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Chapterr 2 

Theoreticall  aspects 

Inn this chapter we will first give an outline of the two-sublattice model that 
wee use to describe the magnetic properties of the ferrimagnetic materials 
thatt we have investigated. Then we will briefly discuss the interpretation of 
experimentall  results. 

2.11 Magnetic moments 

Magneticc moments on paramagnetic free ions are due to their partially-filled 
electronn shells (See e.g Ref. [18]). For rare earths, like Dy and Ho, the mag-
neticc moment arises mainly from the partially-filled 4f shell, and for tran-
sitionn metals, like Fe and Co, the magnetic moment arises mainly from the 
partially-filledd 3d shell. The one-electron levels of such a shell are character-
izedd by the orbital angular momentum I (I = 2 for the 3d shell, and I = 3 
forr the 4f shell). For a given / there are 21 + 1 possible values for lz, and for 
eachh lx there are 2 possible spin-directions. Therefore, for the partially-filled 
shelll  there exist 2(2/ + 1) one-electron levels, that are filled by n^ or n4f 
electrons.. The degeneracy of the ionic ground state is considerably lifted by 
electron-electronn Coulomb interactions and by spin-orbit coupling. 

Thee lowest-lying levels can be described by a simple set of rules, known 
ass Hund's rules. Hund's first rule states, that the total spin S (S = £" Si) is 
maximized,, consistent with the Pauli exclusion principle. Hund's second rule 
states,, that the total orbital angular momentum L (L = J2? k) is maximized 
accordingg to Hund's first rule. Finally, Hund's third rule states that the total 
angularr momentum J, due to the spin-orbit coupling, is given by J = \L — S\ 
forr shells that are less than half filled, and by J = L + S for shells that 
aree more than half filled. Stated otherwise, L and S align antiparallel for 
less-than-half-filledd shells, and parallel for more-than-half-filled shells. 
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R3+ + 

Dy y 
Ho o 

4fn n 
9 9 
10 0 

S S 
5/2 2 
2 2 

L L 
5 5 
6 6 

J J 
15/2 2 
8 8 

9J 9J 
4/3 3 
5/4 4 

MMB) ) 
10 0 
10 0 

Tablee 2.1: Ground-state prvperties of the trivalent rare-earth ions Dy and Ho. 

Forr most of the rare-earth ions, the 4f electrons are highly localized. 
Therefore,, the total angular momentum J of Dy and Ho, also in intermetallic 
compounds,, is described by Hund's rules. The magnitude of the free-ion 
rare-earthh magnetic moment is related to the total angular momentum by 
mm = 9JJ^B- Here, /IB is the Bohr magneton, and gj is the Lande factor, 
givenn by 

9J9J = 2 
3S{S3S{S + 1)-L{L + 1) 

2J2J{J{J + l) W 

Valuess for J, L, 5, gj and the free-ion magnetic moment of Dy and Ho are 
givenn in table 2.1. For a complete table, we refer to the many text books 
thatt exist on the rare-earths. The magnetization of a rare-earth free ion can 
bee calculated with the aid of the Brillouin function Bj(y) 

MM = gjtmBjiy) 

with h 

where e 

B){y)=B){y)=  2 J coth 
2JJ + 1 

2J J 
—— coth 
2J J 

y_ y_ 
L2J J 

yy = 
PJMBJB B 

kwr kwr 

(2.2) ) 

(2.3) ) 

(2.4) ) 

wheree ks is the Boltzmann constant, T the temperature and B the magnetic 
fieldfield (in T). 

Forr 3d metals, like Fe and Co, the unpaired 3d electrons have a large 
spatiall  extent, and take part in the metallic binding. Therefore, they are 
stronglyy influenced by their crystalline environment. For these electrons, 
Hund'ss rules are only partially valid. The orbital moment is largely quenched. 
Thee magnetic moment can be considered as a pseudo-spin moment. This 
pseudo-spinn moment can be experimentally determined via 

ITl xx = — «TT/iB^ T (2.5) ) 
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Here,, mT is the magnetic moment of the T-ion, and gr is taken to be equal 
too 2.00. 

Forr an accurate modelling of the magnetism of 3d electrons in metals, 
band-structuree calculations are required. Details of the latest developments 
inn this area are provided by Richter [19,20]. For our purposes, it is sufficient 
too use phenomenological descriptions of these magnetic moments and of their 
magneticc anisotropy, to be discussed below. 

