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Abstract. This paper reviews experimental phase diagrams of
cuprates and pnictides to demonstrate that specific features of
the superconducting phase diagrams in both HTSC families can
be understood within the framework of the proposed approach,
which assumes the formation, under heterovalent doping, of
localized trion complexes consisting of a doped carrier and
charge transfer (CT) excitons. The geometry of such cells
containing CT excitons (CT plaquettes) in the basal plane of
the crystal is determined by its crystal structure and the type of
dopant, so that the dopant concentration range corresponding
to the existence of a percolation cluster of CT plaquettes can be
readily determined for each particular compound. These dopant
concentration ranges coincide with good accuracy with the
experimental ranges of superconducting domes in the phase
diagrams of the HTSC compounds considered. The generation
of free carriers and the mechanism of superconducting pairing
in this pattern is related to biexciton complexes (Heitler—Lon-
don centers) emerging in neighboring CT plaquettes.

Keywords: superconducting phase diagram, cuprates, pnic-
tides, charge transfer exciton, mechanism of high-T; super-
conductivity

1. Introduction

The nature of the normal state and the mechanism of
superconductivity in two high-temperature superconducting
families— cuprates and pnictides—still remain an issue of
animated discussion. Undoped cuprates, as follows from
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experiment and as is supported by band calculations, possess
electronic structures substantially different from those of
pnictides. Still, despite the differences in their electronic
structures, these compounds demonstrate a number of
similar features. Among them, we would like to single out
the following:

(1) Low concentration of charge carriers. Even at optimal
doping, the carrier concentration in cuprates and pnictides is
lower than 10*2 cm—3, which corresponds to an average
distance of ry > 0.4 nm between the carriers and exceeds the
distance between the anion and cation. This means that the
interaction inside the cell is essentially unshielded, which
enables the existence of well-defined charge transfer (CT)
excitons [1].

(2) High ionicity of cuprates and pnictides. This suggests a
large contribution of Madelung volume energy Ey to the
electronic structure of the basal planes and the possibility of
locally changing the electronic structure by doping with
localized carriers.

(3) Similarity of cuprate and pnictide phase diagrams. As is
known, the overwhelming majority of undoped cuprates and
pnictides are not superconductors. Superconductivity in them
emerges as the result of heterovalent doping, i.e., upon partial
substitution of another atom for an atom with higher or lower
valency. Thus, the superconducting region in the phase
diagrams of these two classes is restricted by a certain
concentration interval (x;, x»), i.e., only within this doping
interval are there conditions for the superconducting mechan-
ism to be activated. The dependence of critical temperature
T.(x) within the interval (x;, x,) is, in general, dome-shaped
(Fig. 1) with a maximum at X,p.

The region of concentrations in the vicinity of xop
corresponding to the region with maximal 7 is convention-
ally taken to be the region of optimal doping, whereas the
concentration regions on the left- and right-hand sides of the
optimal doping region are named, respectively, the under-
doping and overdoping regions.

Figure 2 plots experimental superconducting phase
diagrams of the most well-investigated HTSCs, cuprates and
pnictides. As seen in the figure, concentrations Xy, Xop¢, and x;
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Figure 1. (a) Typical superconducting phase diagram of doped cuprates
and pnictides. Superconductivity takes place at a dopant concentration of
x within the range of x| < x < x2, with the 7. maximum at x = Xop.

differ significantly for various HTSCs. Still, the evident
similarity among the superconducting phase diagrams for
cuprates and pnictides enables the assumption of some
common and sufficiently rough mechanism that acts irrespec-
tive of the fine details of the band structure and provides the
superconducting pairing in these materials.

The aim of this review is to demonstrate that the values of
X1, Xopt, and x; for various HTSCs can be calculated based on
the superconducting pairing mechanism common for cup-
rates and pnictides. In this regard, in a number of cases, when
superconducting phase diagrams demonstrate fine features
(narrow dips, jumps, etc.), the positions of these features can
be reproduced with unprecedented accuracy.

2. Mechanism of HTSC heterovalent doping

Let us consider the specific features of HTSC materials under
heterovalent doping. The heterovalent doping technique is
broadly used in semiconductor studies to provide a given
concentration of certain-sign carriers in the bulk of a crystal.
In semiconductors, the concentration of dopants Ny ~
10'8—10' cm~—3 is, in most cases, sufficient to achieve a
degenerate distribution of carriers at which their concentra-
tion and, correspondingly, Hall constant do not depend on
temperature. At the same time, cuprates and pnictides, even
at optimal doping when the dopant concentration reaches
10%° 102! cm~3, exhibit a strong dependence of the Hall
constant on temperature [10-12] and no direct proportion-
ality of the Hall concentration of carriers to the dopant
concentration. What is more, quite a number of experiments
exploiting various techniques have obtained convincing proof
of the localization of doped carriers in the nearest vicinity of
the dopants [13—17]. Thus, the experiments demonstrate that
the doped carriers’ localization regions do not overlap.

