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Introductio n n 

Thee number of presently known intermetallic compounds formed by combining rare earth 

metalss with other metals is enormously large and of the order of 10'. The reason for this is 

thatt there are 14 lanthanide elements, which together with yttrium form the 15 rare earth 

elements.. We know from the corresponding phase diagrams that the combination of each 

off  the rare earth elements with another metal leads to several binary intermetallic 

compounds,, often more than ten. Worldwide, these compounds have been the subject of 

numerouss investigations, comprising synthesis, phase relations and thermodynamics, 

crystall  structure, magnetic properties, electrical transport properties, mechanical properties 

andd electrochemical properties. 

Thee most important compounds belong to the group of rare earth transition metal 

compounds,, because here one may profit from favorable properties associated with the rare 

earthh elements and the 3d elements. It is particularly this group of compounds that has led 

too several important industrial applications. Prominent examples are permanent magnet 

materials,, magnetostrictive materials, superconducting materials and electrode materials. 

Inn this thesis the emphasis is on magnetic properties of rare earth intermetallics and in 

particularr on the magnetic exchange interaction between the localized 4f moments. In order 

too avoid effects of crystal-field induced moment quenching and anisotropy as far as 

possible,, we have restricted ourselves to compounds of Gd. Only at the end of this thesis 

wee will present an example of the richness in magnetic phenomena observed when 

includingg lanthanide elements for which the incomplete 4f shell gives rise not only to a 

spinn moment but also to an orbital moment. Of the many intermetallics abundantly 

available,, we have chosen the tetragonal compounds of the types GdTiGe: (T = 3d, 4d) and 

GdT-tAlss (T = 3d) in which only Gd atoms carry a magnetic moment. These compounds 

havee the advantage that there is only a single crystallographic site of the rare earth atoms 

presentt per unit cell. Because of their large number and structural similarity they can serve 

1 1 



-> > Introduction n 

ass an almost ideal testing ground for a model description of the exchange interaction 

betweenn the Gd moments. 

Thee thesis is structured in 6 chapters. Chapter I is a summary of the theoretical concepts 

andd phenomenological models that can be applied for the analysis and interpretation of the 

experimentall  data. The sample preparation and characterization methods as well as the 

measuringg techniques, which have been used in the experimental work are presented in 

chapterr 2. Chapter 3 is devoted to a generalized molecular-field model for locally isotropic 

systems,, applied to Gd-based compounds. Chapter 4 exhibits the detailed and systematic 

studyy of the GdT2Ge2 (T = 3d. 4d) compounds. The results obtained for the GdT4AlK (T = 

Cr,, Mn. Fe and Cu) compounds are presented in chapter 5. Also in this chapter, the 

investigationn of the site occupancy effect on the magnetic behavior of the GdT6Al6 (T = 

Mn.. Fe, Cu) compounds when the transition metal atoms reside in two different 

crystallographicc sites of the ThMnt2 structure (i.e., 8f and 8j) is enclosed. In chapter 6, we 

extendd our study on a TbFe4.4Al7 6 single crystal of which the magnetic properties are 

determinedd by the magnetic moments of both Tb and Fe subsystem. Unusual magnetic 

characteristicss of the crystal have been explored by magnetization and magnetostriction 

measurements.. The wealth of experimental data offers a good opportunity to analyze the 

mechanismss of the magnetic exchange interactions and the magnetocrystalline anisotropy 

inn this compound. 



Chapterr  1 

Theoreticall  concepts 

1.11 Magnetism of localized 4f electrons 

Thee magnetic behavior of rare earth atoms and their ions in intermetallic compounds are 

governedd by the electrons in the 4f shell. Due to the inner character of the 4f configuration, 

thesee electrons have spatially confined wave functions and are strongly localized. As a 

result,, in most of the rare earth based alloys, the 4f wave functions remain the same as 

thosee in the free atom and can be treated in a well-defined energy level scheme. Coming 

backk to the basis of atomic theory, the magnetic moment of an unfilled electronic shell 

stemss from the spin moments s, and the orbital moments /, of the electrons associated with 

thatt shell. The total angular moment ƒ is defined as the resultant of the spin moments S = 

SiSi and the orbital moments L = ^ / ,. The electrostatic interactions between electrons 

residingg in a free atom give rise to the Hund's rules, from which the values of 5, L and J in 

thee ground state can be predicted. For light rare earth elements, J is equal to L-S and for 

heavyy rare earth elements J is equal to L+S. The corresponding maximum magnetic 

momentt is determined by the quantity -gj(J.BJ which may have a large value for the heavy 

raree earth elements. 

Inn this chapter, we discuss the magnetic coupling between the moments and the magnetic 

anisotropyy of the 4f electrons. In the framework of the local moment model, section 1.1.1 

introducess several mechanisms in which the interactions between 4f moments on different 

atomicc sites occur in an indirect way. The microscopic description for the 

magnetocrystallinee anisotropy energy is described in section 1.2. 

I I 
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4 4 Chapterr 1 

1.1.11.1.1 Interaction between 4f moments 

RKKYRKKY model 

Sincee the 4f wave functions of the different atoms are well separated, the direct interaction 

betweenn them almost completely vanishes. The RKKY model was first developed to tackle 

thee origin of ferro- and antiferromagnetism of rare earth systems. An indirect type of 

exchangee coupling via conduction electrons was initially introduced by Ruderman and 

Kittell  in order to explain the interaction between nuclear magnetic moments in heavy 

metalss [ 1 ]. The idea was later on extended for localized electrons by Kasuya [2], Yoshida 

[3]]  and De Gennes [4]. In this description, the conduction electrons are polarized through 

thee linear exchange interaction between their spins and the 4f spins 

MM = -2J{q)sS (1.1) 

Here,, $ is the spin operator of a typical Fermi surface conduction electron and S the total 

spinn operator of the 4f shell. J(q) is the exchange integral for q = Ar'-Jt, where k and ky are 

thee wave vectors of the conduction electron before and after scattering by the localized 

spin,, respectively. The expression for the conduction-electron spin-polarization as a 

functionn of the distance r from the localized spin S is then given by 

PiT)PiT) ^<S7>^Z (q)J(q)[exp(iq r)-exp(-i?r)\ (1,2) 

Thee quantity <S > represents the expectation value of the spin moment, %{q) is the q[h 

Fourierr component of the static free electron susceptibility. By assuming that the exchange 

integrall  J{q) in equation (1.2) is a constant. 7(0), an analytical expression for the spin 

polarizationn can be written as 

9mi9mi22N N pp(r)(r)  = -—-— J(0)<S:>F(2kFr) (1.3) 
2 £ r V V 

Here,, N is the total number of atoms present in a volume V. n is the average conduction 

electronn to atom ratio, £h is the Fermi energy and k¥ is the Fermi wavenumber. F is an 

oscillatoryy function depending on the Fermi wavenumber A.>. At a given lattice site, the 
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actuall  spin polarization consists of the contributions of all the moments present in the 

crystal.. If one chooses this site as the origin, the local conduction electron polarization at 

thiss site equals P = V ƒ*(/?,), where the summation is over all localized spin sites. This 

summ contains positive contributions from some neighbouring atoms and negative 

contributionss from others. A localized moment at the given site will orient its spin 

accordingg to the sign of the conduction electron polarization P, induced by the other 

localizedd moments. The most favorable distribution of the directions of all moments 

determiness the ultimate type of magnetic ordering. 

OtherOther mechanisms 

Althoughh the RKKY theory has been quantitatively applied to discuss magnetic properties 

off  many rare earth compounds and alloys, it has been shown that in some cases the model 

iss insufficient to describe correctly the experimental data (see e.g. [5]).  This failure is, on 

thee one hand, attributed to the rough approximations used in the model and, on the other 

hand,, ascribed to neglecting other (possible) interactions. In the latter perspective, an 

alternativee mechanism was proposed by Campbell [6], In this model the 5d electrons of the 

raree earth component play an important role. These 5d electrons are less localized than the 

4ff  electrons and thus an overlap between the 5d wave functions of neighboring atoms 

mightt occur. It is in particular the case for alloys and compounds with a high concentration 

off  rare-earth component. Thus, Campbell suggested that the 4f spins induce a local 5d 

momentt through the intra-atomic 4f-5d exchange and that then the interaction between the 

4ff  electrons proceeds via the indirect 4f-5d-5d-4f interaction. Due to the positive direct d-d 

exchange,, the overall indirect interaction between the 4f moments is therefore always 

ferromagnetic.. This mechanism has given a consistent explanation of experiments in a 

numberr of rare earth compounds and alloys for which the RKKY model was inadequate. 

Ass extreme in one direction as the RKKY model is in the other, the Campbell's model is 

basedd on short-range interaction (tight binding). 

Inn addition, some other schemes for exchange interaction should also be briefly mentioned. 

Forr example, the superexchange interaction model has been proposed by Kramers and 

Andersonn in order to explain the magnetic structure of compounds in which the magnetic 

ionss are separated by non-magnetic ions (see e.g. [7, 8]). In this model, two magnetic ions 

cann interact with each other via transferred electrons from the outer shell of a non-magnetic 

connectingg ion. The sign of the effective exchange integral depends upon the sign of the 
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internall  exchange coupling of an added electron on the magnetic ion. The magnitude of the 

superexchangee relies on the directional properties of the outermost orbitals of the non-

magneticc ions as far as directional relations of interacting magnetic ions are concerned. 

Al ll  of the different types of indirect interaction described so far in this section, anyway, 

havee the same isotropic nature. This can be expressed in terms of the simple Heisenberg 

hamiltonian n 

^ - X / ^ S ;;  (1.4) 

inn which S, and Sj tend to order in a collinear arrangement, respectively antiparallel or 

parallell  alignment is favored when 7,y is negative or positive. 

Ann anisotropic type of spin-spin interaction, however, had also been considered and has 

thee following form: 

3€3€DD = DjjiSixSj) (1.5) 

Here.. D,, is a phenomenological two-ion coupling constant vector, dependent on the 

symmetryy of the crystal. This type of interaction was first proposed by Dzialoshinsky [9] to 

answerr the question of weak ferromagnetism in a-Fe^O .̂ It was then developed by Moriya 

inn his general theory of anisotropic superexchange interaction [10]. In comparison with the 

Heisenbergg term in (1.4), the Dzialoshinsky term in (1.5) tends to set S, and Sj at right 

angles.. Thus, a canting spin structure can occur when those terms are combined. 

I.I. J.2 Magnetocrystalline anisotropy of the 4f moments 

Whenn residing in solids, magnetic ions are surrounded by other ions. The unpaired 

electronss of a given magnetic ion hence experience an electrostatic field caused by the 

chargee clouds of its neighboring ions which is the so-called crystal electric field (CEF). In 

general,, the interactions of the CEF on the magnetic moments can make the internal energy 

off  the system quite dependent on the direction between the magnetization vector and the 

crystallographicc axes. The anisotropy energy resulting from these interactions is known as 

thee magnetocrystalline anisotropy (MCA). 
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Again,, due to the localization of the 4f electrons, in fact, the rare earth ion in a crystal can 

bee described within a single-ion hamiltonian as follows: 

(HREE = d\ SO + $1 EX + <H>  CEF (1-6) 

wheree the spin-orbit (S-O), exchange (EX) and crystal field (CEF) interactions are taken 

intoo account. For most rare earths, the S-0 interaction is very strong compared to that of 

thee others. The energy difference between multiplets caused by this interaction is of the 

orderr of 103 K, which is much greater than the overall splitting energy of a multiplet 

causedd by the exchange and the crystal field interactions. It is, as a result, sufficient to 

considerr only the lowest multiplet J given by the Hund's rules. The hamiltonian for a rare 

earthh ion can be written as: 

<WREE = $* EX + cH, CEF (1-7) 

Thee exchange term is usually expressed in the molecular-field approximation as: 

MMEXEX = gsii iJiL0Hm (1-8) 

wheree Hm is the molecular field acting on the rare earth magnetic moment -g}\iBJ- This 

termm will be discussed further in section 1.3 with respect to the rare earth-transition metal 

intermetallicc compounds. 

Ass mentioned, the CEF term represents the interactions of the magnetic electrons with the 

locall  electrostatic potential. The CEF hamiltonian may be written as: 

<#CEFF = -eXV(r,) (1.9) 

wheree / indicates the 4f electrons on the considered atom. In case there is no overlap 

betweenn the surrounding charge distribution and the wave function of the 4f states, CT̂ CEF 

cann be expanded in terms of the spherical harmonics, Y'" (m < n, n < 6) [11]: 

^CEF=XX rM '"C(0^ )) C-10) 
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Here.. A["  are the crystal field coefficients. According to the Wigner-Eckart theorem the 

vectorr r = (x. v. z) and the vector operator J = (Jx, Jy, J,) do transform in the same way and 

aree often said to be proportional (exactly true within one J multiple!). In the same loose 

way.. the spherical harmonics Y'" are proportional toO"' (7X. Jy Jz). The crystalline electric 

fieldd may thus be written as: 

^cEF=£X f i :o;; (L ID 

Here,, B"' and 0,'"are the CEF parameters and the Stevens operators, respectively. The 

relationn between the CEF parameters B"' and the crystal field coefficients A'" is given by: 

KK = t>n<K, >K  (1.12) 

6„„  is the Stevens factor and <rj\  > is the mean value of the n[h power of the 4f electron 

radius.. Values for these parameters can be found in e.g. ref. [12]. 

Forr completeness, we consider the system in an external field, Hapv. Then the Zeeman term 

iss added to the total hamiltonian 

MRE=MRE= 2 Z Ö " ' ° " ! + gjMMf m + gjMM/aPp (1.13) 
nn in 

Usingg eq. (1.13), the eigenstates of the local system in the effective field can be calculated 

self-consistently.. Based on this, the local properties such as magnetic moment and 

anisotropyy energy can be derived. Properties of the total interacting system have to be 

determinedd with care in order to avoid double counting. We will discuss the free energy in 

coupledd systems in chapter 3. 

1.22 Magnetism of itinerant electrons 

Itinerantt electron ferromagnetism was recognized in an early stage by the work of Slater 

[13]]  and Stoner [14]. In particular, the 3d transition metals Fe. Co and Ni were described 

ass itinerant-electron ferromagnetic materials. Since then, the properties of many (mostly 

3d-)) alloys and compounds were discussed in this model. Contrary to the localized moment 



Theoreticall  concepts 9 9 

modell  for the 4f electrons of rare earths, the conduction electrons are treated in the 

itinerantt electron band structure (Stoner-Wolfarth model [14], [15]). The Hund's rules do 

nott play any part in the standard model for the itinerant electron systems because, as a 

goodd approximation, only the spins of these electrons contribute to the so-called pseudo-

atomicc moment, while the orbital moments are quenched. 

N(E')) N(E0 

Figuree 1.1. 3d band scheme in the Stoner model. 

Accordingg to Stoner, the onset of ferromagnetic ordering can be derived by dividing the 

electronss into two subbands (spin-up and spin-down). The exchange interaction between 

itinerantt electrons is expressed as 

£exx =/StS \ \ (1.16) ) 

wheree s, and sj are the numbers of electrons of each spin state (s = st + S! is the total 

numberr of electrons), and / represents the mean interaction between electrons. / appears 

later,, in chapter 3, in the form of the molecular-field coefficient n-rv in expressions for the 

itinerantt band. Actually, the Stoner model can be considered as an application of the 

molecularr field model to itinerant electrons. The change in magnetic energy associated 

withh the occurrence of a band splitting may be expressed as 

A£magg = /S|Sj — Is' = - — h'd' 
44 4 (1-17) ) 
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wheree d = (ST - sj/s. To this energy gain, an energy loss, A£[oss, is opposed, resulting from 

thee occupancy of higher kinetic energy states in the band. For a small splitting 8£ (fig. 1.1), 

onee obtains to first order 

A£k)SSS = 5£sd (1.18) 

Lett M E F) be the density of states at the Fermi level for each spin state, it is deduced that 

A£,lla,, + A£,ov, = ——— (1 - /.Y(EF)) (1.19) 
4N(E4N(EFF) ) 

Thee condition for the stability of magnetism is called the Stoner criterion: 

-- For (1 - ZV(EF)) > 0, the lowest energy state corresponds to magnetization m = 0: the 

systemm is a Pauli paramagnet. The susceptibility is enhanced by the interaction between 

electrons: : 

XX = Xo/0 - / M E F )) (1.20) 

X6=2HB2A /(EF)) (1.21) 

Xoo is the susceptibility without interactions, i.e. the Pauli susceptibility. As will be shown 

inn chapter 3, in fact, the (inverse) Pauli susceptibility is a quadratic function of the 

temperature. . 

-- For (1 - 7/V(EF)) < 0. the system is not stable at m = 0, and a band splitting appears which 

leadss to ferromagnetism at low temperatures. 

Thee magnetic free energy of an itinerant electron system can be expanded as: 

FFTT==  -A Mj2 + ...- Hoi/errA/T < 1.22) 

withh MT is the (molar) magnetic moment of itinerant electrons, and where \iMeif is the 

effectivee field acting on this moment. 

file:///iMeif
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1.33 4f-3d interaction 

Inn order to describe the overall exchange interaction of the rare earth-transition metal 

compoundss (R-T), three interaction parameters of Heisenberg type JRR, 7T_T
 af id JR-T are 

takenn into account. The origins of JR.R and JJ.J have been introduced in sections 1.1.1 and 

1.2,, respectively. Here we discuss the R-T interaction between the 4f moment of the rare 

earthh and the 3d moment of the transition metal. The 4f-3d interaction is again considered 

too be indirect. In the scope of Campbell's model, a hybridization of the 5d states of the R 

ionn with the spin-polarized 3d states of the T ion results in a modification of the net spin 

densityy of the 5d electrons, which is coupled with the 4f electrons of the R ion by an intra-

atomicc interaction and thereby mediates the 4f-3d interaction. This circumstance was also 

workedd out in band structure calculations by Brooks et al. [16]. Another approach 

supposess that the R-T interaction is mediated by the 4s conduction electrons as in the 

RKKYY mechanism [17]. 

Thee molecular field Hm in equation (1.8) is composed of contributions due to the R-R and 

thee R-T interactions. Usually, the R-T interaction is found to be smaller than the T-T one, 

butt much larger than the R-R interaction. Therefore, the magnitude of \xMm is determined 

predominantlyy by the R-T interaction. 
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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. 

13 3 
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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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Chapterr  3 

Generalizedd molecular-field treatment of magnetic 
orderingg in locally isotropic systems, applied to 
Gd-basedd compounds 

3.11 Introductio n 

Inn the standard molecular-field treatment of the Heisenberg exchange interaction in 

systemss consisting of two or more magnetic sublattices, the average spin moment at a 

certainn lattice site is directly related to the magnetic moment of the sublattice to which that 

latticee site belongs (see e.g. the treatment of ferrimagnetism in ref. [1]). Consequently, in 

thee derivation of the ordering temperature(s) the expected division in sublattices has to be 

assumedd beforehand. However, in a more general approach, one considers the stability of 

e.g.e.g. the paramagnetic state with respect to any ordering mode. For periodic (crystalline) 

systems,, in a natural way, the ordering modes correspond to the Fourier components of the 

magneticc moments. In general, only a single mode (i.e. Fourier component) will be 

involvedd in the magnetic ordering transition, and the derivation gives both the ordering 

temperaturee and the ordered structure itself (see e.g. refs. [2, 3]). Such a 'generalized 

molecular-fieldd treatment' has been used to describe antiferromagnetic ordering of Gd 

momentss in compounds of Gd with non-magnetic other atoms [4, 5J. In particular, it was 

arguedd that the behaviour described by the 'classical' antiferromagnetic two-sublattice 

modell  can be expected to occur for many other (helical) magnetic structures as well. 

Here,, the model is worked out more explicitly, and some possible ways of extending the 

modell  are indicated. In particular, the interaction between localized (rare earth) moments 

andd an itinerant electron band is taken into account, albeit in a phenomenological way. 

21 1 
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First,, the basic equations (equilibrium conditions and stability requirements) are derived, in 

aa general way. valid for both amorphous and crystalline materials. Then, the approach is 

appliedd to systems with translational symmetry, and subsequently applied to Gd-moments 

interactingg with an itinerant electron band. 

