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55 V3Si 

5.11 Introductio n 

Sincee the discovery of high-temperature superconductivity, the research on the low-
temperaturee superconductors has also gained renewed interest. When trying to understand 
thee properties of High-Temperature Superconductors (HTC) the Low-Temperature 
Superconductorss (LTC) are often used as reference materials. This has revealed unknown 
propertiess of the LTC like the de Haas van Alphen (dHvA) oscillations being seen as well 
inn the normal state as in the superconducting state in V3Si (Mueller [1992], Corcoran 
[1994])) and in Nb3Sn (Harrison [1994]), the peak effect in the magnetization in V3Si (Isino 
[1988])) and the peak effect in the magnetostriction in NbTi (Wyder [1995]). 

Onee of the aims of this work is to try to obtain a better understanding of physical 
measurementss used to study the flux-pinning behaviour of high-temperature 
superconductors.. For this purpose magnetostriction and magnetization experiments under 
thee same conditions were performed on single-crystalline samples of the HTC 
Lajj  g5Sr015Cu04.8 and Bi2Sr2CaCu208+5 (see chapter 6 and 7). The obtained results are not 
easyy to understand because the HTC materials have a complex structure with a large 
anisotropy.. In order to try to obtain a better understanding of the results it was decided to 
performm similar measurements on a well known LTC compound that has no or only a small 
anisotropy.. These measurements can be used as a reference for the measurements 
performedd on the HTC materials. At the FOM-ALMOS a large single-crystalline sample of 
V3Sii  was available that was suitable for this purpose. 

AA literature study on V3Si reveals a richness in physical properties. At room temperature 
thee material has the A15 cubic structure. The highest superconducting transition 
temperaturee reported is 17.0 K. Just above Tc the material exhibits a martensitic structural 
transformationn from the cubic structure to the tetragonal structure. It has been widely 
acceptedd that this transformation is electronically driven, being due to a band Jahn-Teller 
effectt (Liu [1995]). Possible correlation between structural properties and 
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superconductivityy makes the compound very interesting and it has been studied extensively 
byy many authors on this point (Ota [1986], Smith [1975]). Ott [1985] showed how to 
controll  the martensitic transformation by applying pressure to the material. More recently, 
Corcorann et al. [1994] measured the de Haas van Alphen oscillations in the 
superconductingg state. Schmidt [1993] measured the magnetostriction of V3Si in one 
directionn and gave a qualitative explanation of the obtained results. 

Thee richness in physical properties of V3Si makes it necessary to perform a profound 
studyy of the basic properties of the sample that was used for the magnetostriction and the 
magnetizationn measurements. Neutron diffraction was used to prove the single-crystallinity 
off  the grown rod after which the crystal was oriented by Laue X-ray diffraction and cut by 
sparee erosion into samples suitable for physical measurements. The superconducting 
transitionn temperature was measured by ac-susceptibility and by ac-resistivity. Also the 
resistancee ratio was determined from the ac-resistivity data. The resistance ratio is linked 
withh an attempt to see the de Haas van Alphen oscillations in the superconducting state. 
Thee thermal expansion and the specific heat were measured to determine whether the 
samplee is transforming or non-transforming and to see how it behaves in a dilatometry cell. 
Then,, the results of the magnetization and magnetostriction studies are presented and 
discussed.. Finally, the magnetostriction results are compared with the results found by 
Schmidtt et al. [1993]. 

5.22 Sample preparation and characterization 

Thee crystallographic structure of V3Si at room 
temperaturee is A15 (cubic) with a = b = c = 
0.47255 nm (Chaddah [1983]). A picture of the 
crystallographicc structure at room temperature is 
shownn in figure 5.1. 

V3Sii  melts congruently so that single-
crystallinee material can be grown directly from 
thee melt. A large crystal was grown at the Van 
derr Waals-Zeeman Institute by the tri-arc-
Czochralskii  method. Neutron diffraction on the 
ass grown rod, performed at room temperature, 
provedd that the rod consisted of one large single 
crystal.. Figure 5.2 shows a rocking curve 
measuredd on the entire crystal. The sharp single 
peakk indicates that the crystal is of good 

Figuree 5.1 Crystallographic 
structuree of V3Si. 
Openn circles = V, 
dashedd circles = Si. 
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crystallographicc quality which is confirmed by the FWHM (Full Width at Half Maximum) 
valuee of 0.25° for the (200) reflection. The lattice parameters derived from the neutron 
measurementt are a = b = c - 0.473 nm, in good agreement with literature values. 

—— 268 269 

Anglee (degrees) 
Figuree 5.2 Rocking curve of V3Si crystal on the (200) reflection peak. 

