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ABSTRACT

For many years superconductivity was considered to be a low temperature

phenomenon occurring below ~ 25K. All this changed in April 1986 when J. G.

Bednorz and K. A. Miiller showed that the oxide La2-xBaxCu04 becomes a

superconductor at ~ 30K. Later in December 1986 the oxides La2-xSrxCuC>4 and

lM2-xBaxCu04 synthesised under high pressure, were shown to superconduct at

~ 40K and ~ 50K, respectively. Finally in February 1987 Chu synthesised the

classic superconductor YBCI2CU3O6.8, the so-called 1:2:3 material, which has a

critical temperature circa 92K.

In this thesis, electron paramagnetic resonance (EPR) and susceptibility

measurements are reported on various superconductors. In 1987 Bowden et al.,

showed that pure phase 1:2:3 samples are characterised by an absence of Cu

EPR signals. This contrasts sharply with the Green phase material, Y2BCI1C111O5,

which shows a very large EPR signal with a geff of 2.08.

In an attempt to induce EPR signals, Mn doped 1:2:3 samples have been

synthesised and characterised with EPR , AC susceptibility, XRD and SEM

measurements. It is shown that Mn EPR signals are not evident in the Mn doped

samples with a geff of 2.09. Also, below Tc the EPR signals of the lightly doped

Mn samples vanish. It is argued that this is due to fluxoid motion within the

superconductor, which gives rise to very large non-reproducible signals. It is

suggested that the signals originate from Cu, impurity contaminants and

multiple phases produced when the 1:2:3 superconductor is doped with Mn.
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CHAPTER 1

INTRODUCTION

1.1 SUPERCONDUCTIVITY.

Superconductivity is the name given to the remarkable property of zero-

resistance, which occurs in certain materials when they are cooled to low

enough temperatures. The phenomenon was first observed in 1911 by

Kamerlingh Onnes, who investigated superconductivity in solid mercury at

4.15K. It has been known for many years that the resistance of metals decreases

as the temperature is lowered. However the onset of superconductivity was

entirely unexpected. Later, it was shown that the superconducting state could be

destroyed by the application of a sufficiently strong magnetic field. Nowadays,

superconductors are classified into either a type-I or type-II. In the case of a

type I superconductor, magnetic flux cannot penetrate the material until a

critical magnetic field Hc is reached and superconductivity is lost. In type II

superconductors however, there are two critical field values H^i and H ^ .

Below He] the magnetic flux is totally excluded as in type I, however above

Hci there is partial penetration of the material by the magnetic flux and the

superconducting state is still maintained. Above H ^ , however the flux

penetration is complete and superconductivity is destroyed. Between H ^ and

HC2, the type II superconductor enters a mixed vortex state, consisting of



diamagnetic superconducting material in the bulk, with threads of normal

material carrying magnetic fluxoids.

1.2 SUPERCONDUCTING METALS AND OXIDES.

In 1986, the 75th anniversary of the discovery of superconductivity, Bednorz

and Muller (IBM, Zurich) discovered a new class of type II superconductor the

La-Ba-Cu Oxide system. One such compound, remained superconducting up to

Tc = 52K, (viz., La2-X BaxCuO4 under pressure).

A selection of superconducting elements and compounds can be seen in tables

1.1, 1.2 and 1.3. To date, the element with the highest transition temperature is

niobium (Tc = 9.26K) and the element with the lowest is tungsten (Tc =

0.012K). Of the compounds, sulfur nitride (SN)x a polymer has the lowest (Tc

= 0.26K), while the Hg -Ba-Ca -Cu-0 system has the highest (TC = 157K). It is

evident from an examination of tables 1.1, 1.2 and 1.3, that the highest

transition temperatures are observed in alloys and compounds. For many years

the niobium-tin alloy held the record for the highest transition temperature.

Subsequently other alloys were found such as Nb^Ge which, as a thin film, has a

TC=223K.

This thesis covers the preparation and modification of the YBCO

superconductor (the now famous 1:2:3 compound). The samples were studied

by (i) determining the transition temperature using the four-point resistance

method, and (ii) with an AC susceptibility bridge. In addition, EPR



measurements on selected samples were also made at both room temperature («

295 K) and at various temperatures down to liquid nitrogen temperature.
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Element
Aluminium
Gallium
a-Mercury
Indium
a-Lanthanum
(3-Lanthanum
Niobium
Lead
Rhenium
Tin
Tantalum
Titanium
Thallium
Vanadium
Zirconium

TCK
1.196
1.091
4.15
3.40
4.9
6.06
9.26
7.19
1.698
3.72
4.48
0.39
2.39
5.30
0.65

Bc Tesla
0.0099
0.0051
0.0411
0.0293
0.0798
0.1096
0.1980
0.0803
0.0198
0.0305
0.0830
0.0100
0.0171
0.1020
0.0047

Table 1.1. Values of Tc & H for the Elements (after Kresin 1990)

Compound Te (K) Compound Te (K)
Nb3Sn 18.05 Pbo.yBioj 8.45

Nb3Ge 22.3 V3Si 1.71

NbO 1.2 (BEDT-TTF)2Cu(NCS)2 10

BaPbo.75Bio.25O3 11 LaL 8Sro.2Cu04 38
0.75 Bi2CaSr2Cu2O8+x 90

Table 1.2. Critical Temperatures of some selected Compounds and BEDT-TTF

denotes bis-ethylenedithio-tetrathiafulvalene (after Kresin 1990)

Compound
La2-X BaxCuO4
(La2.x Srx)CaCu2O6

Tl2Ba2Ca2Cu30io
HgBa2Cu04+x

TC(K)
52
60
125
94

Compound
Bi2Sr2Ca2Cu30io
TlBa2Ca3Cu40n

YBa2Cu307

HgBi2Ca2Cu30g+x

TC(K)
110
133
92
157

Table 1.3. Critical temperatures for some high temperature Superconductors

(after Burns 1992).
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CHAPTER 2

MEASUREMENT TECHNIQUES.

To characterise new superconducting materials, it is useful to determine, (i) the

critical temperature (Tc), and (ii) the Meissner effect. Once this has been done,

further measurements such as Electron Paramagnetic Resonance (EPR) can be

performed.

