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Abstract. Chemical aspects of the synthesis of complex layered
copper oxyfluorides possessing superconducting properties or
serving as structural matrices for the preparation of new super-
conductors are discussed. Primary attention is given to fluorina-
tion of layered cuprates. Different ways of inserting fluorine into
complex copper oxides and the corresponding synthetic
approaches are surveyed. The influence of the synthesis conditions
on the fluorination pathway, which involves either the incorpo-
ration of fluorine or partial replacement of oxygen with fluorine, is
analysed. The advantages of xenon difluoride over other fluori-
nating agents are considered. Fluorination of complex copper
oxides often leads to structural changes as exemplified by fluorine-
containing phases obtained with the use of both XeF, and other
fluorinating agents. The bibliography includes 104 references.

I. Introduction

Superconducting materials possess unique properties. The high
practical potential of a new generation of high-temperature super-
conductors, viz., complex copper oxides, gave impetus to compre-
hensive studies of their physical and chemical properties,
structural characteristics and ‘chemical composition—proper-
ties —structure —synthesis conditions’ relationships.

The data on the relationships between the composition,
structure and properties of numerous copper-containing high-
temperature superconducting (HTSC) oxides made it possible to
state the following structural and chemical criteria for the appear-
ance of superconductivity:!

— the existence of a layered structure composed of weakly
distorted or planar superconducting CuO» layers, which occur as
an infinite network of vertex-sharing CuQOj4 squares;

— the presence of optimum interatomic Cu—O distances
(ranging from 1.90 to 1.97 A) in the plane of the conducting
layer, which ensure overlapping of the 3d.._,.-orbitals of copper
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and the 2p, ,-orbitals of oxygen to form delocalised states in the
o* band;

— the optimum concentration of charge carriers in the con-
ducting CuO; layers must correspond to the ranges of the formal
oxidation state of copper from +2.05to +2.25 and from + 1.8 to
+ 1.9 for p- and n-type superconductors, respectively.

In the structures satisfying these criteria, the negative charge
of the CuQO; layers (if these layers are considered as composed of
the Cu®™ cations and O?~ anions) is compensated by the positive
charge of the adjacent nonconducting cationic-anionic charge-
reservoir blocks, which offer a means of changing the oxidation
state of copper in the CuO; layers. By varying the positive charge
of these blocks, for example, through either the heterovalent
cation substitution or a change in the oxygen content, the required
concentration of charge carriers in the conduction band can be
achieved. Another way of changing the concentration of charge
carriers is to replace a portion of oxygen in the anion sublattice of
complex cuprate by fluorine or to insert the fluorine atoms into the
structure.

The oxygen and fluorine anions have similar ionic radii
(re- =1.29 A and ro.. = 1.35 A; for the coordination number
of 2; see Ref. 2). Many oxides have structures analogous to those
of fluorides and oxyfluorides (for example, CaO and NaF, LaOF
and CaF,, La;CuO4 and K,CuF4, etc.). Consequently, the incor-
poration of fluorine into complex layered copper oxides can give
rise to oxyfluorides structurally similar to these oxides. Fluorine
atoms can occupy the anion vacancies or replace oxygen atoms. In
both cases, the formal oxidation state of copper is changed. If this
incorporation does not lead to destruction or deformation of the
CuO, layers, the resulting complex oxyfluoride would be expected
to exhibit superconducting properties. The superconducting tran-
sition critical temperatures (7c) of some complex copper oxy-
fluorides are even higher than those of their oxygen analogues
(Table 1). Hence, complex layered copper oxyfluorides can be
considered as a promising class of compounds for constructing
high-temperature superconductors.

Fluorination of complex cuprates not only enables one to
achieve the optimum concentration of charge carriers but also
offers additional possibilities of searching for new layered com-
pounds. The requirements for the retention of the charge balance
and compatibility of interatomic distances in structural fragments
(commensurability) impose limitations on the choice of cations
involved in nonconducting blocks, which compensate the negative
charge of the CuO; layers. The replacement of O?~ with F—,

T The review is dedicated to the blessed memory of Professor L M Kovba.
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Table 1. Superconducting complex copper oxyfluorides.

Oxyfluoride T. /K Oxygen analogue T. /K
YBaZCu306F2 94 YB'dzCl.l30(,_95 92
Y2B34CU70]4F2 62 Y2B3.4CL17014A92 80
HgBaZCuO4F0_24 97 HgBaZCuO4_ 12 97
HgBaZCaCuzO(,F(s 128 HgBaZCaCuZO(,_zz 127
Hgo_gBa2Ca2Cu3_2OgF,; 138 Hgo,gBazCazculem(& 134
SI‘QCUOzF2+ S5 46 Sl‘zCqug —
LasCuOy4Fs, 0 <0.18 35-40 LayCuOaq.032 38
NdzCu03_7F0,3 27 NdZ,xCCxCuOA; 24
SrzCaCu204,5F2 99 — —
SI‘2C8.2CU30(,,2F3_2 111 — —
SrgNdo_zcaoAgCUQosF 85 — -

whose formal charge is half as large as that of O>—, leads to a
decrease in the negative charge of the anion sublattice. Conse-
quently, it is possible to extend the range of cations, which can be
involved, together with copper, oxygen and fluorine atoms in
compounds showing promise as superconducting materials. At
the same time, this difference in the formal charges of the fluorine
and oxygen anions requires that the number of fluorine anions be
twice as large as that of the oxygen anions to achieve the degree of
hole doping in oxyfluorides identical to that in oxygen-containing
compounds. The incorporation of hyperstoichiometric anions
may lead to substantial structural rearrangements in the parent
compound and to changes in its superconducting characteristics.

This review surveys the results both of our studies and
investigations of other research groups into the synthesis and
structures of complex copper oxyfluorides.

I1. Chemical aspects of the synthesis of complex
copper oxyfluorides

1. General schemes for the incorporation of fluorine into
layered cuprates

For superconducting copper oxyfluorides to be prepared, a
particular concentration of holes or electrons in the conduction
band must be achieved. The type of charge carriers is determined
by the structural features of the starting oxide phase. Let us
consider the main processes taking place in the course of fluori-
nation and exerting an effect on the formal oxidation state of
copper. There are two schemes for fluorination of complex
cuprates giving rise to opposite changes in the oxidation state of
copper.

According to one scheme, the oxyfluoride phase is formally
considered to be a result of fluorine incorporation into the
structure of the oxide prototype, the oxygen contents in both
compounds being the same, and an increase in the amount of
anions occurring only due to the appearance of additional F—
anions:

BmAzAlnq Cu, 02+ 2+mx + (S[F] —> BmAzA,/F 1 Cu, 02,42+ mxFs,
oxide phase oxyfluoride

where B is a smaller cation, for example, Hg? ", Bi* ™, erc.; A and
A’ are alkaline-earth and rare-earth cations, respectively; m = 0,
1,2;n=1,2,3;0 < x < 1. (We use the general formula of layered
cuprates B, AzA;_Cu,02,+2+mx, which reflects the layer
sequence

<. AO—(BO,)n— AO — CuOs —[A'CuOs,_ 1 — AO — (BOL),,— AO —....).

The incorporation of fluoride anions leads to an increase in
the oxidation state of copper cations (if there are no other cations
capable of changing the oxidation state), an increase in the hole
concentration and, conceivably, the formation of p-type super-
conductors.

According to another scheme, fluorine atoms partially replace
oxygen atoms in the anion sublattice of complex cuprate. The
number of oxygen atoms in oxyfluoride generated through anion
exchange is smaller than that present in the starting oxide phase,
but the overall number of anions remains constant due to the
replacement of oxygen atoms with an equivalent amount of
fluorine atoms:

BmA2A7/17] CunOZn +2+mx +9 [F] e
B B,nAzA:,71 Cu,,O2p+2+mx—sFs + 5[0]

Heterovalent substitution in the anion sublattice occurs as a
reductive process and facilitates the formation of n-type super-
conductors.

The process occurs by predominantly fluorine incorporation
or anion exchange, which depend on many factors, for example,
on the structure of the initial oxide phase, the procedure for
fluorination, temperature and duration of the synthesis. In
practice, attempts to carry out fluorination exclusively through
one of two paths are not necessarily successful and in most cases
the fluorine incorporation and anion exchange proceed simulta-
neously:

By,,AzA:,,]CUnOZMJrZerx + (5 + 5/) [F] >
—> B,,A2A;,_1Cu,024 424 my—sFs 167 + 5[O].

As a result, the oxidation state of copper may remain
unchanged but fluorination could lead to the appearance of
additional anions in the structure.

