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Abstract. A simple model of cuprate superconductivity with an elestspectrum prepared
by doping is developed. The pair-transfer interaction ¢esiphe itinerant band with two
components (“hot” and “cold”) of the defect subsystem. Badéfect-itinerant gaps are
guenched by progressive doping. Band overlaps appear & smwces for critical doping
concentrations. Insulator to metal transitions in the radrstate are expected here. Minimal
guasiparticle excitation energies determine the pseutthbsaperconducting gaps according to
the doping-dependent disposition of bands. Two pseudogapde present at underdoping
and two superconducting gaps can be manifested at oveglopifarious transformations
and connections between the gaps, pseudogaps, and noetelgaps agree with various
experimental findings. The superconducting density doesefiect the presence of “extrinsic”
gaps because of the interband nature of the pairing. A Uetype sublinear plot at
underdoping with further recession is obtained. A mixedhkdiguid is restored near optimal
doping where the chemical potential intersects all the kmmdponents.
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1. INTRODUCTION

Extensive experimental data on superconductivity energetic chadsticter
have been collected for cupratés [*]. However, standardized measurements
covering self-consistently and smoothly the whole energy and dopingssasde
advisable. The presence of at least one superconducting gap andr @ven
two pseudogaps*{’] raises a question about the number of superconductivity
order parameters. Indications of the appearance of two superdorggaps
can be found. The nature of the pseudogap which survives in the hetata
has still remained debatablé®]. “Extrinsic” and “intrinsic” mechanisms have
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been proposed. In the latter case the pseudogap is caused by thetifigctua
superconductivity order (preformed pairs)7at> T. and an immediate connec-
tion exists between the superconducting gap and the pseudogap. Tinsiextr
mechanism looks for the pseudogap source in the normal state electatruspe
Bare gaps in it may be due to other types of orderings (in the lattice—
phonon subsystem) or doping. At present this kind of explanation seeims to
preferable {11].

A cuprate superconductor can be considered as a charge-tramsféator
perturbed by doping. In what follows the excitations in the charge chavilhde
considered. The excitations in the spin-subsystem build up an essestialsed
partner. Controversial statements on interrelations of cuprate gapsbeave
made. These concern transformations of superconducting gaps intdogsgs
on doping, the connection of superconducting and normal state gagsthan
coexistence of various gaps in distinct doping regions.

We believe that one way to reach a more physical insight into cuprate-super
conducting properties on the excitation—energy—doping phase diagithbethe
elaboration of a simple (possibly partly postulative) model by using the gener
knowledge of these systems. The following comparison of the qualitativermetc
with observations can then illuminate the background physics.

Cuprate superconductivity is widely discussed in the two-component
scenario [17]. Its essence consists in the statement that a “defect-polaronic”
subsystem bearing doped holes is functioning besides the itinerant @dland
electrons. The framework of the two-component scenario leavesoireéor the
precision of the nature of the electronic background and pairing ckar@ee can,
e.g., consider as basic ingredients a mainly oxygen band between thev@atkd
Hubbard components and a distribution of states created by ddpih¢f[ 23] near
the top of this band. Lattice effects enter this scenario through the inhoreogen
structure of Cu@ planes in doped cuprates (stripes, tweed patterns, granularity)
and the associated electronic phase separafion{27].

Attempts to reflect the two-component scenario by a simple model have been
started in {*1928-30]. The present contribution is a generalization, especially
concerning the superfluid density. Our model uses a nonrigid electriayigrpund
of superconductivity prepared by doping. The “extrinsic” sourcthefpseudogaps
lies in the postulated bare normal state gaps between the defect and the
itinerant states. These will be quenched with progressive doping. Theaamu
transformations between superconducting gaps and pseudogaps eapléined
by the change of the nature of the minimal quasiparticle excitation energy on
doping. Correspondingly the pseudogap(s) appears as a gap ingbipayticle
spectrum. It does not follow the superconducting order parameterdaaginot
compete with them. The connection between pseudogaps and normal stte gap
is due to the mixing of the normal state spectrum with the superconducting gaps
in the quasiparticle energy expression. The fluctuation effects havmerattaken
into account in this model (cf!{]).
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The electron spectrum considered in the two-component scenario igjidonr
The appearance of a “defect” subsystem besides the itinerant ons ap®ovel
channel for reaching higif.’s by the interband pair transfer interactiof?$°].

