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The low-temperature fluorination of a range of insulating
alkaline earth cuprates Sr2 – x AxCuO3 (A 5 Ca (04x42);
A 5 Ba (04x40.6)) can result in superconducting oxide fluor-
ides Sr2 – x AxCuO2F2]d

. In contrast, conventional high-temper-
ature solid–state reactions produce thermodynamically more
stable mixtures of oxides and fluorides. Various soft-chemistry
fluorination pathways (utilizing F2 gas, NH4F, MF2 [M 5 Cu,
Zn, Ni, Ag]) are compared with respect to their efficacy and
mechanisms. Attention is also focused on the structural features
of the mixed-oxide precursor and the final-oxide fluorides to
highlight the remarkable structural rearrangements that occur
during the low-temperature fluorination. The effects of fluorina-
tion of other Sr–Cu–O systems are used to identify the structural
requirements of the precursor oxide in order to achieve such
transformations. ( 1998 Academic Press

INTRODUCTION

The discovery of high-temperature superconductivity in
mixed-metal copper oxide systems initiated an unpreced-
ented search for new and chemically modified superconduc-
tors. Although the vast majority of studies have focused on
the wide range of cation substitutions which can be used to
influence the structural and electronic characteristics of
these compounds, chemical manipulation of the anion sub-
lattices has more recently been shown to be an alternative in
the search for new superconductors (1). In this context,
studies of synthetic, structural, and electronic aspects of F~

for O2~ substitutions have been particularly important. In
general, oxide structures are quite amenable to this substitu-
tion since the O2~ and F~ anions have similar radii (1.4 and
1.32As , respectively in sixfold coordination (2)). However,
physical properties may differ markedly from those of the
1Present address: School of Chemistry, University of St. Andrews,
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parent oxides and fluorides, since the anionic charge differ-
ence requires appropriate electronic compensation and, in
addition, O2~ and F~ order can occur to produce super-
structures. Although anisotropy can favor such ordering (3),
in most phases the anions are in fact disordered. The struc-
ture of the parent oxide appears to determine the influence
and extent of fluorine substitution—i.e., whether the struc-
ture is retained or significantly modified (e.g., by a re-
arrangement of the anion sublattice), and the degree to
which physical properties are affected by the different
charge and electronegativity of F~ compared to O2~.
Fluorination of oxides to form oxide fluorides can occur
via (i) the substitution of one fluorine for one oxygen,
(ii) the incorporation of two fluorines for each oxygen lost,
or (iii) the insertion of fluorine into interstitial sites. All three
possibilities are associated with either substantial structural,
(ii), or electronic, (i) and (iii), changes. The latter normally
result in either oxidation, (iii), or reduction, (i), of
a transition metal ion during the fluorination process.

In the field of superconductivity research, fluorination
studies have been reported on many compounds (see, for
example, (4)), such as REBa

2
Cu

3
O

7—d (RE"Y, lanthanide),
materials with the simple structure types designated as
¹ (La

2
CuO

4
), ¹* (La

2~x
Nd

x
Sr

0.15
CuO

4
; 04x41) and

¹ @ (Nd
2
CuO

4
), and also on a range of bismuth and thallium

containing compounds. The results have highlighted the
potential of fluorine for the chemical control of electronic
properties in order to induce or optimize superconductivity.
Of particular importance are syntheses resulting in either
simple substitution of F~ for O2~ (providing increased
electron density in the superconducting ‘‘CuO

2
’’ sheets) or

insertion of F0 into interstitial sites to yield F~ and provide
a corresponding reduction in electron density.

Under mild conditions (typically using 10% F
2

in N
2

at
210°C), the reaction of F

2
gas wth Sr

2
CuO

3
involves both

substitution and insertion of fluorine to give the new super-
conducting oxide fluoride Sr

2
CuO

2
F
2`d (5). Sr

2
CuO

3
has a structure which is related to that of La CuO , but
2 4
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channels of oxygen vacancies disrupt the sheets of CuO
6

octahedra and linear chains of CuO
4

units are formed (Fig.
1). Sr

2
CuO

2
F
2`d is even more closely related to La

2
CuO

4
,

with layers of octahedrally coordinated Cu (5). Experi-
mental evidence (5) showed that the substituting F~ ions
avoid the equatorial positions, where the oxygen vacancies
are located in the Sr

2
CuO

3
structure, and reside only in

apical sites. This observation has been supported by simple
Madelung energy (5) and atomistic (6, 7) calculations. The
insertion of fluorine into the channels therefore induces
a structural rearrangement of the anion sublattice: the ap-
ical oxide ions migrate to equatorial sites in the Cu plane
and are replaced by fluoride ions (Fig. 2). In this way, CuO

2
layers, which are thought essential for superconductivity,
are formed and are separated by blocks of stoichiometry
Sr

2
F
2
. The excess dF~ ions are located in interstitial

sites—similar to those found in the superoxygenated and
fluorinated materials La

2
CuO

4`d (8, 9) and La
2
CuO

4
Fd

(10)—to provide a composition Sr CuO F (Fig. 3). The
FIG. 1. Crystal structure of (Sr/Ca)
2
CuO

3
.