2. Methods for the synthesis of layered copper oxyfluorides
The first experiments on the preparation of superconducting
oxyfluorides have been carried out by solid-phase reactions.
Thus, fluorine was introduced into the starting mixture of
carbonates and oxides by the partial replacement of one of the
reagents with copper fluoride, alkaline-earth fluoride, rare-earth
fluoride, or rare-earth oxyfluoride. The n-type superconductor
Nd,CuO4_,F, was prepared by solid-phase synthesis at
1133-1423 K [NdF3,?~7 NdOF (see Ref. 8) or CuF,-2 H,O (see
Ref. 9) were used as the source of fluorine]. It should be noted that
oxyfluorides SroMCu,OsF;+s (M =Y, La, Nd, Sm, Gd, Dy, Er
or Yb),! Sr;CaCuy04+sF>4, and SryCa,CuszOg+sF24, (see
Ref. 11) possessing p-type superconductivity were prepared by
solid-phase reactions under high pressure (5.5-6 GPa,
1523-1573 K, SrF, or CaF, as a source of fluorine). Under
normal pressure, the high-temperature solid-phase synthesis
does not afford fluorine derivatives of complex cuprates if the
starting compound contains alkaline-earth cations. In the study,!?
it was reported that the superconducting transition critical tem-
perature for the YBa,>Cu3O,F, compound, which was obtained by
the solid-phase reaction involving BaF,, was increased to 155 K
[as compared to 7T.=90K for the oxygen analogue
YBayCu30¢.92 (Y123)], but these results were not reproduced in
subsequent studies. Moreover, closer examination of the products
obtained in the solid-phase synthesis of the fluorine-containing
Y123 phase demonstrated that barium fluoride was always
present in the final mixture prepared by high-temperature
(1073 —1223 K) annealing regardless of the form in which fluorine
was present in the starting reagents.!3-16

The high-temperature solid-phase synthesis is also unsuitable
for the preparation of other HTSC phases, for example, of
SroCuO,F,. At =753 K, the latter oxyfluoride decomposed to
give SrFp, SrpCuO; and Sr14CupsO41.'7-'% However, the
SroCuO,F; + 5 compound can be synthesised under much milder
conditions (compared to those required for the solid-phase
reaction) by treating SrCuOs; with a gaseous mixture of Fj
(10%) and N2 (90%) at 483 K for 15 min,' with NH4F in the
presence of oxygen at 498 K for 6—8 h,!8:20.21 or with XeF, at
433-623 K (from 40 min to 10 h).!”
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Low-temperature fluorination afforded fluorine derivatives of
layered cuprates, viz., YBayCu3Og+4,°>23 LayCuO4,2*
My A1+xCu0O6_s (M=La or Nd; A=Ca or Sr),*?
Pb,Sr,YCu304,%6 ete. Fluorine derivatives of complex cuprates
decompose upon heating to form thermodynamically stable
products. Their stability is determined primarily by high crystal
lattice energies of fluorite-like alkaline-earth fluorides and rare-
earth oxyfluorides.

3. Fluorinating agents for the synthesis of fluorine-containing
high-temperature superconductors

Low-temperature syntheses of complex copper oxyfluorides were
carried out with the use of various fluorinating agents, viz.,
gaseous fluorine (pure 2>27 or in mixtures with other gases 19-24),
NF;,23 NH4F,28-31 NH4HF>,32:33 transition-metal fluorides
(ZnF,, CuF,, NiF,, AgF,)3* 38 and CIF;.3%40

Xenon difluoride, which offers promise as a fluorinating
agent, was first proposed for fluorination of HTSC cuprates in
the study.!” This reagent has advantages over other reagents. At
room temperature, XeF> is a solid compound, which enables one
to use it in precise amounts and, hence, to attain the required
degree of fluorination and the desired oxidation state of copper.
Xenon difluoride is much less aggressive than gaseous fluorine due
to which no expensive bulky apparatus is required. In addition,
xenon difluoride does not generate by-products that contaminate
the sample synthesised.

Xenon difluoride serves as an oxidising agent, unlike ammo-
nium fluoride, which creates reductive conditions and leads to an
increase in the oxidation state of copper only in the reactions
performed in the presence oxygen '$:3% or through disproportio-
nation of the reaction products to form oxidised and reduced
phases.?0

Many transition-metal fluorides M'F, (M’ = Hg or Ag), like
XeF,, are oxidising fluorinating agents. However, the reactions
with the use of these compounds not only lead to fluorine
incorporation but can also be accompanied by anion substitution,
the probability of the latter being increased as the reaction
temperature is raised. Fluorination with M'F, (M’ = Zn, Cu or
Ni) proceeds predominantly according to the reaction

5M,F2 + BmAleZflcunOZnJrZerx —
—> MO + BmA/zA,/,/qCu1102n+2+mx—&F2&,

In this case, the oxidation state of copper remains unchanged.
When the exchange reactions are performed by direct mixing of
M'F, with the compound to be fluorinated rather than being
carried out in the gas phase, impurities of metal oxide contaminate
the resulting sample.

4. Use of XeF; as a fluorinating agent in the synthesis of
fluorine-containing high-temperature superconductors

Trace amounts of water, which are, for example, adsorbed on the
powdered starting compounds, contaminate fluorination prod-
ucts due to pyrohydrolysis. Hydrogen fluoride, which is evolved in
the reactions of XeF, or oxyfluoride that formed with water,
reacts with the starting oxide or oxyfluoride with elimination of
water. The latter is again involved in pyrohydrolysis.!” For
example,

Sr,CuO;3 [or SroCu(0,F)44 5] + HF —=SrF, + CuO + H>0,
SrzCu(O,F)4+(5 + H,O — SrF, + Sr,CuO;3; + CuO + HF.

Fluorination at high temperatures must be carried out in
hermetically sealed containers resistant to fluorine because it is
necessary, first, to exclude exposure to water vapour and, second,
to prevent leakage of xenon difluoride that has high volatility. We
developed an original procedure for fluorination. According to
this procedure, the reactions are carried out in a sealed nitrogen-
filled copper tube in which a nickel crucible containing a mixture
of the starting compound and XeF> is placed. (All operations
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Figure 1. Temperature dependence of the equilibrium composition of

the gas mixture containing one mole of XeF, at 1 atm.*!
(1) XeFa, (2) XeFq, (3) Xe, (4) Fa.

associated with the preparation of samples must be performed in a
dry chamber.) In the temperature range of 423—-673 K, XeF»
exists predominantly in the gas phase and reacts with complex
oxides through a gas—solid mechanism. Calculations of the
temperature dependence of the equilibrium composition of the
gas mixture (using the database #!) containing one mole of XeF,
at 1 atm (Fig. 1) demonstrated that at temperatures below 673 K
this mixture is composed of Xe, XeF, and XeF4 as the major
components, the last two compounds serving as fluorinating
agents. Xenon tetrafluoride surpasses xenon difluoride in oxidis-
ing activity #>43 but its concentration in the gas mixture at
T < 673 K is much lower than the concentration of XeF>. At
reaction temperature higher than 673 K, dissociation of XeF» into
F» and Xe becomes noticeable.

Fluorination with xenon difluoride in different temperature
ranges involves the following main reactions. It was demon-
strated 44 that the incorporation of fluorine into the structure of
complex cuprate was the major process in the case of fluorination
of YBa,Cu30¢.11 (Y123 phase) in the temperature range from 423
to 573 K

YB32CU30(,,11 + O.SXXCFZ —_— YB32CU305_11FX + 0.5x Xe.

This reaction led to an increase in the formal oxidation state of
copper from +1.74 in the starting strongly reduced phase
YBayCusO611 to +2.03— +2.14 in the fluorinated samples.
When the temperature was increased to 673 K, competitive
anion exchange took place, i.e., oxygen atoms were partially
replaced by fluorine atoms. The anion exchange causes partial
reduction of copper cations because the formation of the fluori-
nated phase is accompanied by the replacement of one O>~ anion
with one F~ anion. It is impossible to distinguish unambiguously
the temperature ranges in which the fluorine incorporation and
anion exchange proceed autonomously. Both competitive proc-
esses occur simultaneously

YBa,CuzO¢11 + 0.5(y+x) XeF; —>
—>YBa2CU3O(,,11,yFXFy + 0.5 (}’+X)XC + y [O]

It can only be noted that the anion exchange is enhanced as the
temperature is increased and finally dominates over fluorine
incorporation. Thus, the reaction of the oxidised phase
YBayCu3O¢9s with XeF, at 623 K led to a decrease in the
oxidation state of copper from +2.30 to +2.22, which is
indicative of the formation of a more reduced phase, i.e., of the
partial replacement of oxygen with fluorine. Oxygen evolved in
the course of this process is absorbed by the walls of a copper tube
to form Cu,O due to which it cannot act as an oxidiser. At 603 K,
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the partial pressure of oxygen in the tube [InPo, = —22.2 (atm)],
which corresponds to the equilibrium pressure of oxygen over a
mixture of Cu and Cu,O at this temperature, is comparable to the
partial pressure of oxygen over the strongly reduced phase
YBa>Cu30¢; [InPo, = —21.1 (atm)] at the same temperature.**

Nevertheless, the process can be forced to occur predomi-
nantly either by fluorine incorporation or anion exchange by
changing the temperature range. This can be used for choosing the
method of doping to create p- or n-type superconductors. The
final step of the anion exchange involves the destruction of the
structure of complex copper oxide (in the temperature range of
673—773 K) under the action of xenon difluoride or fluorine
generated upon decomposition of the former:

YBa,Cu30¢ + 2.5XeF, —» YOF + 2BaF, + 3CuO + 2.5Xe + 2[O],
YBa,Cu3O¢ + 2.5F, —> YOF + 2BaF, + 3CuO + 2[O].