2.22 Magnetic order 

Magneticc order in intermetallic compounds occurs, because the spin-magnetic 
momentss located on the constituent ions interact with each other. Due to 
thesee interactions, the free energy of the system can be lowered if the spins 
alignn themselves with respect to each other. This alignment occurs below 
thee ordering temperature, called the Curie temperature for ferri- and ferro-
magnets. . 

AA simple way to describe these interactions is by means of the isotropic 
Heisenbergg exchange Hamiltonian [21]: 

HHexex = -YtJiJSiSj (2.6) 

Here,, the spins S located at lattice positions i, interact with spins located 
att positions j with a strength given by the exchange parameter Jv-. The 
summationn extends over all spin pairs. In the compounds of interest here, two 
typess of magnetic moments occur, transition-metal (T) moments and rare-
earthh (R) moments. Therefore, there are three types of spin pairs, thus three 
typess of exchange interaction: T-T interaction, R-R interaction, and R-T 
interaction.. These can be parameterized by exchange-interaction parameters 
«/rr,, JRR, JTT, respectively. 

T-TT interaction 

Thee 3d-electron wavefunctions of the T-sublattice, have a large spatial extent, 
andd a strong overlap. Therefore, the T-T exchange interaction is direct. The 
signn of JTT is positive, leading to a ferromagnetic coupling between the 3d 
spinss [22]. 

Inn R-T intermetallic compounds, the Curie temperature is mainly de-
terminedd by the T-magnetic sublattice. For a given compound, the Curie 
temperaturee is not much dependent on the rare-earth ion [8, 23], In the 
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simplee description employed here1, this means that the exchange-interaction 
parameterr JTT is the largest of the relevant exchange-interaction parameters. 

R-RR interaction 

Thee exchange-interaction parameter JRR is the smallest among the relevant 
exchange-interactionn parameters. The R-R interaction must be indirect, be-
causee the spatial extent of the magnetic-moment-carrying 4f-orbitals is much 
smallerr than the distance between the rare-earth ions. Generally, we can 
describee it as an RKKY-type of interaction (See Ref. [25]). For this type of 
interaction,, the conduction electrons are polarized by the localized 4f mag-
neticc moment, mediating the R-R interactions. The RKKY-interaction is 
oscillatoryy in nature, yielding positive and negative values for JRR, depend-
ingg on the distance between the R ions, and on the electronic band structure. 
Fromm studies of R-T compounds with non-magnetic T, estimates can be ob-
tainedd for the R-R interaction parameter JRR. In such compounds, with the 
ThMn12-typee crystal structure, low ordering temperatures are found. For ex-
ample,, ErCu4Al8 orders antiferromagnetically at 5 K [26,27], and HoMi^Alg 
orderss antiferromagnetically at 14 K [26,28], The small size of the R-R 
interactionn usually leads us to neglect it in our analyses. 

R-TT interaction 

Thee R-T interaction pastes together the magnetic properties of the R and 
thee T sublattices. Its strength lies between the strengths of the R-R and 
thee T-T interactions. Therefore, it is accessible by experiment, and plays a 
prominentt role in this work. 

Itt should be noted that for the rare earths, besides the partially-filled 
4ff  shell, also the 5d shell is partially filled [6]. This nearly empty 5d shell 
playss a crucial role in the interaction mechanism between the 3d and 4f 
moments.. The spins of the nearly filled 3d (T) and the nearly empty 5d (R) 
shellss interact antiferromagnetically. The localized 4f spins, in turn, align 
parallell  to the 5d spins. This causes ferromagnetic alignment for the R-T 
intermetallicc compounds with light rare earths (J = L — S) and ferrimagnetic 
alignmentt for R-T intermetallic compounds with heavy rare earths (J = 
LL + S), like Dy and Ho. Therefore, the compounds discussed in this thesis 
aree ferrimagnetic. 

Thee antiparallel coupling between 3d and 5d electrons, in conjunction 
withh a parallel intra-atomic 4f-5d interaction, was first noted by Campbell [6], 

JThee validity of the Heisenberg model is not discussed here. This point is discussed for 
examplee in Ref. [24]. 
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andd later developed theoretically by Brooks [29,30]. In Ref. [31] Liu et al. 
havee given a large overview on the R-T exchange interactions in various R-T 
compounds,, including many with the ThMni2-type crystal structure. 

2.33 Two-sublattice model 
Thee strong T-T exchange interactions couple the T moments rigidly parallel. 
Therefore,, we consider one T sublattice. Because the R-R exchange interac-
tionss are weak, and because there exists one crystallographic site for R ions 
inn the ThMni2-type of structure, we consider one R sublattice. 

