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Chapterr 2 

Experimental l 

2.11 Sample preparation 

Polycrystallinee samples were prepared by the conventional arc-melting method. Starting 

materialss of purity of at least 99.9% were weighted according to their nominal 

compositionss and melted on a water-cooled copper crucible under Ar atmosphere. They 

weree remelted for several times in order to attain good homogeneity. In the case of 

constituentt elements with high vapor pressure, an extra amount of about 1 at. % was added 

Entrancee of atmospheric gas 

Figuree 2.1. Layout of the SC-N35HD light-image furnace. 
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too compensate for evaporation during the melting. An annealing process is necessary to 

havee better homogeneity for each sample and to reduce internal stress. The alloy buttons 

weree sealed into evacuated quartz tubes prior to annealing. For each compound, the 

annealingg temperature and duration are specified in the relevant chapters. 

Mono-crystallinee samples were grown by the floating-zone method in an adapted NEC 

double-ellipsoidal-typee image furnace. A diagram of this furnace is depicted in fig. 2.1. 

Thee furnace consists of two ellipsoidal mirrors which are gold plated. The filaments of two 

halogenn lamps are positioned in the focus of each of the mirrors, and the light beams are 

condensedd in the common focal point of the two mirrors. By this way, a certain input 

powerr is concentrated in the melt zone between the feed and the seed. The temperature of 

thee melt zone is controlled by the dc-power of the two lamps. For more details about the 

method,, the readers are referred to e.g. [ 1 J, 

2.22 Sample characterization 

Thee crystal structures of the polycrystalline samples at room temperature were verified by 

powderr X-ray diffraction (XRD) technique. Beside the main structure, the presence of 

otherr phases in an amount of 5 vol. % can be detected. The XRD measurements were 

performedd on a Philips APD-1700 diffractometer with Cu-Ka radiation. An appropriate 

amountt of the investigated samples was pulverized for exposure. The obtained XRD 

diagramss were analyzed by means of the Rietveld refinement procedure [2] using the 

programm FULLPROF [3] in order to determine the type of structure and the lattice 

parameters. . 

Thee quality of single-crystal samples was checked by means of the X-ray back-scattering 

inn the standard Laue geometry. These measurements were performed on a DIFRACTIS-

5822 of ENRAF NONIUS (Delft) installation. The radiation of a W anode was used as 

incidentt beam and the reflections were recorded on a Polaroid photographic film. The 

crystalss were oriented by using the program OrientExpress [4], which is able to generate 

thee whole Laue pattern from a few observed reflection spots. 

Thee homogeneity and the chemical composition of all single crystals and several 

polycrystallinee samples used in this thesis were thoroughly investigated based on the 

electronn probe microanalysis (EPMA) method. These measurements have been done on the 

JEOLL JXA-8621 equipment at the Kamerlingh Onnes Laboratory, University of Leiden [5]. 
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Thee principle is to collect information about the surfaces of objects via their interactions 

withh an accelerated electron beam (for the samples in our case, an acceleration voltage of 

200 kV was applied). When colliding with a surface, the electron beam partly ionizes atoms 

(inelasticc interaction), emitting secondary electrons and leaving vacant energy levels. 

Simultaneously,, electrons of higher energy levels occupy these vacant levels and photons 

aree thereby emitted. The energy and the relative intensity of the emitted photons are 

characteristicc for a certain element and its concentration in the compound, respectively. 

Thosee examinations are assisted by the data of the corresponding reference materials and 

theirr intensities. With EPMA, the homogeneity of the sample can be detected with an 

accuracyy better than \%. The absolute accuracy is limited to 3%, depending on the element 

andd the standard used. On the other hand, there is also a part of the incident beam, which is 

scatteredd back due to the elastic interaction. Those back-scattered electrons and the 

secondaryy ones from the inelastic interaction can be focused by means of electromagnetic 

lensess to produce the scanning electron microscopic (SEM) images, from which the grain 

sizee and the distribution of possible secondary phases are observed. 

