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Abstract

Samples with Big.()5Sl"].9Cd].()5(CMI_XF€X)208+5
(0<x<0-15) compositions were synthesized by a
liquid-mix process able to give single phase com-
pounds. The superconducting phase was carefully
investigated by SEM and EDX. Substitution of x Fe
atoms in the BirSr;CaCuyOg 45 grains corresponds
to the removal of 1-7x Cu atoms and to the addition
of 0-75x Bi atoms whereas the sum Sr+ Ca remains
quite constant. In a first step, this evolution may be
explained by the following  basic  model:
Fe,0;—2Fe,*+V,,+3 CuO which assumes the
creation of vacancies in the copper sites of the
Bi)Sr;CaCu>0g 1 5 lattice. However, the apparent
increase of Bi content suggests the formation of
microdomains of Bi>Sr,CuQOg phase intergrown in
the Biyo58r;.0Capos5(CujFey)>0g4+5 grains, as
inferred from X-ray diffraction and SEM which
reveals the concomitant (SrCa) 1,Cu>404; secondary
phase. The EDX results are more consistent with a
Bi,Sr>CuO4s—Bi,Sr,CaCus0yg 1 5 intergrowth model
in which Fe is accommodated in the Bi>Sr,CuQOg
microdomains than with the model of substitution in
a Bi,Sr,CaCu,0g. 5 single phase. © 1999 Elsevier
Science Limited. All rights reserved
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1 Introduction
It is well known that iron and other 3d elements

which have nearly the same ionic radii as copper
can replace copper in the superconducting cuprates.
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In the case of Fe-doped YBa,Cu;07.;, it is now
admitted that for low Fe content (x=Fe/
(Fe+Cu)<0-03), the Fe atoms mainly substitute
on the Cu(l) sites of the CuO chains leading only
to a slight decrease of T, (~2K x~'). For higher
iron content, T, decreases more rapidly, due to a
partial substitution of Fe on the Cu(II) sites of the
CuO, planes until the superconductivity vanishes
beyond x = 0-11.12

In contrast, nonmagnetic zinc is more effective in
suppressing T¢, since zinc mainly substitutes in the
CuO, planes.?

In Bi,Sr,CaCu,Og. 5, (Bi-2212) in which only
CuO», planes but no CuO chains exist, the incor-
poration of magnetic iron and cobalt supresses 7.
nearly linearly with a slope in the range 5-8 K x~ 1.
For divalent nickel and zinc, a similar decrease of
T. occurs but it is limited by the poor solubility
of those two elements in Bi,Sr,CaCu,Og- s
(x < 0-025).4>

The above results lead to the conclusion that local
disorder rather than magnetism is the dominant
factor for the suppression of superconductivity in
the cuprate superconductors. However, the nature
of disorder is not yet clearly understood, namely in
the case of Fe-doped Bi,Sr,CaCu,Og 5.

Usually, large amounts of iron are detected in
the Bi cuprates. Indeed, the Bi,Sr3Fe;Oq, ,, com-
pound is isostructural to Bi,Sr,CaCu,Og s, with
an orthorhombic structure.® However, several
authors have observed that Bi-2212 samples with
x>0-08 are no longer single phase.”® Secondary
phases such as (Sr,Ca);4Cu,404; and Bi,Sr,CuOg
have been reported.”-!? Nevertheless, samples with
nominal 0-1 <x<0-2 still exhibit 7T, values in the
range 20—40 K.*5 In most studies, the real chemi-
cal composition of the Bi,Sr,CaCu,Og.s super-
conducting phase was not determined.

Our previous works based on SEM and EDX
analysis evidenced substantial changes in the content
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of all elements in the cuprate phase when copper
was replaced by iron.'!*!? At this time, these results
were difficult to interpret owing to the presence of
uncontrolled secondary phases in our samples,
whose nature and stability was still unknown. The
progresses made in the knowledge of phase dia-
grams together with the development of chemical
routes of synthesis allowed us to prepare single-
phase Bi,Sr,CaCu,Oyg | s samples.'?!4 In the present
work, Fe-doped samples prepared by an original
process were systematically analyzed by SEM,
EDX and XRD in order to clarify our previous
interpretation.