Inn a mean-field model [23], the molecular field experienced by the R-
magneticc sublattice is given by 

-Bmoi,RR - HRTMT + nRRMR (2.7) 

Here,, Mi = JVTmT and MR = TVRTOR represent the T and R sublattice 
moments,, respectively. The quantities nRT, and «RR are the molecular-field 
coefficientss for the R-T and R-R interactions, respectively. As stated above, 
wee neglect the R-R molecular-field coefficient. Therefore, in this model, the 
molecularr field acting on the R-sublattice moment is proportional to ART and 
thee T-sublattice moment. In the case that the influence of the crystal field 
(seee below) is negligible, the temperature dependence of the R-sublattice 
momentt can be calculated with the Brillouin function, Eq. 2.3, in which the 
molecularr field replaces the magnetic field. 

AA relation for the molecular field experienced by the T-magnetic sublat-
tice,, similar to Eq. 2.7, can be written down. However, the temperature 
dependencee of the T-sublattice moment cannot be generally described by 
aa Brillouin function, even in the absence of a magnetic R sublattice [32]. 
Therefore,, it is treated phenomenologically. Very often, the temperature de-
pendencee of the T-sublattice moment of an R-T intermetallic compound is 
derivedd from the compound in which the magnetic R ions are replaced by 
YY (See e.g. [16,33]). Sometimes, at temperatures that are low compared 
too the Curie temperature, the temperature dependence of the T-sublattice 
momentt is described phenomenologically [32,34-36] by a modified spin-wave 
expression n 

MMTT(T)(T) = MT(0)[1 - b{T/Tcf
12]  (2.8) 

Here,, the coefficient b describes how fast the T-sublattice moment decreases 
ass a function of the temperature relative to the Curie temperature. For the 
compoundd Y2Coi7 a value of b — 0.20 has been found [35], and for metallic 
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Fee and Co values of 0.12 and 0.08 have been found, respectively [34]. From 
thiss it may be inferred, that at low temperatures, the T-sublattice moment 
iss nearly constant. 

2.44 Magnetic anisotropy 

2.4.11 Transition-metal sublattice 

Thee magnetic anisotropy of the transition-metal sublattice determines the 
preferredd direction of its magnetic moment. The anisotropy energy of the T 
sublatticee is commonly described by the phenomenological expression [23] 

£an/rr = KltT sin2 0T + K2tT sin4 0T (2.9) 

Here,, only the phenomenological anisotropy constants K^t and AT2,T are 
takenn into account. The angle 0T is the polar angle of the T moment with 
thee [001] axis. Consider a large K\  ̂ compared to A ^ T m a system with 
uniaxiall  symmetry like the ThMn12-type of crystal structure. If the sign 
off  KiiT is positive, the T-sublattice moment prefer to be directed along the 
[001]]  axis (easy-axis). If the sign of K\yi is negative, the T-sublattice moment 
preferss to be in the plane perpendicular to [001] (easy-plane). 

InIn a classical picture, the temperature dependence of the anisotropy con-
stantss may be described by a power of the reduced magnetization [37] 

™™ = *-K « (2'10) 
wheree I denotes the order of the anisotropy constant. From this it is noted 
thatt î 2,T is expected to decrease much faster with increasing temperature 
thann K\ti. 

Inn the R-T compounds of interest, however, the different sites occupied 
byy the T ions may contribute differently to the anisotropy of the T sublat-
tice.. Therefore, a simple description may not hold. A microscopic picture of 
thee T-sublattice anisotropy is complicated, and is outside the scope of this 
work.. For a more detailed treatment of the T-sublattice anisotropy in R-T 
intermetallicc compounds, the reader is referred to the work of Thang [38] 
andd the paper by Buschow et al. [39]. 

Inn practice, the magnetic anisotropy of the T sublattice in an R-T com-
poundd with magnetic R ions is taken equal to that of the corresponding 
compoundd in which the rare earth is replaced by Y (see e.g. [16,33,40,41]). 
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2.4.22 Rare-earth sublattice 

Thee magnetic anisotropy of the rare-earth sublattice can conveniently be 
describedd in terms of the level-scheme of the perturbed 2J+1 degenerate 
groundd state of the 4f electron shell, given by Hund's rules. In the absence of 
ann applied magnetic field, two perturbations lif t the degeneracy of the ground 
state:: the Stark effect and the magnetic exchange field. The exchange field 
iss generated via the R-T exchange interaction. The Stark effect is produced 
byy the crystalline electric field, or crystal field, that has the same point-
symmetryy as the crystallographic position of the R ion. In the ThMn12-type 
off  structure it is 4 frnmm. Because of the symmetry, we can immediately 
constructt possible level-schemes, even before we consider the origin of the 
crystall  field. 