2.33 Magnetic measurements 

2.3.12.3.1 Ac susceptibility and Faraday balance measurements 

Acc susceptibility and Faraday balance measurements were used in this thesis for the 

detectionn of the magnetic ordering temperatures of several investigated compounds. The 

temperaturee dependence of the ac susceptibility is measured from 4.2 K to room 

temperaturee in a computer-controlled system. A mutual-inductance transformer method is 

appliedd with one primary coil and counterwise-wound secondary coils. The sample is 

placedd in the center of one of the secondary coils. An ac current through the primary coil 

generatess an ac magnetic field. The response of the sample to the generated ac field is 

resolvedd and picked up via the secondary coils. The detected signals are processed using an 

EG&GG Princeton Applied Research 5208 lock-in amplifier. The temperature of the sample 

iss controlled by variation of the pressure in an exchange-gas chamber and read out from a 

Cernoxx thermometer. 

Forr the compounds that have their ordering temperature above room temperature, a 

Faraday-balancee magnetometer was used. The setup at the Van der Waals-Zeeman Instituut 

off  the Universiteit van Amsterdam functions from room temperature up to 1250 K, 
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andd in applied magnetic fields ranging from 0.05 to 1.15 T. In the measurement, the force 

onn the sample in an inhomogeneous magnetic field can be determined by an analytical 

balancee with a resolution of less than 10"2 mg. The magnetic moment of the sample, which 

iss directly proportional to the detected force, can be evaluated from the calibration 

constants. . 

2.3.22.3.2 SQUID, MagLabEXA andpulsed-field measurements 

Off  all materials studied, the magnetization and its temperature dependence were measured 

onn a Quantum Design SQUID magnetometer MPMS-5 at the Van der Waals-Zeeman 

institutee [6]. The sensitivity of this equipment is as high as 10"9 emu. In these 

measurements,, the magnetization is detected by the magnetic flux change in the 

superconductingg loop induced by the movement of the sample. The temperature range for 

thee measurements ranges from 1.7 to 350 K and the magnetic field produced by a 

superconductingg magnet can reach from -5 to 5 T. 

Magnetizationn loops in applied fields from -9 to 9 T at 4.2 K were carried out on an 

(OXFORD)) MagLabEXA multi-measurement system with the sensitivity of 10""1 emu [6]. 

High-fieldd magnetization measurements at 4.2 K were performed in the Amsterdam 40 T 

high-fieldd installation. In this installation, quasi-static fields up to 40 T can be generated. 

Thee commonly used pulses are going fast up to a field as high as 35 T and then going 

downn stepwise. Detailed description of this facility and its functions are available in [6], 

2.44 Specific-heat measurements 

2.4.12.4.1 The Amsterdam 17 T specific-heat equipment 

Inn a 17 T superconducting magnet, a 'He insert has been built. This was designed for 

measurementss of the specific heat in magnetic fields, at temperatures between 300 mK and 

900 K. using the well-known, and reliable, semi-adiabatic method (for further reading, see 

[6,7]). . 

Electricall  heat pulses of 15 to 30 second duration are applied to a sample holder, made of 

gold-platedd cold-rolled silver. The temperature before and after the heat pulse is monitored 

byy a so-called combination thermometer which exhibit a very limited field dependence. 

Thee He cryostat is a closed system, working with a room temperature gas storage vessel, 

andd a cryopump for cooling the system down to 300 mK. The sample is clamped to the 
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holderr by a screw. In order to cool the sample, a mechanical heat switch is used. The 

averagee accuracy of the measurement in the whole temperature range is 29c 

Thee specific-heat measurements described in this thesis were performed in different 

persistentt applied magnetic fields ranging from 0 to 15 T. 

2.4.22.4.2 High temperature specific-heat set-up 

Thee high temperature specific-heat set-up is another home made equipment for zero-field 

measurementss in the temperature range from 4.2 to 300 K [8], The principle of the 

measurementt is also based on the semi-adiabatic method. The sample, with a flat surface, 

iss mounted on a sapphire plate. The accuracy of the measurement is better than 1% in the 

wholee temperature range. 

2.4.32.4.3 Analysis of specific-heat data 

Inn the experiments, the heat capacity is determined at constant pressure (Cp) while the 

fundamentall  descriptions of the thermal properties of solids, usually deal with the heat 

capacityy at constant volume (CV). However, at low temperatures, the fractional difference 

betweenn Cp and CV is very small and often may be neglected [9]. 

