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Structural design of superconductors based
on complex copper oxides

E V Antipov, A M Abakumov

1. Introduction

The design of new materials with important physical proper-
ties is one of the challenging problems of modern science. A
variety of approaches are being developed in order to
overcome labor-consuming exhaustive search of chemical
compositions and synthesis conditions and to optimize the
solution to this problem. Structural design is one of the most
effective methods. This method involves an analysis of
chemical composition—structure—property relations for a
certain class of materials, possible structure types for a set of
chemical elements that can be used to form the required
crystal structure, the coordination environment of atoms in
the structure, and the character of bonds between various
atomic groups. Researchers from the Inorganic Crystal
Chemistry Laboratory of the Chemical Department of
Moscow State University used a structural design to search
for new high-temperature superconductors based on complex
copper oxides. In this report, we do not consider the crystal
chemistry of high-temperature superconductors in detail. The

main purpose is to describe the crystal chemistry principles of
designing new superconductors that were used to fabricate
new members of this unique family of materials and to predict
ways to optimize their properties.

2. Structure and strategy of searching for new
high-temperature superconductors based on complex
copper oxides

Studying the relation between the composition, structure, and
properties of numerous copper-containing high-temperature
superconducting (HTSC) oxides has allowed formulating the
following structural and chemical criteria required for the
appearance of these properties:

(1) a layered structure in which (CuQs) layers represent an
infinite network of copper —oxygen CuQy4 squares connected
by their vertices (Fig. 1);

(i1) optimum Cu-O interatomic distances in the layer
plane (1.90—1.97 A) to provide the overlapping of the 3d . 42
copper orbitals and the 2p,, oxygen orbitals with the
formation of delocalized states in the * band; and

(iii) an optimum carrier concentration in the (CuO,)
layers that corresponds to the formal copper oxidation state
+2.05to +2.25 for hole-doped superconductors and + 1.8 to
+ 1.9 for electron-doped superconductors.

Copper atoms can also be bound to oxygen atoms located
in neighboring layers. However, these bonds are significantly
longer and exceed 2.2 A. Copper cations in the structures of
superconductors have different chemical bonds with oxygen
atoms: strong (planar) bonds in the (CuQ5) layer plane and
much weaker (axial) bonds in the normal direction. The
structures of the superconductors based on complex copper
oxides are layered, and the framework structures of these
oxides do not have superconducting properties.

Due to its negative charge, the (CuO,) layer should be
located between positive-charged or neutral cation-—anion
layers. Obviously, the most convenient layers are (40) or
(A’'o) (where O is an anion vacancy) layers. Figure 2 shows
the (CuO-) layer located between such layers in the two
simplest structures, perovskite 4B0; and CaCuO; (tetra-
gonal anion-deficient perovskite structure). The structure
(i.e., atomic positions and geometric characteristics) of this
layer is optimum for the perovskite structure 4BOs, which
contains layers of two types, (40) and (BO,), alternating
along a fourfold axis. Therefore, all superconducting complex
copper oxides have structures that are derivative of perovskite
or contain a perovskite-like fragment as one of the structural
blocks.

A complex oxide with a perovskite structure can be
synthesized if the electric neutrality criterion is satisfied and
the cation—anion distances correspond to the Goldschmidt

Figure 1. Structure of the copper —oxygen (CuO,) layer.
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Figure 2. Structures of 4BO; perovskite (a) and CaCuO; (b), in which
(Cu0,) layers alternates with (40) or (4'D) layers.

criterion dy_o ~ v2dg_o. When Cu?" is chosen as the B
cation, electric neutrality is the main problem. The copper
cations in the (CuQ,) layers have the formal oxidation state
close to +2; therefore, the formal charge of this layer should
be close to —2, and the charge of the (40) layer should
correspondingly be equal to +2. This makes it difficult to
choose the A-type cation, since metals with the formal charge
+4 have very small radii, coordination numbers, and
interatomic distances to oxygen. These contradictions can
be resolved by synthesizing compounds with anion-deficient
perovskite-like 4BO;_, structures (0 < x < 1, e.g., CaCuO,
or YBa,Cu3;07_5) or compounds with intergrowth structures,
which represent most well-known superconducting complex
copper oxides.

Despite the variety of compositions of superconducting
phases with intergrowth structures, they can be described by
the general formula B, 4,4, Cu,03,:2+y, Which can be
represented as the sequence of layers

(40) (BO),,(40) (CuO;)[(4'0)(Cu0,)]

n—1

x (40)(BOy),,(40),

where 0 < x<1,m=0,1,2,n=1,2,3,...,Aand A’ are the
respective cations of alkaline-earth or rare-earth metals and B
is the smaller cation (e.g., Hg>", TI**, Bi*"). These layers are
formally joined to yield blocks of the perovskite, fluorite, or
sodium chloride type, since the arrangement of cations and
anions in these fragments corresponds to their arrangement in
these simplest inorganic structures. For the fluorite block
(R,0y), the sequence of three (R) O,(R) layers (where R is a
tri- or tetravalent rare-earth element) appears instead of the
(4’D) layer. Superconducting (CuQ,) layers are located in
perovskite blocks, and their number per unit cell varies from
1 to n (usually, n does not exceed 5—7). If n = 2, oxygen-free
(A’D) layers or a fluorite block at n = 2 are placed between
these layers. The remaining dielectric blocks ensure structure
stability; in particular, they compensate for the negative
charge of the (CuO,) layer. These fragments have a positive
formal charge, which can be varied by heterovalent cation
(anion) substitution or a change in the oxygen content; as a
result, the hole concentration that is optimal for super-
conductivity can be achieved in the conduction band. Figure 3
shows a schematic diagram for the formation of an inter-
growth structure, in which the perovskite block alternates
with the NaCl and fluorite blocks.

