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Chapterr 1 

Introduction n 

Itt can be said that the research of magnetism in the Western hemisphere 
datess back to the year 1600, when William Gilbert published his magnum 
opuss "£)e magneté' [1]. This book is one of the first scientific accounts of 
variouss aspects of magnetism. Besides describing a number of experiments, 
Gilbertt also describes the magnetic properties of the naturally occurring 
permanentt magnet lodestone. By using shaped pieces of lodestone, he was 
ablee to show how the declination of a compass needle, located in a special 
instrumentt called instrumentum declinationis, changes as it is moved around 
thee lodestone. 

Lodestonee is magnetite (Fe304, or a modification thereof), that has been 
subjectt to a high magnetic field, making it permanently magnetized. Re-
cently,, experiments have shown, that the high magnetic field necessary to 
magnetizee the lodestone may have been caused by lightning, striking near 
magnetite-oree deposits [2]. 

Somee of the basic requirements for a good permanent magnet are a large 
magneticc moment, a high ordering temperature, and a large magnetocrys-
tallinee anisotropy (See e.g. Refs. [3,4]). The strength of the permanent 
magnett is provided by the large magnetic moment. The high ordering tem-
peraturee makes it useful around room temperature. The large magnetocrys-
tallinee anisotropy causes the magnet to, simply put, remain magnetized. 

Thee magnetic-ordering temperature of magnetite, the Curie temperature, 
iss high and it has a large magnetocrystalline anisotropy. However, the mag-
neticc moment is fairly low, making it a good but not a strong magnet. The 
reasonn for the low magnetization of magnetite is the partially antiparallel 
configurationn of the atomic magnetic moments. 

Thee magnetization of a permanent magnet is provided by the atomic 
magneticc moments. In a ferromagnet, all atomic moments point in the same 
direction.. However, in magnetite, a ferrimagnet, we discern two different 
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lattices,, sublattices, of magnetic moments. Within each sublattice the mo-
mentss are parallel. The sublattice moments are aligned antiparallel with 
respectt to one another. In other words, the atomic moments do not all point 
intoo the same direction. For a detailed description of the magnetic properties 
off  magnetite, we refer to Ref. [5]. 

Modern,, man-made, permanent magnets are ferromagnetic. The strong-
estt magnets are intermetallic compounds of a rare-earth element and tran-
sitionn metals, like iron or cobalt. Well-known examples of such compounds 
aree Nd2Fei4B and SmCo5. The large moment is provided by the iron or the 
cobalt,, as is the high Curie temperature. The high anisotropy is largely due 
too the rare-earth element. These properties are linked because the rare-earth 
magneticc sublattice is magnetically coupled to the iron or cobalt magnetic 
sublattice. . 

Thee chemical properties of the rare-earth elements are very similar. Usu-
ally,, when an intermetallic compound exists for a certain rare-earth element, 
thiss rare-earth element can be replaced by another. The magnetic proper-
tiess of the rare-earth atoms in compounds are also related. Therefore, when 
studyingg the properties of an intermetallic compound with a certain rare-
earthh element, some conclusions can be drawn about the compound with 
anotherr rare earth. 

Thee compounds with light rare-earth elements (Pr, Nd, Sm) are ferro-
magnetic,, while those with heavy rare earths (Gd, Tb, Dy, Ho, Er, Tm) 
aree ferrimagnetic [6]. The ferromagnetic compounds may be interesting for 
applications,, because they make the stronger magnets. 

Ass has been said before, good permanent magnets have a large mag-
neticc moment, a high ordering temperature, and a large magnetocrystalline 
anisotropy.. In this thesis, we will discuss magnetic properties of ferrimagnet 
rare-earthh (R) - transition-metal (T) compounds. We are mainly interested 
inn the magnetocrystalline anisotropy and the exchange coupling between the 
rare-earthh and the transition-metal moments. From earlier experiments it is 
knownn that this coupling is best observed in ferrimagnets. 

Thee interplay of magnetic anisotropy and intersublattice coupling in R-T 
compoundss may lead to a rich variety of magnetic properties. We tried to 
investigatee these properties more profoundly, by using various experimental 
methods.. We have chosen three compounds with extraordinary behavior, of 
whichh single-crystalline samples were made. All three compounds crystallize 
inn the ThMni2-type of crystal structure. In the remainder of this chapter 
thiss crystal structure is discussed. 

Thiss thesis is organized as follows. In Chapter 2, we give a model de-
scriptionn and a brief theoretical outline of the magnetism in ferrimagnetic 
R-TT compounds. In Chapter 3, a description of the employed experimental 
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equipmentt is provided. In Chapter 4, we discuss the magnetic properties of 
thee compound HoCoi0Ti 2. This compound shows distinctly different mag-
netizationn processes, depending on the direction of the applied field. Most 
prominentt is a large jump in magnetization that occurs when the field is 
appliedd parallel to the easy magnetization direction. In Chapter 5, we dis-
cusss the magnetic behavior of the compound DyCoi0V 2. In this compound, 
largee coercivities result in history dependent magnetization behavior. Fur-
thermore,, the canting of the moments away from the easy axis below the 
spin-reorientationn temperature leads to an increase of the total magnetiza-
tion.. In Chapter 6, we discuss a three-dimensional magnetization process 
thatt occurs during the first-order magnetization process in the compound 
HoFenTi. . 

1.11 The ThMrii2-type of crystal structure 

Figuree 1.1: ThMn\2-type of crystal structure (after [7J) In the RT\2-XMX com-
pounds,pounds, the 2a position is occupied by R atoms, the 8f and the 8j positions are 
occupiedoccupied by the T atoms, Fe or Co, and the 8i position is shared by the T atoms, 
FeFe or Co, and the stabilizing M atoms (in the present work, Ti or V). 

Beforee discussing the magnetic properties in the following chapters, we 
wil ll  briefly describe the crystal structure of the R - T intermetallic com-
poundss subject of this thesis. The RT^-xM^, compounds crystallize in the 
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body-centeredd tetragonal ThMni2-type of crystal structure (IA/mmm, num-
berr 139). For more details, see e.g. the review by Suski [8]. For the com-
poundss studied in this thesis, the lattice parameter a varies between 0.834 
(forr DyCoi0V2) and 0.847 nm (for HoFenTi), and the lattice parameter c 
variess between 0.465 (for HoCoi0Ti2) and 0.477 nm (for HoFenTi) [8]. Pure 
RFei22 or RCoi2 do not form [9]. Therefore, a stabilizing element (M) is 
needed. . 

Inn the ThMni2-type crystal structure, four different crystallographic po-
sitionss are occupied. The R ions occupy the 2a position. The T ions and the 
MM ions share the 8/, Si and Sj positions. A schematic drawing of the ThMni2-
typee of crystal structure is provided in Figure 1.1. The atomic positions in 
thee unit cell are for 2a: (0,0,0), for 8/: (1/4,1/4,1/4), for 8»: (a*,0,0), and 
forr 8j: (XJ, 1/2,0). The values for Xi and Xj are, as for the prototype com-
poundd ThMn12 [10], near 0.36 and 0.28, respectively (See e.g. Refs. [8,11], 
andd Chapters 4 and 5). 

Forr different stabilizing elements, there exist different stabilization ranges. 
Mostt of the stabilizing elements have a preference for one specific crystallo-
graphicc position, which may be inferred from thermodynamical arguments 
andd size effects [12,13]. For example, in the compound HoCoioTi2, Ti occu-
piess half of the Si positions, and in the compound ErFegGag [14], Ga occupies 
fullyy the Si positions and half of the Sj positions. 

Thee occupancy of the Si position is important for the magnetic properties 
off  the compounds under consideration. First of all, because the 8i position 
hass the largest number of T-metal nearest neighbors [8,12], the magnetic 
momentt at this position can be considerable. Second, the atoms at the 
SiSi positions form, together with the atoms at the 8j positions, part of the 
nearest-neighborr shell surrounding the R ions [15]. Therefore, they may 
influencee the crystal-field-induced magnetic anisotropy of the R moment. 

Notee that the R ions occupy only one crystallographic position in the 
ThMni2-typee of crystal structure. For this reason, compounds with this crys-
tall  structure are good candidates to investigate the influence of the surround-
ingss on the rare-earth magnetic properties. This is unlike the Nd2Fei4B-type 
compounds,, where the occurrence of R ions at two different crystallographic 
sitess may necessitate the use of separate descriptive parameters for both 
sitess [16,17]. 



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) 



2.5.2.5. Two-sublattice crystal-Geld description 13 3 

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 
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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 = 





Chapterr 3 

Experimentall  techniques 

InIn this chapter, a description will be given of the experimental techniques, 
thatt were used in our investigations. A brief account will be given for well-
documentedd equipment. A somewhat more detailed description will be given 
forr the perpendicular-pickup systems in the SQUID magnetometer and of 
thee Amsterdam high-magnetic-field installation. 

3.11 Sample preparation and characterization 

Threee single crystals have been used for the present work. Two of them 
(HoFenTii  and DyCon )̂ were grown from the melt in a modified Czochral-
skyy equipment at the FOM-ALMOS centre at the Van der Waals-Zeeman 
Instituutt of the Universiteit van Amsterdam [53]. The quality of these crys-
talss was checked by means of a scanning electron microscope at the Kamer-
linghh Onnes Laboratory, at the Universiteit Leiden. This electron microscope 
includess an equipment for electron-probe microanalysis (EPMA), through 
whichh the sample composition and homogeneity can be determined, within 
aboutt 3% and 1%, respectively (See e.g. Ref. [24]). The single crystallinity 
wass checked by means of a combination of optical microscopy and Laue X-ray 
diffraction.. Samples of various shapes were cut by means of spark erosion. 

Thee third sample, of single-crystalline HoFenTi, was produced by Dr. 
Kudrevatykh,, at the Institute of Physics and Applied Mathematics at Ural 
Statee University in Ekaterinburg, Russia. Details on the preparation can be 
foundd elsewhere [54]. Note that this sample was used in various previous 
investigationss (e.g. Refe. [41,55,56]). 

Sampless were oriented by means of Laue X-ray diffraction. To verify 
obtainedd orientations, diffractograms were compared to simulated patterns. 
Thee patterns were simulated by means of the computer program LaueX [57]. 
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3.22 Neutron diffractio n 

TwoTwo of the single-crystalline samples (HoCoi0Ti2 and DyCoioV2), studied in 
thiss thesis, have been characterized by unpolarized-neutron diffraction. Neu-
tronn diffraction is a widely used technique to obtain microscopic information 
onn atomic and magnetic moment configurations (See e.g. Refs. [58-60]). 

Neutronss can be produced with a wavelength comparable to the inter-
atomicc distances in a crystal lattice [61]. Besides this, neutrons carry a 
magneticc moment, that can interact with the magnetic moment of unpaired 
electrons.. Therefore, interference effects occur, if a neutron beam is scattered 
fromm a crystalline (magnetic) sample. The interference effects from elastic 
scatteringg result in Bragg reflections that can be measured. 

Integratedd intensities are measured by rotating either the crystal, with a 
fixedd detector position (w-scan), or both the crystal and the detector (w — 20-
scan)) through the Bragg condition. The number of neutrons recorded for a 
givenn Bragg reflection with Miller indices h, k, and I, after subtraction of 
backgroundd contributions, is given by [62,63] 

' « .. = ( A 3 ^ ) ( i ) LA\F(Q)|' (3.1) 

wheree A is the neutron wavelength, V is the volume of the crystal, Vc is the 
volumee of the unit cell, 57 is the angular scanning velocity, L is the Lorentz 
factorr (L = (sin20)-1 for reflections in the equatorial plane), and |F(Q)j2 is 
thee squared structure factor of the reflection with scattering vector Q. The 
factorr A is a correction factor for absorption [64]. Note that effects of thermal 
diffusee scattering and extinction are neglected here, although they may have 
aa relevant influence on the integrated intensities [59,62]. 

Forr ferro- and ferrimagnetic structures, the magnetic unit cell is equal to 
thee crystallographic unit cell. For unpolarized neutrons, the squared struc-
turee factor |F(Q)|2 is the sum of two contributions, a nuclear and a magnetic 
contribution: : 

|F(Q)|22 = |FN(Q)|2 + |FM(Q)|2 (3.2) 

Here,, the scalar nuclear contribution to the structure factor FN, is given by 

FN(Q)FN(Q) = E^^MiQ-r^expi-Wj) (3.3) 
3 3 

Here,, bj are the scattering lengths for neutrons [65] of atomic nuclei at po-
sitionss Vj, and Wj are the Debye-Waller factors, accounting for the thermal 
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motionn of nuclei at positions Tj. The magnetic structure factor FM, is given 
by y 

FFuu(Q)=pJ2fj(Q)(Q)=pJ2fj(Q)mmJJeeMiQ-rMiQ-r jj)exp(-W)exp(-Wjj)) (3.4) 
3 3 

Here,, p is the scattering length, of 2.696 fm, associated with 1 ^B> fj(Q) is the 
magneticc form factor for an ion at position j , describing the Q-dependence 
off  the magnetic neutron scattering for an ion at position Tj (tabulated in 
Ref.. [66] for various ions), and rrij  is the component of the magnetic moment 
(inn ^B) perpendicular to the scattering vector. Note that the Debye-Waller 
factorss Wj are usually taken to be the same as in Eq. 3.3. 

Too determine the crystallographic and magnetic structures of our samples, 
wee measured a number of Bragg reflections at different temperatures. After 
thee measurement, the integrated intensities have been analyzed by means of 
thee computer program CCSL [67]. With this program, calculated integrated 
intensitiess are fitted to measured integrated intensities according to model 
parameterss until satisfactory agreement is obtained. 

InIn the present study, we made use of two diffractometers. A single-
crystallinee sample of HoCou>Ti2 was characterized by dr. Gukasov in the 
four-circlee diffractometer 6T2 at the reactor Orphée of LLB-CEA in Saclay, 
France.. A DyCoioV2 single crystal was characterized at the diffractometer 
Ell  at the reactor BER II at the Hahn-Meitner-Institut in Berlin, Germany. 
Forr more information on these equipments, we refer to the websites of these 
institutess [68,69] 

3.33 Magnetometry 

3.3.11 Faraday balance 

Forr the determination of the Curie temperatures a home-built magnetometer 
basedd on the Faraday principle was employed [70]. This equipment detects 
magneticc moments by measuring the force on a sample in an inhomogeneous 
magneticc field that is generated between two Faraday pole caps (e.g. [71]). 

Inn this equipment, measurements can be performed between room tem-
peraturee and 1250 K. The accuracy of the thermometry is of the order of 
0.5%% with a resolution of about 0.3 K. Magnetic fields between 0.05 T and 
1.155 T can be applied. 

Absolutee magnetic-moment values can be determined between about 10-7 

Am22 and about 10~3 Am2, depending on the applied field. Relative moment 
changess as small as about 5  10~9 Am2 can be detected. 
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Thee samples are put into specially designed quartz ampoules, that are 
evacuatedd in order to prevent sample corrosion. To ensure that the field that 
iss experienced by the sample does not vary by more than 1%, the sample 
diameterr should not exceed 1 mm. 

3.3.22 SQUID magnetometer 

u u 
< ^ ^ 

10mm m 

100 mm 

a)) Longitudinal b)) Transverse 

Figuree 3.1: Schematic drawings of the second-derivative pickup coils and their 
down-axisdown-axis views, (a) Parallel coils comprised of f our single loops, (b) Perpendic-
ularular coils comprised of three left-right pairs of simple coils. The numbers give the 
relativerelative signs and magnitudes of the voltages from the individual coils. Coil radii 
areare 1 cm. (From Ref. [72]) 

Too determine accurate values of the magnetization at temperatures rang-
ingg from 1.7 to 400 K, and in fields up to 5 T, a Quantum Design MPMS2 
magnetometerr (referred to as SQUID magnetometer) is used [73]. This equip-
mentt employs a superconducting pickup coil in a flux transformer configura-
tion.. The pickup coil is coupled inductively to a superconducting quantum 
interferencee device (SQUID) acting as a flux-to-voltage sensor. The sample 
iss moved through the pickup coil to generate a voltage signal as a function 
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off  sample position. This response curve is used to evaluate the sample mo-
ment.. Sample moments between 10"12 and 103 Am2 can be determined with 
ann accuracy of 0.1%. 

Thee SQUID magnetometer is equipped with a horizontal sample rotator, 
thatt can rotate the sample about the measurement axis, and with both a 
parallel11 and a perpendicular detection system [74]. The core of these detec-
tionn systems are second-derivative pickup coils that are independently wired 
concentrically.. A schematic drawing of both the parallel and perpendicular 
pickup-coill  configurations is provided in Figure 3.1 (taken from Ref. [72]). 
Notee that the x-direction in this figure is defined according to the position 
off  the perpendicular pickup-coil system. We will use a different definition, 
too be given below. 

Caree should be taken that the sample is well centered on the measurement 
axiss [72,74]. For a precise determination of the magnetic moment perpendic-
ularr to the applied field, it should not be too small compared to the moment 
parallell  to the applied field [72,74], because a magnetization component par-
allell  to the applied field interferes with the response of the perpendicular 
pickupp coils. 

Forr our purposes, this interference could be removed by measuring at the 
angularr position of maximum signal and subsequently again after rotating 
thee sample by 180°. In this way, the perpendicular moment reverses polarity, 
whereass the interfering signal from the parallel component does not. The 
absolutee value of the two measurements is averaged, to produce the magnetic 
momentt perpendicular to the applied field. 

Ann example of a measurement is given in Figure 3.2, where the magnetic 
momentt parallel and perpendicular to the applied field of single-crystalline 
DyCoioV22 is shown as a function of angle of rotation <j>  about the measure-
mentt axis. The moment parallel to the applied field, Mpar, is defined as M2. 
MMxx and My depend geometrically on Mperp and </>. 

Wee define Mx, My, and Me according to a magnetic-moment orientation 
matrix,, see Section 2.6.3. Mz is the component measured parallel to the 
appliedd field. Mx is the component perpendicular to the applied field, de-
terminedd at the rotator position that is nearest to the [001] crystallographic 
directionn of the sample. Finally, M„  is defined as the component perpendic-
ularr to the field, perpendicular to Mx. 

Uponn mounting the sample, the x and y directions are unknown. There-
fore,, these directions have to be determined. We did this in the following 
manner.. Our samples have the [001] direction as easy magnetization direc-

11 Quantum Design uses the notions "longitudinal" and "transverse" for parallel and 
perpendicular,, respectively. 
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Figuree 3.2: An example of a measurement in the SQUID, in which both the per-
pendicularpendicular (Mperp) and parallel (Mp&r) components of the magnetization are deter-
minedmined as a function of angle of rotation (<j>)  about the measurement axis. According 
toto our definitions, see text, Mpar is identified with Mz, whereas Mx and My de-
pendpend geometrically on 4> and Mperp. This measurement was performed on a single 
crystalcrystal of ByCo^V^- The field was applied in the (100) plane, at an angle of 45 ° 
withwith the [001] direction. 

tion,, at least in some field and temperature range. In two cases, for the 
HoCoi0Ti 22 and the DyCoioV2 samples, because of remanence, it was possi-
blee to magnetize the samples parallel to the [001] direction. The ^-direction 
iss then at the angle of maximal perpendicular response in zero field. For the 
thirdd sample, of single-crystalline HoFenTi, that is not remanent, a slightly 
differentt approach has been made. A magnetic field, high enough to saturate 
thee sample, is applied. The x-direction is taken to be at the angle of maximal 
perpendicularr response, as above. As this position does not change in a large 
enoughh field interval, it is justified to identify this direction with the [001] 
crystallographicc direction. 

Inn all cases, the angle of maximal response was carefully tracked as a 
functionn of applied field. Only for the single crystal of HoFenTi , a signifi-

DyCo10V22 B//(100);V[001] = 45
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cantt change was observed (See Chapter 6). In the other cases, the angle of 
maximall  response was independent of the field strength. In these cases, the 
parallell  and perpendicular components of the magnetization are referred to 

andd M T . ass M p ar and Mperp, rather than M 

3.3.33 High-magnetic-field installation 
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Figuree 3.3: Two standard magnetic-field pulses in use in the high-magnetic-field 
facility.facility. The continuous pulse is used to reach the maximum available field of 
3838 T. Both the step-wise pulse and the continuous pulse have been used in the 
experimentsexperiments described in this thesis. 

High-fieldd magnetization measurements in fields up to 38 T were per-
formedd in the Amsterdam high-magnetic-field installation [75-79]. The tem-
peraturee of both the sample and the pickup-coil system is kept at 4.2 K, by 
immersingg both in liquid He. Field pulses are generated by guiding currents 
throughh a hard-copper magnet coil. Currents up to 10 kA are produced by 
aa thyristor-based power supply. 

