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Chapterr 3 

Experimentall  techniques 

InIn this chapter, a description will be given of the experimental techniques, 
thatt were used in our investigations. A brief account will be given for well-
documentedd equipment. A somewhat more detailed description will be given 
forr the perpendicular-pickup systems in the SQUID magnetometer and of 
thee Amsterdam high-magnetic-field installation. 

3.11 Sample preparation and characterization 

Threee single crystals have been used for the present work. Two of them 
(HoFenTii  and DyCon )̂ were grown from the melt in a modified Czochral-
skyy equipment at the FOM-ALMOS centre at the Van der Waals-Zeeman 
Instituutt of the Universiteit van Amsterdam [53]. The quality of these crys-
talss was checked by means of a scanning electron microscope at the Kamer-
linghh Onnes Laboratory, at the Universiteit Leiden. This electron microscope 
includess an equipment for electron-probe microanalysis (EPMA), through 
whichh the sample composition and homogeneity can be determined, within 
aboutt 3% and 1%, respectively (See e.g. Ref. [24]). The single crystallinity 
wass checked by means of a combination of optical microscopy and Laue X-ray 
diffraction.. Samples of various shapes were cut by means of spark erosion. 

Thee third sample, of single-crystalline HoFenTi, was produced by Dr. 
Kudrevatykh,, at the Institute of Physics and Applied Mathematics at Ural 
Statee University in Ekaterinburg, Russia. Details on the preparation can be 
foundd elsewhere [54]. Note that this sample was used in various previous 
investigationss (e.g. Refe. [41,55,56]). 

Sampless were oriented by means of Laue X-ray diffraction. To verify 
obtainedd orientations, diffractograms were compared to simulated patterns. 
Thee patterns were simulated by means of the computer program LaueX [57]. 
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3.22 Neutron diffractio n 

TwoTwo of the single-crystalline samples (HoCoi0Ti2 and DyCoioV2), studied in 
thiss thesis, have been characterized by unpolarized-neutron diffraction. Neu-
tronn diffraction is a widely used technique to obtain microscopic information 
onn atomic and magnetic moment configurations (See e.g. Refs. [58-60]). 

Neutronss can be produced with a wavelength comparable to the inter-
atomicc distances in a crystal lattice [61]. Besides this, neutrons carry a 
magneticc moment, that can interact with the magnetic moment of unpaired 
electrons.. Therefore, interference effects occur, if a neutron beam is scattered 
fromm a crystalline (magnetic) sample. The interference effects from elastic 
scatteringg result in Bragg reflections that can be measured. 

Integratedd intensities are measured by rotating either the crystal, with a 
fixedd detector position (w-scan), or both the crystal and the detector (w — 20-
scan)) through the Bragg condition. The number of neutrons recorded for a 
givenn Bragg reflection with Miller indices h, k, and I, after subtraction of 
backgroundd contributions, is given by [62,63] 

' « .. = ( A 3 ^ ) ( i ) LA\F(Q)|' (3.1) 

wheree A is the neutron wavelength, V is the volume of the crystal, Vc is the 
volumee of the unit cell, 57 is the angular scanning velocity, L is the Lorentz 
factorr (L = (sin20)-1 for reflections in the equatorial plane), and |F(Q)j2 is 
thee squared structure factor of the reflection with scattering vector Q. The 
factorr A is a correction factor for absorption [64]. Note that effects of thermal 
diffusee scattering and extinction are neglected here, although they may have 
aa relevant influence on the integrated intensities [59,62]. 

Forr ferro- and ferrimagnetic structures, the magnetic unit cell is equal to 
thee crystallographic unit cell. For unpolarized neutrons, the squared struc-
turee factor |F(Q)|2 is the sum of two contributions, a nuclear and a magnetic 
contribution: : 

|F(Q)|22 = |FN(Q)|2 + |FM(Q)|2 (3.2) 

Here,, the scalar nuclear contribution to the structure factor FN, is given by 

FN(Q)FN(Q) = E^^MiQ-r^expi-Wj) (3.3) 
3 3 

Here,, bj are the scattering lengths for neutrons [65] of atomic nuclei at po-
sitionss Vj, and Wj are the Debye-Waller factors, accounting for the thermal 
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motionn of nuclei at positions Tj. The magnetic structure factor FM, is given 
by y 

FFuu(Q)=pJ2fj(Q)(Q)=pJ2fj(Q)mmJJeeMiQ-rMiQ-r jj)exp(-W)exp(-Wjj)) (3.4) 
3 3 

Here,, p is the scattering length, of 2.696 fm, associated with 1 ^B> fj(Q) is the 
magneticc form factor for an ion at position j , describing the Q-dependence 
off  the magnetic neutron scattering for an ion at position Tj (tabulated in 
Ref.. [66] for various ions), and rrij  is the component of the magnetic moment 
(inn ^B) perpendicular to the scattering vector. Note that the Debye-Waller 
factorss Wj are usually taken to be the same as in Eq. 3.3. 

