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Abstract

In this paper, the synthesis of the series, Ca, xSryCuO,F, (0 < x < 2), is reported by the
fluorination of Ca,SryCuOs starting materials with poly(vinylidene
fluoride)/poly(tetrafluoroethene). The structural refinements showed that all samples
adopt the T’-structure, in contrast to the previous observation of the T -structure for
Sr,CuO,F, 5, when the phase is synthesised using F, gas. The difference can be related to
the lack of interstitial fluoride ions (6 =0) in the samples synthesised via fluorination with
the polymers, and hence highlights that the T- structure is only formed if there is partial
oxidation of Cu through incorporation of interstitial fluoride ions (3>0), as is the case

when F, gas is employed.



1. Introduction

Since the discovery of high-temperature superconductivity in Sr,CuO;F,5 [1],
there has been considerable interest in related alkaline earth copper oxide fluorides [2-
29]. The synthesis of these materials has, however, proved particularly troublesome as
they are not stable at high temperatures. Thus heating to elevated temperatures results in
decomposition to give alkaline earth fluoride impurities. Therefore, the synthesis is
typically carried out in two stages: the production of an oxide precursor, followed by low
temperature fluorination of this oxide. Despite the large interest in these systems,
comparatively little has been done on investigating the structural changes for the series
S1;xCayCuO,F,.4s5, apart from the two end-members (x=0, 2). For these two systems, it
has been shown that Ca,CuO,F, is non-superconducting and displays the T’ -structure
(Nd,CuOy - type) as shown in Figure 1, whereas Sr,CuO,F,;5, as mentioned above, is
superconducting at 46K and displays the T-structure (La,CuQOy, - type) as shown in Figure
2. In an attempt to determine what influences this crossover in structure type, and at what
Ca:Sr ratio it occurs, a synthesis and structural investigation of the
CayxS1xCuO,F,5 (0<x<2) series was undertaken. This involved the initial synthesis of
the precursor oxides, Ca, SrxCuOs, followed by fluorination using polymer-based
fluorinating agents. The materials have been structurally characterised by the Rietveld
refinement of X-ray and neutron powder diffraction data. The polymer-based fluorination
method has been shown to be an excellent route to the synthesis of mixed metal oxide
fluoride systems, tending to produce higher quality samples with reduced metal fluoride

impurities compared to other low temperature fluorination methods [30-35].



2 Experimental

High purity CaCOs3, SrCO; and CuO were intimately ground in the correct ratio to
produce Ca,SrCuOs where x = 0.0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0. These
mixtures were heated at temperatures between 950°C and 1050°C for 16 hours before
being reground and reheated under the same conditions. The samples were characterised
using XRD (Panalytical X’Pert Pro diffractometer with Cu K radiation), which showed
the successful synthesis of all phases. As expected from cation size considerations, there
is a shift in the peaks to lower angles with increasing Sr content (Figure 3), indicating an
increase in unit cell size.

With the successful synthesis of the oxide precursors, attempts were then made to
fluorinate these parent materials using poly(vinylidene fluoride) (PVDF). The Ca,.
S1xCuO3 samples were intimately ground with PVDF, using a pestle and mortar, in the
correct ratio to produce Ca, SryCuO,F; (i.e. 1:1 ratio of Ca,4SrxCuO; : CH,CF,
monomer unit). Note that as PVDF is a non-oxidative fluorinating agent, it was expected
that that the fully stoichiometric Ca, SrxCuO,F; system would be produced with no
interstitial F. The fluorination was performed in a furnace placed within a fume cupboard,
to ensure safe removal of the polymer decomposition products.