3.22 The basic equations 

Forr a set of /Vtot magnetic moments (spin operators 5/) the Heisenberg exchange 

hamiltoniann is 

Wc^-ïijJijSiSjWc^-ïijJijSiSj (3.1a) 

Here,, the summation runs over all sites» (/', j = \. 2..., ZVlot). In the molecular-field 

approximationn this hamiltonian is reduced to a sum of 'single-ion' hamiltonians and 

correctionn terms 

MMnn = - I , 7 2J,j <Sj>Sj + l y J0<S,><Sj> (3.1b) 

Forr simplicity, we assume that the (thermal) average <S,> is related to the 'local magnetic 

moment'' //, (= -#,  </, >uB, where g, and J, are the Lande factor and the total angular 

momentumm operator, respectively, of the atom at site /') by 

<Si><Si>  = -(gj~\)/ij/gj\LB (3.2) 

Thee exchange energy can now be written as 

£exx = <<?^ex > = - £// Jij <S,xSj> = - V£.ij nij/iifij  (3.3) 

with h 

n,jn,j = 2(g, ~ 1 )(g, -1 )/„  ngigj UB2) (3.4) 

Fromm either eq. (3.1b) or eq. (3.3), we infer that a 'molecular field', B/no! = X//J,> ftj- a c ts o n 

thee moment//,. In fact, we assume that//, is the (local) response to the local effective field 

fifi .err.err=B=B moi + B.^PP  ̂ w n e re Bm i s t h e a p p l i ed f i e l d at s i te L T h en f o r t h e l o c a Uy i s o t r o p ic 

systemss under consideration, //, and B,eft should point in the same direction, so there must 

existt positive parameters «,-, such that a, //, = B,efi. Alternatively, one may state that, in 

equilibrium,, the local field Bf{t should equal VMF, (T, //,), the gradient of the (temperature 

dependent)) 'local free energy'. Evidently, the parameters a, are not constant, but in genera! 
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dependd on the value of//, (and thus on B,e ) and on the temperature T. Anyway, we find as 

ourr 'basic equations' the equilibrium conditions: 

a// fH ~ ^ j n u f*i  = -ö /a pP (3-5) 

Inn fact, eq. 3.5 represents three sets of Nloi equations, one set for each of the components in 

thee jc-, v- or z-direction. The three sets have the same coefficient matrix, a, S,j - n^, and are 

(indirectly)) coupled because of the relation af fti=V/iFi (T, //,). The matrix is real and 

symmetric,, and consequently has real eigenvalues. The eigenvectors can be chosen to be 

real.. Stability requires that the eigenvalues are non-negative, in general positive. Following 

thee reasoning of Landau's theory of second-order phase transitions, we may expect that (in 

zeroo applied field) at a certain temperature one of the eigenvalues changes sign. The 

resultingg instability leads to a (change of) order. The ordering mode is determined by the 

eigenvectorr corresponding to the vanishing eigenvalue. Although the transitions described 

inn this way are of second order, in practice, of course, first-order transitions may occur, in 

particularr in case other interactions (e.g. magnetostriction) must be taken into account. 

Thee presentation given above is valid for any set of coupled 'local moments', so actually 

forr both amorphous and crystalline materials. Moreover, disregarding the rotational 

degeneracyy (which in the usual way can be circumvented by application of infinitesimal 

biass fields) in first instance a collinear ordering structure is expected to be formed, with in 

generall  an amplitude modulated spin structure. In second instance, this ordered structure 

mayy appear not to be stable, and more intricate, non-collinear structures may result. In fact, 

wee shall show in the next sections that in simple systems with translational symmetry 

so-calledd 'helical', equal moment, structures are preferred. 

Inn order to be more specific, we consider now a set of R-atoms (R = lanthanide, say, Gd) in 

thee paramagnetic regime, at low fields. The 'local free energy' of a lanthanide moment ft 

cann simply be approximated by F{T,fi) =  lMTICR)fj2, where CR is the appropriate Curie 

constant.. Hence, we have a, = =  T/CR for any atom /'. The exchange energy (eq. 3.3) can be 

writtenn in diagonalized form as Eex = -V2 £v nq /Aq, where /uq is the amplitude of the mode 

(eigenvector)) q. The eigenvalues of the coefficient matrix are Aq =(7VCR - nq). The critical 

temperaturee is Tcrj, = CR riq, where Q designates the lowest eigenvalue AQ, i.e. the highest 

eigenvaluee HQ of the exchange energy. The response to an applied homogeneous field B is 

collinear,, each mode responding with an amplitude Bcq /(T/CR - nq), where cq is the 

appropriatee projection coefficient. In case, like in systems with translational symmetry, the 
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overalll  interaction does not depend on the site /. i.e. X, nt! = n0, the homogeneous mode is 

ann eigenvector, with eigenvalue Ao = (77CR - n0). and the response to the applied 

homogeneouss field is now simply CR B/(T - 0P), where 6V [=  CR n0]  is the (paramagnetic or 

asymptotic)) Curie temperature. 

3.33 RT-models (translational symmetry) 

Inn this section we apply the 'generalized' approach to systems with translational symmetry. 

Forr simplicity, we consider a Bravais lattice containing N primitive unit cells, with a basis 

consistingg of one R atom (say. Gd) and one T unit (transition metal, representing the total 

momentt of the itinerant electrons inside the cell). 

Thee magnetic Fourier components are defined by 

mmxx(q)(q) = (\IN)YRftx{R)^qR (3.6a) 

^xiR)^xiR) = J^mx(q)tqR {X = R,T}  (3.6b) 

Sincee the magnetic moments are only defined at the Bravais lattice sites /?, the wave vector 

qq is confined to the first Brillouin zone. The reality of the magnetic moments f*x(R) in 

eq.. 3.6b requires mx(q)* = mx{ q), which is obviously the case (see eq. 3.6a). Notice that 

mmxx(q)(q) is real for the special points q = 0 (chosen as zone center) and q - KI2 f 0, where K 

iss a reciprocal-lattice vector (and thus KI2 is on the Brillouin zone boundary). 

Thee exchange energy (eq. 3.3) can now be expressed in the Fourier components: 

£exx =-V2Nl4qZx,ynX}{q)mx(q)my<-q) {X,Y=RJ} (3.7a) 

ii  o R 
nnXX\{q)\{q) = X/f nXo. YR e"  H (3.7b) 

here.. nXo. m - 'hj (see eq. 3.4) for / = XO, the X atom in cell 0, andy = YR, the F-atom in 

celll  R. Since we consider only Bravais lattices with inversion symmetry, nxriq) may be 

assumedd to be real. As expected, the energy expression is 'almost' diagonalized by the 

Fourierr transform. Furthermore, in case we restrict ourselves to the cases where a, = ÖR for any 

R-atomm /, and a-, = aT for any T-atom /, the basic equations (isotropic case) can be 

transformedd to 

[ÖRR -HRR(0)] mR(q) - nRT(q) mT(q) = Bapp(q) (3.8a) 
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-n-nRTRT{q)m{q)mRR{q){q) + [aT - n-niq)] mT(q) = B*pp(q) (3.8b) 

Thee Fourier components of the applied field are given by B'dpp(q) = ( l / A 0 l « S /p pe "1 9 j R, 

wheree Z?/?app is the value of the applied field in cell R. 

Forr each direction (x, v, z), the 2N coupled equations (see eq. 3.5, for the Mot = 2N atoms) 

aree reduced to N separate pairs of equations (eqs. 3.8a and 3.8b, for each of the N vectors q 

inn the first Brillouin zone). Again following the reasoning in the preceding section, we find 

thee following stability criteria: 

[a[aRR - nRR(q)] > 0 (3.9a) 

[a[aTT - rm(q)] > 0 (3.9b) 

det(tf)) = [OR -nRR(q)][aT - n-niq)] - nRT(q)2 > 0 (3.9c) 

det(<?)) is the determinant of the coefficient matrix of the pair of equations 3.8. 

Inn the preceding section it was stated that the eigenvectors could be chosen to be real. In 

thee present case, we introduce the real modes by combining the (complex: q * 0, KI2, K: 

reciprocall  lattice vector) modes mx(q) and mx(-q) as follows: 

ftxAq)ftxAq) = mx{q) + mx(-q); MxAq) = -i (mx(q) - mx(-q)) (3.10a) 

mmxx(q)(q) = MiftxAq) - i/txAq) ); m^q) = lMftxAq) + ipxM ) (3.10b) 

Forr the special points q = 0 and q = KI2 we have simply ftxAq) - wx(<jr), ftx.siq) = 0 

(orr rather not defined). In this notation, we have 

MxAq)=MxAq)= WN)ÏR/ix(Rj)cos{qRj) (3.11a) 

fixAq)fixAq) = (yN)ÏRMx(Rj) sHqRj) (3.1 lb) 

ftxfRj)ftxfRj) = I ? {MxAq) cos(qRj) + fiX,s{q) siniqRj)] (3.1 lc) 

Thee basic equations are now (recall: all nRj(q) are real) 

[a[aRR -/IRR(ï,)]/lR.t
,) - nRJ(q')/4jAq') = B™(q>) (3.12a) 

-n-nRTRT(q')MR,-(q')MR,- + [ai-rmiq^fiTAq') = B/pp{q') (3.12b) 

IflRR -nRR(q')]ftRAq') - nRT{q>)tnAq') = Bs*
pp(q>) [q'*0, K/2] (3.12c) 
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-«R-KO/IR.,, + \"i  - nT\(qy)]f*iAq')  = B^PW) W*0, K/2] (3.12d) 

Here,, q' may have the values ö, K/2 and. of the other q-values, only one of each 

combinationn q, -q. B/pp(q') and B^p(q') are the appropriate Fourier components of the 

appliedd field, in this notation. In most cases, the right hand sides do vanish, and the vectors 

f*R,c(q')f*R,c(q') and fiT.c(q') are collinear. as well as the vectors ftRjq') and fiT,s(q'). Notice that 

thee total number of equations is still the same (2N for each direction). Moreover, without 

losss of generality, we may restrict the considerations to 'modes' with orthogonal vectors 

//x.cc and jiX s. Other modes are identical, apart from phase shifts and/or rotations. 

Ann important special class of 'modes' is formed by the cases where the amplitudes juXx and 

jux.sjux.s are equal: these are the (single) 'equal moment' (EM) modes. In a limited number of 

casess (see Tung's thesis [4] for more details), a few single EM-modes can be combined to 

formm a more general EM-structure. 

Inn the present approach, EM-structures are of particular interest. Indeed, the fact that all 

atomss of the same kind (X) have equal moments does imply that they must have equal 

parameterss a, (= ax). Above, we have stipulated that this is a necessary condition for the 

simplificationn by Fourier transformation. Notice also, that this condition is always fulfilled 

inn the paramagnetic regime, where ax = T/Cx-

Att the ordering temperature, an ordering mode with q - Q will be formed (see above). In 

thee absence of other interactions (no crystal field, no magnetostriction and so on), the 

preferredd ordering structure will be determined by the higher order terms in the local free 

energies,, e.g. terms like lAbx\ftx(.R)\ and so on. In fact, for small ordering parameters 

(i.e.(i.e. just below the transition temperature), minimization of the free energy (restricted to 

thee indicated lower order terms) leads directly to the conclusion that \fixAQ)\ equals 

\ftx.s(Q)\-\ftx.s(Q)\- In other words, 'equal moment' modes are preferred in these 'locally isotropic' 

systems. . 

Wee now consider the combination of the homogeneous mode q = 0, induced by an applied 

homogeneouss field B, and the 'ordering mode' q - Q. A single EM-mode is completely 

determinedd by its wave vector q and the vectors f4R,c(q) and ^j.Aq)- To simplify the 

notationn we may drop the index "c" and refer to these vectors as n&(q) and //T(<7)> 

respectively.. The 0-mode vectors ^R(Ö) and fij(O) are collinear with the applied field B, 

whichh we choose to point in the ^-direction. Then, the magnetic vectors of the ordering 

modee should remain (rotate) in the vv-plane in order to have an EM-structure still. So, 
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actuallyy helical waves are formed. Moreover, for a determination of the properties of this 

system,, we need only the equilibrium conditions for the two relevant modes, i.e. 

[a[aRR-n-nRRRR(Q)](Q)]MRMR(Q)(Q) - nRT(Q)M7(Q) =0 (3.13a) 

-nRr(Q)^R(Q)-nRr(Q)^R(Q) + [aT-nTT(Q)]MT(Q) =0 (3.13b) 

[«R-HRR(0)]/*R(0)) - nRJ(0)MT(0)=B (3.14a) 

-HRT(Ö)/*R(Ö)) +tflT-«TT(0)]//-K0) =B (3.14b) 

Inn eqs. 3.13a and 3.13b, juR(Q) and ^ T ( Ö) represent the amplitudes of the R- and T-

componentss of the ordering wave (non-zero in case det(ö) = 0). In the present, simplified, 

situation,, we identify JUR(Q) and jU-KQ) with the corresponding .v-components of the moments 

inn the cell R-0. 

Inn eqs. 3.14a and 3.14b, we consider first the case det(0) >0. Then, in an analogous way, 

//R(0)) and fXi(0) are identified with the corresponding z-components of the moments in 

celll  R = 0 (B is taken to point in the ^-direction; the components are non-zero in case B > 0). 

Inn case det(0) = 0 for non-zero B, the two equations 3.14a and 3.14b must be identical, 

soo we have [aR -HRR(0)] = -MRT(0) = [«T - «TT(0)1 > 0. With these fixed values of aR and 

aaTT,, we may exclude the co-existence with a (?-mode (det(ö) > 0. apart from, say, incidental 

degeneracy).. Notice also, that for both components, R and T, the condition 

axax Mx=VpFx(T, fix) should have a stable solution, like in the case of local moments of 

fixedd magnitude. Then, we find the well-known linear relationship for the familiar two-

sublatticee RT-model (with antiferromagnetic RT-coupling, /ÏRT(0) < 0): 

M=ftM=ft RR(0)(0) +M0) = /M*RT(0) I . 

Thiss 'zero-mode' bending process must not be confused with the similar 'bending' process 

inn the ordered region, where the Q-mode is gradually suppressed by the increasing applied 

fields,, although eventually the same (paramagnetic) situation results, where the moments 

aree forced to be parallel. 

Inn this chapter we focus attention on the co-existence of a helical (ordering) mode Q and 

thee induced 0 mode. So, we shall ignore this non-collinear 0-mode behavior in the 

following,, although in the actual computing program the occurrence of this possibility is 

dulyy checked. In short, we are left with two pairs of equations, one pair describing the 

(ratioo of the) jc-components, the other pair yielding the z-components. The pairs of 

equationss are implicitly coupled, because aR depends on piR' [=  /uR̂ ~ + piR,,~], and cij 
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dependss on y.-f [= /ujf + /uj.f]. In the next section, this situation is worked out in more 

detaill  by giving explicit expressions for aR and aj. In fig. 3.1 we show a possible way in 

whichh the R and T moments are forced to become parallel eventually by increasing the 

appliedd field, for different temperatures. 
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Figuree 3.1. Display of magnetic moments in a weakly interacting R-T system in different applied 

magneticc fields for different temperatures. For the chosen parameters, we have 7N = 13 K. 

Thee antiferromagnetic RT-interaction is arbitrarily chosen to be rather weak in order to 

demonstratee (exaggerate) the non-collinear orientation of the moments. Recall that this 

patternn must be imagined to rotate with the wave vector Q through the lattice, and that there 

iss no relation between the direction of the moments (as determined by the applied-field 

direction)) and the direction of the wave vector. 

Beforee proceeding, however, we want to show the relationship between the formalism 

presentedd above and some other, well-known, formalisms to describe ordered systems 

consistingg of one kind of spins. As mentioned in the introduction, in the standard 

formalismm the division in sublattices has to be indicated at the start. Here, we restrict the 

discussionn to the standard two-sublattice model for antiferromagnetic order in a system of 

R-atomss with translational symmetry. In our formalism, we start by ignoring the coupling 

too the itinerant band {e.g. by assuming aj to be infinitely large), thus reducing our 
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basicc equations to [ÖR - nRR(Q)]piR̂ {Q) = 0 and [aR -nRR(0)]/tR(0) = B. Moreover, the 

standardd antiferromagnetic order corresponds to Q = Kil. leading to the formation of the 

twoo sublattices, with magnetic moments given by (dropping the subscript R): 

M\M\ = [M(Q)+M(0)]\ Hi= [-fi(Q)+fi(0)]; 

Inn the ordered region, we have aR = n(Q), and thus //(Ö) = BI[n{Q) -n(0)]. In the 

paramagneticc (or 'forced parallel') structure fi(Q) vanishes and^/(0) can be calculated self-

consistentlyy using the Weiss Field approach (Brillouin function) [6]. In the standard two-

sublatticee model, the molecular field (at subl. 1) can be written as «n (Vifi\) + n\2i}/ifi 2), 

thee factor Vi reducing the actual local moment to the 'magnetization', i.e. the moment per 

Gd.. Comparison with n(Q)fi{Q) + n(0)fi(0) = [n(Q) + rc(0)]//,/2+ [-n(Q) + n(0)]fi2!2, leads 

to o 

nnuu=[n(Q)=[n(Q)  + n(0)]; n]2 = -[n(Q) - n(0)} « 0). 

Thee 'equilibrium conditions' in the standard two-sublattice model are 

[a-Virtu]// ii  -Vi n\2fi2 = B (3.15a) 

-- Vm\2fi\ + [a - l/2n\\]ft2 = B (3.15b) 

AA non-collinear solution (order) is only possible (again) in case these equations are 

identical,, i.e. a -Vi nn = -Vi n\2 (> 0), yielding the familiar expression 

ftft =  l/2(ji\ +//2) = B/\ni2\ {per Gd}  in the ordered state (T < TN ), 

evidentlyy coinciding with the expression given above, fi(0) = B/[n(Q) -n(0)]. 

Thee critical temperature, 7N, can be found by putting a = T/C (for vanishing field B), and 

thenn solving det(eq. 3.15) = 0, leading to 7N = ViC{ n\\ - n\2} = Cn(Q), in accordance with 

ourr earlier result. In an analogous way, the asymptotic Curie temperature can be expressed 

d&6d&6 = ¥iC(nu +n]2) = Cn(0). 

Itt is illustrative to view this two-sublattice model in still another, equivalent, way, i.e. by 

assuming,, in our approach with two atoms per cell, that the T-atom behaves as or actually 

iss an R atom. In the literature, such models have been applied extensively. In our 

formalism,, these two-sublattice models must be described as an ordering zero mode 

(q(q = 0). Only eqs. 3.14a and 3.14b survive. In case the two species of atoms are identical 

thesee equations are simplified to the eqs. 3.15a and 3.15b. 
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Thee present description shows straightforwardly a way to determine the moments 

precisely,, namely from the self-consistent calculation of the aR and cij values (as worked 

outt in the next section). 

3.44 Calculation of magnetization for  Gd moments interacting with 

(T-)bandd electrons 

Inn this section we consider again the simplified description of a RT Bravais lattice given in 

thee preceding section, the R-atoms taken to be Gd atoms in order to justify the absence of 

crystal-fieldd effects. Now, the local response of the R-atom at site j is assumed to be 

describedd by the hamiltonian 

WjWj = Wj,ex -Bdpp [-gaJMB] = Bf [-SG6JJ\IB] (3.16) 

Inn fact, for the EM-modes under consideration, it suffices to treat the cell R = 0, only. 

Thee local response of the band (represented by the T-atom in the preceding section), we 

assumee the 'Arrot plot' relation (for the 'local' band) [7]: 

aj{m,T)aj{m,T) = ÖOT + {Vian + --)T2 + (boT + ...)m2 + cTm
4 + dTm

6...[ = Bjet1 Im] (3.17) 

mm is the local (T-)moment: nr = ptjiO)" + /HT(Q)~. JUT(0) being the (induced) --component 

andd fiiiQ)  the x-component (see preceding section). The T~ dependence, for an itinerant 

bandd ascribed to Stoner excitations as mentioned in section 1.2, is adopted for the lowest 

orderr co-efficient only (in the present version of the calculating program). 

Thee calculation is performed self-consistently, roughly in the following way. First, the 

existencee of an ordering Q-mode is ignored, and, for a given initial set [CIR, cij}  eqs. 3.14a 

andd 3.14b are solved. Then, the effective field in eq. 3.16 is determined as well as m in eq. 

3.17.. Application of quantummechanics (i.e. resulting in the Brillouin function, of course) 

yieldss then a new value of OR, whereas eq. 3.17 yields a new value for «T, and so on. For 

thee eventually resulting set {ÜR. cij}  det((?) is calculated. In case det((?) < 0, a new aR value 

iss taken, such that det(Q) = 0. Application of eqs. 3.14a and 3.14b now yields the z-

components.. Subsequently, eqs. 3.13a and 3.13b yield the jf-components, and, again, new 

valuess for {OR, aj) can be determined, and so on. 

Obviously,, as presented here, the model may have an impressively large number of fitting 

parameters.. Some of these parameters, however, are intended for future applications or to 
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anticipatee generalizations. For instance, the higher order terms {the 4l and the 6' , etc.) in 

eq.. 3.17 are necessary to cover cases where the itinerant band would show metamagnetic 

andd weakly ferromagnetic behavior. In the present application, we take a0j > 0, and cT = 

djdj = 0. Moreover, the molecular-field parameter nrr(0) can be absorbed into a0j7 in case no 

explicitt band calculations are performed. 

Althoughh also gGd is considered to be a fitting parameter (in order to account for intra-

atomicc 4f-5d polarization), in the present application we take god = 2. 

Inn order to reduce the number of 'free' parameters further, we use starting parameters 

derivedd from experiments: 

-- Since 7N can be determined accurately from specific-heat data, nRR(Q) is calculated (for 

givenn AIRT(Ö) > <̂ OT, «2T and MTT(S) ) from: d e t (0 = 0 at T= 7N (paramagnetic, fiapp = 0). 

-- At low temperatures, the R-moments can be saturated in high fields. Then, the variation 

off  the (experimentally determined) total magnetic moment with aplied field determines 

#OTT - HTT(0) accurately enough, and also may indicate a value for the coefficient bj. 