2 2 2`d
interstitial fluoride ions, F @ in Fig. 3, are responsible for the
hole doping which ultimately makes this compound super-
conducting. Superconductivity with ¹

#
up to 46K is in-

duced in this phase by mild postsynthesis reduction, and the
maximum ¹

#
occurs for a Cu oxidation state of approxim-

ately 2.3, corresponding to d+0.3 (5). Theoretical calcu-
lations by Novikov et al. (11) support the view that
optimum hole doping is expected at d+0.3, and hence ‘‘as
synthesized’’ samples with d+0.6 are overdoped.

Sr
2
CuO

2
F
2`d was the first example of a superconducting

oxide fluoride in which F~ ions play a major structural role.
In contrast to the fluorination of La

2
CuO

4
to form

La
2
CuO

4
Fd (10), where oxidation occurs via incorporation

of F~ ions into interstitial positions of a well-defined struc-
ture, in Sr

2
CuO

2
F
2`d F~ ions not only provide similar

electronic control but are also instrumental in the structural
transformation of the ‘‘precursor’’ Sr

2
CuO

3
into the new

superconducting compound (5). We have also examined the
structural and electronic effects of substituting Ca and Ba
for Sr in Sr

2
CuO

2
F
2`d to produce Sr

2~x
A

x
CuO

2
F
2`d

(A"Ca,Ba), and ¹
#

is increased by Ba substitution, with
¹.!9

#
"64K for x"0.6 (12).

Following this initial demonstration of the potential of
fluorine for forming new superconducting phases, sub-
sequent work has led to the synthesis of other related
superconducting oxide fluorides. For example, by means of
high pressure, Kawashima et al. synthesized higher mem-
bers in the same structural family (Sr

2
Ca

n~1
Cu

n
O

2n`dF2$y
with n"2 and n"3) which show critical temperature of 99
and 111K, respectively (13).

Novikov et al. (11) and Kurmaev et al. (14) have examined
the consequence of the lack of apical oxygen on the elec-
tronic structure of the oxide halides. Both groups found that
the electronic structures of these compounds are very sim-
ilar to other high ¹

#
cuprates, and most notably the replace-

ment of the apical oxygen by the fluoride ion has little
influence on the important electronic states close to the
Fermi energy.

Examination of alternative synthetic strategies revealed
that these new superconductors could also be obtained by
simple solid-state reactions between Sr

2~x
A

x
CuO

3
and flu-

orinating agents such as NH
4
F and MF

2
, where M is

a transition metal (e.g., CuF
2
, ZnF

2
, NiF

2
, AgF

2
(12, 15). In

this way, the toxicity and obvious handling problems asso-
ciated with elemental F

2
gas can be easily avoided.

These studies have shown that fluorination can offer an
important and powerful chemical route for the control of
electronic and structural properties in materials and is
comparable with the more commonly used methods of
aliovalent cation substitutions and oxidizing/reducing an-
nealings, e.g., in O

2
or N

2
. We describe here a study of the

fluorination of the mixed-metal cuprates Sr
2~x

A
x
CuO

3
and

compare their behavior with that found for other Sr—Cu—O
compounds. The differences in reactivity of the various



FIG. 2. Schematic representation of the structural rearrangement induced by fluorination in Sr
2~x

A
x
CuO

3
and leading to the formation of the CuO

2
planes in Sr

2
CuO

2
F
2`d.
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cuprates toward fluorination are attributed to intrinsic
structural differences in the parent alkaline earth cuprate.
We present a comparison of the chemical mechanisms of the
reactions involved in the different fluorination routes and an
analysis of the nature of the structural rearrangements that
occur during fluorination of the alkaline earth cuprates.
A

2
CuO

3
(A"Ca, Sr, Ba).

SUMMARY OF THE EXPERIMENTAL PROCEDURES

Direct Fluorination Using F
2
—Method I

Starting materials were subjected to thermal treatments
in a nickel furnace tube in a mixture of 10%F

2
/90%N

2
from

which traces of HF had been removed by passing over NaF;
Fig. 4 is a schematic representation of the fluorination
apparatus. Typically, a 200-mg sample of starting material
in a nickel boat was heated to 200—250 °C in dry N

2
,

subjected to a flowing F
2
/N

2
atmosphere for 15min at this

temperature, and then allowed to cool in N
2

or air after
flushing all F

2
from the system. In order to induce supercon-

ductivity in fluorinated Sr
2~x

A
x
CuO

3
, samples were then

typically annealed for up to 3 h in N
2

(temperatures up to
330°C, 0.44d40.6) or for 15min in a 10% H

2
/N

2
mixture

(temperatures up to 220°C, 0.24d40.4).
Fluorination Using NH
4

F—Method II

Ammonium fluoride (typically 4—6 moles of NH
4
F per

mole of Sr
2~x

A
x
CuO

3
) was added to the Sr

2~x
A

x
CuO

3
samples and the mixture was ground, heated at 100 to
225°C/h, and then held at this temperature for 6—8 h under
either an O

2
or air atmosphere. No further reduction was

required to induce superconductivity in the Sr
2~x

A
x
CuO

2
F
2`d (A"Ba, Ca) samples.

Fluorination using MF
2

(M"Zn, Cu, Ag, Ni)—
Method III

The anhydrous transition metal difluoride, 1.1—1.3 moles
of MF

2
(M"Cu, Zn, Ag, Ni) per mole of Sr

2~x
A

x
CuO

3
,

was added to the precursor oxide Sr
2~x

A
x
CuO

3
and the

mixture was ground and heated at 100 to 230°C/h and then
held at this temperature for 6 h in air. For A"Ca, slightly
higher temperatures were required to effect a complete reac-
tion as the Ca content, x, was increased (e.g., 240°C for
x"1, 250°C for x"2). No further reduction was required
to induce superconductivty in the Sr

2~x
A

x
CuO

2
F
2`d

(A"Ba) samples providing only 1.1—1.15 moles of MF
2

were added (1.3 moles led to an overdoped compound).



