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77 Bi2Sr2CaCu208+6 

Bi i 

7.11 Introduction 

Thee HTC compound Bi2Sr2CaCu2Og+6 exhibits several ^ ^ _  ̂ ^L Sr 

interestingg physical properties. First of all, the ^ f l l P ^ 

superconductingg transition temperature of £ Qg 

Bi2Sr2CaCu208+66 is high, Tc = 85 K. Furthermore, a 

veryy small coherence length in combination with a ^B^lp J 

veryy large penetration depth gives Bi2Sr2CaCu208+6 a ^ 

GLL parameter K that is larger than 100 (see table 2.1). W^KsIF 

Thiss makes the compound an extreme type II ^ k ^ ^ O * O 

superconductor.. The critical current density Jc is high .%< A J £ 

att low temperature (4.2 K), even in high magnetic ^ f l C U O -J 

fields,, above 25 T, making Bi2Sr2CaCu2Os+6 one of the Jk Ê) 

mostt promising HTC materials for applications. . ^ ^ ^ ^ 

However,, because the pinning energy is small, the - C ^ F C 

thermall  flux creep is large, limiting applications at the ^ 

relativelyy high temperature of 77 K. To overcome this ^ v * £ t , t ' 

problem,, the flux-pinning phenomena in flr  ^ Êr 

Bi2Sr2CaCu208+66 were studied extensively by many 

authorss (Li [1992] and Li [1995]). Pinning by oxygen, 

byy vacancies and by stacking faults are known to take 

place.. According to Li [1995] oxygen vacancies in the 

Cu022 layer are the predominant pinning centers. 

Currently,, high quality thin films with high critical 

currentt densities can be synthesized (Arisawa et al. F i g u r e ? J C r y s t al s t m c t u re o f 

[1999],, Kitaguchi et al. [1999]). Multilayer tapes with Bi2Sr2CaCu208+6, from Shaked et 

highh critical current densities for temperatures up to 50 al. [1994]. 
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KK (Kitaguchi et al [1999]), current leads for magnets (Garcia-Tabarés et al. [1999]) and 
insertt coils (Weijers et al. [1999]) are examples of applications of Bi2Sr2CaCu208+5 which 
aree already realized. 

Thee exceptional physical properties of Bi2Sr2CaCu p 8+6 can be related to its crystal 
structuree which is very anisotropic, showing a layered quasi two-dimensional pattern. 
Figuree 7.1 shows a picture of the crystal structure of Bi2Sr2CaCu208+ö. The structure is 
tetragonall  with lattice parameters a = 0.38 nm and c = 3.08 nm. 

Thee extremely anisotropic structure of Bi2Sr2CaCu208+4 makes it essential to use single 
crystalss in order to study its physical properties. Li [1995] reported an extensive study of 
crystall  growth of Bi2Sr2CaCu2Og+ö with a mirror furnace. Apart from a set of growth 
parameterss leading to high quality single crystals, the influence of using different oxygen 
atmospheress (from air to 2 bar oxygen) on the obtained results is also reported (Li [1994]). 
Inn the present section, a short overview of the crystal growth procedure is given. Basic 
characterizationn techniques were used to characterize the samples used for the physical 
measurements.. The results of specific heat and thermal expansion measurements at 
temperaturess around Tc are reported. Then, magnetization measurements, clearly showing 
thee anisotropic character of the material, are presented. Before presenting the 
magnetostrictionn results, the self heating effects and flux jumps are studied in more detail. 
Finally,, an extensive study of the magnetostriction of Bi2Sr2CaCu2Og+fl was made including 
anglee dependent measurements, and a simulation of the magnetostriction from the 
magnetizationn results. 

7.22 Sample preparation and characterization 

Variouss methods can be used to obtain single-crystalline samples of Bi2Sr2CaCu2Og+6. The 
mostt widely used growth technique is a slow-cooling method using crucibles with 
non-stoichiometricc melts or alkali chlorides as a solvent. With this technique very flat 
sampless are obtained since the anisotropic compound tends to grow much faster in the 
ab-planee than in the c-direction. The top seeded solution growth method was used to grow 
largee (thicker) crystals. A disadvantage of these growth methods is that the obtained 
crystalss are always contaminated by crucible material. At the Van der Waals Zeeman 
Institute,, the TSFZ method described in chapter 4 was used extensively for the 
Bi2Sr2CaCu208+ee system (Menken [1991], Menken et al. [1991]). These growth 
experimentss showed that crystals can easily be grown along the ab-plane using various 
growthh conditions. Aim of the growth experiments performed by Li [1995] was to obtain 
large,, high quality crystals that are much thicker than the 0.2 to 0.3 mm obtained before. 
Thesee experiments resulted in a set of growth parameters with which large single crystals 
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couldd be grown under different oxygen atmospheres. 
Startingg materials were prepared by a "wet" preparation route from nitrates. The 

