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Abstract

Ž .Fluorination of Tl , Pb Sr Ba Ca Cu O high-temperature superconductors has been performed through partial0.5 0.5 1.6 0.4 2 3 y

replacement of CuO by CuF in the starting materials. Seven samples with nominal fluorine content x atom per formula unit2
Ž . Ž . Ž .0FxF3.6 were examined by X-ray diffraction XRD , scanning electron microscopy SEM , resistivity and magnetiza-

Ž .tion M H measurements. Fluorine addition has raised the onset transition temperature to 128 K, and increased the critical
Ž .current density to 300%, the value of the fluorine free sample. XRD, SEM and energy dispersive X-ray EDX results

showed that the formation of the Tl-1223 phase was enhanced as fluorine was introduced, and the formation of large grains
was observed. EDX spot analysis revealed the presence of fluorine as a species of the structure of the Tl-1223 grains. The
c-axis of Tl-1223 decreased with increasing x, indicating that fluorine had replaced oxygen in the structure. The behavior of
the normal state resistivity with temperature indicated that fluorine addition changed this material from overdoped to
optimally doped, and upon further fluorine addition, changes it to slightly underdoped state. That provided an additional
evidence that fluorine addition changes the density of charge carrier concentration in the Cu–O planes and improves the
superconducting properties of this material. q 1999 Published by Elsevier Science B.V. All rights reserved.

PACS: 74.1; 74.3C; 74.6G; 74.6M
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1. Introduction

Charge carrier concentration in the Cu–O planes
plays an important role in high T superconductorsc
w x Ž .1–4 . The TlBa Ca Cu O Tl-1223 phase is2 2 3 9

among other thallium-based superconductors that fall
in the overdoped region where Cu valency is more

w xthan two 1 . Optimizing the hole concentration in
the Cu–O planes has been seen to improve the

) Corresponding author. Fax: q966-3-860-2293; E-mail:
nmhamdan@kfupm.edu.sa

wsuperconducting properties of these compounds 3–
x5 .

There have been successful attempts to decrease
the hole concentration in the Cu–O planes of Tl-
based superconductors, through either cation substi-
tution of cations that have higher valencies or through

w xoxygen non-stoichiometry 1,2,6,7 . Anion substitu-
tion for oxygen, of anions that are more electronega-
tive, such as fluorine, may also reduce the hole
concentration, and affect the superconducting proper-
ties of this compound. Fluorine may only substitute
oxygen in the structure because of its comparable
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Ž Ž y. Ž 5 .ionic radii r F s0.136 nm and r O s0.14
.nm , while cations can go into more than one site

and may cause effects other than decreasing the hole
concentration. To our knowledge, very few attempts
have been made to introduce fluorine into the Tl-1223
superconducting phase. Moreover, no conclusive evi-
dence has been published that confirms that fluorine
replaces oxygen in high-T superconductors, otherc

w xthan the electronic Nd CuO superconductor 8–18 .2 4
w xTachikawa et al. 19 have reported that fluorine

addition promotes the phase transformation from Tl-
2223 to Tl-1223 phase, and improves the critical
current density in the diffusion layer of fluorine. The

w xKansas group 20 has found that fluorine doping to
the non-superconductor, Tl-1212, converts it to a
superconductor, although the group has not con-
firmed that fluorine is incorporated into the structure,

w xbut affects the hole carrier concentration 20 . In a
later work, the same group observed an increase in
T of Tl-2201 phase, and has concluded fromc

Mossbauer results that fluorine could have replaced¨
w xoxygen in the crystal lattice 21 . Recently, Bellingeri

w xet al. 22 have found that the phase formation of
Tl-1223 has been improved with fluorine addition.
Furthermore, they have observed an increase of the
irreversibility line, and a slight improvement in the
field dependence of the critical current density with
fluorine inclusions. We have previously reported that
the addition of fluorine has increased the critical
currents and improved the formation of Tl-1223

w xphase 23–25 .
In this paper, we report further results which

support that fluorine is being incorporated in the
structure of the Tl-1223 phase and its effect on the
phase formation, structure, microstructure, magnetic

Ž .Žand transport properties of the Tl Pb Sr,0.5 0.5
. Ž .Ba Ca Cu O Tl-1223 system.2 2 3 y

2. Experimental

Tl-1223 high-temperature superconductors were
prepared at ambient atmosphere using the solid state
reaction technique. Precursors were prepared from

