
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Novel Materials for Magnetic Refrigeration

Tegusi, T.

Publication date
2003

Link to publication

Citation for published version (APA):
Tegusi, T. (2003). Novel Materials for Magnetic Refrigeration. [Thesis, fully internal,
Universiteit van Amsterdam]. PrinterPartners Ipskamp B.V.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/novel-materials-for-magnetic-refrigeration(bff836f2-53ea-4f94-8a25-f0db87363cf1).html


15 5 

Chapterr 3 

Experimental l 

3.11 Sample preparation 

3.1.11 Arc melting and ball milling 

Generally,, intermetallic compounds are prepared by melting. In this way, also the 

intermetallicc compounds investigated in this present thesis were prepared by arc 

meltingg appropriate amounts of the constituent elements, typically about 5 g, of at 

leastt 99.9 % purity in a water-cooled copper crucible pre-evacuated to better than 

2xl0"66 mbar and refilled with high-purity Ar gas. In order to obtain homogeneous 

samples,, arc melting was repeated several times. In order to eliminate the stress 

andd to obtain a homogeneous single-phase sample with large grains, the ingots 

weree annealed at appropriate temperatures for several days, depending on the series 

off  alloys. 

Thee vapor pressures of P and As are too high to prepare the intermetallic 

compoundss containing P and/or As by means of arc melting. Therefore, instead of 

arcc melting, the ball-milling technique was used to prepare fine metallic powders 

off  these compounds. This technique is also suitable to accomplish a wide range of 

chemicall  reactions. Millin g devices include vibratory and planetary mills; products 

includee amorphous and nanocrystalline materials, and solid solutions. During 

milling,, solid-state reactions are initiated through repeated deformation and 

fracturee of the powder particles. In this thesis work, a solid-state reaction method 
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wass used for the preparation of the samples discussed in Chapters 5 and 6. First, 

thee mixture of starting materials with appropriate amounts was ball milled, then the 

powderr was sealed in a molybdenum crucible under argon atmosphere and placed 

inn a quartz ampoule for a couple of hours at a temperature at which the reaction 

couldd take place. Subsequent annealing was performed at a temperature below the 

reactionn temperature. 

Figuree 3.1: Schematic representation of the high-energy vibratory mill 

usedd in the present work. 

Thee vibratory ball mill used in the present study is presented in Fig. 3.1. The 

devicee consists of a stainless-steel vial with a hardened-steel bottom, the central 

partt of which consists of a tungsten-carbide disk. Inside the vial, a single hardened-

steell  ball with a diameter of 6 cm is kept in motion by a water-cooled vibrating 

frame.. The amount of milled sample varied from about 5 to 10 g in this thesis 

work.. The device is evacuated during the milling down to a pressure of 10" mbar 

inn order to prevent reactions with the gas atmosphere. 
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3.1.22 Crystal growth 

AA single crystal of Gd5Sii.7Ge2.3 was grown with the traveling-floating-zone 

methodd in an adapted NEC double-ellipsoidal-type image furnace. A schematic 

picturee of the image furnace is shown in Fig. 3.2. 

Entrancee of atmospheric gas 

Figuree 3.2: A schematic picture of the NEC SC-N35HD image furnace 
(takenn from [1]). 

Thee furnace consists of two mirrors, which are plated with gold for enhanced 

reflectivityy and corrosion resistance. The heat sources are two halogen lamps. The 

filamentss of the two halogen lamps are positioned in the focus of each of the 

mirrors,, and are projected on the common focal point of the two mirrors. In this 

way,, the input power is concentrated on the molten zone between the feed and the 
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seed.. The temperature of the molten zone is controlled by controlling the dc-

voltagee of the two lamps. 

Feedss were prepared by arc-melting the pure starting materials into a button, 

whichh was then cast into a cylindrical rod of 4 to 5 mm diameter. A quartz tube 

servedd as growth chamber. Before the growth, the chamber was evacuated to a 

pressuree of 10"6 mbar, and then filled with about 900 mbar Ar gas. During the 

growth,, the Ar atmosphere was continuously purified with Ti - Zr getter. The feed 

andd seed were counter-rotated with speeds of 20 rpm. The pulling speed of the 

shaftss was 3 mm/h for the Gd5Sii.7Ge2.3 crystal. After the growth, the sample was 

slowlyy cooled down to room temperature. In this way, a single crystal of 

Gd5Sii.7Ge2.33 was obtained with a diameter of 4 mm. 

3.22 Sample characterization 

Powderr x-ray diffraction (XRD) patterns were taken at room temperature by means 

off  a Philips diffractometer with Cu K« radiation. In this way, the main phase as 

welll  as the impurity phases can be detected, when the latter are present in amounts 

off  at least 5 vol. %. The crystal structure and the lattice parameters (with an 

accuracyy of 0.5 %) of the crystalline materials were analyzed by means of a 

refinementt procedure using Philips X'pert software. Laue x-ray back-scattering 

diffractionn was used to examine the single-crystallinity and to determine the 

crystallographicc directions of the single crystal. A Laue photo gives information on 

thee crystal quality of the surface over an area of about 1 mm2. By taking several 

picturess at different positions information on single-crystallinity is obtained. The 

crystallographicc directions of the samples were determined by using the software 

Orientt Express [2]. 