Too determine the crystallographic and magnetic structures of our samples, 
wee measured a number of Bragg reflections at different temperatures. After 
thee measurement, the integrated intensities have been analyzed by means of 
thee computer program CCSL [67]. With this program, calculated integrated 
intensitiess are fitted to measured integrated intensities according to model 
parameterss until satisfactory agreement is obtained. 

InIn the present study, we made use of two diffractometers. A single-
crystallinee sample of HoCou>Ti2 was characterized by dr. Gukasov in the 
four-circlee diffractometer 6T2 at the reactor Orphée of LLB-CEA in Saclay, 
France.. A DyCoioV2 single crystal was characterized at the diffractometer 
Ell  at the reactor BER II at the Hahn-Meitner-Institut in Berlin, Germany. 
Forr more information on these equipments, we refer to the websites of these 
institutess [68,69] 

3.33 Magnetometry 

3.3.11 Faraday balance 

Forr the determination of the Curie temperatures a home-built magnetometer 
basedd on the Faraday principle was employed [70]. This equipment detects 
magneticc moments by measuring the force on a sample in an inhomogeneous 
magneticc field that is generated between two Faraday pole caps (e.g. [71]). 

Inn this equipment, measurements can be performed between room tem-
peraturee and 1250 K. The accuracy of the thermometry is of the order of 
0.5%% with a resolution of about 0.3 K. Magnetic fields between 0.05 T and 
1.155 T can be applied. 

Absolutee magnetic-moment values can be determined between about 10-7 

Am22 and about 10~3 Am2, depending on the applied field. Relative moment 
changess as small as about 5  10~9 Am2 can be detected. 
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Thee samples are put into specially designed quartz ampoules, that are 
evacuatedd in order to prevent sample corrosion. To ensure that the field that 
iss experienced by the sample does not vary by more than 1%, the sample 
diameterr should not exceed 1 mm. 

3.3.22 SQUID magnetometer 

u u 
< ^ ^ 

10mm m 

100 mm 

a)) Longitudinal b)) Transverse 

Figuree 3.1: Schematic drawings of the second-derivative pickup coils and their 
down-axisdown-axis views, (a) Parallel coils comprised of f our single loops, (b) Perpendic-
ularular coils comprised of three left-right pairs of simple coils. The numbers give the 
relativerelative signs and magnitudes of the voltages from the individual coils. Coil radii 
areare 1 cm. (From Ref. [72]) 

Too determine accurate values of the magnetization at temperatures rang-
ingg from 1.7 to 400 K, and in fields up to 5 T, a Quantum Design MPMS2 
magnetometerr (referred to as SQUID magnetometer) is used [73]. This equip-
mentt employs a superconducting pickup coil in a flux transformer configura-
tion.. The pickup coil is coupled inductively to a superconducting quantum 
interferencee device (SQUID) acting as a flux-to-voltage sensor. The sample 
iss moved through the pickup coil to generate a voltage signal as a function 
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off  sample position. This response curve is used to evaluate the sample mo-
ment.. Sample moments between 10"12 and 103 Am2 can be determined with 
ann accuracy of 0.1%. 

Thee SQUID magnetometer is equipped with a horizontal sample rotator, 
thatt can rotate the sample about the measurement axis, and with both a 
parallel11 and a perpendicular detection system [74]. The core of these detec-
tionn systems are second-derivative pickup coils that are independently wired 
concentrically.. A schematic drawing of both the parallel and perpendicular 
pickup-coill  configurations is provided in Figure 3.1 (taken from Ref. [72]). 
Notee that the x-direction in this figure is defined according to the position 
off  the perpendicular pickup-coil system. We will use a different definition, 
too be given below. 

Caree should be taken that the sample is well centered on the measurement 
axiss [72,74]. For a precise determination of the magnetic moment perpendic-
ularr to the applied field, it should not be too small compared to the moment 
parallell  to the applied field [72,74], because a magnetization component par-
allell  to the applied field interferes with the response of the perpendicular 
pickupp coils. 

Forr our purposes, this interference could be removed by measuring at the 
angularr position of maximum signal and subsequently again after rotating 
thee sample by 180°. In this way, the perpendicular moment reverses polarity, 
whereass the interfering signal from the parallel component does not. The 
absolutee value of the two measurements is averaged, to produce the magnetic 
momentt perpendicular to the applied field. 