2.1 CRITICAL TEMPERATURE.

The critical temperature, Tc, defines the phase boundary where the material

changes from the normal to the superconducting state. The critical temperature

can be determined either by resistance or susceptibility techniques. In the case of

the former, the resistance vanishes below Tc, whereas for the latter, it is the

Meissner effect, which signals the onset of superconductivity. For

inhomogeneous samples, susceptibility measurements can be used to detect the

presence of differing superconducting phases in the bulk of a non-

superconducting substance.

2.1.1 RESISTANCE METHOD.

To perform resistance measurements the "four terminal method", shown

schematically in figure 2.1, is often used. The two outer most leads are the

current leads and the two inner ones are those for the voltage measurement. The

contacts are usually made with either ultra-sonic soldered indium metal or

colloidal silver paint. It is important that the contacts to the sample are of low

13



resistance. A small fixed current is passed through the sample and the voltage

drop across it is measured as a function of temperature. This gives a

characteristic transition temperature curve shown in figure 2.2. At the transition

temperature, the current remains constant while the voltage decreases to the

noise level of the voltmeter. If the transition is symmetric, the transition

temperature can be roughly defined as the temperature where the resistance will

not rise to luV above the start of the transition. Several points should be noted.

Sample

Bath

Thermocouple
Junction

Fig. 2.1 The standard four point method for measuring resistance.
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Figure 2.2 Typical transition curve of the High Temperature Tc

obtained using chromel-aiumal thermocouple with the reference at

liquid nitrogen.
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1. The resistive transition is not a bulk measurement. If a single filament

of superconducting material exists in a normal non-superconductor, the voltage

across the sample will be zero.

2. Sometimes a fine crack may develop in the sample as shown in fig. 2.3.

Such a crack would isolate the voltage contacts and the current contacts. If the

current is passed through 1 & 4 and the voltage measured through 2 & 3, the

voltage can register zero while the current remains constant. This can be

checked by using 1 & 3 as current input and 2 & 4 to measure the voltage and

vice versa. If the result obtained is the same, then there is at least one

superconducting filament connecting all 4 contacts.

3. The resistance technique never actually measures a resistance that is

zero, but is limited by the sensitivity of the voltmeter (typically lu.V). However

measurements of persistent currents in solenoids have shown that

superconductors have resistivity of less than 10 "23 f2-cm (Kresin et al., 1990).

Finally, it should be noted that for a resistance measurement to be at all

conclusive, the measured resistivity of the superconductor under test must be

considerably less than that of copper at a comparable temperature.
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Voltage Leads

1

2

v,

3

.——̂y

4

Current Leads

Fig 2.3 The sample showing a crack which has opened up at low temperature.

The resistance measurements would indicate that the sample is a

superconductor, if further experiments were not performed.
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2.1.2 MAGNETIC SUSCEPTIBILITY.

Electrons in atoms possess magnetic dipole moments generated by the spin and

the orbital momentum of the electrons. The magnetic moments of the 3d and 4f

electrons are determined, primarily, by Hunds rules. These state that a) the

available electrons will maximise the total spin S (= ^Sz(i)), consistent with

Pauli's exclusion principle, and b) the orbital momentum L will be given by the

maximum values of L (=^Lz(i)), consistent with S. An important example,

discussed in this thesis, is that of Mn2+. Here there are five 3d-electrons which

give rise to S=5/2 and L=0 by Hund's rules. Thus Mn2+ is an "S-state ion", with

a magnetic moment of 5 Bohr magnetons. In the presence of a magnetic field,

the degeneracy of the Sz = ±5/2, ±3/2, ±1/2 levels is lifted according to

E{m) = -gjuBMH. Such splitting gives rise to paramagnetism and is also the

basis for the EPR experiments described in section 2.3.

The situation for superconductors is rather different. Below the ordering

temperature Tc, diamagnetic currents will flow so as to oppose any external

magnetic fields. Indeed it is the onset of diamagnetism which is often used to

determine the temperature at which the sample superconducts. In practice, small

applied oscillating magnetic fields are used for this purpose, to avoid exceeding

the lower critical field



2.2 ELECTRON PARAMAGNETIC RESONANCE.

2.2.1 Absorption of Radiation and Splitting of Energy Levels.

As mentioned earlier in section 2.1.2, in the presence of a magnetic field the

Mn+2 S=5/2 state, splits into Sz = 5/2, ,-5/2 sub-states with an energy separation

of AE = gjuBB , where (i) U.B is the Bohr magneton and (ii) the

gyromagnetic ratio g is close to 2. For a free electron, g is 2.0023, but for a

system of bound electrons g can be affected by the neighbouring electron bands

and crystal field effects.

Transitions between the various sub-levels are permitted if (i) AMZ = ± 1 and

(ii) the energy difference AE is supplied by a photon ho- gjuBB. If the applied

field is 1 Tesla, the quantum of energy absorbed is 1.8548x 10 ~23 j o u i e s Thus

the frequency of the photon is v = gjuBB I h =28.1 Ghz, which corresponds to

a wavelength of 0.94 cm. This corresponds to the K band of the microwave

region. The experiments reported later in chapter six were carried out on a

homemade 9 Ghz X-band EPR spectrometer located in the School of Physics,

UNSW. A description of this apparatus is given in chapter 6.

2.3 SUMMARY

In this chapter a brief introduction to the measurements techniques employed in

this thesis have been described. In the next chapter, details of sample

preparation and characterisation are presented and discussed.
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CHAPTER 3

SAMPLE PREPARATION

In this chapter, the methods used to sinter the oxide superconductors are

discussed. In general, it is necessary to react and subsequently sinter high T c

materials for long periods of time at temperatures just below the dissociation

line in the appropriate phase diagram. Therefore the oven, and its temperature

controller , must be very precise The controller used in this work kept the

temperature to within ± IK of a predetermined setting.

3.1 STANDARD PREPARATION METHOD.

Early samples were prepared by what has been crudely described as shake and

bake chemistry'. The method adopted was similar to that described by Taylor in

his unpublished report on the 1987 Anaheim High Tc meeting.

1. Mix the compounds in the stoichiometric amounts required and thoroughly.

2. Heat for about 7 hours at 950 °C then re-grind the partially reacted

material.

3. Repeat steps 2 until the reaction is completed.

4. Re-grind the material and pelletise it.

5. Re-heat for a further 7 hours at 950 °C.
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6. Cool slowly to 550 °C and anneal for 7 hours. The power is then switched

off and allowed to cool to ambient temperature before removing from the oven.