The lattice parameters of the cubic unit cells of a number
of oxides with NaCl- and CaF,-type structures fall in the
range 5.2-5.7 A. The cation—cation distances in these
structures are close to the corresponding distances in
perovskite-type structures, in which the parameter a is
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Figure 3. Schematic diagram for the formation of an intergrowth structure
with alternating structural blocks of the NaCl, perovskite, and fluorite

types.

usually 3.7-4.1 A (anac1 & dcar, & V2dper). The face-cen-
tered cubic unit cells of the NaCl and fluorite types can be
transformed into body-centered tetragonal cells with para-
meters a close to aper. It is important that the cation motifs in
the perovskite unit cell and the transformed fluorite and NaCl
unit cells be the same and that the oxygen atom positions be
different.

The layered character of the structures of all well-known
copper HTSCs agrees with Ginzburg’s “quasi-two-dimen-
sional model,” in which a planar conductor [in our case,
copper-containing (CuQ;) layers] touches an insulator
[blocks of the fluorite or sodium chloride type or
(A40/(A'D) layers], e.g., a dielectric film. The development
of this concept leads to the alternation of thin conducting and
dielectric layers as in a ‘sandwich’ [1].

Structures with such layer sequences are stable only if the
interatomic distances in any layer match with those in the
upper and lower neighboring layers in the (ab) plane. A
mismatch causes strong distortions in the (CuQO,) layers,
which results in the degradation of superconducting proper-
ties down to the suppression of superconductivity. In the
structures of Bi-containing Bi;Sr,Ca,,_1Cu,O2, 4,5 super-
conductors, the in-plane Cu—O distances fall in the range
1.9-1.95 A; in this case, the Sr—O and Bi—O interatomic
distances should be 2.7-2.75 A, which is typical of the
strontium cation and too large for the bismuth cation.
Cooperative atomic displacements in the (BiO;;s,) layers
eventually lead to the formation of the interatomic distances
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and coordination numbers typical of this cation. The
sequence of such atomic displacements (incommensurate
modulations) becomes possible due to the introduction of an
additional oxygen atom (d) into approximately every fifth
cell. Otherwise, the displacements of Bi and O atoms would
result in the location of like-charged ions in two successive
(BiO) layers immediately above each other. The cooperative
displacements and the introduction of an additional oxygen
atom restore the matching of alternating layers in Bi— HTSC
structures but introduce distortions in these layers, including
the (CuOy) layer. In a strongly distorted Biy,Sry_CuQOg.s
structure, 7. does not exceed 20 K in spite of the hole
concentration in the conduction band that is optimal for
superconductors of this type. The superconducting transition
temperature increases to 86 and 108 K for the second and
third members of the Bi-containing homologous series, which
have much smaller distortions in the (CuO,) layers. However,
the possibilities of a further increase in 7. in the family of
Bi,Sr,Ca,,_1Cu, 05,1445 superconductors due to an increase
in the number of (CuQ5) layers in the perovskite block are
exhausted, since the amount ¢ of hyperstoichiometric oxygen
bound to bismuth cations by strong bonds cannot vary over a
wide range and is similar for all compounds in the family.
Varying the cation composition of the blocks and the
formal degree of copper oxidation states (which is accom-
panied by a change in the Cu— O distances) allows changing
the block sizes and producing the required compound via a
proper synthesis method. To predict new intergrowth
structures, we must take into account the crystal-chemistry
specific features of cations (the ionic radius, coordination
number, character of the chemical bond with oxygen), the
chemical compatibility of ions (the simultaneous absence of
strong oxidizers and reducers), and the electric neutrality of
the unit cell. The choice of the synthesis method should be

dictated by the chemical features of the initial substances and
the required degrees of oxidation of individual components in
the final structure.

An important crystal-chemistry criterion for a high-T,
superconductor is the absence of strong local distortions in
the (CuO,) layer, which can be induced by a statistical
joint location of different cations (e.g., di- and trivalent
cations) in the same crystallographic position in neighbor-
ing layers. The difference in the crystal-chemistry proper-
ties of these cations leads to the formation of different
coordination polyhedra with oxygen atoms, including
oxygen atoms bound to copper atoms, which causes local
distortions in the (CuO;) layer. As these distortions
increase, 7T, decreases to the complete suppression of
superconductivity.

Figure 4 shows the electron-density distribution of the
oxygen atom in the axial position with respect to the copper
cation from the (CuO,) layer in the structure of
Nd; 7Ba; 3Cu3z07,5 [2]. The electron density is seen to shift
from the fourfold axis, which is caused by the joint location
of barium and neodymium cations at the same crystal-
lographic position. As a result of this shift, the Ba and Nd
cations acquire their intrinsic coordination environments,
which is accompanied by the appearance of various Cu—O
axial bonds and strains in the (CuO,) layer.

We note that the standard structural examination by
neutron or X-ray diffraction can hardly reveal such distor-
tions, since the refinement of atomic parameters only results in
the enhanced thermal parameters of atoms, which reflect not a
dynamic but a static character of displacements. To ade-
quately describe the atomic arrangement, we have to use
precise data on perfect single crystals, obtaining which
involves significant experimental difficulties. Attfield et al. [3]
proposed using the disorder parameter ¢ that characterizes
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Figure 4. (a) Crystal structure of Nd; ;Ba; 3Cu307,15, (b) electron density map of the oxygen atom O(2), and (¢c) Nd—O(2) and Ba—O(2) interatomic

distances.
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Figure 5. Schematic diagram of the substitution of the fluorite block
(R,0,) for the (4'D) layer in the structures of layered copper oxides.

the difference in the sizes of the cations statistically located at
the same position, in order to estimate the linear decrease in T,
as this parameter increases.

This reason is thought to be the main factor that results in
the low values of T, or the absence of superconductivity in all
intergrowth structures that contain fluorite fragments and
tetravalent cations (Ce or Th) apart from trivalent rare-earth
cations. Intergrowth structures with a fluorite block can be
formally described as the result of a ‘substitution’ of the
fluorite block (R,0,) for an (4'0y) layer located between two
(CuOy) layers in a prototype structure. This substitution
results from the closeness of the fluorite and perovskite
block sizes in the (ab) plane and from the charge balance
(Fig. 5). Table 1 gives the maximum values of T, for various
fluorite-block-containing superconductors and their proto-
type structures. The superconducting transition temperatures
of the fluorite-block-containing compounds are well below
those of the prototype structures. This can be due to the
statistical distribution of different cations in the layers next to
(Cu0y) layers, which induces a structural disorder and local
distortions in these layers.

