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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 

3 3 
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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 
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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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