Thee total specific heat of the intermetallic compounds is composed of different well-known 

contributionss as indicated in the following expression: 

C=C*C=C* + C|at + Cm = CN + Cel + Cph + Cm (2.1) 

CNN is the nuclear contribution, which is related to the hyperfine field interaction with the 

nuclearr moment of the 4f ion. C|at represents the lattice contribution to the specific heat, 

includingg the conduction electron part Cei and the phonon part Cph. The last term Cm is the 

magneticc contribution. 

Forr detailed investigations of the magnetic behavior of the samples by the specific-heat 

measurements,, it is of importance to extract the magnetic contribution from the total 

specificc heat. In general, the quantity CN is only significant at temperatures below 1 K and 

oftenn negligibly small compared to the other contributions. The electronic part Cc] is given, 

inn the temperature range investigated, as 

Cell  = yT (2.2) ) 



18 8 Chapterr 2 

Forr some compounds, in the vicinity of the lowest temperature measured. Cei dominates 

thee other terms in equation (2.1). Hence, the y value can be determined straightforwardly 

byy extrapolating the linear part of the C vs 7 curve to zero temperature. If the compounds 

underr investigation have a low magnetic ordering temperature, the magnetic contribution 

cann already adopt significant values below about 1 K. The isolation of Ccl then becomes 

moree difficult. 

Thee phonon part Cph gives a large contribution to the total specific heat at higher 

temperatures.. In solid state theory, Cph of single atom systems is expressed by the simple 

Debyee model and characterized by the Debye temperature QD. In our investigation, 

however,, all the compounds comprise three different species and the specific-heat 

measurementss were carried out in the low-temperature limit as mentioned in subsection 

2.4.1.. Therefore, an evaluation of the lattice contribution was made by using a more 

suitablee method based on measurement of the specific heat of isomorphous nonmagnetic 

compoundss (R is replaced by La or Y). In this method, a renormalization of the data has to 

bee performed in order to take into account the different molar masses of R, La. and Y. The 

relationn between the corresponding effective Debye temperatures of two compounds 

RmXnYpp and Rm'XnYp has been derived by Bouvier et al. [ 10] as follows: 

66nn(R(RmmXJXJrr)) _ U ( M j V 2 + , ?( M Y ) V 2 + Jp(M/,)
3/2 

(2.3) ) 

Here,, MR, MR-, Mx and My are the molar masses of the R, R\ X and Y atoms, respectively. 

Thee lattice contribution of the magnetic compound RmXnYp can be evaluated by 

multiplyingg the temperature values in the plots of C vs T obtained for the non-magnetic 

compoundd Rm'XnYp by the scaling factor at the right hand side of equation (2.3). 

Subtractingg the corrected data from the measured heat capacity of the magnetic compound, 

wee arrive at the magnetic contribution to the specific heat. 

Thee temperature dependence of the magnetic entropy Sm can be calculated from the 

derivedd magnetic specific heat Cm via the integration relation: 

S,„=\ S,„=\ 
r C C 

(2.4) ) 
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Inn any case the magnetic entropy should attain its full value R ln(2J+l) for 1 mol of 4f ions 

att high temperature (R = 8.315 J/molK is the molar gas constant). 

2.55 Magnetostriction measurement 

Thee magnetostriction was measured by means of a parallel plate capacitance method. The 

samplee first was flattened using spark-erosion. According to the setup, the length of the 

samplee must be 5  0.005 mm. For a small sample, one can add a piece of Cu to fil l the 

gap.. The sample is then clamped into the space between the two plates. One plate is fixed 

andd the change in length of the sample can be determined by the change in capacitance. A 

schematicc view of parallel-plate capacitance cell is drawn in fig. 2.2. 

Inn these measurements, the capacitance of the dilatometer is measured by means of a 

sensitivee three terminal technique [12]. The total error in the measurement is about 3%, 

whichh is mainly due to the error in determining the effective area of the plates. The 

temperaturee is determined by a carbon-glass thermometer. The magnetic field is realized 

byy a superconducting magnet which allows to reach a maximum field of 8 T. 

isolation n 

2U2U mm 

Figuree 2.2. Schematic view of parallel plate capacitance cell (after [11]). 
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