Table 1. 7. of complex copper oxides with fluorite blocks and the
prototype structures.

‘Fluorite’ phase T. Prototype structure T.
Lag.o0Smg.9Srg.2Cu03.97 27K [4] La¢Sro4CaCusyOg 60 K [3]
PbsSraEu; 33Ce.67CusO19 24 K[6] PbaSraY6Cap4CuszOs 70 K [7]
Bi>Sr>Eu; 7Cep 3Cu201015 28 K[8]  BixSroCaCuyOg s 86 K [9]
EusBa; 33Ce0,67Cu30s;5 40 K[10] YBaxCuzO7_s 93K [11]

3. Mercury-containing superconducting complex copper
oxides HgBa,Ca,

The structures of most Cu-containing superconductors have a
fragment consisting of three alternating Ilayers,
(Cu0,)(40)(BO) (Fig. 3, NaCl-type block). Structures with
such layer sequences are stable only when the interatomic
distances in any layer match those in the upper and lower
neighboring layers, and the correspondence between the
(Cu03) and (A4O) layers is most important. From the
standpoint of a geometrical criterion, Ba’*, Sr**, and La**
are optimum cations for position 4. The use of alkaline-earth
metal cations of proper sizes in this position along with other
structural fragments cannot compensate for the excess
negative charge of the (CuO,) layer in oxide structures. For
T. to be high in complex copper oxides, the cation positions in
the layers next to (CuQ5) should be occupied by cations of the
same type. Otherwise, the difference in the crystal-chemistry

properties of the cations placed at the same position causes
local distortions in the structure, which decreases 7, and
eventually suppresses superconductivity [3].

Since the crystal-chemistry properties of A-type cations
strongly affect the structure of the (CuO,) layer and,
correspondingly, the conducting properties of compounds,
we assumed that compounds with the cations of divalent
mercury in the B-type position could have the optimum
structure. In oxide phases, these cations are characterized by
a dumbbell coordination, which is realized, e.g., in MHgO,
(M = Ca, Sr, Ba) structures. For such a coordination to form
near Hg?* cations, the structure of a layered oxide should have
oxygen atoms only in neighboring layers, and their presence in
the layer with the mercury cations is not necessary. The
absence of steric difficulties and the weak chemical bond
with neighboring cations allow changing the occupation of
the anion position with oxygen atoms and varying the hole
concentration in the conduction band. We also note that Hg>*
cations have the optimum formal charge for achieving the
electric neutrality of the structure. In these structures, there
should be no mismatch of the (40), (HgO;), and (CuO»)
layers because the Hg—O bond in the (HgOj) layer should be
too weak to substantially affect the matching with other
structural fragments and the superconducting properties of
layered copper oxides with this structural block.

Cystal-chemistry has allowed predicting a new family of
superconductors HgBa,Ca,,_;Cu,02,.2:5. In Section 4, we
briefly discuss their crystal structures and superconducting
properties. Detailed information is given in review [12].

4. Crystal structures of HgBa,Ca,_1Cu,, 02, +2+45

The structures of the first three members of the family are

shown in Fig. 6. The structures of HgBa,Ca,_;Cu, 02,1245

can be schematically represented as the following sequence of

layers alternating along the unit-cell ¢ axis:
(HgO;)(BaO)(Cu0,){(Ca)(Cu0,)}, (BaO)(HgO;).

n—

All compounds have tetragonal primitive cells with
similar parameters «, and the parameter ¢ increases with the
perovskite fragment thickness in accordance with the formula
c~9.5+32x (n—1)A].

The structures of HgBa,Ca,,_1Cu,,0,,.2.s are very close
to the corresponding structures of the compounds of the
homologous series TIBa,Ca,,_;Cu,0O5,2+s. The main differ-
ence is in the number of oxygen atoms in layers with Hg or Tl

Hg-1201 Hg-1212 Hg-1223
o 11l
L. 91 B'AT
THLL RIGEY ' '\
X 'J_; 'I LSBT . 10,
Ay | o e Ca 3

Figure 6. Crystal structures of HgBa,Ca,_1Cu,0y,12+5 With n =1, 2,
and 3.
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atoms. In the structures of the Tl-containing superconductors,
the filling of the oxygen position ¢ insignificantly differs from
unity irrespective of the number of (CuO-) layers in the
structures, since these oxygen atoms are required for the
creation of the characteristic coordination of TI** jons. In
contrast, in the structures of HgBa,Ca,_;Cu,02,12+5, the
content of weakly bound overstoichiometric oxygen in the
Hg?"-containing layer can vary within very wide limits by heat
treatment at various temperatures and partial oxygen pres-
sures. Overstoichiometric oxygen strongly affects the copper
oxidation state in (CuQ;) layers and the superconducting
transition temperature. For members of the homologous
series HgBa,Ca,_1Cu, 07,42+, the formal copper oxidation
state can be calculated by the formula Vi, = 2(n + 6) /n.

In the structures of this family, the NaCl-type block has
the same structure in all compounds and consists of the three
alternating layers (BaO), (HgOy;), and (BaO). On the whole, ¢
increases with an increase in n; however, the § ranges of
various homologues can overlap. For example, the values of ¢
obtained by neutron diffraction are 0.06—0.23 for Hg-1201
[13, 14] and 0.08-0.35 for Hg-1212 [15-17]. The Hg>"
cations have a specific dumbbell surrounding of the nearest
oxygen atoms from (BaO) layers with d (Hg—O) ~ 1.95 A.
Overstoichiometric oxygen atoms from the (HgOyj) layer are
far from mercury atoms (d (Hg—0) ~ 2.7—2.76 A) and are
not involved in the formation of a strong chemical bond with
these cations.