Electron-probee microanalysis (EPMA) was used to check the homogeneity 

andd the stoichiometry, and also the single-crystallinity of the samples. The 

measurementss were performed in the JEOL JXA-8621 equipment [3] at the FOM-

ALMOSS facility at the Kamerlingh Onnes Laboratory, University of Leiden. 
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3.33 Magnetic measurements 

AA Quantum Design MPMS2-type SQUID magnetometer [4] was employed to 

investigatee the temperature and magnetic-field dependence of the magnetization. 

Thiss SQUID magnetometer is capable of measuring magnetization values in the 

rangee of 10"12 to 103 Am2 with an accuracy of 0.1 % in the temperature range from 

1.77 to 400 K and in the field range from - 5 T to 5 T. The samples used for 

magnetizationn measurements in the SQUID magnetometer are single crystals, 

polycrystallinee bulk pieces and powders. 

Measurementss of the magnetization loop in fields higher than 5 T and of the 

magnetoresistancee were performed in an Oxford Instruments MagLab system [5] in 

thee temperature range from 1.7 to 400 K and in the field range from - 9 to 9 T. The 

sensitivityy of the system for magnetization measurements is 10"6 Am2. 

3.44 Specific-heat measurements 

Specific-heatt measurements on GdRu2Ge2 at low-temperatures and in high-

magneticc field were performed in the Amsterdam 17 T specific-heat measurement 

set-upp [6]. In this set-up, the magnetic-field dependence of the specific heat can be 

measuredd at temperatures between 300 mK and 90 K, by using the welll  known, and 

reliable,, semi-adiabatic method. Electrical heat pulses with a duration of 15 to 30 s 

aree applied to a sample holder, which is made of gold-plated cold-rolled silver. The 

temperaturee before and after the heat pulsee is monitored by a so-called combination 

thermometerr [7], which exhibits a very limited field dependence. The 3He cryostat 

iss a closed system, working with a room-temperature gas-storage vessel, and a 

cryopumpp for cooling the system down to 300 mK. 

Specific-heatt measurements on GdsSiuGeu were performed in the 

temperaturee range from 4.2 to 300 K in a home-built set-up [8]. The accuracy of 

thee measurement is better than 1 % in the whole temperature range. The sample, 

withh a flat surface and a mass of about 100 mg, was fixed on a sapphire plate by N-
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typee apiezon for good thermal contact. The temperature of the sample is monitored 

byy a Cernox resistance-temperature sensor over the whole range of temperatures. A 

carbon-glasss thermometer and a PID temperature controller are used to control the 

environmentt temperature. In this way, semi-adiabatic measurements can be 

performed.. The magnetic -field dependence of the specific heat can be obtained by 

positioningg the system into a superconducting magnet system. 

Becausee of its high ordering temperature, the specific-heat measurements of 

MnFePo.45Aso.55(I)) were performed in a PPMS system [9] at the Kamerlingh Onnes 

Laboratory,, University of Leiden. In this system, the specific heat can be measured 

inn the temperature range from 1.7 to 400 K. 

3.55 Electrical-resistivity measurements 

Thee electrical resistance was measured by means of the four-point method using an 

Oxfordd Instruments MagLab system [5]. The system at the Van der Waals-Zeeman 

Institutee is equipped with a 9 T magnet and is capable of measurements between 

1.77 K and 400 K. The ac-frequency range is from 1 Hz to 10 kHz. The maximum 

inputt current (both ac and dc) is 250 mA. The sensitivity of the voltage 

measurementss is about 2 nV. 

Thee electrical resistivity p is obtained from the electrical resistance by 

p=RJ,p=RJ, (3.1) 

wheree R is the electrical resistance, A the cross section of the sample 

perpendicularr to the current direction, and / the distance between the voltage 

contacts.. The magnetoresistance is obtained from the electrical-resistance 

measurementss in an applied magnetic field by 
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AAPP(BJ)=^(BJ)=^ T)T)-*-* BB = 0>T\ (3.2) 
p(Bp(B = OJ) 

wheree B is the magnetic field and T is the absolute temperature. 