II1. Structural transformations upon fluorination
of complex cuprates

As mentioned above, oxygen and fluorine have similar ionic radii
and the simple replacement of oxygen atoms by an equivalent
amount of fluorine atoms would not lead to substantial structural
changes of complex oxyfluoride copper compared to that of
complex oxide but must be accompanied by a decrease in the
formal oxidation state of copper. As an example, we refer to the
Nd,CuOg4_ ,F, solid solutions, which have tetragonal structures
of the T’ phase (Nd,CuOy) (Fig. 2). An increase in the degree of
replacement of O atoms by F atoms is accompanied by an increase
in the unit cell parameter ¢ because a reduction in the formal
oxidation state of copper leads to an increase in the occupancy of
the antibonding o* band and elongation of the equatorial
Cu—0O¢q bond. Simultaneously, the structure is slightly con-
tracted along the ¢ axis, which is probably associated with the
difference in the ionic radii of oxygen and fluorine.* 28

Studies of fluorinated samples by near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy demonstrated that fluo-
rine atoms replace oxygen atoms in the tetrahedrally coordinated
positions of the fluorite-like Nd>O, block.#*> Distortions of the
crystal structures of the Nd>CuOy4_  Fy and Nd, _ .Ce,CuQOy4 solid
solutions were examined by the electron diffraction method and
high-resolution transmission electron microscopy (HRTEM).46
The observed various superstructures of fluorine-containing com-
pounds were identical with those of cerium-substituted com-

pounds. These superstructures resulted, apparently, from
Cqu
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Figure 2. Crystal structure of Nd>CuOj.

ordering of the anions and anion vacancies, which were generated
upon annealing of the samples at 523—-1023 K in vacuo, rather
than were associated with the replacement of oxygen by fluorine.
The examination of the superconducting Nd>CuO; gFo > sample
by the HRTEM method did not reveal a superstructure for this
compound.*

The appearance of hyperstoichiometric anions in the structure
due to fluorine incorporation or the replacement of O~ anions
with a double amount of F~ ions can lead to structural trans-
formations involving changes in the coordination polyhedra,
interatomic distances and space symmetry up to the complete
rearrangement of the crystal structure. For example, strontium
cuprate SroCuQOs is structurally similar to La,CuQOg4. However,
unlike the crystal structure of the latter, which consists of the
CuO; layers, the crystal structure of SroCuQOj3 is composed of
chains of the vertex-sharing CuOg4 squares (Fig. 3 a) due to order-
ing of the oxygen atoms and anion vacancies. Hence, the compo-
sition of the layer can be written as CuO[]. Fluorination of
Sr,CuO; caused the rearrangement of the oxygen atoms and their
migration from the Sr>O» block to the equatorial coordination
environment about the copper atoms.'>47 As a consequence,
complex oxyfluoride SrCuO,F>.s contains the conducting
CuO;, layers (Fig. 3b). As a result of incorporation of additional
fluorine atoms into the tetrahedral cavities of the Sr,O, block, the
concentration of holes in the conduction band became higher than
the optimum value. However, the required doping level was
achieved upon subsequent reductive annealing and the compound
was transformed into the superconducting state at 46 K. The
partial replacement of strontium with barium to form the
Sr>_ «Ba,CuO,F;+ 5 solid solution made it possible to increase
T. to 64 K (x = 0.6).2° Calculations of the energy of Coulombic
interactions '%-47 suggested that the driving force for the anionic
rearrangement is the difference between the lattice energy of the
compound which contains fluorine atoms in the axial vertices of
the octahedra about the copper atoms and the lattice energy of the
same compound which contains the fluorine atoms in the equato-
rial positions to form the CuOF layers.

a b
D
OOOOu O s
o e Cu
Qof® ¢ ¢

o
O
“ed

Figure 3. Crystal structures of SroCuOj3 («) and SroCuOxF3 ¢ 5 (b).

The incorporation of additional anions into vacancies of the
anion sublattice of the B,,A>A !, Cu,,02,+ 2+ mx compounds leads
to an increase in the coordination number of the B cations, which
was initially smaller than 6. If these cations are Cu?", the
completion of their coordination environment to an octahedron
must lead to deformation of the crystal structure accompanied by
an increase in the distance between the layer containing the copper
cations and the adjacent layers containing the A cations. The
Cu(O,F)¢ octahedron is tetrahedrally distorted due to the
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Jahn—Teller effect resulting from the unsymmetrical occupancy
of the e, level (3d§z3dx27},21). As a consequence, the Cu—O,x
distance becomes substantially larger than the Cu—O,q distance
resulting in an increase in the interlayer distances in the structure.
Thus, the formation of an octahedron about the copper atoms in
Sr,CuO,F> 5 leads to a substantial increase in the unit cell
parameter ¢ (¢ = 13.468 A)1° as compared to that observed in
the initial compound Sr2CuO; (a = 12.716 A).48

If the B sublattice contains cations whose stable coordination
number is smaller than 6, for example, the Ga3* cations in the
tetrahedral environment in the Gal201 (MACuGaOs, M = La,
ProrNd; A = Caor Sr)#%3% and Gal1212 (Y .6Cao.4Sr2CurGaO,)
phases,’! the crystal structures, including the CuO, layers, may be
distorted due to ordering of the oxygen atoms and anion vacancies
in the B(O,[), layers. Deformation of the structure may be
responsible for the absence of superconducting properties. The
filling of vacancies with additional anions upon fluorination leads
to a reduction in deformations up to the formation of a structure
characterised by a higher space symmetry group and undeformed
conducting layers. The same effect would be expected to occur
when fluorination causes changes in the sizes of the structural
blocks in the plane of the CuO; layers, which are favourable for
the establishment of their commensurability and removal of
structural distortions appearing upon adaptation of the structural
blocks to each other. The incorporation of fluorine atoms into the
interlayer cavities of the structure with the completed anion
sublattice would, most probably, lead to lowering of the symmetry
due to displacement of the atoms from the ideal positions, thus
minimising Coulombic repulsions between the anions in the
interlayer cavities and the anions in the adjacent atomic layers.

Hence, the superconducting properties of complex copper
oxyfluorides are determined not only by the character of changes
in the oxidation state of copper through different mechanisms of
fluorination but also by possible structural transformations.

IV. Structures, synthesis and superconducting
properties of different classes of copper
oxyfluorides

1. Fluorination of the MBa,Cu30¢+s (M =Y, Dy, Ho, Tm)
and Y2Ba4Cu7014+ s phases

The perovskite-like anion-deficient structures of the MBas.
Cu3O¢+s phases (M123 phase) with unit cell parameters
axb=ap, c~ 3ap, where ap is the parameters of the perovskite
sublattice (Fig. 4 @), involve the following layer sequence

—CudJOs—BaO—CuO,—M[]—CuO;—BaO—-CuJOs—

([ is the anion vacancy).

The anion positions in the Cu[]O; layer (Cul layer) can be
completely vacant at 6 = 0, which corresponds to the structure of
the tetragonal strongly reduced M 123 phase. The latter does not
possess superconducting properties (the formal oxidation state of
copper is +1.67). The Cul atoms (see Fig. 4 a) have a dumbbell-
like coordination typical of the Cu™ cations. At d ~ 1, the oxygen
atoms occupy half of the vacancies in the Cul layer in an ordered
fashion thus completing the coordination environment about the
copper atoms to a square. The chains of the vertex-sharing CuOq4
squares are oriented along the b axis resulting in an orthorhombic
distortion of the structure. The hole concentration in the com-
pounds with § ~ 1 is close to the optimum value and these
compounds have the highest superconducting transition temper-
atures (7. = 92—94 K) of all MBa,;Cu30¢ + s compounds.

The Y2BasCu7014+5 compound (Y247 phase) is structurally
related to YBayCusOg+s (Y123) with the difference that the
former structure contains chains consisting of the doubled cop-
per—oxygen squares (see Fig. 4b). In the structures of both
phases, the fluorine atoms can occupy the anion positions of the
Cul layer instead of the oxygen atoms. Fluorination of samples of

a b

OBa
Ov

(O2N¢)

e Cu

Figure 4. Crystal structures of YBa,Cu3Og () and Y2BasCu7014 (b).

the Y123 phase characterised by different oxygen contents was
examined in numerous studies. The results of these investigations
are briefly summarised below.

Fluorine is incorporated into the structures of partially
reduced or completely oxidised YBa,CuszOg+s samples
(6 = 0.65) and occupy vacancies in the Cul layer both along the
a and b directions of the orthorhombic unit cell. The positions are
occupied successively. In the case of a low degree of fluorination,
the fluorine atoms occupy predominantly the position (0, 1/2, 0).
Powder neutron-diffraction studies demonstrated > that once the
occupancy of this position reached 80%, the incorporation of the
fluorine atoms into the position (1/2, 0, 0) started. This scheme of
filling the positions is consistent with the fact that the orthorhom-
bic distortion of the unit cell was enhanced for YBa>,Cu30¢.7F0 15
and was subsequently reduced for YBa,CusOg 7F ¢ 3. Fluorination
of YBa>Cu30Og 7 led to an increase of Tt from 65 to 90 K.

Fluorination of a strongly reduced YBa>Cu3O¢> sample by
the electrochemical method caused the orthorhombic distortion
of its tetragonal structure.>? The fluorine incorporation gave rise
to a blurred superconducting transition with 7, = 55-60K,
which is similar to 7 for YBa,;Cu3Og s.

In most cases, fluorination of the strongly oxidised
YBayCu3Og¢+ 5 phase with ¢ nearly-unity allows one to prepare
compounds possessing 7 no higher than that achieved for the
optimally oxygen-doped sample.?>2353-5% However, it was
reported that the treatment of YBa,CusOg+ s with a mixture of
nitrogen and fluorine led to an increase of 7. from 92 to 96 K.>3

An increase in the degree of fluorination of the starting phase
Y123 gave rise to a fluorinated phase with a tetragonal unit cell
regardless of the hyperstoichiometric oxygen content.>*%¢ Fluo-
rination, like the oxygen incorporation, was accompanied by the
contraction of the structure along the ¢ axis. This indicates that the
copper atoms in the fluorinated and oxygen-doped Y123 phases
have similar coordination environments and that anion vacancies
are abundant in the Cul layer, which is retained even in the case of
a high degree of fluorination. As exemplified by the YBa>Cu30¢.65
sample treated with NF3,%¢ tetragonal symmetry occurs due to the
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fact that the positions (1/2, 0, 0) and (0, 1/2, 0) are statistically
occupied by the anions (the occupancies of the positions are 68%).

Kistenmacher predicted >’ the existence of complex oxyfluor-
ide YBa,CusOgF>. In the structure of this compound, the anion
vacancies in the Cul layer are completely filled with fluorine
atoms. In this compound, the oxidation state of copper must be
equal to +2.33, which is identical to that observed in YBa>Cu30~
(oxygen-doped Y123 phase). Oxyfluoride would be expected to
have tetragonal symmetry (due to the replacement of the copper —
oxygen chains with the two-dimensional CuF; layers) and exhibit
superconducting properties. Evidently, the parameter ¢ of the
tetragonal unit cell of complex oxyfluoride Y Ba;CuszOgF> must be
substantially larger than the analogous parameter of the oxide
phase due to manifestation of the Jahn-—Teller effect in the
CuO,F, octahedra.