As the perovskite-fragment thickness increases, the
coordination of the copper atoms in (CuQ,) layers changes
from an octahedral coordination in the structure of
HgBa,CuOy4, 5 to a tetragonal —pyramidal coordination in
HgBa,CaCu,0¢.5 and then to a square or tetragonal—
pyramidal coordination in HgBa,Ca;Cu3Os.5 and the
structures of the higher homologues. The octahedra and
tetragonal pyramids are strongly elongated along the c-axis
because of the Jahn — Teller distortion. Table 2 gives the Cu—
O and Ba - O distances in the structures with n = 1—3.

The specific feature of the structure of Hg-containing
superconductors is a very long Cu—O distance to the axial
oxygen atom in the copper polyhedra, which vary in the range
2.75-2.8 A for various members of the series; as a result, the
interaction between these atoms is very weak. This distance is
much longer than the corresponding distances in the
structures of other copper-containing superconductors. For
example, the Cu—O distance in YBa,CuszO7 (T, =92 K) is
2.32 A. Another peculiar feature is the absence of significant
atomic displacements in layers due to the absence of
mismatch. Introduced oxygen atoms do not cause a super-

structure or orthorhombic distortions, since they are located
at the center of a square formed by mercury atoms. Therefore,
the structure of the (CuQ,) layers in Hg-containing super-
conductors is closest to the ideal structure, as compared to the
structures of the well-known superconducting complex
copper oxides. The (CuO,) layers in Hg-1212 and Hg-1223
are almost planar despite the asymmetric tetragonal-—
pyramidal copper coordination. This ideal structure is likely
to be the main cause of superconductivity in these compounds
at temperatures that are maximal among the temperatures of
all well-known superconductors.

In HgBa,Ca,_1Cu,,02,+2+s, the in-plane Cu—O distances
decrease with increasing J (due to the oxidation of copper
atoms) or with increasing the perovskite-fragment thickness.
In the latter case, it is interesting to analyze the relation
between the changes in the various interatomic distances
when moving to structures with a large number of (CuO,)
layers. For the same of copper oxidation state to be achieved in
these structures, the amount of hyperstoichiometric oxygen
introduced into the Hg-containing layer should increase as n
increases. As a result, the fraction of barium atoms that
move toward an additional anion increases, which is
accompanied by a decrease in the Ba—Opy, distances and
an increase in the Ba—Oc, distances between Ba?* cations
and oxygen atoms from the (CuO») layer (Fig. 7, Table 2).
Thus, the interaction between Ba atoms and these oxygen
atoms weakens, which is compensated by a decrease in the in-
plane Cu—O distance. Therefore, the sequential increase in

7 4

Ea*OHg

Ba—Oc,

Cu—0.x

Cu_op]an

Figure 7. Some interatomic distances in HgBa,Ca,_; Cu,O2,42-5-

Table 2. Some interatomic distances [A] in HgBa,Ca,,_Cu, 02,4245 (n = 1 — 3).

Compound o Cu—Opan Cu—0,x Ba—Oyg Ba—Oc¢y
0.06 1.9432 2.803 2.866 2.726
Hg-1201 0.12 1.9426 2.787 2.841 2.733
0.19 1.9398 2.771 2.834 2.734
0.23 1.9365 2.750 2.787 2.751
0.08 1.9320 2.824 2.848 2.733
Hg-1212 0.22 1.9290 2.799 2.807 2.758
0.28 1.9272 2.798 2.773 2.773
0.35 1.9263 2.787 2.749 2.778
Hg-1223* 0.41 1.9252 2.751 2.55,2.94 2.92,2.63

* Data for two positions of Ba atoms.
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the perovskite-fragment thickness in the structures of
HgBa,Ca,_1Cu,0,,12+s induced by the introduction of an
additional CaCuO, block compresses the in-plane intera-
tomic distances in structures of the higher homologues and
can be represented as an anisotropic ‘chemical’ compression.
The in-plane Cu—O interaction strongly affects the critical
superconducting transition temperature (see Section 5).

The sequential increase in the perovskite-fragment thick-
ness does not cause substantial changes in the structures of the
highest homologues. It is difficult to study the structures of
these compounds because of impurities and high stacking-
fault concentrations. As 7 increases, the concentration of
these defects, in which the sequences of layers correspond to
other members of the family, increases [18].

5. Superconducting properties
of HgBa,Ca,_1Cu,02,+2+4
The superconducting transition temperature of the
HgBa,Ca,_1Cu,0,,12+s phases depends strongly on two
parameters, the oxygen content ¢ and the number n of
(CuOy) layers in their structures. It is interesting that the
dependences of these temperatures have a dome-like shape in
both cases [19-21].

Figure 8 shows the dependence of T, on n. The values of
T. correspond to the maximum values obtained for each
superconductor. The superconducting transition temperature
is seen to increase from the first member of the homologous
series (97 K) to the second (127 K) and third (135 K) member,
and then to decrease for the fourth (127 K), fifth (110 K, and
sixth (107 K) members of this series. One of the possible
causes of the decrease in T, in the higher homologues can be
the distortion of the outer (CuO,) layers with increasing n
because of a decrease in the Cu— O,y distance. The enhance-
ment of the interaction between these atoms shifts copper
atoms from the plane toward the axial oxygen, which leads to
a distortion of the O—Cu—-O bond angle and a loss of
planarity of these (CuQ,) layers.
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Figure 8. 7. vs. the number n of (CuO;) layers for the compound
HgBaZ Cayy Cunoln+2+é .

Generally, the superconducting transition temperature of
a complex superconducting copper oxide depends on the hole
concentration in the conduction band (or on the formal
degree of copper oxidation). The optimum degree of oxida-
tion for hole-doped superconductors ranges from +2.10 to
+2.20, where the compounds typically exhibit maximum
values of T.. Outside this range, 7. decreases. Thus, the
dependence of the superconducting transition temperature
on the formal copper oxidation state should have a dome-like
character. This rule holds in the case of only one type of
oxidized elements [i.e., copper atoms in the (CuO,) layer] in
the structure of a superconductor.