stoichiometricc mixtures were dissolved in HN03. After heating to 300 °C for two hours to 
evaporatee the acid, the material was calcinated several times in air at 810 °C with 
intermediatee grinding. Finally, the material was pressed under a hydrostatic pressure of 
3.55 kbar into a rod that was sintered in air at 840 °C for 48 hours. The obtained dense, 
homogeneouss and straight feed-rods were densified further in the mirror furnace by a fast 
scann procedure. During this procedure the rotating feed-rod is passed through the heated 
zonee with a speed of 40 mm/h to 60 mm/h. As a solvent, the composition 
Bi26Srii  9CaCu26Og+ó was found to be close to the optimal solvent composition. Using this 
compositionn for the solvent, about two days after the start of the growth experiment the 
equilibriumm state was reached. The growth process was started in the same way as 
describedd in chapter 4 for the La^Sr^CuÔ  compounds. For the crystal growth 
experiments,, growth rates between 0.26 mm/h and 0.5 mm/h and rotation speeds between 
200 and 35 rpm were used. The lower growth rates clearly resulted in larger (thicker) 
crystals.. One of the growth experiments performed at low growth rate showed very large 
facetss resulting in a grown rod that was flattened significantly on two sides. For a detailed 
descriptionn of the crystal growth experiments including a description of growth 
experimentss at different oxygen ambient pressure, see Li [1994] and Li [1995]. 

Afterr the growth, the parts of the grown rods with the highest quality were selected by 
meanss of X-ray diffraction and visually, looking at the quality of the facets under a 
microscope.. From the high quality parts, usually the last 30 mm of the growths, 5 to 15 mm 
longg rods were cut by means of a diamond saw. The grown rods were cleaved by a razor 
bladee to obtain single-crystalline samples with sizes suitable for physical measurements. 
Thee anisotropic crystal structure makes it easy to cleave the rods along the ab-plane. In this 
way,, book-shaped slabs were obtained. From the obtained samples only samples with shiny 
surfacess without cracks were selected for further analysis and used for physical 
measurements.. Laue X-ray diffraction pictures on these samples gave well-defined patterns 
withh sharp, single spots, indicating good single-crystallinity. On some of the samples, 
X-rayy pictures were taken on several locations on the surface, all giving the same 
diffractionn pattern. This confirms that the sample consisted of one single grain. 

Thee single-crystalline sample used for specific heat measurements was 20 x 5 x 0.5 
mm33 in size with a weight of 173 mg. The first two numbers stand for the size in the ab-
planee and the last one for the size along the c-axis. The material was grown in air and 
showedd a Tc of 85 K. The sample used for thermal expansion measurements came from the 
samee batch. Its size was 9 x 3 x1 mm3. This crystal showed a sharp transition, also at a Tc 

off  85 K. The samples used for magnetocaloric studies were of different shape and quality. 
Noo special care was taken to select the most perfect samples for these experiments, except 
thatt the samples had to have one flat surface with which it could be glued with Apiezon to 
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thee saphire plate of the specific heat set-up. For the dilatometry measurements the surfaces 
off  the single-crystalline sample had to be flat and parallel to each other. The first 
magnetostrictionn sample (sample 1) has dimensions 6.00 x 1.20 x 0.134 mm3 where the 
lastt figure gives the length of the sample along the c-axis along which the magnetostriction 
wass measured. The mass of this sample is 6.33 mg. The second magnetostriction sample 
(samplee 2) has dimensions 8.02 x 1.62 x 0.264 mm3 with a mass of 17.9 mg. The three 
magnetostrictionn samples used for angle dependent magnetostriction (samples 3) 
experimentss have sizes 2.65 x 1.70 x 0.075 mm3 with weight 1.7 mg, 2.62 x 1.56 x 0.081 
mm33 with weight 1.6 mg and 1.74 x 1.12 x 0.078 mm3 with weight 0.9 mg. 

Figuree 7.2 Ac-susceptibility of a Bi2Sr2CaCu208+6 single-crystalline sample measured 
withh the field along the c-axis. 

Figuree 7.2 shows the ac-susceptibility of a typical Bi2Sr2CaCu208+6 single-crystalline 
samplee measured with the field along the c-axis. The Tc(onset) of 90 K is consistent with 
valuess reported in the literature. The ATC(90 % of the transition) is 3 K indicating the 
samplee is rather homogeneous. The Tc(onset) varied between 85 K and 95 K depending 
uponn the oxygen pressure used during the growth experiment. The lowest Tc was found for 
growthss in air while the highest Tc was found for growths performed in 200 kPa oxygen 
pressure.. EPMA characterization showed that the Sr/Ca ratio increases linearly with 
increasingg oxygen pressure. Information on the oxygen content of the samples could not be 
obtainedd from this characterization. 
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Thee field cooled Meissner fraction of the sample used for thermal expansion measured 
inn an external Field of B = 0.1 mT amounts to 82% for fields parallel to the c-axis and to 
14%% for field perpendicular to the c-axis (Kierspel et al. [1996]). 

