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Mossbauer study of the 2212 phase of the bismuth 
superconductor 
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t Solid State Physics Division, Bhabha Atomic Research Cenlre. Bombay. 400 085, India 
$ Tata Institute of Fundamental Research, Cnlaba. Bcmbay, India 
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Abstraet Mossbauer study of BizSrzCaCu2(1-,~Fe20*+~, x < 0.12, has teen carried out 
Samples have been characterired by x-ray, susceptibility and resistivity methods. Fe is expecled 
to replace Cu. Even though. on average. all Cu siles ax equivalent in this phase. each Mossbauer 
speanrm reveals at least two component speclra The characteristics of the component spectra 
in the temperature range 4.2 K lo 300 K and their dependences on x are delermined Possible 
origins of these componenrs are discussed, 

1. Introduction 

Mossbauer spectroscopy has been used [l-161 to probe the high temperature oxide 
superconductors (HTSCs) by substituting Cu with Fe or Sn in places. A large number 
of research groups have made extensive investigations of Fe-doped YBazCu307. This 
superconductor (sc), however, suffers from the disadvantage that only a small fraction of 
the probe Fe goes to the sites which form a part of the sc layer (Cu2 sites); by comparison, 
the 2212 phase of the bismuth cuprate superconductor has been considered ideal. Unlike 
in other phases, Cu in this oxide occupies square pyramidal sites only: this is known to be 
the prime configuration responsible for superconductivity in the oxide superconductors. 

It is, however, well known that Fe has low preference for the Cu2 square pyramidal 
sites of YBazCu30,. Unlike other oxide superconductors, the 2212 phase does not present 
any other type of site to Fe. Consequently, there has been uncertainty as to whether Fe 
will occupy a sufficient number of square pyramidal sites of the 2212 phase of the bismuth 
superconductor or whether formation of other phases suitable for Fe occurs as a result of 
doping with Fe. Thus, the prepamtion of a single-phase sample of the Fe-doped 2212 Bi 
superconductor has been a challenging task. 

Several routes have been followed to prepare the Fe-free 2212 phase of the Bi 
superconductor. The Pb-free phase obtained using the conventional solid state reaction 
method shows Tc lower than 85 K. Frequently, the transition shows a tail in the resistivity 
against temperature curve, which implies non-homogeneity and non-stoichiometry. A 
small amount of the 2201 or 2223 phase of the Bi superconductor also generally appears. 
Transition temperatures higher than 85 K have been reported using different procedures 
[17-201. In the procedure followed here [ZO], T,(R = 0) of the Pb-free 2212 phase 
prepared in air is found to be 93 K. The temperature dependence of the resistivity is 
free from tails. No impurity phase was detectable using x-ray or neutron diffraction 
techniques. Using this procedure [20], Fedoped samples of this phase have been made. 
Fulther heat treatments were found to be necessary to get good quality samples. The 
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structural and magnetic properties of these Fedoped samples have been studied using x- 
ray, susceptibility, EDAX and scanning electron microscopy (SEM). Mossbauer spectroscopy 
of BizSrzCaCuz,l_,,Fe2xOs+d, x < 0.12 has been performed in the temperature range 4.2 to 
300 K, and thus Y dependences of the hyperfine interaction parameters and site preferences 
and low-temperature measurements have been done for the first time. The low-temperature 
study aims to determine the nature of magnetic ordering, the possibility of the coexistence 
of magnetic order and superconductivity and the presence of spin relaxation effects in the 
Mossbauer magnetic spectra. 

In earlier papers on Mossbauer investigations [10-16] of Bi superconductors the 
researchers have not discussed the characteristics of their samples in detail. In most cases 
impurity phases were detected with x-rays [IO, 11,13,14]. Resistivity data are not presented 
except in 1141. In all cases, preparation of the samples was performed by the solid state 
reaction method. The procedures followed do not give special attention to the fact that Biz03 
has a strong tendency to evaporate above 822°C Calcination has been done at temperatures 
as high as 850°C [10-13]. It would therefore be interesting to know the stoichiometries 
and the superconducting behaviour of these samples. Bremen et a1 used a flowing oxygen 
atmosphere to prepare the sample [ I l l .  Sintering in oxygen atmosphere can lead to a 
high intake of oxygen which not only leads to structural modulations but also to impurity 
phases. The amount of substitution made (20%) by Bremert et a1 is also large. As we 
will show here, large substitution results in the formation of impurity phases. Micklitz et 
al [ 121 studied the single-crystal and polycrystalline samples of Fedoped 2212 phase made 
through different routes, yet the final compositions in the two cases are found to be similar. 
The Bi content of their samples is high in comparison to ours and may be responsible for 
the lower Tc obtained by them. The starting stoichiometries of the component oxides are 
not given; nor are the structural and superconducting characteristics. In the investigations 
by Lin er a1 [141, T , ( R  = 0) 0btain.d was very low. 70 K, even for Fe-free samples. C 
decreased by 22 K for a Cu substitution of 3%. The transitions were found to be broad. 
Lin er al found that vacuum annealing improved the Tc of their samples substantially. This 
is not in agreement with our observations: we have found that T, decreases when samples 
are annealed either in NI or in vacuum. 