270 0 

Thee singe-crystalline sample was oriented by Laue X-ray backscattering after which the 
followingg samples were cut from it by spare erosion: 
-- a cube of 5.020 x 4.918 x 4.698 mm3, for dilatometry and magnetization, 
-- two bars of 1 x 1 x 4 mm3 each, for ac-susceptibility, dHvA and ac-resistivity, 
-- two flat pieces of total mass 0.12773 gram for specific heat. 
Thee cube and the two bars were oriented with their faces perpendicular to the [100] 
directions.. The two flat pieces came from the sides of the cube. These samples are flat on 
onee side and round on the opposite site, a form suitable for the specific heat equipment (see 
sectionn 3.4.1). 

Thee density of the grown crystal, measured at room temperature on the cube, is 
5.677 g/cm3. The density calculated from the structure and the lattice parameters measured 
byy neutron diffraction on the same crystal is 5.70 g/cm3. Thus, the measured density is 
99.5%% of the calculated optimal density. The small difference is just within the accuracy of 
thee density equipment. Other reasons for the somewhat smaller value can be voids, 
vacanciess or impurities present in the sample. 
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Thee superconducting transition temperature was measured by ac-susceptibility on one of 
thee two bars. The result is shown in figure 5.3. The field is along the long axis of the bar 
whichh is a [100] direction. The curve shows a Tc(onset) of 17.0 K with a ATC(90%) of 
0.22 K. 
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Figuree 5.3 Ac-susceptibility of a V3Si bar for temperatures between 15 K and 19 K 

measuredd along the [100] direction. 

Thee ac-resistivity, measured on the other bar, is shown in figure 5.4. The current is 
alongg the [100] direction. This measurement also gives a Tc(onset) of 17.0 K and also a 
ATC(90%)) of 0.2 K. From the literature it is known that the Tc of V3Si can vary strongly, 
dependingg upon the exact stoichiometry of the material (Smith [1975], Fraser [1989]). The 
highestt Tc reported is 17.0 K and means an exact 3 : 1 ratio of vanadium and silicon 
(Flükigerr [1987]). From the high Tc and the small ATC(90%) it can be concluded that the 
samplee has the correct stoichiometry and is homogeneous. 

Thee resistance ratio, defined as R(290 K) over R(20 K), equals 17.3. The resistance 
ratio,, defined as R(290 K) over R(extrapolated to 0 K), is 20.8. For the extrapolation the 
relationn R(T) = R(0) + AT2, was used for temperatures between 17 K and 30 K (see inset 
figuree 5.4). The resistance ratio depends upon its definition, the purity of the material and 
thee exact stoichiometry of the material (Flükiger [1987]). No difference was seen, by this 
author,, between poly-crystalline and single-crystalline material. In the literature, the values 

0.0 0 

_QQ -0.4 

66-- -0.8 
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reportedd for the resistance ratio vary between 10 and 82. The relatively low resistance ratio 
off  the single-crystalline sample is ascribed to the minor quality vanadium (2N) that was 
usedd as starting material, resulting in a high amount of impurities in the sample. These 
impuritiess can have influence on the flux-pinning in the material. However, this does not 
affectt the basic results of the magnetostriction and magnetization measurements. 

TT '  ' 1  ' r 

00 100 200 300 
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Figuree 5.4 Ac-resistivity of a V3Si bar for temperatures between 15 K and 280 K 
measuredd along the [100] direction. The inset shows a blow-up of the 
resistivityy at low temperatures. 

Historically,, the de Haas van Alphen effect has been extremely important in providing 
thee most detailed information about the size and shape of the Fermi surface. Corcoran et al. 
[1994]]  measured the oscillations for V3Si in the normal and in the superconducting state. 
Theyy proved that in V3Si quantum oscillations persist down to B/Bc2 = 0.6 at low 
temperaturee for a single-crystalline sample with a resistance ratio of 47 and a Tc of 17 K. 
Similarr measurements on the bar used for the ac-susceptibility measurement proved for this 
samplee the oscillations to persist only to B/Bc2 = 0.8. A confirmation that the dHvA 
oscillationss are directly related to the resistance ratio of the material. Harrison [1994] 
measuredd the dHvA effect for a Nb3Sn sample with a resistance ratio of 70 and found that 
oscillationss persist to B/BC2 = 0.5. 
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5.33 Measurements 

5.3.11 Specific heat 

Thee specific heat of V,Si was measured for temperatures between 1.5 K and 80 K with the 
adiabaticc method described in section 3.4.1. The result of this measurement is shown in 
figuree 5.5. The curve shows a single transition at the Tc value of 17.0 K, which is in good 
agreementt with the results of ac-susceptibility and ac-resistivity measurements. The 
relativee jump in the specific heat at Tc amounts to AC/yTc = 1.38, which is close to the 
BCSS value of 1.43. 