Initial fluorination attempts employed a reaction temperature of 325°C, but
showed generally poor quality samples, with the strong presence of Sr/CaF, impurities,
the higher the strontium content, the higher were these impurity levels. Therefore the
synthesis was repeated, examining a range of fluorinating conditions in order to optimise
the synthesis. It was eventually found that most of the parent compounds could be

successfully fluorinated by initially using a lower temperature, 250°C for 24 hours,



followed by a gradual increase in temperature up to 360°C over a prolonged period of
time, i.e. increments of ~25°C every 24 hours. Unfortunately, the more strontium the
samples contained, the more difficulty there was in fluorination using PVDF, such that
the successful synthesis with this fluorinating agent was only achieved for x < 1.25. One
possible explanation for the difficulty in synthesising Ca,(SryCuO,F, with high Sr
contents could be the production of H,O on decomposition of PVDF, resulting in
decomposition of the samples. In an attempt to overcome this problem, another fluorine
containing polymer, poly-(tetrafluoroethene) (PTFE) was examined for use as a
fluorinating agent, since this does not contain hydrogen, and so would not be expected to
result in any H,O by-product. The three phases of Ca,SryCuO3, for which fluorination
with PVDF had proved unsuccessful
(x = 1.5, 1.75, 2.0), were therefore ground with powdered PTFE (in the ratio
Capy4SryCuO3 : CyF4 monomer unit of 2:1) and heated slowly, with intermittent
regrinding and XRD analysis. After initial experimentation with PTFE, it was discovered
that, because of the differences in thermal stability between PVDF and PTFE, a higher
reaction temperature was required for PTFE. Optimisation of this method resulted in the
heat treatments beginning at 325°C, with 25°C increments per 24 hours, up to a
maximum temperature of 420°C. This fluorination method allowed the successful
fluorination of the three remaining samples although, in the case of Sr,CuO,F, in
particular, there were still large SrF, impurities. The XRD patterns recorded for all
phases in the series Ca,SrxCuO;F; are shown in Figure 4.

Neutron diffraction data were collected on diffractometer POLARIS, ISIS, Rutherford

Appleton Laboratory for 6 samples of Ca, xSryCuO,F; in the range 0.0 < x < 1.25. For the



samples with higher Sr contents(1.5 < x < 2.0), X-ray diffraction data were used for

structural analysis. Rietveld refinement was performed for each of the phases in this

range using the GSAS suite of programs [36].

3. Results and discussion

The successful synthesis of the series, Ca,<SryCuO,F, was demonstrated by fluorination
of CayxSryCuO; with PVDF/PTFE. The final refined structural parameters for each phase
are given in Table 1 (0.0 < x < 1.25) and Table 2
(1.5 < x < 2.0). An example of the neutron diffraction profiles for one of these phases
(x = 0) i1s given in Figure 5. From Figures 4 and 5, it is clear that there are small
impurities present in these samples. In particular, for all samples (Ca/Sr)F, impurity were
observed, as is common in the synthesis of these phases due to their general metastability
[1-4]. The refined structural parameters (Tables 1 and 2) show a number of interesting
results. In particular, the expected crossover in structure type from T to T does not occur.
Instead, however, it appears that the materials all conform to the T’-structure. Moreover,
there was no evidence for any extra interstitial anions in any sample, indicating a

stoichiometric Ca, xSrxCuO,F, composition across the whole range, as expected.

Figures 6(a) and (b) show the variation in unit cell parameters as a function of Sr
content. From these data, it is evident that as calcium is replaced by strontium, the unit
cell expands as expected, obeying Vegard’s law. Lines of best fit drawn through the two

data series give R? values of 0.9998 and 0.9999 for a and ¢ respectively. The excellent fit



of these data to a straight line is fully consistent with there being no change in structure
type across the whole range. The consistency in structure type throughout the range is
also reflected in the variation of bond lengths (Figure 7).