Ž .high purity CuO, Sr NO , CaO and BaO mixed3 2 2
Ž .according to the formula Tl Pb Sr Ba -0.5 0.5 1.73 0.43

Ž .Ca Cu O rF , where 0FxF3.6 . The mixtures2.16 3 y x

were heated to 8008C at 5 Crmin, followed by

intermediate grinding and heating slowly to 9708C,
and annealed for 15 h. The precursor was mixed with
following molar ratios: xCuF , 0.5PbO and2

0.35Tl O and heated at 58Crmin to 8008C for 10 h.2 3

The temperature was then increased slowly
Ž .28Crmin to 9808C and maintained for 10 min. The
temperature was then decreased at 28Crmin to 8808C
and maintained for 33 h. The heating at 9808C for 10
min caused partial melting of the samples. We started
with 0.35 mol of Tl O instead of 0.25 mol, as part2 3

of it will evaporate at elevated temperatures.
Five samples with different fluorine content x

atoms per formula unit were prepared according to
the above-mentioned procedure and annealed in air.
Two more samples with xs3.0 and 3.6 were an-
nealed in oxygen flowing atmosphere. The resulting
samples have been characterized using standard four
probes resistance and DC magnetic measurements.
Hysteresis loops were obtained using 9 T vibrating
sample magnetometer.

Structure analysis has been done using the X-ray
Ž .diffraction XRD technique on a Phillips 1700

diffractometer with Co Ka radiation with wave-
length of 0.17890 nm. Scanning electron microscopy
Ž . Ž .SEM and energy dispersive X-ray EDX spec-
troscopy were performed on a JEOL 5800 micro-
scope, with a beryllium window which can distin-
guish light elements down to carbon. The accelerat-
ing voltage of the electrons was 20 kV. Imaging was
done in a backscattered electron mode since it pro-
vided a good contrast of the phases due to the
difference in average molecular weight of each phase.

3. Results and discussion

3.1. Structure and microstructure

X-ray diffraction patterns for samples with differ-
ent fluorine contents x are shown in Fig. 1. The
figure shows clearly that the peaks of the Tl-1223
phase dominated the Tl-1212 phase as fluorine was
increased. The phase purity of the Tl-1223 increased
from about 30% to about 70% as fluorine was
increased, consistent with recent results of Bellingeri

w x Ž .et al. 22 f65% obtained for fluorine doping of
the same system using a different preparation route.

Ž . Ž .Traces of CaSr PbO and CaSr CuO that are2 4 2 3
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Fig. 1. The XRD pattern for the samples with different fluorine
contents, x.

w xcommonly seen in Tl-based materials 22,26,27 were
also observed. Traces of BaPbO were observed only3

in the XRD spectrum of the sample with xs1.0.
SrF started to appear for xG0.4. Adding more2

CuF promotes the formation of SrF in larger2 2
Ž .amounts as seen from XRD , and increases the

chance of formation of other impurity phases. Traces
of the CuO phase started appearing for xs2.2 and
3, which were absent in the XRD patterns of the
precursor of all the samples. This would indicate that
the observed CuO traces in the fluorinated Tl-1223,
had been formed during the final stages of annealing
only when the fluorine content was above 2.2. It
should be noted that, for a complex material like
Tl-1223, XRD is usually sensitive for traces of the
order of 5% of the bulk.

Refinement of the lattice parameters of all phases
has been done using the PDP XRD analysis package
w x28 . Fig. 2 shows the variation of the c-axis of
Tl-1223 lattice with starting fluorine content x. The
reduction of the c-axis with fluorine addition is one
piece of evidence that supports the idea that fluorine
enters the structure of the superconducting Tl-1223
phase. The strong electronegativity and smaller ionic
radius of fluorine may cause fluorine to partially
substitute oxygen. This is in line with previous re-
sults obtained for the Bi-based and Hg-based super-

w xconductors 29,30,17,31,32 .
Fig. 3 presents SEM micrographs for different

Žsamples. The formation of large grains up to more
.than 100 mm in these samples was observed. EDX

spot analysis was performed for 10 different grains

Fig. 2. Variation of the refined c-axis with fluorine content, x.
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Fig. 3. The SEM micrographs for samples with xs1.0, 2.2 and
3.0 from top to bottom, respectively. The scale marker is 20 mm.

in each micrograph. The grain size of most of the
investigated grains was at least 20 mm, while the
beam diameter was about 3 mm. This ensures that
the spectrum that we have observed is coming from
the grain itself and not from the intra-grain bound-
ary. The contrast in the backscattered electron beam

image is proportional to the molecular weight of
each grain, therefore, different phases will produce
images with different contrasts.