If there are several types of copper atoms or another
oxidizable element, this dependence is much more complex,
since charges can be redistributed between different structural
fragments. T, is also strongly affected by the factors that
determine the structure of the (CuOy) layers.

It was shown above that the structures of the
HgBa,Ca,_1Cu,07,12+s compounds are optimal for the
appearance of superconductivity, since they have no distor-
tions induced by a mismatch of interatomic distances and a
nonuniform cation distribution in neighboring layers. More-
over, the structures of the first members of the homologous
series (HgBa,CuOy,s and HgBa,CaCu,0g.s) only have one
type of copper atom. Therefore, the dependence of T, on the
formal degree of copper oxidation, which is changed by
varying o, should have a dome-like character for these
compounds, which is supported experimentally. Supercon-
ductivity in HgBa,CuQO4. ;5 can be suppressed as the index o
strongly increases. The nonsuperconducting overoxidized
compound Hg-1201 was synthesized at a high pressure. For
this compound, V¢, = +2.28 corresponds to the V¢, range
outside which superconductivity is suppressed [14]; such
ranges were established previously for other superconducting
copper oxides.

For members of the homologous series with n > 2, it is
difficult to use iodometric titration to determine V¢, because
of the presence of impurity phases. The Cu—O distance in the
(Cu0Oy) layer depends on the formal copper oxidation state,
which is changed by varying ¢. Since this layer is planar, the
unit-cell parameter a of the Hg-containing superconductors is
approximately twice the Cu—O distance. Therefore, a change
in the parameter a after various heat treatments indicates the
character of the change in 6. Figure 9 shows the T¢(a)
dependences for five members of the family that also have a
dome-like character. It is interesting that the maximum values
of T, increase in the Hg-1201 —-Hg-1212—-Hg-1223 series as
the parameter a [hence, the Cu—Opan distance (see Table 2)]
decreases. The cause of thisincrease was discussed in Section 4.
Thus, the sequential increase in the perovskite-fragment
thickness in this series of compounds can be formally
considered a structural modification that causes anisotropic
compression of the in-plane interatomic distances, which can
lead to an increase in 7.

Chu et al. [22] were the first to detect a substantial increase
in T, in HgBa,Ca,Cu3;0s,5 at ultrahigh pressures. The
superconducting transition temperature of this compound
increases sharply with the applied pressure and reaches 164 K
at the pressure about 31 GPa [23, 24]. The pressure-induced
increase in the superconducting transition temperature in Cu-
containing superconductors, which exhibit hole conductivity
in the normal state, is a well-known phenomenon. Never-
theless, the specific feature of the experiments performed on
Hg-1223 and other compounds of this family lies in achieving
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Figure 9. T vs. parameter a for HgBa, Ca,,_; Cu, 02,4245 compounds.

record values of T., which are well above those reached
previously. These results demonstrate that superconductiv-
ity with T, = 150—160 K can exist at atmospheric pressure in
structures where the Cu—O distances are identical to those
realized in HgBa,Ca,,_1Cu,, 02,1245 at an applied pressure.

Using neutron diffraction under pressure, the authors of
[25—29] revealed the main trends in the variation of the
interatomic distances in these superconductors. As the
pressure increases, the Hg—O bond length remains virtually
the same because of the strongly covalent character of this
bond. The compression of the structures along the c-axis is
caused by a significant decrease in the axial Cu—O distance.
An isotropic applied pressure also decreases the in-plane Cu—
O distance, but to a lesser extent.

Interesting conjectures can be made regarding the
different characters of the dependences of the superconduct-
ing transition temperature on the applied isotropic pressure
and the anisotropic chemical compression of the in-plane
Cu-O distances, which is induced by an increase in the
perovskite-fragment thickness in the Hg-1201-Hg-1212-
Hg-1223 series. In this series, the axial Cu—O distances are
virtually unchanged (see Table 2), which suggests the
strongest effect of the in-plane distance on 7¢. The value of
dT./d(Cu—Opjsn) calculated from the structural data for
these compounds with the maximum values of 7. exceeds
—1000 K A~! for this series. However, for isotropic applied
pressure, this value is substantially lower (~ —160 K A™1).

6. Fluoro-substituted derivatives of superconducting
mercury-containing cuprates

Important conclusions concerning the doping mechanism
and the effect of the in-plane and axial Cu—O distances on
T. in mercury cuprates can be drawn by comparing the
characteristics (the anion content, the formal copper oxida-
tion state, the structural parameters, the superconducting
transition temperature) of samples in which the optimum
level of doping was achieved by the introduction of additional
oxygen or fluorine. Oxygen and fluorine are similar from the
crystal-chemistry standpoint and have high electric negativ-
ity, and their anions have similar ionic radii (rg- = 1.29 A
and rg- = 1.35 A for coordination number 2). Moreover,
many oxide compounds exhibit structural analogues between
fluorides and oxofluorides (CaO and NaF, LaOF and CaF,,
La,CuO4 and K,CuF4, etc.). Therefore, when fluorine is
introduced into complex layered copper oxides, related
oxofluorides can form. The formal charges of O*~ and F~
are different, and, according to a simple ionic model of hole

formation in a conducting (CuO,) layer, the amount of
fluorine anions required for a certain doping level is twice
that of oxygen anions.