This evidence, if recognized, gives rise to several ques-
tions:

(1) What is the mechanism of doped carrier localization?

(2) Where does superconductivity come from and what
does the HTSC superconducting phase diagram reflect in this
case?

(3) What is the mechanism of free carrier generation?

(4) What is the mechanism of superconductivity?

As an answer to the first question, we consider a
mechanism of HTSC heterovalent doping, in which doped
carriers are self-localized as the result of the formation of
trion complexes. In this complex, a doped carrier is bound by

Coulomb interaction with CT excitons that are generated in
the vicinity of a given carrier due to a local strain of the
electronic structure. The proposed mechanism, as we will
show, can (in general) lead to the formation of an inhomoge-
neous phase whose properties coincide with the experimen-
tally observed properties of HTSCs.

Figures 3a,b display an arrangement of anions and
cations (their projections, to be more exact) in the basal
planes of cuprates and pnictides. In cuprates, Cu and O ions
lic in the same plane, whereas in pnictides, Fe ions reside in the
plane and As ions occupy the vertices of regular tetrahedra in
such a way that their projections form a square sublattice in
the basal plane.

Cuprates in undoped states constitute antiferromagnetic
Mott insulators in which the empty subband of copper 3d'°
states is separated from the filled oxygen O2p band by a gap
energy 4 ~ 2 eV. In undoped pnictides that are antiferro-
magnetic (bad) metals, states on the Fermi surface are formed
mainly by Fe orbitals, whereas electron states on As lie
~ 2 ¢V lower than the Fermi energy Eg [18-20]. Thus, to
transfer an electron from an anion (O, As) to a cation (Cu, Fe),
approximately the same energy of ~ 2 eV should be spent in
both cuprates and pnictides.

Figures 3c,d give schematically the band structures of
(¢) undoped cuprates (in electron representation) and
(d) undoped pnictides (in hole representation). As follows
from the figures, energy A;, required for interband transition
related to the transfer of an electron from an oxygen ion to a
copper ion (in cuprates) (Fig. 3c) or the transfer of a hole from
an iron ion to arsenic ion (in pnictides) (Fig. 3d) is in both
cases approximately the same: 4;, ~ 2 eV.

At the same time, exciton-like excitation is also possible,
which has a lower energy 4. < 4jp and corresponds to the
local transfer of an electron (hole) from an anion (cation) to
the nearest cation (anion) (Fig. 4a, b) to form the bound state
(of a CT exciton).

If A, is somehow gradually decreased, we will first arrive
at a state with 4, = 45, in which 4y =0 (i.e., 4 < Eiy,
where FE¢ i1s the CT exciton binding energy). If 4;, is
decreased homogeneously, the condition A, =0 will be
satisfied for the entire basal plane. If we locally suppress
Ajp in some regions, a continuous cluster of the phase with
A = 0 will emerge at exceeding the percolation threshold
over those regions.

Let us consider a phase with 4, = 0 (i.e., 4 < E). This
means that two-particle transitions to and from become
possible between two single-particle states (L elec-
tron +d hole), on the one hand, and an exciton two-particle
state (d electron + L hole), on the other hand. For this reason,
electron (hole) states in L (d) bands in a phase with 4, =
should be considered as a superposition of band and exciton
states.

The events corresponding to the generation of a CT
exciton (localized in a unit cell) involve, in cuprates, the
occurrence of an electron on the central Cu cation and a
hole distributed over four surrounding anions of O; in
pnictides, they involve the occurrence of a hole on the As
anion and an electron distributed over four surrounding
cations of Fe. This hydrogen-like ionic complex, for which the
condition Ay =0 is satisfied and in which a CT exciton,
resonantly interacting with the band states, can be formed,
will be called a CT plaquette. In this complex, the state of an
electron (in cuprates) and a hole (in pnictides) should be
considered as a superposition of band and exciton states.
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Figure 2. Experimental phase diagrams of some cuprates and pnictides: (a) La,_,Sr,CuOy4 [2]; (b) YBa,Cu3Ogyy [3]; (¢) Lny_Ce,CuOy4 [4];
(d) Ba(Fe;_,Co,As), [5]; (e) LaFeAsO,_.F, [6, 7]; (f) Ba;_ K Fe;As; [8], and (g) Ca;_,La,Fe,As; [9].