7.33 Measurements 

7.3.11 Specific heat 

Thee analysis of the specific heat anomaly around Tc is well suited to study the fluctuations 
off  the order parameter in HTC superconductors. These fluctuations usually occur in a wide 
temperaturee range around Tc. In a magnetic field the superconducting fluctuations are 
supposedd to be enhanced. This is confirmed by specific heat measurements in field on a 
YBajCujO,, single crystal (Junod et al. [1993]) and on Bi2Sr2CaCu2Og+d poly-crystalline 
sampless (Junod et al. [1994]). These results show an anomaly at Tc being suppressed in 
magneticc field. Due to the high superconducting transition temperature of Bi2Sr2CaCu2Og+i 

theree is a relatively large phonon contribution to the specific heat near Tc. Therefore, the 
anomalyy in the electronic part of the specific heat leads to only a small anomaly in the total 
specificc heat. In order to obtain a good relative accuracy at these high temperatures a 
speciall  measuring technique was used. The measurements were performed at the 
Physikalischess Institut, Universitat Köln, by means of an adiabatic continuous heating 
techniquee (see section 3.4.1). 

Figuree 7.3 shows the result of the specific heat measurement on a Bi2Sr2CaCu2Og+8 

singlee crystal for temperatures between 70 K and 100 K. The measurement was performed 
inn zero field and in six magnetic fields between 0 and 14 T parallel to the ab-plane. The 
figuree shows the data for B = 0 T and for B = 14 T. The specific heat data for the 
intermediatee fields interpolate smoothly between the two curves shown. The data show a 
weak,, but clearly visible, rounded "peak-like" anomaly at Tc = 85 K. It is apparent that the 
magneticc field does not suppress the specific heat jump. Moreover, there is no evidence for 
anyy broadening of the anomaly. Instead, the main influence of the magnetic field occurs 
justt above Tc, i.e. the superconducting fluctuations in this temperature range appear to be 
reduced.. This is not due to a decrease of Tc, which is nearly independent of field in 
agreementt with the very high Hc2. As a consequence the anomaly at Tc appears to become 
sharperr for higher fields. It can be concluded from the data that in Bi2Sr2CaCu2Og+a a 
magneticc field B // ab-plane does not lead to an enhancement of the superconducting 
fluctuationss (Kierspel et al. [1994]). To our knowledge this was the first observation of a 
specificc heat anomaly at Tc in a Bi2Sr2CaCu2Og+$ single crystal, confirming the high quality 
off  the sample. Simultaneously with the presentation of these results, Junod et al. [1994] 
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presentedd specific heat results on a Bi2Sr2CaCu208+6 single crystal for fields parallel to the 
c-axis.. They found for this configuration that the anomaly at Tc is suppressed in high 
magneticc fields. Recently Junod et al. [1999] gave an overview of specific heat at Tc for 
severall  HTC compounds. 
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Figuree 7.3 Specific heat C/T versus temperature of a single crystal of Bi2Sr2CaCu208+6 

forr B = 0 T (closed circles) and B = 14 T (open circles). From Kierspel et al. 
[1994]. . 

7.3.22 Thermal expansion 

Beforee studying the magnetostriction of a sample, knowledge about the behaviour of the 
thermall  expansion of the material is important. Furthermore, thermal expansion is well 
suitedd to obtain additional information on the phase transition at Tc already seen in the 
specificc heat. 

Thee results presented here were obtained at the Physikalisches Institut, Universitat zu 
Köln,, see Kierspel et al. [1996]. The measurements were performed with a capacitance 
dilatometer.. The accuracy of about 1 A enabled a very high resolution of AL/L = 10~8 for 
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measurementss parallel to the ab-plane. Due to the small size of the crystal along the c-axis, 
thee accuracy of the measurement along the c-axis is an order of magnitude smaller. 
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Figuree 7.4 Temperature dependence of the coefficient of the thermal expansion of 
Bi2Sr2CaCu2Og+66 parallel and perpendicular to the Cu02 planes. 

Figuree 7.4 shows the temperature dependence of the coefficient of the thermal 
expansionn of Bi2Sr2CaCu208+6 measured parallel and perpendicular to the Cu02 planes. The 
relativee changes along the c-axis are almost a factor 3 larger than those of the thermal 
expansionn along the ab-plane. This can be seen as a confirmation of the anisotropic 
characterr of Bi2Sr2CaCu2Og+6, i.e. strong covalent bonds within the planes and rather weak 
bondss between the layers. These results were confirmed by measurements performed by 
Yamadaa et al. [1997]. Two anomalies are present in the measured curve presented in figure 
7.4.. First, a jump-like increase of the coefficient of the thermal expansion parallel to the 
c-axiss at about 120 K indicating a structural instability of Bi2Sr2CaCu208+6 at this 
temperature.. Second, a clear anomaly at Tc shows up in the measurement parallel to the 
Cu022 planes whereas no corresponding anomaly could be observed in the measurement 
perpendicularr to the Cu02 planes. From the absence of an anomaly in the c-axis curve at Tc 
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itt is concluded that the transition temperature of Bi2Sr2CaCu208+6 does not depend 
sensitivelyy on the distances between the Cu02 layers. 