If the process is successful, a fairly dense black YBa2Cu3O7_g (123) pellet is

produced. However, care must be exercised otherwise a green insulating

material, Y2BaCuC»5 (211), is formed. The procedure described above yields

reasonably good samples, but some problems were encountered. Occasionally,

some of the material partially reacts and melts, leaving a spongy black material

stuck to the side of the crucible. A closer look at the chemistry of the reactions

suggests that the latter formed as a result of the following reaction :—

BaCO3 (solid) + CuO(solid) -> BaCuO2 (solid) + CO2 (gas)

The molten material was the binary oxide BaCuO2 which melts at about 800

°C. This was verified by reacting the barium carbonate and copper oxide

separately and heating to 800 °C. The result was a molten mass which fused to

the ceramic crucible. In addition, it was also found that silica or quartz crucibles

were unsuitable in that they reacted with the oxide mixture leading to severe

erosion of the crucibles. Alternative crucibles were therefore investigated.

Sintered alumina boats were found to be quite satisfactory in that they could be

used many times. Ceramic crucibles could only be used three or four times while

the quartz and silica ones could only be used once or twice depending on the

amount of material being prepared.

Three methods were tried to eliminate this problem. The first method that was

tried was to eliminate steps 3 4 & 5 and pelletise the material before heating.

This method has two disadvantages. The pelletising procedure is time

consuming. More importantly the reaction proceeds at a slower rate and is less
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efficient in the compacted state. This was apparent from the visual examination

of the pellet, which contained streaks of black and green material, indicating a

mixture of the superconducting and insulating phases. The presence of different

phases was verified later by chemical analysis of the samples.

The second method involved reducing the temperature at which the initial first

reactions occurred. That is, instead of reacting the oxide mixture at 950 °C, the

reaction was initially carried out below 800 °C. Again this had the disadvantage

of being time consuming, but on the other hand it had the great advantage of

giving a much more complete reaction because the mixture was in the form of a

loose powder rather than a condensed solid. It was, however, less time

consuming than the pelletisation method.

The third method used was the directed reaction process. This process gave

high quality nearly single phase YBa2Cu3O7_g. The process involves a two-

stage reaction where two intermediate binary oxides are made and then mixed

to further react and produce YBa2Cu3O7_5. This process was first described by

Chunlin et. al. and the relevant details are given in the next section.

3.2 DIRECTED REACTION PROCESS

As has been mentioned above, mixing the three constituents, Y2O3, BaCO3 and

CuO together can often produce a complex mixture of different oxides. There

are at least five binary and two ternary oxides that can form of which only

YBa2Cu3O7_g is superconducting. The directed reaction process consists of the

following steps.
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1 Separately mix appropriate ratios of Y2O3 with CuO, and BaCC>3 with CuO, in

separate crucibles, followed by calcining the two mixtures for 24 hours at 800

°C. Both crucibles contained very well reacted binary oxides which were

spongy in appearance and had not fused to the walls of the crucibles. When

heating Y2O3 with CuO only one binary oxide will form, namely, Y2CU2O5

that is green in colour.

Y2O3+2Cu0->Y2G/205

Any other reaction is naturally excluded for these two oxides.

When heating BaCO3 with CuO only one binary oxide will form, namely,

BaCuO2- This compound is black and spongy in appearance - the CO2 released

during the reaction may be responsible for the spongy appearance.

BaCO, + CuO -> BaCuO2 + CO2

Similarly for this mixture, any other reaction is excluded.

2 The next step is to separately grind the two oxides and mix them together. This

mixture can now be heated without pelletising, to form the YBa2Cu3O7_5

superconducting phase only. Heating was carried out at 950 °C, and to ensure

complete reaction, a 24 hour heat treatment was used. The only reaction that

can occur in the Y2Q12O5 - BaCuO2 binary oxide mixture is the following:

Y2Cu2O5 + ABaCuO2 -» 2YBa2Cu3O-,_s

Again this reaction is unique and any other reactions being naturally excluded.

The overall reaction therefore becomes:

Y2O3 + 4BaCO3 + 6CuO -> 2YBa2Cu3O7_s + 4CO2

Thus YBa2Cu3O7_5 is the exclusive product of the Directed Reaction Process
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(DRP). This process turned out to be extremely successful and was therefore

adopted as standard for the preparation of the majority of samples.

3.3 PREPARATION OF Mn DOPED 1:2:3 SAMPLES.

Various samples were doped with manganese by substituting for copper at

different atom percentages. The following formulae were prepared using the

method described above.

Where x= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.1, 0.15 and 0.2

The manganese dioxide was added to the copper oxide prior to adding any

other compound. It should be noted that the final stoichiometry would be

slightly different to the desired value.

In each case 1.129 grams of Yttrium Oxide and 3.947 grams of Barium

Carbonate were used The following table shows the weights of Manganese

dioxide (M11O2) and Copper Oxide (CuO) used to obtain the different Mn

concentrations.

1 % 4% 10% 9.0%
MnO2
CuO

0.026
2.363

0.052
2 339

0.078
2315

0.104
2.291

0.130
2.267

0.156
2.243

0.261
2.1482

0.391
2.0282

0.522
1.909

Table 3.1 The weights in grams of copper oxide and manganese dioxide used to

prepare the Mn doped samples.



3.4 PELLETING AND FINAL SAMPLE PREPARATION.

As mentioned previously, for the final stage of synthesis, the powder was

pressed into a pellets 3 - 4 mm thick, about 15 mm diameter using a 20 ton lab

press. Of all the steps in the preparation, the last heating step is the crucial one.

It is during this step that the oxygen stoichiometry of the compound is

determined, which is critical to high temperature superconductivity.

Once the synthesis of the superconductor is completed, it is necessary to

prepare the samples for the various measurements that need to be done. The

first step is to lightly polish the pellet with very fine emery paper. The pellets

were then weighed and the volume calculated to determine the density p.

Two cuts parallel to the diameter were made so that the sample was about 3

mm wide. This was then polished with emery paper to form a rectangular bar

with a uniform cross-section. One of the remaining pieces was cut in two.

One piece was prepared for EPR measurements and the other for AC

susceptibility.

The bar was polished with fine emery to remove any surface contaminants.