Thee field as a function of time can be programmed to any desired profile, 
withinn the limit s of the equipment. For example, in Figure 3.3, the often used 
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step-wisee (with field levels constant to within 10"4) and linear-field profiles 
aree displayed. Step-wise profiles, with field plateaus lasting for 50-100 ms, 
aree used to obtain accurate values of magnetization, free from the influence of 
eddyy currents in the sample. The linear profiles are used to obtain accurate 
valuess of transition fields and can, provided that the sample resistance is 
relativelyy high, also be used to obtain accurate values of the magnetization. 
Forr this, the obtained values of magnetization have to be adjusted to those 
obtainedd from step-wise pulses. 

Parallell  pickup-coil system 

Thee magnetization parallel to the applied field, Mz is measured by a pickup-
coill  system of special design [76]. It consists of two concentric cylinders of 
oppositelyy wound Cu wire, compensating the signal due to the applied field. 
Thee length of the coils is 50 mm. The diameter of the inner coil, that has 
17566 turns, equals 6.00 mm, and the diameter of the outer coil, that has 
3511 turns, equals 14.12 mm. The recommended sample diameter (including 
holder)) is 4.2 mm. The length of the sample can be up to 35 mm, since 
thiss is the length of the region around the coil center that is insensitive 
(withinn 1%) for the exact position of the sample. Although the pickup coil 
iss designed to compensate the applied field, the empty pickup-coil signal is 
nott negligible. Therefore, an electronically generated compensation signal is 
addedd to the signal of the pickup-coil system, in order to create reproducible 
emptyy pickup-coil signals. 

Thee sensitivity of the pickup-coil system is about 10~2 mAm2. In low 
fields,fields, the accuracy is similar to the sensitivity. However, in high fields, 
ann error, proportional to the applied field, is observed, amounting to about 
55  10-2 mAm2 in 35 T. This error is due to uncertainties in the compensa-
tionn for the empty pickup-coil signal, caused by changes of unknown origin, 
introducedd by the motion of the sample rod in the pickup-coil system. 

Perpendicularr  pickup-coil system 

Inn order to determine all three components of the magnetization, we used, 
besidess the conventional parallel pickup-coil system described above, a newly 
developedd perpendicular pickup-coil system. 

Becausee of the limited space - the inner diameter of the helium Dewar 
amountss to only 17 mm - it is difficult to accommodate a "three axis system" 
ass described elsewhere [80]. So, we developed a simple setup. Essentially, 
itt consists of a Helmholz-like pair of coils, on a Celeron body. Field com-
pensationn should not be necessary for such a perpendicular coil system: the 
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fieldd direction is in the plane of the coils, and the symmetry of the coil pair 
accountss for compensation of inhomogeneous field components. Manufactur-
ingg errors in the pickup coils and the magnet only cause DC effects, small 
enoughh to be corrected for electronically. However, we observed fluctuations 
inn our response curves with amplitude of roughly 3 mAm2. We ascribe these 
effectss to vibrations. Subtraction of the effect of a second, identical, pair of 
coils,, mounted 28 mm lower, reduces the fluctuations by a factor of 15, leav-
ingg the sensitivity approximately the same. In fields up to 15 T, averaging 
off  the fluctuations results in reasonable results with an accuracy of better 
thann 0.05 mAm2. At higher fields, however, the amplitude of the fluctua-
tionss becomes rapidly larger with increasing field. Therefore, we used this 
pickup-coill  system only in fields up to 15 T. 
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Figuree 3.4: Schematic drawing of the set-up for the perpendicular magnetic-
momentmoment measurement. Two pickup-coil systems with 2 x 500 turns of copper wire 
(0.08(0.08 mm diameter) each, are installed in series. The upper system contains the 
samplesample that can be rotated around the field axis. The lower system compensates 
fieldfield fluctuations. 

Thee aforementioned field compensation turns out to be very sensitive to 
movementss of the sample rod. Therefore, it is necessary to adjust the elec-
tronicc compensation with the sample in situ. This can be done in low fields, 
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withh the aid of low-field SQUID data. Uncertainties in the compensation 
introducee an extra error up to about 0.15 mAm2 at 15 T. Figure 3.4 shows a 
schematicc drawing of the measurement configuration, including the relevant 
dimensions. . 

Thee sensitivity of this setup was 1.5 times that of the parallel pickup 
coil,, enabling us to use the same data-acquisition system. Calibration of 
thee perpendicular pickup-coil system was performed at room temperature 
withh the aid of small permanent magnets (pieces of NdgFe B̂ of about 1 mm 
diameter),, of which the magnetic moments were determined in the previously 
mentionedd SQUID magnetometer. The results agreed within 1 % with the 
calculatedd value for the coil parameter. It should be noted that, due to the 
limitedd dimensions of the pickup coils, the size of the samples should not far 
exceedd 1 mm, and the positioning should be done appropriately. 
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Figuree 3.5: Example of a symmetric 15 T pulse (full line), used to measure the 
magnetizationmagnetization parallel to the x-direction, perpendicular to the applied field (dashed 
line),line), of the HoFe\\Ti single crystal. The field was applied in the (110) plane, at 
anan angle of 75 ° with the [001] direction. The large magnetization response above 
tt = 1.5 s is due to a calibration pulse. 

Thee measurement consists of two parts, the same as in the SQUID. After 
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measuringg the parallel magnetic moment Mz as a function of applied field, 
wee replace the conventional coil system by the perpendicular coil system, and 
subsequentlyy we determine the perpendicular components of the magnetiza-
tion,, Mx and My, in the same field interval. The sample is rotated around 
thee vertical axis to measure the components Mx and My of the magnetic 
moment.. The x and y directions are determined in the same way as in the 
SQUID.. An example of an actual measurement is given in Figure 3.5. 





Chapterr 4 

Magneticc anisotropy and 
exchangee in HoCoioTi2 

Thee magnetic properties of the tetragonal compound HoCoioTi2 are rather 
simple.. Below TQ = 750 K, the magnetic moments order ferrimagnetically 
parallell  to the [001] direction. HoCoi0Ti2 remains easy-axis down to the 
lowestt temperature. A large difference exists in the temperature dependence 
off  the Ho- and Co-sublattice moments. Due to the large temperature de-
pendencee of the Ho moment, that is ordered antiparallel to the Co moment, 
thee magnetization decreases below room temperature, nearly reaching full 
compensationn at the lowest temperature. Due to the near compensation, 
resultss of magnetization are difficult to interpret quantitatively, because the 
magnetizationn will be influenced both by anisotropy effects and by a field-
inducedd non-collinearity of the moments of the Ho- and Co-sublattices. In 
orderr to obtain quantitative values for the anisotropy and exchange param-
eters,, we performed magnetization and neutron-diffraction experiments on 
aa single crystal of H0C010T12 at various temperatures. The most striking 
featuree is a jump in the magnetization that occurs at low temperatures when 
thee field is applied parallel to the easy [001] direction. We ascribe this jump 
too the relatively small intersublattice exchange that holds the Ho- and Co-
sublatticee moments antiparallel. We find that the field value of the jump 
andd the change in magnetization at this field are very sensitive to the values 
off  the exchange and anisotropy parameters. Low-temperature magnetization 
isothermss measured at directions away from [001] display a similar jump in 
magnetization.. These low-temperature results were used in an analysis based 
onn the two-sublattice model. An exchange parameter and anisotropy coeffi-
cients,, up to 6th order for the Ho moment, and 2nd order for the Co moment, 
weree determined. The low temperature results are described quantitatively 
byy these parameters. The results measured at elevated temperatures are 
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describedd reasonably well using crystal-field coefficients calculated from the 
anisotropyy coefficients. 

4.11 Introductio n 
AA fascinating and useful aspect of magnetism in ferrimagnetic rare-earth -
transition-metall  compounds is the possibility to tune the magnetic proper-
tiess by varying the composition. A correctly chosen composition allows for 
investigationn of properties like magnetic anisotropy and the intersublattice 
exchangee energy. For an investigation of the intersublattice-exchange energy 
byy means of the high-field free-crystal technique [31], it is required that the 
spontaneouss magnetization is not too high. Then the bending process of the 
twoo sublattice moments, necessary for determining the intersublattice cou-
pling,, will occur in accessible field strengths. On the other hand, for the 
magneticc anisotropy to be most prominent in the measurements, the two 
sublatticee moments of the ferrimagnet should not show the bending process. 
Thiss requires a high intersublattice-exchange energy, which may occur in 
ferrimagneticc rare-earth - transition-metal compounds with a large sponta-
neouss magnetic moment. As an example the compound HoFenTi may be 
mentioned,, which is the subject of Chapter 6 of this thesis. Tuning the com-
positionn such that the relevant energies of the intersublattice exchange and 
thee anisotropy are comparable in size makes both properties visible in the 
experiments.. Therefore, an investigation of both properties can be performed 
att the same time. 

4.1.11 Investigations on poly crystalline YCo^-xTl r  and 
HoCo^-arTL uu compounds 

Below,, the magnetic properties of polycrystalline YCoi2-xTix compounds 
aree summarized. These compounds are known to exist, at least for l<x<2. 
Thee YCoi2-a;Tix compounds are all ordered ferromagnetically [81] at room 
temperaturee and below [51,82,83] and posess an easy-axis type of anisotropy. 
Thiss magnetic anisotropy is fairly high: in YConTi it leads to an anisotropy 
fieldd of 3.5 T at 4.2 K [82], and in YCoi0Ti2 the anisotropy field is approxi-
matelyy 2 T at 4.2 K [51]. Magnetization anisotropy has not been observed In 
YConTi,, the anisotropy field was found to have a fairly strong temperature 
dependence,, leading to a spin-reorientation near 650 K, presumably to an 
easy-planee type of order [83]. 

Furthermore,, it was found [81] that both the Curie temperature and the 
magneticc moment per formula unit depend on the Ti concentration more 
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stronglyy than may be expected from simple dilution. The magnetic moment 
off  YCouTi equals 15.2 /JB/^U. at 4.2 K, whereas that of YCoi0Ti2 equals 
8.66 fts/f-u. at 4.2 K. The Curie temperatures were reported to be 980 K and 
5800 K, respectively. 

Twoo explanations can be given for the strong reduction of the ordered 
momentt upon increasing Ti content. There may be antiparallel moments on 
thee Ti positions, and the Ti ions may produce a disturbance of the magnetic 
exchangee at the neighboring Co positions. Cable and Hicks [84] performed 
diffusee neutron-scattering experiments on Co samples containing 5 at% other 
3d3d metals, including V and Cr. For V and Cr impurities, they find a reduction 
off  the total 3d moment, and conclude that this reduction is largely associated 
withh the Co-exchange disturbance. Since Ti is found next to V in the periodic 
system,, the strong reduction of the ordered moment by addition of Ti in 
YCoi2-xTi;EE probably mainly originates in the Co-exchange disturbance. 

Wee are unaware of band-structure calculations on YCo^-sTi .̂ There-
fore,, we consider band structure calculations on the Fe-containing compounds 
YFei2_xTix.. Band-structure calculations by Sakuma [85] on YFenTi indi-
catee the existence of a magnetic moment of Ti in these compounds. The 
calculatedd moment of the Ti ions on the 8i crystallographic position that 
theyy share with Fe is not very large compared to the Fe moment, -0.9 /iB/Ti 
versuss 2.6 Ate/Fe. Band-structure calculations on the fictitious compounds 
YFei22 and YFe8Ti4 were performed by Coehoorn [86]. In these compounds, 
thee 8i position is fully occupied by Fe or Ti, respectively. The results for 
YFegTi44 indicate a Ti moment that is smaller than the Ti moment in YFenTi. 
However,, the largest effect of substituting Fe by Ti is a strong reduction of 
alll  Fe moments, in accordance with the aforementioned neutron-scattering 
resultss for V and Cr in Co [84]. 

Investigationss on poly crystalline samples of HoCouTi and HoCoioTi2 

showw that both compounds order ferrimagnetically, with an easy-axis type 
off  order at all temperatures [51,81,82]. The ordered moment at 4.2 K was 
foundd to be equal to 5.6 ^BA-U. for HoCouTi , and 0.5 ^s/f-u. for HoCo10Ti2. 
Fromm these values, the Co-sublattice moment was determined as 15.6 /Lte/f-u. 
(M88 + MHo = 5.6 + 10 //B/f-u.) for HoConTi , which differs by about 0.4 
/iB/f-u.. from the spontaneous moment of YCouTi. In HoCoi0Ti2 the Co-
sublatticee moment is found to be equal to 9.5 /*B/£U., (here MHo> Â Co, 
soo that Mco = MHO - Ms = 10 - 0.5 HB/(.\I.), which differs by about 0.9 
/te/f-U-- from the magnetic moment of YCoioTi2. The Curie temperature of 
HoCoioTi22 was reported to be 604 K. The exchange energy between the 
Hoo and the Co sublattice have been investigated for HoCouTi [81,82] and 
HoCoi0Ti22 [51] by means of the high-field free-crystal technique [31]. The 
valuess for the exchange energy were determined without taking into account 
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thee Co-sublattice anisotropy, which may lead to an under- or overestimation 
off  this energy, see Section 2.6.1. The intersublattice molecular-field coef-
ficientt for HoConTi and HoCoi0Ti2 equal 4.5 Tf.u.//xB, and 4.9 Tf.u.//iB 
respectively,, leading to intersublattice-exchange energies of 6.5  1CT21 J/f.u. 
andd 4.3 KT21 J/f.u.. 

Thee magnetic anisotropy is such that HoCoXoTi2 and HoConTi are easy-
axiss in the ordered temperature range. In magnetically aligned polycrys-
tallinee HoConTi [82], it was observed that at 4.2 K the magnetic isotherm 
measuredd with the field perpendicular to the alignment direction intersects 
thee isotherm measured with the field parallel to the alignment direction. 
Thiss was noted to probably be due to a process, in which the two sublattice 
momentss bend towards each other. 

Too our knowledge, no value of the anisotropy energy of HoCoioTi2 has 
beenn reported previously. Therefore we mention here, for comparison, values 
forr K\ of the Ho moment determined at 4.2 K in isostructural HoCoi0Mo2: 
4.55  10"22 J/f.u. [52] and in Ho2Co17: -2.18  10"21 J/f.u. [17]. These val-
uess and that of the exchange energy indicate that they are comparable in 
HoCoioTi22 at 4.2 K. As we have seen in Section 2.6.2, this may lead to 
interestingg magnetization processes. 

4.22 Experimental results 

4.2.11 Sample preparation and characterization 

AA single-crystalline rod of HoCoi0Ti2 of nominal composition was grown 
fromm the melt in the modified Czochralsky equipment at the FOM-ALMOS 
centree at the Van der Waals-Zeeman Instituut of the Universiteit van Am-
sterdamm [53]. The rod was checked by means of X-ray diffraction, optical 
microscopyy and electronprobe micro-analysis (EPMA). EPMA showed that 
thee actual composition is HoC010.29Ti1.71. A sphere with diameter 1.2 mm 
wass cut from the rod near the position where the EPMA was performed. The 
spheree was used in most of the measurements presented here. Finally, the 
EPMA-samplee itself was used for determination of the Curie-temperature. 

4.2.22 High-temperature magnetic properties 

InIn order to determine the Curie temperature of the HoCoioTi2 single crystal, 
aa measurement in the Faraday balance (see Section 3.3.1) was performed. 
Thee measuring field was 0.05 T. The results are shown in Figure 4.1. The 
Curiee temperature is taken as that temperature, where the derivative of the 

http://HoC010.29Ti1.71
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Figuree 4.1: High-temperature magnetization of HoCoxoTiv as a function of tem-
perature.perature. The inset shows the derivative ^£f, from which TQ is determined to be 
equalequal to 750(5) K. The line is a guide to the eye. 

magnetizationn as a function of temperature is minimal. This leads to a Curie 
temperaturee of Tc = 750(5) K, which is considerably higher than has been 
measuredd previously on a polycrystalline sample of HoCoioTi2 (Tc = 604 
KK [51]). However, in view of the strong sensitivity of Tc on the Ti content 
off  the YCoi2-j:Tix compounds [81], a higher Tc for HoCoio.29Ti1.71 than for 
H0C010T122 is not surprising. For the compound YCoio.3Tii.7, in which Ho 
iss replaced by non-magnetic Y, a Curie temperature of approximately 730 
KK [81] has been reported. 

4.2.33 Neutron diffraction in zero field 

Thee HoCoioTi2 crystal was characterized in the four-circle neutron diffrac-
tometerr 6T2 at the LLB CEA, Saclay. The wavelength was 0.9 A. Integrated 
intensitiess of 86 independent reflections were measured at 6, 25, 50, 75, 100, 
125,, 150, 200, and 250 K. Refinements based on the measured squares of 
structuree factors were performed by the program MAGLSQ of the Cambridge 

http://HoCoio.29Ti1.71
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Crystallographyy Subroutine Library (CCSL) [67]. For the neutron-scattering 
lengthss the values bnQ = 801.0 fm, &co = 249.0 fm and bn = -343.8 fm were 
usedd [65]. For the magnetic calculations, analytical dipole approximations of 
thee radial integrals, <fo> and <h>  for the Ho3+ ion and <jo>  for the Co3+ 

ion,, were used [66]. 
Al ll  measured reflections could be indexed according to the IA/mmm space 

groupp of the ThMni2-type of crystal structure. We assumed that the Ti ions 
onlyy occupy the Si crystallographic site, as was previously found for the 
isostructurall  compound YConTi [83,87]. The 6 K set of reflections was first 
refinedd allowing variation of the magnetic moments, the positional param-
eters,, the occupancy of the Si site and the isotropic thermal factors. The 
isotropicc thermal factors had no significant effect on the refinement factor, 
soo they were discarded from the refinement. The Si site was found to be 
occupiedd for 56.6(9) % by Co and for 43.3(9) % by Ti ions. This occu-
pancyy for the Si site leads to a formula unit of HoC010.26Ti1.73, which is in 
excellentt agreement with the EPMA results. The positional parameters for 
thee 8i and Sj sites are in good agreement with those found for isostructural 
ThMni2-typee compounds (see [8,83]). 

Concerningg the magnetic moments, the best fit was obtained when they 
weree taken to be parallel to the [001] direction. Including a magnetic mo-
mentt for the Ti ion, that shares the Si sites with Co, degraded the refinement 
statistics.. On top of that, the refined magnetic moment on the 8i site was, 
withinn the statistical error, the same with a moment on Ti as without. Al-
lowingg for all three Co-site moments to vary independently did not improve 
thee refinement factor compared to the refinement factor found when the Co 
momentss all have the same value. Therefore, we used only one Co moment 
valuee for all three Co containing crystallographic sites. The refined Ho mo-
mentt is directed antiparallel to the Co moments, its value is very close to 
thee free-ion value of 10 /JB- The results of the 6 K data are summarized in 
Tablee 4.1. 

Thee sets of reflections measured at 25, 50, 75, 100, 125, 150, and 200 K 
weree refined with a fixed occupation of the 8i site (Co/Ti = 0.5655/0.4345). 
Thee positional parameters were allowed to vary, but they did not change 
significantlyy in the refinements Including into the refinements an isotropic 
thermall  factor had no significant influence on the refinement factor up to 200 
K.. The refined Ho moment changes significantly as a function of temperature, 
whereass the refined Co moments do not. The refinement factor R ranges from 
5.88 % to 7.5 % and x2 from 4.0 to 6.3, indicating a similar quality as the 6 
KK refinement. 

Inn our analysis, the variation with temperature of the refined Co mo-
mentt is statistically insignificant. Therefore, we can calculate the average 

http://HoC010.26Ti1.73
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Atom m 
Hoo (2a) 
Coll  (8/) 
Co22 (8?) 
Co33 (8i) 
Tii  (8t) 

x/a x/a 
0 0 

I I 
0.284(1) ) 
0.364(3) ) 
0.364(3) ) 

y/b y/b 
0 0 

1 1 
i i 
0 0 
0 0 

z/c z/c 
0 0 

i i 
0 0 
0 0 
0 0 

ti'wo ti'wo 

0 0 
0 0 
0 0 
0 0 
0 0 

occ. . 
1 1 
1 1 
1 1 

0.566(9) ) 
0.433(9) ) 

M( / i B ) ) 
-10.2(2) ) 
1.22(4) ) 
1.22(4) ) 
1.22(4) ) 

0 0 
Measured/independentt reflections: 286/86 

A:: 0.9 A 
sin0/A:: <0.56A" 

R:: 6.81 % 

Tablee 4.1: Results of the least-squares refinement of the neutron-diffraction 
datadata for HOCO\QTVI obtained at 6 K. The magnetic moments are parallel to 
thethe [001] direction. The refinement factor R = J2\F%bs ~ F%aic\IT,F%ba>

 and 
XX22 — J2w2(Ftf>s ~ Faüc)2/(Nobs — Nvar) characterize the quality of the refinement. 

neutron-diffraction-determinedd Co-sublattice moment up to 250 K as 12.7(4) 
(IB/LU..(IB/LU.. This corresponds to 1.24 /ZB/CO ion. The spontaneous magnetic 
momentt at 5 K from magnetization measurements, to be described below, 
amountss to 1.2 HQ/Ï.VL.. This leads, assuming the Ho-sublattice moment to 
bee equal to 10 ^B> to a Co-sublattice moment of 11.2 /zB/f-u.. The difference 
betweenn the Co-sublattice moment determined from neutron diffraction and 
fromm magnetization experiments in this way amounts to about 0.2 / /B/CO. 