For complex oxyfluoride YBa;Cu3OgF> to be formed, the
Cul layers in the starting compound must contain as few oxygen
atoms as possible. Fluorination of the reduced nonsuperconduct-
ing YBa,Cu3Og¢ 11 compound led to substantial changes in the
X-ray diffraction pattern, an increase in the oxidation state of
copper to +2.14 and the manifestation of superconductivity at
94 K (the volume of the superconducting phase was ~25%). The
X-ray diffraction pattern of the fluorinated compound is charac-
terised by the presence of sharp intense reflections with the Miller
indices hk0. The general reflections hkl are virtually absent.
Relying on these data, only the parameter a = 3.869 A of the
tetragonal unit cell of the fluorinated compound was determined,
the existence of strong disorder was proposed and the occurrence
of numerous defects along the ¢ direction was suggested.**

The structure of the fluorinated sample was examined by the
HRTEM method in combination with electron probe X-ray
analysis, which confirmed the presence of fluorine in crystallites.
The electron diffraction pattern and images obtained by the
HRTEM method (Fig. 5) are unambiguously indicative of the
formation of a new compound with unit cell parameters
a~387 Aandcx 13 A8

In the crystallites, the domains of this compound (F2 phase) or
extended defects alternate with the domains of the starting
structure (F1 phase). Electron probe X-ray analysis demonstrated
that the fluorine content in the F2 phase is much higher than that
in the F1 phase (the precise fluorine content is impossible to
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Figure 5. Images along the [100] direction obtained by electron diffrac-
tion (a) and HRTEM (b, ¢) methods. The sample was prepared by the
treatment of YBa>Cu30¢ 11 with xenon difluoride at 623 K for 50 h.

determine by this method). Substantial broadening and a decrease
in the intensities of the lines with the non-zero Miller indices / in
X-ray diffraction experiments are accounted for by small sizes of
the domains along the [001] direction. A comparison of the
experimentally observed contrast in the images obtained by the
HRTEM method with the results of calculations using different
structural models allowed the conclusion that an increase in the
parameter ¢ for the F2 phase is associated with an increase in the
distance between the BaO and Cul layers (but not in the distance
between the CuO, and Y[ layers). On this basis, it was suggested
that the fluorine atoms are incorporated into the anion vacancies
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Figure 6. Scheme of the structural transformations in the Y123 phase upon oxygen and fluorine incorporation. () YBa>Cu3O7; (b) YBa,Cu3Og; (¢)

YBa2Cu306F; (d) YBazCu 3O6F2.
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in the Cul layer, which is accompanied by the formation of the
distorted CuO,F4 octahedra. According to the proposed struc-
tural model, elonagtion of the axial Cu— O distance from 1.85 A
in the initial compound YBa>Cu3O¢11 to 2.3-2.5 A in the
fluorinated sample must lead to the parameter ¢ of 12.8—13.2 A
in the YBa,Cu3OgF5 structure. The results of an electron micro-
scopic study confirmed this suggestion and provided support for
the fact that new superconducting oxyfluoride with composition
YBa,CusO¢F> was synthesised. The scheme of the structural
transformations caused by the incorporation of the oxygen and
fluorine atoms into the tetragonal YBa>Cu3Og structure is shown
in Fig. 6.

Upon fluorination, the properties of the Y>BasCusO14+ s
(Y247 phase) compound are changed in much the same manner.
The incorporation of fluorine atoms into the structure of strongly
reduced oxide Y,BasCu704.09 led to a rise in T, from 30 to 62 K
and an increase in the unit cell parameter ¢ from 50.6 to 53.5 A.%
The fluorinated Y247 phase, unlike the fluorinated Y123 phase,
remains orthorhombic because fluorination has no effect on the
chains formed by the doubled copper—oxygen CuO4 squares
although the degree of orthorhombic distortion is somewhat
lowered.

Investigation by the HRTEM method demonstrated that the
incorporation of the fluorine atoms into the Y123 and Y247
phases occurred non-homogeneously. The completely fluorinated
phase with composition YBa,CuszO¢F> was found as extended
domains in a matrix of the partially fluorinated Y123 phase. In the
fluorinated Y247 phase, the regions in which the positions in the
Cul layer are completely occupied by the fluorine atoms occur
only as local defects (Fig. 7). An analogous microstructure was
found in the fluorinated MBa,Cu3Og 12 phases (M = Dy, Ho or
Tm).%° Unlike the Y123 phase, the reactions of the M 123 phases
with XeF> proceed predominantly through a mechanism of anion
exchange due to which it is impossible to achieve the oxidation
state of copper suitable for the manifestation of superconductiv-

1ty.

"y ) i |

i2g e > 1

ol yioa I

! e D03 Vi 1
T i 1
_‘,;“5‘-‘“5": TN oo AN, y T
CERERRT R ST

Figure 7. HTREM image of the [010] zone. Local defects, which are
inclusions of the Y,BasCu;0,4F> phase, are indicated by arrows. The
optical-diffraction image is shown in the lower inset at the right of the
illustration.

2. Fluorine derivatives of mercury-containing
superconducting cuprates HgBa;CuQy4 .+ s (Hg1201) and
Hgo.sBazCazCuleg +o (Hg1223)

Fluorine atoms incorporated into the Y123 structures and related
phases form strong bonds with the copper cations in the Cul
layers thus changing their coordination environment and inter-
atomic distances (Fig. 8). The structures of mercury-containing
cuprates are characterised by the presence of the anion position
(1/2, 1/2, 0) in the mercury-containing layer. This position can be
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Figure 8. Scheme of incorporation of fluorine atoms into the structures
of the phases Y123, Y247 (a) and Hg1201, Hg1223 (b).

partially occupied by oxygen or fluorine atoms, thus changing the
hole concentration in the conduction band. The stable dumbbell-
like coordination of the Hg?™ cations is responsible for the
absence of steric hindrances as well as for weak interactions
between these anions and the mercury cations. Due to the
formation of the long weak Hg— O(F) bond in the plane of the
layer, the incorporation of anions into this layer cannot induce
substantial structural changes, which were observed in the Y123
and Y247 phases.®! A comparative analysis of the properties of
samples oxidised with fluorine or oxygen (the anion contents, the
formal oxidation states of copper, structural parameters and the
superconducting transition temperatures were compared) allowed
important conclusions about the nature of superconductivity in
mercury-containing cuprates.

Early experiments on the synthesis of the fluorinated Hgl1212
and Hg1223 phases were performed with the use of BaF, (Ref. 62)
or CuF; (Ref. 63) as a source of fluorine. The experiments were
carried out at high temperatures (923—1073 K). These syntheses
afforded multiphase samples, which contained superconducting
phases with unit cell parameters similar to those of the corre-
sponding phases in oxygen-saturated samples.

The reactions of mercury-containing cuprates with xenon
difluoride proceeded at rather low temperatures (423—473 K),
which made it possible to perform fluorination predominantly
through fluorine incorporation, the probability of anion exchange
being substantially decreased. Fluorination of the strongly
reduced HgBa>CuOy4 ) phase with 7. = 61 K led to a change in
the superconducting transition critical temperature. At low
degrees of fluorination, 7. reached maximum value of 97 K and
then decreased. In the case of too high oxidation states (over-
doping) of copper, the superconductivity can be completely sup-
pressed.®* The aforesaid is illustrated by the following example:

0.3 XeF> 0.4 XeF»
HgBa,CuO4gr — > HgBa,CuO4Fg,s —> HgBa;CuO4Fo 3,

a=38915(5) A, a=3.88253) A, a=38724(4) A,
¢=9.529Q2) A, ¢=9.510(1) A, ¢ =9.49302) A,
T.= 61K T.=97K T.=80K

The presence of fluorine atoms in the mercury-containing
layer was unambiguously established by "F NMR spectro-
scopy.®>% The possible distribution of the atoms over the
crystallographic positions in these structures can be judged from
the temperature dependences of the rates of '°F spin—lattice
relaxations for the optimally fluorine-doped and overdoped
Hg1201 samples. In the optimally doped compound, the fluorine
atoms occupy the position (1/2, 1/2, 0). An increase in the fluorine
content leads to the partial replacement of oxygen atoms in the
position (0, 0, ~0.21) with fluorine atoms (in the axial vertex of
the CuOg octahedron).®” The structures of the optimum fluorine-
doped (7. = 97 K) and overdoped (7. ~ 80 K) compounds were
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refined by the powder neutron-diffraction method. The refined
occupancies of the anion position (1/2, 1/2, 0) in the mercury-
containing layer are 0.24(2) and 0.32(2) for two compounds,
respectively. These values are substantially larger than the occu-
pancies found for the oxygen-oxidised Hg1201 phases with the
similar temperatures T [0.124(9) and 0.19(1), respectively].®® The
plots of T¢ versus the fluorine or oxygen content in the mercury-
containing layer are dome-shaped. However, the curve for the
fluorinated samples is shifted toward larger J values (Fig. 9). Asis
evident from Fig. 9, twice as much fluorine as compared to that of
oxygen is required for the same 7. values and the corresponding
doping level to be attained, which corresponds to the difference in
the formal charges of the O~ and F~ anions. This fact provides
support for the ionic model of doping of mercury-containing
cuprates, viz., an oxygen atom creates twice as many holes in the
conduction band as that generated by a fluorine atom.

T. /K
100
1
L 2
80
60 1 1 1 1
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Figure 9. Plot of T, vs. the excessive oxygen (/) or fluorine (2) contents in
the Hg1201 phase.