0.4 4 
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Figuree 5.5 Specific heat of V3Si for temperatures between 1.5 K and 80 K. 

Huangg et al. [1980] find in the specific heat of their sample a second transition, which is 
independentt of magnetic field, at a temperature just above Tc. They relate this to the 
martensiticc transformation from cubic to tetragonal. Other authors do not find this double 
transitionn in the specific heat (Muto [1979]) or find a much less pronounced step above Tc 

(Junodd [1980]). These results are related to non-transforming samples or samples that 
transformm gradually over a large temperature range. Khlopkin [1984] measured for a series 
off  samples the resistance ratio and the temperature of the structural martensitic 

11 1 r 1 '' ' L~ 
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transformation.. From these data a sample with a resistance ratio, defined as 
R(300K)) / R(18K), of 19 transforms just at the T, value of 17 K. From the fact that only a 
singlee transition is seen in the specific heat data presented in figure 5.5 and the resistance 
ratioo of the sample being close to 19, it can be concluded that the sample is either non-
transforming,, it transforms just at or just below Tc, or the martensitic transformation takes 
placee over a large temperature range above Tc and is not clearly visible in the specific heat 
measurement.. Performing a fit according to the normal state specific heat of metals and 
comparingg the results with literature values may help to distinguish between the different 
options. . 

AA general expression of the normal state specific heat of metals is given by: 

CCnn = yT + p r3 (5.1) 

Heree y is the coefficient of the electronic specific heat and P is related to the Debye 
temperaturee 6 by: 

P P 122 4 R 
— I XX  n— 

55 e3 
(5.2) ) 

wheree n is the number of atoms per molecule and R is the gas constant. 

ii  i ' i 

1000 0 2000 0 3000 0 

T22 (K2) 

Figuree 5.6 C/T versus T2 of V3Si. The grey line is a fit with expression 5.1. The inset 
showss the normalized electronic specific heat versus inverse temperature. 
Thee grey line indicates the exponential behaviour according to the BCS 
theoryy (expression 5.3). 
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Performingg this fit  for T between 20 K and 50 K yields y = 46 mJ/molK2 and 
66 = 450 K. The result of this fit  is shown in figure 5.6. Here it should be noted that the 
outcomee of the fit  is not unambigious, as it depends upon the chosen temperature range. 
Moreover,, the value of y varies between 40 and 60 mJ/molK2, while the value of 0 is less 
dependentt upon the fit range. 

TC(K)) Y (mJ/molK2) 8(K) 
Muto[1979]]  16.7 55.4 490 
Huangg [1980] 16.8 59.4 465 
Thiss work 17.0 46 450 

Tablee 5.1 Coefficient of the electronic specific heat and Debye temperature of V3Si 

accordingg to several authors. 

Tablee 5.1 shows the result of y and 6 together with the results of two other authors. 
Mutoo measured a non-transforming sample while Huang measured a sample with a clear 
doublee transition. The lower value of y found in this work is an indication that the sample 
iss gradually transforming. However the values of y and 9, reported by several researchers 
(ann overview is given by Huang [1980]), show considerable scatter in the data. Besides 
variationss resulting from differences in sample quality, the results depend upon the 
temperaturee range chosen for the analysis. Therefore it can be concluded, which confirms 
thee conclusion of Muto [1979], that due to the impact of the structural transformation 
applicationn of equation 5.1 has limited validity in the case of V3Si. 

Inn the BCS theory the electronic specific heat, Cel, has an exponential temperature 

dependencee below Tc: 

CCelel = S . 5 y T c e l 4 2 T < / T (5.3) 

Thee electronic specific heat of V3Si below Tc is calculated on the basis of the assumption 
thatt the lattice specific heat has the same form in the normal and the superconducting state. 
Takingg 0 = 450 K, this yields a correction for the lattice specific heat of about 12% of the 
totall  specific heat. A similar correction has been reported by Huang et al. [1980]. The 
resultingg curve is depicted in the inset of figure 5.6 as log(Cel/yTc) versus T/T and is 
comparedd with expression 5.3. Near Tc the BCS behaviour is approached. On the other 
hand,, at lower temperatures the derived electronic specific heat clearly deviates from the 
exponentiall  behaviour. One should keep in mind, however, that the correction for the 
latticee specific heat is far from accurate, as expression 5.1 has limited validity for the 
systemm V3Si. An alternative method to correct for the lattice contribution to the specific 
heatt is to measure the same sample in a magnetic field larger than the upper critical field. 
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Thiss method is experimentally not easily achieved, because a magnetic field of at least 18 T 
iss required. Besides, the martensitic transformation contributes to the specific heat, 
hamperingg a detailed analysis. 