AA difference in the volume between the normal and the superconducting phase is 
directlyy connected with the pressure dependence of Tc. In a mean-field treatment, the 
relationshipp between the jumps of the linear thermal-expansion coeficients (a), the specific 
heatt (cp) and the uniaxial pressure (ft) is expressed by the Ehrenfest reation: 

dTdTrr a. - a. 
_ ££ = VT -2  (7.1) 
ddPiPi C

Pj - Cp,n 

Heree the indices n and s denote the normal and superconducting phases, respectively, and 
VV is the volume per mole. Thus, to estimate the uniaxial pressure dependence of Tc one has 
too compare the anomaly in the thermal expansion to that in the specific heat. The analysis 
off  the data presented in this work has been carried out by Kierspel et al. [1996], yielding a 
uniaxiall  pressure dependence of dT^dp.̂  = 0.9 (1) K/GPa for Bi2Sr2CaCu208+0. The 
relativee size of the anomaly in the thermal expansion is about three to five times larger than 
thatt of the specific heat. Since there is no anomaly observed in ac at Tc, the uniaxial 
pressuree dependence along the c-axis is zero within the resolution. Measurements under 
externall  pressure also yield a negligible dT,/dpc in Bi2Sr2CaCu208+6 (Chen et al. [1991]). 
Thee hydrostatic pressure dependence of Tc (for p=0), which is given by 2 dT /^p ab+ 
dTc/dpc,, amounts to 1.8(6) K/GPa. This value agrees very well with value found by 
Sieburgerr et al. [1991] for measurements of under external pressure, 1.5(2) K/GPa. 

7.3.33 Magnetization 

Thee magnetization was measured using the moving sample magnetometer described in 
chapterr 3. The sample was cooled in zero field and the field was swept with a constant 
sweepp rate of 3 mT/sec. Figure 7.5 shows the result of the magnetization measured on the 
firstt magnetostriction sample (sample 1) at 4.3 K for B // ab-plane and for B // c-axis. For 
BB // ab-plane the magnetization is zero within the accuracy of the measuring method (2.1 x 
10"66 Am2). The measurement for B // c-axis shows a behaviour typical for type-II 
superconductors.. For increasing field, the magnetization decreases until it reaches a 
minimumm of -8 mAm2 at a field of about 3 T. During further field increase the 
magnetizationn increases towards zero and three flux-jumps occur. For decreasing field the 
magnetizationn increases again, giving the large hysteresis typical of pinned type-U 
superconductors.. The flux jump phenomena in combination with heating effects will be 
discussedd in detail in the following section. 
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Figuree 7.5 Magnetization of Bi2Sr2CaCu208+6 for B // c-axis and for B // ab-plane, 
measuredd at 4.3 K with a sweep rate of 3 mT/sec. 

7.3.44 Heating effect and flux jumps 

Thee magnetization measurements show the phenomenon of flux jumps, which is related to 
thee influence of the variation of the external field on the flux lines. During a flux jump 
theree is an almost instant increase of the magnetization to zero. In order to understand this 
phenomenonn the behaviour of superconductors in varying magnetic fields was studied in 
moree detail. First, the heating effect caused by flux movement is described. Then, an 
understandingg of the magnetic instabilities or so called flux jumps that appear in the 
measurementss can be gained. 

Too study the heating effect caused by flux movement, the temperature of a 
Bi2Sr2CaCu208+55 crystal under quasi adiabatic conditions during a field sweep was 
measured.. For this measurement the standard specific heat equipment described in section 
3.4.11 (figure 3.2) was used. A sample was glued with Apiezon to the saphire plate with 
c-axiss // B. The temperature of the frame is controlled and stabilized at a temperature T0. 
Duringg a field sweep, moving flux lines will dissipate energy and heat the sample. In this 
experimentt the sample temperature T, the dissipated power P, the heat capacity C of the 
systemm (the system being sample + saphire plate with addenda + Apiezon) and K, the 
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thermall  conductance to the frame kept at temperature T0, are connected by: 

CdT/dtt = P - K(T - T0). 

00 200 400 600 800 1000 1200 1400 
tt (s) 

Figuree 7.6 Temperature variation of a Bi2Sr2CaCu2Og+6 crystal during a field sweep 
withh a rate of 1 mT/sec. The field range is between 1 T and 2 T (Gerber et 
al.. [1994]). 

Figuree 7.6 shows the result of a measurement for a field sweep with a rate of 1 mT/sec 
betweenn 1 T too 2 T. The temperature of the frame (T0) is kept at 4.2 K. As soon as the field 
sweepp starts (at t=50 sec), the temperature of the sample raises, proving that moving flux 
liness dissipate energy. Similar measurements without a sample did not show any 
temperaturee increase. As one can see from the measurement, the flux movement is not 
monotonie.. At about t=200 sec. the temperature of the sample (+ addenda) decreases after 
whichh it starts to increase again. The nature of this unexpected behaviour is not yet 
understood.. At a certain moment a large flux jump appears to heat the sample significantly 
inn a short period of time. If the sample as a whole warms up to such an extent, the effect at 
thee heat source must be quite large. Self heating must be an important factor in the 
generationn of an avalanche effect in the flux movement. As described in chapter 5 for flux 
jumpss in V3Si during the field sweep an unstable flux profile will be formed inside the 
sample.. At a certain point an avalanche of flux movement starts. This avalanche is initiated 
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byy local heating caused by the power dissipated by the movement of one or more flux lines. 
Figuree 7.6 shows that the heating effect can be significant. In a few seconds the sample 

heatss up from 5 K to 14 K. Due to these potentially large effects on the temperature we 
knoww that during the magnetization and the magnetostriction measurements stabilization 
andd monitoring of the temperature of the sample are crucial. Otherwise it is impossible to 
bee certain that isothermal magnetization or magnetostriction is measured and the 
measurementt is not influenced by a side effect caused by self heating. 