Thee crystal field acting on the rare-earth 4f shell can be treated phe-
nomenologically.. Namely, it has been difficult to make ab-initio predic-
tivee calculations of the crystal field by a point-charge model, or even by 
aa screened-charge model. Recently, the crystal field has come under atten-
tionn of band-structure calculators, but also their calculations still do not yield 
completelyy correct values [15], although trends may be correctly predicted. 
Ass we will see below, the 4f anisotropy is not only dependent on the crys-
tall  field, but also on the molecular field and the applied field. Therefore, we 
wil ll  postpone a discussion of the temperature dependence of the R-sublattice 
anisotropy. . 

2.55 Two-sublattice crystal-field description 

Basedd upon the preceding, and following Yamada et al. [16] and Yu et al. [33], 
wee can formulate the two-sublattice model mathematically. In the coordinate 
systemm with the z and x axes along the [001] and [100] crystallographic axes, 
respectively,, the single-ion crystal-field Hamiltonian HQF for the 4}mmm 
pointt symmetry of the 2a position takes the form [16,28] 

# CFF = E £ BnO? = B\0% + B°0°4 + B\0\ + BlOl + B^O* (2.11) 
nn m 

wheree the crystal-field parameters B™ = 9m < rm > A™, and where 0m 

representt the Stevens coefficients (aj, j3j, and fj for m = 2, 4, and 6, re-
spectively)) [42], < rm > are the Hartree-Fock radial integrals [43], and A™ 
aree the crystal-field coefficients. The OJJ1 are the Stevens operators, tabulated 
byy Hutchings [44]. 
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Thee total Hamiltonian of the heavy-R ion consists of three main contri-
butions:: the electrostatic CF interaction, the R-T exchange interaction, and 
thee Zeeman energy, that is, 

HHKK = # CF + 2(gj - 1) J  Bex + gjJ B (2.12) 

wheree J is the total angular momentum of the R ion. The R-R exchange 
interaction,, which is much weaker than the R-T exchange interaction, is ne-
glected.. Bex is the exchange field, that acts on the rare-earth spin, and 
iss related to the molecular field that acts on the rare-earth moment by 
BexBex = 7-Bmoi, with 7 = 2(gj — l)/gj. It is assumed to be proportional 
andd antiparallel to the magnetic moment of the T sublattice, A4"T> SO one 
easilyy obtains 

J.J. Bex = —Bex{Jx sin #T cos 0T Jy sin 0? sin <f>r  + Jz cos #T) (2.13) 

#TT and <f>r  are the polar and azimuthal angles of the T moment with respect 
too the [001] and the [100] crystallographic axes, respectively. 

Thee third term in the total Hamiltonian can be written as 

BJBJ = B(JX sin 6B cos <J)B + Jy sin 0B sin <f> B + Jz cos 9B) (2-14) 

wheree OB and </>£ are the polar and azimuthal angles of the external field 
withh respect the the [001] and [100] crystallographic directions, respectively. 

Forr a given applied field B and a direction of BeXi the eigenvalues Ei and 
thee eigenfunctions \i > are obtained by diagonalizing the (2 J -I-1) x (2 J +1) 
matrixx of the total Hamiltonian in the |J, m > representation [16]: 

|<< LSJm'\HR\LSJm > ~Ei5m,m\ = 0 

m,m'm,m' = -J,l-J,...,J-l,J (2.15) 

HHKK\i\i  >=  Ei\i >, i = 1,2,..., 2J + 1 (2.16) 

\i>=\i>=  E ai
m\J,m>, £ KJ2 = 1 (2.17) 

Thee free energy of the rare-earth - transition-metal compound is given by 

FF = -2kBT \nZ + K1>T sin2 0T + K2,T sin4 dCo - M T  B (2.18) 
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2J+1 2J+1 

Z=Z= J2exp[Ei/kaT\ (2.19) 
t= i i 

wheree Z is the partition function of the R ion, and Kij:  and K2j are the 
anisotropyy constants of the T sublattice. The equilibrium direction of B  ̂ is 
determinedd from a minimization of the free energy. The magnetic moment 
off  the R ion is thus given by 