Elemental analysis of EDX spectrum of the grains
qualitatively agrees with phases that had been de-
tected by XRD patterns presented in Fig. 1. In
addition, grains of the Tl-1223 phase contained a
very clear fluorine peak, as can be seen in Fig. 4.
The observed fluorine peaks from the spectrum of
the superconducting Tl-1223 phase provide an addi-
tional evidence that fluorine enters the structure of
Tl-1223 phase. Since samples were not polished, the
intensity of the EDX peak of each element depends
on the angle that the backscattered electron beam
makes with the grain. However, the relative intensi-
ties of the peaks of each element qualitatively agree
with preliminary results obtained for polished sam-
ples. 1 Polishing was not performed intentionally in
order to clearly observe the grain size and bound-
aries.

3.2. Transport properties

Fig. 5 shows the resistivity curves as a function of
temperature for samples with different nominal fluo-
rine contents, annealed in air. The figure shows that
the transition temperature of the fluorine-doped sam-
ples is consistently higher than that for the fluorine-
free sample. The figure also reveals that the transi-
tion becomes sharper for fluorine-doped samples.
The variation in the transition temperature T withc

fluorine content x is shown in Fig. 6. T in thisc

figure was obtained from the position of the peak in
the graph of the derivative of the resistivity r vs.

wŽ . xtemperature T d rrdT vs. T . The figure shows
that T increases with increasing fluorine content,c

reaching a maximum value of 128 K at xs1 above
which T starts decreasing. A further increase oc-c

curred in T for the sample with xs3 accompaniedc

by an increase in the transition width of this sample.
The transition width DT decreased rapidly as fluo-c

rine was increased from zero to xs0.4, where it

1 We have performed SEM and EDX measurements on pol-
ished samples that revealed similar results. These data are under
analysis.
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Fig. 4. The EDX spectra of the Tl-1223 phase which contains
fluorine for the three samples in Fig. 3, corresponding to the
grains marked in the micrographs.

reached a value less than 1.5 K, then it increased
gradually as fluorine content was increased, reaching
a value larger than that for the fluorine-free sample.
These results are consistent with the variation of the

Ž .c-axis with fluorine content Fig. 2 , where the c-axis
of the sample with xs0.4 had considerably de-
creased as compared with all other samples. The
increase in transition temperature was not observed

w xby Bellingeri et al. 22 who have used a different
preparation route.

Fig. 5. Variation of the resistivity of different samples with
temperature.

The phase diagram of T vs. x presented in Fig. 6c

exhibits anomalous behavior around xs2.2 that
demands further investigations. Attempts are cur-
rently going on in our laboratory to control the
amount of fluorine that enters the structure.

Fluorine incorporation has been found to enhance
the metallic behavior of the n-type Nd-based super-

w xconductors 31 . Careful analysis of the variation of
Ž .the normal state resistivity with temperature Fig. 5

shows that the fluorine-free sample and samples with

Fig. 6. Variation of the transition temperature T with fluorinec
Ž .content, x. T was obtained from the peak position in d rrdTc

vs. T.
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low fluorine content are slightly overdoped, with a
concave shape. To investigate the doping state in
more details, two samples were prepared under the
same conditions but annealed in oxygen atmosphere.
These samples had fluorine content xs3.0 and

w xxs3.6 33 . Fig. 7 shows the variation of resistivity
with temperature for these two samples and for the
sample with xs3.0 annealed in air. The figure
clearly shows that the oxygen-annealed sample with
xs3.0 has a concave shape, representing an over-
doped state, while the sample with the same fluorine
content annealed in air varies almost linearly with
temperature and has higher transition temperature.
The oxygen-annealed sample with xs3.6 has al-
most a linear behavior, indicating that this sample is

w xnear optimal doping 3–5,33 . These results are in
agreement with the behavior of the resistivity of the
overdoped and underdoped Tl-based compounds with

w xtemperature reported by Ren et al. 33 . The normal
state resistivity of the sample with the lowest fluo-

Ž .rine content xs0.4 is considerably lower than that
of all other samples. Fluorine inclusion into the
structure of Tl-1223 reduces the hole concentration
which is equivalent to creating an oxygen non-

Ž .stoichiometric state annealing in air and primarily
changes the charge carrier concentration in the Cu–O
planes of the Tl-1223.