2. Experimental procedure 

BizO3, SrCO,, CuO, Fe203 and CaCO, of purities better than 99.9% are used to make the 
superconductors. The stoichiometric amounts of the oxides were taken. All of them, except 
Bi203, were mixed and heated at temperatures in the range 925°C to 950°C. depending on 
x .  for 72 h, with two intermediate grindings. The temperature used was 930°C for x = 0.03 
and 0.06 and 950°C for x = 0.09 and 0.12. Biz03 was subsequently added in the desired 
ratio and the mixture was melted for a moment and air quenched. This was then annealed at 
850°C for 16 hand quenched. This sample is labelled BSW-A. Some of these samples were 
subsequently treated in Nz at 750°C for 8 h and slow cooled (99°C per hour) or quenched; 
these samples are labelled BSCC-A.N. The other pellets of BSCC-A were not so treated. Both 
these types of pellet were further treated successively at 850,855,855 and 860°C, for 16 h 
at each of these temperatures, followed by air quenching. These two types of pellet are 
designated BSCC-FN and BSCC-FA, respectively, depending on whether they were treated in 
NZ earlier or not. 

Mossbauer spectra at ambient temperature are obained using the spectrometer operated 
in constant acceleration mode. nCo in Rh is used as the souxe. Mossbauer spectra at 
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liquid helium temperature are obtained using a spectrometer operated with a sinusoidal 
drive waveform. Both ends of the long drive rod (x I m) are used to record spectra. The 
lower end, in the cold region of the liquid helium cryostat, carries the source for the oxide 
superconductor, while the upper end carries another source for calibration pulposes. The 
Fe foil for calibration is kept outside the helium cryostat at the ambient temperature. Both 
spectra are recorded simultaneously by a control and data acquisition system connected to 
an IBM personal computer. The velocity scale of the spectra is linearized after the analyses, 
for display purposes only. The spectrometer provides a calibration spectrum for Fe metal 
with lines of width % 0.23 mm s-I. Resistivity measurements are made using the Dc 
four-probe method. 
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Figure 1. The x-ray diffraction pattern of a B S C C . ~  
sample of BirSr2CaCuz(1-~,Fez,O~ld, P = 0.03. 

Figure 2. The temperature dependences of the 
resistivities of the four samples BSCC.A, BSCC.A.N, BSCC- 
FA and BSCC.FN of B i 2 S r z C a C s ( l - , r F e ~ O ~ ~ ,  x = 
0.03. 

Table 1. The results of analyses of the Mossbauer spectra of the four samples of 
BizSr~CaCu2ll- ,rFe~O~+~,  x = 0.03: BSCC-A. BSCC.A.N. BSCC.FA and BSCC-FN. using two 
doublets as well as three doublets. ~o sets of paramelen obtained using three symmetric 
doublets which fit Lhe speclra equally well are given. 

Component 1 Component 2 Component 3 

QS IS' I @  IS* I QS IS' I 

Sample (mm 5-I) (mm s-') (%) (mms-I) (mms-') (5%) (mm s-l) (mm SCI) (%) 

3%-A 0.69 0.23 33 1.77 0.245 67 
0.68 0.24 36 1.80 0.13 23 1.76 0.33 41 
0.665 0.24 34 2.01 0.24 22 1.61 0.26 44 

%-AN 0.63 0.22 19 168 0.23 81 
3%-FA 0.64 0.24 27 1.725 0.23 73 

0.63 0.245 31 1.78 0.13 36 1.68 0.35 33 
0.62 0.24 29 1.99 0.11 23 1.565 0.25 48 

0.66 0.25 36 1.96 0.23 30 1.55 0.26 34 
0.67 0.25 36 1.785 0.12 24 1.72 0.32 40 

3%-M 0.67 0.25 33 1.74 024 67 

* Isomer shift wilh respect 10 Fe metal. 
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3. Results 

3.1. BizSr2CaCul,r,,Fe*Os+d. x = 0.03 

X-ray diffraction patterns of 3%-A, 3%-A,N, ?.%-FA and 3%-m samples are similar (figure 1). 
No impurity phase was detected. The temperature dependences of the resistivities of the 
four samples are shown in figure 2 T, of BSCC-A.N is lower than T, of other samples 
by ZZ 20 K. The Mossbauer spectrum of any of these samples shows the presence of two 
component spectra (figure 3). The fit of the spectrum of Bscc-FN using two doublets is 
shown in figure 3. The results are given in table 1. In some of the earlier studies, three 
components have been used to fit the spectrum. Our analyses show that it is possible to get 
two different sets of parameters for the three symmetric doublets and get equally good fits. 
Both these sets are included in table 1. The corresponding fits are also shown in figure 3. 