2J+1 1 
M-rM-r  = - £ (iMi)9jexp[-Ei/kB} / Z , 7 = x,y,z (2.20) 

i = l l 

Thee total magnetic moment along the field direction is given by 

M(B)M(B) = (Mx sin 0B cos (f>B + My sin 0B sin 0B + MZCOS#B) 

++ Mr{sinÖT sin 6 B COS(</>T — <J>B) + cos 0T COS 9B] 9B] (2-21) 

2.5.11 High-exchange limi t 

Itt is clear from Equation 2.20 that the size of the magnetic moment of the 
RR ion is dependent on the temperature, the exchange field, the applied field, 
andd the crystal field. In the case that, at low temperatures, the exchange 
fieldd and the applied field strongly dominate the crystal-field interactions, we 
speakk of the high-exchange limit. In the high-exchange limit , the magnetic 
momentt of the R ion is the full free-ion moment, given by gjJfiB- In this 
case,, Eq. 2.18 reduces to 

F-EF-Eaaaa + T IRTMR.MT - MB (2.22) 

Here,, the coupling between the R and T sublattice is parametrized by the 
intersublattice-couplingg parameter URT- The molecular field acting on the 
rare-earthh moment is given by -Bmoi,R = TIRTMT- The anisotropy energy E^ 
consistss of two contributions, a T-sublattice contribution as in Eq. 2.9, and 
ann R-sublattice contribution 

E^RE^R = K°/?(cos0R) + K°4P°(cosdR) + K°6PH{COS9K) + 

KJ/?(COSOR)COS40RR + K ^ ( C O S OR ) C O S 4 0R (2.23) 

Heree KJJ1 are the anisotropy coefficients, ÖR and <fo the polar and azimuthal 
directionss of the R moment, respectively, and P^1 (cos OR) are Legendre func-
tions.. The Legendre functions are given as 
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P$(cos$)P$(cos$) = i ( 3 c o s2 0 - l ) 

P$(cos0)P$(cos0) = i(35cos40-3Ocos20 + 3) 
8 8 

Pg(cosd)Pg(cosd) = — (231 cos69- 315cos49 + 105cos29- 5) 
16 6 

P}{cos9)P}{cos9) = ( l - cos20)2 

Pg(cos9)Pg(cos9) = ( l - c o s20 )2 ( l l c o s20 - l ) (2.24) 

Ass the Legendre functions are the classical equivalents of the Stevens oper-
atorss O™, there exist relations between the crystal-field parameters B™ and 
thee anisotropy coefficients K™ [17,32,44]: 

KK2 2 

KK4 4 

KK6 6 

4 4 
KKG G 

= = 
= = 
= = 
= = 
= = 

2J2B2 2J2B2 

8J4B4 8J4B4 

16J16J66B% B% 

8J4.B4 4 

J&B% J&B% (2.25) ) 

Here,, J2, J4, and J$ are related to the total angular momentum J through 
JJ22 = J(J - 1/2), J4 = J2(J - 1)(J - 3/2), and J6 = J4(J - 2)(J - 5/2). 

Thee R anisotropy can also be described in terms of anisotropy constants 
KKnn: : 

£an,RR = K1sm29K + (K2 + Kicos4<t>R)sm'i0R + 

(K33 + Kb cos 40R) sin6 9R (2.26) 

Thee conventional anisotropy constants Kn can be expressed in terms of the 
anisotropyy coeffients K™: 

KIKI = -h3K°2 + lOKÏ + 2lK°6) 

KK22 = |(35/cS + 189«g) 

KK44 = 4 + 104 
(2.27) ) 
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Thesee two notations for describing the R anisotropy in the high-exchange 
limi tt are completely equivalent. However, for fitting magnetization curves 
thee use of the anisotropy coefficients may prove to be more convenient. The 
reasonn for this is that the Legendre polynomials are orthogonal, whereas the 
evenn powers of sin 6 are not. 

Inn the high-exchange limit,the rare-earth anisotropy constants are given 
byy [23,45] 

^ l , RR = — 5*22 < 0° > +50°° < 0°4 > + y Bt < Ol > 

KK2tK2tK = I  [5£4° < 0° > +27£?° < Ol >] 

^3 , RR = 
2311 R° <- n° -> 

fïë""  6 6 

KK4tR4tR = i [B\ < 0\ > +SB* < Oi >] 

KK5<R5<R = -^Bi<04
6> (2.28) ) 

wheree the < 0J? > are the expectation values of the Stevens operators. 
Att elevated temperatures, we may use thermal averages of these expecta-
tionn values. At higher temperatures only the leading term may be of rele-
vance,, since the expectation values < OJJ* > decrease with temperature as 
[Af R(T)/MR(0)](n<n+l>/22 [23]. 