FIG. 3. Crystal structure of Sr
2
CuO

2
F
2`d ; F is the substitutional

fluorine, F @ is the interstitial fluoride ion.
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RESULTS

Fluorination of Sr
2~x

A
x
CuO

2
F
2`d

(A"Ba,Ca; 0.04x42.0)

Methods I (F
2
) and III (MF

2
) were successful in forming

all the Sr
2~x

A
x
CuO

2
F
2`d oxide fluorides (A"Ca,

0.04x42.0; A"Ba, x40.6 and x"2 for single-phase
samples), whereas Method II m(NH

4
F) was unsuccessful for

high calcium levels (x'1.2). Figure 5 shows X-ray powder
diffraction (XRD) data from Sr

2
CuO

3
and Sr

2
CuO

2
F
2~d

obtained by all three methods. The broad XRD peaks from
the fluorinated materials are indicative of small crystallites.
From the width of the X-ray peaks we estimated an average
particle diameter of about 700As ; similar crystallite sizes for
the resulting oxide fluoride have also been indicated by
electron microscopy (16, 17). Figure 5 indicates that the
purest and best crystallized samples of Sr

2
CuO

2
F
2`d are

obtained from Methods I (F
2
) and III (MF

2
). The problems
of the former route are the toxicity of F
2
, the subsequent

postsynthesis reduction treatments of the Sr
2
CuO

2
F
2`d

phase required to obtain the optimum ¹
#
(5) and the limita-

tion on the sample size that can be routinely prepared (ca.
200mg). Interestingly, Method II (NH

4
F) requires no post-

synthesis reduction step to induce superconductivity in the
samples, but unfortunately large quantities of (Sr, Ca, Ba)F

2
are produced as a by-product, (Fig. 5c). In addition,
Ca

2
CuO

2
F
2`d cannot be prepared satisfactorily by this

route. The advantages of Method III (MF
2
) are its simpli-

city and versatility; large samples of high purity can readily
be prepared and fluorination of Ca

2
CuO

3
can also be

achieved by this method. The only problem is the presence
of MO impurity (CuO in the case of CuF

2
, Fig. 5d) in the

final product due to the decomposition of MF
2
. However,

since the quantity of this impurity corresponds exactly to
the amount of MF

2
added, due allowance can be made in

subsequent chemical analyses.
Superconductivity was observed for Sr

2~x
Ba

x
CuO

2
F
2`d

samples, with ¹
#

generally increasing with increasing Ba
content from 46 K (x"0) to a maximum of 64K for
Sr

1.4
Ba

0.6
CuO

2
F
2`d (Fig. 6). This is the highest¹

#
observed

for materials structurally related to La
2
CuO

4
. For Ca dop-

ing, the superconducting volume fraction progressively de-
creased from +4% for x"0 to zero (nonsuperconducting)
for x'1; for 0(x(1, ¹

#
remained at around 40—46K. It

should be noted that the Meissner fraction is always low
(typically (10%) for superconducting oxide fluorides pre-
pared using low-temperature routes, but this is to be ex-
pected for such samples, which consist of crystallites with
dimensions comparable to the expected penetration length.

Structure refinements (using neutron powder diffraction
data) of both Sr

2
CuO

2
F
2`d and Ca

2
CuO

2
F
2`d (5, 18) sug-

gested that whereas the former is related to La
2
CuO

4
(¹

structure, Fig. 3), the latter has the Nd
2
CuO

4
structure (¹ @,

Fig. 7). Therefore, in spite of the fact that the parent phases
Sr

2
CuO

3
and Ca

2
CuO

3
are isostructural, the resulting ox-

ide fluorides Sr
2
CuO

2
F
2`d and Ca

2
CuO

2
F
2`d have funda-

mentally different structures. Ionic size tolerance factors
have been estimated to probe the nature of this difference.
The tolerance factor, t, for a perovskite lattice ABO

3
, is

defined by t"(r
A
#r

0
) /J2 (r

B
#r

0
), where r

A
, r

B
, and

r
0

are the ionic radii of the large cation, small cation and
anion, respectively. Average cationic and anionic radii
(based on the ratios of O/F and Sr/A) were used to estimate
the tolerance factors for the Sr

2~x
A

x
CuO

2
F
2

system
(A"Ca, Ba; 04x42) and the results are listed in Table 1.
Although the use of averaged radii provide only an approx-
imate guide, the results suggest that the structures of
Sr

2~x
A

x
CuO

2
F
2`d phases are linked to differences in ani-

on/cation radius ratios. Tolerance factors have previously
been used to rationalize the occurrence of the ¹ and ¹ @
structures in mixed metal oxides of A

2
BO

4
stoichiometry,

especially the lanthanide oxides ¸n CuO (19). The ¹ struc-

2 4



FIG. 4. Schematic diagram of gas-phase fluorination apparatus.
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ture is related to the perovskite structure and contains
layers of vertex-sharing octahedra separated by A ions. The
closer the tolerance factor is to unity, which represents the
perfect fitting of the cation in the A site, the more stable the
¹ structure is expected to be. For ¸n

2
CuO

4
, Bringley et al.