S C Bhargam et a1 
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Figure 3. The Mossbauer spectrum of BirSrz Figure 4. The Mossbauer specva of BizSr~CaCuz,l-,l 
C ~ C U I ~ I - ~ ~ F ~ U O X + ~ .  x = r.03 (BSCGFN). at 300 K. FezrOx+d, x = 0.03 (BSCC.A.N) at 300 and 4.2 K. The 
The fils of the experimental data using two and three fit of the spectrum at 4.2 K obtained using two sexlets 
doublets are shown by full curves. The wmponent and a symmelric Paramagnetic doublet i s  shown by a 
specva are shown by dolled curves. full curve dong with the component theoretical s p e m  

The spectrum of BSCC-A.N differs from other spectra in an interesting way. The relative 
intensity of the inner doublet is lower than in other spectra. We have chosen this sample 
for the study at lower temperatures so the characteristics of the outer component at lower 
temperatures can be determined more precisely. The spectrum at 4.2 K (figure 4) consists 
of a paramagnetic as well as two magnetic component spectra. We assumed that the 
corresponding lines in a sextet have equal linewidths and depths. The relative intensities 
of the three pairs of lines are assumed to be 3 2 1 .  The two lines of the doublet are also 
assumed to be symmetric. The results are given in table 2. The fit in the outer parts of the 
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spectrum is unique and provides hypertine magnetic fields, electric quadrupole shifts and 
isomer shifts characterizing the two magnetic sextets accurately. The line overlap is large 
in the innermost part of the spectrum. The fit in this part is therefore not unique; it is highly 
dependent on the constraints used. We use the reasonable constraint that the inner lines of 
a sextet are three times less intense than the outermost lines. Nevertheless, the accuracy of 
the parameters characterizing the paramagnetic component thus obtained is limited. 

Table 2. Result of analyses of the Mossbauer apecva of BizSrzCaCu4l,,F~Os,d, x = 0.03 
and 0.06, at 4.2 K. 

X NO 1kG) (mm s-') (mm s-') 
Composition Component HINT IS (812 - 856) 

0.03 1 443 f2.5 0.32 0.25 
2 3 7 3 i 2  0.115 3.07 
3 - 0.32 1.50 

0.06 I 421 f 1.5 0.29 0.79 
2 3 6 7 i 3  0.25 1.95 
3 - 0.13 1.30 

3.2. Bi~sr~caCu~,,-,,Fe~,O8~, x = 0.06 

Samples of 6%-A, 6%-FN and 6%-FA have been studied. The T, values of BSSGA, BSSC- 
FA and BSSC-M samples are not significantly different (figure 5). The T, of BSCC-A,N is, 
however, distinctly lower and shows less metallic behaviour in the normal state. The x-ray 
diffraction pattems of these samples do not show significant differences and the impurity- 
phase contents of the samples are negligible (figure 6). SEM spectra of BSCC-FA and BSCC-FN 
samples are shown in figure 7. The pellet is broken into two pieces and the micrograph of 
the transverse section is taken. EDAX shows the chemical composition of the BSCC-FN sample 
to be Bil.6&~C~.99CuL 88Fe~ 1 2 0 ~ .  Mossbauer spectra of any of the three samples show 
the presence of two doublets. A least-squares fit to the spectra using two doublets gives 
results as shown in table 3. As In the case of the spectra of the sample with 3% substitution, 
it is possible to fit these spectra with three doublets. The two sets of parameters obtained 
are also given in table 3. The fit obtained using the three doublets is better (figure 8). The 
spectrum at 4.2 K (figure 9) consists of a paramagnetic as well as two magnetic components, 
similar to the spectra of the sample with x = 0.03 at 4.2 K. It is fitted with two sextets and 
a doublet. We assumed that the corresponding lines in a sextet have equal linewidths and 
depths. The relative intensities of the three pairs of lines are assumed to be 321. The two 
lines of the doublet are also assumed to be symmetric. The results are included in table 2. 

3 3 .  Bi~SrzCaCu~,,-~,Fe~~08+~, x = 0.09 

The x-ray diffraction pattem of BSCC-A shows the presence of a small amount of an impurity 
phase, whose concentration decreases with subsequent heat treatment. The peaks of the 
impurity phase have been marked with crosses in figure IO. The sample was further heat 
treated to prepare BSCC-FN and BSCC-FA. X-ray diffraction patterns of the two samples (BSCC- 
FA and BSCC-FN) are similar. Impurity peaks are negligible. The lines are also narrower 
showing better crystallinity of BSCC-FA and BSCC-FN. Thus, the subsequent heat treatments 
are helpful in removing the impurity phase and improving crystalliniry. 

