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66 La2.xSrxCu04.6 

6.11 Introductio n 

Thee La^S^CuÔ  system has a relatively low superconducting transition temperature 
(maximumm Tc = 36 K) making the compound less interesting for applications. However, as 
shownn from the phase diagram in chapter 4 (figure 4.9), La2.xSrxCu04.6 exhibits many 
interestingg physical properties. The relatively small anisotropy of La^Sr^CuÔ  allows the 
growthh of single-crystalline samples with large dimensions in all crystallographic 
directions.. As presented in chapter 4, large high-quality single-crystalline samples were 
obtainedd via the Travelling Solvent Floating Zone method. These large crystals allow a 
profoundd study of the physical properties of L ^ S ^ C u O^ and, being so, they were used 
byy several research groups. In this chapter, magnetostriction measurements, in combination 
withh magnetization measurements, on a large single-crystalline sample of La, 85Sr015Cu04_0 

aree presented, minimizing disturbing factors like the shape effect and the demagnetization 
effect. . 

Soo far, magnetostriction of La^S^CuÔ  has been measured by Dcuta et al. [1994] for 
BB // c-axis and AL/L // ab-plane. They found a hysteretic magnetostriction loop that was 
quantitativelyy described with a model based on a pinning-induced mechanism. 

Inn this chapter, first the samples used for the different measurements are described. An 
attemptt to measure de Haas-van Alphen oscillations in La, ^STQ 10CuO4.6 is discussed. Next, 
thee result of a specific heat measurement of La, ̂ Sr,, ̂ CuO^ is shown. Then, the 
magnetizationn for B // c-axis and the magnetostriction of La, g5Sr0 ̂ CuO^ for B // c-axis 
andd AL/L // c-axis are presented. Finally, the obtained results are analysed via simulations 
off  the magnetostriction from the measured magnetization. 
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6.22 Samples 

Thee preparation and the characterization of the La^Si^CuÔ  single-crystalline samples is 
describedd extensively in chapter 4. Here, only a summary of the different samples used for 
thee specific heat, the magnetization, the magnetostriction and the de Haas-van Alphen 
experiments,, described in this chapter, is given. 

AA single crystal of La, .„Sr,, „jCuO^ with a mass of 0.2883 gram taken from growth 
G15MA33 was used for the specific-heat measurements. The sample has one large flat side 
allowingg a good thermal connection with the sapphire plate of the specific-heat equipment. 

AA cubic shaped sample with dimensions 3 x 4 x 5.02 mm3 of La, g5Sr015CuCV5, taken 
fromm growth G18DE3 was used for the magnetostriction and the magnetization 
measurements.. For this oriented crystal the last dimension (5.02 mm) is along the c-axis. 
Thee other dimensions represent the ab-plane. 

Forr the de Haas-van Alphen effect measurement an oriented bar of 1 x 1 x 3 mm3 of 
La,, ^Sro IQCUO^ was used. The last dimension represents the length of the sample along 
thee c-axis. An attempt was made to observe the de Haas-van Alphen oscillations in the 
magnetization.. Success would confirm the high quality of the prepared single-crystalline 
samples.. The measurements were performed at the H.H. Will s Physics Laboratory, 
Universityy of Bristol, in pulsed fields up to 50 T, at a temperature of 1.5 K. No oscillations 
weree found in the magnetization of the single-crystalline bar of La, ̂ Sro ,0CuO4_fi. There are 
severall  possibilities for not seeing the de Haas-van Alphen effect in the magnetization of 
La1.90Sr0il0CuO4.. First of all, it can be an intrinsic property of the compound. Then, it could 
bee that the sample is not homogeneous enough. Another possibility is that the 
crystallographicc quality of the sample is not high enough. 