The observation of the formation of the T’-structure, on fluorination of

CayxS1xCuO; to give CaySryCuO,F,, for the complete range (0.0 < x < 2.0) of samples

is very interesting. The structure of the precursor oxide Ca,SryCuOj; is related to the
K,NiF, structure (figure 8), with rows of equatorial oxygen vacancies running through
the structure. As a result of this oxygen deficiency, the system has one-dimensional CuQOj4
chains, instead of 2 dimensional layers of CuOg octahedra. As can be seen from the
results presented here, fluorination of this system has a profound structural effect. The
Cay«SryCuO; samples are orthorhombic with cell dimensions b < a << c¢. Upon
fluorination, the a parameter undergoes a very small expansion, with the smaller b
parameter undergoing a larger expansion, as the 1 dimensional CuOj, chains rearrange to
form 2 dimensional CuQ, layers. Even more interesting though, is the change in the c-
parameter across the range (Figure 9). At the Ca-rich end of this series, the c-axis
undergoes a contraction upon fluorination. This is to be expected as the CuO, chains are
transformed into CuO, layers. However, the extent of this c-parameter reduction
decreases across the range, such that for high Sr levels, a small expansion is observed on
fluorination. In contrast, however, to previous work on the fluorination of Sr,CuQO; with
F,, to give Sr,CuO,F,s possessing the T-structure [1], the c-axis expansion is much
smaller (0.52% versus 5.91%). This is consistent with the formation of Sr,CuO;F;
without interstitial F in the present work and the observation of the T’-structure rather

than the T-structure, and would suggest that the presence of interstitial F (6>0) is what



stabilises the T structure. Further support for this conclusion comes from previous work
on the reduction of Sr,CuO,F,s, with the T-structure, by Kissick et al. [20], which
showed a transformation to the T’-structure, as interstitial F was lost to give
stoichiometric Sr,CuO;F,. The cell parameters calculated for Sr,CuO,F; in the present
study are very similar to those reported by Kissick et al. for their sample after post-
synthesis reduction of Sr,CuO,F;:s.

It is also interesting to note that previously, computer modelling studies of
Sr,CuO,F,15 for 6=0 had predicted that the T-structure was more stable than the T’-
structure [10,12], whereas the results here suggest the opposite is the case. The
discrepancy can be related to the fact that the computer modelling studies determine the
theoretical thermodynamically most stable structure, whereas it is known that these
systems are metastable, decomposing at higher temperatures with the formation of
Sr/CaF,. The work therefore highlights the dangers of employing modelling studies on
inorganic solids synthesised at low temperatures, where kinetics rather than
thermodynamics may dictate which structure is formed. In particular, the observation
here of the direct formation of the T’-structure may suggest a different fluorination
pathway in this non-oxidative fluorination with PVDF/PTFE, compared to fluorination
with F, gas. In the latter case, it has been proposed that F inserts between the CuQOy
square-planes (figure 8) in the equatorial position between the Cu atoms, producing
layers of CuO4F, octahedra and the T-structure. The apical O atoms would then migrate
to the equatorial sites and be replaced by F atoms. The new proposed mechanism for the
fluorination with these polymer reagents involves F inserting into the interstitial fluorite-

type positions in the (Ca/Sr)O layers. Here, the F atoms would be tetrahedrally



coordinated to four Ca or Sr atoms and the T’ structure would be formed initially, rather
than the T-structure.

In summary, the work presented here shows that fluorination of Ca,SriCuO;
with PVDF/PTFE gives Ca;SrxCuO,F, with the T’-structure across the complete range.
This is the first time that a sample of Sr,CuO,F, with the T" (Nd,;CuQO,) structure has
been made with no post-synthesis reduction required. The work suggests that it is the
presence of interstitial F that stabilises the T-structure rather than the alkaline earth size
as previously thought. Thus, since the fluorination of Ca,SryCuOs3 is non-oxidative, it
results in Ca,«SryCuO,F, samples without interstitial F and therefore the T’-structure is

observed.
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Table 1: Atom positions and thermal parameters from Rietveld refinement of neutron

diffraction data for Ca,_Sr,CuO,F; (0 <x < 1.25).

x=00 | x=025 [ x=05 | x=075 | x=1.0 | x=125
Ca/Sr (0,0, 2)

(4e)

z 0.36508(7) | 0.3645(1) | 0.36504(5) | 0.36534(7) | 0.36531(9) | 0.36602(9)
U (x100yA7 | 0.65(1) | 0572) | 069209 | 0.73(1) | 067(1) | 0.712)
Cu (0, 0, 0)