-- Moreover, from this approximation to the high-field magnetization data, one can derive 

thee field (say fiapp = Bsat) at which the molecular field acting on the itinerant band is 

compensatedd by the applied field, i.e. MT = 0, M = MR
sa\ so nRT(0) = Ssat/MR

sal. 

-- In the present application, the parameter «2T is only relevant at high temperatures, and is 

determinedd by 'fine tuning' of the reciprocal susceptibility in the paramagnetic region. 

-- In practice, the parameter WRR(0) can be determined rather well by fitting to the initial part 

off  the low-temperature magnetization curve (say, the 'bending' part in the ordered region). 

Remainingg 'free parameters' are WRT(Ö) a n^ HTT(S)- In practice, reasonable agreement 

betweenn calculated curves and experimental data can be obtained in a wide range of values 

forr these parameters (i.e. for 'sets' (WRR(Ö), HRR(ÖX HRT(ÖX «TT(Ö)}) . This feature should 

bee taken into account when comparing the fitting results for a series of compounds, for 

instance.. So one may choose vanishing values for HRT(Ö) m a comparison of /IRR(Ö) 

values,, or the other way round. 

Insteadd of demonstrating here the calculations of the magnetic moment contributions in the 

RTT coupled systems as functions of the applied magnetic field and temperature, the reader 

iss referred to the fitting results obtained for the magnetic data of various Gd compounds, 

whichh are presented in chapters 4 and 5. 
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3.55 Free-energy considerations: calculation of the specific heat 

Ourr model can be regarded as a member of the big family of models, which describe the 

systemm under consideration as an assembly of coupled 'local units'. In principle, the 

propertiess of the local units are calculated exactly, either by performing a quantum-

mechanicall  calculation or by assuming a phenomenological analytic expression. The 

couplingg between the units is treated in some approximation, in our case in the molecular-

fieldd approach. In these models, the total free energy and, in particular, the specific heat 

shouldd be calculated with some care, in order to avoid double counting, and so on. In this 

section,, we address this problem in its simplest form, by assuming the presence of only 

two,, magnetic, 'units', characterized by their magnetic moments M\ and M2, placed in an 

externall  field B. In order to analyze the problem, we assume that the free energy of each 

locall  entity can be defined as a function of its magnetic moment (e.g. by using restricted 

ensembles).. Incorporating explicitly the volume V (representing any strain) and the 

temperaturee T, the local free energy of unit 1 is written as F\(T;V,M\), and so on. The total 

Gibbss free energy G(T,P,B) is now written as a function f(T,P,B;V,M],M2>* where it is 

understoodd that the variables after the semicolon, i.e. V, M, and M2, have to be replaced by 

thee corresponding functions of the variables T, P, and B : 

G(T,P,B)G(T,P,B) = f(T,P,B;V,M],M2) 

==  F0(T;V) +Fi(T;V,M\)-BM]+ F2(T;VM2)-B M2 - nr_M{M2 + P V (3.18) 

withh df/dV - df/dM\ = df/dM2 = 0, so, e.g. V = V(T,P:MUM2) and, eventually 

V=V= V(T,P,B), and so on. A possible volume or temperature dependence of the molecular-

fieldfield parameter n]2 is ignored. The non-magnetic background is given by F0(T;V). The 

entropy,, is given by 

S(T,P,B)=S(T,P,B)= -dG(T,P,B)/jT = -df/dT -df/dV&vm -df/dM,dMi/&T -df/dM2dV/dT 

==  -df/JT + 0. 

Hence e 

S(T,P,B)S(T,P,B) = S0(T;V) + SrfT;V,M\) + S2(T;V,M2) (3.19a) 

SJT;VSJT;VrrM,)M,) = - 3FS(T;VMS)/Jr {s = 0. 1.2}  (3.19b) 
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Thee main point here is that we have (also) distinct contributions to the specific heat 

C,, = TdSs(T;V,Ms)/dTlpB {s = 0, 1, 2}  (3.20a) 

cmcm no = -Td2F,/ar2 -ad2F,/drdM  ̂dMjdj -(Td2Fs/drdv) dv/dr 0.20b) 

Wee ignore the V dependence in the following. 

Noticee that the derivatives are taken with respect to the 'local free energy' only: the 

appliedd field and the molecular fields do not enter explicitly. 

Lett us now apply this reasoning to the RT-model above, specifying 'rare earth units' 

containingg an atom R, and 'transition metal units" containing an atom T. Then the 'local 

freefree energy' FR(T,MR) contains only the entropy term -TS: 

FFRR(T,MR)(T,MR) = H ^ A / R V C R + L/4MR
4/DR + -R\nW], 

wheree W is the multiplicity, W = 2JR+\. The expansion in terms of MR
2 should not be 

regardedd as an approximation, since, for this unit, the quantum-mechanical calculation is 

carriedd out straightforwardly. In the total (free) energy, the other terms involving the 

parameterr MR are 

-V2-V2 nRR MR
2 -B MR - nR1 MTMR =- BR

cfi MR + Vz nRR MR
2, 

where e 

BBRR
nn'' = B +nRRMR + nRTMT (3.21) 

Thee exchange interaction with the other R-units is taken into account here. Notice the 

'correctionn term' +V2 nRR MR
2, inherent to the molecular-field approximation (see eq. 3.1 b). 

Indeed,, the energy <<^ioc> equals - BR
ftMR and thus overestimates the RR-exchange 

terms. . 

Accordingg to eq. (3.20), the specific heat of the R-part is given by 

CR(T)CR(T){PB{PB = -BR
effdMR(T)/dT (3.22) 

Forr the T-part we use again eq. 3.17. Then, in the local free energy, only the term 

1/2«2T7^^T22 does explicitly depend on the temperature. With d2Fj/dT2 = VÏUU M-f\ and 

dd22Fj/dTdMjFj/dTdMj = «2T TMj, we find 

CCTT(T)(T) = -T(Vi«2T MT
2) -an T2 MTdMT(T)/dT (3.23) 
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Thee first term on the right hand side is the so-called Wohlfarth correction to the (linear) 

specific-heatt coefficient, y. obtained from the background'F0(T,P;V) = -Vi yT2+ .... 

Thee second term (-7°) is often ignored, but should be taken into account for a consistent 

treatment,, for instance to get jdT(CT/T) = 0 for 5 = 0 [8]. In our application, however, the 

T-partt contribution to the specific heat is quite negligible in most cases. 

3.66 Specific-heat curves for equal moment modes 

Itt is well known that in the case that only one kind of magnetic atom is present, for equal-

momentt modes (in the ordered region) the specific-heat curves are completely determined 

byy one parameter, e.g. the Néel temperature. Indeed, above we have shown that in our 

formalismm for such a system the basic equations are reduced to [aR - nRR(Q)] /JRJQ) = 0 

andd [«R-/ !RR(0)] ,«R(0) = B. The Néel temperature fixes the molecular-field parameter 

I'RR(Q)I'RR(Q) via 7N = CnRR{Q). In the ordered region, we have aR(T. MR) = nRR(Q), independent 

off  the temperature, and independent of any 'bending' caused by the applied field B. This 

meanss that the effective field BR
et\ MR(T) and the specific heat are unique functions of 

temperature,, depending only on one parameter nRR(Q) or 7"N, independent of the Q vector 

andd the applied field B. 

1.4 4 

1.2 2 

1.0 0 

o.s s 

0.6 6 

0.4 4 

0.2 2 

0.0 0 

( ( 

--

-- /' 

1 1 

\ \ 

)) 20 

zeroo field 

200 T 

500 T 

J== 1 

300 40 50 

T ( K ) ) 

6 6 

"3 3 

i i 

0 0 

» » 

3.5 5 

3.(1 1 

2.5 5 

2.0 0 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

( ( 

, , 

\ \ 

l\l\  \ 

11 \' 

_ v ^ ^ 

---
' ' 

100 20 

zeroo field 
55 T 
100 T 
400 T 

JJ = 8 

:-~-- "-Vi'r~I-I-.:.:r.r.L-.-.:.-.-: 

300 40 50 6 

T(K) ) 

Figuree 3.2. Temperature dependence of the Figure 3.3. Temperature dependence of the 

magneticc specific heat of a hypothetical system magnetic specific heat of a hypothetical system 

withh a total angular momentum of the rare earth with a total angular momentum of the rare earth 

7 = 1.. y = 8. 
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Forr the interacting RT-system. we have CIR(JMR) = nRR(Q) + nRT(Qy/aT(ZMj). Again, the 

intrinsicc magnetization MR(T), and thus the specific-heat curve, is not expected to be 

appreciablyy affected, unless the RT-coupling is relatively strong and the temperature or 

magnetizationn dependence of the band part is strong too. 

Inn the next two chapters, the calculations for the specific heat of the antiferromagnetic Gd 

compoundss are shown. These CIT curves exhibit a clear maximum (like a 'Schottky 

anomaly')) below the magnetic ordering temperature. In order to elucidate the origin of this 

peak,, we calculated the specific heat for two hypothetical systems with the quantum 

numberr J of the rare earth being 1 and 8, respectively. Apart from nRR, the band and 

exchangee parameters are chosen as those derived for GdCu2Ge2 (see chapter 4). The 

exchangee parameter nRR is fixed by taking the Néel temperature to be the same for both 

casess (TN=  13 K). The occurrence of this maximum appears to depend on the multiplicity 

(1 /RR + 1) of the rare earth R. In figs. 3.2 and 3.3, it is shown that the hump is scarcely 

visiblee for a low multiplicity value and very distinct for a high value such as that for Ho. 
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Chapterr  4 

Magneticc and thermal properties 
off  GdT2Ge2 (T = 3d, 4d) compounds 

4.11 Introductio n 

Ternaryy intermetallic compounds of the type GdT2Ge2 (T = transition metal) are formed 

withh 3d metals (Fe, Co, Ni and Cu) and with 4d metals (Ru, Rh, Pd). They crystallize in 

thee body centered tetragonal ThC^Sii-type of structure (space group I4/mmm). In this 

structure,, the Gd ions occupy only a single crystallographic site of tetragonal point 

symmetryy (fig. 4.1). 

AA general characteristic of the GdT^X? compounds (X = Si or Ge) is, that the transition 

metall  carries no, or only a negligibly small, magnetic moment [1-4]. Furthermore, due to 

thee S-character of the 4f7 shell of Gd, the influence of the crystalline electric field and the 

concomitantt anisotropy are considered to be of minor importance. Hence, the magnetic 

propertiess are determined essentially by the exchange interactions between the Gd 

moments. . 

Mo'ssbauerr spectroscopic studies of the GdT:Ge2 compounds showed that on passing along 

thee 3d and 4d series, the electric-field gradient V7: at the Gd sites increases strongly and 

thatt its sign changes from negative to positive near the end, in both series [3]. From band 

structuree calculations [2], this behavior was explained in terms of decreasing mixing 

betweenn the 6p and 5d valence electron states of the Gd and the d electron states of the T 

atomss when moving towards the end of each transition metal series. The trends of V:- in the 

GdT2Ge:: compounds can be interpreted on the basis of Miedema's "macroscopic atom" 

modell  for cohesion in metals. The value of V:- increases when the difference of the 

electronn density Anm at the edge of the atomic cell of T and Ge atoms decreases. 

37 7 
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Figuree 4.1. The crystal structure of ThCr:Si2 (I4/mmm). 

Earlier,, the magnetic interactions were studied in some series of Gd compounds including 

GdT:X2.. GdGa2-xAlx, GdCus.xAl x. GdT4Al8 and GdT6Al6 (T = 3d or 4d transition metal. X 

== Si or Ge) in which the non-rare-earth atoms do carry a very small or a zero magnetic 

momentt [4-8]. Using the simple two-sublattice model for an antiferromagnet without 

anisotropyy (see section 3.3), the intra- and intersublattice magnetic coupling coefficients 

«ii«ii  and «i2 have been derived from the DC susceptibility and the high-field free-powder 

measurements,, with the idea that from the systematic overview of these values, in each 

series,, the role of the R-R interactions in the magnetic behavior can be anticipated. The 

variationss of nu and n12 across each series of compounds were discussed in terms of 

changess of the lattice parameters, the unit-cell volume Vand modifications of the transition 

metall  electron band. 

Nevertheless,, in order to get more insight into the mechanism of those interactions in a 

certainn compound, different measuring techniques are necessary to be carried out and 

combinedd in the interpretation. We now systematically extend this research to specific-heat 

measurements,, because important information about the ordered state can be derived from 

thee results (see e.g. [9, 10] and chapter 3). In this chapter, we present magnetization and 

specific-heatt measurements on GdT2Ge2 in high magnetic fields. These data are discussed 

andd analysed on the basis of the generalized molecular-field model described in chapter 3. 
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4.22 Experimental 

Polycrystallinee samples of GdT^Gei and isomorphous YT2Ge: (T = Fe, Co, Ni, Cu, Ru, 

Rh,, Pd) were prepared by arc-melting stoichiometric mixtures of the pure elements. The 

purityy of the starting materials is at least 99.9%. The melted ingots were vacuum annealed 

att 800°C for 2 weeks. The annealed samples were then examined by X-ray diffraction and 

foundd to be single phase and to have crystallized in the body centered tetragonal ThCr2Si2-

typee of structure. The composition and homogeneity of several selected compounds were 

examinedd by EPMA analysis and are shown in section 4.3. 

Thee temperature dependence of the magnetization of GdT?Ge2 samples was studied in a 

SQUIDD magnetometer in the temperature range 1.7-300 K, in magnetic fields from 0 to 5 

T.. The field dependence of the magnetization at 4.2 K was measured up to 35 T in the 

semi-continuouss high-field installation at the University of Amsterdam (see section 2.3.2). 

Sampless for these high-field measurements were crushed to fine particles that were able to 

rotatee freely in the sample holder towards their equilibrium directions (HFFP method). 

Forr specific-heat measurements, GdT2Ge2 and YT^Ge? (T = Fe, Ni, Co, Cu, Ru, Pd) 

sampless of about 2 gram were spark-cut in shapes having two parallel flat sides. The 

specificc heat was measured in zero field within the temperature range from 0.3 up to 90 K in 

thee Amsterdam 17 T equipment (see section 2.4.1). For GdFe2Ge2, GdNi2Ge2, GdRu2Ge2 

andd GdPd2Ge2, the specific heat was also measured in magnetic fields between 0 and 15 T, 

inn the same temperature range. For the Rh case, due to the high magnetic ordering 

temperaturee of GdRl^Ge ,̂ the specific heat of the Gd and Y compounds was measured in 

thee high temperature set-up (see section 2.4.2). 

4.33 Results 

4.3.14.3.1 GdFe2Ge2 

Thee temperature dependence of the reciprocal susceptibility of GdFe2Ge2 measured in a 

fieldd of 1 T is shown in fig. 4.2. At temperatures above 10 K up to room temperature, the 

curvee deviates from the Cure-Weiss law. The magnetization process at 4.2 K was observed 

onn a free-powder sample, in fields up to 35 T (fig. 4.3). The magnetization increases 

almostt linearly with increasing magnetic field, exhibiting the bending of the moments 
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towardd the field direction. The bending process is completed at about 6 T and is followed 

byy the approach to saturation of the Gd moments. However, there persists a high-field 

susceptibility,, and up to 35 T the magnetization is still considerably lower than the 

expectedd value for Gd (6.8 uB compared to 7 uB). These magnetization data clearly indicate 

thee considerable contribution of the non-4f electrons to the magnetic properties of this 

compound. . 
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Figuree 4.2. Temperature dependence of the reciprocal susceptibility of GdFe2Gei measured in 1 T 

(openn circles: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: itinerant 

band,, here only indicating a change of sign; see text). 

Thee magnetic ordering transition was investigated by specific-heat measurements in 

magneticc fields. The plots of C/T vs T of GdFe2Ge2 are presented in fig. 4.4. From the plot 

takenn in zero applied field, the magnetic transition is signaled by a sharp peak at about 9.8 K. 

Itt is somewhat below the Néel temperature (taken to be 11.3 K) at which the magnetic 

contributionn to the specific heat drops drastically to almost zero. At higher applied fields, 

thee transition occurs at lower temperatures. This is typical for the transition from an 

antiferromagneticc state to a paramagnetic state. In magnetic fields above 6 T, the specific-

heatt curves show merely a Schottky-like anomaly, characteristic for the paramagnetic 

state.. These results are consistent with the magnetization curve at 4.2 K (fig. 4.3), where 

thee Gd moments are forced to be parallel for applied fields above about 6 T. 

oo exprimental 
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Figuree 4.3. Field dependence of the magnetization of GdFe2Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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Figuree 4.4. Temperature dependence of the specific heat C/T of GdFe2Ge2 measured in 

differentt applied magnetic fields. 
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Figur ee 4.5. The C/T vs T data in zero field of GdFe2Ge2 (solid square) and YFe2Ge2 (open 

square)) after being corrected by the mass correction ratio 0.896. The inset shows the zero-field 

temperaturee dependence of Cm (scatter graph, left scale) and 5„, (line graph, right scale) of the 

Gdd compound. The dashed line indicates the limit R ln8. 
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Figur ee 4.6. Temperature dependence of the magnetic contribution to the specific heat of 

GdFe2Ge2,, plotted as C„/T, in 0, 4, 6 and 8 T (The scatter graphs give the experimental data, 

thee line graphs are the fitting results). 
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Inn addition, a broad bump around 3 K (i.e., T/T  ̂~ 0.27) is observed in the C/T vs T plots 

takenn in applied fields from 0 to 5 T. This behavior is a common feature for the Gd 

compoundss (see, e.g., [9, 10]). As will be indicated more explicitly below, it is associated 

withh the splitting of the (2J+l)-fold degeneracy of the multiplet due to the exchange field 

withinn the ordered state. 

Thee magnetic contribution Cm is derived by subtracting the zero field specific-heat of the 

isomorphouss non-magnetic compound YFe2Ge2, after being corrected for the total mass 

differencee using the many-Debye method (see section 2.4.3 and fig. 4.5). The magnetic 

entropyy Sm was calculated by integrating Cm/T. Because the specific-heat measurement on 

thee Y compound has been started at 1.4 K, the missing contribution to the magnetic 

entropyy below this temperature is evaluated to be roughly 0.07 J/molK in zero field. Then 

thee total magnetic entropy Sm equals 1.89/? (R = 8.315 J/molK is the molar gas constant) at 

300 K, about 91% of the theoretical value R ln8 = 2.08 R. The temperature dependence of 

thee magnetic entropy is depicted in the inset of fig. 4.5. The temperature dependence of Cm 

inn 4, 6 and 8 T is plotted in fig. 4.6. It can be seen in figs. 4.5 and 4.6 that from the Néel 

temperaturee up to 20 K, there still exists a small magnetic contribution in zero field, which 

mayy be attributed to short-range magnetic ordering. 

AA theoretical analysis has been carried out for this compound based on the formalism 

describedd in chapter 3. We assumed an equal moment (EM) system for the Gd sublattice, 

interactingg with an itinerant electron band (representing the contribution of the non-4f 

electrons).. The calculation should satisfactorily represent the behavior of the magnetization 

andd specific-heat results obtained from the experiments. As discussed in section 3.4, for 

simplicityy and in an attempt to compare GdFeiGê with compounds in which no 3d-band 

effectt is expected to be present, we take «RT((?)
 = 0. The best fitting parameters applied for 

thee whole set of the experimental data are 7N = 11.3 K, i.e. nRR(Q) = 0-80 Tf.u./u^B, nRR(0) 

==  -0.76 Tf.u./u,B; nRJ(0) = -8.0 Tf.u./u.B; «OT = 80 Tf.u./uB; a2T = 0.0003 Tf.u./[iBK2. The 

temperaturee dependence of the contribution of the itinerant band (presumably mainly due 

too the Fe 3d electrons) to the susceptibility is taken into account via the parameter ciu (see 

fig.. 4.2). Also, fig. 4.3 indicates the antiferromagnetically coupled 3d-moment at 4.2 K. 

Subsequently,, above 6 T, this moment is gradually diminished and eventually forced in the 

fieldd direction. The calculations for the specific heat Cm in different applied fields are 

displayedd in the same graph with the experimental data in fig. 4.6. It can be seen that the 

calculatedd curves follow well the postures of the experimental ones in 0, 4, 6 and 8 T. 
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Especially,, the broad bump at low temperature below 6 T can be generated in the 

calculatedd CJT vs T curves. Notice that the magnetic contribution to the specific heat 

fromm the Gd sublattice is calculated as CR(T) = -BR
cndjiR(T)/dT (eq. 3.22, section 3.5) 

andd that the contribution Cj(T) from the band is negligibly small. The bump at 3 K is 

ascribedd to the Zeeman splitting of the Gd multiplet due to the exchange field in the 

orderedd state (see section 3.6). 

Thee magnetic parameters of GdFe:Ge2 are listed in tab. 4.1. 