Suchh a discrepancy between neutron scattering and magnetometry data is 
nott uncommon for Co, ass will be described below. 

Thee Co moments in the related compound YConTi have been determined 
byy neutron powder diffraction in two independent studies. Moze et al. [83] 
findfind by means of neutron diffraction a magnetic moment of about 1.5 ^B /CO 
att room temperature, whilst the spontaneous moment determined by mag-
netometryy at 4.2 K yields 1.4 /iB/Co. Yang et al. [87] find 1.57 ^B /CO at 
roomm temperature by means of neutron diffraction, while they measured a 
magneticc moment of 1.24 /ZB/CO at 1.5 K by magnetometry. 

Inn early work by Moon [88], the spatial distribution of the Co moment in 
hexagonall  cobalt was determined by means of polarized neutron diffraction. 
Hee found that the spin distribution can be described by two parts: a form 
factorr calculated from atomic 3d-density functions, and a negative constant. 
Thee value of this constant amounts to -0.3 /XB/CO. Later, highly detailed 
studiess of YCo5, that is structurally related [89] to H0C010T12, were per-
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300 0 

Figuree 4.2: Ordered magnetic moment of HOCO\QTVI parallel to the [001] direc-
tion,tion, obtained from magnetization experiments (line), and by neutron diffraction 
(squares).(squares). The error bars denote the statistical error on the Ho moment from the 
refinementrefinement procedure. 

formedd employing polarized-neutron diffraction by Schweizer and Tasset [90]. 
Theirr neutron-diffraction experiment yields a magnetic moment that is about 
0.166 /^B/CO larger than the moment obtained by magnetometry. They as-
cribee this to the effect found by Moon, noting that the constant negative 
spinn density does not contribute to magnetic structure factors that can be 
measuredd by neutron diffraction. The contribution of the constant negative 
spinn density would be visible in a (000) reflection. 

Besidess the aforementioned difference, the magnetization and neutron-
diffractionn experiments are in good agreement. We assume the Co-sublattice 
momentt to be temperature independent up to 250 K, and equal to 11.2 
/Je/f-u... Then the spontaneous magnetic moment is calculated by adding 
11.22 HB to the refined Ho moment. In Figure 4.2 the magnetic moment, 
thuss obtained, is displayed as a function of temperature, together with the 
spontaneouss magnetic moment obtained by magnetization measurements, to 
bee described below. Within the experimental error and up to 200 K the 
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Figuree 4.3: High-field free-crystal magnetization of HoCoioTia measured at 4-2 K 
(squares).(squares). The full line shows a linear fit of the magnetization between 6 T and 
3535 T. The dashed line is the result of a calculation (Section 4-3.2). 

spontaneouss moments obtained by both techniques are very similar. The 
discrepancyy between the data measured at 250 K may be due to the increasing 
importancee of thermal motions of the atoms at elevated temperatures in 
conjunctionn with the decreasing size of the Ho moment. 

4.2.44 High-field free-sphere magnetization 

Figuree 4.3 shows the high-field magnetization at 4.2 K, measured on a single-
crystallinee sphere which was free to rotate in the applied field. The magne-
tizationn is nearly field independent up to about 5 T. The field-independence 
off  the magnetization up to 5 T implies that the Ho and Co moments are 
perfectlyy collinear. Therefore, it represents the spontaneous magnetization, 
givenn by M o - M H o = 1.2 fim/ln.. Assuming that the Ho ion has its free-
ionn moment of 10 / /B, this leaves 11.2 /is/f.u. for the Co sublattice moment. 
Abovee 5 T, the magnetization increases linearly, and the extrapolation of 
thiss line nearly crosses the origin. Taken from the slope of the magneti-
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Figuree 4.4: Magnetization isotherms of HoCowTi2 for B // [001] measured at 
variousvarious temperatures in fields up to 5 T. The lines are guides to the eye. 

zationn above 5 T, the intersublattice molecular-field constant is found to 
bee equal to nHoCo = 4.36 Tf.u.// iB- The saturation field is by far not 
reachedd at 35 T. Saturation is expected above Bs at = nHoCo(^Ho+ MCo) 
== 92 T. The intersublattice-exchange field from this measurement is found 
too be DHOCO^CO= 49 T. Note that this value is obtained neglecting a Co 
anisotropy. . 

4.2.55 B applied parallel to the [001] direction 

Ass is already clear from the neutron-diffraction experiments and literature 
[51,82],, the easy magnetization direction in HoCoi0Ti 2 is the [001] direction. 
Thee magnetization1 with the field applied parallel to [001] was determined 
att temperatures ranging from 4.2 K up to 350 K. 

Thee magnetization in fields up to 5 T at temperatures of 5, 100, 200, 

LNoo demagnetizing field effects are taken into account in this chapter, its value is 
small,, it amounts to about 22 mT/(/iB/f.u-)- In Chapter 6, on the compound HoFenTi, 
demagnetizingg field effects are more important. A detailed treatment will be given there. 
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Figuree 4.5: Spontaneous moment of a HOCOIQTI2 single crystal as a function of 
temperaturetemperature (symbols). Spontaneous moment calculated with a Brillouin function 
(full(full  line), and with crystal-field coefficients and molecular field (dashed line), see 
SectionSection 4.3.2. 

300,, and 350 K, measured with increasing and decreasing field strengths is 
displayedd in Figure 4.4. The magnetic moment shows a clear temperature 
dependence,, below 350 K the magnetic moment decreases with decreasing 
temperature.. This is mainly due to the Ho moment that increases as the 
temperaturee is lowered. From the magnetic isotherms, two features can be 
extracted,, the spontaneous moment and the saturation susceptibility. The 
spontaneouss moment is obtained by extrapolating the magnetization to zero 
fieldfield strength. The saturation susceptibility is obtained from the slope of the 
isothermss that are linear up to 5 T. 

Upp to 350 K, the spontaneous moment of the crystal increases as a func-
tionn of temperature, as displayed in Figure 4.5. The saturation susceptibil-
ity,, displayed in Figure 4.6, increases up to 150 K, as does the spontaneous 
magneticc moment. A faint maximum of the saturation susceptibility occurs 
aroundd 200 K, above which it decreases slightly. In a very simple approx-
imation,, the Co-sublattice moment can be considered constant up to 350 
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Figuree 4.6: Saturation susceptibility measured with B // [001] (symbols). Satura-
tiontion susceptibility calculated with a Brillouin function (full line), and with crystal-
fieldfield coefficients and molecular field (dashed line), see Section 4-3.2. 

K,, and the Ho-sublattice magnetization is described by a Brillouin function, 
Equationn 2.3. 

Wit hh a fixed value of 11.2 fis/tu. for the Co moment, a reasonable fit is 
obtainedd with a molecular field of -55 T, as shown by the line in Figure 4.5. 
Thee calculated spontaneous moment deviates most from the experimental 
valuee at low and at high temperatures. This may be reasonable, since at low 
temperaturess the effect of the crystal field wil l be largest, and at high tem-
peraturess we may have to take into account a decrease of the Co-sublattice 
magnetization.. The value for the molecular field of 55 T is in reasonable 
agreementt with the 49 T obtained from the low-temperature free-crystal 
measurementt described in Section 4.2.4. 

Thee same Brillouin function can be used to calculate magnetic isotherms. 
Thee applied field then is opposite to the molecular field, reducing its value. 
Fromm the isotherms calculated in this way, the saturation susceptibility can 
bee obtained, which is displayed in Figure 4.6 as a solid line. The calculated 
saturationn susceptibility has a similar temperature dependence as the satu-
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Figuree 4.7: Magnetization of HoCo\oTi2 measured with B // [001] at 4-2 K. 

rationn susceptibility obtained from the experiments. At low temperatures it 
iss very small, and it increases up to about 200 K, where a weak maximum oc-
curs.. Above 200 K, the calculated susceptibility decreases slightly. Though it 
iss a crude description, it may be concluded from this simple model, that the 
susceptibilityy observed in fields up to 5 T is mainly due to the Ho-sublattice 
contribution. . 

Wee have also measured the magnetization for B / / [001] in fields up to 38 
T.. Figure 4.7 shows the magnetization as a function of applied field measured 
att 4.2 K with increasing and decreasing field strengths. Up to about 31 T, the 
magnetizationn shows hardly any field dependence. The spontaneous moment 
equalsequals about 1.2 /Je/f.u., as above. Around about 31 T, the magnetization 
jumpss from about 1.3 ^B/I-U. to about 8.2 /XB/IU . and continues to increase 
withh the applied field. No hysteresis is observed at the transition. The 
saturationn moment, expected to be about 21.2 /iB/i.u., is by far not reached 
att 38 T. 

AA first estimate for the anisotropy energy, can be given by equating Equa-
tionss 2.34 and 2.35. Using the value for UHOCO obtained in Section 4.2.4, «HoCo 
== 4.36 Tf.u./^B, and the critical field value, Bc = 30.9 T, we find for the 
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Figuree 4.8: Magnetization of HoCom Ti2 at 5 K as a function of applied field 
forfor the main crystallographic directions in fields up to 5 T, measured both with 
increasingincreasing and decreasing fields. The lines are guides to the eye. 

anisotropyy energy a value of 75.8 T/xB/f.u., which equals 7.03  10~22 J/f.u.. 

4.2.66 B applied parallel to the [110] direction and par-
allell  to the [100] direction 

Sincee the [001] direction is the easy magnetization direction, the perpendic-
ularr main crystallographic directions [100] and [110] are the hard magne-
tizationn directions for the tetragonal ThMn^-structure. We measured the 
magnetizationn with the field applied parallel to [100] and [110] at various 
temperaturess between 5 K and 350 K in fields up to 5 T. At 4.2 K, we 
measuredd in applied fields up to 35 T. 

Inn Figure 4.8, the magnetization in applied fields up to 5 T is shown 
forr the three main directions [100], [110] and [001]. In the experiment with 
BB J) [110], the sample was slightly misaligned, the angle with [001] was 
aboutt 86° instead of 90°. The measurements were performed with both 
increasingg and decreasing field. The curve for B // [001] shows remanence. 
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Figuree 4.9: Magnetization isotherms of EoCoy^Tia for B // [100], measured at 
variousvarious temperatures in fields up to 5 T. The lines are guides to the eye. 

Forr B II [100] and B f I [110], a linear increase of the magnetization is 
observed,, indicating a rotation of the magnetic moment. Both curves start 
att zero magnetization and increase in the same manner up to about 2.5 T, 
wheree the curve for B / / [110] makes a small step. Upon further increasing 
andd subsequently decreasing the applied field the magnetization for B / / [110] 
remainss higher than that for B / / [100]. Besides this offset, which is due to 
thee misalignment and the remanence, the curves for both hard directions are 
indistinguishable.. Note that near 4.5 T the magnetization of the hard planar 
directionss crosses that of the easy [001] direction. 

Thee results for B / / [100] in fields up to 5 T at 5, 100, 200, 300, and 350 
K,, are displayed in Figure 4.9. For all displayed curves, the magnetization 
inn zero applied field is zero. Upon increasing the field, the magnetization 
increasess initially linearly with increasing field, indicating a rotation of the 
magneticc moment away from the easy [001] direction. Below 200 K, no 
significantt deviation from this linear response is observed. At 300 K and at 
3500 K, the magnetization of the hard direction appears to saturate, leading 
too a moment of about 7.5 /ZB/IU. at 5 T , both at 300 K and at 350 K. 



50 0 4.4. Magnetic anisotropy and exchange in HoCowTi2 

10 0 

8 8 

=>> 6 

2 2 

0 0 
00 10 20 30 40 

B(T) ) 

Figuree 4.10: Magnetization of EoComTii at 4.2 K measured with B // [100] 
(circles)(circles) and B // [110] (squares) measured with decreasing field. The line is the 
resultresult of a calculation, see Section 4-3.2. 

Becausee at 300 K and 350 K the magnetization for B / / [100] saturates 
beloww 5 T, a full rotation of the mutually antiparallel sublattice moments can 
bee assumed. For this reason, values for the effective anisotropy constant Ki 
att these temperatures can be obtained. The anisotropy constant K\ is given 
byy K\ = |BanMs. The anisotropy field at 300 K is estimated to be equal to 
aboutt 3 T, and at 350 K it is estimated to be about 2 T. The spontaneous 
momentt at both 300 K and 350 K is found by extrapolating the saturated 
magnetizationn to zero fields, yielding a value of 7.1 /^B/f-u.. This leads to 
valuesvalues for the anisotropy constant of Ki = 10.5 T u.B/i.u. at 300 K and Ki 
== 7.1 T/Vf-u. at 350 K. 

High-fieldd measurements for B // [100] and B // [110] were made with 
decreasingg field in fields from 35 T at 4.2 K. The results are shown in 
Figuree 4.10. The magnetization as a function of applied field is, within ex-
perimentall  error, the same for both directions. Up to about 20 T, the magne-
tizationn for the hard planar directions increases approximately linearly with 
increasingg field strengths. Above 20 T, the increase of the magnetization with 

TT ' r 
HoCo10Ti2 2 

B / / [ 1 1 0 ] ^ --

** B//[100] 

TT = 4.2 K 
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appliedd field strength is slightly reduced. Unlike the high-field magnetization 
measuredd with B / / [001] (see Figure 4.7) no jump in the magnetization is 
observed.. The magnetization at 35 T amounts to about 7 /ie/f-u. for the 
[110]]  direction and 7.5 unfi.u. for the [100] direction, which is below the 
valuee obtained with the field applied parallel to the [001] direction (about 9 
/*B/f-u.. at 35 T). 

4.2.77 B applied parallel to the [110] direction: mea-
surementss of the magnetization vector 

InIn order to gain more insight into the magnetization process for the field 
appliedd parallel to the [110] direction, the magnetization was determined 
bothh parallel and perpendicular to the applied field. These experiments were 
performedd in fields decreasing from 5 T at temperatures ranging from 5 K 
upp to 275 K. 

Figuree 4.11 shows the measured data obtained at 5 K. In this measure-
ment,, the magnetic moment as a function of applied field is decomposed in 
twoo components, parallel (Mpar) and perpendicular (Mp^) to the applied 
fieldfield 2.In addition, the vector sum, M to t, is displayed. As in Figure 4.8, the 
magnetizationn parallel to the applied field does not cross the origin, which is 
duee to slight misalignment of the sample. The value of the moment perpen-
dicularr to the applied field direction in zero applied field is almost equal to 
thee spontaneous moment. This indicates that the sample is saturated start-
ingg from the lowest applied field strengths. Upon increasing the applied field, 
thee magnetic moment parallel to the applied field increases approximately 
linearly,, as in Figure 4.8. At the same time, the moment perpendicular to the 
appliedd field decreases from about 1.2 ^ / f u . in zero field to slightly above 
11 /ifi/fu - in 5 T. The total moment of the sample increases in a non-linear 
fashionn as a function of applied field. This increase indicates that the initially 
antiparallell  moments bend towards each other in the applied field, causing 
thee Ho and Co moments to compensate each other to a lesser extent. 

Iff  we assume that the Ho anisotropy is very large and that the Co 
anisotropyy is negligible, we can ascribe the magnetization process to a ro-
tationn of the Co moment only. Then the free energy (for large exchange), 
Equationn 2.22, to be minimized reduces to 

FF = "HoCoMUOMQO cos 9 - BMco sin 6 (4.1) 

2Wee determined that in these experiments, the moment does not rotate out of the 
(HO)-plane.. Therefore, the magnetization process is two-dimensional, and it suffices to 
mentionn only the parallel and perpendicular components. 
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Figuree 4.11: Measured components of the magnetization of HoCoioTia at 5 K, 
inin a field applied parallel to the [110] direction (symbols). Results of a calculation 
withwith the aid of obtained anisotropy coefficients and molecular field (lines), see 
SectionSection 4.3.2. 

Here,, 8 is the angle of the Co-sublattice moment with its original direc-
tionn strictly antiparallel to the Ho-sublattice moment. After minimizing this 
equationn with respect to 0, Equation 4.1 (in the small angle limit ) reduces 
to o 

BB M Co 
nH°Coo = MWO { ] 

Wee obtain a value of ÏÏHOCO = 4.6 Tf .u. / / iB , which is not too far from 
thee value obtained in Section 4.2.4. This is an indication that, at low tem-
peratures,, the magnetization process with the field applied parallel to the 
hardd [110] magnetization direction is dominated by the anisotropy on the Ho 
sublattice.. Therefore, the magnetization is determined by the rotation of the 
Co-sublatticee moment, determined mainly by the intersublattice-exchange 
coupling. . 

Att higher temperatures, the magnetization process is completely differ-
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Figuree 4.12: Measured components of the magnetization of HoCo\§Ti2 at 250 K, 
inin a field applied parallel to the [110] direction (symbols). The lines are guides to 
thethe eye. 

ent,, as may be inferred from the large temperature dependence of the Ho 
anisotropy.. Figure 4.12 shows the parallel and perpendicular components of 
magnetizationn obtained at 250 K. Also the total magnetic moment is dis-
played.. Due to demagnetization effects, and the absence of remanence at 
thiss temperature3, the magnetization saturates below 2 T. The component 
off  the magnetic moment parallel to the applied field increases in a non-linear 
fashionn above 2 T and tends to stabilize near 5 T. The component perpen-
dicularr to the applied field decreases strongly with increasing field above 2 
TT while the total magnetic moment increases linearly. These observations 
indicatee that, contrary to the 5 K process, the magnetization process at 250 
KK with the field applied parallel to the hard [110] direction, mainly involves 
aa rotation of the magnetic moments that remain nearly antiparallel during 
thee rotation. The increase in total magnetic moment as a function of applied 

3Forr a detailed treatment of demagnetization effects in measurements of the magneti-
zationn vector, we refer to Chapter 6. For our purposes here, it suffices to state that the 
magnetizationn saturates. 
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fieldfield may be accounted for by the field and direction dependence of the Ho 
moment.. Therefore, at this temperature the process is determined by the 
magneticc anisotropy. 

Promm the parallel and perpendicular components of the magnetic-moment 
vector,, the angle of the resultant vector with the applied field follows straight-
forwardly.. In Figure 4.13, this angle, 9B, and the resultant magnetic moment, 
obtainedd at various applied fields are displayed as a function of temperature. 
Onlyy the measurements that were unhampered by demagnetizing-field effects 
aree shown. For reference, the spontaneous magnetization and the saturation 
magnetizationn at 5 T are also included in the panel displaying the resul-
tantt magnetic-moment vector. The resultant magnetic-moment vector in 
loww fields follows the spontaneous moment as a function of temperature, in-
dicatingg that saturation is achieved at all temperatures below 275 K. Upon 
increasingg the magnetic field, the resultant magnetization increases for all 
temperaturess considered. At low temperatures, up to about 100 K, this in-
creasee results in a magnetic moment at 5 T that is larger than the magnetic 
momentt obtained with B / / [001]. Between 100 K and 175 K, the resultant 
magnetizationn at 5 T with B / / [110] again exceeds the moment obtained 
withh B / / [001]. 

AA weak maximum occurs for 6B at about 100 K regardless of the ap-
pliedd field strength. Above this maximum, 6B decreases for all applied fields 
considered. . 

Ass mentioned above, the magnetization process at 5 K is mainly deter-
minedd by the intersublattice-exchange coupling, while at 275 K the process 
iss mainly determined by the magnetic anisotropy of the two sublattices as a 
whole.. The temperature dependence of the Ho-sublattice anisotropy, which 
iss large at low temperatures and small at high temperatures, is the main 
causee of this change. 