Let us consider now how the doping transforms the band

structure of parent phases of both cuprates and pnictides
(Fig. 5), thus leading to the formation of CT plaquettes.
As the gap energy A4j, in cuprates and pnictides is largely

determined by Madelung energy Ey, we

decrease the value of Ey; to form a CT plaquette centered on a

need to locally

given (Cu or As) ion. Hypothetically, this can be done by
arranging additional /ocalized charges of respective value and
sign either on the central (Cu or As) ion or on one of four
surrounding ions (of O or Fe), or else in the immediate vicinity
between them. Interestingly, exactly this mechanism of decreas-
ing 4;, appears to be realized in HTSCs under doping.
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Figure 3. (a, b) Arrangement of the projections of anions and cations in the
basal planes of cuprates (a) and pnictides (b); (c) the band structure of
undoped cuprates in the electron representation; (d) the band structure of
undoped pnictides in the hole representation. Energy A4;, required for
interband transition related to the transfer of an electron from an oxygen
ion to a copper ion (in cuprates) or to the transfer of a hole from an iron ion
to an arsenic ion (in pnictides) is approximately the same in both cases,
equaling ~ 2 eV.
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Figure 4. Formation of a CT exciton in cuprates (a) and pnictides (b). To
form the CT exciton, the bandgap energy A;, should be reduced to
At < Eex, Where Ey is the CT exciton binding energy.
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Figure 5. Formation of CT plaquettes and self-localization of doped
charges in cuprates and pnictides. The CT plaquette is shaded. (a) Hole
doping in pnictides or electron doping in cuprates. (b) Hole doping in
cuprates or electron doping in pnictides. (c) A dopant and a doped charge
outside the basal plane (YBCO, BSCO, etc.).

Introducing a dopant ion into the lattice is accompanied

with the emergence (in the vicinity of the dopant projection) of

an additional carrier (an electron or a hole) in or outside the
basal plane. This doped carrier, in accordance with the
neighborhood symmetry, imparts fractional charge ¢* =~
le|/4 to corresponding orbitals of each of the nearest ions. In
hole doping, holes are distributed over the four nearest ions of
O or As, and electrons, in electron doping, over the four
nearest ions of Cu or Fe.

Charge ¢* emerging on each of four Cu (As) ions (Fig. 5a)
locally decreases the Madelung energy. Thus, we neglect the

effect of the charge of the dopant, which is at a larger distance.
A local decrease in the Madelung energy, in turn, reduces the
gap energy 4, for the transfer of an electron (hole) to each of
the four ions of Cu (As) from the surrounding ions of O (Fe).
As estimates imply [21], this decrease is ~ 1 eV at ¢* = |e|/4
and the existing interatomic distances, and, by our assump-
tion, it is sufficient to fulfill the condition A, = 0, i.e., to form
CT plaquettes on these ionic complexes.

As each CT plaquette is bound by Coulomb attraction
with doped charge ¢*, the doped carrier self-localizes in the
nearest vicinity of the dopant, which is supported by the
results of Refs [13—17].

Thus, the localization boundary of the doped carrier is
determined by the condition that the same charge ¢* = |e¢|/4
sufficient for CT plaquette formation be at this boundary per
anion (cation). In fact, a trion complex forms in the basal
plane, where the doped carrier is coupled to CT excitons that
resonantly interact with the band states. This mechanism of
CT plaquette formation (Fig. 5a) is realized in electron-doped
cuprates and hole-doped pnictides.

In the case shown in Fig. 5b, doped charge ¢ * occurring at
each of four O (Fe) ions locally decreases the Madelung
energy and forms a CT plaquette in the next ion square
centered on the nearest Cu (As) ion, because only these ions
can be CT-plaquette centers. This scheme is realized for hole-
doped cuprates and electron-doped pnictides.

Figures 5a, b illustrate cases where a doped carrier resides
in the basal plane. However, it is possible that doped charge
q* localizes outside the plane (Fig. 5¢), e.g., on apical ions of
oxygen, as it takes place in YBCO and other two-plane
cuprates. This charge also decreases the electron energy on
the nearest Cu ion by the required value and thereby forms a
CT plaquette in the CuO; plane.

If the dopant concentration is increased in the cases shown
in Figs 5a, b until the neighboring trion complexes begin to
overlap each other, this will lead to the delocalization of
doped carriers and, correspondingly, to a transition to the
overdoped phase. In the case of Fig. 5c, transition to the
overdoped phase with the doping level increasing will occur
when the calculated charge ¢* per apical cation will
significantly exceed the required value of |¢*| ~ |e|/4. This
takes place, in particular, in the HTSC Ba,Sr,CaCu,Og,
(0 < x < 2), where higher doping levels can be achieved than
with YBa;Cu30¢4y (0 < x < 1).

According to the above said, CT plaquettes limiting the
propagation of the doped carrier are formed around the
dopant projection in the basal plane. In the case shown in
Fig. 5c, when the doped carrier is localized outside the basal
plane, two CT plaquettes are formed, one in each plane; at the
same time, the number of CT plaquettes formed around the
doped carrier localization region depends in the cases shown
in Figs 5a,b on the neighborhood symmetry and, as will be
seen further on, can vary from 4 up to 8.