4.3.24.3.2 GdCo2Ge2 

Thee temperature dependence of the reciprocal susceptibility of GdCo2Ge2 measured in 1 T 

iss shown in fig. 4.7. Similar to the observation on the Fe compound, in the temperature 

regionn from 40 K up to 300 K, the curve shows a remarkably high curvature. Again for this 

compound,, the magnetic contribution from the non-4f electrons is clearly seen. The HFFP 

measurementt at 4.2 K is shown in fig. 4.8. The magnetic isotherm starts from the origin 

andd increases linearly with applied field. The bending process ends up at around 30 T. 

Thee specific heat of GdCoiGe: and YCo^Gê  was measured in zero applied field. The CIT 

vss T curves of both compounds are presented in fig. 4.9. From the specific-heat data of 

GdCo2Ge:.. the Néel temperature 7V,- is defined by a single peak at 35.7 K. characterizing 

thee magnetic ordering transition. A broad bump at around 12 K {i.e., 7/TN ~ 0.34) is also 

observedd and identified as the "Gd-bump" discussed in section 3.6. Finally, we mention the 

appearancee of a tiny peak at about 1 K in the specific-heat curve of GdCoiGe.̂ This 

anomalyy has a negligible contribution to the total specific heat and is attributed to a small 

amountt of Gd oxide present in the sample. 

Thee magnetic contribution Cm of the Gd compound was estimated by subtracting the 

correctedd data of the Y one with the mass correction ratio 0.898 (fig. 4.10). Above 7\ up 

too 50 K, we observe on the CJT vs T curve a noticeable magnetic contribution, which is 

probablyy related to the effect of short-range magnetic ordering. The magnetic entropy Sm 

wass estimated to 1.85 R at 60 K, corresponding to 89% of the theoretical value (see the 

insett of fig. 4.10). 
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Figuree 4.7. Temperature dependence of the reciprocal susceptibility of GdCo^Gê measured in 

11 T (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; the 

deviationn is due to the contribution of the itinerant band). 

--

y ' ' 

-- 2? 

-__—-si.. -

AT AT 

A/ A/ 

y y 

</</  Gd 

itinerantt band 
total l 

oo experiment 

1 . 1 . 1 . 1 . 1 , 1 . 1 . . 

10 0 155 20 25 

B(T) ) 

300 35 40 

Figuree 4.8. Field dependence of the magnetization of GdCo2Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; 
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Figuree 4.9. OTvs Tdata in zero field of GdCoiGei (solid square) and YCoiGe: (open square) 

afterr being corrected by the mass correction ratio 0.898. 
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Figuree 4.10. Temperature dependence of Cm of GdCo2Ge2 in zero field (The scatter graph 

givess the experimental data, the line graph represents the fitting results). The inset shows the 

temperaturee dependence of the corresponding magnetic entropy Sm calculated from the 

experimentall  data. The dashed line indicates the limit R ln8. 
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Thee magnetization and specific-heat data show that, in principle, a single EM mode for the 

magneticc structure of GdCo2Ge2 in the ordered state can be assumed. The best fitting 

resultss are exhibited in the same graphs with the experimental data in figs. 4.7, 4.8. and 

4.10.. In these calculations, the contribution from the itinerant band has also been included. 

Inn this case, we take again HRT(O) = 0. 

Thee magnetic parameters of GdCo^Gei derived from the experiments and from the 

calculationss are listed in tabs. 4.1 and 4.2, respectively. 

4.3.34.3.3 GdNi2Ge2 

Inn fig. 4.11, the temperature dependence of the inverse susceptibility of GdNi2Ge2 

measuredd in 1 T shows that above 25 K, the susceptibility follows the Curie-Weiss law: 

ZZ = Nju0ju,ff
2BkB(T- 6?) = CI{T-dv) (4.1) 

wheree 9P is the paramagnetic Curie temperature, N is the number of Gd atoms per unit 

volume,, C is the Curie constant and //eff is the effective magnetic moment per Gd atom. 

Basedd on eq. 4.1, the value of dp was found to be -21.1 K. The Curie constant C was 

derivedd as the slope of the linear part of the curve in fig. 4.11 at high temperatures and the 

effectivee moment //eff was calculated to be 8.37 JLIB per Gd atom. This effective moment 

valuee is considerably higher than the value expected for Gd3+ in the paramagnetic region, 

/4HH = gjGd[J(J+\)] V2[iB  = 7.94 JIB- The excess moment is likely due to a contribution of the 

Gdd valence electrons or other polarized spins from the transition metal. 

Onn the other hand, the magnetization measured in a field of 0.05 T as a function of 

temperaturee indicates two magnetic transitions between 15 and 30 K (see inset of fig. 4.11). 

Thee peak at higher temperature in this curve disappears when only slightly increasing the 

appliedd field (for instance 0.1 T). In this case, an EPMA analysis has been carried out to 

investigatee the presence of other foreign phases or impurities, which may give rise to 

thiss effect. The electron-probe micrograph of GdNi2Ge2 is depicted in fig. 4.13. According 

too the EPMA results, the main matrix has the stoichiometric composition GdNi2Ge2 and is 

estimatedd to be 96.4% of the whole sample. The dark boundaries (about 3.0%) have the 

approximatee composition Ni3Ge2, and the light spots, which also appear in the picture, 

standd for Gd oxide and have a very small amount of 0.6% within the accuracy of the 
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Figuree 4.11. Temperature dependence of the reciprocal susceptibility of GdNi2Ge2 measured 

inn 1 T (squares: experimental data; black line: fitting to the Curie-Weiss expression: gray lines 

aree calculated with the generalized molecular-field model, solid: total; dash: Gd moments; the 

contributionn from the itinerant band does not show up in the scale of the figure). The inset 
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Figuree 4.12. Field dependence of the magnetization of GdNi2Ge2 measured on free powder at 

4.22 K (circles: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: 

itinerantt band). 
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Figuree 4.13. Electron-probe micrograph of GdNi2Ge2. The main matrix has composition 

GdNi2Ge2.. The dark boundaries have approximately the composition Ni,Ge2. The light spots are 

Gdd oxide. 

measurement.. From this analysis, we can exclude the interference of exotic compositions 

too the magnetic behavior of the main structure. 

Thee field dependence of the magnetization of a free-powder sample at 4.2 K is presented in 

fig.. 4.12. One can see that the bending process deviates from the linear behavior expected 

forr a simple (isotropic) antiferromagnet. The magnetic isotherm starts from the origin and 

followss a curvature up to about 20 T. This result suggests a complex magnetic structure of 

thee compound at 4.2 K or possibly field-induced transitions from one mode to another one. 

Thee magnetic moments reach saturation with further increasing field. The value of the Gd 

momentt in the forced parallel configuration, jUGd is found to be 7.1 \xB per Gd atom if one 

extrapolatess the magnetization in the high-field part down to zero field. 

Inn order to study the complicated magnetic properties of this material in more detail, we 

havee extended magnetization measurements from 0 to 5 T in a wide range of temperatures, 

fromm the ordered to the paramagnetic state. The results are exhibited as Arrott plots M' vs 

BIM.BIM. By this method, a magnified picture of the magnetization process can be drawn. From 

fig.. 4.14, three different magnetic phases are recognized. Above 28 K, the Arrott plots 

havee a positive slope (see fig. 4.14.b at 40 and 50 K), corresponding to the paramagnetic 

state.. It should also be noticed that there appears some deviation at the beginning of these 

curvess below 1 T. In the temperature range between 16 K and 28 K, the curves rise almost 

verticallyy with increasing field (fig. 4.14.b). The results in this temperature region show 
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thatt at least up to 5 T, the material behaves as a simple antiferromagnet with a constant 

slopee BIM of the magnetization curve. Nevertheless, the values of BIM are different at 

differentt temperatures, increasing from 2.77 Tf.u./|iB at 16 K to 3.13 Tf.u./(iB at 28 K. The 

dataa taken in the lower temperature range from 5 to 16 K (fig. 4.14.a) manifest a 

completelyy different tendency. The Arrott plots start from a higher value of B/M (-3.5 

Tf.u./|iB)) and have a negative curvature. It can be seen that the magnetic isotherms tend to 

approachh the same slope BIM when the applied field is increased. As stated above, this 

behaviorr is attributed to a complex magnetic structure or to a field-induced order-order 

transition. . 
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Figuree 4. 14. Arrott plots of GdNi2Ge; measured on free powder sample at different temperatures. 

Somee deviations of the Arrott plots in fig. 4.14 are observed below 1 T. in the ordered 

regionn (5, 10, 12 K) as well as in the paramagnetic region (40, 50 K). According to 

previouss studies carried out by Brommer et al. [11], this phenomenon was also observed 

onn some ferromagnetic materials such as Ni75-XA125+X, Ni75_xGa25+x, etc. and ascribed to the 

impuritiess or the inhomogeneities of the samples. 

Thee specific heat of GdNiiGei measured as a function of temperature in a wide range of 

appliedd magnetic fields from 0 to 15 T is shown in fig. 4.15. The zero-field data give rise 

too two sharp peaks, at 16 and at 28 K, which are in good agreement with the results from 

magnetizationn experiments. The broad bump on the CIT vs T curve at around 7 K (T/TN ~ 

0.25)) is identified as the "Gd-bump" (see section 3.6). In 2 T, the behavior of the specific 
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Figuree 4.15. CIT vs T curves of GdNi2Ge2 taken in different applied magnetic fields. 
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Figuree 4.16. C/T vs T data in zero field of GdNi2Ge2 (solid square) and YNi2Ge2 (open square) 

afterr being corrected by the mass correction ratio 0.898. The inset shows the zero-field 

temperaturee dependence of Cm (scatter graph in left scale) and Sm (line graph in right scale) of the 

Gdd compound. The dashed line indicates the limit R ln8. 

heatt in the investigated temperature range is quite similar to what is observed in 0 T. In 4T, 

however,, the sharp peak at 16 K is split into two anomalies. Thus, from the specific-heat 

measurements,, the field-induced magnetic transitions in this compound can be explicitly 

investigated.. Those intermediate transitions are eventually suppressed by further increasing 

thee applied field (see the curves in 8, 12 and 15 T in fig. 4.15). 

Att 15 T, only the peak relevant to the order-disorder transition is observed and shifts to 

lowerr temperature (approximately by 8K) compared with the position of the corresponding 

peakk in zero field (28 K). When applying the field up to 15 T, the "Gd-bump" still remains 

att around 7 K (i.e., 77TN = 0.25). This relatively small influence of the applied field is in 

accordancee with the result that at 4.2 K the Gd moments are only forced to be parallel in 

fieldss above 20 T. 

Thee magnetic contribution Cm in zero field was estimated by subtracting the corrected data 

off  YNi2Ge2 with the mass correction ratio 0.898. Fig. 4.16 shows that the Y data well 

representt the phonon spectrum of the Gd compound up to about 45 K. At higher 

temperatures,, the deviation between the two curves becomes larger. However, the 

magneticc entropy Sm reaches 1.97/? at 40 K, which is 95% of the theoretical value (see the 

insett of fig. 4.16). 
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Evenn though the compound shows a complicated magnetic behavior within the ordered 

state,, the generalized molecular-field model should still be applicable to describe the 

magnetizationn in the paramagnetic state, i.e., for the reciprocal susceptibility above 7N and 

forr the magnetization in the forced parallel configuration at 4.2 K. A good fitting was 

obtainedd for the susceptibility (see fig. 4.11), whereas the derivation from the best fitting to 

thee magnetization curve (fig. 4.12) demonstrates again the complex behavior in the order 

phase.. In these calculations, the value gyGd = 2 was taken and a small contribution from the 

electronn band was included. 

Thee magnetic parameters of GdNi2Ge2 derived from the measurements in this section are 

listedd in tab. 4.1. The fitting parameters are listed in tab. 4.2. 

4.3.44.3.4 GdCu2Ge2 

Thee temperature dependence of the reciprocal susceptibility measured in 1 T, the magnetic 

isothermm at 4.2 K and the CIT vs T curve in zero field of GdC^Ge: are shown in figs. 4.17, 

4.188 and 4.19, respectively. Fig. 4.17 shows that, above 15 K, the reciprocal susceptibility 

followss the Curie-Weiss law rather well. 

Inn the magnetization process at 4.2 K, the magnetization starts from the origin and 

increasess linearly with the applied field up to 10 T (fig. 4.18). Above 10 T, a change in the 

slopee of the curve is visible. The bending finishes around 17 T and at higher fields the 

magnetizationn reaches saturation. The Gd moment in the forced parallel configuration is 

determinedd from the high-field part of the curve above 20 T, JUQÓ = 7.0 |iB per Gd atom. 

Thee Néel temperature is determined precisely from the second order-type peak in the 

specific-heatt curve of GdCu2Ge, 7"N = 13 K (fig. 4.19). The broad "Gd-bump" (see section 

3.6)) is observed in the specific-heat curve at around 4.5 K (i.e., 7/TN ~ 0.35). The magnetic 

contributionn Cm was calculated by subtracting the corrected data of YCu2Ge2 with the mass 

correctionn ratio 0.901 and is presented in fig. 4.20. The magnetic entropy Sm was 

calculatedd as 1.92 R at 30 K, which is 92% of the theoretical value (see the inset of fig. 

4.20).. Above 7N up to 20 K an amount of magnetic entropy exists, indicating the short-

rangee order effect after the ordering transition. 

AA good fitting based on the generalized molecular-field model was achieved (see figs. 

4.17,, 4.18, and 4.20). In this case, because Cu has a full 3d band, no (or a very small) 

inducedd 3d-moment is expected. The fitting parameters are listed in tab. 4.2, in which the 
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Figuree 4.17. Temperature dependence of the reciprocal susceptibility of GdCu,Ge2 measured 

inn 1 T (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; the 

deviationn is due to the contribution of the itinerant band). 
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Figuree 4.18. Field dependence of the magnetization of GdCu2Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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Figuree 4.19. C/T vs T data in zero field of GdCu2Ge: (solid square) and YCi^Ge;. (open square) 

afterr being corrected by the mass correction ratio 0.901. 

Figuree 4.20. Temperature dependence of Cm of GdCuiGei in zero field (The scatter graph gives 

thee experimental data, the line graph represents the fitting results). The inset shows Sm as a 

functionn of temperature, the dashed line indicates the limit R ln8. 
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exchange-interactionn coefficients nRT(Q). nRT(0), nrviQ), nrr(0) are set to nearly zero. 

4.3.54.3.5 GdRu2Ge2 

Wee have measured the temperature dependence of the susceptibility of a fixed-powder 

samplee of GdR^Ge; in 1 T (fig. 4.21). A linear behavior is observed in the part of the 

curvee above 50 K. Thus, in fact, the Curie-Weiss expression can be applied to extract some 

magneticc parameters for this compound. Unlike the other compounds in the series, the 

paramagneticc Curie temperature 8P of this one is found to have a large positive value. 37.2 

K.. The effective moment per Gd atom in the paramagnetic state was calculated to be 8.22 

j iB --

Alsoo in fig. 4.21. the molecular-field calculations for the susceptibility above Ts are 

presented.. The Néel temperature value used for fitting was determined from the specific-

heatt measurement in 1 T (see below). It is shown that a reasonable fit can be obtained with 

gjgj =2 and with an inclusion of a small contribution from the electron band. The fitting 

parameterss are listed in tab. 4.2. 

Thee high-field measurement on a free-powder sample at 4.2 K indicates that an applied 

fieldd of approximately 4 T is sufficient to force the Gd moments in the parallel configuration 

(fig.. 4.22). 

Thee results shown in the inset of fig. 4.22 are a further illustration of the complex character 

off  the magnetic ordering in GdRu^Ge;. At all investigated temperatures, the magnetization 

doess not increase linearly with increasing field but shows steps in the magnetization 

curves.. This anomalous behavior can be attributed to the occurrence of different field-

inducedd magnetic phases. These field-induced transitions start already when the applied 

fieldd comes close to 1 T for all investigated temperatures. This instability of the 

antiferromagneticc ground state corresponds closely to the positive value of the 

paramagneticc Curie temperature 8V as derived from the temperature dependence of the 

reciprocalreciprocal susceptibility. This means that the overall interaction is positive (ferromagnetic), 

soo that in applied fields magnetic structures with a large homogeneous component are 

preferred.. Consequently, the magnetization curve of GdRu:Ge2 (fig. 4.22) looks roughly 

likee that of a ferromagnetic compound. The magnetic moment per Gd atom at 4.2 K was 

evaluatedd as 7.2 \1B by extrapolating the magnetization in the high-field part down to zero 

field.. In this case, we cannot attain a reasonable fit for the saturation part of the magnetic 
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Figuree 4.21. Temperature dependence of the reciprocal susceptibility of GdRu2Ge2 measured in 

11 T (squares: experimental data; black line: fitting to the Curie-Weiss expression; gray lines are 

calculated,, solid: total; dash: Gd moments; the deviation is due to the contribution from the 

itinerantt band). 
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Figuree 4.22. Field dependence of the magnetization of GdRu2Ge2 measured on free powder at 

4.22 K. The inset shows the MvsB curves taken at 1.7, 5, 10 and 20 K from 0 to 5 T. 
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Figuree 4.23. Electron-probe micrograph of GdRuiGe2. The main matrix has composition 

GdRu2Ge:.. The light spots are Gd oxide. The black lines and spots are due to micro-cracks on 

thee surface. 

isothermm when we keep gjG(i = 2 as we have done so far. It might be that gj adopts a 

largerr value. However, more experimental evidence and theoretical considerations are 

neededd to justify such an assumption. Anyway, we consider this problem not to lie within 

thee scope of this thesis. 

Thee specific heat of the compound has been measured in different applied fields and is 

presentedd in fig. 4.24. With increasing temperature, the specific-heat curve in zero field 

showss a "Gd-bump" at around 9 K (i.e., T/TN ~ 0.35) (see section 3.6) and then undergoes 

twoo ordering transitions at around 29 and 35 K. EPMA analysis has been carried out for 

thiss sample in order to obtain information of the chemical composition. The result is 

depictedd in fig. 4.23. The stoichiometric composition GdRuiGe: was found for the matrix. 

Inn addition, the light spots in the electron-probe micrograph are due to a small amount of 

Gdd oxide. This also gives rise to a small anomaly at around 3.5 K on the specific heat 

curvess in low fields, which corresponds to the magnetic ordering transition of GdiCh 

reportedd previously [12]. From these EPMA data, it can be confirmed that the sample is 

singlee phase. Hence, the two magnetic phase transitions observed in the specific-heat 

measurementss represent an intrinsic property of the compound. These two peaks are 

completelyy suppressed in a magnetic field of 6 T, which is in accordance with the HFFP 

measurementt at 4.2 K, which show that the Gd moments are forced to be parallel. 
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Figuree 4.24. CIT vs T curves of GdRu2Ge2 taken in different applied magnetic fields. 
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Figuree 4.25. C/T vs T data in zero field of GdRu2Ge2 (solid square) and YRu2Ge2 (open square) 

afterr being corrected by the mass correction ratio 0.922. The inset shows the zero-field 

temperaturee dependence of Cm (scatter graph in left scale) and Sm (line graph in right scale) of the 

Gdd compound. The dashed line indicates the limit R ln8. 
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Thee specific heat of YRuiGei has been used to estimate the non-magnetic contribution (see 

fig.. 4.25). The mass correction used for the Debye temperatures is 0.922. In comparison to 

otherr cases, the specific heat data of YRuiGei do not well represent the phonon spectrum 

off  GdRu^Ge?. A cross-over of the two curves happens at 55 K. The magnetic entropy of 

GdRuiGeo.. however, reaches 2 R at 55 K. i.e. 96 % of the theoretical value for Gd + (see 

thee inset of fig. 4.25). Above 35 K (taken as the Néel temperature), a large amount of 

magneticc entropy distributes up to 55 K. 

Thee magnetic parameters of GdRuiGei derived from the measurements in this section are 

listedd in tab. 4.1. 

4.3.74.3.7 GdRh2Ge2 

Thee susceptibility of GdRfbGei measured in 1 T as a function of temperature is presented 

inn fig. 4.26. Above 95 K Curie-Weiss behavior is observed. 

0.55 ' ' ' ' '—' ' ' ' ' ' ' ' 
00 50 100 150 200 250 300 

T(K) ) 

Figuree 4.26. Temperature dependence of the reciprocal susceptibility of GdRlbGe? measured in 

11 T (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; the 

contributionn from the itinerant band does not show up in the scale of the figure). 
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Figuree 4.27. Field dependence of the magnetization of GdRh:Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: 

itinerantt band). 

Thee field dependence of the magnetization measured on free powder at 4.2 K is depicted in 

fig.. 4.27. The magnetization increases more or less linearly with increasing applied field 

fromm zero up to 35 T. The results show a strong antiferromagnetic coupling in this 

structure.. Consequently, in comparison to other members of the series, this compound has 

aa very high ordering temperature. From the specific-heat data in zero field, the Néel 

temperaturee 7"N was determined as 93 K. The CIT vs T curve of GdRh2Gei in fig. 4.28 

confirmss that there is only one second order-type peak, characteristic for the transition 

fromm the paramagnetic to the ordered state. Somehow, some small anomalies are clearly 

seenn in the curve below 5 K. Those peaks are probably due to the presence of Gd oxide or 

(and)) of some other impurities. 

Thee magnetic parameters derived from these measurements in this section are listed in tab. 