(19) found that the stability limits are 0.874t40.99 for the
¹ structures and 0.834t40.86 for the ¹ @ structure. Ac-
cordingly, our estimates show that in the (Sr, Ca, Ba)—
Cu—O—F system the Sr

2~x
Ba

x
CuO

2
F
2`d compounds with

x50 are characterized by the ¹ structure and a ¹/¹ @
structural transition occurs in the Sr

2~x
Ca

x
CuO

2
F
2`d

compounds for x51.5. It should be noted, however, that
these structural data relate to phases containing excess
fluorine, whereas the tolerance factor parameter strictly
corresponds to the stoichiometric Sr

2~x
A

x
CuO

2
F
2

com-
position. The estimated tolerance factors are high in the
Sr

2~x
Ba

x
CuO

2
F
2`d compounds but naturally decrease as

x decreases, whereas for Sr
2~x

Ca
x
CuO

2
F
2`d , the tolerance

factors increase as x decreases. Thus, in the (Sr, Ca, Ba)—
Cu—O—F system, the extremes of t are provided by
Ba

2
CuO

2
F
2`d and Ca

2
CuO

2
F
2`d . These estimates suggest

that most of the Sr
2~x

A
x
CuO

2
F
2`d samples should be

characterized by the ¹ structure, but a transition to ¹ @ is
predicted in the Sr

2~x
Ca

x
CuO

2
F
2`d series for high Ca

contents, in accordance with neutron powder diffraction
data on Sr

2
CuO

2
F
2`d and Ca

2
CuO

2
F
2`d (5, 18). This struc-

tural transition is induced by the reduction in the average
radius of the cation A when Sr is substituted by Ca. Interest-
ingly, an identical structural transition occurs in the
¸n

2
CuO

4
system as the radius of the lanthanide ¸n is

reduced from La to Nd.
Madelung energies, calculated for different distributions

of oxygen and flourine atoms in Sr
2
CuO

2
F
2`d and

Ca
2
CuO

2
F
2`d using refined structural parameters (5, 18)

indicated a substantial preference of O2~ for equatorial
rather than apical positions (e.g., 11,072kJ mol~1 compared
with 10,138kJmol~1 for Sr

2
CuO

2
F
2`d) and supported the

view that fluorine insertion causes O/F interchange to give
CuO

2
planes. Whereas in Sr

2
CuO

2
F
2`d all apical positions

are occupied by F~ ions, the ¹ @ structure of Ca
2
CuO

2
F
2`d

results in F~ ions filling the anion sites which are situated
midway between the adjacent Ca layers. The location of
fluorine therefore results in octahedral Cu2` (4 planar
O and two apical F) in Sr

2
CuO

2
F
2`d , with interstitial F~

ions situated between the SrF rocksalt layers. In
Ca

2
CuO

2
F
2`d , on the other hand, the principal and inter-

stitial F~ sites are reversed such that the interstitial site is
now located in the apical position. In the absence of any
interstitial fluorine, the Cu is therefore in square planar
coordination to four oxygens.

The different location of fluorine in Sr
2
CuO

2
F
2`d and

Ca
2
CuO

2
F
2`d has been confirmed by measurements of

X-ray emission and photoelectron valence band spectra
(20).



FIG. 5. X-ray powder diffraction patterns (CuKa
1
) for (a) Sr

2
CuO

3
,

and Sr
2
CuO

2
F
2`d prepared by reaction of Sr

2
CuO

3
with (b) F

2
gas,

(c) NH
4
F, and (d) CuF

2
. Impurities are marked * (SrF

2
) and ° (CuO).

FIG. 6. Variation of the magnetic susceptibility of (a) Sr
2
CuO

2
F
2`d

and (b) Sr
1.4

Ba
0.6

CuO
2
F
2`d with temperature; relevant values of ¹

#
are

indicated.
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Fluorination of Other Sr—Cu—O Systems

We have extended our investigations to other alkaline
earth cuprates with structures containing chains of linked
square CuO

4
units, viz SrCuO

2
(21) and Sr

14
Cu

24
O

39`d
(22). The XRD pattern of fluorinated SrCuO

2
shows small

peak shifts to lower angles, consistent with a small expan-
sion and a low level of fluorine incorporation. Minor struc-
tural changes were also inferred from a similar fluorination
study of Sr

14
Cu

24
O

39`d ; in this case, however, peak
broadening accompanied small peak shifts, rendering re-
liable interpretation difficult. A degree of structural degra-
dation appears to occur, associated with the insertion of
a very small amount of flourine. Further work is planned to
clarify the structural changes involved in fluorination of this
material.
DISCUSSION