4.2.88 Results for  B parallel to other  directions 

Inn order to obtain more detailed information on the intersublattice-exchange 
andd anisotropy energies, we performed magnetization experiments at various 
alignments.. We measured the magnetization parallel to the applied field 
directionn with the field applied parallel to the main crystallographic planes 
(100)) and (110). We measured at 4.2 K in fields up to 38 T, with (fast) 
increasingg and decreasing fields. We made steps of approximately 10 degrees 
betweenn [001] and the main planar directions [110] and [100] for alignments 
inn the (110) plane and the (100) plane, respectively. In this way, we hoped to 
observee possible in-plane anisotropy, not observed when we applied the field 
parallell  to [110] and [100] (Figure 4.10). In Figures 4.14, 4.15, and 4.16 the 
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Figuree 4.13: a: Temperature dependence of the length of the magnetic-moment 
vectorvector in fields up to 5 T applied parallel to the [110] direction. The lines are 
guidesguides to the eye. The dashed and the dotted line represent the spontaneous mag-
netizationnetization and the magnetization at 5 T measured with B // [001], respectively. 
b:: Temperature dependence of the angle of the magnetic-moment vector with the 
appliedapplied field in fields up to 5 T. The lines are guides to the eye. 

resultss are displayed. 
AA jump in magnetization is observed for all alignments. The critical 
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Figuree 4.14: Magnetization isotherms at 4-2 K of HoCoioTiq for B // 
(left)(left) and B // (110) (right), measured with increasing and decreasing field, 
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Figuree 4.15: Magnetization isotherms at 4-2 K of HoCoxoTi  ̂ for B // (100) 
(left)(left) and B // (110) (right), measured with increasing and decreasing field, given 
byby closed and open symbols, respectively. The lines are the result of an analysis 
(Section(Section 4.3.1). 
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Figuree 4.16: Magnetization isotherms at 4.2 K of HoCoi0Ti2 for B // (100) 
(left)(left) and B // (110) (right), measured with increasing and decreasing field, given 
byby closed and open symbols, respectively. The lines are the result of an analysis 
(Section(Section 4.3.1). 

fieldfield at which this process occurs is angle dependent. Roughly, as the field 
iss applied further away from [001], the critical field becomes smaller. The 
differencee between the results taken in the (100) and the (110) plane is small, 
suggestingg a small in-plane anisotropy. The measurements taken at angles 
V'looi]]  < 30° show no significant hysteresis. At angles V'looi] > 30°, hysteresis 
iss observed. The width of this hysteresis increases with increasing [̂001]  We 
wil ll  see below that the hysteresis is due to a change in the process that is 
behindd the rapid change in magnetization. 
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4.33 Analysis 

4.3.11 Low-temperature data: details of the intersub-
lattic ee exchange and anisotropy 

Forr calculations of the low-temperature magnetic isotherms, we assume that 
thee magnetic properties of the compound HoCoi0Ti2 can be described in 
thee large-exchange limit. Then the simple mean-field two-sublattice model 
cann be used with a field-independent Ho-sublattice moment, of which the 
anisotropyy is described by anisotropy coefficients. The free energy to be 
minimizedd is given by Equation 2.22. It is not immediately obvious that this 
simplificationn is allowed. Therefore, after finding the anisotropy coefficients 
andd the intersublattice molecular-field coefficient, the anisotropy coefficients 
aree scaled to crystal-field coefficients, and the magnetic isotherms are re-
calculatedd by minimizing the free energy of the two-sublattice crystal-field 
modell  (Equation 2.18) to check if it is justified to use the large-exchange 
limit . . 

Wee developed a computer program, of which the core routine minimizes 
thee free energy (Equation 2.22) by rotating the sublattice-moment vectors. 
Thee minimal free energy for a given applied field (and field direction) yields a 
magnetic-momentt configuration and a magnetization. The value of the calcu-
latedd magnetization is compared to the experimental value. The parameters 
thatt describe the ingredients of the model are varied until a satisfactory fit 
iss obtained. 

Inn order to reduce computational time, some assumptions were made in 
thee analysis. The largest reduction in computational time is achieved by 
assumingg that the magnetization process is two-dimensional. This means 
thatt the components of the magnetization vector, the two-sublattice mo-
ments,, rotate within a plane that is defined by the applied field and the 
[001]-direction.. This assumption is made because practically no difference 
iss observed between magnetic isotherms determined in the (lOO)-plane and 
thosee determined in the (HO)-plane. On the same basis, we neglected the 
higher-orderr K\ and K\ anisotropy coefficients, that describe the in-plane 
anisotropy.. Although it can be deduced from band-structure calculations for 
DyCoioV22 [15] that these coefficients should be sizable for DyCoioVa, we are 
ablee to fit  the magnetic isotherms of HoCoioTi2 very well, assuming these 
coefficientss to be zero. 

Furthermore,, we assumed that the Co-sublattice moment does not change 
inn size by application of a magnetic field, i.e. we assume that no Co moment 
cann be induced by the applied field. A possible magnetization anisotropy is 
neglected.. Previous investigations on polycrystalline YConTi and YCoioTi2 
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havee shown that these compounds show no high-field susceptibility and no 
magnetizationn anisotropy was observed [51,82]. For the magnetic anisotropy 
off  the Co sublattice, only Ki,co is considered. This leaves five parameters to 
bee fitted, nHoCo, *%, K°, Kg and Ki iCo. For the Ho-sublattice moment we used 
thee free-ion magnetic moment of 10 //Bi and for the Co-sublattice moment 
wee used 11.2 ^B-

Thee observed jump in magnetization is the most striking feature of the 
magneticc isotherms under consideration. As we have seen in Section 2.6.2, 
thee field at which this occurs is very sensitive to the anisotropy and intersub-
lattice-exchangee coupling. In the analysis of the magnetization isotherms we 
consideredd only the critical fields Bc, and the changes in magnetization AM 
att these critical fields. The values of the critical fields Bc were determined 
byy averaging critical fields from both increasing- and decreasing-field mag-
netizationn isotherms. The field value at the maximum in the field-derivative 
off  the magnetization is taken to be the critical field for a given isotherm. 
Too determine AM, the following procedure was used. We considered the 
decreasing-fieldd isotherms. The linear part of the magnetization below Bc 

wass extrapolated up to Bc, determined as above. The linear part of the mag-
netizationn above Bc was extrapolated down to Bc. AM was taken to be equal 
too the difference of these extrapolated values of M at Bc. The measurements 
withh a large hysteresis, especially for V[ooi] > 60°, were excluded from our 
analysis.. The phenomenology of the hysteresis will be demonstrated below. 

Wee iteratively fitted the experimental data by a process that may be 
comparedd to sieving. We constructed sets of parameters in a grid with the 
samee dimension as the number of parameters to be fitted. The grid spacing 
andd starting values were made according to an initial trial-and-error calcula-
tion.. A set of parameters, for a given crystallographic orientation, produces 
aa change in magnetization AM between two applied field values B\ and 
B2.. The values Bi and B2 are taken to be near the experimental value Bc 

.. If the change in magnetization is comparable (i.e. it falls within AM 
)) of the experimental AM, then the set of parameters is considered 

forr further fitting. For this further fitting, the grid spacing was halved and, 
att the same time, the allowed AB and AAM were reduced. The grid spacing, 
AB ,, and AA M were reduced until no significant improvement was observed. 

Ass a starting point, we fitted the isotherm measured with B / / [001]. 
Ass expected from Section 2.6.2, this curve could be fitted with only two 
parameters,, nHoCo and «3- However, with the same parameters the other 
curvess could not be described very well. Including more parameters to fit this 
singlee curve leads to a multitude of parameters that describe the observations 
equallyy well. A unique set of parameters cannot be obtained from one single 
measurement.. The value of 4.15 Tf.u./^B for DHOCO agrees well with the 
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17.7 7 

20.2 2 
32.3 3 

Tablee 4.2: Values for the intersublattice molecular-field coefficient (in T f.u./n&) 
andand the anisotropy coefficients (in T\i&/f.u.) of HOCOIQTÏQ, found to describe the 
experimentalexperimental curves satisfactorily. The final set is obtained from all curves with 
[̂ooi]]  < 60°. 

valuee of 4.36 Tf.u.///B obtained from the free-sphere measurement. 

Subsequentt inclusion of more parameters and experimental data in the 
calculationss leads to increasingly better agreement between the calculated 
andd experimental magnetization isotherms. Figure 4.17 shows magnetiza-
tionn isotherms for B parallel to the [001] direction and for B parallel to the 
(110)) plane, making an angle of 50° with the [001] direction. Also shown 
aree magnetization isotherms, calculated with 2, 3, 4, and 5 parameters as 
describedd above. The different calculated magnetization curves for B paral-
lellel to [001] represent the measured isotherm equally well. For B parallel to 
(110)) with V'looi] = 50°, only the isotherm calculated with all 5 parameters 
reproducess the measurement. 

Thee calculated isotherms using the parameters from this final analysis 
aree included in Figures 4.14, 4.15 and 4.16. The agreement between the 
measuredd and calculated isotherms is very good. The values for the Ho-
sublattice-anisotropyy coefficients and the Co-sublattice-anisotropy constant 
aree discussed below. The value for the intersublattice molecular-field coeffi-
cientt JJHOCO = 3.90 Tf.u./^tB, leads to a molecular field of 43.6 T. 

Inn Figure 4.18, the calculated magnetic-moment configurations just below 
andd just above the critical field strength are displayed for different crystal 
orientations.. Since we neglected an in-plane anisotropy, we consider only the 
[001]]  direction. Generally, the transition is due to a change in the configu-
rationn of the two sublattice moments. At the transition, the Ho-sublattice 
momentt rotates towards the applied-field direction, while the Co-sublattice 
momentt rotates away from the applied-field direction. For all alignments 
shown,, just below the transition the Ho-sublattice moment is nearly parallel 
too the [001] direction. For V>[ooi] <  30°, the Ho-sublattice moment rotates to 
aa direction nearly perpendicular to the applied-field direction. A completely 
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Figuree 4.17: Magnetization isotherms of HOCOIQTIQ resulting from the fitting pro-
cedurecedure described in the text for 2, 3, 4, and 5 fitting parameters (lines). Measured 
magnetizationmagnetization isotherms for increasing and decreasing fields. The top panel shows 
thethe magnetization isotherms for B // [001], and the bottom panel for B // (110), 
withwith V'fooi] =

differentt process occurs for V[ooi] > 30°. There, the Ho-sublattice moment 
rotatess from near the [001] direction that is furthest from the applied-field 
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Figuree 4.18: Calculated magnetic-moment configurations in HoCoioTia below and 
aboveabove the critical field for the field applied at different angles with [001]. The thin 
arrowsarrows for the Ho-sublattice moment (dashed) and the Co-sublattice moment (full) 
denotedenote the directions of the sublattice moments with respect to the [001] direction 
(dotted(dotted line) just below the critical fields. The thick arrows denote the sublattice-
momentmoment configurations just above the critical fields. The rotation of the sublattice 
momentsmoments at the critical field strengths are indicated by arrows. The direction and 
approximateapproximate size of the critical field strengths are also indicated. 

direction,, towards the [001] direction that is closest. The angle of rotation 
off  the two sublattice moments for V'IOOI] > 30° is much larger than for V'looi] 
<< 30°. The hysteresis observed for V'looi] > 30° (Figures 4.14, 4.15, and 4.16) 
coincidess with the modelled configurations. 
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4.3.22 Evaluation of the analysis 

Itt should be noted that the intersublattice molecular-field coefficient and 
thee anisotropy coefficients we found are phenomenological, and a priori  no 
physicall  meaning should be adhered to them. However, they can be tested. 
AA few tests are provided below. 

Wee made a calculation of the magnetization of a free single crystal with 
thee intersublattice molecular-field coefficient and the anisotropy coefficients 
wee found, by minimizing Equation 2.22. This calculated magnetization is 
includedd in Figure 4.3. The calculated curve is in good agreement with the 
experimentall  curve. The small bump in the calculated curve near 22 T is 
duee to a rotation of the crystal. The initial estimate for the intersublattice 
molecular-fieldd coefficient nHoCo taken from the slope of the free-sphere mag-
netizationn yields an overestimated value. This is because the Co-sublattice 
anisotropyy was not taken into account, although it is sizable. (See Section 
2.6.1).. The good agreement of the calculated and the experimental curves 
indicatee that the analysis yields the correct balance between the magnetic 
anisotropicss of the two magnetic sublattices. 

Wee calculated the components of the magnetization vector at 5 K for 
BB / / [110] in fields up to 5 T. An excellent agreement is found with the 
experimentall  points, see Figure 4.11. We also calculated the magnetization 
att 4.2 K in fields up to 40 T for B / / [110] and B / / [100]. The results are 
includedd in Figure 4.10. The experimental and the calculated magnetization 
isothermss are in good agreement. 

Thee value of the anisotropy constant (of 32.3 T/ie/f-u.), found for the 
Co-sublatticee at 4.2 K, leads to an anisotropy field of 5.8 T. This value is 
highh compared to values found for YCo10Ti2, 2 T [51] , and YConTi, 3.5 
TT [83]. If we assume that the anisotropy in our crystal at elevated tempera-
turess is dominated by the Co anisotropy, we can compare the values for the 
anisotropyy constant of the Co sublattice at low temperatures to the effec-
tivee anisotropy constants obtained at 300 K and 350 K, see Section 4.2.6. 
Inn Figure 4.19 these values for the anisotropy constant of the Co sublattice 
aree shown as a function of temperature. A linear fit  through the points 
showss that the temperature dependence of the anisotropy constant at high 
temperaturess can be extrapolated to low temperatures. This is consistent 
withh the nearly linear temperature dependence of the anisotropy field found 
forr YConTi [83]. Extrapolating the anisotropy constant in Figure 4.19 to 
higherr temperatures, would lead to a zero value of the anisotropy near 450 
K.. However, no indication of a spin-reorientation was observed in the high-
temperaturee magnetization measurements (Figure 4.1). Nevertheless, the en-
hancedd magnetic anisotropy of the Co-sublattice when compared to YConTi 
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T(K) ) 

Figuree 4.19: Tentative temperature dependence of the Co-sublattice anisotropy 
inin HOCO\QTV2. The low-temperature value is obtained from the analysis (Sec-
tiontion 4-3.1) of the magnetization curves, and the high-temperature values are the 
effectiveeffective anisotropy constants obtained from the magnetization isotherms (Sec-
tiontion 4-2.6). The line is a linear fit through the data points, and serves as a guide 
toto the eye. 

andd YCoioTi2 seems consistent with our other measurements. 
Fromm the anisotropy coefficients K°, K° , and /tg, for the Ho sublattice at 

4.22 K, values for the anisotropy constants Ki, K2, and K3 can be calculated 
accordingg to Equation 2.27. We find Kx = 252 T /xB/fu., K2 = -328 T /iB/f.u., 
andd K$ = 144 T/iB/f-u.. These values are considerably higher than the K\ 
== 48 T/xB/f.u. found for the Ho anisotropy in the isostructural compound 
HoCo10Mo22 [52]. 

Thee anisotropy coefficients for the Ho sublattice were used to calculate 
thee crystal-field coefficients listed in Table 4.3. The value of 94.4 K aö2 

forr A\ is in good agreement with the reported value of 80 K a^2 found by 
Mössbauerr spectroscopy on the isostructural compound GdConTi [91]. 

Wit hh these coefficients a computer program that minimizes the free en-
ergyy (Equation 2.18) of the two-sublattice crystal-field model was used to 
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A A 
94.44 K aö'z 

A\ A\ 
14.00 K aö4 A A 

0.6711 K aöe 

Tablee 4.3: Crystal-field coefficients A®, A®, and A$ for HoCo\oTia calculated from 
anisotropyanisotropy coefficients. 

calculatee the magnetization isotherms at 4.2 K for all crystal orientations. 
Wee found that these calculations are consistent with the simple calculations. 
Therefore,, at low temperatures, HoCoi0Ti2 can be described in the high-
exchangee limit. This also indicates, that a more elaborate fitting of the ex-
perimentall  data by minimizing the crystal-field Hamiltonian (Equation 2.18) 
wouldd have led to the same set of coefficients. 

Furthermore,, we calculated the spontaneous moment as a function of tem-
peraturee in the two-sublattice crystal-field model. We assumed the molecular 
field,, the crystal-field coefficients, and the Co-sublattice magnetization to be 
temperaturee independent. The results of the calculations are included in 
Figuree 4.5, as a dashed line. A discrepancy exists between the calculated 
spontaneouss moments and the experimental values, the former being larger 
thann the latter at all temperatures except for the lowest ones. At 100 K, 
thee calculated spontaneous moment exceeds the measured spontaneous mo-
mentt by about 0.2 //B/f-u., whereas at 350 K this difference is as large as 
11 /is/f-u.. An underestimation of the Ho-sublattice moment, an overesti-
mationn of the Co-sublattice moment or a combination of these effect may 
bee the cause. From the neutron diffraction experiments, we found that the 
Co-sublatticee magnetization is nearly constant up to above 200 K. There-
fore,, as the main cause for the discrepancy between the calculations and the 
measurements,, the Ho-sublattice moment is probably underestimated in our 
calculations.. Assuming the crystal-field coefficients to be correct, this could 
meann that the intersublattice exchange field becomes larger with increasing 
temperature.. However, we have no experimental evidence to support that. 

Usingg the same computer program, we calculated the susceptibility at 2.5 
TT from the linear increase of the magnetization for B // [001] between zero 
fieldfield and 5 T. The results are included in Figure 4.6. These calculations pro-
videe a better description of the temperature dependence of the experimental 
susceptibilityy at 2.5 T than the one calculated with the aid of a Brillouin 
function. . 
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4.44 Concluding remarks 

Byy measuring magnetization in various, also non-principal, crystallographic 
directionss we find a good phenomenological description of the magnetic prop-
ertiess of the nearly compensated ferrimagnetic compound HoCoi0Ti2. For the 
analysiss of the experimental results we only made use of results obtained on a 
singlee crystal of HoCoi0Ti2 itself. This is in contrast to the usually employed 
method,, that uses the magnetic properties of a compound in which the mag-
neticc rare-earth ion is replaced by Y, to describe the magnetic properties of 
thee transition metal-magnetic sublattice, see e.g. [41]. We find in HoCoi0Ti2 

thatt the Co-sublattice has, at low temperatures, a considerably higher mag-
neticc anisotropy than could be implied from reported values for the com-
poundss YCoi0Ti2 and YConTi [51,83]. The calculated high-field-free-sphere 
isotherm,, that is known to be affected by the anisotropy on both sublattices, 
reproducess the measured isotherm. The effective anisotropy constants ob-
tainedd at high temperatures, assumed to be only due to the Co anisotropy, 
extrapolatee to the value obtained from the low-temperature experiments. 
Therefore,, we believe that using the values of the magnetic properties of 
YY compounds to describe the magnetic properties of the transition-metal 
sublatticee may not be generally correct. 

Thee discrepancies between the measurements and the two-sublattice crys-
tal-fieldd calculations might be related to coefficients that were neglected in 
ourr analysis. We omitted the higher order anisotropy coefficients K\ and 
/cjj,, and therefore the crystal-field coefficients A2 and A\, that describe an 
in-planee anisotropy for the Ho sublattice. It was found in first-principle 
calculationss on the isostructural compound DyCo10V2 [15], that these coef-
ficientsficients should be sizable. On the other hand, the model we used may be 
tooo simplistic. In order to test the validity of the two-sublattice crystal-field 
model,, we would need to obtain the crystal-field coefficients and the intersub-
latticee exchange field at elevated temperatures. Then it would be necessary 
too repeat the low-temperature experiments with the field applied parallel to 
variouss crystal orientations at elevated temperatures. This was not possible 
att the time the experiments were performed. 
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Thee magnetic anisotropy of 
DyCoi0V 2 2 

Thee magnetic properties of the ferrimagnetic tetragonal compound DyCoi0V2 

aree characterized by the different temperature dependencies of the Dy- and 
thee Co-sublattice moments. Below Tc = 470 K, the magnetic moments or-
derr parallel to the [001] direction. The Dy-sublattice moment grows strongly 
att lower temperatures, and magnetic compensation occurs at T^mp =118 
K.. A spin reorientation occurs at 42 K, where the ordered moment rotates 
awayy from the [001] direction. This rotation is marked by an anomalous 
increasee of the magnetic moment parallel to the [001] direction. Besides 
thesee effects, DyCoi0V2 shows a large and strongly temperature dependent 
coercivityy at low temperatures. We performed magnetization and neutron-
diffractionn experiments on a single crystal to elucidate the magnetic proper-
tiess of DyCojoVV The results indicate that the coercivity is related to the 
occurrencee of narrow Bloch walls. As the temperature approaches the com-
pensationn temperature, the coercivity diverges. An analysis of the tempera-
turee dependence of the magnetic moment around the spin-reorientation tem-
peraturee was performed by means of the two-sublattice crystal-field model. 
Thiss analysis indicates that higher-order crystal-field terms for the Dy mo-
mentt account for both the spin-reorientation and the anomalous increase of 
thee moment parallel to the [001] direction. 
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5.11 Introductio n 

5.1.11 Investigations on polycrystalline YCo^-xV ^ and 
DyCoi2-iV xx compounds 

Motivatedd by the search for new permanent-magnet materials, different re-
searcherss have focussed their attention on the compounds of composition 
YCoi2-xVx.. In reports by Jurczyk et al. [92,93], the compound YC010V2 
iss reported to exhibit a Curie temperature of 611 K, a saturated magnetic 
momentt at 77 K of 7.2 HB/LU., and an easy-plane type of anisotropy at room 
temperature.. Further research by the same authors [94] made clear that there 
iss a strong dependence of the Curie temperature and the saturation moment 
onn the V content. With x increasing from 1.6 to 3.5, the Curie temperature 
iss reported to decrease from 710 K to below 77 K. At the same time, the 
saturationn moment at 77 K decreases from about 9.85 /ie/f-u. to 0.29 //B/f-u.. 
Easy-planee type of anisotropy was found for 1.6 < x < 3.5. 