4.1. . 

Ann effort was also made to estimate the magnetic contribution to the specific heat of this 

compound.. The specific heat of the isomorphous Y compound has been measured and used 

ass the non-magnetic background. Even though the CIT values of both materials coincide at 

temperaturess above 100 K (see fig. 4.28), the subtracted data show a huge loss in magnetic 

Gd d 
 itinerant band 

-total l 
experiment t 
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entropy.. In fig. 4.29. one can see that up to 140 K, Sm attains only about 85 % of the 

theoreticall  value. Apparently, the subtraction results are poor for this case. Due to the high 

magneticc ordering temperature (93 K), the magnetic entropy is distributed in a much wider 

temperaturee range in comparison to the other members in the series. As a consequence, Cm 

adoptss smaller values in order to satisfy the entropy conservation. In combination with the 

inaccuraciess of the measurements at higher temperatures, subtracting the two sets of 

experimentall  data may result in large errors. 

Anyway,, the magnetization and specific-heat results indicate that GdRIbGe2 shows the 

characteristicss of an EM system, being reflected by the linear magnetization process at 4.2 K. 

thee Curie-Weiss behavior of the reciprocal susceptibility in 1 T and by the single ordering 

peakk in the specific-heat curve. Also the "Gd-bump" (see section 3.6) is clearly seen 

inn fig. 4.29 at T = 28 K (i.e., T/TN ~ 0.3). Thus, an analysis in the generalized 

molecular-fieldd model appears to be justified. The calculated results are shown in figs. 

4.26,, 4.27 and 4.29. The fitting parameters are listed in tab. 4.2. 

1.0 0 

__ 0.8 
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Figuree 4.28. C/T vs T data in zero field of GdRhiGe? (solid square) and YRh^Gei (open square) 

afterr being corrected by the mass correction ratio 0.92. 

1000 120 140 160 
TT  tir\ 



Magneticc and thermal propert ies of GdT2Ge2 63 3 

600 80 

T ( K ) ) 

1000 120 140 

Figuree 4.29. Temperature dependence of Cm of GdRh2Ge2 in zero field (The scatter graph gives 

thee experimental data, the line graph represents the fitting results). The inset shows Sm as a 

functionn of temperature, the dashed line indicates the limit R ln8. 

4.3.64.3.6 GdPd2Ge2 

Thee inverse susceptibility of GdPaSGei measured in 1 T reflects the Curie-Weiss law at 

temperaturess above 20 K up to room temperature (fig. 4.30.a). 

Basedd on the susceptibility data in this temperature range, the best linear fit using eq. 4.1 

givess the values of the paramagnetic Curie temperature dp and the effective moment JU^B, -36.6 K 

andd 8.28 \1B per Gd atom, respectively. The magnetic isotherm at 4.2 K of a free-powder 

samplee in fig. 4.30.b also exhibits the familiar behavior of a simple antiferromagnet. The 

bendingg process reaches completion at around 30 T. The magnetic moment per Gd atom 

wass estimated as 7 U.B at 4.2 K from the high-field part. 

However,, the specific-heat measurement in zero applied field shows multiple magnetic 

phasee transition within the ordered state (fig. 4.32). Three anomalies are observed in this 

casee at approximately 7.5, 10 and 17 K. 

Thee one at 17 K is relevant for the transition to the paramagnetic state. An EPMA analysis 

hass been performed for this sample and the results are specified in fig. 4.31. According to 

thiss analysis, it is unambiguous that these magnetic and specific-heat properties are due to 
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Figur ee 4.30. (a) Temperature dependence of the reciprocal susceptibility of GdPd:Ge2 measured 

inn 1 T (squares: experimental data; black line: fitting to the Curie-Weiss expression; gray lines are 

calculatedd on the basis of the generalized molecular-field model, solid: total; dash: Gd moments; 

thee difference is due to the itinerant band); (b) Field dependence of the magnetization of 

GdPd2Ge22 measured on free powder at 4.2 K (squares: experimental data; lines are calculated, 

solid:: total; dash: Gd moments; dot: itinerant band). 

Figur ee 4.31. Electron-probe micrograph of GdPd2Ge2. The main matrix has composition 

GdPd:Ge2.. The light spots are Gd oxide. The black lines are cracks on the surface. 
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Figuree 4.32. C/Tvf, T curves of GdPdiGei taken in different applied magnetic fields. 
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Figuree 4.33. C/T vs T data in zero field of GdPd2Gei (solid square) and YPd2Ge2 (open square) 

afterr being corrected by the mass correction ratio 0.922. The inset shows the zero-field 

temperaturee dependence of C„,  (scatter graph, left scale) and Sm (line graph, right scale) of the Gd 

compound.. The dashed line indicates limit R In8. 

thee stoichiometric composition GdPcbGe;>. The intermediate transitions are still observed in 

thee whole range of applied magnetic fields up to 15 T. 

Thee magnetic contribution Cm in zero field was determined using the corrected specific-

heatt data of the corresponding Y compound with the mass correction ratio 0.922. The 

resultss are exhibited in fig. 4.33. Above 7"N = 17 K, there exists a noticeably high amount 

off  entropy. At 50 K where Cm goes almost to zero, the magnetic entropy Sm attains 2.02 /?, 

i.e.i.e. 97% of the theoretical value for Gd +. The magnetic parameters of GdPd2Ge2 derived 

fromm the measurements in this section are gathered in tab. 4.1. 

Thee generalized molecular-field model was applied to reproduce the magnetization in the 

paramagneticc state and the ordering transition. The calculated results for the reciprocal 

susceptibilityy above Ty and for the magnetization in the forced parallel configuration at 4.2 K 

aree shown in fig. 4.30. In these calculations, the value gjGÓ was fixed to 2 and a small 

contributionn from the electron band was taken into account. The fitting parameters are 

listedd in tab. 4.2. 
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4.44 Discussion 

Wee now give some general comments on the magnetic parameters of the GdT2Ge2 (T = 3d, 

4d)) compounds based on the results described above. The trend of the Néel temperature 

shownn in tab. 4.1 is reminiscent of that found in the isotypic GdT2Si2 series [5]. In both 

seriess maxima of 7N are found for T = Co and Rh, which metals are in the same column in 

thee periodic table. As a further correspondence between both series we mention that the 

valuee of the paramagnetic Curie temperature for T = Ru is positive (37.2 K for GdRu2Ge2, 

38.77 K for GdRu2Si2) and that the paramagnetic Curie temperature for T = Rh is very close 

too zero (-0.8 K for GdRh2Ge2, -2.1 K for GdRu2Si2). 

Thee moment per Gd atom in the paramagnetic region (//efr) and that found in the forced 

parallell  configuration at 4.2 K (jicd) are listed in tab. 4.1. In all cases, the effective moment 

off  Gd in these compounds is slightly higher than the value /4ff = gjGd[J(J+\)] u2\iB = 7.94 U,B 

expectedd for Gd3+ ions with gjGd = 2 and J = 7/2. 

Tablee 4.1. Magnetic properties of the GdT2Ge2 compounds derived from DC susceptibility, HFFP, 

andd zero-field specific-heat measurements (/",,, Ta indicate intermediate magnetic phase transition 

temperatures).. 7"N, 7"„  9V in [K], /4ff, //Cd at 4.2 K in [|iB/Gd at.]. 

Compounds s 

GdFe2Ge2 2 

GdCo2Ge2 2 

GdNi2Ge2 2 

GdCu2Ge2 2 

GdRu2Ge2 2 

GdRh2Ge2 2 

GdPd2Ge2 2 

Specific-heat t 
measurements s 
inn zero field 

TTN N 

11.3 3 

36.0 0 

28.0 0 
(7,, 16.0) 

13.0 0 

32.0 0 
(7",, 29.0) 

92.0 0 

17 7 
(7„„  7.5, Tl2 10) 

DCC susceptibility measurements 

% % 

--

-21.1 1 

-23.8 8 

37.2 2 

-0.8 8 

-36.6 6 

/4-rr r 
--

--

8.37 7 

8.06 6 

8.22 2 

8.24 4 

8.28 8 

HFFP P 
measurements s 

Med Med 
6.3 3 

--

7.1 1 

7.0 0 

7.2 2 

--

7.0 0 

Inn previous studies [4-7], the explanation for the excess moment is attributed to a 

contributionn of the Gd valence electrons, coming primarily from local 5d electrons 
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polarizedd by the 4f-5d exchange interaction. However, the present investigation indicates 

thatt the molecular-field calculations can also give reasonable fitting results for the 

susceptibilityy of all compounds in the paramagnetic region with gjGd = 2 and with the 

involvementt of an itinerant electron band. In particular, the strong deviation from linearity 

off  the temperature dependence of the reciprocal susceptibility above TV. in the Fe and Co 

compoundss is interpreted as evidence for a contribution of the non-4f electrons. 

Thee magnetic moment of Gd in the forced parallel configuration, //od- has been determined 

fromm the saturation part of the magnetization curves for GdFe2Ge2. GdNi2Ge2, GdCu2Ge2. 

GdRu2Ge2.. and GdPd2Ge2. For the last four compounds, this value is close to the 

theoreticall  value gjGd J/JB = 7 | iB for free Gd3+ ions at 0 K, but a considerable reduction of 

thee moment value is found for GdFe2Ge2. This reduction of the Gd moment down to 6.3 jaB 

(ass stated in tab. 4.1) is then ascribed to the negative 3d polarization. 

Tablee 4.2. Fitting parameters for the temperature dependence of the reciprocal susceptibility, the 

fieldd dependence of magnetization at 4.2 K and the specific-heat data of GdT2Ge: (T: Fe. Co, Ni, 

Cu.. Ru. Rh. Pd). 7V. in [K] , nm(Ql nRR(0). nRT(0) and am in [Tf.u./uB], a1T in [Tf.u./uBK :], bT0 in 

[Tf.u.VjV] .. In the calculations, we kept gf'0 = 2, nRT(Q) = nT\{Q) = «TT(0) = 0. 

Compounds s 

GdFe2Ge2 2 

GdCo2Ge2 2 

GdNi2Ge2 2 

GdCu2Ge2 2 

GdRu2Ge2 2 

TV. . 

11.3 3 

36 6 

«<IT T 

80 0 

20 0 

288  150 

" : T T 

0.0003 3 

0.0003 3 

0.003 3 

133 ! 500 1 0.0001 

355 150 

GdRh2Ge22 93 , 400 

GdPd2Ge2 2 177 | 80 

0.001 1 

0.0005 5 

0.002 2 

km km 

0 0 

1000 0 

300 0 

0 0 

0 0 

2 2 

700 0 

" R R ( Ö) ) 

0.8 8 

2.55 5 

1.98 8 

0.91 1 

2.48 8 

6.60 0 

1.20 0 

»RR(Ö) ) 

-0.76 6 

-1.88 8 

-1.37 7 

«RT(Ö) ) 

-8.0 0 

-4.8 8 

-0.1 1 

-1.799 ' -0.1 

2.099 -0.1 

0.266 -0.1 

-2.944 j -0.1 

AA full evaluation of the polarization of the non-4f electrons has been presented on the basis 

off  the generalized molecular-field model for the Fe, Co, Cu, and Rh compounds. The 

fittingg parameters for each compound are shown in tab. 4.2. We have assumed that the 

magneticc structure of those compounds is an EM system and can be represented by a single 

qq mode within the ordered state, in which helical magnetic structures are allowed. Such an 

antiferromagneticc structure has actually been observed in a recent neutron diffraction study 

off  HoFe2Ge2, the moment being oriented along the c direction [13]. Although the moment 
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directionn may be different (in the isotropic model only determined by a bias field), it is not 

unlikelyy that also GdFe2Ge2 adopts this type of antiferromagnetic ordering because it has 

alsoo been reported to occur for several other members of the RFe2Ge2 series [14]. 

AA complex magnetic behavior was found for GdNi2Gei, GdRu2Ge2 and GdPd2Ge2. The 

magneticc phase diagrams for the three compounds, which were constructed on the basis of 

thee specific-heat results in different applied magnetic fields and of the magnetic isotherm 

att 4.2 K, are depicted in fig. 4.34. In the ordered state, for the Ni and the Pd compounds, 

threee types of antiferromagnetic ordering (AFl, AF2 and AF3) and for the Ru compound, two 

typess (AFl, AF2) are observed as a function of temperature and applied magnetic field. 
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Figuree 4.34. Magnetic phase diagram of GdNi2Ge2, GdRu2Ge2 and GdPd2Ge2 obtained from 

specific-heatt and magnetization measurements. The lines are guides to the eye. 
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Thee specific-heat measurements appeared to be very useful for detecting magnetic phase 

transitionss in these Gd compounds. Moreover, these measurements performed in applied 

magneticc fields, can be effectively combined with the high-field magnetization 

measurementss in the study of the magnetization process. 

Thee magnetic contribution Cm can be derived by subtracting a non-magnetic reference 

usingg the many-Debye function correction. In general, the isotypic Y compounds show 

too be adequate as non-magnetic reference. The magnetic entropy 5m has also been 

calculatedd and listed in tab. 4.3. It was found that for the Ni. Ru and Pd cases, the full value 

off  5m calculated from the experimental data is in excellent agreement with the theoretical 

valuee for Gd3+. i.e. 959c, 96%, and 97% of R In8, respectively. On the other hand, for the 

Fe.. Co. and Cu compounds, although the specific-heat measurements were started from a 

veryy low temperature (about 400 mK), the calculated value of Sm is about 10% lower than 

thee expected value. Possibly, the explanation lies in the lattice correction process, because 

thee magnetic contribution above TN is much smaller than the portion in the ordered state 

butt distribute up to high temperatures where the lattice contribution becomes dominantly 

large.. In such cases, an overestimation of the lattice contribution will cause a too low value 

off  the total magnetic entropy. For Rh, as already mentioned, the actual low values of Cm 

makee the estimation even more difficult. 

Tablee 4.3. Magnetic contribution to the specific heat near the magnetic ordering temperature of 

GdT2Ge22 compounds. Comparison between the calculated full entropy Sm and the theoretical value 

forr Gd3+ is also given. 

Compounds s 

GdFe2Ge2 2 

GdCo2Ge2 2 

GdNi2Ge; ; 

GdCu2Ge2 2 

GdRu2Ge2 2 

GdPd2Ge2 2 

CCmm\\ T^Ty (J/molK) 

16.15 5 

18.65 5 

12.7 7 

23.3 3 

14.8 8 

15.95 5 

SJRSJR In8 (%) 

91 1 

89 9 

95 5 

92 2 

96 6 

97 7 

Forr the four compounds Fe. Co, Cu and Rh. we have generated the temperature 

dependencee of Cm in zero field (and in different applied fields for the Fe case) using the 

samee fitting parameters for the susceptibility and magnetization data. As can be seen in the 

previouss sections, the calculated results satisfactorily describe the experimental data in a 



Magneticc and thermal properties of GdT2Ge2 71 1 

qualitativee way. For all investigated compounds in the series, a noticeable amount of the 

magneticc entropy above TN has been observed. This is ascribed to some short-range order 

effect.. This phenomenon and other critical phenomena near the Néel temperature are. so 

far,, not taken into account in the generalized molecular-field model, resulting in a 

differencee between the distributions of the calculated and experimental magnetic entropy 

withh temperature. 

Finally,, we discuss the specific-heat discontinuity at the ordering temperature of those 

compounds.. A model within the mean-field theory has been developed by Blanco et al. [9] 

inn order to analyze the specific heat of magnetically ordered Gd systems. A more detailed 

analysiss has been developed by Rotter [15] which, for our purposes in general, gives the 

samee results. By taking into account some weak anisotropy of the exchange coupling or 

crystall  field, amplitude-modulated (AM) magnetic structures were assumed to exist. It was 

foundd that the specific-heat discontinuity at the ordering temperature is reduced for AM 

compoundss by a factor of 2/3 relative to that expected in the case of EM systems. In other 

words,, with J - 1/2, the jump in the molar heat capacity Cm may vary between 14 J/molK 

andd 20 J/molK, corresponding to AM and EM magnetic structures, respectively. The 

resultss of the model were compared to specific-heat measurements on a number of Gd 

compoundss (GdCu2Si2, GdNi2Si2, GdGa2, GdCu5). 

Thee values of Cm at 7"N of GdT2Ge2 obtained from experiments are shown in tab. 4.3. 

Thosee for the Ni, Ru and Pd compounds are 12.7 J/molK, 14.8 J/molK and 15.95 J/molK, 

respectively.. According to the above theoretical derivation, an AM magnetic structure is 

expectedd for these compounds just below 7N. On the other hand, the values of Cm at TN for 

thee GdCo2Ge2 and GdCu2Ge2 show that an EM magnetic structure is appropriate. For the 

Fee compound, a low jump value was found at 9.8 K (see tab. 4.3). Actually, an 

overestimationn of the lattice contribution may have been made during the subtraction 

processs for this compound (total magnetic entropy attains only 91% of the full expected 

value).. A higher value for Cm compared to 16.15 J/molK is then expected. It should be 

noticedd that the maximum of the jump in the C/T vs T curve in zero field of GdFe2Ge2 

occurss at 9.8 K, which is lower than the Néel temperature taken to be 11.3 K. According to 

thee analyses in [9], this could be due to a transition from AM to EM magnetic structure in 

thiss temperature range. Anyway, our assumption of an equal magnitude system for the Fe, 

Coo and Cu within the ordered state and the concurring calculated results for the specific 

heatt are in harmony with the point of view from the model of Blanco for the EM case. 
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4.55 Conclusions 

Fromm the results of this investigation, the magnetic properties of the GdT2Ge2 compounds 

cann be summarized as follows: 

-- The behavior of the GdT2Ge2 compounds is. not unexpectedly, rather similar to that of 

thee GdT2Si2 compounds. In general, these compounds behave as antiferromagnets. 

-- The magnetization and specific-heat data of GdFe2Ge2. GdCo2Ge2, GdCu2Ge2. and 

GdRh2Ge22 can be well described by the generalized molecular-field model in chapter 3. 

Thesee compounds can be satisfactorily described as having magnetic structures with equal 

magneticc moments. 

-- The magnetic structure was found to be complex for the compounds GdNi2Ge2. 

GdRu2Ge2.. and GdPd2Ge2. The specific-heat results of those compounds suggest an 

amplitude-modulatedd structure at temperatures right below the Néel temperatures 

(Blanco/Rotterr model). Also, from the specific-heat measurements, multiple magnetic-

phasee transitions were found for the three compounds. In line with these observations, 

indicationss for a field-induced transition have been found in the magnetization curves at 

differentt temperatures of the Ni and Ru ones. 

-- In the paramagnetic state, the effective Gd moment was found to be enhanced if a simple 

Curie-Weisss law is applied. Previously, many investigations have suggested that this 

enhancementt is likely related to a positive contribution of the non-4f electrons of Gd, 

mainlyy from 5d electrons induced by the 4f-5d exchange interaction. In this case, the 

combinedd 4f and 5d moment is treated as one correlated entity with J = 7/2 and ^cft
Gd > 2. 

Inn our case, the calculations based on the formalism in chapter 4 have shown that the 

reciprocall  susceptibility above the Néel temperature can also be well described by keeping 

gjgj = 2 and taking into account a contribution of the itinerant band. At 4.2 K, in the 

forcedd parallel configuration a small high-field susceptibility is generally observed, which, 

inn our model, is accounted by the induced magnetization of the band. In the case of 

GdFe2Ge2,, the negative contribution of (presumably) the itinerant 3d electrons is obvious 

whenn the Gd moments are forced into the parallel configuration. However, this agreement 

mustt not be considered as evidence for the value gjG<i - 2, since, undoubtedly, the model 

wil ll  produce satisfactorily fitting results for an adapted gjGd value too. 
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Chapterr  5 

Magneticc properties of GdT4Al8 and GdT6Al 6 

compoundss (T = Cr, Mn, Fe, Cu) 

5.11 Introductio n 

Raree earth compounds of the type RT4A1S exist for almost all rare earth elements with T = 

Cr,, Mn, Fe and Cu. These compounds adopt the relatively simple ThMni? structure in 

whichh there is only one single rare earth site [1, 2]. The crystallographic picture is shown in 

fig.. 5.1. Neutron diffraction investigations have shown that the T atoms occupy almost 

exclusivelyy the 8f position in this structure [3-5]. From magnetic measurements and 

neutronn diffraction experiments performed on compounds in which T is non-magnetic (T = 

Cr,, Mn, Cu), it can be derived that the R-R interactions are antiferromagnetic and that the 

magneticc ordering temperatures are rather low [6-8]. In the RFCJAIH compounds, however, 

alsoo the Fe atoms carry a magnetic moment and the Fe-Fe interaction leads to 

comparativelyy high magnetic ordering temperatures, often above 150 K [5, 7-9]. Although 

primarilyy of an antiferromagnetic nature, the Fe-Fe interactions and the concomitant 

magneticc structures are complex [5, 9, 10]. This has consequences for the R-Fe interactions 

andd the resultant molecular field experienced by the R moments. Because of the weakness 

off  the R-R interaction it leads to an equally complex ordering of the R moments, not easily 

accessiblee by experiments. In order to obtain additional experimental information on the 

magneticc ordering processes in this class of magnetic materials, we have performed 

additionall  measurements on several of the compounds, supplemented with results on the 

correspondingg GdT6Al6 compounds in which also the 8j site is partly occupied by T atoms. . 
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(2a)) R O (8f)T O (8i) Al  (8j) Al/T 

Figuree 5.1. The crystal structure of RT4A1X compounds (ThMni2 - type. 14/mmm). 