2 Experimental

Compositions enriched in bismuth are known to
yield Bi,Sr,CaCu,Og4s5 single phase com-
pounds.'>™'7 According to our previous results,
samples with a nominal composition Bi,.osSr;.0Ca .5
(Cu;.(Fey) Ogis were prepared by an original
liquid mix technique.'?'%!% High-purity Bi,Os,
SrCO;3;, CaCO;3, CuO and Fe were dissolved in a
nitric acid solution in order to obtain the 2-05-1-9—
1-05-2 composition. An EDTA-ammonia aqueous
solution was added to produce metal-EDTA com-
plexes with a concentration of 0-025moll~! at pH
> 6.

The obtained solution was spray dried using a
Buchi 190 Mini Spray Dryer. The dried powder
was converted into a black foam precursor in a
microwave oven. The precursor was then ground
and calcined at 800°C in flowing air for 24h. The
resulting powder was ball-milled for 15h, uni-
axially pressed into pellets under a pressure of
400 MPa and sintered in flowing O, at 845°C.

The microstructure and phase compositions were
analysed in the superconducting grains by SEM
and EDX (JEOL JSM-35C); the measured con-
centrations were normalized taking into account
that in the Bi,Sr,CaCu,Oyg . s formula, the sum of
the cations is always 7. The crystalline compounds
were characterized by powder X-ray diffraction
(Siemens D5000, Cuk,, radiation).

3 Results

SEM and EDX analysis show that the matrix con-
sists of needle-like grains of the superconducting
cuprate phase. A secondary phase, i.e. (Sr,Ca)4-
Cup40y;, is detected in the Fe-doped samples
(Fig. 1). Its amount increases with the iron content.
No other phases are detected by SEM.

EDX analysis of iron shows that this element is
not detected in the secondary phase. The iron
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Fig. 1. SEM image of a Bi2.05Sr].9Ca|.05(Cu1_xFex)208+,;

sample with x = 0-1, showing the dark (Sr, Ca);4Cu404;
phase.

atoms remain concentrated in the cuprate phase.
Indeed, the x values determined by EDX are in
good agreement with the nominal compositions in
the range 0 < x < 0-15.

The results of the EDX analysis performed in the
grains of the superconducting phase are depicted in
Fig. 2(a)~(d). In those figures the stoichiometric
coefficients of the main elements are plotted as a
function of the effective iron content in the grains
(mole Fe/mole Bi-2212).

Figure 2(a) shows that the substitution of x iron
atoms in the Cu-sites corresponds to a decrease of
1-7x atoms of copper and to an increase of 0-75x
atoms of bismuth. This means that the sum
Cu+Fe is continuously decreasing with the
increase of x.

Figure 2(b)—(d) shows important fluctuations in
the strontium and calcium contents. However,
these fluctuations compensate one another to give
a nearly constant sum (Sr+ Ca) = 3.

By X-ray diffraction, only the Bi,Sr,CaCu,0Og s
phase is detected for the lowest doped samples
(x<0-05) while for higher Fe content, the Bi,Sr,.
CuOg phase appears and becomes predominant on
the Bi,Sr,CaCu,0Og4+5 compound from x—0-1
(Fig. 3).

4 Discussion

If Fe*" is assumed to only replace Cu?" in the
CuO; planes of the single-phase Bi,Sr,CaCu,0g 5
compound, the removal of 1.7 atoms of Cu for
each Fe atom introduced may be expressed by:

Fe,05 — 2Fel, + VL., + 3CuO (1)

This model states that the charge of Fe’* is
balanced by the creation of copper vacancies.
Equation (1) does not take into account the
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Fig. 2. EDX analysis performed on cations and reported in terms of iron content present in the superconducting phase.
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Fig. 3. X-ray diffraction of Bi2,05Sr1.9Ca|,05(Cu1_xFex)2Og+5(O§x§0~15).

apparent excess Bi introduced in the structure. As
the sum (Ca+ Sr) remains constant with a stoi-
chiometric coeflicient close to 3, the excess Bi can-
not substitute neither for Sr in the SrO planes, nor
for Ca in the Ca planes of the Bi,Sr,CaCu,Og 5
unit cell.

In previous works, -'* we speculated that Bi’t,
whose ionic radius (0-76 A) is close to that of Cu?™
(0-73A), could completely fill the Cu vacancies
since the ratio Bigycess/ Veu' = 1.

The excess oxygen necessary to compensate the
charge excess due to Bi** could be accommodated

11,12

on the central Ca layer which is known to accom-
modate extra-oxygen associated with Fe3*.