7.3.55 Magnetostriction for  B // ab-plane 

Inn Figure 7.7 the magnetostriction of the first magnetostriction sample (sample 1) is shown. 
AL/LL is measured along the c-axis and the magnetic field is applied along the ab-plane. The 
parallell  plate capacitance cell presented in figure 3.3 was used. Since the sample is very 
thin,, a Cu piece was used to fil l up the sample space to 5.020 mm. The measurement was 
performedd at 4.3 K after the sample was cooled in zero field. The most remarkable feature 
off  the obtained result is the very large value for AL/L which is of the order of 10"3. The 
measurementt shows only very small hysteresis for the initial field sweep from 0 T to 8 T to 
00 T. After this the curve shows no hysteresis at all. The measurements for positive field 
andd for negative field give similar results. 

Duringg the measurements no relaxation effects were observed and the result as shown in 
figuree 7.7 is independent of the investigated magnetic field sweep rates of 0.5 mT/sec to 
33 mT/sec. During one experiment the superconducting magnet quenched, but the measured 
relativee length change was exactly the same as when the field decreased in a controlled 
way.. The measured curve could be reproduced after having thermally cycled the sample to 
roomm temperature and back. 

Thee absence of hysteresis (except for some small hysteresis during the initial field 
sweep),, the absence of relaxation effects and the independence of the result on field sweep 
ratee indicate that there is no or only very small flux-pinning in the material. The flux lines 
cann easily penetrate between the superconducting CuO planes and the flux is free to move 
betweenn these planes. The magnetization for B // ab-plane, measured under the same 
conditionss on the same sample, being zero (within the accuracy of the equipment) confirms 
thiss conclusion (see figure 7.5). The measurement of the Meissner fraction on the thermal 
expansionn sample shows that the Meissner fraction in the ab-direction is low, only 14%. 
Forr the first magnetostriction sample, which is 7 times thinner, the Meissner fraction in the 
ab-directionn can be much smaller. 
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Figuree 7.7 AIVL // c-axis as a function of B // ab-plane, measured at 4.3 K with a sweep 
ratee of 3 mT/sec 

Havingg understood the absence of the hysteresis in the measurement, there is also no 
hysteresiss in the magnetization, the large parabolic contribution to the magnetostriction 
remainss unexplained. The curve can be fitted by a constant times B3 for B < 3.5 T and by a 
constantt times B2 for B > 3.5 T. Influence of a demagnetization field on the measurements 
cann be neglected. Since the ratio of the length of the sample in c-direction to the length in 
ab-directionn is 0.1 the demagnetization factor is small. The nature of the parabolic 
magnetostrictionn contribution is unclear but its large size makes it impossible to neglect it. 

Additionall  measurements were performed to study this phenomenon and to reveal its 
origin.. Figure 7.8 shows the magnetostriction of the second magnetostriction sample 
(samplee 2), measured also with field perpendicular to the c-axis. Several curves were 
measured,, each with a small change in angle between field and ab-plane. Each curve was 
measuredd at 4.3 K after cooling the sample from above Tc in zero field. Again the parallel 
platee capacitance cell was used to perform the measurements. The measurement shows that 
thee general shape of the curves is the same however the magnitude of the maximum 
relativee length change clearly depends on the angle. The maximum relative length change 
iss expected for an angle of -0.4 degrees. 
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Figuree 7.8 AL/L // c-axis as a function of B // ab-plane, measured at 4.3 K for small 
changess in angle between B and the ab-plane. 

Thee same sample and the same configuration was used to determine the temperature 
dependencee of the magnetostriction. In figure 7.9 the result is presented for four different 
temperatures.. In all measurements the angle between field and ab-plane corresponding with 
thee measurements presented in figure 7.8 is 0°. Again all curves were measured after 
coolingg the sample in zero field. In the obtained curves the relative length first decreases 
andd then increases parabolically. At higher temperatures the maximum magnitude of the 
relativee length change decreases. During the measurements at 4.3 K, at 8 K and at 16 K 
relaxationn was seen and the obtained curves show small hysteresis. At 32 K the 
magnetostrictionn is reversible above a field of 3 T and no relaxation was noticed during the 
measurement.. This is an indication that the irreversibility field is reached. Above the 
irreversibilityy field the flux-lines are no longer pinned and can freely penetrate the sample. 
Dataa of Li [1992] confirm this value of 3 T at 32 K for the irreversibility field. 