5.22 Experimental 

Thee GdT4Al 8 (T = Cr. Mn, Fe and Cu) and GdT6Al6 (T = Mn. Fe, Cu) compounds were 

preparedd in polycrystalline form by melting stoichiometric amounts of the elements (of at 

leastt 99.9 % purity) in an arc furnace. For the specific-heat measurements, YM^Al» , 

YCU4AI88 and YCu6Alf, samples were also made by the same method. The as-cast ingots 

weree subsequently vacuum annealed at 800 C for several weeks. All samples were 

characterizedd by X-ray diffraction and shown to be almost single phase with Bragg peaks 

consistentt with the ThMn 12 structure. The amount of impurity phases was estimated to be 

lesss than 3%. Several attempts have been made to prepare samples of the composition 

GdCr6Al 66 using the same method. Anyway, the X-ray diffraction as well as EPMA 

investigationss carried out on the obtained ingots show that the ThMn^ structure does not 

formm with the atomic ratio 1 Gd: 6 Cr: 6 Al (for more details, see [11]). 

Thee specific heat was measured for some of these compounds in the temperature range 

fromm 0.4 to 90 K. Polycrystalline disks of about 2 gram were spark-cut for specific-heat 

measurements.. The experimental setup used for our data collection comprises the 

possibilityy for measurements by means of the standard adiabatic method with applying 

persistentt magnetic fields up to 15 T (see section 2.4.1). 
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Thee temperature dependence of the magnetization of the samples was studied in a SQUID 

magnetometerr in the temperature range 4.2-300 K in fields from 0 to 5 T (see section 

2.3.2). . 

Forr some compounds, the ac susceptibility and Faraday balance measurements were taken 

inn the temperature range from 4.2 to 300 K and from 50 to 900 K, respectively (see section 

2.3.1). . 

Thee field dependence of the magnetization at 4.2 K of all compounds was measured at the 

High-fieldd Installation at the University of Amsterdam. Samples for these measurements 

weree crushed to fine particles that were able to rotate freely in the sample holder towards 

theirr equilibrium directions (see section 2.3.2). 

5.33 Results and discussion 

5.5.77 RT4AIS compounds 

5.3.1.15.3.1.1 GdFe4Al8 

Resultss of magnetic measurements on GdFe4Al§ are displayed in fig. 5.2. These results are 

inn concord with those obtained previously on the same sample [8]. From Mössbauer spectroscopy 

1000 150 200 250 300 350 

T(K) ) 

GdFe.AL L 

JJ 1 1 1 1 1 1 1 1 1 1 1 L_ 

255 50 75 100 125 150 175 200 

T(K) ) 

Figuree 52. Temperature dependence of the magnetization F jg u re 5.3. Temperature dependence of 

off  a powdered material of GdFeAlj, fixed with epoxy, Q/J for GdFe4Al8. 

measuredd in 1 T (left scale), and temperature dependence 

off  the reciprocal susceptibility (right scale). 
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itt can be derived that the Fe sublattice orders magnetically around 165 K [8], whereas no 

indicationn of this ordering becomes apparent in the temperature dependence of the 

magnetization.. It can be seen in fig. 5.2 that the only indication of magnetic ordering is at 

loww temperatures, where M(T) rises strongly well below 50 K. The exact value of the 

orderingg temperature, Tord - 26 K, has been obtained from specific heat measurements 

shownn in fig. 5.3. Although the specific-heat data are not very accurate above about 100K, 

theyy do not give any indication of ordering of the Fe sublattice at about 165K. 

5.3.1.25.3.1.2 GdCr^lx and GdCu4Ah 

Quitee a different behavior is found for the GdT^Alg compounds in which the T component 

(TT = Cr. Mn, Cu) is non-magnetic. 

Thee temperature dependence of the magnetization of GdCrjAls measured in 0.5 T is shown 

inn fig. 5.4. The Néel temperature of this compound was determined from the maximum of 

thiss curve. The data are also plotted as B/M vs T and displayed in the inset of fig. 5.4, of 

whichh a large deviation from linearity from above TN to about 200 K is observed. However, 

thee reciprocal susceptibility measured in 5 T as a function of temperature shows linear 

behaviorr above the ordering temperature (see fig. 5.5). These results indicate the existence 

off  an amount of magnetic impurity in the sample and its contribution to the total 

magnetizationn becomes less important in higher magnetic fields. 

AA plot of the reciprocal susceptibility vs temperature measured in 1 T for GdCu4Al8 is 

shownn in fig. 5.7. The value of 7N was derived from the specific-heat measurement in zero 

fieldd for this compound. 

Thee values of the asymptotic Curie temperature 8P and effective moment ^eff were derived 

fromm the curves in figs. 5.5 and 5.7. The data listed for these two compounds in tab 5.1 are 

inn satisfactory agreement with those of Felner and Nowik [7]. 

Inn figs. 5.6 and 5.8, the results of the high-field measurements on free-powder samples of 

GdCu4Al88 and GdCr4Al8 at 4.2 K are shown. The magnetization curve of all compounds 

startss from the origin which confirms the antiferromagnetic nature of the magnetic ordering 

inn these compounds. In the bending process, the magnetization increases almost linearly 

withh increasing magnetic field. In fields up to 35 T, the bending process is seen to reach 

completionn for both compounds. The values of the Gd moment in the forced parallel 



Magneticc propert ies of GdT^Als and GdTöAlö 79 9 

configuration,, /AGA are found to be 6.9 p.B per Gd atom if one extrapolates the magnetization 

inn the high-field part down to zero field (tab. 5.1). 

Tablee 5.1. Magnetic properties of several GdT4Al8 compounds (T= Cr, Mn, Cu). TN, 0P in [K] , 

^eff°d,, /<Gd at 4.2 K in [//B/Gd at.]. 

Compounds s 

GdCr4Al8 8 

GdMn4Al8 8 

GdCu4Al8 8 

7"N N 

7 7 

~2 2 

34 4 

op p 

-6.5 5 

-8.55 [8] 

-18.5 5 

Gd d 

8.22 2 

8.06 6 

8.31 1 

/̂ Gd d 

6.9 9 

--

6.9 9 

0.7 7 

0.6 6 

0.5 5 

22 0.4 

££ 0.3 

0.2 2 

0.1 1 

0.0 0 
00 50 100 150 200 250 300 

T ( K ) ) 

\ \ 

/ / 

Figuree 5.4. Temperature dependence of the magnetization of GdCr4Al 8 measured in 0.5 T. 
Thee inset shows the same results plotted as B/M vs T. 
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Figur ee 5.5. Temperature dependence of the reciprocal susceptibility of GdCr4Al 8 measured in 

55 T (solid squares: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: 

itinerantt band, here only indicating a change of sign). 
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Figur ee 5.6. Field dependence of the magnetization of GdCr4Al 8 measured on free powder at 

4.22 K (solid squares: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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500 100 150 200 250 300 

T(K) ) 

Figuree 5.7. Temperature dependence of the reciprocal susceptibility of GdCu4Al8 measured in 

11 T (solid squares: experimental data; lines are calculated, solid: total; dash: Gd moments; the 

differencee is due to the itinerant band). 
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Figuree 5.8. Field dependence of the magnetization of GdCu4Al8 measured on free powder at 

4.22 K (solid squares: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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40 0 

T(K ) ) 

Figuree 5.9. The C/T vs T data in zero field of GdCu4Al« (solid square) and YCu4Al8 (open 

square)) after being corrected by the mass correction ratio 0.92. The inset shows the 

temperaturee dependence of magnetic entropy Sm of the Gd compound. The dashed line 

indicatess R ln8 limit. 

Figuree 5.10. Temperature dependence of Cm of GdCu4Al8 in zero field (The scatter graph 

givess the experimental data, the line graph represents the fitting results). 
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Specific-heatt measurements were performed in zero field for GdCu4Alg and YCu4Al 8. The 

magneticc contribution to the specific heat, Cm of GdCu4Al 8 has been evaluated using the 

specific-heatt data of the Y compound as the non-magnetic reference. The results are shown 

inn figs. 5.9 and 5.10. The 'Gd-bump" is observed at about 11 K (7/TN ~ 0.32) (see section 

3.6).. The inset of fig. 5.9 indicates that at 70 K the magnetic entropy 5m reaches 2.06 R, 

whichh is in excellent agreement with the expected value for Gd + 2.08 R (i.e. 99%). Above 

TN,, a considerable amount of magnetic entropy still exists, which can be due to some short-

rangee magnetic ordering. 

Thee generalized molecular-field model has been applied to analyze the data for these Gd 

compounds,, taking into account the contribution of the non-4f electrons in a similar way as 

inn the treatment of the GdT2Ge2 systems. As mentioned in chapter 3, for these calculations, 

ann EM system was assumed. The fitting results are presented in the same way, together 

withh the corresponding experimental data. The fitting parameters are listed in tab. 5.2. 

Tablee 5.2. Fitting parameters for the temperature dependence of the reciprocal susceptibility, the 

fieldd dependence of magnetization at 4.2 K and the specific-heat data of GdT4AlK (T = Cr and Cu). 

7"NN in [K] , HRR(Ö), nRR(0), nrr(Ö), «rr(ö), nRT(0) and a0T in [Tf.u.///B], a2T in [Tf.u.//YBK2], bm in 

[Tf.u.V/yB
3].. In the calculations, we kept gjGd = 2, nRT(Q) = nrr(Q) = /JTT(Ö) = 0. 

Compounds s 

GdCr4Al s s 

GdCu4Alg g 

7N N 

7 7 

34 4 

<7()T T 

400 0 

100 0 

aa22j j 

-0.005 5 

0.004 4 

km km 

0 0 

200 0 

«RR(Ö) ) 

0.49 9 

2.41 1 

WRR(0) ) 

-0.67 7 

-1.38 8 

nnRTRT(0) (0) 

-5.71 1 

-3.0 0 

Neutron-diffractionn results obtained for DyCu4Al 8 and HoCu4Al 8 showed that the magnetic 

structuree is simply antiferromagnetic with ferromagnetically ordered (001) planes stacked 

antiferromagneticallyy along the c direction [12]. The R moments at the corners of the unit 

celll  are antiparallel with those in the center of the cell. Hence, in a simple molecular-field 

approach,, we can identify the intrasublattice coefficient n\ \ with the ferromagnetic coupling 

withinn the (001) planes and the intersublattice coefficient tin with the antiferromagnetic 

couplingg between adjacent planes. If GdCu4Al 8 also adopts this type of magnetic structure, 

correspondingg to Q = K/2 in the generalized model we can calculate the values for «n and 

n\2n\2 for this compound based on the relations given in section 3.3: 

«II  i = [«RR(6) + IRR(0) ]; "i2 = - [«RR(Ö) - "RR(Ö)1 (< °) 
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Here,, nRR(Q) and nRR(0) are the fitting parameters listed in tab. 5.2. The positive value 

1.22 Tf.u./jiB and the negative value -3.62 Tf.u./û  are found for n\\ and nu, respectively, 

whichh is in concord with the above assumption. 

5.3.1.35.3.1.3 GdMnM 

Resultss for GdMn4Al8 have been reported in the literature [8|. Curie-Weiss behavior being 

observedd from room temperature to 4.2 K. The values found for 7"N. ftp and /uctf have been 

includedd in tab. 5.1. 

Thee temperature dependence of the specific heat of GdMn4Al s has been measured as a 

functionn of the field strength. Plots of CIT obtained for various values of the field strength 

aree displayed in fig. 5.11. The curve obtained in zero field has a maximum at about 2 K, 

reminiscentt of a Schottky-type anomaly. Increasing field strength is seen to lead to some 

narrowingg of the peak, without shifting the temperature 7max of the maximum to lower or 

higherr temperatures. However, for fields higher than 4 T, the maximum is shifted towards 

higherr temperatures. The field dependence of rmax is shown in fig. 5.12. Such behavior, the 

absencee of a sharp >.-type anomaly in particular, refutes the presence of long-range 

magneticc order in the low-temperature region considered by us. Based on the negative Curie-

Weisss intercept (ftp = -8.5 K, [8]) this behavior can be understood by assuming short-range 

antiferromagneticc correlation between the Gd moments that lift the 27+1 fold degeneracy 

off  the ground state and cause a Schottky-type anomaly in the specific heat. 

Inn the low field range in fig. 5.12, the splitting of the 27+1 manifold is due to the local 

exchangee field, whereas the high-field part of fig. 5.12 reflects the increasing splitting 

inducedd by the external field. 

Thee absence of long-range magnetic order and the concomitant absence of a sharp X.-type 

anomalyy may, for instance, be due to magnetic frustration. As discussed by Déportes et al. 

[12]]  for the R sublattice in the ThMnn structure, such a case can arise when there is a 

competitionn between the various near neighbor interactions that have to be taken into 

account.. For special values of the interaction constants, two antiferromagnetic structures of 

thee same energy may become favored. In this case, the moment arrangement may fluctuate 

andd resemble locally one of the two magnetic structures, preventing long-range magnetic 

order. . 
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Becausee Y is non-magnetic, the data of YMn4Al8 obtained by Hagmusa et al. [13] can be 

takenn to represent the non-magnetic contribution to the specific heat. In order to obtain the 

magneticc contribution Cm to the specific heat for the GdMn4Al8 compound, we have first 

correctedd the YMn4Al8 data for the R-mass difference with the mass correction ratio 0.91 

andd subsequently subtracted them from the data of the GdMruAlg compound. The plot of 

thee temperature dependence of CJT of GdMn4Al8 obtained in this way is shown in fig. 

5.13.. In the same figure, we also show the temperature dependence of the magnetic 

entropy.. The plotted magnetic entropy values have to be regarded with some reservation 

becausee the magnetic entropy contribution from the low-temperature part below 0.4 K, 

fallingg outside our measuring range, is not negligible and is estimated to be about 0.3 

J/molK.. This means that the actual magnetic entropy values are slightly higher than those 

plottedd in fig. 5.13. The magnetic entropy is seen to become almost temperature 

independentt near 20 K with a value 5m = 2.01 R if we take the missing part of the magnetic 

entropyy into account. This value is 96.6 % of the expected value for Gd3+. 

Concluding,, we have shown that no long-range magnetic ordering occurs in GdMn4Al8 at 

temperaturess above about 2 K. Below this temperature, our specific heat data point to the 
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Figuree 5.11. Temperature dependence of C/T of GdMn4Al8 in various applied magnetic fields. 
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Figuree 5.12. Field dependence of the maximum temperature found in the plots of CIT vs T (the 

dashedd line is used as guide for the eyes). 
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Figuree 5.13. Temperature dependence of CJT of the compound GdMn4Al« (left scale). The solid 

curvee represents the temperature dependence of the magnetic entropy (right scale). 
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existencee of short-range magnetic ordering, possibly due to the presence of short-range 

antiferromagneticc correlations between the magnetic moments. In GdCr4Al 8, GdCu4Al 8, 

thee magnetic ordering temperatures are 7 and 34 K, respectively. These values contrast 

sharplyy with the absence of magnetic order above 2 K. found in GdMn4Al 8. Because 

crystal-fieldd effects are not expected to play any role in GdMn4Al8, the present results 

showw that the extremely low magnetic ordering temperatures observed in RMn4Al8 

compoundss are not due to a possible crystal field-induced moment reduction, but are the 

resultt of a very weak overall magnetic coupling between the R spins. In fact, it can be 

assumedd that the magnetic interaction between the Gd moments is the strongest one of all 

thee compounds in the RM^Als series provided the type of coupling between the R 

momentss proceeds by means of the same mechanism (for instance, an RKKY type coupling 

ass discussed in [12]). For R = Nd, Tb, Dy, Er the De Gennes factor is lower than that of Gd 

byy a factor 0.116, 0.667, 0.450 and 0.162, respectively. Given the absence of ordering 

abovee 2 K for GdMn4Al8, it is therefore not surprising that no magnetic ordering was found 

abovee 1.7 K in NdMn4Al8 [13], above 1.5 K in TbMn4Al8 [4], above 1.7 K in DyMn4Al8 

[13]]  and above 0.5 K in ErMn4Al8 [13]. The comparatively high ordering temperature of 

144 K found in PrMn4Al8 [13] has to be regarded with suspicion, because it is not expected 

too be higher than 0.2 K on the same basis. It will be discussed below that higher ordering 

temperaturess can be reached if the Mn atoms are not restricted to the 8f site. It is possible 

thatt enhanced site interchange between Mn and Al may be the origin of the high ordering 

temperaturee found in the latter compound. 

Finalizingg this section, we come to the following conclusion. The Gd-Gd interaction in 

RT4Algg compounds with non-magnetic T components is antiferromagnetic and leads to 

fairlyy low magnetic ordering temperatures. 

5.3.25.3.2 RTöAlf, compounds 

Itt has been mentioned already that neutron-diffraction results have shown an almost ideal 

preferentiall  occupation of the T atoms on the 8f sites. Nevertheless, a small deviation from 

thee ideal site occupation cannot be excluded. In order to obtain an impression of the effect 

off  the occupation of the other two sites (8j and 8i) by T atoms we have used an excess of T 

atomss forcing these atoms to occupy also these other two sites. Results of neutron diffraction 
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Figuree 5.14. Temperature dependence of the reciprocal susceptibility of GdCu(,Al6 measured in 

11 T (solid squares: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: 

itinerantt band, here only indicating a change of sign). 
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Figuree 5.15. Field dependence of the magnetization of GdCu6Al 6 measured on free powder at 

4.22 K (solid squares: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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havee shown that the 8i site is very reluctant to accept T atoms, so that it is predominantly 

thee 8j site where the Al atoms are replaced by the excess T atoms [14]. 

Fromm the results shown in fig. 5.14 for GdCu6Al6. we derive 7"N = 10 K. appreciably lower 

thatt the value for GdCu4Al8 (7"N = 34 K). Evidently, the influence of excess Cu atoms is to 

shiftt 7\- to lower temperatures. The data obtained for 7N, 0P and //dr in GdCu6Al6 have 

beenn listed in tab. 5.3. 

Resultss for GdMn6Al 6 are shown in figs. 5.16-5.18. There is no clear Curie-Weiss behavior 

forr this compound in the temperature range considered here. This is most likely due to the 

occurrencee of a magnetic moment for the excess Mn atoms on the 8j sites, as suggested by 

Coldeaa et al. [15]. Also the magnetic ordering temperature has increased strongly and 

shiftedd from about 2 K in GdMn4Al8 to 36 K in GdMn6Al6. Fig. 5.18 shows that the 

antiferromagneticc ordering can be broken in relatively low magnetic fields. 

Magnetizationn measurements in high field strengths for GdCu6Al6 and GdMn6Al6 are 

shownn in figs. 5.15 and 5.19, respectively. These data confirm the antiferromagnetic nature 

off  the magnetic state in these compounds. In GdCu6Al6, the bending of the two sublattice 

momentss leads to an initial linear behavior. It is seen, however, that the slope of the 

isothermm of GdCu6Al 6 becomes less steep above about 10T and that the bending process 

seemss not yet to have reached completion even in 35T. The data displayed for GdMn6AI (1 

inn fig. 5.19 show that the bending process does not lead to a linear part in the whole field 

rangee considered. In 35 T the magnetic isotherm is still far from saturation. 

Generalizedd molecular-field model was applied to GdCu6Al6. Reasonable fits were 

obtainedd for the temperature dependence of the reciprocal susceptibility and the 

magnetizationn curve at 4.2 K and are shown in the same figures with the corresponding 

experimentall  data. The fitting parameters are listed in tab. 5.3. 

Wee can state that the overall Gd-Gd interaction in GdT6Al6 compounds is not notably 

differentt from those in GdT4Al8 compounds. In both cases it leads to antiferromagnetic 

ordering,, albeit the ordering temperatures change with the T concentration. 

Antiferromagneticc ordering has also been observed in the isostructural compounds GdZni: 

[17]]  and GdNii0Si2 [18], the corresponding magnetic ordering temperatures being TN=  16 K 

andd Ts =5K. respectively. 
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Tablee 5.3. Magnetic properties of GdCu6Al 6. rN, 0p in [K] , /4-tf in [jU B/Gd at.]. Fitting parameters 

forr the temperature dependence of the reciprocal susceptibility, the field dependence of 

magnetizationn at 4.2 K. Ts in [K] , nm(Q), nm(0l nR1(0) and am in [Tf.u./^B]. «2T in [Tf.u./^BK2], b  ̂ in 

[Tf.u.3///B
3].. In the calculations, we kept g  ̂ = 2, nRJ(Q) = n-n(Q) = n-n(0) = 0. 