2.66 Interpretatio n of experimental results 

Thee above given two-sublattice crystal-field model yields a complete descrip-
tionn of the magnetic properties of ferrimagnetic R-T compounds. A rich 
varietyy of magnetic behaviours may be described by this model. Depend-
ingg on the (relative) size of the relevant parameters, different processes may 
occurr as a function of temperature and/or applied field. As an example we 
mentionn anisotropy-related (see e.g. Ref [46]) spin-reorientations, and first-
orderr magnetization processes (FOMPs) [47] for (quasi) ferromagnetic R-T 
intermetallicc compounds. However, ab initio determination of the relevant 
parameterss is difficult. Fortunately, a given magnetization curve can be de-
scribedd by adjusting the model parameters until a reasonable fit is obtained. 

Onee of the model parameters that can be obtained relatively easily and 
withh good accuracy is the intersublattice molecular-field coefficient DRT, by 
analyzingg the magnetization isotherm of a ferrimagnetic single crystal that 
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iss free to orient itself in the applied field, see Section 2.6.1. This method is 
usedd in Chapters 4 and 5. 

Inn order to obtain accurate values for the crystal-field coefficients for the 
RR sublattice, and the magnetic properties of the T sublattice, a number of 
methodss have been employed previously. Very often, the magnetic properties 
off  the T sublattice are taken to be equal to that of the R-T compound under 
consideration,, in which the magnetic R ion is replaced by a non-magnetic R 
(seee e.g. Refs. [40,41,48]. Then, crystal-field coefficients for the R ion can 
bee determined, for example by fitting magnetization isotherms measured at 
variouss temperatures with the field applied parallel to the main crystallo-
graphicc directions. A method to be mentioned here, for example employed 
byy Garcfa-Landa et al. [48,49] for R2FeX7 compounds, comprises a random 
searchh of the multidimensional parameter space of the CF-coefficients. 

Thee compound HoCoioTi2, studied in Chapter 4, exhibits intersublattice-
exchangee and anisotropy energies of comparable size. A simple calculation, 
seee Section 2.6.2, shows that when the field is applied parallel to the easy 
[001]]  direction, a jump in magnetization may be expected. This jump is very 
sensitivee to the values of the intersublattice-molecular field constant and the 
anisotropyy energy. However, a large number of different sets of model param-
eterss will produce the same calculated magnetization curve. To circumvent 
thiss problem, we measured and analyzed magnetization isotherms with the 
fieldfield applied parallel to a number of different crystallographic directions. 

Anotherr method to reduce the number of possibilities for the fit  param-
eterss is to experimentally determine the magnetization vector, rather than 
itss projection on the applied field direction. For this method, the single-
crystallinee sample needs to be oriented out of the main crystallographic direc-
tions,, in order to ensure a single domain. A useful tool in the interpretation 
off  magnetization vector data is the magnetic-moment orientation matrix, see 
Sectionn 2.6.3, that projects the determined magnetization vector determined 
inn the coordinate system of the experimental equipment onto the coordinate 
systemm of the crystal. In Chapters 4, 5, and 6 this experimental method has 
beenn employed. Depending on the magnetic properties of the compounds un-
derr investigation, non-collinearity of the sublattice moments may be directly 
observed,, as for the compounds HoCoioTi2, Chapter 4. In Chapter 6 we will 
demonstratee that a three-dimensional magnetization process is observed by 
meanss of vector-magnetization measurements. 

2.6.11 High-field free-crystal magnetization isotherms 

Ass was pointed out by Verhoef [17], valuable information may be obtained 
byy measuring the magnetization of a single-crystalline sample that is free 
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too orient itself in the applied magnetic field. This holds especially for ferri-
magneticc materials, because the free-crystal magnetization experiment offers 
aa direct way to obtain accurate values of the R-T exchange coupling pa-
rameter.. An extensive review of experimental values of the 4f-3d exchange 
interactionn parameters obtained in this way was compiled by Liu et al. [31]. 

InIn the following, some assumptions are made. First, we assume that the 
freefree energy can be described in the high-exchange limit, leaving us to min-
imizee Equation 2.22. Second, we assume that the single-crystalline sample 
iss single domain and free to rotate in the applied field. Finally, we assume 
thatt the magnetic anisotropy of the transition-metal sublattice is negligible 
comparedd to the magnetic anisotropy of the rare-earth sublattice. 