The dependence of T. on the unit cell parameter a (or on the
interatomic Cu — Oq distance in the plane of the CuO; layer) both
for the fluorinated and oxygen-oxidised samples can be approxi-
mated by a single parabolic curve with a maximum at 97 K and
a =3.882 A (Fig. 10). Hence, the same superconducting transi-
tion temperatures in complex mercury-containing cuprates can be
achieved not only at the same doping level but also with
approximately equal equatorial Cu—O¢q bond lengths. If the
oxidation state of copper remains constant, the Cu — Oq distances
are virtually independent of the amount of hyperstoichiometric
anions. In contrast, the Cu— O,y distance changes substantially as
the occupancy of the anion position in the mercury-containing
layer is varied, viz., the Cu— O,y bond is shortened as the amount
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Figure 10. Plot of 7¢ vs. the unit cell parameter a for oxygen-doped (/) and
fluorinated (2) Hgl201 samples.
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Figure 11. Interatomic Cu— O,x and Hg— O distances vs. the amounts of
the oxygen or fluorine atoms in the mercury-containing layer.

of the hyperstoichiometric anions is increased. Figure 11 shows
the virtually linear dependence of this distance on the amount of
excessive (0) oxygen or fluorine. In the fluorinated compounds,
this bond is substantially shorter than those in oxygen-containing
compounds with similar 7.

Apparently, shortening of the Cu— O, distances results from
extension of the Hg—O dumbbells, which is associated with an
increase in the coordination number of the mercury atoms due to
incorporation of additional anions in the mercury-containing
layer. This leads to the displacement of the O.x atom from
mercury to copper accompanied by a noticeable shortening of
the Cu— O, distance, the Cu—Ocq bond lengths and 7. remain-
ing virtually constant. This change in the interatomic distances
can be considered to be a result of anisotropic contraction of the
CuO¢ octahedra under the action of the external pressure
(~2 GPa) applied along the ¢ axis.® According to
dT./dP ~ 2 K GPa~! for the optimally oxygen-doped com-
pound,’ T for the fluorinated sample with o & dop would be
expected to increase by ~4 K. The fact that the optimally
fluorine- and oxygen-doped samples have identical 7. indicates
that shortening of the Cu— O, bond exerts only a slight effect on
the increase in 7. in mercury-containing cuprates under the
influence of the applied external pressure. The increase in 7. is
most probably caused by shortening of the Cu— Ocq distances.

This conclusion was confirmed by the results of studies of the
fluorinated Hgp sBa>,CarCus 205+ s samples (Hg1223 phase). The
reduced Hgl223 sample (7. = 100 K) was divided into two
portions one of which was annealed under a stream of oxygen,
and the remaining portion was fluorinated. For both samples, 7.
was found to be increased, but the transition temperature for the
fluorinated sample was 4 K higher (138 K) than that for the
oxygen-oxidised sample (134 K).”!-72 The unit cell parameters a
and c of these samples are given below:

Sample a/A c/A
Hgo_gBa2CazCu3_2Og+5 38524(4) 15819(4)
Hgo_gBa2Ca2Cu3,zOgF25 38501(2) 15773(3)

The structure of the fluorinated sample was refined based on
the neutron diffraction data.”? In this sample, two anion positions
in the mercury-containing layer, viz., (1/2, 1/2, 0) and (1/2, 0, 0),
are occupied with occupancies of 27(1)% and 10(1)%, respec-
tively, as distinct from the fluorinated Hgl201 sample. Appa-
rently, the fact that the anions occupy the position (1/2, 0, 0) is
associated with the partial replacement of the mercury atoms with
copper atoms. The total amount of anions in the mercury-
containing layer of the fluorinated sample with the maximum 7,
value is substantially larger than the amount of hyperstoichio-
metric oxygen in the optimally oxygen-doped sample [18% and
8% for the positions (1/2, 1/2, 0) and (1/2, 0, 0), respectively].”?
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Figure 12. Maximum 7 vs. the unit cell parameter a for oxygen-oxidised
and fluorinated mercury-containing cuprates.

The maximum 7, values for the first three members of the
homologous series of mercury-containing complex cuprates
HgBa,Ca,_1Cu,02,+2+s and the fluorinated Hgl201 and
Hgl1223 phases depend linearly on the unit cell parameter «;
dT./da ~ 1350 K A~ (Fig. 12).72 741t is believed that the T for
these compounds depends on the degree of contraction of the
CuO; planes induced by the modification of the chemical compo-
sition. The similar value of d7./da was also found upon epitaxial
contraction of thin single-crystalline films of Lag ¢Sro1CuQ4.7>

For the fluorinated Hgl223 sample, the absolute value of
dT./da is almost an order of magnitude larger than d7./da
obtained under the applied external pressure (d7./dP ~
1.7 K GPa—!, dT./da ~ —160 K A—1).76 This difference may
be attributed to the structural changes of the CuO, layers. In the
Hgl1201 phase, these layers are planar, whereas the Cu—O—Cu
angle in the Hgl212 phase is close to 180°.77 High external
pressure causes corrugation of the CuO; layers. For example, the
Cu—O—Cu angle in the Hg1223 structure is decreased to 175.0°
at a pressure of 2 GPa, T. being increased to 138 K. The
Cu—O—Cu angle in the Hg 1223 phase changes only slightly
upon fluorination (178.4° and 177.3° for the oxidised”” and
fluorinated samples, respectively). The Cu—O—Cu bond angle
is an important parameter governing 7.. For HTSC with
T. > 100K, the deviation of this angle from 180° is no larger
than 4°.

Hence, chemical modifications of the structure, which lead to
adecrease in the Cu — O distance without a change in the degree of
corrugation of the CuO, layers, is a promising way of increasing
T in complex superconducting copper oxides.

3. Fluorine incorporation into structures of non-
superconducting anion-deficient perovskite-like complex
cuprates
Let us discuss the effect of fluorine incorporation on the structure
and properties of anion-deficient copper-containing perovskites,
which do not exhibit superconducting properties but which,
nevertheless, could become superconductors if the appropriate
doping level is achieved and the compound attains a structure
suitable for the manifestation of superconductivity.
Perovskite-like complex cuprates with structures of brown-
millerite MACuGaOs (M = La, Pr or Nd; A = Ca or Sr), which
are denoted as Gal201,*>% belong to the orthorhombic system
(Fig. 13 @) with the parameters a ~ 4ap, b ~ ¢ & ap\/f (ap is the
parameter of the perovskite sublattice) and consist of alternating
layers

—CuO2—Mj 5A0.50 —GaO[J—Mp.5A0.50 —CuO,—
e al2 >

The gallium and copper cations are in the tetrahedral and
octahedral coordination environments, respectively. The GaOy
tetrahedra in the plane of the GaO[] layer share vertices to form
chains along the ¢ axis of the unit cell. The ordered arrangement of
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Figure 13. Crystal structures of
LaSrCuGaOs_ Fay 5 (b).

LaSrCuGaOs (a) and

the oxygen atoms and anion vacancies in these layers leads to
distortion of the equatorial coordination environment about the
copper atoms. In the Gal201 compounds, two short (1.89 A) and
two long (1.96 A) Cu—O distances were found.” 7 The substan-
tial difference in the Cu—O¢q bond lengths in the plane of the
CuO; layers may be responsible for the fact that these compounds
do not exhibit superconducting properties even if the appropriate
oxidation state of copper 1is achieved. Actually, the
La; _,Sr; + vCuGaOs solid solution (Gal201 phase) (0 < x <1.2,
the maximum oxidation state of copper is +2.2) are not super-
conductors.’® At the same time, homologues of the Gal201
compounds, viz., the Gal212 compounds, possess superconduct-
ing properties. This difference in the properties is associated with
the difference in the coordination environment of the copper
atoms in these compounds. In the structure of the superconductor
Yo0.6Cap 4Sr2Cu,GaO7 (T, = 44 K), the copper atoms occupy the
centres of the square pyramids formed by the oxygen atoms, the
equatorial Cu—O distances being virtually equal (1.92 and
1.93 A).5!

For the Gal201 phases to exhibit superconducting properties,
not only the appropriate doping level must be achieved but also
strong distortion of the structure caused by the anion ordering in
the GaO[] layers must be diminished. This can be attained by
inserting fluorine atoms into the anion vacancies. In this case, an
increase in the formal oxidation state of copper will be accom-
panied by the formation of the five- and six-coordinate environ-
ment about the gallium atoms, which is favourable for a
depression of the orthorhombic distortion and equalisation of
the equatorial Cu— O distances.

The treatment of LaACuGaOs (A = Ca, Sr) with xenon
difluoride led to a decrease in distortion of the unit cell up to the
transition of the orthorhombic phase into the tetragonal phase
(for A = Sr) with the parameters a ~ ap, ¢ & 2 a,.8! Upon fluori-
nation, the oxidation state of copper depends substantially on the
reaction conditions. If fluorination is carried out over a long
period (150 h) in the presence of a large excess of xenon difluoride
at rather low temperature (573 K), the reaction proceeds accord-
ing to the combined mechanism of anion exchange and fluorine
incorporation:

LaSrCuGaOs + (x + y/2) XeF> —>
— LaSrCuGaOs_ Fs.+, + x[O] + (x + y/2) Xe.
Upon such fluorination, the oxidation state of copper reaches

+2.16. An elevation of the temperature to 673 K is accompanied
by a slight reduction in the oxidation state of copper (to + 1.95)
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due to the fact that the anion exchange becomes the predominant
process:

LaSrCuGaOs + (x — 0/2) XeF; —>
— LaSrCuGaOs_ Fa,_5 + x[0] + (x —/2) Xe.

The result of structural transformation occurring upon fluo-
rination is shown in Fig. 13 5. Excessive fluorine atoms partially
occupy the vacancies in the GaO[] layers and the coordination
environment about the gallium atoms becomes nearly octahedral.
The oxygen and fluorine atoms and the anion vacancies are
arranged in a disordered fashion in the positions (1/2, 0, 1/2). In
the case of the space group P4/mmm and the above-mentioned
unit cell parameters, the CuO; layers must be planar and the
Cu— O distances in the plane of the layer must be equal in length.
In such a situation, the structure of the fluorinated phase will meet
the criteria necessary for the manifestation of superconducting
properties. However, all attempts to perform the transition of
fluorinated samples into the superconducting state failed what-
ever the doping level used.