The corresponding two-band superconductivity mechant$i?] has been known

for a long time. A number of attempt$®] have been made to use it for cuprates in
connection with the two-component scenari®!p:26:28—-30:34=391 The interband
pairing interaction operates in a considerable volume of the momentum sphce an
works for pairing also as being repulsive. It also prevents the martifastaf
normal state gaps in the superfluid density (order parametérs) [

2. THE MODEL

Various data exploited for the choice of the model are presentetit{®—30].

A cuprate electron spectrum created and reorganized by doping iskaesas
follows. The itinerant (valence) band)(states are lying between the energies
¢ = —D and¢(max) = 0 and are normalized tb — c¢. Herec is a measure of
the doped hole concentration. It must be scaled for a given case, ®jginimg
characteristic concentrations on the phase diagram.

The defect subsystem is structurally anisotropic, and this is manifested in
different gap features over the momentum spacé [>°]. The presence of two
pseudogaps’f ‘] of different behaviour is impressive. The well-expressed large
pseudogap is connected with the neighbourhood of the “fmat))-type Brillouin
zone points. The spectrum &E, 7)-type “cold” points seems to be weakly
gapped {°]. For these reasons the defect system will be characterized by two
subbands for the “hot’«) and “cold” (5) regions (cf. $°]). These subbands occupy
the energy intervalg, — a.c andds — (¢, respectively, with the weight of stateg2
(cf. [*3]). At underdoping these bands lie above the valence band. Note that the
optical charge-transfer gap is reduced by dopifig [A progressive doping brings
first the3-band to overlap with the-band atcs = d23~1. A common overlapping
distribution of all the bands starts at = d;a~!. It is known that the infrared
manifestation of the defect band is lost at larger dopings in favour ofidd®peak
of (free) carriers{?].

The 2D (CuQ planes) densities of states of these bands reae: (1—c)D !,
pa = (2a)71, pg = (28)~1, andB < « is supposed. There are three qualitatively
different arrangements of the bands and the chemical potepdalAt ¢ < cg,

u = do — [Bc remains connected with the “cold3-band. At underdoping the
charge carriers are concentrated in this “cold” subsystem in accodeith ['3].
Forc > cg, p = (da — Be)[1 + 28(1 — ¢)D~']~! intersects both4, ~)-bands.
For the expressed dopings larger tligndetermined byl; — acy = u, the role of
the (r, 0)-type region increases essentially (¢f:4!]). Now the chemical potential
p = [ade + Bdy — 2afc][a + B+ (1 — ¢)2aBD~ 17! intersects all the three
overlapping bands.

The valence band is attributed to the hole-poor regions of the material. It
remains the source of antiferromagnetic fluctuations whereas in the dpimod
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distinct spin-structures can be built up (ferrons, polaron aggregetes. This
type of background has been used to describe the underdopedecupagnetic
properties '] and a bridge for explaining the presence of a magnetic pseudogap in
the spin excitation channel opens.

There are also approaches to cuprate superconductivity based epettial
role of the van Hove singularity peak in the Cuondoped) plane spectruri?].
The constant densities of states used in the present work for the dppetdusn
are crude approximations. However, our joint active spectrum is to sateate
analogous tof!]. The present model takes special account of the strongly perturbed
region near the top of the itinerant band where also the Fermi level is pesition
The main point is the defegt-band creation. The relatively large and narrow
density of states of this band shifts to theband top and the whole spectrum
resembles one supposed in “van Hove-type” scenarios. The inteferidg
channel of the present model works effectively on this backgrodndoping-
driven spectral overlap resonance. Presumably the defect phet spectrum can
be compared with the bosonic (bipolaronic) component of the theories inglud
bosonization{"3%].

3. BASIC EXPRESSIONS

The cuprate pairing mechanism will be described by the coupling of itinerant
and defect subsystems through the pair-transfgirjteraction. Superconductivity
is mutually induced in interacting components. The corresponding coupling
constant¥ contains Coulombic and electron-phonon (repulsive) contributiths [
Pairs are formed from the particles of the same band.