Thus, isolated localization regions of doped carriers
enclosed by CT plaquettes are formed in the basal plane of
doped HTSC:s at sufficiently low dopant concentrations. If we
accept this pattern, a question arises: what do the super-
conducting phase diagram of an HTSC and its dome-like
shape reflect? Because 0 < xop < 1, i.e., the superconducting
phase exists generally in an intermediate dopant concentra-
tion range, then the only possibility of explaining the position
of the dome and its shape within the framework of the model
built is to relate the superconducting phase with the CT
plaquette phase— that is, to assume that superconductivity
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takes place in the percolation cluster that unites the CT
plaquettes. A plaquette cluster should be considered as a
continuous network of adjacent cations (in cuprates) or
anions (in pnictides) that are the centers of CT plaquettes. A
CT-phase cluster can consist of two or more CT plaquettes
(see Sections 3 and 4 below). As a variant of such a cluster, we
will also consider a plaquette network where small plaquette
clusters that comprise two or more CT plaquettes are linked
by regions of doped carrier localization.

Further, we will determine the existence regions of
percolation clusters composed from CT plaquettes in the
basal planes of various HTSC compounds and will compare
them with the concentration ranges of dopants corresponding
to the existence of high-temperature superconductivity in the
phase diagrams of those compounds.

When a doped charge resides in the basal plane, for the
percolation network of CT plaquettes to be formed, it is
necessary that the dopant projections be at some fixed
distances /p from each other forming clusters of CT
plaquettes (Fig. 6). The percolation network in the basal
plane can be formed if the dopant projections are ordered into
a square superlattice with parameter /p. For this reason, a
large role in the formation of the superconducting phase is
played by dopant ordering, which provides the possibility of
forming percolation clusters of CT plaquettes. We believe
that, in doped cuprates and pnictides, there is a 3D ordering
of localized carriers (projections of dopants) into 3D lattices
with parameter /p determined by the dopant concentration
(with site occupation v < 1). This ordering, in our opinion,
is due to the emergence of elastic strains in the presence
of various sizes of dopant and matrix atoms and/or due
to the orientational interaction of dipoles (dopant
ion+localized doped carrier) [22]. In the formed super-
lattice, the dopant projections are assumed to be randomly
distributed (in any event, it occurs near and above the
percolation threshold).

Let us have a domain in which the dopant projections are
randomly distributed over the nodes of a superlattice with
parameter /p. The dopant concentration X,y = 1// 2 corre-
sponding to the full filling of lattice nodes, will be taken for the
upper boundary of the optimal doping region. This boundary
fitting the maximal concentration of CT plaquettes also
corresponds, according to our assumption, to the maximum
T.. For the lower boundary, Xpin =0.593//3 ~0.6//3, we will
conventionally take a dopant concentration corresponding to
the site percolation threshold on a square lattice with
parameter /p [23]. This choice is caused by the fact that the
existence of physically significant domains with a percolation
network of dopant projections, spaced by a distance of /Ip

Figure 7. Formation of the percolation network of CT plaquettes (shaded)
in La, ,Sr,CuO4 at various distances between dopant projections:
(@) Ip = 3a; (b) Ip = aV/8, and (c) Ip = a\/5. Dots inside a ring mark Cu
ions, which are the centers of CT plaquettes.

from each other, is only possible for

0.6 1
IT<Y<ZT.

This does not mean that the percolation cluster on a lattice
with parameter /p should occupy the entire crystal, but only
that such domains will exist within only this concentration
range. In this regard, superconductivity in the entire crystal
can emerge owing to the Josephson coupling between such
domains. The particular shape of the T7.(x) curve is
determined by the possibility of realizing various types of
dopant ordering in this crystal structure [24, 25].

We now move to a consideration of particular com-
pounds.

2.1 La,_Sr,CuQOy4

In the case of the La;_,Sr,CuO4 compound, the doped hole
emerging at the substitution of Sr’* for La’* resides in the
CuO; plane (Fig. 7) and is distributed over four oxygen ions
pertaining to the oxygen octahedron adjacent to the Sr ion
[13, 14]. Each of the four fractional charges ¢ * on oxygen ions
forms a CT plaquette in the next ion square centered on the
nearest Cu cation (Fig. 5b). It is readily seen that only two
variants of the relative arrangement of two nearest projec-
tions of Sr on the CuO, plane are possible, so that they could
form a pair of neighboring CT plaquettes (Figs 7a and 7c).
These cases correspond to two possible separations between
them, /p = 3a and Ip = aV/5 (« is a lattice parameter). The
pairs of CT plaquettes formed in the CuO, plane centered on
Cu ions (dots inside a ring) are encircled with solid lines.
Notice that in an intermediate case, when the distance

D . b
D
b D

O—Cu @—O

D 2

As @ Fe

%ﬁ%wﬁ

Figure 6. Examples of the arrangement of dopant (D) projections in the basal plane that lead to the formation of a chain of CT plaquettes (shaded)
composing percolation clusters: (a, b) cuprates (doped with holes or electrons); (c—f) pnictides (doped with electrons (c, d) or with holes (e, f)).
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between the Sr projections is /p = av/8 (Fig. 7b), no pairs of
CT plaquettes are formed on neighboring Cu ions.