Inn another report, by Brabers et al. [95], a Curie temperature of 428 
KK and a saturated moment of 6.8 u-n/i.u. at 4.2 K is found for YC010V2. 
Thesee values are considerably lower than those reported by Jurczyk et al. 
[92-94].. The strong composition dependence of the Curie temperature and 
thee saturation magnetic moment was found also by Brabers et al. [95]. In this 
work,, the Curie temperature was found to decrease from 660 K for x = 1.7 
too 185 K for x = 2.4. The saturation moment at 4.2 K decreases from 8.8 
/ie/f-u.. for x = 1.7 to 3.8 /ie/f.u. for x = 2.6. 

Inn a third report, by Zhang et al. [96], a Curie temperature of 657 K is 
reportedd for YC010V2, and a spontaneous moment of 6.6 fiQ/i.u. at 5 K. The 
easyy magnetization direction at 300 K is reported to be in the basal plane. 

Concerningg the crystal structure, neutron-diffraction experiments have 
beenn performed on a sample of the compound YC09.6V2.4 [11]. They revealed 
thatt the V atoms have a strong preference for the Si crystallographic position 
inn the ThMni2-type of crystal structure. 

Electronic-structuree calculations have been performed on YC010V2 [97]. 
Thesee calculations yielded also magnetic moments. Two configurations for 
thee two V atoms on the 8i crystallographic positions were considered, A 

)) and B (atOO, OaO). These two configurations yield different results 
forr the magnetic moments, 9.11 /is/f-u. for A and 8.11 /ie/f-u. for B. We 
considerr configuration B here, since it best reproduces the experimental re-
sultss described above. Different Co moments were calculated to occur on the 
differentt crystallographic positions occupied by Co, with the 8i Co moment 
largest,, 1.4 HB, a nd 0-9 /IB f° r the Sj position, and 0.8 a  ̂ for the 8/ position. 
Onn the V and Y atoms induced moments were found, oriented antiparallel 
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too the Co moments. The values are 0.3 ^B for Y and 0.5 HB for V, which 
resultss in a moment of 0.9 /XB on the 8i positions. 

InIn a systematic study of RCoi2_a;Vx compounds by Brabers et al. [95], the 
compoundd DyCoioVa was also included. For DyCoioV2, a Curie temperature 
off  442 K was found and magnetic compensation near 100 K. From high-field 
free-powderr measurements, Brabers et al. deduce a intersublattice molecular-
fieldfield coefficient nDyo, of value 5.5 Tf.u.//ie, leading to an intersublattice 
molecular-fieldd coefficient of JüyCo/kB= -8.8 K. Furthermore, a Co-sublattice 
momentt of 8.9 /ie/fu. was derived for DyCoioV2, by taking the Dy-sublattice 
momentt equal to the free-ion value of 10 /ZB- This value for the Co-sublattice 
momentt is anomalously large compared to the 6.8 /is/fu- found for YC010V2. 

Completelyy different properties of DyCoi0V2 were reported by Jurczyk et 
al.al. [98]. They find a Curie temperature of 840 K and a saturation moment 
att 77 K of 7.9 u.Q/f.u.. Furthermore, two spin-reorientations were found. At 
highh temperatures, the magnetic moments were found parallel to the [001] 
direction.. Near room temperature, a conical moment arrangement is found, 
andd below 10 K the easy magnetization direction is in the crystallographic 
plane. . 

Inn a follow-up to the work of Brabers et al., Zhang et al. [99] made a 
moree detailed investigation of the magnetic properties of DyCoi0V2. They 
findd that the easy magnetization direction of DyCoioV2 is parallel to the 
[001]]  direction at room temperature and report magnetic compensation near 
1200 K. Furthermore, a spin-reorientation transition is observed near 41 K, 
presumablyy to an easy-cone configuration. The authors conclude from this 
behaviorr that the anisotropy of DyCoi0V2 is dominated by the Dy-sublattice 
anisotropy.. Higher-order crystal-field terms are supposed to be responsible 
forr the spin-reorientation near 41 K. From the shape of hysteresis loops 
measuredd on a field-aligned-powder sample, it is concluded that a large and 
stronglyy temperature dependent coercivity exists in DyCoioV .̂ In a later 
publication,, Zhang et al. [100] describe the magnetization at low tempera-
turess in terms of the occurrence of different types of particles in the samples. 

Finally,, Kuz'min et al. [15] performed density-functional electronic-struc-
turee calculations for ThMni2-type compounds. They obtained values for the 
crystall  field coefficients describing the anisotropy of the Dy sublattice in 
DyCo10V2. . 
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5.22 Experimental results 

5.2.11 Sample preparation and characterization 

AA single-crystalline rod of DyCoio V2 of nominal composition was grown from 
thee melt in the modified Czochralsky equipment at the FOM-ALM OS cen-
tree at the Van der Waals-Zeeman Instituut of the Universiteit van Ams-
terdamm [53]. Samples cut from this rod were shown by x-ray diffraction 
too have the tetragonal ThMni2-type of structure. Electron microscopy and 
electronprobee micro-analysis (EPMA) have shown that tiny parts on the pe-
ripheryy of the cut sample have a deviating, Co-rich, composition. For the 
presentt investigation, we will assume that the influence of these impurities 
iss of minor importance. The composition of the main phase was found to be 
DyC010.12Vi.88)) which is in good agreement with the nominal composition. 
Forr our measurements, several different samples were used. In view of the 
strongg composition dependence of the magnetic properties, see above, they 
weree characterized magnetically below room temperature and found to have 
thee same properties. 

5.2.22 High-temperature magnetic properties 

Inn order to determine the Curie temperature of DyCoi0V2 a measurement 
inn the Faraday balance was performed. For this measurement a small piece 
fromm the single-crystalline rod was used. The measuring field was 0.1 T. 
Thee results are shown in Figure 5.1. The Curie temperature is taken as the 
temperaturee where the derivative of the magnetization as a function of tem-
peraturee is minimal, shown in the inset. This leads to a Curie temperature 
off  470 (5) K, which is near the 442 K reported by Brabers et al. [95]. 

5.2.33 Neutron diffractio n in zero field 

Forr the neutron-diffraction experiment a small spherical sample of diameter 
1.33 mm (mass ~ 9 mg) was cut. The crystal was characterized using the 
instrumentt El at the HMI, Berlin, configured as a two-axis diffractometer. 
Thee neutron wavelength was 2.42 A. The sample was mounted with the [001] 
directionn parallel to the measurement axis. We collected 11 independent 
(hkO)) reflections at 5, 50, 115, 300, and 500 K. Refinements based on the 
measuredd squares of the structure factors were performed by the program 
MAGLSQQ of the Cambridge Crystallography Subroutine Library (CCSL) 
[67].. For the neutron-scattering lengths, the values br>y = 1690 fm, 6co = 
249.00 fm and &v = -38.2 fm were used [65]. For the magnetic calculations, 

http://DyC010.12Vi.88
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Figuree 5.1: High-temperature magnetization of DyCoio Vi as a function of tem-
perature.perature. The inset shows the derivative ^jr, from which TQ is determined as 
470(5)470(5) K. The line is a guide to the eye. 

analyticall  dipole approximations of the radial integrals, <jo> and <J2> for 
thee Dy3+ ion and <jo>  for the Co3+ ion, were used [66]. 

Wee observed that the sample consists of a few equally sized grains with 
orientationss that are a few degrees apart. The reflections contained over-
lappingg Gaussian curves. It was difficult to determine the intensities of the 
reflectionss by means OÏLJ-26 scans, because there is always a varying amount 
off  intensity from secondary grains. Therefore, the integrated intensities were 
determinedd by means of w-scans. 

Sincee the number of independent reflections is small, the number of pa-
rameterss to be refined was kept as small as possible, to obtain statistically 
relevantt refinements. As a guide to determining the relevance of the refined 
models,, we used the goodness-of-fit-parameter G [101]. If G approaches 1, 
thee model is consistent with the correctly weighted data. 

Al ll  measured reflections could be indexed according to the IA/mmm space 
groupp of the ThMn^-type of crystal structure. We assumed that the V ion 
hass a complete preference for the 8i crystallographic site, as was previously 
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Atom m 
Dyy (2a) 
Coll  (8/) 
Co22 (Sj) 
Co3Co3 (Si) 
V(8i ) ) 

x/a a 
0 0 

1/4 4 
0.277(5) ) 
0.368(12) ) 
0.368(12) ) 

y/b b 
0 0 

1/4 4 
1/2 2 
0 0 
0 0 

z/c c 
0 0 

1/4 4 
0 0 
0 0 
0 0 

Sisoo (A") 
6.0(3) ) 
6.0(3) ) 
6.0(3) ) 
6.0(3) ) 
6.0(3) ) 

occ. . 
1 1 
1 1 
1 1 

0.52(7) ) 
0.48(7) ) 

Measuredd reflections: 42 
Independentt reflections: 11 

AA : 2.42 A 
sinO/X:sinO/X: < 0.36 A 

R:R: 5.6 
Gof:: 1.12 

Tablee 5.1: Crystallographic parameters determined by neutron diffraction at 500 
KK (paramagnetic). The refinement factor R = £ Î L> ~ Fcalc\l^Fobs' and *^e 

goodness-of-fitgoodness-of-fit parameter Got = [Y,w[FZba ~ Fc<dc]2/(Nobs ~ Nvar)]
1/2 character-

izeize the quality of the refinement. 

foundd for the isostructural compound YC010V2 [11]. The 500 K (above Tc) 
sett of reflections was first refined allowing variation of the positional param-
eterss for the 8i and 87 crystallographic sites, the occupancy of the 8z site 
andd an overall isotropic thermal factor. Extinction was not included, which 
iss reasonable, since the crystal is very small and not of a very good quality. 

Thee results for the refinement of the 500 K data are summarized in Ta-
blee 5.1. The positional parameters for the Si and Sj sites agree with those 
foundd in literature for similar compounds [8], and for YCoioTiï [11]. The Si 
sitee was found to be occupied for 52 (7)% by Co and for 48 (7)% by V ions. 
Notee that this occupancy of the Si site leads to a composition DyCoi0.iVi. 9, 
whichh is in excellent agreement with the EPMA results and the nominal 
composition.. Concerning the refined overall thermal factor, a value of 6.0(3) 
AA is unphysically large. However, the effect of absorption as a function of 
thee scattering angle on the integrated intensities has a similar shape as the 
effectt of thermal vibrations [64]. Especially Dy, but also Co, are well known 
neutronn absorbers [65,102]. 

Forr the lower temperature sets, the positional parameters and the oc-
cupancyy of the 8i site were fixed. The Co moment (the same for all Co-
containingg sites), the Dy moment and an overall thermal factor were left free 
too vary. The magnetic moments were constrained along the [001] direction. 
Att 115 K and lower, the Co moment was found not to vary significantly 
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Temperature e 
Mvyifiz/Dy) Mvyifiz/Dy) 
AM/VCo ) ) 

BisofA2) ) 
R R 

Got Got 

3000 K 
-2.566 (11) 
0.799 (4) 
6.555 (8) 

1.1% % 
0.28 8 

1155 K 
-6.699 (10) 

1.1 1 
5.966 (13) 

1.6% % 
0.67 7 

500 K 
-8.077 (16) 

1.1 1 
5.877 (21) 

2.2% % 
1.03 3 

5K K 
-8.422 (19) 

1.1 1 
5.711 (27) 

2.6% % 
1.50 0 

Tablee 5.2: Magnetic moments parallel to the [001] direction determined 
byby neutron diffraction at 300, 115, 50 and 5 K. The refinement fac-
tortor R = £ \F 8̂ - i ^ d / E i ^ , , and the goodness-of-fit parameter Goi = 
[EE w[Foba - F%aic]

2/(N°b* ~ Nvar)] characterize the quality of the refinements. 

anymore,, so that it was fixed. For the set taken at 5 K, below the spin-
reorientationn temperature, we also allowed the moments to make an angle 
withh the [001] direction. This did not yield an improvement of the goodness-
of-fitt parameter or the refinement factor. It is however worth mentioning 
thatt the size of the Dy moment and the angle with the [001] direction were 
foundd to be strongly correlated. The results of the refinements of the 300, 
115,, 50, and 5 K data are summarized in Table 5.2. 

Fromm the neutron-diffraction results it can be concluded, that the Dy mo-
mentt grows down to the lowest temperature, antiparallel to the Co moment. 
Thee Co moment increases at least down to 300 K. The refined Co moments 
aree definitely larger than expected, because 115 K is near the compensa-
tionn temperature, where the mutually compensating Dy and Co magnetic 
momentss are equal. 

Itt should be mentioned that the refined Dy moment does not reach the 
free-ionfree-ion value of 10 /iB- Discrepancies between these results and magnetiza-
tionn measurements are at least partially due to the low number of reflections 
obtainedd in the neutron-diffraction experiment and the subsequent low statis-
ticss of the refinements. 

5.2.44 High-field magnetization measurements 

Forr the high-field measurements1, we used a single crystalline sphere with 
aa diameter of 2 mm. The experiments were performed at 4.2 K, in applied 
fieldsfields up to 38 T. 

!Inn this chapter demagnetizing-field effects are not taken into account, because they 
aree small. The demagnetizing field is estimated to amount to about 30 mT/(^B/f-u.) for 
thiss sample. 
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Figuree 5.2: High-field magnetization of DyCo10 V2 measured at 4.2 K /or tfie field 
appliedapplied parallel to the [001] direction, measured with decreasing semicontinuous 
field.field. The solid lines were measured with continuously increasing and decreasing 
fields. fields. 

Inn Figure 5.2, the magnetization for B / / [001] is shown, measured both 
withh increasing and decreasing field strengths. Starting at zero fields, with 
increasingg field strength the magnetization initially has a very low value, and 
then,, near 2 T the sample suddenly becomes magnetized, and remains mag-
netized,, even after the field has been removed. This effect will be discussed 
inn detail below. Up to about 10 T, the magnetization increases linearly with 
increasingg field strength. In fields higher than 10 T, the increase becomes 
larger.. The magnetization amounts to about 6 /is/fu. at 38 T. The magne-
tizationn extrapolated to zero field amounts to about 1.7 /uB/fu.. 

Figuree 5.3 shows the high-field magnetization for fields applied parallel to 
thee [100] and the [110] directions. Hardly any difference is observed for these 
twoo isotherms. For both directions, the magnetization increases linearly with 
increasingg field strengths, reaching about 6.5 /iB/f-u. at 38 T. Extrapolated 
too zero fields, The magnetization for both planar directions amounts to about 
0.66 /uB/f.u.. 
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Figuree 5.3: High-field magnetization of DyCo\oV2 measured at 4.2 K fcot/i for 
thethe field applied parallel to the [100] and the [110] direction. The symbols represent 
semicontinous-fieldsemicontinous-field measurements, the lines continuously-decreasing field measure-
ments. ments. 

Fromm the high-field magnetization results for the main crystallographic di-
rections,, we can conclude that the easy magnetization direction of DyCoioV2 
att 4.2 K is a cone around the [001] direction. The angle of the moment with 
thee [001] direction, 0[ooi], can be estimated using the values for the moment 
parallell  to the main directions in zero field. It is given by tanÖpi] = 0.6/1.7, 
whichh leads to #[ooi] = 19°. 

Figuree 5.4 shows the high-field magnetization at 4.2 K, in which the 
samplee was free to rotate in the applied field. The dashed line shows the 
magnetizationn isotherm of the sphere, cooled in zero field, measured with 
decreasingg fields from 38 T. In this measurement, the magnetization increases 
almostt linearly up to 38 T. In zero field, the magnetic moment amounts to 
aboutt 0.7 /xB/f-u., and reaches about 6.4 /ZB/I-U. in 38 T. Note that this 
isothermm is very similar to the isotherms obtained for the [100] and the [110] 
directions. . 

AA completely different magnetization isotherm was measured for the sam-
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Figuree 5.4: High-field free-crystal magnetization of DyCow Vj measured at 4.2 K 
fto£Afto£A /or ifte zero-field cooled sample (dashed line) and the sample cooled in a field 
ofof approximately 0.3 T (full line). The zero-field cooled sample was multi-domain 
throughoutthroughout the measurement, with an equal distribution of domains parallel and 
antiparallelantiparallel to the [001] direction. The field-cooled sample was single domain with 
respectrespect to the [001] direction. 

piee cooled in a field of about 0.3 T. It is shown in Figure 5.4 as a full line. 
Thiss measurement can be divided in two parts. Starting from the lowest 
appliedd fields, the magnetization starts at about 1.8 /xe/f.u. in zero field, 
andd slightly increases almost linearly with the applied field up to about 10 
T.. There, in a small field interval, the isotherm seems to coincide with the 
isothermm measured on the zero-field cooled sample. Above about 12 T, the 
magnetizationn increases linearly with increasing field up to 38 T, reaching 
aboutt 7.3 /Lie/f-u. at 38 T. The magnetization of the field-cooled sample 
exceedss that of the zero-field cooled sample in the whole applied-field range. 
Notee that up to about 11 T, this isotherm is very similar to the isotherm 
obtainedd for the [001] direction. 

Fromm these high-field free-crystal measurements, it may be concluded that 
thee zero-field cooled measurement is in fact measured with the field applied 
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parallell  to the crystallographic plane. Apparently the sample fails to become 
singlee domain even in fields as high as 38 T, retaining a 50/50 distribution 
off  domains parallel and antiparallel to the [001] direction. The similarity 
betweenn the low-field parts of the field-cooled free-crystal isotherm and the 
isothermm measured with B / / [001] may be interpreted as follows. None of the 
directionss in the cone around the [001] direction is most favored. Therefore, 
thee sample orients itself with the [001] direction parallel to the applied field. 

Thee field dependence of the magnetization below 11 T, for the field-cooled 
free-crystall  (and for B // [001]) may be interpreted as due to a reduction of 
thee cone angle with increasing field. Then, assuming that near 11 T the cone 
iss closed and that the Dy-sublattice moment equals the free-ion moment of 
100 Ate/Dy, we can estimate the Co-sublattice moment as MQJ = 10 - 2.2 = 
7.88 fiB/'Co (Mr>y is larger than MQ0)-

Thee intersublattice molecular-field coefficient noyCo is obtained from the 
linearlyy increasing part of the field-cooled high-field free-crystal isotherm 
betweenn 12 T and 38 T. We find a value of noyCo = 5.6 Tf.u.//iB, which is 
nearr the previously reported value of 5.5 T f.u.///B [95]. With a Co-sublattice 
momentt of 7.8 / /B/CO the intersublattice-molecular field amounts to 43 T. 

5.2.55 Magnetization isotherms at elevated tempera-
tures s 

Forr the experiments described below, a bar-shaped sample with dimensions 
1x1x22 mm2 was used. The [001] direction was parallel to one of the short 
sides,, the other short side, and the long side were parallel to the [100] and 
[010]]  directions, respectively. The magnetic isotherms measured at 300, 200, 
andd 100 K in directions parallel to the [001] direction and parallel to the 
[100]]  direction are shown in Figs. 5.5a-c. All these measurements were made 
withh increasing field strength. At these temperatures, the coercivity, to be 
describedd below, is very small and does not interfere with the initial shape of 
thesee isotherms. It can be derived from the results shown in Figs. 5.5a-c that 
thee easy direction is along the [001] direction at all three temperatures. The 
mutuallyy antiparallel Dy- and Co-sublattice moments will bend towards each 
otherr in the applied field if the field is perpendicular to the [001] direction. 
Forr this reason, the net moment may become higher in comparatively high 
fieldsfields than when measurements are made with the field applied parallel to the 
[001]]  direction. This may explain the crossing of the isotherms in Figs. 5.5a 
andd c. 
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Figuree 5.5: Magnetic isotherms measured of DyCoio V2 at 300 K (a), 200 K (b) 
andand 100 K (c) with the field parallel to the [001] direction and parallel to the [100] 
direction.direction. All these measurements were made with increasing field. 
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Figuree 5.6: Hysteresis loop of DyCoio V2 measured at 5K. The data were obtained 
byby cooling the aligned single crystal to 5 K in zero field and measuring first the 
virginvirgin magnetization curve. 