5.3.22 Thermal expansion 

Thee thermal expansion was measured on the cubic sample along the [100] direction for 
temperaturess between 1.5 K and 290 K. The result for temperatures between 1.5 K and 
488 K is shown in figure 5.7. During cooling from room temperature a decreases down to 
455 K, where an upturn starts resulting in a maximum value for the thermal expansion of 
1.11 x 10" K ' at 17.0 K. From this increase in the thermal expansion it can be concluded 
thatt the sample is transforming, as suspected already from the specific heat data, in a 
graduall  way between temperatures of 45 K and 17 K. The maximum point of the transition 
iss at 17 K. The superconducting transition is observed as a large jump just below 17 K, 
afterr which a decreases again through a local maximum at 5 K. The measured curve is 
completelyy reproducible and independent of the thermal history of the sample. 

1.2 2 

2ss 0.8 

ÓÓ 0.4 

0 0 

-I—|—i—r r -,—r r 
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Figuree 5.7 Thermal expansion of V3Si measured along the [100] direction for 
temperaturess between 1.5 K and 48 K. 
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Figuree 5.8 shows the thermal expansion of the same sample measured along the [010] 
andd the [001] directions. Again the measurements are reproducible and independent of the 
historyy of heat treatments. It is remarkable that the two curves show the same result as the 
thermall  expansion along the [100] direction. Since the sample transforms from a cubic 
structuree to a tetragonal structure one would expect to find, for the thermal expansion along 
thee three crystallographic axes, two similar curves and one curve shaped differently. 
Apparentlyy something special is the case for the martensitic transformation. 
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Figuree 5.8 Thermal expansion of V3Si measured along the [010] and the [001] 
directionn for temperatures between 4.3 K and 24 K. 

Ottt [1985] showed that the martensitic transformation in V3Si can be controlled by 
applyingg pressure to the material. A single crystal will transform in a lamellar structure of 
transformationn bands with the direction of the bands parallel to the applied stress. Figure 
5.88 implies that the pressure from the spring which clamps the sample in the capacitance 
celll  is enough to force the sample to transform always in the same direction. Liu [1995] 
measuredd thermal expansion of a V3Si sample while applying stress to the sample in 
differentt directions. Their experimental conditions were similar to the conditions used in 
thiss work. They measured the thermal expansion with a capacitance cell on a single-
crystallinee cubic sample of 3.5 x 4.6 x 4.8 mm3 with [100] faces. The FWFfM value 
measuredd on the [200] peak is 0.15° and Tc(midpoint) = 16.7 K. Liu found that the stress of 
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thee clamping in the capacitance cell, which is about 0.5 bar, is enough to force the sample 
too transform always in the same direction, the shorter a-axis of the tetragonal unit cell. A 
minimumm bi-axial stress of 16 bar perpendicular to the direction of the measured length 
changee is required to force their sample to transform completely in the c-direction. For a 
bi-axiall  stress between 0.5 bar and 16 bar a smaller magnitude of the c-like transformation 
wass observed, indicating mixed c-axis and a-axis orientation along the direction of the 
measuredd length change. Comparison of the measured thermal expansion of figure 5.7 with 
thee data of Liu confirms that the sample used in this work always transforms in the same 
direction:: the direction in which the thermal expansion is measured being the a-axis of the 
tetragonall  unit cell. 

0.4728 8 

0.4716 6 
0 0 1000 200 

T(K ) ) 
300 0 

Figuree 5.9 Lattice parameter of V3Si derived from the thermal expansion along the 
[100]]  direction for temperatures between 1.5 K and 300 K. The inset shows 
thee relative change of the lattice parameter at low temperatures. 

Testardii  et al. [1967] showed that the onset of superconductivity stabilizes the cubic 
crystall  structure. They claim that samples that do not exhibit the structural transformation 
aree those for which the transformation would probably occur below Tc. This result is 
confirmedd by Khlopkin [1984], who determined the relation between the resistance ratio 
andd the transformation temperature by suppressing the superconductivity with a large 
magneticc field. The relation found by Khlopkin shows that a sample with a resistance ratio, 
R(300K)) / R(18K), of 17.3 transforms at about 15 K. Here, it should be checked how much 
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off  the gradually transforming sample used in this work is actually transformed at 
Tcc = 17.0 K. For this purpose the lattice parameter was derived from the thermal expansion 
dataa for temperatures between 290 K and 1.5 K. The room temperature lattice parameter of 
0.47266 nm, measured by neutron diffraction, was used as starting point. The obtained result 
iss presented in figure 5.9. The curve shows a decrease between room temperature and 50 K 
off  1.6%. This confirms the result found by Chaddah et al. [1983] obtained via an X-ray 
diffractionn study. From the results of Chaddah, a decrease of 1.5% is derived. The inset of 
figuree 5.9 shows the relative length change of the V3Si sample (normalized to zero at 50 K) 
forr temperatures between 1.5 K and 50 K in more detail. The relative length change caused 
byy the martensitic transformation (between 45 K and 17 K) amounts to 3 x 10 .̂ Liu et al. 
[1995]]  find for a completely transformed sample a relative length change of 6 x 10"4 while 
Chaddahh et al [1983] find, via X-ray diffraction, 5 x 10"1 for a transformed sample. This 
showss that at Tc only 50% to 60% of the V3Si sample used in this work is transformed to 
thee tetragonal structure. Figure 5.9 shows that at the superconducting transition temperature 
thee transformation is stopped, or at least tempered, confirming the claim of Testardi et al. 
[1967].. The decrease in lattice parameter for temperatures between 17 K and 1.5 K is larger 
forr the sample used in this work than for the samples used by Chaddah and by Liu. Also, 
thee decrease is larger than what could be expected from the behaviour above Tc. This 
indicatess that the superconducting transition temperature tempers the martensitic 
transformationn but it does not completely stop it. 