Silver paint was then applied to each end of the bar to act as electrical contacts

for the input current. Two more electrodes were painted on one surface so that

the voltage drop across the sample could be measured, as shown in fig 2.1. The

sample was then mounted on a perspex holder and the appropriate electrical

connections were made. The temperature was measured with a chromal-alumai

thermocouple in contact with the sample on the under side. The thermocouple

leads were connected to the X input of an X - Y recorder, while the voltage

changes were monitored using the Y input. The sample holder was placed inside

a Pyrex glass tube sealed at one end (not shown in diagram). The tube was then
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placed in a dewer rilled with liquid nitrogen. When the sample reached liquid

nitrogen temperature, recording was started.

The sample for AC susceptibility was polished to fit the sample holder and

coated with a thin layer of epoxy to protect it from water vapour and other

contaminants that might degrade the material. Later measurements, performed

with a Lake Shore Susceptometer, were made with very small samples, just a

few milligrams in weight.

For the EPR measurements, the sample was ground to a very fine powder and

mixed with epoxy resin to form a free flowing paste. The mixture was cast into

a small plastic tube and allowed to set for about half an hour. The presence of

the epoxy resin separates the individual grains of superconductor thereby

increasing the skin depth of the sample. It should be noted that the organic

material is likely to spoil the superconducting grains that are present and may

give rise to EPR signals below Tc.

3.4.1. PROBLEMS DURING THE PREPARATION OF CERAMICS.

Although ceramics have been fabricated for many centuries, the principles

involved in their fabrication are extremely varied and are only now reasonably

well understood. There are several different methods for fabrication, eg. slip

casting, plastic formation and pressing. The latter method, pressing, was the

used in this work. All these processes depend to a large extent on the particle

size and shape. There are also other variables, which affect the formation of the

ceramics, eg. deformation properties at elevated temperature, nucleation and

crystal growth phenomena, chemical reactions and others. Successful



densification depends on particle size and composition of the starting material,

as well as high temperature viscosity, diffusion and surface energy properties. In

the pressing process two problems were encountered.

Firstly, flaws sometimes formed inside the pellet. This problem was difficult to

eliminate. Secondly, some warping of the samples were observed. This only

seemed to occur when alcohol or acetone was used in order to wet the die so

that the pellet could be more easily pressed. The warping was a direct result of

the pellet drying unevenly during heat treatment (Kingery). To eliminate this,

alcohol or acetone was not used during the final pressing stage.

3.5 XRD AND SEM CHARACTERISATION.

In the case of the experiments reported in this thesis, resistivity measurements of

10%, 15% and 20% Mn doped samples showed no evidence of

superconductivity. Resistivity curves could not be obtained because the signal

was swamped by noise and no distinct trend could be observed. Jardim et al,

1988 on the other hand has reported superconductivity in samples doped with

up to 25% Mn. Given this difference in opinion, X-Ray Diffraction patterns

were obtained for all Mn doped samples, ie 1,2,4,6,10,15 and 20 atom

percentage Mn including 5% Gd doping. The results are shown in Fig 3.1 - Fig

3.8, while in Fig 3.9, the major peaks of undoped YBCO are shown.

It was found that the major peaks in the 5% Gd doped sample (see Fig 3.1)

occur at approximately the same angles as those obtained for the undoped

YBCO. In addition, susceptibility measurements for the Gd doped sample gave

essentially the same Tc value as that for undoped YBCO. This means that Gd
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has no detectable effect on the superconductivity or the structure of the

material.

XRDs were obtained for 1,2,3,4, and 6% Mn-doped YBCO, Fig 3.2 to Fig 3.8,

show that in the vicinity of 20 = 32 °, a group of new peaks are observed.

These peaks are of low relative intensity (« 25%) in the Gd doped sample but

begin to increase in the Mn doped samples. In the 1 and 2% doped samples, the

peaks are « 40% relative intensity, in the 4%, and 6%, they are « 45%, « 80%,

and « 65% relative intensity respectively. In the 10,15 and 20% these peaks

dominate and have a relative intensity of « 100%, while the peaks at 20 = 32,

have disappeared or are significantly reduced, explaining why we observed no

superconductivity for these samples. In the undoped YBCO, these extra peaks

are not present, but for the 5% Gd doped sample, they are present, although at

a much lower intensity. From index tables (Bell), these additional peaks can be

identified as belonging to the 211 and other non-superconducting phases such as

Ba2CuO3 and BaCuO2. In Jardim et al, these peaks appear only for Mn

concentrations above 7.5% while at concentrations below this, the XRD spectra

do not show these peaks at all, and look very much like the un-doped sample.

Several other phases have been identified in the doped samples as can be seen

from the SEM photographs (Fig. 3-11 to Fig. 3-19). In Fig 3-11 and Fig 3-12,

the matrix material, which is light grey, is dominantly Y, Ba and Cu in

composition, while the dark grey region is Y rich with Cu but deficient in Ba.

Note that this particular sample was prepared by the Directed Reaction Method

discussed earlier and has very little phase impurities. Fig 3-13 and Fig 3-14 is

the Gd doped YBCO, the Gd is present in the light grey phase, several other

phases are also present. Fig 3-15 is 1% Mn doped YBCO, two phases can be
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seen, the matrix is Y, Ba and Cu while the dark grey is mainly Cu with some Ba.

In Fig 3-16 to Fig 3-18, is 2, 4 and 6% Mn doped YBCO, the matrix for these

samples is Y, Ba and Cu where as the dark grey phase appears to be only Cu.

Fig 3-19 is the 10% Mn doped YBCO, the 15 and 20% samples were found to

be the same, so one SEM photo is shown. The light grey phase is Y, Ba and Cu,

consitant with all the other samples. But in this case, the dark grey phase is Y

rich with some Cu. Thus differing markedly from the samples with low Mn

concentrations. All the phases identified are clearly indicated in the XRD

spectra. Fig 3-10 shows ail the XRD spectra grouped together. This more

clearly illustrates the shifts in the peaks as the Mn doping is increased. In

particular one should note that the Gd spectrum is very similar to the un-doped

YBCO spectrum, thus showing that substitution on the Yttrium site by

Gadolinium has no effect on the superconductivity of the material. Thus the

addition of a small amount of dopant does cause a significant change in the

structure of the superconductor and subsequently its properties. Large amounts

of doping alter the structure so much that the superconductivity begins to vanish

at 6% and totally disappears for 10% and more. This suggests that the structure

and properties of the 1:2:3 material is significantly changed even with low

percentages of Mn dopant. Fig 3-20 shows the c/a ratio as the Mn concentration

changes. It clearly shows a dramatic change in the structure at 2 and 3% Mn

doping suggesting an anomalous change in the lattice

Lattice parameter calculations were made for the undoped and the 1,2,4 and 6%

Mn doped YBCO (see Table 3.2). Calculations for the 10,15 and 20% Mn

doped YBCO were not done, it was suggested by Ball that because of the large

number of phases present, his code could not handle such complexity and
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therefore it would be difficult to obtain confident values of the parameters. The

results for the lower concentrations of Mn, however, are within the expected

range for YBCO.