The simplest copper oxyfluorides which can exhibit super-
conducting properties are hypothetical solid solutions with com-
position (La,Sr)CuO,F based on the perovskite structure. The
required oxidation state of copper can be achieved through the
heterovalent replacement of La with Sr in the A sublattice. These
solid solutions must have a structure of tetragonally distorted
perovskite containing CuQO; planar layers and fluorine atoms in
the axial positions of the octahedra about the copper atoms. These
compounds can be synthesised by soft fluorination of anion-
deficient perovskites in the ratio (La,Sr)/Cu = 1.

Various perovskite-like anion-deficient copper oxides are
known whose three-dimensional structures differ primarily by
the character of ordering of the oxygen atoms and anion vacancies
within the ab plane of the perovskite sublattice. Thus, the columns
of the oxygen atoms passing along the [001] direction are removed
in a certain order resulting in a decrease in the coordination
number of the copper atoms from 6 to 5, 4 or 2. Among these
oxides are also the (Laj_,Sry)sCugO20_s solid solutions with
tetragonal structures and the unit cell parameters a ~ ap2\/§,
¢ ~ ap (Fig. 14).82.83

For a superconducting compound to be prepared, the charac-
ter of the distribution of the oxygen atoms in the starting
compound must be changed upon fluorination so as to form the
CuO; planes. Fluorination of Lag sSr; sCugOi965 with xenon
difluoride afforded a tetragonal perovskite-like phase with the
presumed composition Lag g13Sr0.187Cu(O,F);_ 5 and the unit cell
parameters a < ¢ & ap.3* In a single sample, the fluorinated phase
always coexists with the starting phase within one crystallite
(Fig. 15). Thermal treatment at 673 K in air led to decomposition
of Lag g13Sr9.187Cu(O,F);_5 to give LaOF and SrF,, which
indicates that this phase contains a substantial amount of fluorine.
The structure of Lagg13Sro.187Cu(O,F);_s was refined by the
Rietveld method and confirmed by HRTEM (see Fig. 14). In the
structure of this compound, the anion positions in the equatorial
environment about the copper atoms are completely occupied,
whereas the vacancies are located in the axial positions. The
Jahn—Teller effect induced by an octahedral coordination about
some copper atoms causes elongation of the axial distances
(2.026 A) as compared to the equatorial distances (1.896 A) and
the tetragonal distortion of the perovskite unit cell. Oxyfluoride
Lap $13S10.187Cu(0,F); _ s does not exhibit superconducting prop-
erties.

The two examples considered above show that filling of the
anion vacancies upon fluorination diminishes structural distor-
tions caused by the ordering of the oxygen vacancies. However,
the statistical distribution of the fluorine and oxygen atoms and
the anion vacancies over certain crystallographic positions [for
example, in the equatorial environment about the gallium atoms
in the structures of fluorinated brownmillerites or in the axial
positions of the Cu(O,F)s_s octahedra in the Lags;3Sro.187.

Figure 14. Scheme of the structural transformations of LagsSrys.
.CugO19.65 (a) into Lag 813S10.187Cu(O,F)3 _s (b) upon fluorination.
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Figure 15. HRTEM images of the domains of the fluorinated
Lao_313sro>1g7Cu(O,F)3,a‘ (a) and starting Lag sSr1.5CugOi9.65 (b) phases.
In the optical diffraction patterns, suppression of the superstructure with
ap2\/§ upon fluorination is shown.
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.Cu(O,F);_s structure] may be responsible for substantial static
displacements (associated with the presence of the B-type cations
possessing non-completed coordination spheres) and, as a con-
sequence, can cause local distortions of the CuO; layers. This fact
as well as the possibility of the partial replacement of oxygen with
fluorine in the CuO, layers may account for the fact that
fluorinated anion-deficient perovskite-like cuprates do not show
superconductivity.

4. Incorporation of fluorine atoms into interlayer cavities in
the structures of complex cuprates

Fluorination of anion-deficient cuprates is most often accompa-
nied by the formation of compounds with simpler high-symmetry
structures, whereas fluorination of complex copper oxides with
the filled anion sublattice leads most commonly to structural
distortions. The (M’',M"”,A)>CuO4_s compounds (M’ and M” are
rare-earth cations of different radii, A is an alkaline-earth cation)
have structures with ordered alternation of the CuO- layers and
the (M,A)20- blocks. These structures contain interlayer cavities
accessible to additional anions. These cuprates crystallise in three
structural types, viz., T, T' and T*. In the structures of the T
phases [La,CuOs, La;_ \AxCuO4_s (A = Sr or Ba), the KoNiF4
structural type], the CuO; layers alternate with the NaCl-type
[(La,A)O][O(La,A)] blocks (Fig. 16). Rare-earth cuprates having
smaller ionic radii (M = Pr—Gd) crystallise in the T’ type
structure. The structures of the T’ phases can be represented as
the result of alternation of the fluorite-like (M)(O2)(M) fragments
(see Fig. 2) and the CuO, layers. The T* phases [(La,M,Sr),.
.CuO4_s5, M = Sm—Er] contain both types of blocks, viz., fluo-
rite- and NaCl-like blocks, so that the structures of these phases
can be described as the following sequence of layers:

—Cu0O;,—(La,Sr)O—0O(La,Sr)—CuO,—M,La—0,—M,La—CuO,—.

In all three structural types, the cations occupy the same
positions, but these structural types differ in the distributions of
the anions in the (M,A),O, blocks. If it is considered that the
cations form a close packed motif, the NaCl-type
[(M,A)O)(O(M,A)] block in the T phases is formed by the
arrangement of the oxygen atoms in the octahedral cavities of
the close packing. In the structures of the 7’ phases, the fluorite-
like (M)(O2)(M) block is formed by the arrangement of the oxygen
atoms in half of the tetrahedral cavities. Hence, the anion
positions in the (M,A),O, blocks, which are occupied by the
oxygen atoms in the T phase, remain vacant in the 7' phase and
vice versa (see Fig. 16). Additional anions in the structures of this
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vacancy

NaCl

(CuO)g

—_—

Qe—>:
2-2.15A

Figure 16. Scheme of formation of the intergrowth structures with alter-
nation of CuO, layers and the fluorite- and/or NaCl-type (M,A)>O>
blocks.

type are located in vacant interlayer tetrahedral (in the case of the
NaCl-like blocks) or octahedral (in the case of the fluorite-like
blocks) cavities. When both types of cavities are simultaneously
occupied, the distances between the anions in the (M,A)>O» block
and the anions in the interlayer cavities are no larger than
2-2.15A. The arrangement of like-charged ions at such short
distances will destabilise the structure and it can be substantially
distorted due to Coulombic repulsions between the anions.

Lanthanum cuprate La,CuOy4 was one of the first compounds
that was subjected to fluorination to obtain a superconduc-
tor.?#27.30,85-87 Flyorination of this cuprate with various agents
gave rise to oxyfluorides, which differ in the structure and proper-
ties depending on the conditions of thermal treatment. The main
steps of the incorporation of fluorine into La,CuQg4 are shown in
Scheme 1.

Scheme 1

First step
F XeF> <
2O LanCuOuFs (0 < 0.18),
T=4B-4BK ook

a= 53284,

b= 5427A,

¢ =13.194A

Second step

. F> or XeF»
Starting La,CuQOg4 —1— > La,CuO4_,F;s
a = 53524, T'=503-523K; — 4038A (or x V2).
b= 54004, ¢ =13.093A
c=13.157A
Third step

Xer

L » La,CuOs6Fos
T=753-613K 4= 17.326A,

b=562A,
c=1059A,
B =915

The treatment of La,CuOy4 with fluorine or XeF> at a rather
low temperature afforded fluorinated lanthanum cuprate with
T. = 35—-40 K. The incorporation of small amounts of fluorine
(0 <0.18) into the La,CuOg4 structure is accompanied by an
increase in the degree of orthorhombic distortion of the unit cell
and an insignificant increase in the parameter ¢.>’ Neutron
diffraction studies of the crystal structures of the starting and
fluorinated samples demonstrated that low degrees of fluorination
do not cause substantial rearrangements of the initial structure.®>
Excessive fluorine atoms are located in the interlayer cavities,
which are tetrahedrally surrounded by the lanthanum atoms
(NaCl-type block). The incorporation of fluorine atoms occurs
analogously to that of oxygen atoms ¢ and the degree of ortho-
rhombic distortion, which depends on the amount of hyper-
stoichiometric anions, appeared to be similar for the oxygen-
oxidised and fluorinated samples with similar anionic stoichiom-
etry (@ = 5.332 A, b= 5423 A, ¢ = 13.222 A for LarCuOy15).%°
Fluorination of the 7 phases in which lanthanum atoms are
partially replaced with alkaline-earth metals gives rise to com-
pounds exhibiting the superconducting properties at small degrees
of replacement analogous to the effect of oxygen incorporation.
Superconductivity was observed in the fluorinated solid solutions
Lar ,Sr,CuO4 (x <0.1, T.=36-40 K)%>% and La,_ ,Ba,.
.CuOy4 (x <0.15, T, =32-42 K).8%°! In the case of higher
strontium or barium contents, 7. for the initial and fluorinated
samples remains identical.

The treatment of LaCuO4 with fluorine or XeF, at higher
temperatures (503—523 K, the second step) gives rise to non-
superconducting oxyfluoride with the body-centred tetragonal
unit cell, which either corresponds to the K;NiF4 subcell 87 or
differs from this subcell only by the parameter a equal to
ﬁaKlNiE (ax,NiF, is the unit cell parameter of KoNiF4).2? In this
step, the unit cell is substantially expanded in the ab plane
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T \Q/W\/\/\/ —> [110]ir,

[001]k,NiF,

Figure 17. Model of the crystal structure of oxyfluoride formed upon
fluorination of La,CuOy at 523 K. The copper atoms are in an octahedral
environment.