Resistivity measurements show changes in Tc due to the heat treatments as shown in 
figure 11.  The width of the sc transition increases with x ,  to approximately 30 K in the 
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Figure 5. The lemperature dependences of the Figure 6. The x-ray diffraction pailem of BizSrr 
resistivities of the three samples BSCC.A. BSCC-FA and 
Bsscn of Bi2SrzCaCurll-I, FebOsw, x =0.06. 

C a C ~ ~ , l - ~ p e z O l ( + d .  x =0.06. 

present case. T,(R = 0) also drops to 48 K. The treatment in Nz (BSCC-4N) decreases T,, 
decreases the metallic nature of the oxide and broadens the sc transition further. This is 
found in samples with other values ofx too, and appears to be due to adecrease in the oxygen 
content of the sample. This interpretation is confirmed by treating the sample in vacuum 
at 500°C. which not only decreases .Tc drastically but also increases the semiconducting 
nature of the oxide further. 

Mossbauer spectra of BSCC-A, BSCC-FA and BSCC-FN are shown in figure 12. They are 
fitted with two symmetric doublets. The results are given in table 4. The relative intensity 
of the inner doublet is larger in BSCCA-FA and BSCC-FN than in ESCC-A. The relative intensity 
of the inner doublet of BSCC-A increases with time and tends to become equal to its relative 
intensity in BSCC-FN.FA. Thus, the relative distributions of Fe at the two sites acquire stable 
values after all the heat treatments 

3.4. BizSr,CaCuz,,_,,Fe,O,,, x = 0.12 

The BSCGA sample of this composition shows the presence of a significant amount of 
impurity phase (figure 13). On the other hand, the impurity peaks in x-ray pattems of 
BSCC-FA,FN are small, though not negligible. The peaks of the impurity phase have been 
marked with crosses in figure 13. 

BSCCA is metallic in the normal state and has a G ( R  = 0) of 50 K (figure 14). BSCC-FA 
and BSCC-FN, on the other hand, are semiconducting in the normal state and have broader 
sc transitions. The values of TJR = 0) are 30 K, but Tc onsets are not significantly lower 
than that of BSCGA. Thus it appears that the subsequent treatment has resulted in a higher 
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Figure 7. Scanning electron micrographs of BizSrz 
CaCu2,1-~,Fe2~Ox+d, I = 0.06: (a) BSCC-FN and (b) 
BSSC-FA. The pellet was broken into two pieces and the 
area along the thickness examined. 

Figure 8. Mossbauer spectra of BizSnCaCu2+,) 
F e b O ~ + d ,  x = 0.06 (BSCC-FN). The fits of the 
experimental data using two and three doublets a~ 
shown by full curves. The component spectra an shown 
by dotted curves. 

Figure 9. Mossbauer spectrum of B i z S r 2 C s C s , 1 _ , , F e ~ 0 + ~ ,  x = 0.06 (BSCC.FN) at 4.2 K. 
The tit obtlined using two sexteu and a symmeuic paramagnetic doublet is shown by a full 
curve along with the component Iheoretical spectra. 
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Table 3. The results of analyses of the Mossbauer spectra of Ihe Uuee samples of 
BizSrzCaCuzll-,IFe~~+d, x = 0.06 Bscc.~, BSCC-FA. BsCGFN. using hvo doublers as well 
as three doublers. WO sets of parametes obtained using three symmetric doublets which fit the 
spectra equally well are given. 

Component I Component 2 Component 3 

QS IS' I QS IS' I Q  IS' 1 

Sample (mm s-1) (mm s-1) (5) (mm s-1) (mms-1) (5) (mm s-') (mms-') (%) 

6 % ~  0.69 0.X 44 1.70 0.20 56 
(173 K) 0.73 0.23 38 1.79 0.10 31 1.75 0.33 31 

0.72 0.23 35 2.02 0.115 24 1.57 022 41 
6%-FA 0.74 0.23 45 1.83 0.22 55 
(300 K) 0.72 0.24 46 1.85 0.11 23 1.795 0.33 31 

0.70 0.24 42 2.03 0.21 24 1.58 0.24 34 
6%-m 0.68 0.22 36 1.705 0.23 64 
(330 K) 0.67 0.22 38 1.98 0.21 18 1.56 0.23 44 

0.68 a22 41 1.69 0.33 30 1.74 0.12 29 

* Isomer shift with respect 10 Fe metal. 