YBCO
1% Mn
2%MN
4% Mn
6%Mn

Literature

A
3.830
3.825
3.810
3.812
3.831
3.823

B
3.888
3.888
3.852
3.903
3.895
3.886

C
11.689
11.675
11.798
11.636
11.701
11.68

Table 3.2 Lattice parameter calculations.

CONCLUSIONS.

It was found that the directed reaction method was the best way to produce a

high yield of superconducting phase of the 123 compound. The method gave

samples that were quite dense and showed little porosity. The porosity was

produced by the break down of the barium carbonate, which resulted in the

emission of carbon dioxide gas as the reaction progressed. From the XRD and

SEM results, it is evident that even small levels of dopant in the copper sites,

significantly changes the structure of the material and the phase purity. On the

other hand, Gd doping on the Y sites does not cause any significant structural

change. The consequence of this structural change and lack of phase purity in

the samples that had large amounts of Mn added during the synthesis, is the lose

in superconductivity in the sample. The Mn may have acted as a catalyst, which

enhanced the formation of non-superconducting phases, as well as directly

substituting for Cu in the Cu sites, causing a change in the lattice size. Although

Jardim et al reported superconductivity at the higher Mn concentrations, the

31



oxygenation step seems to have been left out, therefore a direct comparison

between the two data could be misleading since no detailed knowledge is

available for the mechanisms that occur during this step.
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* » • :

Fig 3-11 SEM of single phase YBCO prepared by the Directed reaction

method. X300 (42 mm = 100 jim)
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V

:ig 3-12 SEM of single phase YBCO prepared by the Directed reaction

method. X3000 (42 mm = 10 urn)
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Fig 3-13 SEM of 5% Gd doped YBCO X400 (4 mm = 10 (.im)
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Fig 3-14 SEM of 5% Gd doped YBCO X600 (9 mm = 10



Fig 3-15 SEM of 1% Mn doped YBCO X250 (35 mm - 100 \xm)
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Fig 3-16 SEM of 2% Mn doped YBCO X800 (12 mm = 10



Fig 3-1 7 SEM of 4% Mn doped YBCO X800 (12 mm = 10 jam)



Fig 3-18 SEM of 6% Mn doped YBCO X230 (32 mm - 100 jim)



Fig 3-19 SEM of 10% Mn doped YBCO XI200 (18 mm = 10
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Chapter 4.

4. AC SUCEPTIBILITY MEASUREMENTS.

The AC susceptibility measurements were carried out with a Lake Shore Model

7130 AC Susceptometer. This machine measures both the real (x1) and the

imaginary (%") components of magnetic susceptibility as a function of

temperature, amplitude, and frequency of the applied AC field. It uses a CTI-

Cryogenics compressor and closed-cycle refrigerator, with a minimum

temperature of UK. The temperature controller is a Lake Shore DRC-91CA

and the Lock-in amp is an EG&G PAR 5209. An rms ac field of 80 A/m at a

frequency of 87 Hz was used. The sample masses for the Mn doped 123 YBCO

were 68mg, 57mg, 65mg and 69mg. The sample holder is made from Delrin.

The principle of operation involves subjecting a sample to a small alternating

magnetic field. The alternating magnetic field is generated by a solenoid, which

serves as the primary in a transformer circuit. The solenoid is driven by an AC

current source of variable frequency and amplitude. Two identical sensing coils

are inside the solenoid and serve as the secondary coils of the measuring circuit.

The two coils are counterwound so that in the absence of a sample in the coils,

the induced signals in from both coils simply cancel. When a sample is placed

within one of the sensing coils, the coils are unbalanced. The resultant flux

change produces an AC voltage output, which is directly proportional to

magnetic susceptibility of the sample, and to the geometrical filling factor of the

sample with respect to the detector coils. The resultant voltage out put is given

by:
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V -

where V = the measured RMS voltage.

a = calibration coefficient (filling factor).

v = sample volume.

f = frequency of AC field.

H = RMS magnetic field.

% = volume susceptibility of sample.

The calibration coefficient is dependent on the sample size and the coil

geometry and can in principle be calculated from the sample geometry and the

sensing coil specifications. If the sample is small with respect to the sensing coil

then the following expression can be used to calculate the coefficient.

a-

where N= number of turns per centimetre on the sensing coil.

L = length of the sensing coil in centimetres.

d = diameter of the sensing coil in centimetres.

The above expression is in SI units. A schematic layout of the 7130 AC

Susceptometer can be seen in Figures 4.1 and 4.2. The AC susceptibilities of the

Mn doped 1:2:3 samples measured during the course of this work can be seen in

Figures 4.3 - 4.9 It will be observed from the examination of Figures 4.9, that

increasing the Mn content leads to (i) a increase in the Tc onset of

superconductivity at low Mn concentration and little effect at the higher

concentrations and (ii) a general spreading of the Meissner effect over a wider

range of range of temperature AT. These observations are in agreement with

Veit et al., (1988) and Saini et al., (1992), and show that increasing Mn
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concentration lowers To zero in 1:2:3 samples. It should be pointed out that To

onset is slightly increased with increase in Mn concentration. The gadolinium

doped 1:2:3 results shown in Figure 4.8 suggest that doping on the Yttrium site

rather than the copper site, as was occurred with Mn, has a much smaller effect

on the superconducting properties of the l:2:3material. This confirms the XRD

results discussed in the previous section. One other immediate conclusion can

be drawn from these results: the detection of any EPR signals in the temperature

range AT below the onset of superconductivity will be difficult. The magnetic

susceptibility of the sample will change as the magnetic field is being swept from

0 - 0.5T, and so we have a ready explanation for the large irreversible EPR

signals witnessed at low temperatures in the Mn-doped samples. This point is

discussed further in the next chapter.