The intraband contributionsq] are of less significance on the present level of
the model. The basic mean field Hamiltonian reads

— Nat. g - N[ . + +
H = Z e(k)aal;saaks + Z Av(k)[%m%—kl + PN
k

"
o,k,s

> A (E)a e, + af patl @
Ror

Heree, = & — pu; 0 =, 8,7v; 7 = o, 3, and) . 7 means the integration with the
densities of states, s in the corresponding energy intervals. Usual designations
are applicable for spinss) and electron operators. The superconductivity order
parameters are defined as

A = 2) WG R) <a g >,
R

N @
A(q) = 2ZW(q, k) < a0 g >
k
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The diagonalization of (1) yields the gap equatién=£ kzT) system

k,T . (3)

- s o B (k)
_ - 1 Y
k
with the usual form of the quasiparticle energies
Eq(k) = /€2 (k) + A2 (k) . (@)

In what follows W will be taken as constant for simplicity. Moreovex, = Ag
is set. AtT., according to (3) the gapA, tend simultaneously to zero. For
W > 0 two s-type order parameters appear with the opposite sighsgqg. (1)
uses positive\ values.

The density of paired carriers can be calculated as

1) AR LB (R) | L A2 o B (R)
ne = %:E%(E)th o6 +)° Ez(}g)th o (- (5)

Performing the integrations/{,d > A) at zero temperature, one finds for
c<cp

1 d —
nso = 5 {Aapgarctanﬁ—z + AypyarccotQA—fc} ) (6)
and forc > cg < ¢
1 dy — e — di —ac -
nso = 3 {Aapﬁarccot%z'u + Aapaarccot%ju
+ A, pyarccoti}. (7)
Ay

It can be seen that the presence of the normal statelgapGc does not prepare
a fermionic gap in the superfluid density. At the critical concentratioa cg,
ns remains continuous (the second term in (7) tends to zero).

4. THE GAPS
Minimal quasiparticle energies reflect the presence of gaps in the excitation
spectrum of the superconductor. This will be the case also for the pgeps,

which appear naturally through the chosen normal state spectrum in thenpre
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model. The basic source lies here in the perturbative segregation ofrthieréc
subsystem by the presence and localization of the doped holes.
In the low underdoped region fer< cg one has

E,(min) = A; = \/(dy — e — p1)2 + A2, (8)
Eg(min) = A,, 9)

E,(min) = Ag = /p? + AZ. (10)

Further, forc > cg andc < ¢o, E,(min) will be represented byA, as¢, = p
can be satisfied. Fer> ¢y alsoE, (min) transforms int@\,,.

In the normal staté\; and A, survive and one interprets these as pseudogaps.
A pseudogap and the corresponding normal state gap are connectedhttihe
contribution ofA,, 5 into E,. At T = T, A, vanish and the superconducting
quasiparticle nature of the excitation is lost. In passing to the optimal doping
the small pseudogap is smoothly transformed into the itinerant supercorgductin
gap. The large pseudogap regime extends until cq is reached. The minimal
excitation of the defect subsystem is further determined by the supercimgl
gap A,. The connection and mutual transformation of the pseudogap and the
corresponding superconducting gap are based on the dopinglgasiabcture
of the spectrum, which changes the nature of the minimal excitation energy of
quasiparticles.

The opening of a pseudogap can be considered as a precursor aafpibe
conducting gap opening, however, on the doping (not energetic). dtappears
as “states nonconserving” (cf]].

Concerning the manifestation of various gaps involved in the model, the
valence band excitations belong to the “hot” spectrum. The “cold” spectrum
is usually considered as nongappéed3[‘°]. If one accounts for thel-wave
symmetry {°] by multiplying A, with the corresponding symmetry function,
the “cold” spectrum becomes empty. Note, however, that depending on the
doping level and temperature, the two-band model allows for plres- or
mixed d—s-ordering symmetries?f]. Extreme dopings and low temperatures
favour thes-wave nature. In spite of that the basic gap manifestations appear
in the “hot” spectrum and the “cold” electrons act essentially in building up the
superconductivity high., supporting the interband pairing channel.

In summary, the present model allows the appearance of two pseudogaps
low dopings. Further the spectrum involves the large pseudogap and grauitin
superconducting gap. On overdoping the spectrum is expected to cowtain
superconducting gaps. Then the deféct will be manifested by an additional
spectral weight insidé\,. The superconductivity becomes spectrally exposed to a
full extent on overdoping.