500 111 BSCC-A 

- 
5 121 BSCC-FN 

I I 

0 1  I t 
8.0 20.0 32.0 44.0 56.0 

- 
8 m 
LT 
c 
b- 
cc 1.L "I 0.0 0 

Angle 28  TEMPERATURE (K1 
Figure 10. The x-ray diffraction pattern of Figure I I. Temperature dependences of the resistivities 
BizSI2&cUz(I-~)%&+d, X 0.09. Of Lhe three samples BSCC-A. BSCC.FA and BSCC.FN Of 

BizSrzCaCuz(l-,,Fe~O~+~, x = 0.09. 

content of Fe in the SC lattice in BSCC-FA and BSCC-FN than in BSCC-A. No appreciable tail 
in the R against T curve is visible. The AC susceptibility, XAC. of BSCC-FN and BSCC-FA 
pellets show the onset of bulk superconductivity at % 30 K. in agreement with T,(R = 0) 

The Mossbauer spectrum at ambient temperature has been split into two symmetric 
doublets. The fitted spectra are shown in figure 16 and the results included in table 4. 
Thus, the formation of the impurity phase has not resulted in the appearance of any e x m  
component in the Mossbauer spectrum. This implies that the impurity phase does not contain 
Fe. It is also unlikely that one of the two Mossbauer components corresponds to this impurity 

Of BSCC-FA and BSCC-FN (figure 15). 
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Figure 12. Mossbauer speck? of the 
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Table 4. The results of analyses of the Mossbauer spectra of the ulree samples of 
BizSr~CaCuzll-x)Ferr~*~, x = 0.09 (sscc.~, BSCGFA, BSCC.FN), and two samples of 
BizSrzCaCuztl-x)Fezt~+~. x = 0.12. BSCC.FA and BSCC.FN. using two doubleis. 

Component 1 Component 2 

QS IS* I Qs [S. I 
Sample (mms-I) (mms-') (5%) (mms-I) (mms-l) (%) 

9%-A 0.66 0.21 31 1.65 0.23 69 
9%-FA 0.73 0.24 43 1.79 0.25 57 
9%m 0.73 0.24 42 1.78 0.25 58 

12%-FA 0.78 0.23 51 1.82 0.25 49 
12%-FN 0.78 0.24 50 1.84 0.25 50 

' Isomer shift with respec! to Fe metal. 

phase, because in the sample with lower x both Mossbauer components are large in relative 
intensity even though the impurity phase is not shown by x-rays. Furthermore, the impurity 
phase appears to be non-superconductive because its presence has not resulted in a tail in 
the R against T curve. 
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Figure 13. The x-ray diffraction pattern of F i r e  14. The temperature dependences of the 
BizSr2CaCuzli-,,Fe~Oxhl. x = 0.12. The diffraction resistivities of the two samples BSCGA and BsCC. 
panems of mcc-FA and BSCC-FN are similar. FN of Bi*SrzCaCuUi-,,Fe~O~+d. x = 0.12. The 

dependences of BSCGFA and B S C C . ~  are not appreciably 
different. 

Figure 15. XAC of Bi*Sr~CaCuzli-xlFel,~*d, 
x = 0.12 (BKC.FN). The frequency used is 
313 tiz and the field is abut  0.5 G. 

Figure 16. Mossbauer specm of the lwo Sampler Of 

BizSI1CaCuz,i-,,FerrOsid. x = 0.12 ( U )  BsCCM and (b) 
Bswm. The test fits are drawn as full C U N ~ S .  The component 
specua am shown by dotted curves. 
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4. Discussion 

4.1. Fe occupies Cu sites 

On average, all Cu sites in the 2212 phase of the Bi superconductor are equivalent. However, 
the number of component spectra in the Mossbauer spectrum is certainly greater than 
one. The possibility that Fe substitutes for other cations has also been ruled out in earlier 
studies. A large number of investigations have shown that Fe, CO, Mn, Zn, etc substitute 
at Cu sites only, and significantly reduce T, and the metallic nature of high-temperature 
superconductors [1-16,21-35]. Such studies are abundant for the case of YBazCuSQ [21- 
301 because of the ease with which this superconductor can be prepared Thus, neutron and 
electron diffraction [21-25], EXAFS [26-29]. anomalous x-ray scattering [30], and Mossbauer 
spectroscopy [1-3] have shown that Fe atoms substitute for Cu atoms in YBazCu3Q 
only. The change in superconducting properties is gradual as the concentration of the 
dopant is increased. The Mossbauer spectrum is also characteristic of the dopant and 
oxygen ion concentrations in the oxide. Indeed, by observing all of these it is possible to 
ascertain whether Fe has occupied the desired Cu site in YBazCu307. The effects of the 
substitution and the site preferences of Fe, CO, Zn, Ni, etc in BizSrzCaCuzO8.M have also 
been studied [ 10-16, 31-35]. These ions are found to substitute for Cu only. 

4.2. The cause of two douhlets 

In an interesting experiment, Tarascon et a1 [5 ]  have shown that superstructural modulations 
present in the Bi superconductor result in more than one component spectrum even when 
all Cu sites in the lattice are equivalent. Biz-,Pb,SrzMO, (M=Mn, CO, Fe) centred around 
x = 1 are isostructural to the 2201 phase of the bismuth cuprate with Tc FCI IO K, but 
lack the structural modulation present in BizSrzCuOb (2201 Pb-free phase). In this PbBi 
phase, i.e. 50% of Bi replaced by Pb, full substitution of Cu by Fe can be achieved On 
the other hand, in the 2201 Pb-free phase, the substitution of Cu by Fe is limited to 50%. 
Mossbauer spectra of BizSrzC~.bFQ..@,, in which the structural modulations are present, 
show the presence of two doublets with splittings of 1.64 and 0.65 and isomer shifts of 
0.22 and 0.18 mm s-', respectively. Mossbauer spectra of PbBiSrzFeOy, which has a 
non-modulated structure, show only one doublet with electric quadrupole splitting (EQS) of 
1.48 mm s-'. However, lines are broad (r FCI 0.5 mm s-') even without modulation. Thus, 
the appearance of superstructural modulation is responsible for the appearance of more than 
one doublet but the line broadening is present even without modulation. 