In accordance with two different variants of dopant
projection arrangement, the La, ,Sr,CuQO4 phase diagram
is expected to have two regions of optimal doping for
0.066 < x < 0.11 and for 0.12 < x < 0.2 (corresponding to
the ordered arrangement of Sr projections onto 3 x 3 and
V'S x /5 lattices). It should be noted that the experimental
value of the upper optimal concentration, x = 0.15 (optimal
in the sense of the maximum magnitude of T.), differs from
the expected value, x = 1/5, though a jumplike decrease in
the volume of the superconducting phase is observed namely
at x = 1/5 [26]. This discrepancy can be explained by the
onset of formation of normal metal clusters, which begins for
x> 0.15 [27]. Within the interval of 0.11 < x < 0.12,
domains with the percolation network of CT plaquettes
cannot exist. This is the so-called 1/8 anomaly, which,
however, takes place not at x = 0.125 but, according to this
consideration, at x = 0.115, in total agreement with experi-
mental data (Fig. 2a) [2, 28].

2.2 an_xCexCuO4

In the electron-doped HTSC Ln,_,Ce,CuQy4, the doped
electron emerging upon substituting Ce** for Ln>* is in the
CuO; plane (Fig. 8) and is distributed over four Cu ions. In
accordance with Fig. 5a, four external ions of Cu are the
centers of CT plaquettes. Similar to La, ,Sr,CuQy, two types
of arrangements of dopant projections and, respectively,
two regions of optimal doping—0.066 < x < 0.11 and
0.12 < x < 0.2—where a network of CT plaquettes can be
formed, are possible in this compound. However, in the phase
diagrams of Nd,_,Ce,CuO4 and Pr,_,Ce,CuQy4, only one
superconducting dome is observed with a 7, maximum at
x =0.15 and falling to zero when increasing x — 0.2. We
associate this discrepancy with a low degree of ordering of Ce
ions in the lattice owing to the proximity of the atomic radii of
Nd, Pr, and Ce (rng = Fpr =~ Fce ~ 0.185 nm [29]). At the
same time, in the phase diagram of La, ,Ce,CuOy4
(rLa = 0.195 nm [29]), two superconducting domes can
clearly be seen in the expected intervals with the local T,
maxima at x =0.11 and x=0.15, as in La,_,Sr,CuQy,
(Fig. 2¢ [4]).

2.3 YB32CU306+(§

The parent compound YBa,;Cu30g is doped by introducing
excess oxygen (d) into the plane of the chains. When two
positions in succession in the chain are occupied by oxygen
ions (Fig. 9), an oxygen square forms, with one hole
distributed over four oxygen ions of this square (circles with
‘plus’ symbols). Thus, additional positive charges ¢* ~ |e|/4
emerge on the apical oxygen ions nearest to the in-plane Cu

CuOs-plane

Figure 8. Formation of CT plaquettes (shaded) in Ln,_,Ce,CuO4 at
various distances between dopant projections: (a) Ip = 3a; (b) Ip = aV/5;
double circles mark Cu ions, which are the centers of CT plaquettes.
Clusters of CT plaquettes are shaded.

CuO»-plane

CuOs-chain

CuO»-plane

Figure 9. Formation of CT plaquettes in YBa,;Cu3Ogs. Provided that two
positions in succession in the chains are filled with oxygen ions, one hole
distributed over four ions of the oxygen square emerges in this square.
Thus, charge ¢* ~ |e|/4 is imparted to the apical oxygen ions nearest to the
Cu ion. This is sufficient to form a CT plaquette in each CuO; plane
(CT plaquettes are shaded).

ions (double circles), which results in the formation of CT
plaquettes with the center on these Cu ions (Fig. 5¢). As the
concentration of oxygen pairs in a chain is equal to x2, the
percolation cluster of the CT-plaquette phase will exist for
x2>0.593, i.e., for x > 0.77. Thus, the region of optimal
doping for YBa,Cu3O¢,s falls within the interval of
0.77 < 6 < 1, in accordance with experiment (Fig. 2b [3]).
We should note that YBCO is the only case known to us
where doping can realize the condition 4. = 0 for the entire
basal plane. In the case, for example, of another double-plane
cuprate Ba;Sr,CaCu,0g,,, where 0 < x < 2, inhomoge-
neous filling of excess oxygen positions leads to various
charges ¢* on the apical ions of oxygen, a consequence of
which is the co-existence of underdoped and overdoped
regions in one basal plane, along with optimally doped
regions.