Fig. 7. Typical resistivity dependence on temperature of an over-
Ž .doped Tl-1223 xs3.0 annealed in O to show the concave shape

of the normal state resistivity and that of an almost optimally
doped Tl-1223 with xs3.6 annealed in O atmosphere and2

Tl-1223 with xs3.0 annealed in air both having a linear depen-
dence.

Fig. 8. Zero field-cooled hysteresis loops for samples with differ-
ent fluorine contents, x.

3.3. Magnetic properties

The zero field-cooled hysteresis loops measured
at 4.2 K for samples with various fluorine content
are shown in Fig. 8. The figure shows that the width
of the hysteresis loops increases with increasing
fluorine content, reaching a maximum for xs2.2,
above which the width starts decreasing. Fig. 9

Fig. 9. The critical current density of Tl-1223 samples with
different fluorine contents, calculated from Bean’s model.
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shows the variation of critical current density J as ac

function of field which is calculated from Bean’s
model, through the relation:

M H yM H D MŽ . Ž .q y
J fy30 s30 ,c D D

Ž . Ž .for H <H<H where M H , and M Hc1 c2 q y
Ž 3.are the magnetization in emurcm measured with

increasing and decreasing fields, respectively. The
Ž . w xaverage grain size D in cm 34 is taken to be 20

mm as seen from the SEM micrographs.
The critical current density J for the sample withc

xs2.2, is about 300% of the corresponding value
for fluorine-free sample. For xs3, J starts decreas-c

ing, reaching about 200%, the value for the sample
w xwith xs0 23 . This enhancement of the critical

current density has not been observed by Bellingeri
w xet al. 22 . The figure also reveals that at low fields,

the initial drop in J with increasing field is reducedc

in fluorinated samples. This is mainly due to the
reduction of the weak links between the grains. As a
consequence, the inter-grain critical current density
becomes less field-dependent. Similar behavior is
also observed at higher fields where J has ac

plateau-like behavior. This further indicates that flu-
orine addition is affecting grain growth and the
pinning mechanism, which results in the reduction of
the field dependency of the critical current density.
The improvements of the magnetic field dependence
of the J are consistent with recent results obtainedc

Fig. 10. The critical current density of Tl-1223 samples with
different fluorine contents at 1 T.

w xfor fluorine-doped Tl-1223 22,23 . In Fig. 10, we
present the values of J at 4.2 K and Hs1 T forc

different fluorine contents. The critical current den-
sity gradually increases, reaching a maximum at
xs2.2, then starts decreasing. This maximum in Jc

Ždoes not correspond to the maximum in T which isc
.at xs1.0 . The sample with minimum normal state

resistivity and minimum c-axis showed no anoma-
lous behavior in J , indicating that fluorine additionc

Ž .affected the low-temperature superconducting and
Ž .high-temperature normal state properties differ-

ently.

4. Conclusions

We have investigated the effect of fluorine on
various superconducting and normal state properties
of the Tl-1223 superconductors. Direct observation
of fluorine in the Tl-1223 phase is achieved for the
first time using EDX analysis and was further sup-
ported by the reduction of the c-axis of the Tl-1223
with fluorine addition. Moreover, fluorine addition
promotes the formation of the Tl-1223 phase over

Žthe Tl-1212 phase, and increases grain size up to
.100 mm . An increase in the transition temperature

associated with a decrease in the transition width has
Ž y.been observed. As fluorine F replaces oxygen

Ž 5 .O , the hole concentration in the Cu–O planes
will decrease, approaching the optimum value,
changing the overall behavior of the normal state
resistivity.

The width of the hysteresis loops D M increases
with increasing fluorine content up to 2.2 to 300% of
its fluorine-free value, and D M becomes less field-
dependent. This also suggests that fluorine enhances
the pinning strength and affects the pinning mecha-
nism.

These improvements in the superconducting and
transport properties along with structural changes
suggest that fluorine enters the structure of the super-
conducting Tl-1223 phase, and changes the density
of charge carriers in the Cu–O planes.
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