Superstructure modulations result from extra 0 rows in the Bi layers. The excess 0 can 
occupy the CaO layer in the vicinity of Fe at the Cu sites, because Fe has strong preference 
for the octahedral coordination. The larger intake of 0 at higher Fe concentration, beyond 
that required 'for superstructural modulation, has been experimentally confirmed. Thus, 
there are two ways in which the excess 0 can affect the spectrum: either through the 
direct effect of the superstructural modulation in the BiO layer, or through the'insertion of 
extra 0 into the CaO layer, close to Fe. The latter is far more effective in changing the 
hyperfine interaction parameters and is more likely in view of the large differences observed 
in the parameters characterizing the two doublets. Of course, in both cases, superstructural 
modulation are present. 

A few other characteristics of the inner doublet need to be considered (i) the relative 
intensity of the inner doublet in the spectrum of BSCC-A increases with time and tends to 
become equal to the value found in the spectrum of BSCC-FA,~; (ii) the relative intensity 
of the inner doublet in the BSCC-A spectrum increases with the further heat treatment which 



leads to BSCC-FA, and Bscc-FN; (iii) the relative intensity of the inner doublet increases as 
the concentration of Fe increases; (iv) the relative intensity of the inner doublet is smaller 
in the single-crystal sample than in the polycrystalline sample [12]; (v) this component is 
found in the spectra of all high-temperature superconductors; (vi) its isomer shift is always 
distinctly characteristic of Fe3+; (vii) it always shows saturation hyperfine magnetic field 
2 425 kG when magnetically split, which shows that these Fe'+ ions are in high-spin states 
in all cases; (viii) the qUadNpk shift in the magnetic spectra shows that spins lie in the 
ab plane in all cases if it is assumed that V,, i s  along the c-axis and is axial. 

This inner component is believed to result from the Fe atoms at the square pyramidal Cu2 
sites in YBa2Cu307, but the origin of this component in the case of BizSrzCaCuzOs is not 
considered to be Fe at the Cu sites with square-pyramid oxygen coordination. No evidence 
was presented. however, for this interpretation in the case of the Bi superconductor 11G161. 

It appears that in the airquenched sample of BSSC-A, a stable structure is not obtained 
even though the x-ray diffraction panem shows the formation of the superconductor lattice. 
With the passage of time or on further heat treatment the stable structure is obtained, 
which leads to improved crystallinity, indicated by the narrowing of the x-ray lines and 
the increase in the relative intensity of the inner Mossbauer doublet. This, in tum, results 
From the appearance of structural modulation. Thus, the modulations are stabilized with 
further heat treatment or with the passage of time. The fact that the stable structure is not 
obtained initially may be due to the air quenching used to cool the sample from 850°C. 
The transormation to a stable structure may be due to atomic movement on a microscopic 
scale, or to migration or the intake of oxygen ions. The strong tendency to acquire stable 
structure makes this change possible even at ambient temperature. 

4.3. Number of component spectra 

Barb et al [IO], Micklitz et a1 1121 and Monish et al [9] have fitted the Mossbauer spectra 
of the 2212 phase with two doublets only. In other investigations three doublets have been 
used. There is no unambiguous evidence available, however, from earlier studies to support 
a fit with three doublets. The parameters characterizing the component spectra of 2212, 
2201 and 2223 phases are not much different. Thus, if the 2201 or 2223 phase is present 
along with the 2212 phase, a fit using three overlapping doublets would be desirable. In the 
study by Lin et a! [ 141, the solid state reaction method, which is known to give the 2201 
phase too, is used to prepare the sample. The Tc obtained is low and the superconducting 
transition is wide. Thus, a fit by three doublets is reasonable. In the case of Bremert et a1 
[ I  I], the concentration of the dopant used is very high (20%). The formation of an impurity 
phase is expected and thus a fit to three doublets is understandable. In the samples prepared 
by Tittonen et af [131, impurity phases are also present, and the spectra have been fitted 
with three doublets. 