2.4 Ba(Fe;_Co,As),

In this compound, doping is performed by substituting Co
atoms for Fe in the basal plane (Fig. 10). An additional
electron emerging at the substitution imparts charge
q* =~ —|e|/4 to each of four surrounding Fe ions (Fig. 10a).
In principle, two variants of combining CT plaquettes into a
continuous cluster (Figs 10b, ¢) are possible; they differ by the
different arrangements of Co ion projections at the same
distance between As anions. In an ordered arrangement of
dopants in a /20 x /20 lattice, we have a percolation
network of CT plaquettes (Fig. 10b). A corresponding
concentration of optimal doping is x = 0.05, while the
concentration corresponding to the percolation threshold is
x = 0.03, which is in good agreement with the experimental
phase diagram of Ba(Fe;_,Co,As), (Fig. 2d). It is readily
seen that other distances between dopants ensuring the
formation of a percolation cluster of CT plaquettes are
possible within the interval of aV13 < Ip < av/20, too
(Fig. 10e). This interval corresponds to the concentration
range of 0.03 < x < 0.08 (Fig. 2d [5)).

2.5 LaFeAsO;_.F,
In this compound, one electron is doped into the basal plane
upon substituting fluorine for oxygen. The projection of the F
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Figure 10. Formation of a cluster of CT plaquettes in Ba(Fe;_,Co,As),
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. White dots indicate projections of As ions at the vertices of tetrahedra onto the

Fe plane; (a) formation of CT plaquettes (shaded) around the Co ion; (c, d) possible variants of combining CT plaquettes into a continuous cluster; the
variants differ by different arrangements of Co ion projections at the same distance between As anions; (b, €) formation of a percolation cluster of CT

plaquettes on V20 x v/20 and /13 x V13 square lattices.

ion onto the basal plane coincides with the position of the Co
ion in Fig. 10a. As a consequence, the symmetry of doped
charge distribution in LaFeAsO,;_F, will be similar to that in
Ba(Fe;_,Co,As), (Fig. 10a). Therefore, the phase diagrams
of LaFeAsO;_,F, and Ba(Fe;_,Co,As), should coincide in
respective concentration ranges, which is consistent with
experiment (Fig. 2e [6, 7]).

At the same time, a comparison of the electron phase
diagrams for LaFeAsO;_,F, and other ‘1111” compounds
(SmFeAsO,_F, and CeFeAsO;_,F,) [30] demonstrates
significant discrepancies in the positions of the superconduct-
ing domes. These discrepancies, as shown in paper [31],
appear to be due to a difference in the real content of fluorine
in specimens of SmFeAsO;_,F, and CeFeAsO;_,F, from the
nominal content determined by the initial weight. At the same
time, the real content of fluorine in LaFeAsO;_,F, coincides
with the nominal value. With respective corrections made, the
regions of the superconducting domes in the phase diagrams
of ‘1111’ compounds will coincide [31].

2.6 BalfoxFezASZ

Consider now the hole-doped compound Ba;_ K, Fe,As,.
Substitution of K for Ba leads to emerging in one of the two
FeAs planes a hole that is distributed over the four nearest As
ions (Fig. 11a), imparting to them charge ¢*. (Localization of
the doped holes on As ions is indirectly confirmed by the
results of paper [32], where the contribution of electron
carriers to thermal conductivity was observed in the
Ba, K, Fe;As; compound up to x = 0.88.) Thus, four CT
plaquettes are formed around each projection of a K ion.

A percolation cluster of CT plaquettes can be produced at
an ordered arrangement of dopants into a V10 x /10 lattice
(Fig. 11b). The potassium concentration conforming to the
total filling of the v/10 x /10 lattice is x = 0.2 (with account
for the fact that only each second K ion dopes a hole to a given
FeAs plane), and the appropriate concentration conforming
to the percolation threshold is x =0.12. The optimal
arrangement is the ordering of dopant projections into a
V/5 x /5 lattice (Fig. 11c), which corresponds to an optimal
dopant concentration x = 0.4. The concentration values
determined in this way are quite consistent with the phase
diagram of Ba,_, K Fe,As; (Fig. 2f [8]).

2.7 Caj_.La,Fe;As;

In this compound, substituting La for Ca leads to the
emergence of an additional electron in one of the two FeAs
planes, which imparts charge ¢* = —|e|/4 to each of four Fe
ions nearest to the projection of La (Fig. 12). As a result, eight
CT plaquettes form around these Fe ions.

The maximal distance between dopant projections,
required to form a percolation cluster of CT plaquettes, is
I = V18 (Fig. 12¢). The percolation threshold upon ordering
dopant projections into a /18 x v/18 superlattice corre-
sponds to a concentration of x = 0.067 (with account for the
fact that only each second La ion dopes an electron to the
FeAs plane).