From that time, the presence of Bi on the CuO,
planes has never been confirmed in the Bi-cuprates.
Thus, the substitution of Bi up to 10% on the Cu
sites seems unlikely in the Bi,Sr,CaCu,Og . 5 structure.

XRD has evidenced the formation of Bi,Sr,.
CuOg phase at the expense of Bi,Sr,CaCu,Og 5 in
samples with x>0-05 (Fig. 3). In contrast, this
phase is not detected by SEM-EDX, even in highly
doped samples (x>0-1). This means that the
Bi,Sr,CuQg phase consists of crystallites of small
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sizes (10-100nm) which have grown within the
Bi,Sr,CaCu,Og + s matrix with a basal plane pre-
ferred orientation.

The continuous formation of Bi,Sr,CuOg crys-
tallites with increasing x provides an alternative
explanation of the results presented in Fig. 2(a)—
(d). Indeed, the EDX analyses are based on the
assumption that the needle-like superconducting
phase is only composed of the Bi,Sr,CaCu,0Og s
compound in which the sum of all cations is con-
sidered to be 7. If we assume now that the
Bi,Sr,CaCu,05+5 and Bi,Sr,CuOg¢ phases are
intergrown, the sum of all cations becomes lower
than 7. Further, if we assume that the stoichio-
metric coefficient of Bi remains constant with x and
close to 2, the sum (Sr+ Ca) becomes decreasing
like the sum (Cu+ Fe) with respect to Bi, so that
the stoichiometry of the matrix tends towards that
of BiZSrZCuO6.

This alternative model, close to that of M. Boe-
kholt et al.” or Co-doped Bi,Sr,CaCu,Oyg ; 5 gives a
more coherent interpretation of the strong decrease
of the Cu content with increasing x in the super-
conducting phase [Fig. 2(a)]. The copper vacancies
evidenced in eqn (1) are rather stacking faults than
point defects. Therefore, the suppression of CuO,
and adjacent Ca planes of Bi,Sr,CaCu,Og ; s giving
rise to Bi,Sr,CuOg¢ microdomains and to Srys
4Ca, CuyyOy; seems energetically favourable to
accommodate Fe atoms on CuO, planes. Indeed,
the Bi,Sr,CuOg structure is known to host large
amounts of Bi and Fe, i.e. x and y<0-5 in Bi 4 ,Srs.
+Cu_,Fe 0. together with large amounts of Ca.?*
Moreover, in the compound Sri4,Ca Cu,40y4,, the
y value is often between 5 and 7.!72! This may
explain that the sum (Sr+ Ca) remains nearly con-
stant in Fig. 2(c).

Thus, the Bi,Sr,CaCu,Og . sBirSr,CuOg inter-
growth model states that the Fe atoms rather sub-
stitute on the CuO, planes of a Bi>Sr,CuOgq
structure than on those of Bi,Sr,CaCu,Og ; s owing
to strong distorsions generated in the Ilatter.
According to this model, the existence of a pure
solid solution of Fe in the Bi,Sr,CaCu,05 5 phase
seems strongly limited; the solubility of Fe in sin-
gle-phase Bi,Sr,CaCu,0g.5 should not exceed
that of divalent cations, i.e. Ni?" and Zn?"
(XSO'OZS).4’5”22’23

The validity of the intergrowth model is still to
be confirmed by other experiences. Although
HRTEM studies have evidenced intergrowth rela-
tions between Bi,Sr,CuQOg, Bi,Sr,CaCu,Og s and
Bi,Sr,Ca,Cus0;¢ s phases in undoped samples>’
and characterized different structures in Fe-doped
Bi,Sr,CuQg,'° the structural defects observed in
Fe-doped Bi,Sr,CaCu,Og.s have still not been
clearly correlated with Bi,Sr,CuOg microdomains.

However, the intergrowth model is not in con-
tradiction with Mossbauer studies which have
pointed out different oxygen environments for Fe
in Bi,Sr,CaCu,Og . s samples.'d

5 Conclusions

The results of the EDX analyses in the super-
conducting phase are not consistent with the
formation of a solid solution of Fe in a
Bi,Sr,CaCu,0g 5 single-phase up to x=0-08, as
previously reported.”® Rather, the introduction of
Fe in the Bi,Sr,CaCu,Og s structure results in
stacking faults leading to Bi,Sr,CuOg—Bi,Sr;
CaCu,Og, s intergrowth, until the Bi,Sr,CaCu,
Og+s phase is completely replaced by the Bi,Sr,.
CuOg phase. For high substitution levels (x>0-1)
the coexistence of a Fe-rich Bi,Sr,CuOg¢ phase and
a Fe-poor Bi,Sr,CaCu,Og ;5 contributes, as far as
percolation pathes remain, to keep 7. to high
values regarding the apparent impurity level.