5.2.66 Results for B / / [001]: coercive properties 

Thee hysteretic behaviour of DyCoi0V2 at 5 K is shown in Fig. 5.6. These 
resultss were obtained by cooling the aligned single crystal to 5 K in zero 
fieldfield and measuring first the virgin magnetization curve. The presence of 
highh coercivity in conjunction with the small slope of the virgin curve can be 
takenn as a signature of the presence of narrow domain walls [103-106]. These 
narroww walls are strongly pinned to magnetic obstacles of atomic dimensions. 
Thee strong increase of the magnetization on the virgin curve at Bp = 2 T 
markss the propagation field Bp at which the external field is able to detach 
thee narrow walls from the pinning sites. At higher fields, the walls are re-
movedd from the crystal. Upon decreasing the field from 5 T into the region 
off  negative fields, reversed domains and domain walls can be nucleated but 
thee movement of the domain walls is impeded by the pinning sites, so that 
thee reversed domains cannot grow. This becomes possible again only for 
negativee fields equal in magnitude to the propagation field, meaning that the 
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Figuree 5.7: .FieM dependence of the magnetization of DyCo\{jV2 measured after 
coolingcooling the aligned single crystal in zero field. The lines serve as guides to the eye. 
TheThe compensation temperature is indicated by an arrow. 

absolutee value of the coercive field is equal to the propagation field, Bc = Bp. 
Measurementss made at several other temperatures reveal essentially the same 
behaviour.. Results are displayed in Fig. 5.7 where it can be seen that the 
propagationn fields are strongly dependent on temperature. The temperature 
dependencee of BP (or Bc) of the single crystal is shown in Fig. 5.8. Starting 
att 2 K, the intrinsic coercivity first decreases with increasing temperature. It 
seemss to diverge around 120 K and at still higher temperatures it continues 
too decrease. Before discussing this unusual temperature dependence of the 
coercivityy we will first discuss the temperature dependence of the magneti-
zationn because both temperature dependences are strongly correlated. 

Resultss of measurements of the temperature dependence of the magne-
tizationn made at various fields applied along the [001] direction are shown 
inn Fig. 5.9. Curve A was obtained after cooling the crystal to 5 K in zero 
fieldfield and measuring in a relatively small field of only 0.05 T. Under these 
conditions,, the magnetization at 5 K can be represented as a point on the 
virginn curve. The sample is practically in the demagnetized state and the 
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Figuree 5.8: Temperature dependence of the coercive field of DyCowV2. The inset 
showsshows a plot of B~l vs. T. The lines serve as guides to the eye. The spin-
reorientationreorientation temperature and the compensation temperature are indicated by ar-
rows. rows. 

magnetizationn remains low up to about 180 K. At this temperature, the co-
ercivityy has apparently dropped below the value of the measuring field and 
att temperatures above 180 K the sample becomes magnetized in the measur-
ingg field. This is revealed by the strong increase of the magnetization with 
increasingg temperature. This magnetized sample was subsequently cooled 
againn to 5 K and measurements were repeated in higher field strengths. Un-
derr these conditions, the magnetization at 5 K can be represented as a point 
onn the upper branch of the hysteresis loop, and the temperature dependence 
off  the magnetization of curves B and C in Fig. 5.9 can be taken as a mea-
surementt of the homogeneously magnetized sample, not affected by domain 
walls.. As done previously [99], we attribute the discontinuity at TST = 42 K 
too the occurrence of a spin reorientation and the sharp minimum at Tcomp = 
1200 K to mutual cancellation of the Dy- and Co-sublattice magnetizations 
att this temperature. 

Curvee A in Fig. 5.10 was obtained with the same small measuring field 
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Figuree 5.9: Temperature dependence of the magnetization of DyCoioV2 made with 
fieldsfields of various strengths applied along the [001] direction. The thermal histories 
ofof the measurements are described in the text. The spin-reorientation temperature 
andand the compensation temperature are indicated by arrows. 

(0.055 T) as curve A in Fig. 5.9, the only difference being that the sample 
wass magnetized in 5 T before the measurements. At 5 K, the magnetization 
correspondss to a point on the upper branch of the hysteresis loop and, in 
thee lower temperature range, curve A in Fig. 5.10 shows the same features as 
curvess B and C in Fig. 5.9. However, because the measuring field is still below 
thee coercive field at Tcomp, the total magnetization is not able to re-adjust 
itselff  according to the applied field when it has reversed its direction for 
T >> Tcomp. The measured magnetization remains therefore negative until the 
measuringg field becomes stronger than the coercivity at about 180 K. Curve 
BB in Fig. 5.10 shows the result obtained in a field of 1 T, similar to curve B 
inn Fig 5.9. The difference with the latter curve is that curve B in Fig. 5.10 
wass obtained by starting from the demagnetized state at 5 K. Inspection of 
thee data in Fig. 5.6 shows that the magnetization in 1 T at this temperature 
stilll  corresponds to a point on the virgin curve. This situation persists up to 
aboutt 35 K. As can be seen in Figs. 5.7 and 5.8, the value of Bc has dropped 
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Figuree 5.10: Temperature dependence of the magnetization of DyCoioV2 infields 
ofof various strengths applied along the [001] direction. The thermal history of these 
measurementsmeasurements are described in the text. 

too below the measuring field at this temperature. This means that increasing 
temperaturee leads to a strong jump in the magnetization and, above 35 K, 
curvee B in Fig. 5.10 can be regarded as representing points lying on the 
upperr branch of the hysteresis loop. From there on, curve B in Fig. 5.10 is 
noo longer different from curve B in Fig. 5.9. It follows from these results that 
aa reliable shape for a curve representative for the temperature dependence 
off  the spontaneous magnetization can only be derived from magnetization 
valuess corresponding to the upper branch of the hysteresis loop, like curves 
BB and C in Fig. 5.9. These curves show that MS(T) initially decreases with 
increasingg temperature. After vanishing at Tcomp it increases again. 

Wee will now return to the temperature dependence of the coercivity shown 
inn Fig. 5.8. 

Accordingg to the model proposed by Barbara and Uehara [106], the tem-
peraturee dependence of the coercivity can be described by the expression 

l/B c(T)) = l /B c(0)+aT, (5-1) ) 
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wheree a is proportional to the spontaneous magnetization over the wall en-
ergyy squared, a <xM8/7

2. j 2 is proportional to the product of the average 
exchangee energy and the average anisotropy energy. The average exchange 
energyy is composed of the Dy and Co intrasublattice contributions and the 
Dy-Coo intersublattice contribution. In the lowest temperature region, only 
thee Dy intrasublattice exchange energy is expected to be temperature depen-
dentt and to lead to some decrease of the average exchange energy with in-
creasingg temperature. Also the average anisotropy energy is composed of Dy-
andd Co-sublattice contributions. In the lowest temperature range, the latter 
cann be regarded as temperature independent whereas the Dy-sublattice con-
tributionn is expected to fall off with increasing temperature. Qualitatively, 
onee may expect therefore that j 2 decreases with increasing temperature in 
thee lowest-temperature range. Prom the temperature dependences of curves 
BB and C in Fig. 5.9, one may furthermore derive that also Ms decreases 
withh increasing temperature in the lowest-temperature range. Because in 
thiss range both Ms and 72 decrease with increasing temperature, the over-
alll  result may be that a <xM8 j")2 is hardly temperature dependent in the 
lowest-temperaturee range. It means that one may expect 1/BC to vary lin-
earlyy with temperature, a behaviour that, in Fig. 5.8 (inset), is seen to be 
fairlyy well obeyed up to about 65 K. 

Itt is relatively unimportant whether 72 becomes less or more tempera-
turee dependent above 65 K. Because of the presence of the compensation 
temperaturee where M5 = 0, one derives from Eq. 5.1 that Bc is expected to 
divergee at this temperature. This fact is clearly revealed in the experimental 
dataa shown in Fig. 5.8. 

5.2.77 Temperature dependence of the cone angle 

Inn order to obtain accurate values for the angle of the spontaneous moment 
withh the [001] direction as a function of temperature, we measured both the 
parallell  and perpendicular components of the magnetization2 with respect 
too the applied field. For this experiment, we used the spherical sample also 
usedd in the high-field experiments. We oriented the crystal such that the 
fieldfield was applied in the (100) plane, making an angle of 60° with the [001] 
direction.. It should be noted here, that experiments with the field applied in 
thee (110) plane yielded results that were not significantly different from the 
resultss presented here. 

2I nn these experiments, we observed that the moment does not rotate out of the (100) 
plane.. Therefore, the magnetization process is two-dimensional, and it suffices to mention 
onlyy the parallel and perpendicular components. 
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Wee measured in fields decreasing from 5 to 0.5 T at temperatures between 
55 and 65 K. It was observed that a field of 5 T is sufficient to make the sample 
singlee domain with this orientation. 

InIn Figure 5.11, the parallel (Mp„) and perpendicular (M^^) compo-
nentss of the magnetization, as well as the vector sum (M tot), measured at 
500 K, above the spin-reorientation temperature, are shown. With increasing 
field,field, Mpar increases linearly, while Mperp decreases linearly. This indicates 
aa rotation of the magnetic moment towards the applied field direction. Ex-
trapolatedd to zero fields, M tot has a value of about 1.1 /xs/f.u., which is very 
nearr the value obtained previously for B / / [001]. This indicates that the 
magneticc moment is saturated throughout this measurement. With increas-
ingg field strength, a slight increase of M tot is observed. This increases may be 
relatedd to a bending towards each other of the mutually antiparallel Co- and 
Dy-sublatticee moments, causing them to compensate each other to a lesser 
extent.. On the other hand, it may be related to a high-field susceptibility of 
thee compound. 

Byy simple geometry, the angle of the magnetic moment with the applied 
fieldfield direction 0B can be obtained. The inset in Figure 5.11 shows OB as a 
functionn of applied field. Extrapolated to zero field, 6B is slightly below 60°, 
ass expected from the alignment of the crystal. 

Thee results obtained at 5 K, below the spin-reorientation temperature, 
aree displayed in Figure 5.12. As above, both M  ̂ and Mtot increase nearly 
linearlyy with increasing field, while Mperp decreases. The inset shows 6B as 
aa function of applied field. Extrapolated to zero field, 9B is slightly below 
45°.. This indicates, that the easy magnetization direction has changed from 
parallell  to [001] at 50 K, to a direction that is canted by about 14° with 
respectt to the [001] direction at 5 K. 

Valuess for 0B in zero field and the spontaneous moment Ms at various 
temperaturess between 5 K and 65 K were obtained by extrapolation. We ob-
tainedd the angle of the spontaneous moment with the [001] direction, #[ooi]> by 
subtractingg 0B at zero field from 60°. The results are displayed in Fig. 5.13. 
Withh decreasing temperature, the angle 0[ooi] increases from 0° above the 
spin-reorientationn temperature of 42 K to about 14° at 5 K. This increase is 
rapidd just below 42 K and saturates upon approaching the lowest tempera-
tures.. The spontaneous moment Mg increases with decreasing temperature, 
apparentlyy approaching saturation slightly above 42 K. Just below 42 K, 
however,, it shows an anomalous rapid increase with decreasing tempera-
turee that saturates upon approaching the lowest temperatures, similar to the 
temperaturee dependence of 0[ooi]- Note that results agree fairly well with the 
high-fieldd measurements. 
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Figuree 5.11: Parallel (Mp^T) and perpendicular (MpeTp) components and the vector 
sumsum (Mtot) of the magnetization of DyCow Vi measured at 50 K with decreasing 
field.field. The lines are guides to the eye. The field was applied in the (100) plane, 
makingmaking an angle of 60° with the [001] direction. The inset shows the angle 6B of 
MMtottot with the applied field direction as a function of applied field. 

5.33 Analysis 

5.3.11 The spin-reorientation: higher-order CF effects 

Thee following is an attempt to describe the phenomenology of the spin re-
orientationn at 42 K. Below the spin-reorientation temperature, the magnetic 
momentt rotates away from the [001] direction, which is the easy direction 
abovee 42 K. At the same time, the projection of the magnetic moment on 
thee [001] direction increases sharply, resulting in an anomalous temperature 
dependencee of the magnetic moment when measured parallel to [001]. The 
samee increase below TSR was found for an aligned polycrystalline powder 
samplee [99], where it was noted to be probably due to the distribution of 
thee alignment of the grain particles and the easy-cone configuration of the 
magneticc moments within the grains. Our investigations point at another 
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Figuree 5.12: Parallel (Mp&1) and perpendicular (MpeTV) components and the vector 
sumsum (Mtot) of the magnetization of DyCoio Vi measured at 5 K with decreasing 
field.field. The lines are guides to the eye. The field was applied in the (100) plane, 
makingmaking an angle of 6CP with the [001] direction. The inset shows the angle 9B of 
M tott with the applied field direction as a function of applied field. 

mechanism,, since we found the same effect for the single crystal. 

I tt was also noted [99], that the spin reorientation from easy-axis to easy-
conee is probably due to higher-order crystal-field effects. To verify this, we 
analyzedd the magnetic moment as a function of temperature in zero applied 
field.field. We used a computer program that calculates the spontaneous magnetic 
momentt and its angle with the [001] direction by minimizing the free energy 
inn the two-sublattice crystal-field model (Section 2.5). 

Ourr analysis is based upon a few assumptions. We assume that the Co-
sublatticee anisotropy constant is temperature independent and equal to K\£o 
== -10 K/f.u. (This leads to an easy-plane preference with an anisotropy field 
off  about 4 T for the Co sublattice). It should be noted that we also tried 
other,, reasonable, values for the Co-sublattice-anisotropy constant. The in-
fluencee of the Co-sublattice anisotropy on the spin-reorientation transition 
andd on its mechanism was found to be small. We further assumed that the 
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Figuree 5.13: 27ie spontaneous moment (Ms) of DyCo\§Vi and the angle of the 
spontaneousspontaneous moment with the [001] direction (9poi])i obtained from vector mea-
surementssurements as a function of temperature. The lines are guides to the eye. 

Coo moment is constant, at least up to about 150 K. To account for a Dy mo-
mentt that is possibly smaller than the free-ion moment of 10 /J,B, the value of 
thee Co moment is derived from the experimental magnetization for every set 
off  crystal-field coefficients. The strength of the molecular field on the Dy mo-
mentt was also taken to be constant. The value of the molecular-field strength 
was,, for this analysis, determined from the temperature dependence of the 
magneticc moment between 100 and 150 K. This temperature dependence is, 
inn this simple approach, completely determined by the temperature depen-
dencee of the Dy moment. We found that, as the values of the crystal-field 
coefficientss are changed (within the limits of our analysis), at a given temper-
ature,, the Dy moment changes significantly. However, the change in absolute 
valuee of the Dy moment between about 100 and 150 K does not depend very 
muchh on the values of these coefficients. Therefore, the calculations for dif-
ferentt sets of crystal-field coefficients result in parallel curves of the magnetic 
momentt as a function of temperature between 100 and 150 K. These curves 
cann be shifted to match the experimental data, by changing the Co-sublattice 
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moment.. In this way, we find for the molecular field a value of 49 T, which is 
comparablee to the value of 43 T from the free-sphere-magnetization experi-
mentt (Section 5.2.4). Finally, we have assumed the crystal-field coefficients 
A\A\ and A% to be equal to zero. In our experiments, we find no clear differ-
encee between the magnetization isotherms measured with the field applied 
parallell  to the (110) and parallel to the (100) plane. This means that the 
coefficientss A\ and A% do not play a crucial role in the mechanism of the 
spinn reorientation. There are three coefficients to be determined, A%, A\ and 
A%.A%. A large number of sets can be found that produce a spin reorientation 
nearr 42 K. For a given value for A%, values for A\ and A% can be found that 
producee a spin reorientation at 42 K. For our purpose here, finding a phe-
nomenologicall  description of the spin-reorientation transition, it is sufficient 
iff  J4° is positive and large enough, because the moments stay parallel to [001] 
upp to high temperatures. We took a value for A% of 80 K O,Q2, which may be 
justifiedd because it was also found for the related compound GdConTi by 
meanss of Mossbauer spectroscopy [91]. 

Forr comparison, in Figure 5.14, we show the results of three such calcula-
tions.. In this figure, the spontaneous moment as a function of temperature, 
and,, in the inset, its angle with the [001] direction, are shown. The dots are 
thee experimental results, and the lines are the results of calculations. 

Thee full line, I, is calculated with crystal-field coefficients A® = 80 K O,Q2, 
A°A°44 = -10 K a^4, and A% = 0 K ÜQ 6. The value of Mo, obtained in this calcu-
lationn is 7.7 /is/f-u.. For this set of coefficients, the value of M as a function 
off  temperature shows hardly any discontinuity at the spin-reorientation tem-
perature,, whereas it is observed in the temperature dependence of 0[ooi], that 
thee spin-reorientation occurs near 41 K. The angle éfyoi] reaches about 20° 
att the lowest temperature. The value of Mpy at 5 K is calculated to be equal 
too the free-ion value of 10 ^B-

Thee dashed line, II , is calculated with crystal-field coefficients A% - 80 K 
a "̂2,, A°4 = 0 K a^4, and A% = 2.2 K a^6. The value of Mo, obtained in this 
calculationn is 7.8 /iB/f-u.. For this set of coefficients, a slight discontinuity 
forr Ms as a function of temperature is observed at the spin-reorientation 
temperature.. The angle 0[ooi] reaches about 19° at the lowest temperature. 
Thee value of Mpy at 5 K is 9.9 /iB, which is slightly below the free-ion value 
off  10 /zB. 

Finally,, the dotted line, III , is calculated with crystal-field coefficients A% 
== 80 K a^2, A°4 = 40 K a^4, and A% = 10 K a^6. The value of Mo, obtained 
inn this calculation is 7.9 ^e/f-u.. For this set of coefficients, the temperature 
dependencee of Ms, including the discontinuity at the spin-reorientation tem-
perature,, nearly reproduces the experimental values. Also the temperature 
dependencee of 0[ooi] is nearly the same as the experimental value, reaching a 
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Figuree 5.14: The spontaneous moment (Ms) of DyCo^Vi and the angle of the 
spontaneousspontaneous moment with the [001] direction (inset) (9\ooi]) as a function of tem-
perature.perature. The lines I, II, and III,  are the results of crystal-field two-sublattice 
calculations,calculations, see text. The symbols are experimental results. 

valuee of about 15cat the lowest temperature. For this calculation, the value 

off  Moy is equal to 9.6 fis at 5 K. 
Althoughh the final values of the crystal-field coefficients, the intersub-

lattice-exchangee energy and the Co-anisotropy constant were not sufficient 
too reproduce the results of the high-field magnetization measurements, the 
phenomenologyy of the spin reorientation in DyCoi0V 2 is described very well. 
Wit hh these parameters, the near saturation of the spontaneous moment above 
thee spin-reorientation temperature is related to a mixed state of the Dy 
(2J+1)) 4f levels with a moment of about 9.1 pB at 42 K. A calculation with 
aa molecular field of 49 T that is fixed parallel to the [001] direction, shows 
thatt the Dy moment would become smaller below about 42 K, reaching, at 0 
K,, a value of 8.66 /zB (which is equal to gj{J - 1) = f-f) . This would imply 
aa reduction of the intersublattice-exchange energy with decreasing tempera-
ture.. By rotating the molecular field slightly away from the [001] direction, 
thee intersublattice-exchange energy can become slightly larger, instead of 
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smaller,, with decreasing temperature. However, the Dy moment does not 
reachh the value of the free-ion moment of 10 ^B at the lowest temperature. 

Thee value of the intersublattice-molecular field obtained from the high-
fieldd free-crystal measurement amounts to 43 T (Section 5.2.4), with a Co-
sublatticee moment of 7.8 JLIB and an intersublattice molecular-field coefficient 
flDyCoflDyCo = 5.6 Tf.u./^B- This agrees fairly well with the 49 T obtained here 
andd indicates that the bending process above 12 T involves the full free-ion 
Dyy moment. Furthermore, the increase of the magnetization of about 0.5 
/ZBB from zero field up to about 11 T could, besides the previously mentioned 
closingg of the cone, be due to an increase of the Dy-sublattice magnetization, 
reachingg the free-ion value of 10 //B near 11 T. 

5.44 Concluding remarks 

Wee have investigated the magnetic properties of a single crystal of the com-
poundd DyCoioVV The easy magnetization direction is parallel to the [001] 
directionn at high temperatures. The magnetization tilts away from the [001] 
directionn below the spin-reorientation temperature (Tai = 42 K), reaching a 
anglee of 0[ooi] = 14° at 5 K. We found that the temperature dependence of 
thee magnetization shows several unusual features. 