The fluorination of the Hg-1201 phase HgBa,CuOg )
with 7. =61 K by xenon difluoride XeF, leads to an increase
in the superconducting transition temperature to the maximal
value for this compound (7. =97 K), the subsequent
decrease in T., and, eventually, the suppression of super-
conductivity, presumably because of too high a copper
oxidation state (overoxidation) [30]. According to neutron
powder diffraction data, the anion content in the Hg-contain-
ing layer is 6 = 0.24(2) for an optimally doped sample with
T. =97 K and 6 = 0.32(2) for an overoxidized sample with
T. = 80 K. These values are well above the occupations
found for oxidized Hg-1201 samples with close values of 7,
(60 =0.124(9) and 0.19(1), respectively) [13]. The dependences
of T on the fluorine or oxygen content in the Hg-containing
layer have a domelike shape; however, the curve for the
fluorinated samples shifts toward higher values of o
(Fig. 10a). We can conclude that, like oxygen, fluorine
oxidizes copper cations in (CuQ5) layers and that the amount
of fluorine required for achieving certain values of T, and a
certain degree of doping is twice that of oxygen, which agrees
with the difference in the formal charges O*~ and F~. This
finding supports the ionic model of doping in mercury
cuprates: the number of holes created by one oxygen atom is
twice that induced by one fluorine atom.

For both the fluorinated and oxidized samples, the
dependences of T, on the unit-cell parameter a (or, equiva-
lently, on the Cu—Opian interatomic distance in the (CuO»)
layer plane) can be approximated by one parabolic curve with
amaximum (7, = 97 K) at a = 3.882 A (Fig. 10b). Thus, the
same superconducting transition temperatures can be
achieved not only at the same level of doping but also at
similar lengths of the in-plane Cu—O bonds; that is, both
parameters control 7, in complex cuprates.

For a certain copper oxidation state, the Cu—Opn
distance is virtually independent of the amount of over-
stoichiometric anions. In contrast, the Cu—0,, distance
changes significantly as the degree of filling the anion
position in an Hg-containing layer is varied. The dependence
of this distance on ¢ (for oxygen or fluorine) is almost linear
(Fig. 10c). An increase in the amount of hyperstoichiometric
anions results in compression of the Cu—O,x bond, whose
length in the fluorinated compounds is substantially smaller
than that in the oxygen-containing compounds having similar
values of T.

The cause of the decrease in the Cu—Oyx distance
consists in the extension of the Hg—O dumbbells induced
by the increase in the coordination number of mercury
atoms due to additional anions in the Hg-containing layer.
As a result, an oxygen atom Oax shifts from Hg to a Cu
atom, which is accompanied by a noticeable decrease in the
Cu—Oyx distance, while the Cu—Opnn distance and T¢
remain virtually unchanged. This change in the interatomic
distances can be considered a result of the anisotropic
compression of the CuQOg octahedra, which is equivalent to
the effect of a pressure of about 2 GPa applied along the
c-axis [29]. For the optimally oxygen-doped Hg-1201 phase,
dT./dP ~ 2K GPa~! [31]; therefore, in a fluorinated sample
with 0F & dopt, the superconducting transition temperature
should increase by ~ 4 K. The absence of a difference in the
values of T, for the samples optimally doped by fluorine or
oxygen indicates that the compression of the Cu—0O,x bond
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dences of the Cu—O,x and Hg— O interatomic distances on the amount of
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only weakly affects the increase in 7. in Hg-containing
cuprates at an applied pressure and that the most probable
cause of this phenomenon lies in a decrease in the Cu—Opjan
distances.

This conclusion is also confirmed by the results of studying
fluorinated HgBa,Ca,Cu30g,s (Hg-1223) samples. The
initial Hg-1223 sample with 7, = 100 K exhibits an increase
in T, upon both fluorination and oxidation; however, T, of the
fluorinated sample is 4 K higher (138 K) than that of the
oxidized sample (134 K) [32, 33]. It is interesting that this
fluorinated sample has the highest 7, (7. = 166 K at the
pressure 23 GPa) among all superconductors [34]. The
maximum values of T, for the first three members of the
homologous series of mercury-containing complex
HgBa,Ca,_1Cu,07,12+s cuprates and fluorinated Hg-1201
and Hg-1223 samples depend on the parameter « linearly, and
we have d7,/da ~ —1350 K A (Fig. 11) [33, 35]. We can
state that T of these compounds depends on the compression
of the (CuO,) planes induced by the modification of the
chemical composition. A similar value of d7,/da was also
detected wupon the epitaxial compression of thin
Lag.9Sro.1CuOy4 single-crystal films [36]. The value of d7¢./da
observed upon the fluorination of Hg-1223 is almost an order
of magnitude higher than the value induced by applied
pressure(d7./dP ~ 1.7 KGPa~! = dT,/da~ —160 KA™").
This difference can result from a structural distortion of the
(CuOy) layers. In Hg-1201, these layers are planar by their
symmetry, and, in Hg-1212, the Cu—Oyplan— Cu angle is close
to 180° [17]. For Hg-1223, fluorination exerts a weak effect on
the Cu—Opjan—Cu angle: it is 178.4° for an oxidized sample
[28] and 177.3° for a fluorinated sample [33]. A high applied
pressure leads to folded (CuO,) layers; for example, in Hg-
1223, the Cu—Opian—Cu angle decreases to 175.0° at the
pressure 2 GPa, which increases 7T, to 138 K. The deviation
of this valence angle from 180° is also an important parameter
affecting T¢; for cuprates with 7, > 100 K, this deviation does
not exceed 4°.

7. Fluoro-substituted derivatives of other families

of superconducting cuprates

The specific feature of the structure of Hg-containing
cuprates is that the Hg-containing layer has an anion
position that can be partly occupied by oxygen or fluorine
atoms, which results in various hole concentrations in the
conduction band. A stable dumbbell-like coordination of the
Hg?" cations causes the absence of steric difficulties and a
weak interaction between anions and mercury cations in this
layer. Owing to the formation of a long and weak Hg— (O, F)
bond in the layer plane, the introduction of anions into this
layer does not lead to significant structural changes. How-
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ever, the appearance of overstoichiometric anions in the
structure of complex cuprates due to the introduction of
fluorine or the substitution of two F~ anions for one 0%~
anion can lead to structural transformations, which include
changes in the coordination polyhedra, the interatomic
distances, and the space symmetry up to complete rearrange-
ment of the crystal structure. These transformations can be
expected if fluorine anions form strong covalent or ionic
bonds with neighboring cations. The fluorination of complex
cuprates can be used for both producing new compounds with
a structure required for the manifestation of superconducting
properties and achieving the required carrier (electron or
hole) concentration in the conduction band. The character
of the change in the crystal structure is determined by the
structure of the initial compound and the excess-anion
content [37]:

(i) The replacement of oxygen atoms by the equivalent
amount of fluorine atoms only causes insignificant changes in
the unit-cell metric, which are related to the small difference in
the ionic radii 0>~ and F~ and to an increase in the in-plane
Cu-—0 bond length due to the decreasing copper oxidation
state.