Fluorination Routes

The most important feature of all the fluorination
methods discussed here is that the basic chemical reaction
to form alkaline earth copper oxide fluorides must be car-
ried out at relatively low temperatures (200—400°C) to im-
pose a kinetic constraint on decomposition to the thermo-
dynamically stable alkaline earth difluorides CaF

2
, SrF

2
,

and BaF
2
. In fact, conventional solid-state reactions involv-

ing oxides (or carbonates) and fluorides of the appropriate
cations produce no oxide fluoride but a mixture of MO

n
and

AF
n
, since A

2
MO

2
F
2`d decomposes above +400°C.

The general scheme for direct fluorination, method I, is

Sr
2~x

A
x
CuO

3
#(1#d/2)F

2
PSr

2~x
A

x
CuO

2
F
2`d#1/2O

2
.

The value of d, which represents the fluorine located in the
interstitial sites F@ in Figs. 3 and 7), and the purity of the
resulting oxide fluoride are strongly dependent on both the
temperature and the duration of the fluorination reaction.
The optimization of these synthesis parameters led to the
production of single-phase oxide fluorides, but never to
optimally doped samples, such that subsequent annealing in
N

2
was required to remove some of the excess fluorine.

Method II (NH
4
F) appears a useful alternative since the

superconducting transition temperature of the as-syn-
thesized oxide fluorides indicates optimal doping. The
metod is, however, not without its problems; in fact, the



FIG. 7. Crystal structure of Ca
2
CuO

2
F
2`d ; F and F @ are the substitu-

tional and interstitial fluorine.

TABLE 1
Tolerance Factors (Estimated for the Ideal Sr2[x AxCuO2F2

Compositions) for Selected Sr2[x AxCuO2F2]d UA5 Ca, Ba)
Compositions and Predicted Structure Types

Estimated tolerance
Formula factors Predicted structure

Ba
2
CuO

2
F
2`d 0.957 ¹

Ba
1.5

Sr
0.5

CuO
2
F
2`d 0.943 ¹

SrBaCuO
2
F
2`d 0.930 ¹

Sr
1.5

Ba
0.5

CuO
2
F
2`d 0.916 ¹

Sr
2
CuO

2
F
2`d 0.903 ¹

Sr
1.5

Ca
0.5

CuO
2
F
2`d 0.892 ¹

SrCaCuO
2
F
2`d 0.881 ¹

Sr
0.5

Ca
1.5

CuO
2
F
2`d 0.870 ¹/¹ @

Ca
2
CuO

2
F
2`d 0.860 ¹ @
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oxide fluoride Ca
2
CuO

2
F
2`d cannot be formed by the reac-

tion Ca
2
CuO

3
with NH

4
F, although this phase can be

readily prepared using F
2

gas. Moreover, large amounts of
(Sr/Ba)F

2
impurities are produced and these alkaline earth

fluoride impurities render rigorous chemical analysis of the
superconducting phase very difficult. The stoichiometry of
the superconducting oxide fluorides is therefore, to a large
extent, dependent on structural analysis.

The formation of oxidized products (typical Cu oxidation
state 2.3#) using Method II (NH

4
F) presents us with an

interesting mechanistic problem, since NH
4
F is generally

assumed to be nonoxidizing. It has been proposed (23) that
decomposition of NH

4
F may occur to provide elemental F

2

2NH
4
F#2O

2
"N

2
#F

2
#4H

2
O.

This process appears plausible since it produces not only
elemental F

2
, for subsequent oxidative fluorination, but also

H
2
O which would react with the moisture sensitive

A CuO oxide precursors. Fluorination of the decomposi-

2 3
tion products is then likely to result in the observed high
levels of AF

2
impurities. However, the formation of F

2
from

NH
4
F and O

2
is thermodynamically unlikely given the

rapid reaction of F
2

with H
2
O to give HF. It seems likely,

therefore, that direct reaction of NH
4
F with the solid cu-

prate must occur to modify the thermodynamics; for
example, adsorption of NH

4
F on to the oxide might facilit-

ate direct insertion of F atoms into the solid without the
formation of F

2
molecules. Lattice energy effects may then

provide the necessary thermodynamic driving force and the
overall reaction might then be represented

(2#d)NH
4
F#(3#2d)/2O

2
#A

2
CuO

3

"A
2
CuO

2
F
2`d#(2#d)/2N

2
#2(2#d)H

2
O.

The formation of AF
2

impurities would still be explained by
the production of H

2
O. Such direct reaction with adsorbed

NH
4
F also allows rationalization of the different levels of

fluorine incorporated by methods I and II as indicated by
the superconducting properties of the ‘‘as prepared’’ sam-
ples. The thermodynamics of method II appear funda-
mentally different from those of method I, and any
mechanisms invoking F

2
as an intermediate would be ex-

pected to yield products with similar fluorine contents. It is
important to note that the oxidation of NH`

4
(effectively

NH
3
) to N

2
in the above equation is not an essential feature

and an alternative reaction in which NH
3

is evolved is
probably more likely

(2#d)NH
4
F#d/4O

2
#A

2
CuO

3

"A
2
CuO

2
F
2`d#(2#d)/2H

2
O#(2#d)NH

3
.