Discussion

It can be clearly seen in Fig 4.4, to Fig 4.7 that there are at least two phases

present it the samples. The first part of the % curve can be attributed to the

superconducting 123 phase where as the rest of the curve is due to the

presences of one or more non superconducting phases. This may also explain

the anomalous broadening of the curve. The presence of these extra phases is

shown clearly in the XRD spectra of the previous chapter. Fig 4.9 shows the

trend of the Tc and agrees with the resistivity results (Fig 6.6), which show a

similar trend in the Tc.

Clearly, to obtain very sharp transition curve using the ac susceptibility, which is

essentially a bulk measurement technique, it is necessary to produce single

phase samples.
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Chapter 5

ELECTRON PARAMAGNETIC RESONANCE.

5.1 THE EPR SPECTROMETER

The EPR apparatus used in these experiments was a home-made X-band

spectrometer located in the third year lab. It operates at a frequency of 9.2 GHz.

A block diagram is shown in Fig 5.1. The microwaves, produced by a reflex

Klystron, are fed into a magic tee waveguide bridge. The magic tee is designed

to split the incoming wave equally into the cavity arm and the balance arm so

that power is not transmitted into the detector arm. When the klystron is tuned

to the cavity, it absorbs part of the of the microwave energy. Consequently the

wave travelling through the balance arm has to be attenuated and phase shifted

to match the reflected cavity wave. In practice, the waveguide bridge is used in

a slightly unbalanced mode, because the crystal diode detector needs a small

bias current to operate in its linear region, ( Poole C. P., 1967 ). A detector

current of 20 |o,A is used. The detector output can be seen in fig. 5.2. The

"bump" corresponds to the Klystron output while the "dip" is the cavity

absorption. When the cavity absorbs some energy, the quality factor Q of the

cavity changes, and the waveguide bridge becomes unbalanced, giving rise to a

signal.

The waveguide is operated in the TEio mode, which has the maximum of the

microwave magnetic field near the walls of the cavity. The cavity is one wave

length long , the sample being placed in the centre where there is a maximum
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standing magnetic microwave field. Because the Q-factor of the cavity is very

high, ( Q > 1000 ), the Klystron has to be to kept at the resonance frequency v0

with great accuracy. An automatic frequency control is applied which tunes the

Klystron by changing the repeller voltage. The 9.2 Ghz microwave is modulated

with a small a.c. voltage of 20kHz which is applied to the repeller. The detector

output is modulated with the 20 kHz frequency. By using a phase sensitive

detection a small d.c. voltage is obtained whose amplitude is proportional to the

difference (v - Vo), where v is the Klystron frequency and Vo the cavity's

resonant frequency. When the d.c. voltage produced by the PSD is applied to

the repeller in the negative feedback, the Klystron frequency becomes locked

onto Vo.

The cavity with the sample mounted is placed in a uniform magnetic field. The

EPR signal is obtained by keeping the rf frequency constant, while ramping up

the external magnetic field slowly through the resonant value Ho. To improve

the signal to noise ratio, phase sensitive detection ( lock-in amplifier ) is used to

measure the output from the detection diode. This is achieved by modulating the

external field at a frequency of 170 Hz. As the external field sweeps through the

peak Ho, a 180° phase shift occurs. If the amplitude of the modulation is very

small compared to the line width of the absorption curve, the amplitude of the

a.c. detector signal, and the resultant d.c. output of the lock-in amplifier, depend

primarily on the derivative of the absorption line shape and consequently appear

proportional to it.
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5.2 PROBLEMS WITH THE EPR SPECTROMETER.

As the EPR spectrometer is approximately 30 years old, care must be taken to

ensure the repeatability of the measurements.

1. The power amplifier for the 170Hz modulation field does not keep the

amplitude of the field constant at 10 V. The variation is about 0.3V and needs

to be reset to 10V after a few measurements. The machine becomes more stable

after several hours of operation.

2. The wave form shown in Fig 5.2 changes slightly with each measurement. It

is affected by several components, for example, the attenuators, the phase shift,

the repeller voltage and changes in the Klystron cavity.

3. The bias current in the detector is not constant at 20 jxA, but can vary as

much as 3 jiA when the magnetic field is swept.

5.3 THE LOW TEMPERATURE APPARATUS.

The low temperature equipment used in the experiment was quite basic. A

cryostat built out of two plastic cups glued with silicone glue was fitted into the

narrow 25 mm magnet gap. The probe cavity is covered by a brass cylinder,

which is sealed vacuum tight. This prevents the liquid nitrogen from entering the

cavity and changing the resonance condition. The lowest temperature that could

be reached was 78 K.

The temperature of the sample was measured using a 0.03% Fe in Au vs.

Chromel thermocouple ( supplied by Oxford Instruments ). Unfortunately, a

temperature control system was not available, so that in order to achieve
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different temperatures, the cryostat is filled with liquid nitrogen at different

levels. This is a very inaccurate method and does not produce stable

temperatures for the period of the measurement. The temperature variations can

be as large as ±5 K.

5.4 EPR EXPERIMENTS AT ROOM TEMPERATURE.

The electron paramagnetic resonance spectrum of several YBa2(Cui,JVmx)3O7-5

samples with x = 0.01, 0.02, 0.04 and 0.06 were obtained. The spectra were

measured at room temperature, the experimental conditions being set up as

close as possible , using samples of similar weight and size. A typical EPR

spectrum is illustrated in Fig 5.3. The g-factor is « 2.

The intensity of the EPR signal vs. the atom% Mn can be seen in Fig. 5.4. The

graph suggests that at 0% Mn, the 1:2:3 compound does not show an EPR

spectrum (in agreement with Bowden et al., 1987).

5.4.1 EPR EXPERIMENTS BELOW Tc.

The 4% Mn sample, YBa2(Cuo.96Mno.o4)307-8 , was examined extensively at

temperatures below the onset temperature of approximately 92 K. The EPR

response at low and high external fields was also investigated. Reproducible

EPR signals due to the Mn atoms were not found. But, very large irreproducible

signals of the form shown in Figure 5.13 were observed, even though the

temperature was very stable at 78 K and the settings of the spectrometer were

varied as little as possible between each run. The intensity of the signals is too

high to be due to noise in the system. This effect has also been noted by

Freeman et al., 1988, and it is believed that the large signals are due to

variations in Josephson tunnelling, and flux penetration of the superconductor as
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the magnetic field B is increased. Such large random signals masked any small

a Mn2+ EPR signals. In an attempt to reduce the random signals observed below

Tc, different sample sizes, particularly small ones, were used. No significant

improvement was achieved, the large random signals still being present. The

amplitude of the 170 Hz modulation field was also reduced and finally

completely removed in an attempt to reduce the flux penetration effects near the

Mn atoms, but with no success.