Thee presented results indicate that the magnetostriction of Bi2Sr2CaCu208+6 single 
crystalss for B // ab-plane and AL/L // c-axis depends strongly upon small misalignments of 
thee angle between the magnetic field and the ab-plane. For the second sample in all the 
measurementss first a decrease of the length change was found followed by a positive 
parabolicc contribution, while for the first sample only the positive parabolic contribution 
wass found. The second magnetostriction sample is larger and twice as thick as the first 
magnetostrictionn sample. This crystal possibly has some misalignment within the sample 
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makingg that the perfect parabola could not be reproduced for this sample. For temperatures 
abovee 4.3 K the maximum magnitude of the magnetostriction is smaller than at 4.3 K. Also 
thee flux-pinning strength in a superconductor decreases with increasing temperature giving 
aa smaller critical current density which can be seen by less hysteresis in, for instance, the 
magnetization.. This is a strong indication that the parabolic contribution to the 
magnetostrictionn is related to flux-pinning. 
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Figuree 7.9 AL/L // c-axis as a function of B // ab-plane, measured at 4.3 K, 8 K, 16 K 
andd 32 K with a field sweep rate of 3 mT/s 

7.3.66 Angle dependence of the magnetostriction 

Too study the angle dependence of the magnetostriction a new capacitance cell was 
designedd which could fit in a rotatable magnet. See section 3.4.2 (figures 3.4 and 3.5) for a 
detailedd description of this magnetostriction cell. The largest difference with the previous 
measurementss is that now the average magnetostriction of three small samples is measured. 
Figuree 7.10 shows the angle dependence of the average magnetostriction of three 
Bi2Sr2CaCu2Og+66 single-crystalline samples (samples 3) for fixed field and fixed 
temperature.. First the samples were cooled in zero field to 4.3 K. Then the field was 
increasedd to 2.5 T at a constant angle of 0°. Then the angle was varied from 0° to 330° and 
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backk to 0°. During the measurement the rotation speed of the magnet was kept as much as 
possiblee at a constant rate. An experimental limitation is that the starting configuration is 
nott well known. The difference in angle between the first and the second peak in the 
relativee length change is 180°, for both the curve rotating the field to 330° and the curve 
rotatingg the magnet back to 0°. However, the peaks for increasing and decreasing angle are 
nott at the same position and none of them correspond with the angles at which the 
magneticc field is thought to be exactly perpendicular to the c-axis. Also the size of the 
peakss is not equal. The maximum magnitude of the magnetostriction is even larger as seen 
before,, it amounts to 1.6% for an angle of 290° and this in a field of only 2.5 T. 
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Figuree 7.10 AL/L as a function of angle, measured at 4.3 K and B = 2.5 T on samples 3. 

Thee angle dependent measurement presented in figure 7.10 shows that the 
magnetostrictionn of Bi2Sr2CaCu208+6 single-crystalline samples depends strongly upon 
angle.. However, it does not reveal the nature of the parabola found earlier. The new 
capacitancee cell allows for a more extensive study of the magnetostriction around the 
configurationn B // ab-plane, extending the result of figure 7.8 over larger angles. Therefore, 
forr several angles around the configuration B // ab-plane the magnetostriction for 
AL/LL // c-axis was measured as a function of field. The result of two of those 
measurementss are presented in figures 7.11 and 7.12. Note that the angles can not be 
comparedd with those in figure 7.10. Before each measurement the sample was cooled in 
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zeroo field. The curve presented in figures 7.11 is very similar to the results found for the 
samee configuration but measured on a single sample. Again a parabolic shaped curve is 
obtainedd with some hysteresis in the initial field sweep. The maximum magnitude of the 
magnetostrictionn is much larger than found before, even for a smaller maximum field of 
4.55 T. Figure 7.12 shows that the magnitude of the magnetostriction for an angle of 122° is 
muchh smaller. The shape of this curve is very different from the other curves. It looks like 
thee parabolic contribution is not present and only a hysteretic part is left. 
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Figuree 7.11 AL/L // c-axis as a function of B // ab-plane, measured at 4.3 K and angle : 

116°° on three samples. 
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Figuree 7.12 AL/L  // c-axis as a function of B // ab-plane, measured at 4.3 K and angle ; 

122°° on three samples. 

cP P 
O O 

_J J 
_ l l 
< < 

50 0 

40 0 

30 0 

20 0 

10 0 

0 0 

ii  i ' i  i  i  i  i 

--

;;  T = 4.3 K . "  ; 

 . .
ii  . i i . i . i . i . i 

1155 120 125 130 135 140 145 

44 (DEG) 
Figuree 7.13 Maximum value of AL/L // c-axis at B - 5 T as a function of angle, 

measuredd at 4.3 K. 
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Inn figure 7.13 the maximum value of the magnetostriction found is plotted against the 
anglee in the measurements. Clearly a minimum in the maximum relative length change can 
bee seen at an angle of 122°. This angle corresponds with what is thought to be B // ab-
plane.. Therefore, it is concluded that the magnetostriction is zero or very small when B is 
exactlyy parallel to the ab-plane. The parabolic contribution is due to a misalignment in the 
configurationn and its maximum value in a field of 5 T can grow up to 5% for an angle of 
22°.. From these measurements the misalignment in the measurement presented in figure 
7.77 is estimated to be 1° which is hardly to avoid in the experimental setup. 