Optimal doping, as seen in Fig. 12b, is in correspondence
with the complete ordering of dopant projections into the
3 x 3 superlattice. A concentration corresponding to an
optimal doping is x = 0.22; respectively, a concentration
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Figure 11. (a) Formation of CT plaquettes in Ba;_ K Fe,As,. White dots label projections of As ions at the vertices of tetrahedra onto the Fe plane;
a double circled ‘K’ symbol is the projection of an As ion coinciding with the projection of a K ion onto the Fe plane, and circled ‘plus’ symbols mark As
ions carrying charge ¢ * and representing the center of a CT plaquette (shaded). (b, ¢) Formation of a percolation cluster of CT plaquettes on v/ 10 x /10

and v/5 x /5 square lattices.
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Figure 12. (a) Formation of CT plaquettes in Ca;_,La,Fe;As;. Eight CT
plaquettes (shaded) form around an La projection in one of the FeAs
planes; white dots identify As; black dots, Fe; black dots with ‘minus’ sign,
Fe ions with charge ¢* = —|e|/4. (b) Formation of a percolation cluster of
CT plaquettes on a 3 x 3 superlattice; (¢) formation of a percolation

cluster of CT plaquettes on a VI8 x V18 superlattice.

that conforms to the percolation threshold on this lattice is
x = 0.132. All three concentration values (0.067, 0.13, and
0.22) coincide with the boundaries for the low- and high-
temperature superconductivity regions in the experimental
phase diagram of Ca,;_,La,Fe,As, (Fig. 2g [9)).

Thus, we have shown that the regions of concentrations
corresponding to the superconducting dome in the phase
diagrams of cuprates and pnictides coincide with those of the
formation of a percolation cluster of the CT phase.! The

! Notice that the consideration of the case of HTSCs with heterovalent doping
does not rule out the possible existence of compounds where the percolation
cluster of CT plaquettes already exists in the undoped phase (e.g., LiFeAs) or
forms during isovalent substitution, if the dopant locally decreases 4;, and
becomes a center of a CT plaquette (e.g., BaFes (As;_Py)2).

demonstrated coincidence can serve as an indication of an
improper approach that considers cuprates and pnictides to
be spatially homogeneous systems with concentrations of
carriers determined by the doping level. The fact that the
proposed method of constructing phase diagrams proved
similarly successful both for cuprates and pnictides is a
serious argument in favor of the common nature of the
superconducting state in these classes of HTSCs.

It should be emphasized that in the CT phase an electron
and hole are bound to reside simultaneously in each of the CT
plaquette. It is a hole on the central Cuion and an electron on
the surrounding O ion or an electron on the Cu ion and a hole
on the surrounding O ions in the case of cuprates. Whereas in
the case of pnictides it is, respectively, an electron on the
central Asion and a hole on the surrounding Fe ions or a hole
on the Asion and an electron distributed over surrounding Fe
ions. Therefore, at first glance it would seem that the electron
transfer in such a system is impossible, because the two-
electron states in a CT plaquette (in cuprates) or the two-hole
state (in pnictides) possess a more high energy, i.e., all carriers
are bound here and noncoherent transport in the system turns
out to be suppressed. Nonetheless, we will show below that a
specific mechanism of free carrier generation evolves in the
system considered.

3. Heitler—London centers
and generation of free carriers

Let us return to a consideration of the properties of the phase
with 4, = 0, where a CT plaquette is formed on each cation
(in cuprates) or anion (in pnictides). Let there be two CT
plaquettes centered on the nearest Cu cations (in cuprates) or
As anions (in pnictides). Such a pair of plaquettes forms a
Heitler—London (HL) center, which can be considered a solid
state analog of the hydrogen molecule [21]. In this center, two
electrons and two holes can form a bound state (biexciton)
that is energetically lower than the energy of two CT excitons
due to the possibility of two holes (electrons) in the singlet
state being in the space between the central ions and being
attracted simultaneously to two electrons (holes) occurring
on these ions. An additional decrease in energy, AEy, can
in this case be assessed from the relation AEyp ~
AEy, /el ~ 0.2 eV, where AEy, =4.75 eV is the binding
energy in the H; molecule, and &, =~ 4.5—5 (for cuprates)
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Figure 13. Single-electron band structure diagrams of (a) cuprates (in
electron representation) and (b) pnictides (in hole representation); u is the
chemical potential level. The electron (hole) states in the L band (d band)
represent a superposition of the band and exciton states. The hole
(electron) subband of HL centers is formed for 7> 0 as a result of their
filling with electrons (holes).

[33]. An HL center is considered to be occupied if both
electron (hole) states on the central cations of Cu (anions of
As) are occupied.

Thus, two electrons on Cu cations (two holes on As
anions) will have a lower energy in a CT phase, if they occupy
adjacent cations (anions) and two holes (two electrons) bound
to them are on the surrounding O anions (Fe cations). These
pairs of electrons (holes) occupy a common pair level of HL
centers that belong to one percolation cluster (Fig. 13). In this
figure, the states of electrons in band L (in cuprates) or holes in
band d (in pnictides) represent a superposition of band and
exciton states.

When the temperature increases, the biexciton can
become ionized without being separated into two excitons.
By analogy with the hydrogen molecule, apart from the Hy
molecular ion, there is also the bound state of two protons
and one eclectron, namely the Hion. In our case, this
corresponds to an ionized HL center, in which two electrons
and one hole (in cuprates) or two holes and one electron (in
pnictides) form a bound state. The emerging ‘spare’ hole (in
cuprates) or electron (in pnictides) can pass from node to
node, thus overlapping the corresponding orbitals of HL
centers and forming a hole (electron) subband with the
corresponding type of superconductivity at the level of
chemical potential u (Fig. 13).