5.4.2 YBa2(Cu1.xMnx)3O7-S EPR RESULTS.

The variation of the magnitudes of the YBa2(Cui_xMnx)3O7-8 EPR signals with

temperature for different percentages of Mn doping (x = x 0.01, 0.02, 0.03,

0.04, 0.06) can be seen in Figures 5.6 to 5.10. In general, all samples show an

increase of the intensities with as the temperature is lowered. The true Mn EPR

signal vanishes below the critical temperature for all samples, except the 6%

Mn. The 6% sample showed an EPR signal at all temperatures down to 78 K.

Very weak signals were seen in the 1 % Mn sample, but could barely be resolved

by the EPR spectrometer. This implies that small amounts of Mn substitution

for Cu do not greatly affect the superconducting properties of YBCO. The AC

Susceptibility measurements indicate that for low Mn concentrations ( < 6% )

the superconducting transition temperature is decreased, but for 10% plus,

superconductivity is destroyed.

5.4.3 Yo.95Gdo.05Ba2Cu3O7.fi.: EPR RESULTS.

The EPR signal of Yo.95Gdo.05 Ba2Cu3O7-8. was measured the same way as for

Mn doped YBCO with the conditions kept as close as possible to those for the
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Mn settings, to allow comparison with the two Mn results. Figure 5.11 shows

that the magnitude of the EPR signal of Gd doped YBCO increases with

decreasing temperature, as for the Mn doped YBCO. Below the critical

temperature, a significant increase in the magnitude of the signal is evident. It

should also be noted, however, that between 80 and 90 K, the EPR signal

vanishes, being replaced with large random fluctuations. As noted earlier in

chapter 4, these are attributed to fluxoid movements, which occur in the sample

near the critical temperature.

5.5 DISCUSSION

At room temperature the intensity of the EPR signals is linearly proportional to

the amount of substituted Mn. Thus we are in conflict with Kaise et al., (1989),

who report no detectable EPR signal from Mn ions. Instead they report a weak

signal originating from a paramagnetic impurity. However, on comparing the

reported EPR signals obtained by Kaise et al. with the green phase signal

obtained by Bowden et ai., 1987, it is possible that the results of Kaise et al.

may be the superposition of a green phase signal and a weak Mn signal.

As noted earlier, the Gd doped superconductor gives strong fluctuating signals

between 80 K and 90 K. This temperature range coincides with the

superconductor's transition region between normal and superconducting phase.

The large irregular signals are almost certainly due to intergranular Josephson

tunnelling and flux penetration of the superconducting material as the external

magnetic field is increased. However Below 80 K, when the material is in the

superconducting phase, and the EPR signal reappears, but with an anomalous
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increase in intensity. This may be due to the superconducting pairs oscillating at

the resonant frequency, thereby enhancing the RF field seen by the Gd ions.

The onset temperature Tc(omet) seems to remain unaffected by the Mn doping

since the Mn EPR signals always disappear at about 92 K. However since the

lower critical temperature Tc(zero) could not be reached, this suggests that the

EPR work should be extended to temperatures below liquid nitrogen in order to

get a clearer picture of the behaviour of Mn-doped YBCO. As is evident from

the AC magnetisation measurements, the presence of the Mn ions broadens the

superconducting transition to a very great extent. This broadening has also been

reported by Saini et al., 1992, in their determination of the resistance of Mn

doped YBCO as a function of temperature.

Apart from fluxoid motion, one other possible explanation for the disappearance

of the Mn EPR signals is that the superconducting electron pairs in the C11O2

planes shield the Mn ions from the external magnetic field.

Jardim et al., 1988, report that the Tc{onset) remains constant with increasing Mn

content . They also measured the drop in resistance to zero above 77K for

doping concentrations up to 10% Mn. Their observations are also confirmed by

Saini et al 1992. Both Jardim et al, 1988, and Saini et al 1992 report

superconductivity in samples with 20% or more Mn substitution for Cu. In the

measurements reported here, we found that 10% Mn substitution caused a

complete loss in superconductivity. The 6% Mn doped YBCO showed an EPR

signal below 95K, which decreased as it passed through the Tc, suggesting that

shielding was taking place. The presence of the Mn EPR, however, suggests

that the majority of the material must be non superconducting. In summary
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therefore, it would appear that superconductivity is completely lost at some

concentration between 6% and 10% Mn doping, whereas substitution in the Y

sites with Gd has no effect

As described previously, the samples were prepared by the standard method. It

should be noted that Jardim et al 1992., did not include an oxygenation stage.

Jardim et al. attribute a broadening of the transition width at higher Mn %'s to

impurities, particularly the "green phase" Y2BaCuOs (211), which always

occurs at high Mn concentrations, ( Jardim et al. and Saini et al). It is true that

the broadening may be due to the 211 phase, but we suggest that its formation

is not due so much to the presence of Mn in large amounts, but rather to the

missing oxygenation stage during preparation. This is easily shown by preparing

123 material with the standard procedure (as described earlier) then taking part

of the superconducting material and heat treating it under flowing oxygen for

several hours, then allowing it to cool to room temperature without holding it at

the intermediate temperature to allow oxygenation to occur. Green phase EPR

signals are then found to be very strong and clearly identifiable in the EPR

spectra, as reported by Bowden et al 1987. In the Mn doped samples prepared

in this work, the green phase EPR signal was not observed.

5.6 THEORETICAL CALCULATION.

The great similarity of all the EPR spectra is puzzling. Some EPR simulations

were carried out in an attempt to produce a spectrum, which is similar to those

observed. One can obtain the spin Hamiltonian from any number of texts, in this
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instance, two Hamiltonians are selected from ATtshuIer and Kozyrev for the d9

Cu+2 ion and d5 Mn+2 ion. These are as follows

2I2)+A -S-I+ P(/<2-5/4) + F(Ix
2-Iy

2) + gn

+2for the Cu+2 ion which, as suggested by Freeman, becomes simply

and

H - MH-S) +A-S-J + B20(3Sz
2-S(S+iy) + B22(&2-S/)

for the Mn+2 ion.