Then,, during the magnetization process, the R-sublattice moment will 
stayy parallel to its preferred direction. Therefore, the anisotropy energy will 
bee constant. From the equilibrium conditions, it is found that there are two 
criticall  fields, Bx and B%, given by [17]. 

51,22 = nK r |M T TM R | (2.29) 

Thee magnetization value for fields below B\ is given by M = |MT - MR| 
(antiparallel-momentt configuration), and for fields above B-z it is given by 
MM = MT + MR (parallel-moment configuration). In fields between Bx and 
2?2,, there exists a canted-moment configuration. The value of magnetization 
iss given by 

MM = — (2.30) 

Therefore,, under the conditions described above, and provided that the avail-
ablee field strength is large enough, a magnetization isotherm of a single crys-
tall  that is free to rotate in the applied field, provides a direct measurement 
off  the intersublattice coupling parameter HRX-

However,, if a non-negligible magnetic anisotropy exists on both sublat-
tices,, deviations will occur in Eqs. 2.29 and 2.30. A detailed investigation of 
suchh deviations has been made by Zhao [50]. Here, we take into account only 
thee lowest-order anisotropy constants for the R and T sublattice, respectively. 
Thee critical fields are given by 

£1,22 = (nRT  A)|MT T MR| (2.31) 

with h 

2i^l,R^l,T T 
MMRRMMTT\K\KliRliR + KhT\ 

(2.32) ) 
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Thee magnetization between the critical fields B\ and B2 can be derived from 

BB 1K\ RJ\ i T 

Here,, \K\ = [iCftR + KfT + 2KhRKliT cos 2a]l 2, and a is the angle between 
thee two sublattice moments. 

Inn the case that only a small part of the canting process is observed in 
ann experiment, neglecting the anisotropy of the T sublattice may lead to an 
overestimationn of JÏRT, if the preferred direction of both sublattices is the 
same,, and an underestimation, if the preferred direction of both sublattices 
iss different. 

2.6.22 A jum p in magnetization: a measure of 
anisotropyy and exchange 

Wee consider an easy-axis ferrimagnet in a field applied parallel to the easy 
magnetizationn direction and calculate the free energy described in terms 
off  the mean-field two-sublattice model in the high-exchange limit (Equa-
tionn 2.22). We discern two states: a low-field state, in which the R and T 
momentss are aligned strictly antiparallel, and a high-field state, in which the 
momentss are bending out of their initially antiparallel configuration. For 
thee low-field state, the anisotropy term equals zero. This yields for the free 
energyy in the low-field state 

EiEi = -TZRTMRMT - |MR - MT | B (2.34) 

Forr the high-field state the bending is considered to cause a linear response 
too the applied magnetic field with a slope as in the high-field free-crystal 
measurement:: M = B / H R T. In this case, the cosine of the angle a between the 
RR and T moments is given by M 2 = MR2 + M T

2 + 2 M RM T COSQ [50]. Here, 
MM is the magnetization component parallel to the applied field direction, 
givenn as above by M=B/nsa. MR and M T are the R- and T-sublattice 
momentss respectively. The anisotropy energy is considered to be constant, 
independentt of the orientation of the moments. The free energy for the 
high-fieldd state is then represented by 

* - * - + J T ( ( £ ) , - J * - * ) - ££ <2-35> 
Figuree 2.1 shows the calculated free energies for both states. By means of 

Equationss 2.34 and 2.35 we have calculated E\ and Eu for HoCoi0Ti2 with 



2.6.2.6. Interpretation of experimental results 19 9 

-450 0 

-500 0 

-550 0 

f-f- -600 - 3 

LU U 

-650 0 

-7000 -

11 ' 

: : 

""  8 

6 6 

4 4 

.. 2 

( ( 

.. _̂̂  
3 3 

2 2 

)) 10 

1 1 

ii  > "  r - i — 

JB(T) ) 
200 30 

i . i . . 

ii  l i 

MT T 

^^  M R ' 

4 4 

11 | ! 

B//[001 ]]

E,, " 

^ s . . 