In this process, HF and O
2

are respectively the fluorination
and oxidation reagents. In order to demonstrate that HF is
the vital component in this reaction mechanism, a direct
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reaction between Sr
2
CuO

3
and HF was performed by plac-

ing some Sr
2
CuO

3
powder and 25 cm3 of HF solution in an

enclosed teflon bottle. The reaction was carried out in
a microwave oven at ¹+120°C (the boiling point of the
HF solution); the experiment resulted in the formation of
Sr

2
CuO

2
F
2`d , albeit in small quantities, and a substantial

amount of SrF
2
, which presumably correlates with the high

percentage of water in the HF solution. Moreover, experi-
mental work on the reaction of cuprates with NH

4
F per-

formed on Ruddlesden—Popper cuprates, ¸n
2~x

A
1~x

Cu
2

O
6~y

(¸n"La, Nd; A"Ca, Sr), suggests that the reaction
proceeds via the formation of HF (24). The fluorination
reaction with NH

4
F therefore appears to involve first the

adsorption of NH
4
F, followed by loss of NH

3
, leaving HF

incorporated in the sample. This then reacts to give a fluor-
inated sample and H

2
O.

The use of method III (MF
2
) for fluorination of

Sr
2~x

A
x
CuO

3
(A"Ca, 04x42.0; A"Ba, 04x40.6)

also eliminates the need for F
2

gas and, at the same time,
produces negligible (Sr/A)F

2
impurity, unlike the corres-

ponding fluorination with NH
4
F, since H

2
O and NH

3
are

not generated in the reaction. In this respect, the use of MF
2

is preferable to NH
4
F, since no cations appear to be extrac-

ted from the structure, and the potential problem relating to
the precise cation stoichiomery of the product is reduced.
Although MO (or M

2
O for M"Ag) impurities (from the

decomposed MF
2
) are present in the samples, this does not

constitute a serious problem for subsequent analysis of
F content and Cu oxidation state because the quantity of
the impurities can be calculated from the amount of the
initial fluorinating agent. The results demonstrate that
superconducting samples Sr

2~x
A

x
CuO

2
F
2`d (A"Ba, Ca)

can be readily synthesized by fluorination of Sr
2~x

A
x
CuO

3
with trasition-metal difluorides, MF

2
(M"Cu, Zn, Ag, Ni),

yielding similar ¹
#
values (up to 64K) as fluorination by F

2
gas or NH

4
F (5, 12). This process appears to be a highly

oxidative and versatile fluorination similar to F
2

gas, since
overdoped samples of Sr

2~x
A

x
CuO

2
F
2`d can be obtained

when excess MF
2

is used; the highly oxidative nature of the
process has also been confirmed by the fluorination of other
systems, e.g., fluorination of Nd

1.3
Sr

1.7
Cu

2
O

6~x
using

CuF
2

has been able to increase the Cu oxidation state from
2.0# to 2.5# (24). Moreover, the Ca

2
CuO

2
F
2`d phase,

which could not be prepared by the NH
4
F route, is now

readily synthesized.
A F/O exchange reaction between the starting alkaline

earth oxide and the transition-metal fluoride such as

Sr
2~x

A
x
CuO

3
#MF

2
PSr

2~x
A

x
CuO

2
F
2
#MO

is involved in this route. However, such a simple reaction
cannot explain completely the formation of Sr

2~x
A

x
CuO

2
F
2`d , since an exchange process of this type is not

oxidative and, if the excess fluorine d is taken into account,
the amount of fluorine is unbalanced. Interestingly, the
predicted products of such an exchange reaction, the
stoichiometric phases Sr

2
CuO

2
F
2

and Ca
2
CuO

2
F
2
, appear

less stable than the fluorine-excess materials and cannot be
synthesized using the methods described here. Fluorination
of Sr

2
CuO

3
with just one mole of MF

2
, which might be

expected to form stoichiometric Sr
2
CuO

2
F
2
, instead gives

superconducting Sr
2
CuO

2
F
2`d (d+0.3) and unreacted

Sr
2
CuO

3
. Thus another process must take place concur-

rently with the exchange reaction. The similarities with
method I (F

2
) suggest that the reaction with transition-

metal difluorides is associated with the generation of
nascent F

2
gas. This is supported by the fact that in many

cases fluorination can be successfully performed with the
cuprate and MF

2
in separate boats in an enclosed autoclave

(24). Elemental fluorine arises from the decomposition of the
MF

2
, due presumably to reaction with atmospheric O

2
, i.e.,

MF
2
#1/2O

2
PMO#‘‘F

2
’’.

The nascent F
2

so generated subsequently reacts with the
cuprate. Assuming that the two processes are simultaneous,
the general reaction scheme can be written

Sr
2
CuO

3
#(1#d/2)MF

2
#d/4 O

2

PSr
2
CuO

2
F
2`d#(1#d/2)MO.

The copper partial oxidation (CuIIPCuII
1~x

#CuIII
x

) can
also be taken into account within the reaction model

Sr
2
CuO

3
#(1#d/2)MF

2
#d/4 O

2

PSr
2
CuII

1~dCuIIId O
2
F
2`d#(1#d/2)MO.