7.3.77 Magnetostriction for  B // c-axis 

Figuree 7.14 shows the magnetostriction of the first magnetostriction sample measured 
againn along the c-axis with a field sweep rate of 3 mT/sec at a temperature of 4.3 K after 
beingg cooled in zero field but now for B // c-axis. Again the measured magnetostriction is 
large,, of the order 103. As expected from the magnetization, strong hysteresis is present in 
thee obtained curve. Also relaxation effects can be seen at a field of 0 T and at a field of 8 T. 
Figuree 7.15 gives a full account of the measurement for AL/L // c-axis and B // c-axis at 4.3 
KK for fields from 0 T to -8 T, to 8 T to 0 T. Remarkable is that after each full cycle the final 
valuee of AL/L is more negative than at the beginning of the cycle. After the measurements 
thee thickness and the mass of the sample were measured again. The thickness had 
decreasedd from 0.128 mm to 0.12 mm and the mass had decreased from 6.3 mg to 6.18 mg. 
Thiss is a strong indication that during the measurements there was friction between the 
samplee and the cell. This can explain why the value of AL/L is more negative after each 
cycle.. The most important difference between the virgin curve (zero field cooled) and the 
fulll hysteresis loop occurs at small increasing fields. In the virgin curve AL/L first 
decreasess and then increases, while at each continuous cycle AL/L increases almost 
immediately.. In the virgin curve an increasing magnetostriction is expected from flux 
penetratingg the sample from the sides (see chapter 2). 
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Figuree 7.14 AL/L // c-axis as a function of B // c-axis, measured at 4.3 K with a sweep 
ratee of 3 mT/sec 
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Figuree 7.15 AL/L // c-axis as a function of B // c-axis, measured at 4.3 K with a sweep 
ratee of 3 mT/s. The data between 4.5 T and 6.5 T is missing due to a crash of 
thee measuring program. 
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Inn figure 7.16 the magnetostriction is shown measured again along the c-axis with 
BB // c-axis but now at a temperature of 1.0 K. This time the sample was not zero field 
cooledd but remained below Tc after the measurements at 4.3 K. The measurement was 
performedd with a magnetic field sweep rate of 1.3 mT/sec. The value of the relative length 
changee is again 10"3, however, the shape of the curve changed significantly. With 
decreasingg field, at about 6 T a flux jump appeared. At a sweep rate of 3.1 mT/sec more 
fluxx jumps were seen. When a flux jump occurs, also a jump in temperature to about T = 
2.55 K was observed. Within a few seconds after a flux jump the temperature was stabilized 
againn at 1.0 K. 
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Figuree 7.16 ALVL // c-axis as a function of B // c-axis, measured at 1.0 K with a sweep 
ratee of 1.3 mT/sec. 

Figuress 7.17 and 7.18 show the relaxation of the relative length change during the first 
111 hours after the field was swept to zero at temperatures of 4.3 K and 1.0 K respectively. 
Alsoo after many hours a smooth curve was measured confirming the very high sensitivity 
off the measuring method for instance compared to magnetization measurements. 
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Figuree 7.18 AL/L  // c-axis as a function of time, measured at 1.0 K with B = 0 T. After 
333 103 sec. the temperature was increased to 4.3 K. 
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Figuree 7.19 AL/L // c-axis for B // c-axis at 4.3 K, simulated from the magnetization and 

thee equations derived in chapter 2. 

Figuree 7.19 shows the magnetostriction along the c-axis as simulated from the 
magnetizationn and the equations derived in chapter 2. The volume of the sample V is 
0.9655 x 10"9 m3. The elastic constant c13 = 0.560 x 10" N/m2 was taken from Boekholt et 
al.. [1991]. Boekholt measured the elastic constant at room temperature, so it has to be 
takenn into account that there can be a large error in this value when applying it for low 
temperatures.. When comparing the simulated magnetostriction curve with the measured 
curvess presented in figures 7.14 and 7.15, several differences are found. First of all the 
calculatedd magnetostriction is almost a factor 10 larger than the measured 
magnetostriction.. Part of this difference can be due to the uncertainty in the value for the 
elasticc constant. Also the shape of the measured and simulated curves is different. 
Accordingg to the calculated magnetostriction, starting from zero field the length of the 
samplee increases, as expected when vortices penetrate the sample from the side. The 
measuredd curve shows the length of the sample initially decreases. Apparently the 
calculation,, made according to the Bean model for field and length change perpendicular to 
eachh other, is not valid for the very flat Bi2Sr2CaCu208+6 single crystal for field and length 
changee parallel to each other. 
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7.44 Discussion 

Dcutaa et al. [1993] have measured the magnetostriction of a single crystal of 

Bi2Sr2CaCu208+66 for AIVL // ab-plane in fields up to 6 T for different temperatures between 

4.88 K and 30 K. The magnetostriction they measure is extraordinarily large, of the order of 

10"44 in fields up to 6 T at 4.8 K, see figure 7.20. They also find a large hysteresis. At higher 

temperaturess the magnetostriction becomes smaller. To explain their measurements Dcuta et 

al.. calculated the magnetostriction in a type-II superconductor with strong pinning 

behaviourr (equation 2.13). For the local field distribution they used an expression obtained 

byy integrating a modified Bean model for the critical current. The magnetostriction curves 

calculatedd this way represent the shape of the measured magnetostriction curves fairly well, 

howeverr the size of the calculated magnetostriction is about an order of a magnitude 

smallerr than observed at 4.8 K. Dcuta et al. suggest that this is due to a large 

demagnetizationn effect, which indeed can be large in this configuration. Another possibility 

cann be that the numerical constants used for the calculations are not correct. Using for the 

calculationss a local field distribution based upon the measured magnetization, as suggested 

inn chapter 2, can give a better representation of the magnetostriction. 