(ax,niF, = a/V2 ~ 3.802 A and ag nir, = 4.038 A for the initial
and fluorinated samples, respectively). Electron diffraction stud-
ies revealed a superstructure with a = 2 ak,Nir, , ¢ = 2CK,NiF, (s€e
Ref. 87) formed due to the alternation of the vacant and occupied
tetrahedral cavities along the [001]k,nir, and [110]k,nir, directions
(Fig. 17). This ordering may also be accompanied by cooperative
rotation of the CuOg octahedra about the [110]k,nir, direction to
achieve the maximum distances between the oxygen atoms
involved in the axial environment about the copper atoms and
the anions in the interlayer cavities.

In the third step, the interaction with XeF, proceeds predom-
inantly through a mechanism of anion exchange to give oxy-
fluoride with composition La,CuOj3 ¢F¢ g containing copper in the
oxidation state +2. This compound belongs to the monoclinic
system and its unit cell is determined by the following vectors: 87

am = 2 (ag,NiF, T br,NiE,) T CK,NiF, »

bm = —ak,NiF, T bk.NiF,,

1
Cm = *§(3aKzNiF4 + 3bk,NiF, — CK.NiF,)
B 9150

The structural model established based on the results of a
electron diffraction study and the HRTEM method is shown in
Fig. 18. The fluorine atoms occupy 40% of the tetrahedral cavities
in an ordered fashion. In this case, the oxygen atoms are partially
removed from the LaO layers and a part of the CuOg octahedra
are transformed into the CuOs square pyramids. The remaining
octahedra are rotated about the by, axis in such a way that the
distances between the axial oxygen atoms and the fluorine atoms
become lower. The blocks in which the tetrahedral positions are
occupied and the axial oxygen atoms are removed (fluorite frag-
ments) alternate with the NaCl-type fragments. However, the
alternation of these blocks, unlike that observed in the T* phases,
occurs not only along the [001]k,niF, direction but also along the
[110]k,NiF, direction.

Lanthanum cuprate La,CuQOg4 can be considered as the first
member of the homologous series of cuprates with structures of
the  Ruddlesden—Popper  phases (M,A),+1Cu,O2,42+5
(M = REE, A =Ca or Sr) with n=1. The structure of the
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Figure 18. HRTEM images (a), the structural model (the copper atoms
are in the octahedra and tetragonal pyramids) (b) and the projection
displaying the directions of cooperative atomic displacements in the
LaZCuO3_5F0_g phase (C)

homologue with n =2 (M2_,A; + y\CuxOg+5) contains doubled
CuO;, layers separated by A[] layers:

—CuOs—O(M,A)— (M,A)O — CuO, — A — CuO, — (M,A)O —
—O(M,A)—CuO,—,

the cation positions in the A[] layer can be occupied simulta-
neously by rare-earth and alkaline-earth atoms as, for example, in
the case of A = Sr (Fig. 19). In this compound, the copper atoms
have a square-pyramidal coordination. This structure, unlike the
structure of the preceding member of the homologous series,
contains two possible positions suitable for location of additional
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Figure 19. Crystal structures of the members of the homologous Rud-
dlesden —Popper series with n = 2 (a), 3 ().

anions, viz., in tetrahedral cavities of the (Ln,A),O, block and in
the A[] layer with completion of the coordination environment
about copper to an octahedron.

The behaviour of these compounds upon fluorination differs
from that of La,CuQOy4. The treatment of La; ¢Sr; 1Cu2O6 05 and
La; oCa; 1Cuy0Os.9s with reagents, such as F», NH4F or CuF,, led
initially to an increase in the parameters a and ¢ of the tetragonal
unit cell. However, further increase in the degree of fluorination
caused the transformation of the Sr-containing sample into the
orthorhombic phase accompanied by a decrease in the unit cell
parameters in the ab plane and a substantial increase in the
parameter ¢ (from 20.048 to 21.68 A).25 The authors of the cited
study 2’ related the formation of the orthorhombic phase charac-
terised by the larger parameter ¢ (and, correspondingly, by the
larger distance between the CuO; layers) to the facts that the
positions in the A[] layer are occupied by fluorine atoms and
some copper atoms have an octahedral environment. For
La; 9Ca;.1Cu,0s 95, this effect was not observed due, apparently,
to the smaller distance between the CuO» layers because the
calcium atom is smaller than the strontium atom.

Superconducting oxyfluorides of this series with n = 2, 3 were
synthesised at high pressure. Samples with compositions
Sr2CaCuy04 6F2 and SroCarCuszOg2F32 showed bulk supercon-
ductivity (7. = 99 and 111 K, respectively) in spite of the fact that
they contained substantial amounts of impurity phases.!! The
SroNdCu,OsF compound turned out to be single-phase and did
not exhibit superconducting properties because it contained
copper in the oxidation state +2. However, the SraNdgo.
.Ca gCuy0sF solid solution generated upon the partial replace-
ment of neodymium with calcium showed the superconducting
transition at 85 K.° It was suggested that the fluorine atoms in all
these phases are located in the NaCl-type blocks and are involved
in the (SrF)(FSr) or (SrO¢.sFo.5)(Fo.500.5Sr) layers. The crystal

structures of superconducting complex copper oxyhalides belong-
ing to the Ruddlesden — Popper phases have been surveyed in the
review.”?

Of complex copper oxyfluorides, fluorine derivatives of
Nd>CuO4 have received the most study. Most of the investiga-
tions were devoted to the structures and properties of the
Nd>CuOg4_ F solid solutions in which the n-type superconduc-
tivity with 7. = 27K (at x = 0.3) was revealed.?> As mentioned
above (see Section III), the partial replacement of oxygen atoms in
the fluorite-like Nd>O> blocks with an equivalent amount of
fluorine has virtually no effect on the crystal structure of the
resulting compound. Fluorine incorporation into the Nd>CuOy4
structure afforded a new phase with composition Nd,CuO;F,.%4
This compound was found by electron microscopy in samples
prepared by fluorination of Nd>CuOy4 with xenon difluoride at
573-673 K. This phase crystallises in the monoclinic system (the
unit cell parameters a ~ 12.96, b ~ 5.5, ¢ ~ 5.8 A, f ~ 92°). The
model structure of this compound was constructed from images
obtained by the HRTEM method. According to this model, a
portion of the anions which are located in the positions tetrahe-
drally coordinated by the neodymium atoms form chains along
the ¢ axis alternating with chains of the vacancies along the b
direction (Fig. 20). Another portion of anions occupy axial
positions in the octahedral environment about the copper atoms.
The presence of copper atoms possessing octahedral coordination
is responsible for the increase in the parameter ¢ from 12.167 in the
starting phase to 12.96 A in the fluorinated compound. The layers
of the Cu(O,F)¢ octahedra are distorted due to the cooperative
rotation required for the maximum distance between the anions to
be attained.

Figure 20. Crystal structure of Nd>CuO;F,.

The Nd,CuOsF, compound is structurally similar to
La,CuOs;6F¢.s. The structures of these compounds are analogous
to the structure of the 7% phase and can be considered as
intermediate between the structures of the T and 7’ phases. In
both structures, the NaCl- and fluorite-like blocks alternate not
only along the ¢ axis of the tetragonal subcell but also in the ab
plane. In both cases, the ratios between the parameters of the
tetragonal subcells ¢/3a =~ 1.08 are in the T*-phase stable region
(¢/3a ~ 1.15 for T phases, ¢/3a ~ 1.06—1.08 for T* phases and
¢/3a ~ 1.02 for T’ phases %%).

Apparently, the results of fluorination of the 7% phases
depend substantially on their cation composition. The refinement
of the crystal structures of La; 25Dy 75CuOs3.75F¢ 5 (see Ref. 34)
and LaBao»GdosCuOs 55F5,°° which were prepared by fluori-
nation of the corresponding cuprates with ZnF, and CuF,
demonstrated that excessive anions were located in the tetrahedral
cavities of the NaCl-type blocks, while the fluorite-like blocks
remained unchanged. Repulsions between the anions and/or a
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reduction in the formal oxidation state of copper lead to elonga-
tion of the equatorial Cu—O distances from 1.933 to
1.942-1.962 A as well as to a small increase in the parameter c.
However, the LaBag2Gd sCuOs s55F¢ g structure retains tetrago-
nal symmetry, whereas La; 25sDyg 75Cu03.75F 5 crystallises in the
orthorhombic system with the unit cell parameters a and b, which
are increased by a factor of v/2. In both cases, the atoms occupying
the axial vertices in the Cu(O,F)s pyramids are shifted from the
ideal positions in the ab plane due, probably, to their interactions
with the anions located in the interlayer cavities.