Compound d 

GdCu6Al6 6 

rN N 

10 0 

Op p 

-43.5 5 

/^eff f 

8.2 2 

Ö0T T 

100 0 

a2T T 

0.003 3 

bro bro 

2 2 

HRR(Ö) ) 

0.6 6 

"RR(Ö) ) 

-3.19 9 

nnRTRT(0) (0) 

-5 5 

Resultss of magnetic measurements obtained for GdFe6Al 6 are shown in fig. 5.20. When 

comparingg these data with the results for GdFe4Al 8 shown in fig. 5.2, it can be noticed that 

theree has been an enormous increase of the magnetic ordering temperature. The Curie 

temperaturee in GdFe6Al 6 is above room temperature and our value Tc = 345 K is in 

agreementt with results obtained by Felner et al. [191. In view of our result for the 

compoundss with other T metals that the Gd-Gd interaction does not depend much on the 

stoichiometry,, we attribute this increase to a strong enhancement of the Fe contribution. 

Thee results displayed for Gd0.7Yo3Fe6Al 6 in the same figure prove also that the R-T 

interactionn plays a minor role, because the magnetic dilution of the Gd sublattice by 30 percent 

2.5 5 

0.0 0 

—o—— Gd„,Y„,Fe Al 

Ï 2 2 

II -

0 0 

. . . " " " 

 GdFeAI. 

00 100 200 300 400 500 600 700 800 0 5 10 15 20 25 30 35 40 

TT (K) B (T) 

Figuree 5.20. Temperature dependence of the Figure 5.21. Field dependence of the magnetization 

magnetizationn of GdFeöAlf, and GdojYojFeeAl*  of GdFe«Al6 and GdnYojFeftAl*  measured on free 

measuredd in 1 T on a fixed-bulk sample. powder at 4.2 K. 
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iss seen to have hardly any influence on the magnetic ordering temperature. Results of high-

fieldd measurements are shown in fig. 5.21. It can be seen that magnetic dilution of the Gd 

sublatticee leads to a strong upward shift of the magnetic isotherm. Taking into 

considerationn that neutron diffraction 120] has shown several RFe6Al6 compounds to be 

collinearr ferrimagnets. this shift in upward direction can be taken as evidence that the Fe 

sublatticee moment dominates the Gd sublattice moment in GdFe6Al6. We mentioned 

alreadyy that in RFef,Al6 compounds also the 8j site becomes partly occupied by Fe atoms. 

Thee partly and statistically occupation of this latter site leads to concentration fluctuations 

andd hence to a distribution of nearest neighbor configurations. The Fe atoms having a 

relativelyy low number of Fe nearest neighbors may have a relatively small moment in 

zeroo applied field. Because the applied field is parallel to the Fe sublattice moment, these 

latterr atoms potentially can show a large increase of their moment with increasing field 

strength.. This is probably the reason why both isotherms show a comparatively strong field 

dependence.. Assuming that the spontaneous moment in GdFe6Al 6 is around 1.7 uB/f.u. 

wee derive with ^&i = 7 |UB. a value for the average Fe moment of 1.5 uB. a value that is in 

reasonablee agreement with the neutron diffraction data obtained on other members of the 

RFe6Al 66 series [20]. 

5.44 Conclusions 

Wee have studied the magnetic properties of GdT4Al*  and GdT6Al6 compounds with T = Cr. 

Mn,, Cu by means of standard magnetization and susceptibility measurements, 

magnetizationn measurements in high fields up to 35 T. and measurements of the specific 

heat.. In these GdT4Al*  compounds, the T element is non-magnetic or carries a very small 

magneticc moment. In all these cases, the coupling between the Gd moments is fairly weak 

andd leads to antiferromagnetic ordering at rather low temperatures. For GdMn4Al* . no 

evidencee of long-range magnetic ordering was found. In the GdT6Al6 compounds, more 

thann one crystallographic site is occupied by the T elements, leading to relatively strong 

changess in the magnetic ordering temperatures. The data for GdCr4Al8, GdCu4Al8 and 

GdCu6Al fll can be well described by means of the generalized molecular-field model 

(chapterr 3). A comparison was also made with the magnetic properties of GdFe4Al8 and 
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GdFeöAlftt compounds in which the Fe moments strongly determine the magnetic 

properties. . 
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Chapterr  6 

Magneticc behavior  of a TbFe4.4Al7.6 single crystal 

6.11 Introductio n 

Inn the previous chapter, the discussion is mainly focused on the GdT4Alg compounds in 

whichh the T sublattice is non-magnetic (T = Cr, Mn, Cu). The magnetic properties of those 

compoundss are dominantly governed by the interaction between the 4f electrons of the Gd 

atoms.. These studies gave us an opportunity to estimate the Gd-Gd interaction and 

concludee that the coupling between the Gd moments is fairly weak and leads to 

antiferromagneticc ordering at rather low temperatures. 

However,, much more complicated characteristics of magnetism have been observed for the 

RFe4Al«« compounds in which the Fe sublattice also carries a magnetic moment [1-13]. The 

studiess on the RFe4Al8 compounds where R = La, Ce, Y, Lu or Th have shown that their 

magneticc ordering is dominated by the Fe-Fe antiferromagnetic (AF) interaction which 

leadss to Néel temperatures between 140 and 200 K [12]. Because the magnitude of the R-R 

interactionn is much smaller than that of the R-Fe and Fe-Fe ones, the interplay between the 

latterr two kinds of interaction is expected to determine the magnetic ordering at lower 

temperatures.. In compounds with heavy rare earths, due to the fact that both R-Fe and Fe-Fe 

interactionss are of antiferromagnetic nature, usually complex magnetic structures are 

formedd [14, 15]. To tackle this problem, different measuring techniques have been applied 

onn a polycrystalline TbFctAls sample, including magnetization, specific-heat and neutron-

diffractionn measurements [14]. The neutron powder-diffraction investigation revealed that 

beloww 110 K. the magnetic ordering can be described by two wave vectors: q\ = 0, and q2 

==  (cjx, q*, 0), the latter having a temperature dependent length. The ordering associated with 

thesee two wave vectors occurs simultaneously below 110 K. In the temperature range of 

40-1100 K, the neutron data indicate that the magnetic ordering associated with q\ = 0 is 

95 5 
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exclusivelyy due to ferromagnetic Tb contributions with moments in the basal plane. The 

orderingg associated with q  ̂= (qx. q*. 0}  in the same temperature range corresponds to a 

cycloidd spiral structure comprising Tb as well as Fe contributions. The moments of both 

sublatticess rotate in the (001) plane. The overall structure is a distorted cycloid with an 

ellipticall  envelope for the Tb subsystem. Below 40 K the q\ = 0 structure comprises 

ferromagneticc Tb as well as antiferromagnetic Fe contributions in the basal plane. The 

cycloidd spiral structure associated with qi remains, but the overall structure now exhibits a 

distortionn of the Fe cycloid spiral too. Also specific-heat studies have shown that the Tb 

contributionn becomes increasingly important when the temperature decreases below about 

1000 K. An anomaly at about 23 K was observed in the magnetic contribution to the 

specificc heat [14]. 

Thiss chapter is devoted to analyze the unusual magnetic properties of a TbFe-uAly 6 single 

crystal.. Various interesting phenomena including thermal-history effects, hysteresis, field-

inducedd magnetic and structural transitions have been found by magnetic and 

magnetostrictionn measurements. The role of the CEF anisotropy of Tb in this case is taken 

intoo account in the interpretation. 

6.22 Experimental 

6.2.16.2.1 Single-crystal preparation and characterization 

AA single-crystalline rod of TbFe4Als was grown by means of floating-zone technique, 

startingg from the nominal composition with an excess amount of Tb and Al as mentioned 

inn section 2.1. During the growth process, the pulling rate and the rotation speed of the 

materiall  rod and the seed crystal was kept at 1.2 mm/h and 20 rpm, respectively. 

AA piece cut from the grown rod was powdered and shown by X-ray diffraction to have the 

tetragonall  ThMni: structure. EPMA analysis showed that the sample is homogenous (fig. 

6.1)) and the actual composition of the single crystal is 7.5 at.% Tb, 34.2 at.% Fe and 58.3 

at.%% Al, which corresponds to the formula composition Tbo^sFe-usA^.57. 

X-rayy Laue diffraction patterns were taken at different positions on the surface of the as-

grownn crystal. The very good agreement between these pictures confirms the good quality of 
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Figuree 6.1. The EPMA picture of a single Figure 6.2. The X-ray Laue pattern of a single 

crystall  of the approximate formula composition crystal of the approximate formula 

TbFe4.4Al 76.. composition TbFe44Al 76 oriented along the 

[001]]  direction. 

thee single crystal. The Laue technique was further used to orient the sample for 

measurementss along various crystallographic directions (see, e.g. fig. 6.2). 

6.2.26.2.2 Magnetic measurements 

Thee temperature dependence of the magnetization was studied in a SQUID magnetometer 

inn the temperature range 4.2-300 K in fields from 0 to 5 T (see section 2.3.2). 

Thee hysteresis loops were measured along different crystallographic axes of the single 

crystall  in a MAGLA B magnetometer at 4.2 K in fields from -9 to 9 T (see section 2.3.2). 

Thee field dependence of the magnetization at 4.2 K of the free-powder sample was 

measuredd at the High-field Installation at the University of Amsterdam (see section 2.3.2). 

Thee magnetostriction measurements were carried out at 4.2 K in fields from -8 to 8 T (see 

sectionn 2.5). 
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6.33 Results and discussion 

6.3.16.3.1 Thermomagnetic behaviors 

Thee temperature dependence of the magnetization measured on the single crystal in a field 

off  0.05 T applied along the [001] direction is shown in fig. 6.3. The magnetization in this 

directionn is fairly weak. There is a maximum at about 160 K. which is close to the 

temperaturee where Mössbauer spectroscopy has revealed the onset of magnetic ordering of 

thee Fe sublattice [2]. In the same figure we show the temperature dependence of the 

magnetizationn measured in the same direction in a much stronger field of 5 T. In the latter 

case,, the sample was cooled to 5 K in the presence of the magnetic field in the [001] 

directionn before measurement. Both curves show roughly the same behavior. 

AA distinctly different behavior is observed when the measurements are made with the field 

appliedd in the [100] direction. As can be seen in fig. 6.4. after cooling in zero field, the 

M(T)M(T) curves all show maxima that shift to lower temperatures when the field strength is 

increased.. These maxima are no longer observed after cooling in a magnetic field of 5 T 

(seee fig. 6.5). After field cooling (FC), the magnetization is much larger, and the maximum 

presentt in the zero-field cooled (ZFC) curve at above 50 K is completely absent. The latter 

curvee is reminiscent of a ferromagnetic or ferrimagnetic compound, although below about 

233 K. the magnetization increases somewhat more strongly with decreasing temperature. 

Thiss stronger rise of the magnetization occurs at the same temperature at which an 

anomalyy has been reported in the specific heat [14]. It should be emphasized that the field 

coolingg has led to an increase of the low-temperature magnetization by two orders of 

magnitude,, although the measuring field was kept the same. Such strong field cooling 

effectss are reminiscent of spin-glass or spin-cluster behavior. 

Inn a recent muon-spin-relaxation study [16], zero field-, longitudinal field- and transverse 

field-- nSR measurements in the same crystal showed identical relaxation behavior which 

wass best fitted by a stretched exponential P{t) = PQ exp(- faf with k approaching 100 |_is"' 

nearr the onset temperature of magnetic ordering of the Fe sublattice (7N) and (3 changing 

fromm 1 at high temperature to ~ 1/3 at 7N. Such a behavior is indicative of a spin-glass-like 

behavior,, which is in good agreement with the above thermomagnetic measurements. In 

contrast,, the relaxation behavior in theYFciAls compound above 7\< is governed by the static 



Magnetizat ionn behavior of a TbFe4.4Al7.6 single crystal 99 9 

0.6 6 

0.5 5 

0.4 4 

0.3 3 

3 3 
0.2 2 

0.1 1 

0.0 0 

55 T 

0.055 T 

TbFe4 4Al 76 6 

B / / [ 0 0 1] ] 

0.012 2 

0.010 0 

0.008 8 

0.006 6 

0.004 4 

-- 0.002 

0.000 0 
500 100 150 200 250 300 

T(K ) ) 

Figuree 6. 3. Temperature dependence of the magnetization measured with increasing temperature 

onn a single crystal of the approximate formula composition TbFe4.4Al7 6 with fields of 0.05 T and 

55 T applied in the [001] direction, after cooling to 5 K in zero field and in field, respectively. 
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Figuree 6.4. Temperature dependence of the magnetization measured with increasing temperature 

onn a single crystal of the approximate formula composition TbFe4.4AI7.6 in various fields applied in 

thee [100] direction after cooling to 5 K in zero field. 
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Figuree 6.5. Temperature dependence of the magnetization measured with increasing temperature 

onn a single crystal of the approximate formula composition TbFe44Al 76 with the field of 0.05 T 

appliedd in the [ 1001 direction: (a) after cooling to 5 K in zero field, (b) after cooling to 5 K in 5 T. 

fieldd spread due to the Al-nuclear moments. These results seem to imply that the observed 

spinn freezing in TbFe4.4Al76 is associated with the Tb-sublattice, indicating that frustration 

playss an important role in this subsystem, at least for not too low temperatures. 

6.3.26.3.2 Magnetization processes 

6.3.2.6.3.2. J Magnetization loops along the main crystallographic axes 

Thee field dependence of the magnetization at 5 K measured along different 

crystallographicc axes is shown in fig. 6.6. The isotherm performed along the [001] 

directionn shows linear behavior up to the highest applied field (5 T). The magnetization 

remainss low and there is no hysteresis. When the field is applied along the [100] direction 

inn the basal plane, the magnetization is much larger and the initial magnetization curve 

displayss a field-induced transition at a critical field Ho#criioo] = 4.2 T to a state with a 

strongg ferromagnetic component. When decreasing the field strength after reaching 9 T. 

thiss magnetic moment is retained even for negative fields. Such an extremely strong 

magneticc hysteresis and the concomitant high coercivity are generally encountered in 

permanent-magnett materials. However, unlike in permanent magnets, the virgin magnetization 
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Figuree 6.6. Field dependence of the magnetization at 5 K measured on a single crystal of the 

approximatee formula composition TbFe4.4Al7.6 with the field applied in the [100], [110] and [001] 

direction.. The inset shows the field dependence in the [010] direction after the crystal had been 

magnetizedd in a field of 9 T in the [100] direction and the field has subsequently been reduced to 

zero. . 
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Figuree 6.7. Field dependence of the magnetization measured with decreasing field strength at 

variouss temperatures on a single crystal of the approximate formula composition TbFe4.4Al 76 with 

thee field applied along the [100] direction. 
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curvee falls mainly outside the hysteresis loop in the present material. The hysteresis 

behaviorr at different temperatures is shown in fig. 6.7. The coercivity is seen to depend 

stronglyy on the temperature, a fact that is shown in more detail in fig. 6.8. 

Thiss field-induced transition in the [100] isotherm can be interpreted as a transition from 

thee ordering modes described earlier to a ferrimagnetic state. The ferrimagnetic state with 

antiparallell  Tb and Fe sublattice moments has been observed by powder-neutron 

diffractionn to be present already in zero field in the RFe5Al 7 compounds which have 

slightlyy higher Fe concentration [17]. Once magnetized in the a direction with an applied 

fieldd larger than the critical field, the single crystal behaves like a small permanent magnet 

withh a remanent moment equal to A/r|ioo] = 3.20 uB/f.u. at 5 K. This is more clearly seen in 

fig.. 6.9 where we show the component of the remanence in zero field as a function of the 

measuringg direction in the basal plane. 
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Figuree 6.8. Temperature dependence of the Figure 6.9. The component of the remanence 

coercivityy in a single crystal of the approximate as a function of measuring direction in the 

compositionn TbFe44Al 76 measured with the field basal plane measured at 5 K in zero field on a 

appliedd along the [100] direction. single crystal of the approximate composition 

TbFe44Al 766 after the crystal had been 

magnetizedd in a field of 9 T in the [100] 

directionn and the field has subsequently been 

reducedd to zero. The line is a guide to the 

eyes. . 
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Revealingg in this respect is also the magnetization behavior shown in fig. 6.6, with the field 

appliedd in the [110] direction. The results shown in fig. 6.6 are consistent with the 

followingg picture: in a field higher than, say, 7 T the material is forced into the 

ferrimagneticc state described above, partitioned in domains in which either the a direction 

orr the b direction is the easy direction. Moreover, if we assume that the in-plane anisotropy 

iss very large, the (zero-field) remanent moment observed in the [110] direction should be 

aboutt Afr|ioc)]/V2 = 2.26 uWf-u., in fair agreement with the results shown in fig. 6.6. 

Inn this connection, it is interesting to investigate the field dependence of the magnetization 

withh the field applied in the b direction, after the crystal has been fully magnetized in the a 

direction.. Preliminary results are shown in the inset of fig. 6.6. Initially, the magnetization 

increasess only very modestly with increasing field strength, suggesting an in-plane 

magnetocrystallinee anisotropy of substantial magnitude. The slope is about twice that of 

thee measurement in the c direction, so the in-plane anisotropy is much smaller than that for 

thee c direction. For a value of the field along b somewhere between 3 T and 4 T, a jump-

likee increase of the magnetization occurs, up to values similar to those obtained in the a 

directionn when originally magnetizing the crystal in the latter direction. It is also seen that 

aa remanence of 3.2 u,e/f u. has been attained, now along b. This means that the relative role 

playedd by the a (b) directions can be changed by applying a field larger than about 3 T 

alongg the b (a) directions. 

Onee can summarize the results described above as follows: Before magnetizing the crystal, 

bothh in-plane <100> directions are equivalent. But after magnetizing the crystal in a field 

largerr than SCr[iooj along one of these directions, this direction has become a magnetic easy 

axis.. This suggests that the field-induced transition not only breaks the antiferromagnetism 

off  the R- and Fe sublattices, but simultaneously breaks the symmetry of the crystal lattice. 

Magnetostrictionn measurements to be discussed below show that this is the case, indeed. 

6.3.2.26.3.2.2 High-field measurements on a free-powder sample 

AA part of the crystal was crushed into fine powder for the high-field measurements. The 

magneticc isotherms at 4.2 K were measured with increasing as well as with decreasing 

fieldd and are shown in fig. 6.10. Based on the results displayed in fig 6.6, we can attribute 

thee strong increase of the magnetization observed when the field is increased to above 5 T 

too the field-induced transition from the antiferromagnetic state to the ferrimagnetic state. 
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Figuree 6.10. Field dependence of the magnetic moment at 4.2 K measured on fine powder 

particless of TbFe44Al 76 able to orient themselves freely in the applied magnetic field. 

Abovee the transition, the ferrimagnetic particles have a magnetization M = M-n - Afpc 

orientedd parallel to the applied field direction, meaning that the Fe-sublattice magnetization is 

oppositee to the applied field. The critical field Bc = «TbFelM-rt, - MFel at which the powder 

particless reorient themselves in the bending process is reached above about 30 T and 

followedd by the bending process. From the slope of the isotherm above 30 T. using the 

relationn M = B/\n-n,Fe\, we derive the molecular-field coefficient n-rbFe = - 6-45 Tf.u./uB. 

Itt is also worth to mention the modest slope of the isotherm in the intermediate-field-

strengthh region between about 10 and 30 T in fig. 6.10. A possible reason for this 

phenomenonn could be a decrease of the individual Fe-moments, or an increase of the 

individuall  Tb-moments with increasing applied field. Another mechanism may be the 

existencee of a fan-like magnetic structure of the Tb sublattice in the ferrimagnetic state. In 

thiss case, the increase of the applied magnetic fields wil l force the Tb moments in the 

externall  field direction, leading to the increase of the total magnetization M. 

6.3.36.3.3 Magnetostriction 

Thee magnetostriction was measured with applied fields along the a [100] direction. The top 

panell  of fig. 6.11 shows the relative length change Mil  of the single crystal measured along 

thee a direction, and the bottom panel shows the results along the b [010] direction. The 
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bottomm part of fig. 6.11 is almost a mirror image of the top part. This means that the 

relationn e  ̂ = - fbb holds during the whole magnetization process. Notice that other 

deformationn modes (such as e.g. £ ĉ, in the present case equal to the induced volume 

magnetostrictionn by virtue of the experimental result eda + £bb = 0) cannot be determined in 

thiss set-up. The field-induced transition leads to a pronounced increase in length, up to 

£aaa * 3>b = 700 ppm, of the same order of magnitude as found in some (Tb,Fe) compounds, 

althoughh still not quite reaching the values found in e.g. terfenol, a giant-magnetostrictive 

materiall  based on the compound TbFe2. Comparing with the loop behavior shown in fig. 

6.6,, one sees that the hysteresis loop in the magnetostriction measurement is considerably 

broaderr than that in the magnetization measurements. Evidently, the magnetization 

processess in these two measurements are different. Experimentally, in the magnetization 

measurementt configuration, it is well possible to orient the single crystal precisely, and to 

checkk this by X-ray Laue pictures. In the magnetostriction cell, however, it is difficult to 

ascertainn the orientation better than within about 0.1 rad. It is remarkable that such a tiny 

misorientationn would have such a big influence. We return to this problem below. 