Ann example of a measurement is given in Figure 3.2, where the magnetic 
momentt parallel and perpendicular to the applied field of single-crystalline 
DyCoioV22 is shown as a function of angle of rotation <j>  about the measure-
mentt axis. The moment parallel to the applied field, Mpar, is defined as M2. 
MMxx and My depend geometrically on Mperp and </>. 

Wee define Mx, My, and Me according to a magnetic-moment orientation 
matrix,, see Section 2.6.3. Mz is the component measured parallel to the 
appliedd field. Mx is the component perpendicular to the applied field, de-
terminedd at the rotator position that is nearest to the [001] crystallographic 
directionn of the sample. Finally, M„  is defined as the component perpendic-
ularr to the field, perpendicular to Mx. 

Uponn mounting the sample, the x and y directions are unknown. There-
fore,, these directions have to be determined. We did this in the following 
manner.. Our samples have the [001] direction as easy magnetization direc-

11 Quantum Design uses the notions "longitudinal" and "transverse" for parallel and 
perpendicular,, respectively. 
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Figuree 3.2: An example of a measurement in the SQUID, in which both the per-
pendicularpendicular (Mperp) and parallel (Mp&r) components of the magnetization are deter-
minedmined as a function of angle of rotation (<j>)  about the measurement axis. According 
toto our definitions, see text, Mpar is identified with Mz, whereas Mx and My de-
pendpend geometrically on 4> and Mperp. This measurement was performed on a single 
crystalcrystal of ByCo^V^- The field was applied in the (100) plane, at an angle of 45 ° 
withwith the [001] direction. 

tion,, at least in some field and temperature range. In two cases, for the 
HoCoi0Ti 22 and the DyCoioV2 samples, because of remanence, it was possi-
blee to magnetize the samples parallel to the [001] direction. The ^-direction 
iss then at the angle of maximal perpendicular response in zero field. For the 
thirdd sample, of single-crystalline HoFenTi, that is not remanent, a slightly 
differentt approach has been made. A magnetic field, high enough to saturate 
thee sample, is applied. The x-direction is taken to be at the angle of maximal 
perpendicularr response, as above. As this position does not change in a large 
enoughh field interval, it is justified to identify this direction with the [001] 
crystallographicc direction. 

Inn all cases, the angle of maximal response was carefully tracked as a 
functionn of applied field. Only for the single crystal of HoFenTi , a signifi-

DyCo10V22 B//(100);V[001] = 45
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cantt change was observed (See Chapter 6). In the other cases, the angle of 
maximall  response was independent of the field strength. In these cases, the 
parallell  and perpendicular components of the magnetization are referred to 

andd M T . ass M p ar and Mperp, rather than M 

3.3.33 High-magnetic-field installation 
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Figuree 3.3: Two standard magnetic-field pulses in use in the high-magnetic-field 
facility.facility. The continuous pulse is used to reach the maximum available field of 
3838 T. Both the step-wise pulse and the continuous pulse have been used in the 
experimentsexperiments described in this thesis. 

High-fieldd magnetization measurements in fields up to 38 T were per-
formedd in the Amsterdam high-magnetic-field installation [75-79]. The tem-
peraturee of both the sample and the pickup-coil system is kept at 4.2 K, by 
immersingg both in liquid He. Field pulses are generated by guiding currents 
throughh a hard-copper magnet coil. Currents up to 10 kA are produced by 
aa thyristor-based power supply. 

Thee field as a function of time can be programmed to any desired profile, 
withinn the limit s of the equipment. For example, in Figure 3.3, the often used 
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step-wisee (with field levels constant to within 10"4) and linear-field profiles 
aree displayed. Step-wise profiles, with field plateaus lasting for 50-100 ms, 
aree used to obtain accurate values of magnetization, free from the influence of 
eddyy currents in the sample. The linear profiles are used to obtain accurate 
valuess of transition fields and can, provided that the sample resistance is 
relativelyy high, also be used to obtain accurate values of the magnetization. 
Forr this, the obtained values of magnetization have to be adjusted to those 
obtainedd from step-wise pulses. 

Parallell  pickup-coil system 

Thee magnetization parallel to the applied field, Mz is measured by a pickup-
coill  system of special design [76]. It consists of two concentric cylinders of 
oppositelyy wound Cu wire, compensating the signal due to the applied field. 
Thee length of the coils is 50 mm. The diameter of the inner coil, that has 
17566 turns, equals 6.00 mm, and the diameter of the outer coil, that has 
3511 turns, equals 14.12 mm. The recommended sample diameter (including 
holder)) is 4.2 mm. The length of the sample can be up to 35 mm, since 
thiss is the length of the region around the coil center that is insensitive 
(withinn 1%) for the exact position of the sample. Although the pickup coil 
iss designed to compensate the applied field, the empty pickup-coil signal is 
nott negligible. Therefore, an electronically generated compensation signal is 
addedd to the signal of the pickup-coil system, in order to create reproducible 
emptyy pickup-coil signals. 