(ii)) The introduction of excess fluorine atoms and the
completion of the coordination polyhedron of Cu** cations
to an octahedron lead to a sharp increase in the axial Cu—O
bond length, which is accompanied by an increase in the
distances between the (Cu(O, F),) and (40) layers.

(iii) The occupation of vacant anion positions by fluorine
atoms suppresses the structural distortions induced by the
ordering of oxygen atoms and anion vacancies.

(iv) The location of fluorine atoms in interlayer voids
results in a structure transformation of the crystal structure in
order to decrease the forces of electrostatic repulsion between
interlayer anions and anions in neighboring layers.

The perovskite-like anion-deficient structure of the
RBa,Cu3Og.5 (R-123) phases is represented by the idealized
sequence of layers

—CugO;s—BaO—-CuO, — Ro—Cu0O, —BaO—-CugOs—

(where 0 stand for anion vacancies). The anion positions in
the (CugOy) layer (Cul layer) can be fully vacant at § =0,
which corresponds to the structure of the tetragonal strongly
reduced R-123 phase (which is not a superconductor,
Vew = +1.67). The Cul atoms are in the dumbbell coordina-
tion characteristic of the Cu'* cations (Fig. 12a). At 6 ~ 1,
oxygen atoms occupy half the vacant positions in the Cul
layer in an ordered manner, completing the coordination
environment to a square (Fig. 12b). Chains of the CuOy4
squares connected by common vertices are oriented along the
b-axis, which results in an orthorhombic distortion of the
structure. Compounds with § ~ 1 have a hole concentration
that is near-optimal for this structure and exhibit the highest
superconducting transition temperature (7. = 93—-94 K)
among the compounds of this class.

In 1987, Kistenmacher used simple crystal-chemistry
considerations and predicted the presence of complex
oxofluoride YBa,CusOgF> in which anion vacancies in the
(Cul) layer are fully occupied by fluorine atoms. The
copper oxidation stare in this compound is V¢, = +2.33,
which corresponds to the formula YBa,Cus;O; (oxygen-
doped Y-123). This oxofluoride should have a tetragonal
symmetry due to the substitution of two-dimensional (CuF,)
layers for copper—oxygen chains and could exhibit super-

YBazCu 307

YBa2CU305

YBa2Cu 30(,F2

Figure 12. Crystal structures of YBa,Cu3Og¢ (a), YBa>CusO7 (b), and
YBazCU30(,F2 (C)

conducting properties [38]. The introduction of fluorine
atoms into the structure of the reduced nonsuperconducting
compound YBa;Cu3Og ;) occurs in the vacant anion posi-
tions of the (Cul) layer and is accompanied by the formation
of distorted CuO,F4 octahedra [39, 40]. According to the
proposed structural model, this is accompanied by an increase
in the axial Cu—O distance from 1.85 A in YBa>Cu3Og 1 to
2.3-2.5 A in the fluorinated compound with the idealized
composition YBa,Cu3O¢F> (Fig. 12c). The fluorination of the
reduced nonsuperconducting compound YBa,Cu3Og 1) leads
to an increase in the copper oxidation state to Ve, = +2.14
and the appearance of superconductivity at the temperature
94 K with a large superconducting-phase volume (= 25%).
One of the simplest copper oxofluorides with super-
conducting properties could be made from hypothetic
perovskite-like (La, Sr)CuO;F solid solutions in which the
required degree of copper oxidation is achieved via hetero-
valent substitution in the 4 sublattice. Such perovskites can
be synthesized by fluorination of anion-deficient perovskites,
such as (Laj_,Sr,)gCugOx_; solid solutions, which have the
framework structure of an anion-deficient perovskite without
(Cu0Oy) planes and copper atoms with square, tetragonal —
pyramidal, and octahedral environments (Fig. 13a). For a
compound to be superconducting, fluorination should
change the character of the oxygen distribution in the initial
structure such that (CuO,) planes form. When the compound
Lag sSr; sCugOjg65 is fluorinated by xenon difluoride, the
perovskite-like Lag g13Sr¢.187Cu(O, F);_, phase forms with a
tetragonally distorted unit cell with the parameters
a = ¢ & aper and ¢ > a (Fig. 13b) [41]. The anion positions in
the equatorial environment of copper atoms are fully
occupied and vacancies concentrate in the axial positions.
The Jahn-—Teller effect, which occurs because some copper
atoms have an octahedral coordination, leads to an increase
in the axial distances (2.026 A) compared to the in-plane
distances (1.896 A) and a tetragonal distortion of the
perovskite cell ~with ¢>a. The oxofluoride
Lag813Sr0.187Cu (0O, F),_; is not a superconductor, which can
be related to overoxidation, local distortions in (CuO-) layers,
and the possibility of partial substitution of fluorine for
oxygen in the (CuQO,) layers (which transform them into
(Cu(O,F);, layers). We believe that the use of other synthesis
methods can result in successful synthesis of the oxofluoride
Lag.gsSro.1sCuO.F with an ordered oxygen and fluorine
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Figure 13. Schematic diagram of the structural transformation of
Lag sSr1 sCusOi9.65 (a) into Lag.g13Sr0.187Cu(O,F);_5 (b) upon fluorina-
tion.

arrangement in the structure with alternating (CuO,) and
(Lag 5Sr9.15F) layers. Such a compound could be an example
of the simplest structure of superconducting cuprates.