The Cu Hamiltonian is simulated by using the following values, Ax = 0.02, Ay =

0.02, A2 = 0.001. and gx = 2.1, gy = 2.0, gz = 2.2. The resulting spectrum is

shown in Fig. 5.14. The Mn Hamiltonian is much more difficult to diagonalise,

so it is approximated to the Cu Hamiltonian with the code modified to take into

account that S=5/2 and 1=3. It was also modified to produce the six line

expected of the Mn powder spectrum. It was not the intention to accurately

simulate the Mn spectrum, but rather to obtain an approximate picture of what

it might look like. Considerably more refinement would be required and is

outside the scope of this thesis. This spectrum is shown in Fig. 5.15.

5.7 CONCLUSION

Electron paramagnetic resonance experiments have been carried out on samples

containing 1% - 6% Mn substitution for Cu, at temperatures down to 78 K.

Samples with 10%, 15% and 20% were measured only at 300 K. The later were
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non superconducting, so low temperature measurements were not made. It

would be useful to extend all the Mn EPR measurements down to 4K, but this

could not be done with the equipment available. The simulated Cu and Mn EPR

suggests that there is no Mn signal detected. It can be assumed that the Cu

swamps the Mn signal to the point that it will not be seen. This further suggests

that there may be more Cu present than expected and that the Mn has not

substituted in the Cu sites as first thought. The Gd has no effect the

superconducting nature of the YBCO at all because the Gd goes to the Y site,

and can in-fact be substituted 100% with no lose of superconductivity (Hor et

al.). This conclusion is supported by the SEM and XRD results, which show

that there are several phases present in the samples. All these phase are all

identified in the XRD spectra. It would appear that the Mn in this particular

case has not replace the Cu but rather has promoted the formation of other

phases which have greatly affected the superconductivity, especially in the high

Mn concentrations where no superconductivity was observed. It would appear

that the Mn has played a catalytic role during the synthesis of the compounds.

This does not mean that no Mn at all was able to substitute for the Cu. It is

clear from the XRD data that the Mn has affected the structure of the material

very dramatically. Clearly, further work needs to be done in order to clarify the

effect of Mn doping.
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Fig. 5.1 Block diagram of EPR Spectrometer. The components are:

1-Klystron, 2-Crystal diode, 3-Isolator, 4-Phase shift, 5-Wave meter, Al, A2,

A3, are Attenuators, MT-Magic Tee, N & S are north & south pole of the

magnet, MC-Modulation coils, SC-Sample chamber. Other components as

labelled
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Fig. 5.2 Detected microwave power as a function of Klystron frequency.
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Fig. 5.4 EPR intensity vs. Mn concentration.
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Fig. 5.5 The magnitude of EPR intensity vs. temperature for 1% Mn doped

1:2:3 superconductor.
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Fig. 5.6 The magnitude of EPR intensity vs. temperature for 2% Mn doped

1:2:3 superconductor.
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Fig. 5.7 The magnitude of EPR intensity vs. temperature for 3% Mn doped

1:2:3 superconductor.
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Fig. 5.8 The magnitude of EPR intensity vs. temperature for 4% Mn doped

1:2:3 superconductor.
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Fig. 5.9 The magnitude of EPR intensity vs. temperature for 6% Mn doped

1:2:3 superconductor.
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Fig. 5.10 The magnitude of EPR intensity vs. temperature for 5% Gd doped

1:2:3 superconductor.
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Fig. 5.11 EPR signal for 5% Gd doped 1:2:3 superconductor.
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Fig. 5.12 EPR signal for the 2:1:1 green phase.
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Fig. 5.13 EPR signal for the 4% Mn doped YBCO.
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Fig. 5.14 Simulated EPR signal for the Cu ion.
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Chapter 6

RESISTIVITY OF Mn DOPED 1:2:3

The Mn doped 1:2:3 samples were characterised by X-ray diffraction (see

section 3.6). Figures 6.1 to 6.5 show the resistivity vs temperature plot of

selected samples. Figures 6.6 and 6.7 show that resistivity measurements

confirm the same trend that was observed with the AC susceptibility results.

That is, the addition of Mn broadens the transition width. The maximum

transition temperature as measured at the mid point of the transition, is

maximum at 2% Mn doping. The AC susceptibility results show lower

temperatures than those indicated by the resistivity measurements. This may be

due to the fact that the resistivity measurement is done with a very large sample

compared to that used for the AC susceptibility measurement ( a few

micrograms for AC susceptibility compared to several hundred milligrams for

resistive ). The larger sample was placed in close proximity of the liquid

nitrogen and some of it would have diffused into the pores of the sample. This

means that as the sample warms up and passes through the transition point, the

thermocouple being placed on the surface of the sample, will measure the

temperature of the sample surface which may well be at a higher temperature

than the bulk. This is reflected by a higher transition temperature since the inside

of the sample will be at liquid nitrogen temperature while the surface will be

closer to ambient temperature, several degrees higher.

Clearly great care must be taken when samples are placed in direct contact with

liquid nitrogen
/
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Chapter 7

FUTURE WORK.

Clearly small amounts of doping have a dramatic effect on the structure and

superconducting properties of the ceramic superconductors. Much work has

already been done on the effect of doping. However, the effect of Mn, is still

unclear and further work needs to be done to determine the modifications to the

1:2:3 structure and the sites of the Mn ions. Neutron diffraction studies in

addition to X-ray measurements may help answer such questions. EPR

measurements can also be improved to obtain better results, especially in the

low temperature range. Because of the difficulty of maintaining a stable

temperature at and near that of liquid nitrogen, one would have to redesign the

experiment to (i) scan the temperature at a constant magnetic field and (ii)

repeat at different magnetic field settings. In addition, it would be useful to

repeat these experiments with dopants of different valance states, ionic radii and

different magnetic characteristics.

It was found that the preparation method also affects the quality of the

superconducting material. Various methods should be investigated and different

doping strategies adopted. Hopefully, such measurements would shed light on

the effect of the microstructure of the ceramic superconductors, its quality,

current carrying capacity and critical temperatures.
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