This general scheme illustrates that the fluorine content, and
hence the Cu oxidation state, is directly controlled by the
quantity of MF

2
added. In this way, producing the optimum

Cu oxidation state (2.2—2.3) should be straightforward. Ex-
perimental work is currently underway to determine
whether the theoretical estimate of the amount of Cu(III)
agrees with the experimental data.

Requirements for Superconductivity in the Sr/A—Cu—O—F
Systems (A"Ca, Ba)

In order to correlate the structural characteristics of
mixed-metal copper oxides with their behavior under fluor-
inating conditions, we have compared and contrasted sev-
eral materials: Sr

2~x
A

x
CuO

3
(A"Ca, Sr), Sr

14
Cu

24
O

39`d
and SrCuO

2
. All oxides in the Sr—Cu—O system which can

be synthesized at 1 bar (25) were therefore included. These
compounds differ structurally not only in the coordination
geometry around Cu but also, and more importantly, in the
method of linking of the Cu polyhedra. These different
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structural features have been summarized in Table 2, where,
for comparison purposes, appropriate features for La

2
CuO

4
and Nd

2
CuO

4
have also been included.

Table 2 shows that these oxides differ in the way the
copper polyhedra are linked within the structure: the poly-
hedra can be linked by corners, edges, or by a combination
of corners and edges. Sr

2
CuO

3
, Ca

2
CuO

3
, La

2
CuO

4
, and

Nd
2
CuO

4
all contain exclusively corner-linked polyhedra.

In the isostructural Sr
2
CuO

3
and Ca

2
CuO

3
, this arrange-

ment gives rise to 1-D infinite chains, whereas, in the latter
two oxides, a 2-D infinite network of CuO

2
planes is ob-

served. These 2-D CuO
2

planes are considered very impor-
tant for the occurrence of superconductivity in suitably
doped La

2
CuO

4
and Nd

2
CuO

4
. We note that neither

La
2
CuO

4
nor Nd

2
CuO

4
undergo significant structural re-

arrangement during fluorination: the extended 2-D CuO
2

network is already present in the structure and in
La CuO F the excess of fluorine is located in interstitial
2 4 d
sites (26), whereas in Nd
2
CuO

4~dFd simple F/O substitution
is favored (27). SrCuO

2
contains extended parallel double

chains of edge linked Cu—O square planar polyhedra,
whereas Sr

14
Cu

24
O

39`d is very complex and contains two
interpenetrating structures of linked CuO

4
squares: one

comprises 1-D chains of edge-linked polyhedra, while the
other consists of 2-D sheets with mixed corner and edge
shared polyhedra (22). The SrCuO

2
structure is closely

related to that of Sr
2
CuO

3
, but contains a double Cu—O

chain, with a short Cu—Cu distance of 2.8As (21). Similar
chains are also present in Sr

14
Cu

24
O

39`d , but here they are
corner-linked to form the 2-D extended sheets. As men-
tioned previously, these oxides differ from (Sr,Ca, Ba)

2
CuO

3
in that fluorination does not induce large structural

rearrangements. This is probably related to the fact that
oxygen migration from the apical sites to the plane sites
appears to be an important part of the mechanism of fluor-
ination in the (Sr, Ca,Ba) CuO oxides (Fig. 2). Oxygen
2 3



TABLE 3
Equatorial Cu–O Distances in Cuprates and Copper–Oxide

Fluorides

Samples Cu—O distances (As )

La
2
CuO

4
1.895

Nd
2
CuO

4
1.975

Sr
2
CuO

2
F
2`d 1.928

Ca
2
CuO

2
F
2`d 1.925

Ba
2
CuO

2
F
2`d* 1.965

Sr
1.4

Ba
0.6

CuO
2
F
2`d* 1.934

For all samples, the Cu—O distances have been calculated from neutron
diffraction data except for Sr

1.4
Ba

0.6
CuO

2
F
2`d and Ba

2
CuO

2
F
2`d ( * ),

where X-ray diffraction data were used.
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migration in perovskite-like oxides seems to take place
along the octahedral edges (28), so that in structures con-
taining edge-shared polyhedra, such migration may be hin-
dered, In addition, if edge-shared CuO

4
units increase their

coordination to form CuO
4
F
2
, edge-shared octahedra re-

sult, which are inherently less stable than corner-linked
octahedra. This suggests that the isolated 1-D infinite chains
of CuO

4
squares, which are present in A

2
CuO

3
, strongly

favor fluorination and the consequent anion lattice re-
arrangement to give CuO

2
planes. This arrangement is quite

rare, and, to the best of our knowledge, for cuprates is
restricted to the (Sr,Ca, Ba)

2
CuO

3
structure.