For cuprates containing sodium chloride — type blocks, the
ionic character of the 4—O bond leads to the fact that the
strengths of the bonds in the ((R, 4)O) layers are comparable
to those of the bonds between neighboring ((R, 4)O) layers.
The structure of the Bi-containing layered cuprates
Bi;Sr,Ca,,_1Cu, 05,1445 also contains (Bi»O,) blocks with a
sodium chloride structure. In contrast to ((R, 4),0,) blocks
with isotropic chemical bonds, only a weak van der Waals
interaction is realized between layers in the (Bi2O2) block,
which is related to the crystal-chemistry properties of the Bi*"
cation. The Bi—F bond is substantially ionic, which should
result in a change in the structure of the (Bi»O,) layers with
interstitial fluorine atoms.

The fluorination of the Bi-2201 Bi»rSr¢lag4CuOg 33
phase by XeF, causes the disappearance of incommensurate
modulations (Fig. 14a), which indicates that interstitial
fluorine changes the structure of the (Bi»O) blocks [42].
Excess anions are placed in the interstices of the (Bi»O»)
block, which are tetrahedrally coordinated by Bi atoms such
that the (Bi,O;) block transforms into a (Bi,O,_,F>, ) block
in which Bi atoms are located in a single-cap square antiprism
with four short Bi—F bonds and five long Bi—O bonds
(Figs 14b—14d). Blocks with an analogous structure are
encountered in representatives of the Aurivillius-phase
homologous series, e.g., in BixNbOsF [43]. In the Bi-2201
phase, the (BiO) layers are almost flat and the distance
between the Bi and O layers along the c-axis in these layers
does not exceed 0.24—0.26 A; but in the Aurivillius phase,
this distance increases to 0.92-1.07 A, leading to the
‘splitting’ of the (BiO) layer into two layers (one of which
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Figure 14. (a) High-resolution transmission electron microscopy images
and electron diffraction patterns of the initial and fluorinated Bi-2201
phases, which indicate the disappearance of incommensurate modulations
upon fluorination. The crystal structures of Bi»Sr; ¢Lag4CuQOg 33 (b) and
Bi>:NbOsF (c). (d) A model for the structure of the fluorinated tetragonal
Bi-2201 phase.




190 Conferences and symposia

Physics— Uspekhi 51 (2)

consists of Bi atoms and the other of O atoms). An increase in
the coordination number of bismuth in the fluorinated phase
increases the Bi—O distances and the block size in the ab
plane. As a result, the match is achieved between the
(Bi,O,F>) blocks and (CuQO;) layers, which leads to the
suppression of incommensurate modulations. We note that
the fluorinated Bi—2201 phase has a hybrid structure in
which Bi-containing (Bi;O,_F,,,) blocks (as in the Aur-
ivillius phases) and perovskite 4,Ca,_;Cu, 0,12 (n=1)
blocks are matched; that is, such phases belong to the new
family of cuprates Biy4>Ca,_Cu,(O,F),, 4 whose repre-
sentatives can have superconducting properties.

8. Conclusions
In the last two decades of extensive studies of the super-
conducting properties of complex copper oxides, the possibi-
lities of creating a new class of superconducting cuprates or
further optimizing the properties of well-known compounds
have been nearly exhausted. Nevertheless, it is too early to
state that compounds with 7, higher than in the obtained
values cannot exist among the complex cuprates. The increase
in T, in Hg-containing cuprates induced by an applied
pressure or fluorination suggests that the chemical modifica-
tion that causes a decrease in the in-plane Cu— Oplay distance
without changing the degree of folding the (CuO,) layers is a
promising way for increasing 7, in complex superconducting
copper oxides. A simple isovalent cation substitution, which
leads to isotropic compression of the structure, is likely to be
ineffective. For example, a partial substitution of Sr for Ba
atoms decreases T, since it is accompanied by a strong
decrease in the axial Cu—O bond and the ‘folding’ of the
(Cu0Oy) layer. A more promising way is thought to consist in
the production of metastable layered structures using non-
traditional chemical synthesis methods, such as the synthesis
of epitaxial films using layer-by-layer deposition onto
substrates with chosen lattice parameters, which can create
anisotropic compression of the structure of a superconductor
in the (ab) plane and artificial heterostructures exhibiting an
analogous effect.

In this report, we demonstrated that the modification of
the anion sublattice upon substituting halogen atoms (e.g.,
fluorine) for oxygen can modify the structure of complex

Table 3. Superconducting complex copper oxofluorides.

Oxofluoride T., K | Oxygen analogue T..K
YBa,CuzOF> 94 YBa>Cuz06.95 92
Y;,BasCuy,014F> 62 Y>BasCus014.92 80
HgBa>CuO4F( 24 97 HgBa,CuOy. 12 97
HgBa,CaCu,O¢F; 128 HgBa,CaCu»0¢ 22 127
HgBa,Ca,CusOgF; 138 HgBa,Ca,Cus0g. 5 134
SroCu07F,45 46 Sr,Cu03 —
La>CuOg4Fs, 0 <0.18 35—-40 | LaxCuOu4032 38
Nd>CuO3.7F¢.3 27 Nd,_,Ce,CuOq4 24
Sr>CaCus04.6F> 99
Sr>CarCu3Og.2F32 111
Sr>Ndo.2Cag sCurOsF 85

cuprates to yield new compounds that can be potential high-
temperature superconductors. Indeed, as can be seen from
Table 3, complex copper oxofluorides often exhibit a T
comparable to or higher than that of their oxygen analo-
gues. An analogous example can be found among oxochlor-
ides. The compound (Sr, Ca);Cuy04,5Cl,_, has T, = 80 K
[44], which is well above the superconducting transition
temperature of its oxygen analogue Laj¢Srg4CaCuyOgys
(T, = 60 K). We note that the synthesis of such compounds
requires the application and development of labor-intensive
methods in order to produce a compound in its metastable
state.
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