6.33 Measurements 

6.3.11 Specific heat 

Thee specific heat of La^Sr-Q^CuĈ was measured for temperatures between 18 K and 
2800 K using the adiabatic method. Figure 6.1 shows the obtained result, which is in 
agreementt with the result found by Ramirez et al. [1987]. The inset shows the specific heat 
plottedd as C/T versus T for the lower temperature range. The curve is smooth, there is 
hardlyy any sign of the superconducting transition Tc at 24 K. Furthermore, in a specific heat 
measurementt performed by the continuous heating method on the same sample, no clear 
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anomalyy at Tc could be found. The relative sizes of the anomalies in the specific heat of 
HTCC compounds are usually rather small, since the high transition temperatures lead to a 
largee phonon back-ground with a pronounced temperature dependence in the region where 
Tcc is found. Ernst et al. [1993] do find an anomaly at Tc in the specific heat of 
La,, 85Sr015Cu04_6 ceramic samples. They showed the specific heat jump AC/TC is small, 12 
too 14 mJ/moleK2. For comparison, this specific heat jump is depicted in the inset of figure 
6.11 as the grey line and turns out to be only slightly larger than the scatter in the data 
presentedd here. Ernst measured and compared the specific heat jump of several samples. 
Thee homogeneity of the spatial distribution of the Sr doping is found to be very critical for 
aa sharp transition in the specific heat. Also annealing of a sample at 500 °C for 30 hours to 
improvee the homogeneity of oxygen, improved the size and sharpness of the specific heat 
jump.. Apparently the sample used in this work is not homogeneous enough either in Sr 
dopingg or in oxygen content. A suggestion is to remeasure the specific heat after having 
annealedd the single-crystalline sample to improve its homogeneity. 
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Figuree 6.1 Specific heat of La, i90Sr0 ,0CuO4.6 for temperatures between 15 K and 290 K. 
Thee inset shows the specific heat for temperatures near Tc of 24 K. The grey 
linee denotes the specific heat jump reported by Ernst et al. [1993]. 
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6.3.22 Magnetization 

Magnetizationn measurements were performed on the cubic sample that was also used for 
thee magnetostriction measurements. The result of the measurement performed at 4.3 K for 
BB // c-axis is presented in figure 6.2. The sample was cooled in zero field and the field was 
sweptt with a constant sweep rate of 2 mT/sec. The obtained curve shows a normal type-II 
superconductorr behaviour. For increasing field the magnetization decreases until it reaches 
aa minimum at 2.5 T. During further field increase the magnetization curves towards zero 
indicatingg that the critical current density Jc decreases with increasing field. In none of the 
magnetizationn measurements on La, 85Sr0 ,5Cu04_6 flux jumps were observed. Large 
hysteresiss was noticed when the field direction is reversed after a temporarily stop at 8 T 
andd at -8 T. 

Figuree 6.3 and figure 6.4 show the magnetizaton of the La, g5Sr0,5Cu04.6 crystal for T = 
100 K and T = 15 K respectively. The shape of the curves is similar to the curves at 4.3 K, 
howeverr the size of the magnetization becomes smaller at higher temperatures. This is 
expectedd since the critical current density becomes smaller at higher temperatures. For the 
measurementt at 15 K for a field of 4.5 T the magnetization becomes zero, indicating that 
thee critical current density is zero. The obtained curves are in good agreement with the 
curvess found by Kimura et al. [1992], for a single crystal with the same superconducting 
transitionn temperature 
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Figuree 6.2 Magnetization of the La,g5Sr015Cu04.6 cube for B // c-axis, measured at 
4.33 K with a sweep rate of 2 mT/sec. 
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Figuree 6.3 Magnetization of the La, 85Sr015Cu04.6 cube for B // c-axis, measured at 
100 K with a sweep rate of 2 mT/sec. 
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Figuree 6.4 Magnetization of the La, 85Sr0-lsCuOw cube for B // c-axis, measured at 
155 K with a sweep rate of 2 mT/sec. 
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6.3.33 Magnetostriction 

Figuree 6.5 shows the magnetostriction of the cubic sample for a temperature of 4.3 K. 
AL/LL was measured along the c-axis of the La, 85Sr015Cu04.6 crystal. The magnetic field, 
appliedd along the c-axis, was swept with a constant sweep rate of 2 mT/sec. The 
measurementt was started after the sample was cooled in zero field. The obtained 
magnetostrictionn is very large, up to 5.5 x 10"3. For increasing field the magnetostriction 
increasess until a maximum is reached at 4.5 T. For further increasing field the length of the 
samplee increases less fast. When the field was temporarily stopped relaxation was noticed. 
Thee field was stopped at 8 T and -8 T for 1 minute. For decreasing field, the 
magnetostrictionn decreases fast to almost zero and remains relatively small until the field 
becomess negative. For negative fields the magnetostriction increases again and similar 
behaviourr as for positive field is found. 
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Figuree 6.5 Magnetostriction of the La, g5Sr015Cu04.6 cube at 4.3 K for B // c-axis and 
AL/LL // c-axis measured by sweeping the field with 2 mT/sec. 
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Figuree 6.6 Magnetostriction of the La, 85Sr015Cu04.0 cube at 10 K for B // c-axis and 
AL/LL // c-axis measured by sweeping the field with 2 mT/sec. The 
irregularitiess at 4 T are due to a disturbance of the measuring equipment. 
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Figuree 6.7 Magnetostriction of the La, 85Sr015Cu04.6 cube at 15 K for B // c-axis and 
AL/LL // c-axis measured by sweeping the field with 2 mT/sec. 
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Figuree 6.6 and figure 6.7 show the magnetostriction measured in the same way on the 
samee sample but for temperatures of 10 K and 15 K respectively. The obtained curves 
showw still a very large value for the magnetostriction. Also, strong hysteresis and relaxation 
iss present. Similar as in the magnetization measured at 15 K, for high field, the 
magnetostrictionn becomes zero in the measurement performed at 15 K. 