Thee occurrence of an easy cone at low temperatures is related to higher-
orderr crystal-field terms describing the Dy-sublattice anisotropy. The rota-
tionn of the moment away from the [001] direction and the anomalous increase 
off  the magnetization parallel to the [001] direction below T8T, can be calcu-
latedd with a set of crystal-field coefficients that includes a sizable value of 
AQ.AQ. These crystal-field coefficients imply that the Dy moment has a value 
lowerr than the free-ion value of 10 HB, even at the lowest temperature. This 
iss corroborated by the neutron diffraction experiment, that, with rather poor 
statistics,, resulted in a Dy moment lower than the free-ion value of 10 ^B-

AA further anomaly in the M(T) curves in the form of a sharp minimum 
att Tcomp = 118 K, is due to the magnetic compensation of the Co- and 
Dy-sublatticee magnetizations. The shape of the M(T) curves is not only 
stronglyy field dependent but depends also considerably on the thermal history 
off  the sample. This behaviour is attributed to the development of a rather 
strongg intrinsic coercivity at low temperatures originating from the presence 
off  narrow Bloch walls. The present results, obtained on fairly large single 
crystals,, refute previous explanations of the high coercivity at 5 K in terms 
off  small single domain particles [100]. The most prominent result obtained in 
thee course of the present investigation is the unusual temperature dependence 
off  the coercivity. The results presented here demonstrate quite clearly that 
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thee presence of narrow Bloch walls leads to a divergence of the coercivity at 
thee compensation temperature. 



Chapterr 6 

Three-dimensional l 
magnetizationn process in 
HoFenTi i 

AA first-order magnetization process (FOMP) occurs at low temperatures in 
thee easy-axis tetragonal compound HoFenTi when the field is applied parallel 
too the main planar crystallographic directions. For different orientations, the 
FOMPP occurs at different applied-field strengths. To investigate the FOMP 
inn HoFenTi in detail, we have performed three-dimensional magnetometry on 
aa single crystal. The results show that in fields lower than the field at which 
thee FOMP starts, the magnetic moment rotates within the plane defined by 
thee [001] direction and the applied field. The FOMP represents a rotation 
towardss the applied magnetic field. Depending on the direction of the applied 
field,field, the magnetic moment may rotate out of the plane in which it originally 
resided.. To our knowledge, this work represents the first direct observation 
off  a three-dimensional magnetization process. 

6.11 Introductio n 

Ferrimagneticc HoFenTi, crystallizing in the tetragonal ThMni2-type crystal 
structuree (space group I4/mmm, number 139), has been subject of numerous 
investigationss [41,107-109]. The easy magnetization direction was found to 
bee parallel to the [001] direction at all temperatures. For fields applied in the 
basall  plane, below 120 K a first-order magnetization process (FOMP) of type 
III  occurs (see Ref. [47]). The critical field for this FOMP strongly depends on 
thee direction of the applied field, indicating a considerable anisotropy. When 
thee field is applied along the [100] direction, the FOMP occurs at a higher field 
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thann when it is applied along the [110] direction. Remarkably, this FOMP is 
observedd as a non-hysteretic continuous variation of the magnetization. This 
effectt is ascribed to the co-existence of two magnetic phases [41]. 

Furthermore,, from the previous investigations it is clear that at low tem-
peraturess and in applied fields below 15 T, the magnetization of HoFenTi 
iss indistinguishable from that of a ferromagnet. This is due to the high ex-
changee field {nBBex/ks = 100 K [41]) that keeps the Ho and Fe magnetic 
sublatticess antiparallel. 

Fromm the above it is clear that HoFenTi is very interesting to look at by 
meanss of three-dimensional magnetometry. With this technique, the magne-
tizationn is determined not only parallel, but also perpendicular to the applied 
magneticc field direction. In this way, we account for the vector character of 
thee magnetic moment. 

Heree we report on measurements, performed in high magnetic fields ap-
pliedd along non-principal crystallographic directions. The latter is essential 
too ensure that the measurements are performed on single-domain samples. 

6.22 Experimental 

InIn the experiments described in this chapter, the magnetization vector is 
decomposedd into three perpendicular components, Mx, Mv, and M2 (See 
Sectionn 2.6.3). The component along the applied-field direction is called 
Mg.Mg. The component Mx lies in the plane perpendicular to the applied-field 
direction,, along the direction nearest to the easy [001] direction. Two exper-
imentall  setups were employed to monitor the response of the magnetization 
vector:: a Quantum Design SQUID magnetometer and the Amsterdam High-
Magnetic-Fieldd Installation [75]. For all measurements, a single-crystalline 
samplee of HoFenTi, with approximately ellipsoid shape, was oriented into 
differentt crystallographic orientations. Laue X-ray diffraction was used to 
verifyy the orientations. 

6.33 Experimental results 

Below,, the magnetization results are presented as a function of applied field, 
ratherr than internal field. We are aware that the demagnetizing field is not 
negligiblee for this sample. But, because the magnetization changes both 
inn size and direction, the internal field will also change both in size and 
directionn during the magnetization process (see Ref. [110]). We cannot fix the 
directionn of the internal field as a function of applied field, making it difficult 
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Figuree 6.1: Longitudinal magnetization, Mz, of HoFe\\Ti at 5 K for the field 
appliedapplied parallel to the main crystallographic axes [100], [010] and [001]. The lines 
areare guides to the eye. 

too display the magnetization as a function of internal field. Moreover, in the 
experimentss described in this chapter, the demagnetizing effects are small. 
Thiss wil l be argued below, with the aid of magnetic isotherms obtained by 
applyingg the magnetic field along the main crystallographic directions. 

Figuree 6.1 shows the longitudinal magnetization, M 2, as a function of 
appliedd field at 5 K for the main crystallographic directions. The [001] direc-
tionn is the easy magnetization direction. About 0.4 T is needed to saturate 
thee magnetization that starts at zero magnetization in zero applied field. 
Thee saturated magnetic moment in zero field, obtained by extrapolating the 
saturatedd magnetization between 1 T and 5 T to zero field equals about 9.6 
^e/f-u.,, in good agreement with earlier measurements [41]. 

Whenn the field is applied in the basal plane, the magnetization starts 
att zero and slowly increases linearly with the applied field, manifesting the 
largee uniaxial anisotropy. A deviation from this linear field-dependence, the 
FOMP,, starts at about 3.0 T for the [100] direction and at about 2.4 T for the 
[110]]  direction. This different response of the magnetization to the applied 
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fieldfield for the main planar crystallographic directions indicates an in-plane 
anisotropy.. Apparently the [100] direction is the "hard" direction within the 
basall  plane, and the [110] direction is the "easy" direction. 

Inn order to gain some insight in the behavior of the internal magnetic 
fieldfield as a function of the applied field, necessary for comparison of the results 
givenn here with data from other experiments, we can approximate the sample 
ass an ellipsoid. The short axis is along the [001] direction, and the two equal 
longg axes are along the [100] and [010] directions. The demagnetizing factors, 
JV,, for the two cases are calculated to be 0.46 and 0.27, respectively. The 
slopee of the low-field data in Figure 6.1 for the field applied parallel to [001] 
resultss in N = 0.46, in quite a good agreement with the calculated value. The 
samplee has become single domain at about 0.4 T, in reasonable agreement 
withh the maximal demagnetizing field in this direction, which amounts to 
0.299 T. 

Notee that the initial slope for the two in-plane directions (Figure 6.1) 
iss not caused by demagnetization effects, as for the [001] direction, but by 
aa rotation of the moment from the [001] direction towards the applied-field 
direction.. The field is applied in a symmetry direction and, therefore, the 
samplee remains multi-domain with a 50/50 distribution of moments nearly 
parallell  and nearly antiparallel to [001]. 

Lett us now consider a situation characteristic for the three-dimensional 
magnetizationn measurements described in this chapter, with the field applied 
att an angle of 75° with the [001] direction. The field component parallel to 
[001]]  shifts the domain walls out of the sample, while the in-plane component 
rotatess the magnetic moment towards the field direction. 

If,, as a first approximation, the rotation of the magnetic moment is ne-
glected,, the demagnetizing field is directed opposite to the net magnetization 
alongg [001]. HoFeuTi behaves, for field components along [001], as a soft fer-
romagnet.. The demagnetizing field will , at fields lower than the saturation 
field,field, just compensate the magnetizing component of the applied field. There-
fore,, below the saturation field, the internal field is equal to the projection 
off  the applied field on the (001) plane. This projection is only 3.4 % smaller 
(1—sinn 75°) than the applied field. For fields higher than the saturation field, 
stilll  neglecting the rotation of the magnetic moment, the demagnetizing field 
amountss to 0.29 T perpendicular to the (001) plane. The slight rotation 
off  the magnetic moment with increasing field strength will not change this 
picturee significantly. As long as the magnetic moment is close to the [001] 
direction,, the internal field is somewhat canted towards the (001) plane, but 
itss value is nearly equal to the applied field. In high fields, when the moment 
directionn is close to the field direction, the demagnetizing field is nearly op-
positee to the applied field. The strength of the demagnetizing field is then, 
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accordingg to N = 0.27, somewhat less than 0.2 T. 
InIn view of this picture, it seems justified to give the applied field instead 

off  the internal field in all field regions. The main effect to be mentioned 
iss that, in low fields, the internal field is closer to the (001) plane than the 
appliedd field. 

Lett us make some remarks. Firstly, the applied-field strength at which 
thee sample has just become single domain is given by 0.29/cos 75° T, which 
resultss in 1.1 T, in good agreement with the observed values, as will be shown 
later. . 

Secondly,, it should be noted that the rotation of the moment will be, 
withoutt threshold, proportional to the applied field, just as in the curves in 
Figuree 6.1 for the field applied parallel to [100] and [110]. For this rotation, 
onlyy the in-plane component of the applied field is relevant, which is just the 
internall  field. For determination of the single-domain magnetic moment in 
zeroo field, we may, therefore, extrapolate to zero field strength. 

Thesee results provide the framework for the three-dimensional magne-
tometryy presented below. Because we want to describe the microscopic mag-
netizationn process from the macroscopic response, the sample has to be single 
domain.. To select one of the domains in the tetragonal symmetry, the sample 
hass to be rotated out of the high-symmetry directions. To allow the FOMP 
too take place, while ensuring a single domain with respect to the unique [001] 
direction,, we oriented the crystal such that the field makes an angle of about 
75°° with [001]. It is demonstrated above, that with this orientation the sam-
plee will be single-domain at field strengths below the start of the FOMP. 
Withh respect to the high-symmetry planes, (110) and (100), between [001] 
andd the basal plane, a single domain is ensured by a small misalignment out 
off  these planes. 

6.3.11 Low-field results for  B in (110) plane 

Thee plane defined by [110] and [001] is called the (110) plane. The field was 
appliedd about 3° away from this (110) plane, making an angle of 75° with the 
[001]]  direction. To determine the field of the FOMP for this orientation, the 
longitudinall  magnetization, Mz, was measured as a function of applied field, 
withh increasing and decreasing field. The results are shown in Figure 6.2. No 
significantt hysteresis is observed. Three separate regions can be discerned. 
Inn the first part, from zero applied field up to about 1 T the magnetization 
increasess from zero to about 3.8 HB/LVL.. In the second part of the curve, 
betweenn 1.25 T and about 2.8 T, the magnetization increases slightly and 
linearlyy with applied field. In the third part of the curve, starting at about 
2.88 T, the magnetization starts to increase rapidly, and tends to saturate 
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Figuree 6.2: Longitudinal magnetization, Mz, of HoFen Ti at 5 K for the magnetic 
fieldfield applied nearly parallel to the (110) plane, making an angle of 75° with the 
[001]]  direction. 

nearr 5 T. The three parts are identified as follows. 
Thee first part represents the saturation process. The observed saturation 

fieldfield is for this orientation approximately 1 T, in good agreement with the 
valuee calculated above. 

Inn the second part, the sample is saturated, and its moment rotates 
slightlyy towards the applied field direction. Extrapolation of the magne-
tizationn between 1.25 T and 2.8 T to zero field yields the saturated magnetic 
momentt in the direction of the applied field, about 3.3 ^s/f-u.. The spon-
taneouss magnetization of the sample equals about 9.6 /UB/LU.. Thus the 
anglee of the saturated magnetic moment with the applied field, given by 
cos## = 3.3/9.6, equals about 70°, indicating that the saturated magnetic 
momentt is nearly parallel to the [001] direction. The small discrepancy with 
thee intended orientation of the sample may be attributed to demagnetization 
effectss or to a small misalignment of the sample. Finally, in the third part a 
FOMPP occurs, starting at about 2.8 T, to be compared to about 2.4 T when 
thee field is applied parallel to the [110] direction (Figure 6.1). 
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Figuree 6.3: The three components of magnetization Mx, My, and Mz and the total 
magneticmagnetic moment Mtot of HoFe\\ Ti at 5 K. The field was applied nearly parallel 
toto the (110) plane, making an angle of 75° with [001]. The lines are guides to the 
eye. eye. 

Thee three components of the magnetization Mx, My, and Mz, were mea-
suredd at 5 K with decreasing field down from 5 T. The results are shown in 
Figuree 6.3, including the total magnetic moment of the sample, which is the 
vectorr sum of the three components. Note that the negative sign for Mx is 
aa consequence of the orientation matrix we use in this chapter (see Section 
2.6.3).. As above for M2, we may distinguish three parts in the magnetization 
curves. . 

Startingg from zero, the magnetization saturates just above 1 T. In zero 
fieldfield Mx, My, Mz and Mtot all equal to zero. Then the values of Mx and 
M22 increase, so that Mtot reaches the value of the saturated magnetization 
off  about 10 ̂ e/f-U-, which is in good agreement with the above mentioned 
valuee of 9.6 fx^/l.u.. My remains zero. 

Betweenn 1.5 T and 2.75 T, the size of Mx decreases, while M2 increases 
slightly.. My remains zero. Here it is noted that Mx is indeed measured 
nearr the easy [001] direction. M tot remains essentially constant in this field 
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interval.. Extrapolation of Mx between 1.5 T and 2.75 T yields a saturated 
magneticc moment perpendicular to the applied field of about 9.4 /ifi/f-u. . The 
anglee of the saturated magnetic moment with respect to the applied field can 
noww be calculated from the saturated moments parallel and perpendicular 
too the applied field. It is given by tanö = 9.4/3.3, and equals about 71°. 
Extrapolationn of the total magnetic moment between 1.5 T and 2.75 T to 
zeroo field yields a saturated total magnetic moment of about 9.9 /ie/fu., 
whichh is near the 9.6 /ie/f-u. reported above. Prom the above it is clear, 
thatt in the field interval between 1.5 T and 2.75 T the magnetic moment 
rotatess slightly towards the applied-field direction, without changing its size. 
Itt remains near [001]. 

Thee FOMP, above 2.75 T, is associated with a decrease of the size of Mx, 
andd an increase of Mz, while also a small value for My is observed. The 
totall  magnetic moment first decreases slightly with increasing field, up to an 
appliedd field of about 3.5 T. Above this field, it increases again. 

Forr this orientation, the FOMP is a rotation of the magnetic moment 
towardss the applied-field direction. It takes place towards a direction in the 
(110)) plane, near which the field is applied. The small observed value for 
M v,, is related to the misalignment of the sample, as will be shown below. 

6.3.22 High-field results for  B in (110) plane 

Forr the measurements at 4.2 K in applied fields up to 15 T, the crystal orien-
tationn was the same as for the measurements described above. The observed 
threee components Mx, My, Mz of magnetization and the total magnetic mo-
mentt of the sample M tot are displayed in Figure 6.4a. Up to 5 T, the results 
aree clearly very similar to those displayed in Figures 6.2 and 6.3. The FOMP 
startss at about 2.9 T. It is marked by an anomalous increase of Mz and 
decreasee of Mx. Also in this experiment a small My is observed above 2.9 T. 
Thee three components of the magnetization and the total magnetic moment 
tendd to saturate above about 8 T. This indicates that the FOMP has been 
completedd above 8 T. 

Thee decrease and subsequent increase of the total magnetic moment be-
tweenn 2.9 T and 8 T is a sign of the coexistence of two magnetic phases. 
Becausee during the FOMP two phases coexist, a volume fraction ƒ of the 
samplee contains the low-field phase. The other volume fraction, 1 — ƒ, then 
containss the high-field phase. Outside of the field interval of coexistence, the 
componentss of magnetization increase slightly and linearly. We assume that 
thee low-field phase follows the same field dependence as below 2.9 T, and 
thatt the high-field phase follows the same field dependence as above 8 T. We 
addedd the thus obtained components of the magnetization of the high-field 
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Figuree 6.4: a: The three components of magnetization Mx, My, and Mz and the 
totaltotal magnetic moment M tot of HoFen Ti at 4.2 K. The field was applied nearly 
parallelparallel to the (110) plane, making an angle of 75° with the [001] direction, b: 
TheThe three regimes that occur in the magnetization process: a low-field phase, an 
intermediateintermediate range with coexistence, and a high-field phase. The inset shows the 
fractionfraction of the low-field phase as a function of applied field. The lines show the 
calculatedcalculated values, the symbols show the measured values. 



104 4 6.6. Three-dimensional magnetization process in HoFe\\Ti 

IZ Z 

10 0 

8 8 

6 6 

4 4 

2 2 

n n 

f -- l 

•• HoFe^Ti 

_B//(100), , 

• • 
i

.
i

.
i

. . 

• • 
ii i i 

11 ' — 

^[001] ] 

—11 1— 1 

== 73 deg 

ii i i 

11 i • i 

--

ii " 
1 1 

1 1 
l l 

--

TT = 5K 
ii . i 

00 1 2 3 4 5 

B(T) ) 

Figuree 6.5: Longitudinal magnetization, Mz, of HoFen Ti at 5 K for the magnetic 
fieldfield applied nearly parallel to the (100) plane, making an angle of 73° with [001]. 

phasee and the low-field phase in the interval of coexistence using an appro-
priatee function ƒ. Apparently the behavior of ƒ is exponential. We tried 
ƒƒ = exp(-(B - 2.8)) for B > 2.8 T (it is ƒ = 1 for B < 2.8 T). In Fig-
uree 6.4b this procedure is clarified and the resulting values of Mx, My, and 
MMzz in the coexistence region are displayed. Also displayed is the total mag-
neticc moment of the sample, calculated with the aid of ƒ. Note that the total 
magnetizationn decreases just above the onset field of the FOMP, and then 
increasess again until it reaches the value of the saturation magnetization. 

6.3.33 Low-field results for B in (100) plane 

Thee plane defined by [100] and [001] is the (100) plane. The field was applied 
aboutt 1° away from this (100) plane, making an angle of 73° with [001]. 
Too determine the field of the FOMP for this orientation, the longitudinal 
magnetizationn Mz was measured as a function of applied field, with increasing 
andd decreasing field. The results are shown in Figure 6.5. Also in this case, no 
significantt hysteresis is observed and three separate regions can be discerned. 
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Inn the first part, from zero applied field up to about 1.25 T the magnetization 
increasess from zero to about 3.5 (XB/Ï.U.. In the second part of the curve, 
betweenn 1.25 T and about 3.75 T, the magnetization increases slightly and 
linearlyy with applied field. In the third part of the curve, starting at about 
3.755 T, the magnetization starts to increase rapidly. This increase becomes 
lesss rapid towards 5 T. The three parts are, just as for the experiment with 
thee field applied near the (110) plane, identified as the saturation process, a 
slightt rotation of the saturated moment towards the applied field, and the 
FOMP,, respectively. Extrapolation of the magnetization at applied fields 
betweenn 1.3 T and 3.75 T to zero field amounts to about 3.0 /za/fu. The 
anglee of the saturated magnetic moment with the applied field, given by 
cos## = 3.0/9.6, equals about 72°, indicating that the saturated magnetic 
momentt is near the [001] direction. A small misalignment of the sample, or 
demagnetizationn effects may cause this small discrepancy with the intended 
orientationn of the sample. The FOMP starts at about 3.75 T, to be compared 
too about 3.0 T when the field is applied parallel to the [100] direction (see 
Figuree 6.1). 

Thee three components of the magnetization, Mx, Mv, and Mz were mea-
suredd at 5 K with decreasing field starting from 5 T. The results are shown 
inn Figure 6.6, including the total magnetic moment of the sample. As above 
forr Mz, three parts can be distinguished in the magnetization curves. 

InIn zero field, Mx, My, Mz and M tot all equal to zero. Upon increasing 
thee applied field, the values of Mx and Mz increase, so that M tot reaches the 
valuee of the saturated magnetization, near 10 ^a/f-u.. My remains zero. 

Inn the field interval between 1.5 T and 3.75 T, the magnetic moment 
rotatess slightly towards the applied-field direction, without changing its size. 
Thee value of Mx decreases while Mz increases, both slightly and linearly. My 

remainss zero. Here it is noted that Mx is indeed measured near the easy [001] 
direction.. Extrapolation to zero field of Mx between 1.5 T and 3.5 T yields 
aa saturated magnetic moment perpendicular to the applied field of about 9.3 
//B/f-u.. The angle of the saturated magnetic moment with the applied field 
cann be calculated from the saturated moments parallel and perpendicular 
too the applied field. It is given by tan0 = 9.3/3.0, and equals about 72°. 
Extrapolationn of the total magnetic moment between 1.5 T and 3.5 T to 
zeroo field yields a saturated total magnetic moment of about 9.8 /ia/f-u., 
whichh is close to the 9.6 //a/f-U- reported above. 

