6(253’ I4(Ou¢):$_2¢3a
(116)
1 1 1 1
1(0,¢) = 5_%+76¢2’ 2(0a¢):72¢3

In the limit ¢(t) — 0

I(t,0) = 1—t[tanh(1/2t)+ 2Incosh (1/2t)],
(117)
Ii(t,0) = 0.
For ¢t $ 0.1, with . = 0.57726, giving D = 2.2677,
1/2t dr
140) = / X fani(x) ~ n (D/21),
0
(118)
o0
InD = —/ drlnzcosh ™2z = In (4/7) + Ve,
0
Ci(t) 11 [,
I,(t,0) =~ Ci(t)== -~ — tanh .
(o) ~ B G =g-g [ )