3.66 Determination of the magnetocaloric effect 

Theree are several ways to determine the MCE in a magnetic material 

experimentally.. Clark and Callen [10], Kuhrt et al. [11], and Ponomarev [12] have 

directlyy measured the temperature of the sample with a thermocouple during the 

applicationn or removal of a magnetic field. For the principal scheme of these direct-

measurementt methods and set-ups we refer to Dan'kov et al. [13]. The accuracy of 

thee direct measurements depends on the errors in thermometry, the errors in field 

settingg rates, the quality of thermal isolation of the samples, and the quality of the 

compensationn circuitry to eliminate the effect of the changing magnetic field on the 

temperaturee sensors. As Pecharsky and Gschneidner [14] have pointed out, tie 

accuracyy is claimed to be in the 5 to 10 % range. Larger errors will occur if one of 

thee above mentioned issues affecting the accuracy are not resolved properly. Other 

techniquess for determining the MCE are indirect. Indirect methods that are often 

usedd include the ones based on magnetization measurements and on specific-heat 

measurementss in a constant magnetic field. 

3.6.11 Determination of the magnetocaloric effect from magnetization 
measurements s 

Forr magnetization measurements made at discrete temperatures, the integral in Eq. 

(2.9)) can be numerically evaluated by 

ASmASm {T,AB) = X Ultf.B)-M,<Tl.B,)ABit  ( 3 3 ) 
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wheree M(TnBt) and M(TnB()represent the values of the magnetization at a 

magneticc field Bt at the temperatures T. and Tit respectively. Tis the mean value of 

T.T. and 7]. AB{ is the step of field increase, and AB = Bf- B0. In the experiments that 

wee have conducted, the field is varied from B0 = 0 to a field B = Bf. The 

accumulationn of experimental errors in the determination of ASm(7\A5) has been 

analyzedd by Pecharsky and Gschneidner [15], and the validity of using this method, 

evenn for a first-order magnetic phase transition, is discussed in Refs. 16 and 17. 

Althoughh a magnetization measurement by means of a SQUID magnetometer is the 

mostt accurate method to determine the bulk magnetization of a magnetic material, 

thee accumulated errors in the determination of magnetic-entropy change 

ASASmm(T,AB)(T,AB) can be as high as 20 to 30 %, mainly because of the poor thermal 

contactt between the sample and the thermocouple. Nevertheless, this method is 

oftenn used to quickly establish the potential magnetocaloric properties of a 

magneticc material. 

3.6.22 Determination of the magnetocaloric effect from specific-heat 
measurements s 

AA specific-heat measurement is the most accurate method of determining heat 

effectss in a material. The total entropy change of a magnetic material can be 

derivedd from the specific heat by using Eq. (2.12). According to Eq. (2.7), this 

entropyy change is equal to the magnetic-entropy change for an isobaric- isothermal 

process.. This means that we can also obtain the magnetic-entropy change from the 

fieldfield dependence of the specific-heat measurements by using Eq. (2.12). 

Thee determination of the absolute value of the adiabatic temperature change 

inn different magnetic materials is a rather complicated task. By combining Eqs. 

(2.6),, (2.8), and (2.10), the infinitesimal adiabatic temperature change for the 

adiabatic-isobaricc process is found to be 



Experimental l 23 3 

dT(T,B)dT(T,B) = -
T T 

c.{T,B) c.{T,B) 

BM BM 
dB.dB. (3.4) 

Byy integration of Eq. (3.4), the adiabatic temperature change for a field change 

fromfrom Bj to Bf is given by 

TT f 2M \ 

dB.dB. (3.5) 
p p icicpp(T,B)(dT(T,B)(dT )B< 

Analyticall  integration of Eq. (3.5) is actually impossible since both the 

magnetizationn and the specific heat are material dependent and generally unknown 

functionss of temperature and magnetic field in the vicinity of the phase transition. 

Abovee the Debye temperature, the lattice specific heat of solids approaches the 

Dulong-Petitt limit of 3R. Therefore, at higher temperatures, if the specific heat can 

bee considered to be only weakly dependent on temperature, and the variation of 77 

ccpp(T,B)(T,B) with temperature is slow compared with the variation of the magnetization 

withh temperature, then, Eq. (3.5) can be simplified to 

ATATadad(T,AB)(T,AB) = l—ASm(T,AB). (3.6) 
ccpp(T,B) (T,B) 

Obviously,, MCE is large when (dM/df)B is large and cp(T,B) is small at the same 

temperature.. Since (dM/dT)Bp peaks around the magnetic ordering temperature, a 

largee MCE is expected in the vicinity of the temperature of the magnetic phase 

transition.. The determination of the MCE from magnetization, specific heat, or the 

combinedd magnetization and specific-heat data can be used to characterize the 

magnetocaloricc properties of magnetic refrigerant materials. Magnetization data 

providess the magnetic-entropy change ASm(T,AB). Specific heat at constant field 

providess both magnetic-entropy change ASm(T,AB) and adiabatic temperature 
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changee ATad(T,AB). However, an analysis of experimental errors in the MCE as 

derivedd from magnetization measurements and specific-heat measurements has 

beenn shown that the accumulation of experimental errors may be as high as 20 % to 

300 % near room temperature [15]. 
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