In the case where th@-subsystem states overlap the itinerant band from the
very beginning, there will be only one defect subsystem pseudogap.
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5. ILLUSTRATIONS AND COMPARATIVE DISCUSSION

The theoretical cuprate phase diagram following from the present m®del
illustrated by Figs. 1 and 2. The following plausible set of parameters rers be
used:D = 2,d; = 0.3[*"], dy = 0.1, o = 0.66, 3 = 0.33, andW = 0.28
(eV), for whichT,(max) = 125 K is reached for = 0.57, ¢, = 0.45, c3 = 0.30,
andcy = 0.57. The scaling for a typical cuprate doping is madepby= 0.28¢
according to the widely accepted valpe= 0.16 corresponding td(max). The
gaps in Fig. 1 are given fofF = 0 and the connections between them can be
followed on the doping scale. There seems to be a general agreement avith th
findings for cuprates.
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Fig. 1. Doping dependences of gaps: 1, the large pseuddgag, the small pseudogafy,;
3, the itinerant system superconducting dap 4, the defect system superconducting dap
5,T.. p = 0.28¢, po, = 0.13, pg = 0.085, py = 0.16, p(T(max)) = 0.16.
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Fig. 2. Doping dependences of the superconducting density (cunand. of the transition

temperature (curve 2). Curves 3 and 4 represent the noratalgaps. Energetic characteristics
are given in eV.
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The expected common manifestation of two underdoped state pseudogaps
has been established for the La- and Bi-cuprat&s’][ Another class of
compounds with one charge channel pseudogap (bare nonggpgeasystem)
with the A;-type behaviour is eventually possible. Smooth transformation of
the small pseudogap into the larger superconducting gapgfahas also been
observed T7%13]. The large pseudogap extends to slight overdoping and then
transforms into the defect system superconducting gap as foun#f]inThe
pseudogap); is attributed to the spectral hump-featufd]. On intermediate
dopings,A; and the itinerant superconducting gap appear together. They cross
close to the optimal doping. This corresponds to the observatior}. dite that
in a narrow doping region the larger superconducting gap exceedsduelqgap
A;. The corresponding parameters of the itinerant and defect subsyatemst
competing. Eventually, the hump is shifted to larger energies with reducéagdop
as observed in'f] and it is preserved fof’ > T, on the dopings wher&, is
optimized f].

Following the connection of the pseudogap with its “own” subsystem super-
conducting gap, it can be seen that the manifestation of a supercondyefirog a
given doping can be substituted by the appearance of the normal steteigap)
for T' > T. in this region. It means that at low temperatures a pseudogap may not
manifest itself on dopings where it will be found in the normal state (¢f).[ In
general, the pseudogaps persisite- 0. The rising temperature expands slightly
the region on the doping scale dawn where a pseudogap appears.

The manifestation of both superconducting gaps on overdoping is often
debated. However, the Fermi energy intersects the electron spectrigsinpaded
by different band components at different wave vectors and therlakgecan
remain masked.

The temperature dependence of the pseudogaps remains at the ptatecot
the model due to the contribution of the superconducting gaps. This leadfote a
decrease in pseudogaps with— T [1], whereas the superconducting gaps -
reach zero af, in a “traditional” manner{°] (cf. [*®]). However, the formation
of the reorganized spectrum by doping is projected on the phase separto
hole-rich and hole-poor regions. This process is expected to be inédelny
temperature. Correspondingly a high-temperature limit for the formation of the
bare gaps between itinerant and defect states can appear. This t&coensan
limit the existence of the pseudogap phase.

Figure 2 represents the behaviour of the superconducting defsity (0)
together with the normal state gaps dfid There are no signs of bare “extrinsic”
fermionic gaps in a continuous trend of and an argument!{] against the
“extrinsic” source of the pseudogap fails. This is the result of the intetiveature
of the pairing. The normal state gaps and pseudogaps and their large tmatio
T, rise dramatically with the diminishing of doping, whereby the superconducting
gaps and density decrease.