Thee measured magnetostriction curves can be simulated via the measured magnetization 
andd the equations derived in chapter 2. The volume of the sample V is 60 x 10"9 m3. For the 
elasticc constant c13 of 1^ 85Sr015Cu04_fi at low temperature should be used. However, this 
elasticc constant is not known. Migliori et al. [1992] measured the elastic constants of 
single-crystallinee samples of La2Cu04_6 and La, 86Sr0 uCuO .̂ Their data shows cu at room 
temperaturee is 1.72 x 1011 N/m2 for La2Cu04.6 and 2.48 x 1011 N/m2 for Larg6Sr0.14CuO .̂ 
Sincee c13 is 0.714 x 1011 N/m2 for La2Cu04.6 at 44 K, c13 of the La, 85Sr015Cu04_8 sample 
usedd in this work is estimated to be 1 x 10" N/m2, taking in mind that there can be a 
considerablee error in this number. 

Thee obtained curve of the simulation for 4.3 K is presented in figure 6.8. The shape of 
thee curve shows many similarities to the measured magnetostriction. Starting from zero 
fieldd the magnetostriction increases until a maximum is reached at 3.5 T. Then, the 
magnetostrictionn decreases until the maximum field of 8 T is reached. The large decrease 
inn the magnetostriction when decreasing the field is also present. The largest difference 
betweenn the measured and the calculated magnetostriction is the size. The measured curve 
iss two orders of magnitude larger than the calculated one. The reason for difference can 
qualitativelyy be understood. The equations used to calculate the magnetostriction from the 
magnetizationn were derived for a flux profile in a slab for field and length change 
perpendicularr to each other. The measurements were performed on a cubic sample for field 
andd length change parallel to each other. The flux profile in a cubic sample will be different 
fromm the flux profile in a slab. Flux lines will penetrate the sample not from two, but from 
alll  four sides. The flux profile in a cubic sample will have the shape of a pyramid. 
Consequently,, also the force acting on the sample, coming from the pinned flux lines, will 
havee such distribution. The sample will decrease in length in the two directions 
perpendicularr to the field and increase in length in the direction parallel to the field. If the 
volumee of the sample remains constant, the length change in the direction parallel to the 
field,, is twice the length change in the direction perpendicular to the field. So the calculated 
magnetostrictionn should be multiplied by a factor two. However, since the inward force 
actingg on the sample, arising from the pinned flux lines, is much larger in the center of the 
samplee than at the sides, the sample will deform to a pyramid shape. The length change 
measuredd by the capacitance cell is the length change of the highest point of this pyramid, 
whichh is likely to be much larger than what can be expected from the calculated 
magnetostriction. . 
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Figuree 6.8 Simulated magnetostriction from magnetization at 4.3 K for B // c-axis and 
AL/L//c-axis. . 
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Figuree 6.9 Simulated magnetostriction from magnetization at 10 K for B // c-axis and 
AL/LL // c-axis. 
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Figuree 6.10 Simulated magnetostriction from magnetization at 15 K for B // c-axis and 
AL/LL // c-axis. 

Figuree 6.9 and figure 6.10 show the magnetostriction calculated from the magnetization 
forr temperatures of 10 K and 15 K respectively. The size of the magnetostriction is still 
muchh smaller as for the measured curves. However, the difference between the two is 
smaller,, about a factor 25. The shape of the curves represents the measured curves better at 
higherr temperatures. 