B//[001 ] ] 

00
 MR " 

i __ i i i 

''  * > 

MT T 

i i 

00 5 10 15 20 25 30 35 40 

B(T) ) 

Figuree 2.1: Calculated free energy of the nearly compensated easy-axis ferrimagnet 
HoCoioTnHoCoioTn with B // [001] for the low-field state (Ex) and the high-field state (En). 
SchematicSchematic moment configurations for both states at 30 T are included. The inset 
showsshows the resulting magnetization. 

thee following parameters: nHoCo = 4.9 T f .u . /^B [51], M Co = 10.5 ^B / f u . , 
M H oo = 10 MB/I-U. , and £an = 48.5 1>B / f . u. = 4.5-10"22 J/f.u. [52]. I t is 
foundd that the free energy of the high-field state becomes smaller than the 
freee energy of the low-field state near 25 T. Therefore, a jump-like transition 
iss expected to occur at about 25 T. The resultant magnetic isotherm is 
depictedd in the inset. 

Thiss simple analysis shows that, for a nearly compensated ferrimagnetic 
R-TT compound, a jump-like transition in the magnetization may occur. The 
occurrencee of this transition and the field at which it occurs are determined 
byy the anisotropy and the intersublattice-exchange energies. 

2.6.33 Magnetic-moment orientation matrix 

I tt is very convenient to describe a magnetic-moment vector in the coordinate 
systemm of the crystal. The magnetometers in use have pick-up coils that 
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aree placed parallel and perpendicular to the applied-field direction. The 
magneticc moment vector is always determined in a coordinate system with 
thee applied-field direction as one of its axes. 

Thee crystal symmetry of the samples investigated in this thesis is tetrago-
nal.. Suppose that the magnetic field is applied along one of the crystal axes, 
andd that the two other crystal axes are aligned in the direction of the pickup 
coilss perpendicular to the applied-field direction. Then the magnetic-moment 
vectorr in the crystal-coordinate system follows straightforwardly from the 
pickupp signals. This is only valid if the crystal is single domain. However, 
thee crystal will not be single domain if the field is applied along a main 
symmetryy direction perpendicular to the [001] crystallographic direction. 

Inn certain experiments within this thesis, the magnetic field is applied 
alongg non-principal crystallographic directions. Moreover, the magnetization 
processs is complex. Therefore, the magnetic moment vector in the crystal-
coordinatee system does not follow straightforwardly from the pickup signals. 
Too address this problem, we use an orientation matrix. With this matrix, 
thee coordinates of the magnetic-moment vector are transformed from the 
coordinatee system of the pickup coils to the coordinate system of the crystal. 

Thee desired orientation matrix is the inverse of a matrix describing the 
orientationn of the sample with respect to the applied field. We use a right-
handedd coordinate system. We define an initial orientation with [001] along 
thee z-axis, [100] along the x-axis, and [010] along the y-axis. The pickup 
coilss are placed along the x-, y-, and 2-axis. The magnetic-field vector will 
pointt into a direction that can be described by two angles, ( and ip. First, 
wee rotate the sample by an angle C around the 2-axis, causing the [100] and 
thee [010] directions to be no longer collinear with the x- and the y-axis, if C 
iss not a multiple of 90°. Then we rotate the sample by an angle ip around 
thee y-axis, thus defining the orientation of the sample with respect to the 
magneticc field. In matrix notation: 

( coss ip 0 — sin ip \ / cos C, sin C, 0 
00 1 0 -s in< cosC 

sinn tjj  0 cos ip / \ 0 0 

( cosV'COsCC cos if) sin £ — sinV> ̂  
-s inCC cosC 0 (2.36) 

sinn ip cos £ sin ip sin £ cosip j 
iss the matrix used to project the orientation of the crystal on the system of 
thee pick-up coils. The inverse of C, 
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cosCC — sin£ 0 \ / cosip 0 sin^ \ 
sinCC cosC 0 0 1 0 = 
00 0 1 / \ - s i n^ 0 coŝ  / 

costpcosCC — sinC sinV'cosC \ 
cosrj)sinC,, cos£ sinij?sinC I (2.37) 
—— smV> 0 coŝ  / 

iss the matrix used to project the coordinates of the magnetic-moment vector 
fromm the coordinate system of the pick-up coils on the coordinate system of 
thee crystal. 

Inn Chapter 6, we use a negative value for the magnetization in the x-
direction.. The reason for this is as follows. The easy magnetization direction 
off  our samples, at least in some temperature and/or field interval, is the [001] 
direction.. Transforming a unit vector in the [001] crystallographic direction 
too the coordinate system of the pick-up coils yields 

/ 0 \\ / - s i n V >\ 
C OO = 0 . (2.38) 

\\ 1 / \ coŝ  / 

Since,, in this specific case, the field has an angle of approximately 75° 
withh the [001] direction, it will , with this choice for the orientation matrices, 
yieldd a negative magnetization in the ar-direction. 

PP = C -1=C1V ' " 1 = 