5.3.33 Magnetization 

Thee magnetization of the cubic sample was measured by the moving sample magnetometer 
describedd in section 3.4.3. The sample was cooled in zero field after which a magnetic field 
iss applied along the [100] direction. The magnetic field is swept with a constant sweep rate 
off  3 mT/sec. while every 20 seconds a magnetization point is taken by moving the sample 
upp and down in the pick up coils one time. The result of the measurement at 4.3 K is shown 
inn figure 5.10. 

Thee measured magnetization curve shows a behaviour that is normal for LTC 
compounds.. The magnetization starts at zero in zero field. At increasing field the 
magnetizationn decreases almost linearly and a minimum is reached at about 0.8 T. Just 
afterr the minimum or just at the minimum a so called flux jump appears causing the 
magnetizationn to decrease to almost zero again. An extensive study of this phenomenon 
wass performed by Gerber [1993]. During the field sweep the flux profile inside the sample 
buildss up towards an unstable state. The flux line profile tends to relax towards the most 
stablee state at all times. This can be seen by the relaxation of the magnetization, when the 
fieldfield sweep is stopped the magnetization relaxes towards zero. However, if the field is 
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sweptt at high enough rate the flux profile can not relax fast enough and a more and more 
unstablee flux profile will be formed inside the sample. At a certain point movement of one 
orr movement of a few flux lines creates an avalanche of flux movement causing the flux 
profilee to change towards a more stable situation. This can be seen in the magnetization 
whichh jumps to almost zero. The avalanche of flux movement causes heating of the sample 
(Gerberr [1994]). After the flux jump the flux penetration is hampered again and 
consequentlyy the magnetization decreases. A minimum is reached after which the 
magnetizationn curves towards zero. At the maximum field of 8 T the magnetization is still 
nott zero but it has a small negative value indicating that the sample is still in its 
superconductingg state. When the field is decreased the magnetization becomes positive and 
ann unstable flux profile builds up again. Just below an external field of 0 T another flux 
jumpp appears causing the value of the magnetization to decrease to almost zero. After this 
fluxflux jump the magnetization increases and reaches a maximum at -0.8 T. The remaining of 
thee curve is symmetric with the positive part. The magnetization curve deviates from the 
theoreticall  curve derived from the Bean model (figure 2.3). The main reason for this is that 
inn the Bean model the critical current density is independent of field while the critical 
currentt density of V3Si decreases with increasing field. Also the measured sample has not 
thee perfect slab form. Still, the Bean model can be used for a qualitative understanding of 
thee flux profiles in the sample. 

Figuree 5.10 Magnetization of the V3Si cube measured at 4.3 K by sweeping the field 
withh 3 mT/sec. 
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Inn figure 5.11 a picture is shown of the time dependence of the magnetization of V3Si. 
Fraserr [1989] studied the time dependent magnetization behaviour in V3Si and concluded 
thatt the features can be explained completely by established concepts of flux-pinning and 
fluxx creep. The effects depend upon field, temperature and history of the sample and can be 
veryy large. If the field sweep was suddenly stopped, large relaxation effects were noticed. 
Inn the case of figure 5.11 the field sweep was stopped in a controlled way. Still, the 
relaxationn of the remanent magnetization is 1% after 15 minutes. The magnetization 
measurementt presented in figure 5.10 took more than 3 hours, showing that a direct 
comparisonn of measurements not performed under the same conditions should be done 
withh care. 

54.0 0 

52.8 8 
00 1 2 3 

Timee (103 sec.) 

Figuree 5.11 Time dependent magnetization of V3Si at 4.3 K and B = 0 T measured after 
sweepingg the field from 0 T to 1 T too 0 T. At time = 530 sec. the field is at 
00 T and remains constant. 