Thee sensitivity of the pickup-coil system is about 10~2 mAm2. In low 
fields,fields, the accuracy is similar to the sensitivity. However, in high fields, 
ann error, proportional to the applied field, is observed, amounting to about 
55  10-2 mAm2 in 35 T. This error is due to uncertainties in the compensa-
tionn for the empty pickup-coil signal, caused by changes of unknown origin, 
introducedd by the motion of the sample rod in the pickup-coil system. 

Perpendicularr  pickup-coil system 

Inn order to determine all three components of the magnetization, we used, 
besidess the conventional parallel pickup-coil system described above, a newly 
developedd perpendicular pickup-coil system. 

Becausee of the limited space - the inner diameter of the helium Dewar 
amountss to only 17 mm - it is difficult to accommodate a "three axis system" 
ass described elsewhere [80]. So, we developed a simple setup. Essentially, 
itt consists of a Helmholz-like pair of coils, on a Celeron body. Field com-
pensationn should not be necessary for such a perpendicular coil system: the 
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fieldd direction is in the plane of the coils, and the symmetry of the coil pair 
accountss for compensation of inhomogeneous field components. Manufactur-
ingg errors in the pickup coils and the magnet only cause DC effects, small 
enoughh to be corrected for electronically. However, we observed fluctuations 
inn our response curves with amplitude of roughly 3 mAm2. We ascribe these 
effectss to vibrations. Subtraction of the effect of a second, identical, pair of 
coils,, mounted 28 mm lower, reduces the fluctuations by a factor of 15, leav-
ingg the sensitivity approximately the same. In fields up to 15 T, averaging 
off  the fluctuations results in reasonable results with an accuracy of better 
thann 0.05 mAm2. At higher fields, however, the amplitude of the fluctua-
tionss becomes rapidly larger with increasing field. Therefore, we used this 
pickup-coill  system only in fields up to 15 T. 
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Figuree 3.4: Schematic drawing of the set-up for the perpendicular magnetic-
momentmoment measurement. Two pickup-coil systems with 2 x 500 turns of copper wire 
(0.08(0.08 mm diameter) each, are installed in series. The upper system contains the 
samplesample that can be rotated around the field axis. The lower system compensates 
fieldfield fluctuations. 

Thee aforementioned field compensation turns out to be very sensitive to 
movementss of the sample rod. Therefore, it is necessary to adjust the elec-
tronicc compensation with the sample in situ. This can be done in low fields, 
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withh the aid of low-field SQUID data. Uncertainties in the compensation 
introducee an extra error up to about 0.15 mAm2 at 15 T. Figure 3.4 shows a 
schematicc drawing of the measurement configuration, including the relevant 
dimensions. . 

Thee sensitivity of this setup was 1.5 times that of the parallel pickup 
coil,, enabling us to use the same data-acquisition system. Calibration of 
thee perpendicular pickup-coil system was performed at room temperature 
withh the aid of small permanent magnets (pieces of NdgFe B̂ of about 1 mm 
diameter),, of which the magnetic moments were determined in the previously 
mentionedd SQUID magnetometer. The results agreed within 1 % with the 
calculatedd value for the coil parameter. It should be noted that, due to the 
limitedd dimensions of the pickup coils, the size of the samples should not far 
exceedd 1 mm, and the positioning should be done appropriately. 
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Figuree 3.5: Example of a symmetric 15 T pulse (full line), used to measure the 
magnetizationmagnetization parallel to the x-direction, perpendicular to the applied field (dashed 
line),line), of the HoFe\\Ti single crystal. The field was applied in the (110) plane, at 
anan angle of 75 ° with the [001] direction. The large magnetization response above 
tt = 1.5 s is due to a calibration pulse. 

Thee measurement consists of two parts, the same as in the SQUID. After 
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measuringg the parallel magnetic moment Mz as a function of applied field, 
wee replace the conventional coil system by the perpendicular coil system, and 
subsequentlyy we determine the perpendicular components of the magnetiza-
tion,, Mx and My, in the same field interval. The sample is rotated around 
thee vertical axis to measure the components Mx and My of the magnetic 
moment.. The x and y directions are determined in the same way as in the 
SQUID.. An example of an actual measurement is given in Figure 3.5. 