6.44 Discussion 

Thee magnetostriction of a La, 85Sr015Cu04.s single-crystalline cubic sample was measured 
att three different temperatures for field and length changes along the c-axis. The shape of 
thee magnetostriction curves can quantitatively be explained via the pinned flux model used 
inn chapter 2, and the measured magnetization. The size of the measured magnetostriction is 
muchh larger than the size of the calculated magnetostriction. This can qualitatively be 
understoodd by the deformation of the sample. No results of the magnetostriction in 
La,, g5Sr015Cu04_6 single crystal for this orientation have been reported so far in the 
literature. . 

Figuree 6.11 shows the magnetostriction of La2.xSrxCu04_6, for two values of x, measured 
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byy Ikuta et al. [1993] for AL/L // ab-plane and B // c-axis. Ikuta measured on single-
crystallinee samples that have a slab like configuration. Their sample sizes were 1.05 x 3.30 
xx 2.90 mm3 for x = 0.07 and 0.5 x 2.45 x 1.35 mm3 for x = 0.05, where the last number 
representss the length along the crystallographic c-axis. The length change was measured 
alongg the first dimension. The measurements were performed with a field sweep rate of 
100 mT/sec. The size of the magnetostriction found by Ikuta et al. is much smaller than the 
resultss presented in this work for the opposite configuration. 

T — i — i — i — i — i — i — i i i 

(a)) (Lao.95Sro.05)2Cu04 

5.22 K 

II I I I I I I I I 1 I I 

(b)) 4 

5.11 K 

Figuree 6.11 Magnetostriction of La2.xSrxCu04.6, for two different values of x, at 5 K for 
BB // c-axis and AL/L // ab-plane measured by Ikuta et al. [1994]. 
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Figuree 6.12 (a) The magnetization of the La, ̂ Srp ,0CuO4.6 sample (circle) at 4.2 K and 
fittingg curve (solid curve), (b) The predicted magnetostriction curve using 
thee parameters determined by the fitting for B // c-axis and AL/L // ab-plane 
measuredd by Ikuta et al. [1994]. 

Ikutaa shows that for the configuration with B // c-axis and A1VL // ab-plane a calculation 
basedbased upon the pinned flux lines model describes the magnetostriction very well. They 
usedd the same model described in chapter 2 of this work. However, the magnetostriction 
wass not calculated directly from magnetization. Ikuta assumes that the critical current 
densityy is described by the expression: 

JJcc(B)(B) = y,oexp(-B/Bo) (6.1) 

Thee parameters are determined by fitting this expression to the measured magnetization. 
Thee result of this fitting together with the obtained predicted magnetostriction is presented 
inn figure 6.12. 

Thee magnetization of the La, 85Sr0,5Cu04_{{  cube measured at 10 K (figure 6.3) resembles 
thee shape of the magnetization of the La, ̂ S^ ,0CuO4_6 sample of Ilcuta et al. measured at 
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4.22 K very well. Using the equations of chapter 2 and the same elastic constant as used by 
Ikutaa cn = 2.634 x 10" N/m2 (from Nohora et al. [1991]) a simulation can be made of the 
magnetostrictionn for B // c-axis and AL/L // ab-plane. This is done to compare the method 
forr calculating the magnetostriction, used by Ikuta, with the method used in this work. The 
resultt of the simulation is shown in figure 6.13. The curve resembles the measured 
magnetostrictionn of Ikuta very well, both in shape and in size. It is therefore concluded that 
thee model used to calculate the magnetostriction from the magnetization is adequate for the 
configurationn with field and length change perpendicular to each other. 
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Figuree 6.13 Calculated magnetostriction of La, 95Sr015Cu04.6 at 10 K for B // c-axis and 
AL/LL // ab-plane. 

Theree are two ways to confirm that the magnetostriction for field and length change 
alongg the c-axis is in accordance with the model used in chapter 2, which is based upon 
flux-pinning.. First, a simulation can be made of the flux profile in a cubic sample, with the 
correspondingg force distribution and the corresponding length changes. However, 
consideringg the complex distribution of the flux profile and, consequently, the complex 
forcee distribution this is not an easy task. A second way is to perform a measurement on a 
slabb like sample. Large crystals can be grown and with the spare erosion technique they can 
easilyy be shaped in a slab shape. For instance a sample of 5 x 0.5 x 5 mm3 will limit the 
deformationn of the sample considerably. 
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