Thee magnetization equipment has been adjusted in order to enable measurements under 
thee same conditions as the magnetostriction measurements. This means the same 
temperature,, atmosphere, history (always zero field cooled) and field-sweep rate. The only 
differencee is that for the magnetostriction the sample is clamped in a copper cell while 
duringg the magnetization measurements the sample is inside a Teflon holder. This gives 
riserise to a different heat exchange of the sample with its surroundings. 
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5.3.44 Magnetostriction 

Inn figure 5.12 the magnetostriction, measured on the cubic sample, at 4.3 K for field and 
lengthh change parallel to each other is plotted. The measurement was performed the same 
wayy as the magnetization at 4.3 K so the result can be compared directly with the 
magnetizationn curve shown in figure 5.10. 

- 8 - 44 0 4 8 

B(T) ) 
Figuree 5.12 Magnetostriction of V3Si at 4.3 K for B // [100] and AL/L // [100] measured 

byy sweeping the field with 3 mT/sec. 

Thee picture shows expected and unexpected behaviour. As the field increases from zero 
thee measured sample expansion increases from zero. This can be understood from the flux 
penetration.. Flux penetrates the sample from the outside and consequently pushes via the 
pinningg centres the sample towards the centre. The sample will decrease in length 
perpendicularr to the field and increase in length along the field. The latter is what we see in 
thee measurement. Similar as in the magnetization the magnetostriction tends to saturate 
towardss a maximum at 0.8 T and like in the magnetization at the maximum or just after the 
maximumm a flux jump appears causing the samples length to decrease instantly. An 
importantt remark is that during the flux jump the vortices in the sample are not pinned 
meaningg for a moment there is no stress induced by the flux profile. After the flux jump, as 

Ó Ó 
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thee field continues to increase, the flux penetrates the sample again and, consequently, the 
lengthh increases towards a local maximum which coincides with the local minimum in the 
magnetization.. With increasing field the length change starts to decrease in an almost linear 
wayy towards -0.20 x 10"3 at a field of 8 T. When decreasing the field, first the length jumps 
towardd a slightly smaller value, then it increases again through a local maximum just above 
00 T. At a field just below 0 T a second flux jump appears which, just like the first flux 
jump,, coincides with the flux jump in the magnetization. After this jump the curve is 
symmetricall  to the positive field part. Note that the third flux jump does not appear in the 
magnetizationn measurement. At the end of the measurement the length of the sample is 
smallerr than at the beginning of the measurment. 

Figuree 5.13 shows the magnetostriction measured at 8.0 K for B // [100] and 
AL/LL // [100]. There is much less hysteresis than in the measurement at 4.3 K, which is 
expectedd since the critical current density (and also the magnetization) is smaller at higher 
temperatures.. The large negative contribution, which is even larger than at 4.3 K, is 
remarkable.. Again at the end of the measurement the length of the sample is smaller than at 
thee start. 
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Figuree 5.13 Magnetostriction of V3Si at 8.0 K for B // [100] and AL/L // [100] measured 

byy sweeping the field with 3 mT/sec. 

Figuree 5.14 shows the magnetostriction again for B // [100] and AL/L // [100] but 
measuredd at several higher temperatures. The large negative contribution remains present 
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inn these measurements. The hysteresis is very small. At the temperatures close to Tc the 
upperr critical field Bc2 shows up. For fields above Bc2 the magnetostriction is not constant 
duee to thermal expansion effects. At these relatively high temperatures during a field 
sweep,, the temperature of the sample shifts 0.05 to 0.1 degree. Due to the large thermal 
expansion,, for temperatures around Tc, these small temperature variations give a large 
contributionn to the length change of the sample. This measuring effect can be neglected for 
thee measurements at low temperatures since then the temperature drift is much smaller and 
alsoo the thermal expansion of the sample is small. The magnetostriction at 18.0 K is 
somewhatt curved and shows a small hysteresis due to the thermal expansion contribution. 

- 8 - 44 0 4 8 
B(T ) ) 

Figuree 5.14 Magnetostriction of V3Si at 12.6 K, 15.0 K, 16.0 K, 16.5 K and 18.0 K for 
BB // [100] and AL/L // [100] measured by sweeping the field with 3 mT/sec. 

Inn figure 5.15 the magnetostriction for B // [010] and AIVL // [100] measured at 4.3 K is 
shown.. This curve was obtained after rotating the capacitance cell in the field, so keeping 
thee same direction for the length change measurement however changing the direction of 
thee field by 90 degrees. If there is no volume effect one would expect to find a curve 
resemblingg the negative of the result of the measurement for B // [100]. Contraction of the 
samplee in one direction should give an expansion in the opposite directions keeping the 
volumee constant. However, as seen in the picture almost the same result as for B // [100] is 
found.. The large negative contribution is clearly present again. Only the hysteresis is 
smallerr and the flux jumps are not observed. 
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Figuree 5.15 Magnetostriction of V3Si at 4.3 K for B // [010] and AL/L // [100] measured 
byy sweeping the field with 3 mT/sec. 