Acknowledgements

The authors are grateful to Professor R. Deltour,
Service de Physique des solides de I’U.L.B., for
electrical measurements and valuable discussions.
Financial support has been provided by the
Impulse Program on HTSC of the Prime Minister,
Science Policy Service (SSTC), contract SU/02/
010.

References

1. Bremert, O., Michaelsen, G. and Krebs, H. U., J. Appl.
Phys., 1989, 65(3), 1018.

2. Diko, P., Duvigneaud, P. H., Lanckbeen, A., Van Moer,
A., Naessens, G. and Deltour, R., J. Am. Ceram. Soc.,
1993, 76(11), 2859.

3. Mehbod, M., Biberacher, W., Jansen, A. G. M., Wyder,
P., Deltour, R. and Duvigneaud, P. H., Phys. Rev., 1988,
B38(16), 11813.

4. Maeda, A., Yabe, T., Takebayashi, S., Hase, M. and
Uchinokura, K., Phys. Rev., 1990, B41(7), 4112.

5. Vom Hedt, B., Lisseck, W., Westerholt, K. and Bach, H.,
Phys. Rev., 1994, B49(4), 9898.

6. Le Page, Y., McKinnon, W. R., Tarascon, J. M. and
Barboux, P., Phys. Rev., 1989, B40(7), 6810.

7. Boekholt, M., Bollmeier, T., Buschmann, L., Fleuster, M.
and Giinterodt, G., Physica C, 1992, 198, 33.

8. Bhargava, S. C., Chakrabarty, J. S., Jhans, H. and Malik,
S. K., J. Phys. Condens. Matter, 1993, 5, 4541.

9. Rao, K. V. R,, Garg, K. B, Agarwal, S. K., Awana, V. P.
S. and Narlikar, A. V., Physica C, 1992, 192, 419.

10. Tang, H., Qiu, Z. Q., Du, Y. W. and Walker, J. C., J.
Appl. Phys., 1990, 67(9), 4512.

11. Mehbod, M., Vanlathem, E., Deltour, R., Duvigneaud, P.
H. and Wyder, P., J. Less Common Metals, 1990, 164-165,
536.



Iron dOpll’lg eﬂecl on Big.()5SI’].9CCl].05(CM]_XFEX)208+5(0§X§0'15)

. Mehbod, M., Vanlathem, E., Deltour, R., Duvigneaud, P.

H., Wyder, P., Verwerft, M., Van Tendeloo, G. and Van
Landuyt, J., Physica C, 1990, 168, 265.

. De Boeck, C., Guo, Y. F. and Duvigneaud, P. H., Pro-

ceedings of 3éme Journées d’Etudes, Caen, 1993, AP 15.

. Duvigneaud, P. H., De Boeck, C. and Guo, Y. F., Super-

cond. Sci. Technol., 1998, 11, 116.

. Muller, R., Schweizer, Th., Bohac, P., Suzuki, R. O. and

Gauckler, L. J., Physica C, 1992, 203, 299.

. Holesinger, T. G., Miller, D. J., Chumbley, L. S., Kramer,

M. J. and Dennis, K. W., Physica C, 1992, 202, 109.

. Majewski, P. J., Bismuth-Based Superconductors. Marcel

Dekker, New York, 1996, p. 129.

18.

19.

20.

21.

22.

23.

1541

De Boeck, C., Guo, Y. F.,, Van Moer, A. and
Duvigneaud, P. H., Physica C, 1994, 235-240, 329.
Yanagisawa, K., Matsui, Y., Hasegawa, T. and Koizumi,
T., Physica C, 1993, 208, 51.

Horiuchi, S., Bismuth-Based Superconductors. Marcel Dek-
ker, New York, 1996, p. 7.

De Boeck, C., Ph.D. thesis, Université Libre de Bruxelles,
1997.

De Boeck, C., Lanckbeen, A., Van Moer, A.
Duvigneaud, P. H., Physica C, 1994, 235-240, 317.
Gu, G. D., Zhao, Y., Russel, G. J. and Koshizuka, N.,
Int. Ceram. Monogr., 1. (2, Proc. of the Int. Ceram. Conf.,
1994), p. 1210.

and