The line broadening indicates a spread in the values of electric field gradient (EFG) and 
isomer shift which characterize the component spectra. Its origin is not clear at this stage. 
The possibility of superstructural modulations causing the line broadening was ruled out 
by Tarascon et a! [51. The fit to the broad spectrum improves, particularly in the outer 
parts, as the number of components used to fit the spectrum is increased. No additional 
information is, however, available from such an exercise except to confirm that there is a 
Spread in the values of EFG and isomer shifts. We preferred to use only two doublets to fit  
the spectra. In some cases, we also fit the data with three doublets. Two quite different sets 
of parameters for the three doublets were found to fit the experimental spectrum equally 
well, which clearly shows non-uniqueness. 



Mossbauer study of 2212 Bi 4553 

4.4. Magnitude of EFG and isomer shifrs 
Another interesting result pointed out by Micklitz et a1 [I21 is that the Cu nuclear 
quadrupole resonance (NQR) frequencies at the square pyramidal sites of YBa2Cu307 and 
BizSr2CaCuzO~ are same 136,371. Consequently, the hyperfine interaction parameters of 
Fe at these two sites must be similar if the ionic states of Fe in the two cases are the same. 
In earlier studies, the doublet with splitting w 1.7 mm s-' in the spectrum of the 2212 
phase and the doublet with splitting * 0.67 mm s-' in the spectrum of YBazCu30, were 
assigned to Fe with square pyramid coordination of oxygen ions. The isomer shifts of these 
two doublets are characteristic of the same charge state, Fe3+. Thus, the difference in the 
magnitudes of quadrupole shifts and hyperfine magnetic fields is possible if the spin states 
are different in the two cases. In the following we examine this possibility. 

The splitting of the d state in fields of various symmetries is shown schematically in 
figure 17. In an octahedral field, the fivefold degenerate level splits into a ground triplet 
( I x y ) ,  I xz ) ,  and l yz) )  and the excited doublet (1z2) and Ix2 - y2)). In the case of tetragonal 
distortion, obtained by the displacement of ions along the z-axis away from the centre, the 
excited state splits into two states and.the ground state into a doublet and a singlet. These 
splittings increase as the square pyramid coordination is approached. Finally, when the other 
ion along the z-axis is also removed to infinity to obtain the square planar configurations, 
these splittings reach a maximum. A discussion of these aspects can be found in [38] or 
in any crystal field theory text. The possibility of the ionic state becoming a low-spin 
state, with S = 3/2, increases as these splittings increase. Hund's rule is followed as long 
as crystal field splitting is smaller than EH (w 30000 cm-I). The crystal field splitting 
(IO Dq) in the field of octahedral symmetry % 14000 cm-' for Fe3+ 1381. Thus, in this 
case, Hund's rule is followed and results in a high-spin Fe3+ ion with S = 5/2.  In this 
case, the valence contribution to EFG is zero. The lattice contribution is also Small for 
a predominantly octahedral environment. Consequently, the EQS is expected to be small. 
The, hyperfine magnetic field is expected to be close to 500 kG. On the other hand, when, 
the energy splitting between the lowest level and the excited 1x2 - z2)  state becomes large 
due to a change from octahedral to square pyramidal coordination, we can get a low-spin 
configuration of Fe3+ with S = 3/2. In this case, the valence electrons as well as the 
lattice charges make an appreciable contribution to the EFG. EQS is expected to be large. 
The hyperline field is also w 330 kG. 

For the ion to be in a high-spin state at the Cu2 site in YBa2Cu307 and in a low-spin 
state at the square pyramid Cu site in Bi&&!aCuzOs, we should have apical 0 relatively 
farther from the Fe ion in the Bi superconductor. We give the relevant Cu-0 distances in 
table 5 ,  which clearly rule out the possibility of different spin states of Fe3+ in the two 
cases. Consequently, the assignment of widely differing Mossbauer components to Fe at 
the square pyramidal sites in BizSrzCaCuz@ and YBa2Cu307 is not in agreement with NQR 
results as well as crystal field considerations. It is, however. accepted that the assignment in 
the case of YBa~Cu30, is correct. Consequently, we must assume that the inner component 
in the spectrum of Bi2SrzCaCuzOs corresponds to Fe atoms on the square pyramid sites. 
However, in this case the origin of the outer component is not clear. 

A similar anomalous observation [5 ]  is the large splitting of the doublet in the spectrum 
of 'PbBiSrzFeOb (w 1.48 mm s-I) even though Fe sites are octahedrally coordinated to 
oxygen ions with slight tetragonal elongation of the oxygen ions along the z-axis. 

4.5. Magnetic spectra 

The spectrum at 4.2 K shows the coexistence of magnetic and paramagnetic components. 
Line widths in the magnetic spectra are large and can be caused by a distribution in hyperfine 
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Table 5. C u d  ion distances in the square pyramid coordination of Cu ions in YBazCu& and 
Bi&2CaCu2Ox (see figure 17). 

CU-01 (X2) CU-Ol(X2) CU-O3(Xl) 
Superwnduclor (A) (A) (A) Ref. 