Alsoo the magnetostriction was measured for B // [010] and AL/L // [100] at 8 K. The 
resultt is plotted in figure 5.16. Again a curve with a large negative contribution and small 
hysteresiss is found. The measurements at 8 K gives an almost identical result for B // [010] 
ass for B//[100]. 

Thee last measurements performed are plotted in figure 5.17. The magnetostriction at 
higherr temperatures was measured for AL/L // [100] and B // [010]. Just like at 8 K, the 
obtainedd figure looks very similar to the result of the measurements with B // [100], 
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Figuree 5.16 Magnetostriction of V3Si at 8.0 K for B // [010] and AIVL // [100] measured 
byy sweeping the field with 3 mT/sec. 
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Figuree 5.17 Magnetostriction of V3Si at 12.6 K, 15.0 K, 16.0 K, 16.5 K and 16.8 K for 
BB // [010] and AL/L/ / [100] measured by sweeping the field with 3 mT/sec. 
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Figuree 5.13 and figure 5.16 show that the magnetostriction for all measured 
temperaturess is independent of the relative orientation of B and AL. On the assumption that 
thee deformation is volume conserving and the direction of expansion coincides with that of 
B,, one would expect that the measurement with B // [010] gives the opposite result from 
thee measurement with B // [100]. Instead similar results are found. Another remarkable 
findingg is the large negative contribution to the magnetostriction, only present in the 
superconductingg state, which is independent of field, temperature and orientation. 

Too analyse the hysteretic part of the magnetostriction data the large negative 
contributionn should be separated from the hysteretic contribution. For this purpose a third 
orderr polynomal fit was made for fields between 8 T and 1.5 T on the decreasing branch of 
thee measurement at 4.3 K with B // [100] and AL/L // [100] (figure 5.12). The obtained fit 
wass subtracted from the total measurement of figure 5.12. The result is shown in figure 
5.18.. Clearly, in this plot the descending branch between 8 T and 1.5 T gives AL/L = 0. 

Figuree 5.18 Magnetostriction of V3Si at 4.3 K for B // [100] and AL/L // [100] measured 
byy sweeping the field with 3 mT/sec after subtracting the large negative 
contribution. . 

AA simulation can be made of the magnetostriction at 4.3 K from the measured 
magnetizationn at 4.3 K by using the equations based upon the Bean model derived in 
chapterr 2. The volume of the sample V is 116 x 10"9 m3. Testardi et al. [1967] determined 
thee elastic constants of V3Si samples with and without structural transformation. At room 
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temperaturee c,, = 2.87 x 10" Nm2 and c12 = 1.202 x 1011 Nm2. The temperature dependence 
off  the elastic constants of a transforming sample is large, cn shows a reduction of 36% 
betweenn room temperature and 4.2 K. The influence of temperature on c12 in a transforming 
samplee is not given. Besides, the influence of a sample being partly transformed is 
unknown.. Testardi shows that there is a large difference in the temperature dependence of 
{c{cnn-c-cxx^lc^lcuu for transforming and non transforming samples. For the simulation of the 
magnetostrictionn the elastic constant c12 = 1.0 x 10u Nm2 was chosen, taking in mind that 
theree can be a large error in this number. The result of the simulation, using these 
parameterss for V and c, for AL // B [100] and B // [100] is shown in figure 5.19. The shape 
off  the picture shows many similarities with the hysteretic part of the measured 
magnetostriction,, that is, without the large negative contribution as presented in figure 
5.18.. However, the size of the two curves differs by a factor 5 to 10. Several reasons can be 
notedd for this difference. First, the uncertainty in the value used for the elastic constant is 
large.. Both, the temperature behaviour of c12 and the influence of the (partial) martensitic 
transformationn on c!2 are not known. Second, the simplification of using a two dimensional 
Beann model for a three dimensional configuration can cause a large error. The latter will be 
discussedd in more detail in chapter 6. Finally, the correction for the large negative 
contributionn is a best effort correction. 

to o 

Ó Ó 

-0.11 -

Figuree 5.19 Simulated magnetostriction, from the magnetization measurement and the 
equationss derived in chapter 2, at 4.3 K for AL/L // [100] and B // [100]. 
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5.44 Discussion 

Thee specific heat and the thermal expansion data showed that the single-crystalline sample 
iss a transforming sample, that shows a gradual transformation over a wide temperature 
rangee above Tc. At Tc, 50% to 60% of the sample is transformed. The transformation is 
suppressedd at Tc where a large jump appears in the thermal expansion. The martensitic 
transformationn can be controlled by applying stress to the material. The thermal expansion 
measurementss showed that during the dilatometry measurements the sample is, by the 
clampingg of the dilatometry cell, forced to transform the clamped direction always into the 
[100]]  direction of the tetragonal state. 