2 2 

^^  1 >* * 
i i o o 

55 o 

- 1 1 

-2 2 

- 66 - 4 - 2 0 2 4 6 
flfl ee(T) (T) 

Figur ee 7.20 AL/L // ab-plane as a function of B // c-axis for T = 4.8 K, measured by 
Dcutaa etal. [1993]. 
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Schmidtt et al. [1993] have measured the magnetostriction of a Bi2Sr2CaCupg+6, where 
AL/LL was measured along the c-axis and a magnetic field up to 4 T was applied parallel to 
thee c-axis. See figure 7.21 for the result for a temperature of 4.2 K. They explain their 
measurementt by distinguishing two contributions to the magnetostriction in the 
superconductingg state: contributions belonging to the surface sheet and to the remaining 
bulk.. No explicit expressions for the different contributions are given. However, the 
generall shape of the measured curve can be understood. Considering the lower maximum 
fieldd the shape of the curve found by Schmidt et al. represents fairly well the inverse of the 
curvee found by Dcuta et al.. This can be expected since the two magnetostriction curves 
weree measured in direction perpendicular to each other. However, the two results differ 
largelyy in the size of the magnetostriction. Ikuta et al. find a value for AL/L // ab-plane of 
-1.55 xlO"\ while Schmidt et al. find a value for AL/L // c-axis of 6.2 x 10"*. The difference 
off a factor 50 can be due to a different size of the used samples and, therefore, due to 
differentt effective fields. Another explanation can be a difference in experimental 
conditionss like the field sweep rate. 
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Figuree 7.21 AL/L // c-axis as a function B // c-axis, measured at 4.3 K by Schmidt et al. 
[1993]. . 
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Too exclude the influence of thermal expansion effects, stabilization of the temperature 
duringg the measurements is critical. This is because the critical current density and the 
pinningg force depend on temperature. During all the measurements presented in this work 
thee temperature was stabilized within a few mK (except when a flux jump occurred). The 
relevantt thermal expansion is about 2 x 10"6 K"1 (figure 7.4). Therefore the uncertainty in 
thee measurements due to thermal expansion is smaller than 10~8. From the smoothness of 
thee obtained curves it is concluded that the influence of temperature fluctuations on critical 
currentt density and pinning force may also be neglected. As discussed before, the 
superconductingg transition temperature of Bi2Sr2CaCu2Og+6 does not depend strongly upon 
thee distances between the CuO planes, which makes a direct influence of the 
magnetostrictionn on the superconducting properties unlikely. 

Thee measurements for AL/L // c-axis and B // ab-plane resulted in a study of the angle 
dependencee of the magnetostriction of Bi2Sr2CaCupg+ft As expected from the aniostropic 
structuree of Bi2Sr2CaCu2Og+ó the measurements showed a large angle dependence. From 
thee magnetization being zero for B // ab-plane one expects the magnetostriction to be very 
smalll or also zero. However, only when measuring with a field exactly parallel to the ab-
planee a very small magnetostriction is found. A small deviation in the angle between field 
andd ab-plane gives a large parabolic contribution to the magnetostriction. The nature of this 
contributionn remains unclear. An error in the measuring method, or a side effect of the 
forcess acting on the sample is possible but unlikely. To exclude tilting of the sample the 
samplee was glued with Apiezon to the capacitance cell. Possibly opening of cracks in the 
samplee are the reason for the large reversible magnetostriction. After a series of 
measurementss the sample had become somewhat thinner, indicating there was friction 
duringg the measurements. To find the nature of the parabolic contribution, measurements 
onn a thicker sample are suggested. An important outcome of the angle dependence study 
wass the development of a new, simple capacitance cell. With this cell the angle dependence 
off the magnetostriction of thin samples can be studied in fields up to 5 T. 

Thee measurements for AL/L // c-axis and B // c-axis show large hysteresis. The size of 
thee magnetostriction is very large, of the order of 10"4. The result presented in figure 7.15 
cann be compared with the result found by Schmidt et al. [1993] (figure 7.21) for the same 
configuration.. Both measurements show an increase in length for increasing field and a 
largee decrease in length when the field is decreased. This behaviour was predicted by the 
calculationss based upon the Bean model made in chapter 2. It is related to the flux-pinning. 
Alsoo the size of the magnetostriction is comparable considering the difference in maximum 
field.. The nature of the upturn in the magnetostriction for decreasing field remains unclear. 
Itt is not present in the measurement of Schmidt. Also the nature of the initial decrease of 
thee magnetostriction, for the zero field cooled curve presented in figure 7.14 is unclear. A 
possiblee explanation can be that the flux profile is not building up from the outside but 
fromm the inside. Flux penetrates the sample along cracks or irregularities towards the centre 
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off the sample and builds up from the inside giving an inverse flux profile as the profile 
suggestedd by the Bean model. The simulation gives a very rough approximation of the size 
andd shape of the measured curve. However, the upturn in the magnetostriction and the 
initiall decrease of the zero field cooled curve are not accounted for. 