The behaviour of the superconducting density with the expressed maximum
near the optimal doping follows the trends shown Hyand superconducting

105



0.012

0.010

0.008

0.006

0.004 |

0.002

0.000 : : :
0.00 0.01 0.02 0.03 0.04 0.05

ng

Fig. 3. Transition temperature vs. the superconducting densigyemura plot).

gaps. The strength of the pairing and the phase coherence develo@@ist
simultaneously. This corresponds to recent experimental findtAgg].

In Fig. 3 the calculated Uemura-typ&] plot is shown. On underdoping there
is a sublinear segment connectifigandn with the further recession and turning
back to zero.

The dynamics of the band overlap in the present model introduces a novel
source for special critical dopings. These correspond to the dopimggatrations
where the band components begin to overlap. The metallization of the coltt-defe
liquid is reached at3. On smaller dopings the formation of doped hole ferrons
and a percolation type superconductivity are suppo¥gd The defect band acts
as a bath of uncompensated spins. One can explgith presence of a magnetic
pseudogap’-°®] in the spin excitation channel on this basis.

The hot defect subsystem metallizescgtinear the optimal doping. Here all
the three bands of the model overlap and are intersected by the chenméarailo
This means that a common mixed Fermi liquid is formed. The difference between
the defect and the itinerant carriers disappears. The large pseudeds lost
when passing this border, where alsp becomes maximal. Here one expects
an insulator to metal transition in the normal phase. When this concentration
is being achieved, the Fermi surface becomes more and more electronitlike w
peripheral hole pockets. Experiments on the normal piékstow that a quantum
metal to insulator transition appears at a distincin the same region wher®
lies. For smaller dopings the hot quasiparticles become insulating wherelthe co
quasiparticles remain metallic. Various experimental findings add to the exastenc
of a critical doping concentration in cupraté®°:61], where the properties of the
electron liquid are essentially changed. Supposing ¢hat cg, these findings
become qualitatively explained. Suchcgis of basic importance in a quantum
critical point scenario®].

Some further essential properties of cuprates can be relatively simpbjirexgb
by two-band models. The two observed electronic relaxation chanti¢larid
coherence lengths are a natural property of two-band superdonsi{fé].
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The transition temperature and effective mass isotope effects can also be
explained by two-band schemé$-$]. In general, one observes a weak transition
temperature effect for its optimal values and vice versa. This behavicaused by
a contribution of a repulsive electron—phonon interaction in the wholetyzaisfer
scattering. This contribution of some percent in magnitude can cause theveths
T.-shifts. The pseudogap isotope effeé] [seems to be more complicated, being
connected with the changes of both components in the quasiparticle energy.

The present simple model with plausibility elements seems to be able to
reproduce qualitatively the behaviour of energetic characteristicspotrisuper-
conductors. There remains plenty of freedom to fill it in with better substadtia
suppositions and quantitative aspects.
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Kahekomponendiline stsenaarium,
kupraatide seotud pilud ja dlijuhtivustihedus

Nikolai Kristoffel ja Pavel Rubin

On esitatud lintne mudel kupraatide Ulijuhtivuse kirjeldamiseks. On kasutatud
dopeerimisega kujundatud elektronspektrit. Paarililekande titipi inte@ktoi-
mib valentstsooni ja defektstisteemi komponentide (“kuum” ja “kidlm”) vahel.
Lahtepilud p&hiaine ja defektsiisteemi vahel sulguvad dopeerimise kasvug
Tsoonide kattumine osutub uudseks kriitiliste dopeerimiskontsentratsioonide alli-
kaks. Kvaasiosakeste minimaalsed energiad maaratlevad Ulijuhtivus- jdopseu
pilud vastavalt tsoonide dopeerimisest sfltuvale asendile. Seosed pifelsiop
pilude ja normaalseisundi pilude vahel faasidiagrammil on kooskd&las mitme-
tahuliste uurimistulemustega. Ulijuhtivustihedus ei peegelda “valiste” lahtepilude
olemasolu paardumise tsoonidevahelise iseloomu t6ttu. On saadud subkneaarn
Uemura-tuipi s6ltuvus aladopeeritud piirkonnas. Fermivedelikuline k&igimin
taastub optimaalsel dopeeringul, kus keemiline potentsiaal I16ikub kolme kattuva
tsooniga.
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