The concentration of free carriers in the emerging
subband of HL centers (holes in cuprates, and electrons in
pnictides) will be determined by HL-center occupancys, i.e., by
the balance between the rates of transfer of electron (hole)
pairs to HL centers and the rates of their departure to the
band as a result of the breakdown of a pair state. The value of
pair hybridization I" (or the inverse lifetime of a pair state)
depends on temperature [34, 35]:

1% 2
raer( )

(here, V'is the single-particle hybridization constant, Ef is the
Fermi energy, and T is the temperature). The rate of pair
level-band transitions is o #I'. The inverse process (occu-
pancy of a pair level) is determined by the rate of electron—
electron scattering; this rate equals oc (1 — #) T2. Hence, for
the occupancy of an HL center, 1, we have

_or
=)

where Ty is a temperature-independent constant. Corre-
spondingly, one finds for the concentration of additional

carriers the following expression: n = 2NT/(T + Tj), where
N is the concentration of HL centers. From this relation, it
follows that at 7= 0 the concentration of additional free
carriers n =0. (Here, we assume that at 7 = 0 the occupancy
of HL centers is negligibly small.) The maximally possible
concentration of additional carriers is achieved upon the total
filling of HL centers, i.e., if a CT plaquette cluster fills the
entire basal plane, then this concentration will equal the
concentration of Cu (As) ions in the basal planes. Thus, for
YBa,Cu;0; compounds, which have no free carriers at
T=0, n—2 (u-cell)™' as T — oo, which matches the
experimental results [10, 36].

According to the above consideration, noncoherent
transport in the normal state occurs due to carriers that
emerge upon filling HL centers. However, at T = 0 the pair
level is not filled, and the concentration of carriers is n = 0.
Consequently, at 7= 0 noncoherent transfer would be
impossible in view of the absence of free carriers. At the
same time, in such a system, where there are an electron and a
hole in each CT plaquette (i.e., there are free states to which
electrons can pass), coherent transport becomes possible
when all carriers of a like sign move in a given direction
coherently, as a whole (e.g., superconducting condensate).
The latter is possible in the presence of pairing interaction.

Asshown in Refs [34, 35, 37—41], accounting for scattering
processes with intermediate bound states lying in the vicinity
of Egr can lead to a strong renormalization of efficient
electron—electron interaction capable of providing high 7, in
the system. In a pattern based on the formation of local CT
excitons and HL centers, electron—electron attraction
emerges due to the formation of a bound state of two
electrons (holes) getting at the central cations (anions) of an
unfilled HL center and two holes (electrons), emerging with
necessity on the surrounding ions in the phase with A, = 0.
Thus, the basal planes of doped cuprates and pnictides can be
considered as one more type of structures (in addition to one-
dimensional Little chains [42] and Ginzburg sandwiches [43])
where the exciton mechanism of superconductivity could be
realized.

4. Conclusion

This article reviews experimental phase diagrams of cuprates
and pnictides to demonstrate that specific features of the
superconducting phase diagrams in both HTSC families can
be understood within the framework of the approach that
assumes the localization of doped carriers in the vicinity of
dopants as a consequence of their forming the localized trion
complexes consisting of a doped carrier and its surrounding
charge transfer (CT) excitons. This leads to the formation of
hydrogen-like ion complexes, CT plaquettes, in the vicinity of
the dopant; a CT exciton resonantly interacting with band
states can form in these CT plaquettes. The geometry of the
arrangement of CT plaquettes in the basal plane of the crystal
is determined by its crystalline structure and the type of
dopant; therefore, the dopant concentration range corre-
sponding to the existence of a percolation cluster of CT
plaquettes can readily be determined for each particular
compound. For a number of well-investigated HTSCs
(cuprates and pnictides), the indicated concentration ranges
are quite consistent with the locations of superconducting
domes in the experimental phase diagrams.

The close proximity of doping impurities leads to the
emergence of paired plaquette complexes (HL centers)
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residing in the basal plane and representing the pairs of  42. Little W A Phys. Rev. 4134 A1416 (1964)
adjacent ions of one sign surrounded by ions of the other 43.  Ginzburg V L Sov. Phys. JETP 20 1549 (1965); Zh. Eksp. Teor. Fiz.
sign (a solid state analog of the hydrogen molecule). Two 472318 (1964)

electrons and two holes can form a bound biexciton state in

this center, owing to the possibility of two holes (in cuprates)

or two electrons (in pnictides) in the singlet state being in the

space between the central ions and attracted simultaneously

to two electrons (holes) on these ions. The existence of such

HL centers makes it possible to explain the generation of

additional free carriers in the normal state and the emergence

of superconducting pairing.
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