Samples prepared by fluorination of the 7% phase
LaHoy.75S19.25Cu03 9 with xenon difluoride have complex micro-
structures, which can be described as narrow extended domains of
a phase with high fluorine content (phase I) located in a matrix of
the low-fluorinated orthorhombic 7* phase (phase II) (Fig. 21).%7
The results of the HRTEM study demonstrated that the structure
of the fluorite-like blocks in the low-fluorinated phase II remains
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Figure 21. Electron microphotographs of the fluorinated LaHog 75Sr0 2s.
.CuO; 9 sample taken at a low magnification () and high resolution (5);%7
(a) the corresponding electron diffraction pattern is shown in the inset; ()
the inset presents an enlarged fragment of the image of phase I, which is
superimposed on the theoretical image calculated from the proposed
structural model; the Lag»sHo7s layers are indicated by arrows; I and 11
are phases with different fluorine contents.

unchanged, whereas the NaCl-type blocks acquire a structure
similar to that of analogous blocks in La,CuO;¢Fos. Phase I
belongs to the monoclinic system with the unit cell parameters
am ~ b~ 5.5 A ~ a2, cm ~ 12.84 A ~ ¢, B ~ 91.4° (the sub-
scripts m and t identify the monoclinic and tetragonal unit cells,
respectively). As in the case of the T’ phase, an increase in the cm
parameter compared to ¢, = 12.553 A is indicative of the incor-
poration of additional anions into the axial positions of the
coordination environment about the copper atoms. The charac-
teristic feature of phase I is the identical distribution of the anions
over the tetrahedral and octahedral positions resulting from
fluorination of the initially different blocks, viz., the NaCl-type
(La0A75Sro,250)(OLa0A75$roA25) and the CaF»-type
(Lap.2sHoo.75)02(Lap2sHoo 75) blocks (see Fig. 21). Conse-
quently, not only the NaCl-type blocks but also the fluorite-like
blocks undergo structural changes in the high-fluorinated sam-
ples. In the phase I, the vacant and occupied tetrahedral positions
alternate in a ‘staggered’ fashion. The monoclinic distortion of
phase I results from displacements of the A cations caused by
interactions with the ordered oxygen and fluorine atoms in the
tetrahedral cavities.

Hence, the fluorine incorporation upon fluorination of the 7,
T’ and T* phases has no direct effect on the CuO» planes, but these
planes may be distorted due to cooperative rotation of the
coordination polyhedra of the copper atoms. The (M,A),O»
blocks are subjected to fluorination, the fluorine atoms first
occupying the tetrahedral cavities in the NaCl-type blocks, while
the fluorite-like blocks retain the initial structure under the same
conditions. When two types of the anion positions are simulta-
neously occupied, these blocks undergo structural rearrange-
ments, which are accompanied by the alternation of the NaCl-
and fluorite-type structural fragments in directions perpendicular
and parallel to the CuO; layers. Hence, the structures of the high-
fluorinated compounds are intermediate between the structures of
the Tand T’ phases and are structurally similar to the 7* phases.
A substantial increase in the parameter ¢ for the fluorinated T’
and T* phases occurs due to completion of the coordination
polyhedron about the copper atom to a tetragonal pyramid or an
octahedron.

In the fluorite- or NaCl-type (M,A),O> blocks in which the A
positions are occupied by alkaline-earth and/or rare-earth cations,
ionic interactions prevail. Because of this, the bonds in the
(M,A)O layers in the NaCl-type blocks are comparable in strength
to the bonds between the adjacent (M,A)O layers. The structures
of Bi-containing layered cuprates BiSr>Ca,_1Cu, 02,44+
involve the NaCl-type Bi»O» blocks. Unlike the (M,A)>O» blocks
containing isotropic chemical bonds, the BiO and OBi layers in the
Bi,0, block are linked only through van der Waals interactions,
which is attributed to the crystal-chemical characteristics of the
Bi** cation. Due to this structure of the Bi»O» blocks, various
halogen-containing agents (I, Bro, HgBr» or Lil3) can be interca-
lated into Bi-containing cuprates.”® 102 The iodine atoms inter-
calated into the Bi2212 and Bi2223 phases form an additional
layer between the BiO and OBi layers as a result of which the
distance between these layers is increased and the layers are shifted
with respect to each other by a vector of the perovskite-like subcell
(1/2, 1/2, 0) to form a primitive unit cell. After intercalation, the
structural modulations of the BiO layers, which are characteristic
of this family of superconductors due to the incommensurability
of the Bi»O» blocks and the CuO, layers, are retained because
interactions between the intercalated atoms and the BiO and OBi
layers are weak, the structures of the latter remaining virtually
unchanged. In the compounds containing the intercalated F
atoms, the Bi— F bond is more ionic than the bonds between the
Bi atoms and other halogens and, hence, the results of incorpo-
ration of fluorine atoms into the structures of Bi-containing
HTSC will be different.

Fluorination of BixSri¢LagsCuQOg33 (Bi2201 phase,
T. = 27 K) with xenon difluoride led to an increase in the unit
cell parameter ¢ and was accompanied by suppression of the
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Figure 22. HRTEM images (a, b) and electron diffraction patterns (¢, d)
for the fluorinated Bi2201 phases of low (a, ¢) and high (b, d) fluorine
contents.!03

It can be seen that incommensurate modulations disappear as the degree
of fluorination is increased.

superstructure V2 ap X V2ap in the ab plane and the disappear-
ance of the incommensurate modulations (Fig. 22), i.e., by the
formation of a tetragonal primitive unit cell with a = 3.837,
¢ =26.18 A.193 Consequently, the incorporated fluorine atoms
change the structure of the BiO layers. Excessive anions occupy
the cavities of the Bi>O» blocks tetrahedrally coordinated by the Bi
atoms so that the Bi,O, blocks are transformed into the
Bi,O,_  F> ¢, blocks in which the Bi atoms are located in mono-
capped square antiprisms to form short bonds with the F atoms
and five long bonds with the O atoms (Fig. 23).

@ Bi
O (La, SD)
O (0,F)

Figure 23. Crystal structure of the fluorinated Bi2201 phase.

Structurally analogous blocks were found in compounds of
the homologous series of Aurivillius phases, for example, in
BioNbOsF.!1% Comparison of the interlayer distances in the
Bi,0O; blocks in the Bi2201 phase and in the Bi»O2F> block of the
Aurivillius phase accounts for the increase in the unit cell
parameter ¢ from 24.35 to 26.18 A upon fluorination. The
distance between two bismuth-containing layers located above
and below the interlayer cavities is decreased from 3.18—3.20 Ain
the starting Bi2201 phase to 2.49—-2.56 A in the fluorinated
Bi2201 phase. This decrease is caused by Coulombic interactions
between the anions in the interlayer cavities and the Bi’* cations
(Fig. 24). It should be noted that the oxygen atoms in the BiO
layers experience repulsions from the interlayer anions. Hence, the
BiO layers in the structure of the starting Bi2201 phase are nearly
planar and the distance between the bismuth- and oxygen-
containing sublayers of this layer along the ¢ axis is no higher
than 0.24—-0.26 A, whereas this distance in Aurivillius phases
increases to 0.92—1.07 A. This leads to splitting of the BiO layer
into two layers one of which consists of the bismuth atoms and the
other is composed of the oxygen atoms. In spite of shortening of
the distance between the layers containing the bismuth cations, the
total increase in the size of the BiO,F; block reaches 0.7—1.0 A,
which must lead to an increase in the parameter ¢ by 1.4—2.0 A.
An increase in the coordination number of bismuth in a fluori-
nated phase also leads to elongation of the Bi—O bond and an
increase in the size of the block in the ab plane. As a result, the
commensurability between the Bi,O,F» blocks and the CuO,
layers is achieved thus diminishing modulations. It should be
noted that the structure of the fluorinated Bi2201 phase is a hybrid
combining the Bi-containing Bi,O>_ F> . , blocks (like in Auri-
villius phases) and the perovskite-like A,,Ca,,— 1Cu, O, + 2 blocks
(n = 1). Such phases belong to a new homologous series BirAs.
Ca,—1Cuy(O,F)2,+6. The third representative of this series, viz.,
Bi>Sr,CasrCusOsF4, was prepared by treating the Bi2223 phase
with NH4F-HF (see Ref. 33) although the superstructure
V2ay, x V2a, is retained. The distance between the bismuth- and
strontium-containing layers is increased from 2.7 Ain the starting
phase to 3.6 A in the fluorinated phase, whereas the distance
between two adjacent bismuth-containing layers is decreased from
3.2t0 2.5 A in the fluorinated phase. In the plane of the layer, the
Bi—Bi distances are also elongated from 3.53 A in the starting
phase to 3.76 A in the fluorinated phase.
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Figure 24. Crystal structures of the Bi2201 phase (a) and the Aurivillius
phase BioNbOsF (b).
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Fluorination of the Bi2201 and Bi2223 phases led to degrada-
tion of their superconducting properties. The BizSr; ¢Cag 4.
.CuOg¢ .33 compound (7. =27 K) lost superconductivity upon
fluorination. In the Bi2223 phase (which is initially characterised
by T.=105K), the volume of the superconducting phase
decreased and a second superconducting transition with
T. = 75 K was observed.

The advantage of the fluorinated Bi2201 phase over the
starting compound in which the CuO, layers are substantially
distorted is the absence of incommensurate modulations. Appa-
rently, attainment of the optimum ratio between oxygen and
fluorine with retention of these layers will allow one to prepare
superconducting compounds based on oxyfluorides of a new
homologous family.

V. Conclusion

Fluorination of complex cuprates can be used for the preparation
of new compounds with structures necessary for superconducting
properties to be manifested. In addition, fluorination of these
compounds can be employed for attaining the required concen-
tration of carriers (electrons or holes) in the conduction band. The
character of the changes of the crystal structure upon fluorination
is determined by the structural features of the starting compound
and the amount of excessive anions. The following regularities can
be noted:

— the replacement of oxygen atoms with an equivalent
amount of fluorine atoms causes only slight changes to the unit-
cell dimensions associated with a small difference in the ionic radii
of 02~ and F~ and with elongation of the equatorial Cu—Oeq
bonds due to a decrease in the oxidation state of copper;

— the incorporation of excessive fluorine atoms and comple-
tion of the coordination polyhedron about the Cu?™ cations to an
octahedron leads to substantial elongation of the axial Cu—O
bonds accompanied by an increase in the distances between the
Cu(O,F), and AO layers;

— the filling of anion vacancies in the structure with fluorine
atoms diminishes structural distortions caused by ordering of the
oxygen atoms and anion vacancies;

— location of fluorine atoms in the interlayer cavities induces
rearrangement of the crystal structure to reduce Coulombic
repulsions between the anions in the interlayer cavities and anions
in the adjacent layers.
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