BizSrzCaCuZOrr 1.99 1.88 2.26 L391 

YBazCulOr 1.927 1.961 2.301 [401 
1.93-1.94 1.88 2.38-258 [411 

interaction parameters as a result of structural variations. Another intrinsic mechanism, as 
in the case of broadening of the paramagnetic componenr cannot be ruled out at this stage. 
The alternative possibility is the presence of relaxation effects which not only broaden the 
lines but also affect line positions. As the relaxation frequency increases, the lines start 
moving towards the centre; the inner lines are the first to move in. The values of 8,6/834 
and 825/834 in a sextet are 6.327 and 3.663, respectively, in the absence of relaxation. Here, 
8, denotes the separation between the ith and j t h  lines of a sextet. As the relaxation 
frequency increases, these ratios start increasing due to the preferential inward motion of 
the inner pair of lines. Subsequently, outer lines also move in. Only when the relaxation 
frequency becomes very large do the ratios regain their static values and relaxation effects 
disappear. This is generally the case in the spectra of magnetic substances. We have, 
however, successfully fitted the spectra at 4.2 K by keeping the values of these parameters 
as 6.327 and 3.663, respectively. The fit obtained is satisfactory. Furthermore, in the 
presence of relaxation, linewidths, 616/834 and &/a34 increase with temperature. This has 
not been found in the temperature range in which the magnetic splitting appears, i.e. from 
4.2 to 15 K. Thus, unlike in the case of YBa2Cu30,. we have not found evidence of 
spin relaxation effects on the magnetic hyperhe spectra of the Bi superconductor. This 
implies that magnetic ordering and superconductivity coexist in the present case. This, 
however, does not contradict the results obtained using BCS superconductors, in which 
magnetic impurity destroyed superconductivity, if the magnetic ordering of Fe in the Bi 
superconductor is of spin glass type [42,43]. The magnetic correlation length in this case 
can be smaller than the superconducting coherence length. It has been shown by the neutron 
diffraction method [42,43] that the magnetic ordering of Fe at low temperatures is indeed 



Mossbauer study of 2212 Bi 4555 

characteristic of spin glass. 
The coexistence of the paramagnetic component and the two magnetic components can 

also be explained as being due to spin glass behaviour or superparamagnetism. Earlier 
studies have shown that whereas the spin glass freezing in the metallic substances occurs 
sharply at some temperature, this is not so in oxide spin glasses. This is due to the long-range 
and short-range nature of magnetic interactions in metallic and non-metallic substances, 
respectively. As a result, spins in oxides progressively freeze as the temperature is lowered. 
The short-range nature of the magnetic interactions in oxides also frequently leads to 
superparamagnetism when the concentration of magnetic ions is low. As a result of either 
or both of these, in a certain range of temperature, the paramagnetic component coexists 
with the magnetic spectrum. The intensity of the paramagnetic component decreases and 
that of the magnetic component increases as more and more spins freeze due to the lowering 
of temperature. However, unlike the conventional spin glass oxides, the oxides under study 
are high-temperature superconductors. The effect of the presence of superconductivity on 
the characteristic differences in the behaviour of metallic and non-metallic spin glasses is 
not clear. The coexistence of magnetic and paramagnetic components has also been found 
in the spectra of Fe in the 2223 phase of the Bi superconductor [8] and Bi~Sr2YCu20g+d 
[I61 at low temperatures. 

5. Conclusions 

Fe can replace Cu in Bi&2CaCs0~ up to 8% without forming an impurity phase. T, 
decreases by 4.8 K for 1% substitution, linearly up to 8%. Fe occupies Cu sites only. 
Two doublets are observed in the paramagnetic Mossbauer spectra, even though all the Cu 
sites occupied by Fe atoms are equivalent on average. There is no clear evidence for the 
presence of three doublets. Isomer shifts are in the range 0.23 to 0.25 mm s-' in all cases. 
This shows that all Fe ions in the superconductor are in the Fe3+ charge state. 

The inner doublet increases in intensity with time as well as with further heat treatment. 
Its intensity acquires a stable value after sufficient heat treatment. Its relative intensity 
also increases, almost linearly, as Fe content increases; from 30% for x = 0.03 to 50% 
for x = 0.12. The quadrupole splitting increases from 0.65 mm s-' for x = 0.03 to 
0.78 mm s-' for x = 0.12. At low temperature this component splits magnetically. 
Hin1(4.2 K) Fti 425 kG which shows that these ions are in a high-spin Fe3+ state. These 
ions appear to have octahedral coordination of oxygen ions. The other doublet also changes 
with x .  Its splitting increases from 1.73 to 1.84 mm s-' as x increases from 0.03 to 0.12. 
HinI (4.2 K) 373 kG for these ions. These ions appear to be in low-spin states. Crystal 
field considerations suggest that these Fe3+ ions with low-spin configurations occur at the 
sites with square pyramidal configuration. 

The magnetic ordering at lower temperatures has not shown signs of spin relaxation 
effects, though lines are broad. Spin glass ordering of Fe ions coexists with 
superconductivity. 
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