The fluorination reaction of these compounds results
in both substitution and insertion of fluorine, which give
rise to superconductivity in Sr

2
CuO

2
F
2`d but not in

Ca
2
CuO

2
F
2`d (18). The lack of superconductivity in

Ca
2
CuO

2
F
2`d may be rationalized in three ways. One

problem with Ca
2
CuO

2
F
2`d is that insufficient interstitial

fluorine can be incorporated to induce superconductivity,
presumably due to the small size of the unit cell. For
Ca

2
CuO

2
F
2`d , d is typically 0.1 (18) giving a Cu oxidation

state of 2.1, which is expected to be insufficient to induce
superconductivity. To overcome this problem, Na/K dop-
ing could possibly increase the copper oxidation state, and
supercoductivity in the oxide chloride Ca

2~x
Na

x
CuO

2
Cl

2
has been achieved by such doping (29). However, it should
be noted that these materials have different structures:
Ca

2
CuO

2
F
2`d has the ¹@ structure, Ca

2~x
Na

x
CuO

2
Cl

2
has

the ¹ structure. A second feature worthy of consideration is
the fact that the ¹ @ structure is known to favor n-type rather
p-type superconductivity (30). It has been proposed that the
different superconducting behavior of La

2
CuO

4
and

Nd
2
CuO

4
is related to the lattice mismatch bewteen the

CuO
2

layers and the La—O/Nd—O blocks. In La
2
CuO

4
, the

mismatch places the CuO
2
planes under compression favor-

ing (oxidative) hole doping, whereas in Nd
2
CuO

4
, the CuO

2
planes are placed under tension, thus favoring (reductive)
electron doping (31, 32). This feature is reflected in the equa-
torial Cu—O bond lengths (1.895As for La

2
CuO

4
, 1.975As for

Nd
2
CuO

4
) and it is therefore interesting to compare Cu—O

distances in relevant oxides and oxide fluorides, Table 3. It
is pertinent to note that the Cu—O bond length in
Ca

2
CuO

2
F
2`d is relatively short (1.925As ) and, in fact, is

similar to that observed for Sr
2
CuO

2
F
2`d (1.928As ), which

is a p-type superconductor. In addition, p-type supercon-
ductivity has also been observed in Tm

1.83
Ca

0.17
CuO

4
(Cu—O bond distance"1.916As , ¹@ structure) (33). There-
fore, in principle, p-type superconductivity should be feas-
ible in Ca

2
CuO

2
F
2`d , given appropriate electronic control.

The final possible explanation relates to the location of the
excess interstitial fluorine in the crystal structure. For
Ca

2
CuO

2
F
2`d , these ions are located in the apical sites, i.e.,

close to the Cu ion (Cu—F"2.41(2) As (18)). Therefore, al-
though the majority of copper ions will have square planar
coordination, the small fluorine excess, d, produces some
with a square pyramidal configuration. These interstitial F~

ions are responsible for injecting the hole carriers in the
CuO

2
sheets, but these holes must be delocalized to give rise

to superconductivity. The presence of a mixture of square
planar and square pyramidal Cu may be expected to create
charge inhomogeneity on the CuO

2
plane, since the square

pyramidal Cu2` ions might act as centres for hole trapping.
Therefore, to induce superconductivity we would require
d"0, and the doping of holes (p-type) or electrons (n-type)
would require cation substitutions similar to those men-
tioned above. This intriguing possibility, noted also by
Novikov et al. (11), brings our discussion full circle in that
site-specific cation doping may prove to be a particularly
fruitful line of future enquiry. In addition to being two
alternative appoaches to electronic control of superconduc-
tivity in cuprate materials, cation and anion doping may
also be employed in tandem to produce further exciting
developents in this area of research.

CONCLUSIONS

The first superconducting oxide fluoride Sr
2
CuO

2
F
2`d ,

was prepared at low temperature (200°C4¹4250°C)
either by reaction between Sr

2
CuO

3
and F

2
gas or by

solid-state reaction between Sr
2
CuO

3
and a fluorinating

agent (5, 12, 15). The synthesis of Sr
2
CuO

2
F
2`d cannot be

performed by conventional solid-state reaction at high tem-
perature, but only by low-temperature fluorination of the
parent compound Sr

2
CuO

3
; in fact Sr

2
CuO

2
F
2`d is meta-

stable and can be synthesized only by soft-chemistry fluor-
ination pathways. These routes allow both fluorine
substitution and insertion within the Sr

2
CuO

3
structure,

resulting in a significant structural reconstruction: 1-D
Cu—O chains are converted into extended CuO

2
planes in

Sr
2
CuO

2
F
2`d . These chemically induced changes also

transform the semiconducting Sr
2
CuO

3
into the high-tem-

perature superconductor Sr CuO F .

2 2 2`d
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We believe that these low-temperature fluorination
methods can in principle be employed in other systems to
change or deeply influence both physical and structural
properties of other suitable compounds. Here we have at-
temped to highlight the important chemical reactions and
the structural rearrangement involved to identify the rel-
evant control parameters which most influence the synthesis
and the properties of the resulting compounds.

The most convenient route for the flourination of com-
pounds is the solid-state reaction between the precursor
alkaline earth cuprate and a transition-metal fluoride as
a fluorinating agent; by this route good quality and repro-
ducible samples are obtained. It also seems possible to
estimate approximately the average copper oxidation num-
ber in the resulting oxide fluoride by the amount of fluor-
inating agent used in the reaction.

A study of the structural rearrangement which takes place
during the fluorination of the alkaline earth cuprates
Sr

2~x
A

x
CuO

3
suggests that only oxides containing isolated

1-D infinite chains of corner-linked CuO
4

squares can
undergo this particular type of major structural rearrange-
ment which transforms Cu—O chains into extended CuO

2
planes in the structure.
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