Schmidtt et al. [1993] measured the magnetostriction and annealing curves for V3Si for 
AL/LL // [110] and B// [110]. Figure 5.20 shows their magnetostriction result at 4.2 K. The 
curvee they found is very similar to the result presented in this work for AL/L // [100] and 
B/// [100], i.e. a large negative contribution with strong hysteresis. Schmidt gives a 
qualitativee explanation of the measured magnetostriction via shielding currents and flux 
penetration.. When applying an external field, positive shielding currents will be induced 
resultingg in an expansion of the sample. When the field is increased further, flux will 
penetratee the sample giving a contraction of the sample. 

Thee measurements presented in this work prove that only the hysteretic part of the curve 
iss related to flux penetration. Its shape can be simulated from the magnetization and the 
equationss derived from the Bean model. The measurements performed at higher 
temperaturess clearly showed that the hysteretic part of the curve becomes smaller at higher 
temperaturess while the large negative contribution remains. Furthermore, the large negative 
contributionn is independent of the orientation. It is proposed that this effect has its origin in 
thee martensitic transformation. The thermal expansion measurements showed that the 
transformationn is incomplete when it is suppressed by Tc. When a magnetic field is applied 
att a temperature below Tc, part of the sample becomes normal (many vortices) and will 
transformm to the tetragonal structure, decreasing the sample length. A simple calculation of 
thee percentage of the sample being in the normal state at 8 T, assuming the core of a vortex 
withh a radius equal to the BCS coherence length (Muto [1979]) being non-
superconducting,, gives 23 %. Since the coherence length increases with temperature this 
numberr will be larger at temperatures just below Tc. The difference in relative length 
changee between the fully transformed sample of Liu et al [1995] and the partly transformed 
samplee of this work is -3 x 10"4. Therefore, it can be assumed that the negative contribution 
wil ll  stop at -3 x 10-4. The magnetostriction data taken just below Tc do not reach this value, 
ass Bc2 is reached before the transformation is complete. The data for B // [010] and 
AIVLL // [100] at 12.6 K show a sign of saturation at 8 T, exactly at AL/L = -3 x 10"4. 
Finally,, the independence of the large negative contribution of the orientation can be 
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understoodd from the preferential transformation direction by the clamping of the sample in 

thee dilatometry cell. 
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Figuree 5.20 Magnetostriction of V3Si at 4.2 K for AIVL // [110] and B // [110], 
measuredd by Schmidt et al. [1993] 

Inn addition to a magnetostriction curve Schmidt et al. [1993] also presented annealing 
curves,, measuring the length change of a V3Si sample while cooling the sample in a 
magneticc field and in zero field. These measurements clearly show that when Tc is lowered 
byy a magnetic field the martensitic transformation continues below 17 K. So the V3Si 
samplee used by Schmidt is also only partly transformed at Tc. The magnetostriction 
measurementt of Schmidt, presented in figure 5.20, can then be understood within the same 
descriptionn used to explain the measurements in this work. Unfortunately, Schmidt does 
nott give the exact experimental parameters like size of the sample, resistance ratio of the 
samplee and field sweep rate used in the magnetostriction measurement. Figure 5.20 shows 
aa comparable hysteresis to figure 5.12 indicating that the experimental conditions were 
similar.. The slope of the negative contribution differs a factor 5. This is probably due to a 
differentt percentage of the sample being transformed at Tc. Also the different orientation of 
thee crystals, [110] compared with [100], can be the reason for this slope difference. 

Thee resistance ratio of V3Si is a crucial parameter for its physical properties. The 
superconductingg transition temperature, the martensitic transformation and the de Haas van 
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Alphenn effect are directly related to the resistance ratio of the material. Together with the 
dependenciess of several physical properties upon the measuring method, this makes it very 
delicatee to compare experimental results obtained by different authors on different samples 
underr different measuring conditions. In this work several physical properties were 
measuredd on one sample while all external conditions were adjusted to make it possible to 
performm a direct comparison of the different measurements. The richness in physical 
propertiess of V3Si makes it difficult to use the obtained results as a reference for the 
magnetostrictionn measurements on HTC materials. The martensitic transformation largely 
influencess the magnetostriction measurements. Still it can be concluded that the description 
accordingg to Bean given in chapter 2, together with the measured magnetization, can be 
usedd for a first qualitative understanding of the hysteretic part of the magnetostriction 
measurements. . 