Nevertheless,, it is apparent that the increase in length is lost during the magnetization 

reversal,, but is fully recovered after completion of this process. The results show that the 

latticee is transformed from tetragonal to orthorhombic, and that the deformation is 

irreversiblee after a threshold (or transition) is passed. The elongated direction becomes 

thee in-plane easy direction. The c direction, of course, remains the 'hard1 direction. 

Inn principle, magnetostriction data, as shown in fig. 6.11, offer an excellent opportunity to 

obtainn detailed information on the magnetization reversal mechanism. Bearing in mind the 

differencess in experimental accuracy mentioned above, we will now compare the 

magnetizationn loop obtained for the field in the [100] direction (solid line in fig. 6.6) and 

thee magnetostriction loop shown in fig. 6.1 la, i.e. £aa - ebb (see above), presumably to be 

correlatedd with the average over all domains <Ma
2 - Mb'>.  Initially, the 'virgin' 

magnetostrictionn curve may well show this quadratic dependence on the magnetization. 

Thee fact that the "jump" does not show up in the magnetostriction and that saturation is 

reachedd at about 7 T can presumably be ascribed to the misorientation. Magnetization 

reversall  sets in for negative fields of about 2 T. Fig. 6.11 shows that this is accompanied 

byy a steadily growing decrease in Al. Since magnetic domains of the type [100|] (M along 

thee positive a axis) and their reversed counterparts [100J.] (M along the negative a axis) 

havee both the same positive Al value (see the extreme right and left parts of fig. 6.1 la) this 
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meanss that - at least for the misoriented magnetostriction sample - magnetization reversal 

doess not proceed by means of [100j] domains growing at the expense of [100f] domains. 

Thee steadily growing decrease in Al therefore requires the presence of an increasing 

volumee of è-domain. i.e. domains of the type [010—»] and/or [010<— ]. at the expense of 

ff  lOOf] domains. The contribution of the è-domains to the magnetization measured along a 

iss small, but not negligible, as can be read off from the inset in fig. 6.6. Since the 

magnetostrictionn presumably is proportional to (M-rb.tioo] - Mn,,[oio] ), the contribution of the 
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Figuree 6.11. Field dependence of the magnetostriction at 5K measured (a) in the [100] direction 

andd (b) in the [010] direction on a single crystal of the approximate formula composition 

TbFe44Al766 with the field applied along the [100] direction. 

£>-domainss is almost opposite to that of the a-domains. In fact, the point where Al passes 

throughh zero in fig. 6.1 la can be characterized as consisting of almost equal amounts of a-

andd è-domains. When Al becomes negative, the £>-domain volume does exceed the a-

domainss in this situation. Without further modeling, it is hard to say whether reversal to 

[100].]]  domains has already taken place. Nevertheless, when the magnetostriction goes on 
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too become more positive again, these [lOOj] domains must be formed, in competition with 

thee ^-domains. From the inset of fig. 6.6 it can be derived that the fields required for this 

processs are larger than 3 T, in agreement with the magnetostriction data. 

Finally,, we wish to discuss briefly a possible origin of the magnetoelastic phenomena 

observedd in the present investigation. It is well known that magnetically ordered rare earth 

compoundss can give rise to strong magnetoelastic phenomena. A well-known example is 

terfenol,, a giant-magnetostrictive material based on the compound TbFe2- As discussed in 

muchh detail by Morin and Schmitt [18], a substantial part of the magnetostriction in rare 

earth-basedd materials is due to the direct coupling between the deformation of the lattice 

andd the aspherical 4f-charge cloud. This can conveniently be described by a single-ion 

magnetoelasticc Hamiltonian which can be considered as the strain derivative of the crystal-

fieldd hamiltonian for the present symmetry. The main term in the latter hamiltonian takes 

thee form [ 15] 

WWxx = - V3.BV022, 

wheree Bx is the magnetoelastic coefficient and where the appropriate strain component in 

thee basal plane can be expressed as a?' = Vi^l^e  ̂ - £bb)- The temperature dependence of 

thee magnetoelastic effects is determined by the thermal average <Oi~>  of the Stevens 

operatorr [18]. It can be shown that <Oi>  falls off with temperature as m-rb\ where m-m is 

thee reduced terbium-sublattice moment MTb(T)/Mjb(0) [19]. We discussed above that the 

magneticc hardness, as embodied by the coercivity He, is intimately related to the 

occurrencee of the orthorhombic distortion. Unfortunately, no experimental data are 

availablee for MTO(T), but the presently determined large magnetoelastic effects and their 

expectedd strong temperature dependence offer a convenient explanation for the rapid 

decreasee of He with temperature reported in section 6.3.2.1 (fig. 6.8). 

6.44 Conclusions 

Inn summary, the complex magnetic behavior of the TbFe4.4Al7.6 single crystal has been 

investigatedd in a wide range of applied magnetic fields as well as of temperatures. The 

resultss show that the magnetic moments favor the basal plane. Along the <100> axis, in 

loww fields, the compound behaves as a spin-glass system while above 4 T, a field-induced 

transitionn from the antiferromagnetic state to a ferrimagnetic one occurs. This magnetic 
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transitionn is also associated with a structural transition from tetragonal to orthorhombic as 

revealedd by the magnetistriction measurements. The magnetic exchange coupling between 

thee Tb and Fe sublattice moments in the ferrimagnetic state has been derived from the 

high-fieldd measurements on the free powder sample. Several mechanisms for the 

magnetizationn and magnetostriction processes have been suggested. In the future, a more 

detailedd analysis wil l be carried out to justify these mechanisms based on the information 

obtainedd from the experimental data. Neutron-diffraction measurements on this single 

crystall  in magnetic fields are also planned, and wil l be helpful. 
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Summary y 

Thee magnetic ordering in intermetallic compounds is determined by the interactions 

betweenn the magnetic moments of the constituent atoms. The understanding of the 

magneticc interactions is, therefore, crucial in fundamental as well as technological 

investigationss in this area of materials physics. The study of rare earth-transition metal 

compoundss has been flourishing since more than three decades and continues to evolve. 

Thiss thesis is aimed, in the first place, at adding information on the magnetic exchange 

couplingss between the rare earth moments (R-R interactions) in this class of materials. For 

thiss purpose, we have chosen the Gd-based compounds in which only Gd atoms carry a 

magneticc moment. Because of the S-character of the 4f electrons of Gd, crystalline electric 

fieldd effects can be minimized and the magnetic properties are expected to be ruled by the 

exchangee interactions between the Gd moments. From this point of view, a generalized 

molecular-fieldd model has been developed for isotropic Gd systems. In this model, 

magneticc structures with equal moments are shown to be preferred. When order sets in, in 

thee considered systems with translation symmetry, an antiferromagnetic structure will be 

formedd which can be described with a single wave vector: a single q mode. This mode can 

bee combined with a 0 mode in the presence of a uniform magnetic field. In this way, not 

onlyy various simple structures based on a division in sublattices can be described, but also 

helicall  magnetic structures. The model also takes into account the interactions between the 

raree earth system and an itinerant electron band. Physical properties such as magnetization 

andd specific heat as functions of temperature and applied field are calculated 

quantumechanicallyy for the rare-earth system and phenomenologically for the band. The 

factt that different properties, such as magnetization and specific heat, can be described 

withh one set of parameters makes the model very powerful. 

Magneticc properties and specific heat of the GdT^Gê (T = 3d, 4d) family were studied for 

aa large number of compounds. The experimental results show that all of them have an 

antiferromagneticc nature with the Néel temperatures ranging from 9.3 K to 93 K. On the 

onee hand, for Fe, Co, Cu and Rh compounds, the reciprocal susceptibility as a function of 
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temperature,, the magnetization as a function of applied field at 4.2 K and the specific heat 

ass a function of temperature in various applied fields can be reproduced very well by the 

generalizedd molecular-field model. On the other hand, multiple magnetic phase transitions 

weree found for Ni, Ru and Pd compounds from the specific-heat and magnetization 

measurements.. In terms of our model, this would mean a change of the ordering modes in 

thee ordered region. Although, in principle, the model can be extended to cope with the 

situation,, for the sake of clarity, in this thesis, only a simple version is applied. For these 

compounds,, the magnetic phase diagrams have been constructed based on the experimental 

results.. In general, an induced contribution of the itinerant band to the total magnetization 

wass observed. This contribution is especially significant for Fe and Co, which is most 

likelyy due to the 3d electrons of the transition metal. 

Magneticc properties of another family of Gd-based compounds, i.e. GdT4Al8 (T = Cr. Mn, 

Fe.. Cu) have also been studied. The influence of the site occupancy of the T atoms in the 

ThMni22 structure on the magnetic behavior when the Al atoms on the 8j site are partially 

replacedd by the T atoms has been investigated by including a study of GdT6Al6 (T = Mn, 

Fe,, Cu) compounds. GdT4Al 8 (T = Cr, Cu) compounds order at temperatures below 34 K. 

Thee C/T vs T curves (C: specific heat, T: temperature) of GdMn4Al s measured in a wide 

rangee of applied fields show that only a short-range magnetic order exists below 2 K. The 

overalll  magnetic interaction in these compounds are fairly weak. The results obtained on 

GdMnóAUU and GdCu6Alö show that, in comparison to the corresponding GdT4Als 

compounds,, the magnetic ordering temperature increases from 2 K to 36 K for Mn, and 

decreasess rather strongly from 34 K to 10K for Cu. However, the overall Gd-Gd 

interactionn in both types of stoichiometry is not notably different. A good fit was obtained 

forr the experimental data of GdCr4Al8, GdCu4Al8 and GdCu^Alf, using the generalized 

molecular-fieldd model. We also compare the magnetic properties of GdFe4Al8 and 

GdFe6Al6.. For GdFe4Al8, a previous Móssbauer study has shown that the Fe sublattice 

orderss magnetically at around 165 K. whereas our magnetic data indicate that the magnetic 

contributionn of the Gd sublattice becomes significant only at temperatures below 50 K. An 

anomalyanomaly at about 25 K is observed in the C/T vs T curve of this compounds, which is 

relatedd to the magnetic ordering of the Gd sublattice. It seems that the magnetic moments 

onn the Gd and Fe sublattices interact in a complex way, although on the basis of our 

results,, no definite conclusion can be drawn. In GdFe6Al6. the increase in the Fe 

concentrationn leads to a high magnetization of the Fe sublattice. The compound behaves as 
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aa ferrimagnetic material of which the Curie temperature (7c = 345 K) is dominated by the 

Fe-Fee interaction. This is further evidenced by the fact that almost the same magnetic 

orderingg temperature is observed for GdojYo^FeöAlf,, in which the magnetic dilution of the 

Gdd sublattice is up to 30%. 

Inn the last chapter, the research was extended to the magnetic behavior of a single crystal 

TbFe4.4Al7.6-- This is a more complicated case because, firstly, the Fe atoms also carry a 

magneticc moment and, secondly, the Tb subsystem is expected to exhibit 

magnetocrystallinee anisotropy. A large thermal-history effect was observed when the 

magnetizationn was measured along the [100] direction in the zero-field cooling (ZFC) and 

fieldd cooling (FC) modes. The magnetization loops measured along the main 

crystallographicc axes at 4.2 K show that the compound behaves as an antiferromagnetic 

materiall  in low fields. The total magnetization vector prefer to lie in the basal plane. These 

resultss are consistent with the neutron diffraction data obtained previously for a TbFe4Al8 

polycrystallinee sample. At 4.2 K, when the applied field is along the [100] direction, a 

field-inducedd transition is observed at around 4.2 T from the antiferomagnetic state to a 

ferrimagneticc state, in which the Tb magnetization is opposite to the Fe one. This transition 

iss accompanied by a large orthorhombic distortion eaa = -ebh ~ 3.5><10"4, that is associated 

withh a magnetic hardness |io#c ~ 3 T. The magnetization process above the field-induced 

transitionn has been studied on a free-powder sample in applied fields up to 38 T at 4.2 K. 

Thee magnetic isotherm shows a strong increase in magnetization around 30 T. In the 

simplee ferrimagnetic structure, such a change of slope is indicative for the formation of a 

non-collinearr configuration. From the slope, a value of -6.5 Tf.u./uB was derived for the 

molecular-fieldd coefficient «TbFe-

http://TbFe4.4Al7.6
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Samenvatting g 

Voorr intermetallische verbindingen wordt de magnetische ordening bepaald door de 

wisselwerkingg tussen de magnetische momenten van de verschillende atomen. Een goed 

begripp van de magnetische wisselwerkingen is daarom van doorslaggevend belang bij 

zowell  fundamenteel onderzoek als bij technologische ontwikkelingen van deze materialen. 

Hett onderzoek van intermetallische verbindingen van zeldzame aardmetalen en 

overgangsmetalenn bloeit al meer dan dertig jaar, en wordt nog steeds uitgebreid. Dit 

proefschriftt is allereerst gericht op het verkrijgen van meer informatie over de magnetische 

'exchange'' wisselwerkingen tussen de zeldzame-aardmomenten (R-R interactie) in dit soort 

materialen.. Om deze reden is gekozen voor op Gd gebaseerde verbindingen, waarin alleen 

Gdd een magnetisch moment heeft. Vanwege het S-karakter van de Af- elektronen van Gd 

zullenn kristalvelden slechts geringe effekten hebben, zodat naar verwachting de magnetisch 

eigenschappenn inderdaad bepaald worden door de 'exchange'-wisselwerking tussen de Gd 

momenten.. Vanuit dit gezichtspunt is een gegeneraliseerd moleculair-veld model 

ontwikkeldd voor een isotroop (Gd) systeem. Volgens dit model zijn magnetische 

strukturen,, waarin de (gemiddelde waarden van de) momenten gelijk in grootte zijn, 

energetischh het meest voordelig. Bij het ontstaan van magnetische ordening zal, in de 

beschouwdee systemen met translatie-symmetrie, een met één golfvector te beschrijven 

antiferromagnetischee struktuur gevormd worden ('single <jr-mode'), bij aanwezigheid van 

eenn magneetveld in combinatie met een uniforme '0-mode'. Hieronder vallen niet alleen 

diversee simpele strukturen gebaseerd op een indeling in subroosters, maar ook meer 

algemenee spiraalstrukturen. In het model wordt ook rekening gehouden met de 

wisselwerkingg tussen de locale Gd-momenten en een 'itinerant-electron' band, zoals b.v de 

geleidingselektronenn vormen, en naar verwachting ook de 3d elektronen van de 

overgangsmetalen.. De zeldzame-aardmomenten worden 'exact' (quantummechanisch) 

behandeld,, de elektronen-band fenomenologisch. De kracht van het model ligt hierin dat 

verschillendee eigenschappen, zoals magnetisatie en soortelijke warmte, met één set 

parameterss beschreven kan worden. 
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Voorr een groot aantal GdT:Ge: (T = 3d. 4d) verbindingen zijn de magnetische 

eigenschappenn en de soortelijke warmte onderzocht. Gemeten is de 

temperatuurafhankelijkheidd van de (reciproke) susceptibiliteit. de magnetisatie bij 4.2 K als 

functiee van het aangelegde magneetveld (tot 40 T) en de soortelijke warmte als functie van 

dee temperatuur in verschillende magneetvelden. Al deze GdT^Ge: verbindingen blijken 

antiferromagnetischh gedrag te vertonen met ordeningstemperaturen (Néel temperatuur) 

tussemm 9.3 K en 93 K. Voor T = Fe. Co, Cu en Rh kunnen de meetgegevens goed 

gereproduceerdd worden in het bovengenoemde model. Voor T = Ni, Ru en Pd daarentegen 

zijnn overgangen gevonden van de ene magnetische struktuur naar een andere. In termen 

vann het model zou dit betekenen dat er een ordening met een andere golfvector zou 

optreden.. Omdat het niet duidelijk is, of deze beschrijving correct is. en ook omdat de 

uitbreidingg van het model niet zo simpel is, is in dit proefschrift eenvoudigheidshalve 

alleenn de 'single (/-mode' versie gebruikt, zodat voor deze verbindingen een volledige 

analysee niet mogelijk was. Voor deze verbindingen met meervoudige magnetische 

overgangenn zijn magnetische phase-diagrammen geconstrueerd op basis van de 

meetgegevens.. Voor de gehele serie geldt, dat er bijdragen aangetoond zijn van de 

'itinerantt electron' band. Grote effecten zijn gevonden voor T = Fe of Co, naar alle 

waarschijnlijkheidd veroorzaakt door het 3d karakter van de elektronen van deze 

overgangsmetalen. . 

Opp dezelfde wijze zijn de eigenschappen onderzocht van GdT4Al8 (T = Cr. Mn. Fe, Cu) 

verbindingen.. Bovendien is de invloed van de vervanging van Al door T (op de 8j plaatsen 

inn de ThMni: struktuur) onderzocht door metingen te doen and GdTftAl6 (T = Mn. Fe, Cu) 

verbindingen.. GdT4Al s (T = Cr. Cu) verbindingen vertonen magnetische ordening voor 

temperaturenn lager dan 34 K. De magnetische interacties zijn kennelijk tamelijk zwak. 

Voorr GdMn4Al s kan op grond van de in een groot aantal magneetvelden gemeten C/T vs T 

curvess (C: soortelijke warmte. T: temperatuur) zelfs aangetoond worden, dat er alleen 

korte-afstandsordeningg optreedt, en wel voor temperaturen beneden 2 K. Voor GdMn6Al6 

leidtt de vervanging van Al door Mn tot het optreden van ordening bij 36 K. Voor 

GdCu6Al 66 leidt dit daarentegen tot een verlaging van de ordeningstemperatuur van 34 K tot 

100 K. Het eerder genoemde model blijkt de voor GdCr4AlK, GdCu4Al8 en GdCu6Al6 

verkregenn resultaten goed te kunnen beschrijven. De Gd-Gd interactie blijkt niet sterk af te 

hangenn van de stoichiometrie. Ook zijn de magnetische eigenschappen van GdFe4Al8 en 

GdFe^Alftt vergeleken. Eerder was uit Mössbaauer-metingen al gebleken dat het Fe-
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subsysteemm magnetische ordening vertoont bij 165 K. Onze metingen wijzen erop dat de 

magnetischee bijdragen van het Gd-subsysteem pas belangrijk worden bij 50 K. Bij 

ongeveerr 25 K is een anomalie gevonden in de C/T vs T curve van deze verbinding. Deze 

anomaliee wordt toegeschreven aan magnetische ordening van het Gd-subsysteem. Het lijk t 

eropp dat de wisselwerking tussen Gd- en Fe-momenten zich complex gedraagt, hoewel 

onzee meetresultaten geen eindconclusie toelaten.. Voor GdFe6Al6, leidt de toevoeging van 

Fee tot een grote magnetisatie van het Fe-subsysteem. De verbinding gedraagt zich als een 

ferrimagneett waarvan de Curie temperatuur (7c = 345 K) gedomineerd wordt door de Fe-

Fee wisselwerking. Dot blijkt ook uit het feit dat dezelfde ordeningstemperatuur is 

gevondenn voor GdojYojFe^Alö, waarin het Gd-systeem met 30% is verdund. 

Inn het laatste hoofdstuk wordt het gedrag van een TbFe44Al7.6 eenkristal besproken. Hier 

iss de situatie meer gecompliceerd, ten eerste omdat de Fe-atomen ook een spontaan 

magnetischh moment hebben, en ten tweede omdat het Tb-subsysteem naar verwachting 

magnetischee anisotropic zal vertonen. Grote verschillen werden gevonden tussen het 

gedragg van de magnetisatie langs de [100]-as na koelen zonder magneetveld en na koelen 

inn een magneetveld. Uit de bij 4.2 K langs de kristallografishce hoofdassen gemeten 

magnetisatiess blijkt dat de verbinding zich in lage velden gedraagt als een 

antiferromagnetischh materiaal. De magnetisatie blijkt bij voorkeur in het kristallografische 

grondvlakk te blijven, zulks in overeenstemming met eerder verkregen resultaten aan een 

polykristallijnn TbFe4Al«.preparaat. Bij 4.2 K is een door een magnetisch veld 

geïnduceerdee overgang gevonden naar een ferrimagnetische toestand, waarbij de 

magnetisatiess van Tb en Fe tegengesteld gericht zijn. Bij een veld gericht langs de [100] as 

treedtt deze overgang op bij een veldsterkte van ongeveer 4.2 T. De overgang wordt 

vergezeldd van een grote orthorhombische vervorming: eaü = -ebb ~ 3.5X10"4. Bij het 

omkerenn van de veldrichting treedt een magnetische hardheid (coercitief veld Uo//c ) op 

vann ongeveer 3 T. Het magnetisatie-proces bij 4.2 K is in hogere velden, tot 38 T, 

onderzochtt aan een vrij poeder. Bij een veldsterkte van ongeveer 30 T treedt een 

veranderingg van helling op in de magnetisatie-curve. Voor een eenvoudige ferrimagneet 

mett twee subroosters is een dergelijk verandering van helling kenmerkend voor het onstaan 

vann een niet-collineaire magnetische struktuur. Uit de helling kan de wisselwerking tussen 

hett Tb- en het Fe-subrooster bepaald worden: nThFe = 6.5 Tf.u./fiB-
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