(4a)
U (x100/A7 | 03909) | 036(2) | 04828) | 049(1) | 044(1) | 047(1)
0 (0, 0.5, 0)

(4¢)
U, (<100)/A” * * * * * *
U (x100/A7 | 0842 | 0574) | 0892 | 0902) | 0893) | 0.75(3)
Un(x100)/A%7 | 0252) | 0394) | 0342) | 0242 | 0.163) | 0.083)
Usy(x100y/A7 | 1.153) 1.11(5) 127(2) 1.373) 1.51(4) 1.65(5)
F (0, 0.5, 0.25)

(4d)
U, (<100)/A * * * * * *
Un(x100/A% | 0.892) | 0.993) 131(2) 1.44(2) 1.52(3) 1.73(4)
Un(x100)/AZ | 0892 | 0.993) 131(2) 1.44(2) 1.52(3) 1.73(4)
Uss(x100/A% | 1.06(3) 1.31(6) 1.52(3) 1.59(4) 1.32(5) 1.34(5)

a(A) 3.85697(4) | 3.87126(7) | 3.88705(3) | 3.90212(4) [ 3.91680(5) | 3.93071(6)

cA) 11.8274(2) [ 11.9496(4) | 12.0702(2) | 12.19492) | 12.3144(3) | 12.4282(3)
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Ryp 0.0170 0.0356 0.0177 0.0185 0.0225 0.0181
R, 0.0327 0.0469 0.0320 0.0320 0.0364 0.0275
v 4219 12.67 3.224 4.03 6.647 9.099

* Anisotropic thermal parameters
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diffraction data for Ca,_Sr,CuO,F; (1.5 <x <2.0).

Table 2: Atom positions and thermal parameters from Rietveld refinement of X-ray

x=15 x=1.75 x=2.0
Ca/Sr (0, 0, z) (4¢)
z 0.36702) | 0.3666(2) | 0.3662(3)
Uy (x100)/A% 0.54(9) 0.58(8) 0.4(1)
Cu (0, 0, 0) (4a)
U (x100)/A° 0.92) 1.0(2) 0.9(3)
0 (0, 0.5, 0) (4c)
U, (x100)/A* 0.2(5) 0.8(5) 4(1)
F (0, 0.5, 0.25) (4d)
Uy (x100)/A° 0.7(4) 0.4(4) -0.5(7)
a(A) 3.94522) | 3.9593(2) | 3.9739(3)
c(A) 12.549(1) | 12.6733(9) | 12.782(1)
Rup 0.0770 0.0749 0.0749
R, 0.0611 0.0588 0.0592
v 1.303 1.21 1.232
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Figure 1: T'-structure (Nd,CuQy structure)

Figure 2: T-structure (La,CuQy structure)

Figure 3: XRD patterns for the series Ca,SrxCuO3

Figure 4: XRD patterns for the series Ca,.SryCuO,F, ((Ca/Sr)F, impurities marked with
*)

Figure 5: Observed, calculated and difference neutron diffraction profiles for Ca,CuO,F,
(Lower tick marks): middle tick-marks: CaO, upper tick-marks: CaF,

Figure 6. Variation in cell parameters (a, ¢) across the series Ca,SryCuO,F;

Figure 7. Variation in (a) Cu-O bond lengths, (b) Ca/Sr-O bond lengths, and (c ) Ca/Sr-F
bond lengths across the series Ca;,.SrxCuO,F,

Figure 8. The Structure of Ca,SryCuO;

Figure 9. The change in the ¢ parameter upon fluorination of the Ca, 4SryCuOjs series (cell

parameters for Ca, SryCuOs adapted from those of Lines et al. [37])
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Figure 2
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Figure 3.
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Figure 4
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Figure 5.
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Figure 6. (a)
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Figure 7(a).
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Figure 8.
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Figure 9.
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