Thee occurrence of the FOMP, above 3.75 T, is marked by the rapid 
changeschanges in Mx and Mz, while also a small My is observed. 
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Figuree 6.6: The three components of magnetization Mx, My, and Mz and the total 
magneticmagnetic moment Mtot of HoFen Ti at 5 K. The field was applied nearly parallel 
toto the (100) plane, making an angle of 73° with [001]. The lines are guides to the 
eye. eye. 

6.3.44 High-field results for B in (100) plane 

Forr the measurements at 4.2 K in applied fields up to 15 T, the orientation 
off  the crystal was the same as in the measurements in the SQUID. The 
threee components Mx, My, Mz of the magnetization and the total magnetic 
momentt of the sample M tot determined are displayed in Figure 6.7a. Up to 
55 T, the results are similar to those displayed in Figures 6.5 and 6.6. In this 
figure,, the FOMP starts at about 3.8 T, in reasonable agreement with the 
low-fieldd measurement. It is marked by a rapid increase of My and M2, and a 
rapidd decrease of Mx. For the total magnetic moment, a decrease is found at 
thee onset of the FOMP. The component parallel to the applied field, Mz and 
thee total magnetic moment, Mtot, tend to saturate above about 8 T, whereas 
thee perpendicular components Mx and My still show some susceptibility. 
Thiss indicates that the FOMP has completed above about 8 T and that the 
magneticc moment is only slightly rotating with increasing field. 
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Figuree 6.7: a: The three components of magnetization Mx, My, and Mz and the 
totaltotal magnetic moment M tot of HoFen Ti at 4.2 K. The field was applied nearly 
parallelparallel to the (100) plane, making an angle of 75° with [001]. b: The three regimes 
thatthat occur in the magnetization process: a low-field phase, an intermediate range 
withwith coexistence, and a high-field phase. The inset shows the fraction of the low-
fieldfield phase as a function of applied field. The lines show the calculated values, the 
symbolssymbols show the measured values. 
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Ass above, for the field applied in the (110) plane, the decrease and sub-
sequentt increase of the total magnetic moment between 3.8 T and 8 T is a 
signn of the coexistence of two magnetic phases. We apply the same analysis 
ass above, with the volume fraction of the low-field phase, ƒ, as a function of 
appliedd field given by ƒ = exp(-(B - 3.8)) for B > 3.8 T (it is ƒ = 1 for B 
<<  3.8 T). 

Figuree 6.7b shows the function ƒ, the resulting calculated magnetization 
componentss and the total magnetic moment of the sample. From the agree-
mentt with the observed results, we conclude that it is the coexistence of two 
magneticc phases that causes the decrease and subsequent increase of the total 
magneticc moment. 

6.44 Discussion and conclusions 

Forr easy comparison with other measurements, the magnetization vector, 
determinedd in the coordinate system of the magnetometer, is transformed to 
thee coordinate system of the tetragonal crystal axes. For this, we constructed 
aa rotation matrix P (see Section 2.6.3). The magnetization in the coordinate 
systemm of the tetragonal crystal axes [100], [010], and [001] is obtained by 

Forr the field applied near the (110) plane, we used the rotation angles, 
ass defined in the Section 2.6.3, C = 42° and ip = 75°. Figure 6.8a shows the 
magnetizationn components of Figure 6.4 projected on the crystal axes. The 
figurefigure clarifies the magnetization process. Up to the start of the FOMP, near 
2.88 T, the magnetic moment stays almost parallel to [001], the easy magneti-
zationn direction in zero field. With increasing field, it bends slightly towards 
thee applied magnetic field, i.e. towards the [110] direction. Then the FOMP 
startss and the magnetic moment rotates towards a direction that is much 
fartherr away from the [001] direction. The observed difference between the 
signalss in the [100] and [010] directions is within the experimental accuracy, 
inn particular in view of the uncertainties in the field compensation. We con-
cludee that, for this crystallographic orientation, the FOMP is a rotation of 
thee magnetic moment within the (110) plane. As estimated by simple geom-
etry,, the angle of the magnetic moment with the [001] direction is about 13° 
inn 2.9 T, and reaches about 61° in 15 T. 

Wee also made model calculations of the magnetization of HoFenTi for this 
orientation.. The employed model uses a single-ion crystalline-electric-field 
descriptionn for the Ho magnetic sublattice, a phenomenological description 
off  the Fe magnetic sublattice and a mean-field description of the exchange 
interactionss (Section 2.5). Details and the parameters used can be found in 
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Figuree 6.8: a: The three components of magnetization from Figure 6.4 projected 
ontoonto the crystal axes, b: Simulated magnetization f or the field applied in the (110) 
plane,plane, making an angle of 75° with [001], projected onto the crystal axes. 



1100 6. Three-dimensional magnetization process in HoFenTi 

Ref.. [41]. The crystalline-electric-field coefficients A°, A\, A\, A$ and AQ 
weree taken to be equal to -20.5 K a^2, -11.1 K OQ4, -153.2 K a^4, 5.02 K aö6 

andd -0.81 K a "̂6, respectively. The magnetic moment of the Fe sublattice was 
takenn to be equal to 19.65 /4B, and the anisotropy constants K\ and K% for 
thee Fe sublattice 24 K/f.u. and 0.44 K/f.u., respectively. The exchange-field 
energyy ^B-B&T/& B was taken to be equal to 100 K. It has to be mentioned 
thatt the magnetization is calculated as a function of internal field. 

Thee results of the simulation are shown in Figure 6.8b. The moments 
inn the [100], [010] and [001] direction are displayed, together with the total 
magneticc moment. Note that the simulated [100] and [010] moments stay the 
samee during the magnetization process, showing that the magnetic moment 
stayss in the (110) plane. Outside the coexistence range, the calculated curves 
agreee qualitatively with the experimental curves. The FOMP takes place at 
aboutt 3.5 T and is calculated as a discontinuous rotation of the moment. 
Thiss discontinuity occurs, because the model does not take into account the 
coexistencee of the low-field phase and the high-field phase. Above about 3.5 
T,, the calculated magnetization continues to rotate slightly towards the field 
direction.. The equal [100] and the [010] components of the magnetization 
increasee slightly with increasing field strengths, while the [001] component 
decreases.. The calculated angle of the magnetic moment with the [001] di-
rectionn amounts to 9.5° in 2.9 T and 66.6° in 15 T, showing good agreement 
withh the experimental results. 

Thee magnetization components for the field applied near the (100) plane 
weree also projected on the tetragonal crystal axes [100], [010], and [001]. We 
usedd the rotation matrix P with rotation angles (see Section 2.6.3) C = 1° and 
%j)%j) = 73°. Figure 6.9a shows the magnetization of Figure 6.7 projected on the 
crystall  axes. The figure clarifies the magnetization process. Up to the start 
off  the FOMP, near 3.8 T, the magnetic moment remains almost parallel to 
[001],, the easy magnetization direction in zero field. With increasing field, it 
bendss slightly towards the applied magnetic field, towards the [100] direction 
(thee signal for the [010] direction remains zero). Then the FOMP starts and 
thee magnetic moment rotates sharply away from the [001] direction. At the 
samee time, the magnetic moment rotates out of the (100) plane, denoted by 
thee large [010] component. The estimated angle with the [001] direction is 
aboutt 10° at 3.7 T, and 66° at 15 T. The angle of the projection of the 
momentt on the basal plane with the [100] direction equals zero in low fields, 
andd increases to about 28° at 8 T, above which field strength it remains 
nearlyy constant up to 15 T. 

Wee also made model calculations for the magnetization of HoFenTi for 
thiss orientation. The parameters were the same as above. The results of the 
simulationn are shown in Figure 6.9b. The moments in the directions of the 
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Figuree 6.9: a: The three components of magnetization from Figure 6.7 projected 
ontoonto the crystal axes, b: Simulated magnetization for the field applied in the (100) 
plane,plane, making an angle of 73° with [001], projected onto the crystal axes. 
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crystall  axes, together with the total magnetic moment, are displayed. The 
calculatedd curves agree qualitatively with the experimental curves, at least 
outsidee of the coexistence range. 

Inn fields increasing up to about 5.5 T, the magnetic moment rotates 
slightlyy towards the field direction. The FOMP takes place at about 5.5 T, 
showingg a fairly large discrepancy with the measured 3.8 T. It is a discontin-
uouss rotation of the moment. Above 5.5 T, the calculated magnetic moment 
hass components in all three crystal-axis directions. The moments in the [010] 
andd the [001] direction decrease slightly with increasing field, while the mo-
mentt in the [100] direction increases slightly with increasing field. The angle 
off  the magnetic moment with the [001] crystallographic direction amounts to 
10°° at 3.7 T and 63.8° at 15 T. The angle of the projection of the magnetic 
momentt on the basal plane with the [100] direction equals zero in low fields, 
andd decreases from 25.5° at 5.5 T to 10.8° at 15 T. Just as for the FOMP 
field,, a fairly large disagreement with the measurements exists for the angle 
off  the magnetic moment with the principal axes. 

Theree are some discrepancies between the calculations and the exper-
iment.. They may arise from misorientation of the sample and from the 
limitedd accuracy of the measurements. It should be noted, however, that the 
modell  employed here was developed on the basis of measurements made only 
alongg the main crystallographic directions [41]. The discrepancies between 
thee measured and calculated magnetization process are largest for the experi-
mentss with the field applied in the (100) plane. It is for this direction that the 
magnetizationn process is three-dimensional, as opposed to the experiments 
withh the field applied in the (110) plane, where it is two-dimensional. There-
fore,, when one measures only the projection of the magnetic moment vector 
onn the applied-field direction, less is learned about the magnetic-moment di-
rectionn when the field is applied in the (100) plane than when the field is 
appliedd in the (110) plane. 

Whenn the field is applied in the (100) plane, the FOMP represents a three-
dimensionall  magnetization process in which the magnetic moment rotates out 
off  the plane where it originally resided. This is corroborated by the model 
calculations.. A calculation of the free energy as a function of angle, made 
byy means of the same program as used for Figures 6.8 and 6.9, clarifies the 
originn of this three-dimensional process. There exist two inequivalent minima 
inn the free energy: a zero-field minimum along the [001] direction, and a local 
minimum,, located in the (110) plane, about 60° away from the [001] direction. 
Figuree 6.10 shows the free energy as a function of angle in the relevant l/16th 

partt of a sphere. The magnetic moment, shown as a red arrow, rotates to 
thee absolute minimum of the free energy, which is influenced by the applied 
magneticc field, shown as a blue arrow. In a field of about 3 T (Figure 6.10a) 
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Figuree 6.10: Calculated free energy surfaces (in K units) for HoFenTi at 4.2 
K.. Also displayed are the applied field direction (blue arrow) and the magnetic-
momentmoment direction (red arrow). The surfaces for the field applied in the (110) plane, 
75°° away from [001], are displayed in 6.10a (3 T) and 6.10b (4 T). The surfaces 
forfor the field applied in the (100) plane, 75° away from [001], are displayed in 6.10c 
(51)(51) and6.10d(6T). 

appliedd in the (110) plane, 75° away from [001], the moment is pulled slightly 
outt of the zero-field minimum located at [001]. Increasing this field up to 4 
TT causes the moment to jump to the local minimum (Figure 6.10b). For the 
otherr orientation, with the field applied 73° away from the [001] direction in 
thee (100) plane, a similar rotation occurs. At 5 T (Figure 6.10c), the moment 
iss pulled towards the field, in the (100) plane, and at 6 T (Figure 6.10d) it 
iss located near the minimum in the (110) plane, but slightly towards the 
[100]]  direction. The angle between the applied field direction and the local 
minimumm is smaller than the angle between the applied field and [001]. 

Withi nn the model that we used for the calculations, the magnetization 
processs in HoFenTi is a first-order process. The results described in this 
chapterr present experimental evidence. Recently [111], experimental evi-
dencee for the coexistence of two magnetic phases obscuring a first-order pro-
cesss was found in DyFe10CoTi, which is isostructural with HoFenTi. This 
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materiall  has, besides a second-order spin reorientation at higher tempera-
tures,, a first-order one at 100 K. The direction of the ordered magnetic 
momentt changes from easy plane below 100 K to easy cone above this tem-
perature.. The coexistence of the two phases was observed around 100 K by 
meanss of the magneto-optical Kerr effect. 

Thee origin of the coexistence, is likely not microscopic but macroscopic. 
AA measurement of the magnetization at 1.5 K, with the field applied near 
thee [100] direction, shows no significant difference with a measurement at 
55 K. The exponential nature of the fraction function describing the coex-
istence,, may be helpful for finding a model. The coexistence may have a 
magnetoelasticc or a magnetostatic origin, as discussed in Ref. [Ill ] for the 
isostructurall  DyFenTi compound. 

Anotherr sophisticated way to measure magnetic anisotropics, by deter-
miningg the magnetization vector, both length and direction, is by means of 
polarized-neutronn diffraction [112]. The magnetic anisotropy of cubic US has 
beenn determined in this way. Lander et al. [112] mention as advantages of 
theirr method, that it measures, in contrast to conventional methods, the ac-
tuall  direction of the moment rather than simply its projection on the applied-
fieldd direction. Moreover, it measures the length and the direction of the mag-
neticc moment vector simultaneously, thus preventing systematic errors. The 
resultss presented in this chapter show that three-dimensional magnetometry 
iss also a good way to measure simultaneously both length and direction of 
magnetic-momentt vectors. Three-dimensional magnetometry has as an ad-
vantagee that it is more easily accessible than polarized-neutron diffraction. 
Thee advantage of neutron diffraction over three-dimensional magnetometry 
remainss its sensitivity to different crystallographic sites. 

Concluding,, the results presented here show clearly that a three-dimen-
sionall  magnetization process occurs in HoFenTi, as could be inferred from 
modell  calculations. Generally, the results and model calculations agree rea-
sonablyy well. Some tools are provided that might be useful for the analysis of 
thee results of three-dimensional magnetometry. Furthermore, we show that 
three-dimensionall  magnetometry provides experimental evidence for the co-
existencee of two magnetic phases as associated with the FOMP in HoFenTi. 
However,, to further exploit the strength of three-dimensional magnetometry, 
thee accuracy of the measurements should be improved. Then it could provide 
aa test for various magnetic models. 
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Summary y 

Thiss thesis is a report of profound experimental investigations of the magnetic 
propertiess of three single-crystalline samples of rare-earth (R) - transition-
metall  (T) intermetallic compounds. These three compounds were chosen 
becausee of their peculiar magnetic properties. They all crystallize in the 
tetragonall  ThMni2-type of crystal structure, and are all ferrimagnetic. 

Importantt ingredients of the magnetism in R-T compounds are the mag-
netocrystallinee anisotropy and the exchange interactions between the differ-
entt magnetic moments. This is briefly discussed in Chapter 1, and in Chapter 
22 a theoretical description of the two-sublattice model that we use to describe 
thee magnetic properties of R-T compounds is given. 

Forr our investigations, we have used several experimental techniques, 
whichh are described in Chapter 3. We briefly discuss sample preparation 
andd characterization, and neutron diffraction. A more elaborate description 
iss given for the employed magnetometers. Besides conventional magnetome-
terss that measure magnetization parallel to the applied magnetic field, we 
havee also used (and built) magnetometers that measure magnetization per-
pendicularr to the applied field. 

Att first sight, the magnetic properties of the compound HoCoioTi2, de-
scribedd in Chapter 4, seem very simple. Below the Curie temperature (T c= 
7500 K) the magnetic moments of the Ho- and Co-sublattices order ferrimag-
netically,, parallel to the [001] crystallographic direction. There is a large 
differencee in the temperature dependence of the ordered moments of the Ho-
andd Co-sublattices. The Co-sublattice moment is nearly temperature inde-
pendentt below 350 K, while the Ho-sublattice moment grows strongly below 
thiss temperature. This results in a decreasing total ordered moment below 
3500 K, and near compensation at 4.2 K. The total ordered moment stays 
parallell  to [001] in the whole ordered temperature range. 

Thee most striking feature of the magnetization isotherms at 4.2 K is a 
largee jump in magnetization when the field is applied parallel to the easy 
[001]]  direction of the HoCoioTi2 single crystal. This jump can be described 
inn terms of anisotropy and intersublattice-exchange energies. However, there 
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existt a large number of sets of anisotropy and exchange-energy parameters 
thatt describe this magnetization process equally well. To address this prob-
lem,, we made use of the finding that the jump in magnetization also oc-
curss when the field is applied parallel to non-principal crystallographic direc-
tions.. A good set of parameters for the magnetocrystalline anisotropy and 
thee intersublattice-exchange-coupling strength has been obtained by analyz-
ingg these low-temperature magnetization isotherms, measured with the field 
parallell  to non-principal directions. The reliability of the thus obtained set of 
parameterss was evaluated. They were found to describe the low-temperature 
resultss very well, and the high-temperature results reasonably well. 

InIn Chapter 5, the magnetic properties of a single crystal of the compound 
DyCoioV22 are discussed. In DyCoioV2 ferrimagnetic order occurs below TQ 
==  470 K, with the ordered moment parallel to the [001] direction. Due to 
thee different temperature dependence of the Dy- and the Co-sublattice mag-
netization,, magnetic compensation is observed near 115 K. Furthermore, a 
spin-reorientationn is observed near 42 K, below which temperature the or-
deredd magnetic moment anomalously increases, while it rotates away from 
thee [001] direction. Besides these anomalies, a large coercivity that is strongly 
temperaturee dependent is observed at low temperatures. The results indicate 
thatt the coercivity is related to the occurrence of narrow Bloch walls. As 
thee temperature approaches the compensation point, the coercivity diverges. 
Analysiss of the magnetization around the spin-reorientation temperature in-
dicatess that the spin-reorientation and the anomalous increase of the ordered 
momentt can be accounted for by higher-order crystal-field terms for the Dy 
moment. . 

Inn Chapter 6, we discuss the three-dimensional magnetization process 
thatt occurs in the compound HoFenTi. Previous results have indicated that 
higher-orderr anisotropy parameters are necessary to describe the magnetiza-
tionn at low temperatures. An anomalous increase in magnetization parallel 
too the field direction occurs when the field is applied perpendicular to the 
easyy [001] magnetization direction. This increase occurs both when the field 
iss applied parallel to the [110] direction and when it is applied parallel to 
thee [100] direction, and the field at which it occurs is highest when it is ap-
pliedd parallel to the [100] direction. To investigate this in-plane anisotropy 
inn more detail, we have employed three-dimensional magnetometry. We have 
foundd that when the field is applied parallel to the (110) plane the magnetic 
momentt rotates within the (110) plane. On the other hand, when the field is 
appliedd parallel to the (100) plane, the magnetic moment rotates out of this 
plane,, and towards the (110) plane. This result represents, to our knowledge, 
thee first direct observation of a three-dimensional magnetization process. 



Samenvatting g 

Ditt proefschrift is een verslag van gedetailleerd experimenteel onderzoek naar 
dee magnetische eigenschappen van drie monokristallij ne preparaten van in-
termetallischee verbindingen van zeldzame aarden en overgangsmetalen (R-T 
verbindingen).. Deze drie verbindingen zijn gekozen om hun bijzondere mag-
netischee eigenschappen. Ze kristalliseren alledrie in de tetragonale ThMni 2 

kristalstructuurr en zijn alledrie ferrimagnetisch. 

Belangrijkee ingrediënten voor het magnetisme in de R-T verbindingen zijn 
dee magnetokristallijne anisotropic en de exchange-wisselwerkingen tussen de 
verschillendee magnetische momenten. Dit wordt kort besproken in Hoofdstuk 
1.. In Hoofdstuk 2 geven we een theoretische beschrijving van het twee-
subroosterr model dat we gebruiken om de magnetische eigenschappen van 
R-TT verbindingen te beschrijven. 

Voorr ons onderzoek hebben we verschillende experimentele technieken 
gebruikt.. Die worden beschreven in Hoofdstuk 3. We behandelen kort de 
bereidingg en karakterisatie van de preparaten en neutronendiffractie. We 
gevenn een uitgebreidere beschrijving van de gebruikte magnetometers. Naast 
conventionelee magnetometers die magnetisatie meten in de richting van het 
aangelegdee magneetveld, hebben we ook gebruik gemaakt van magnetometers 
diee de magnetisatie loodrecht op het veld meten. 

Opp het eerste gezicht lijken de magnetische eigenschappen van de verbind-
ingg HoCoioTi2, beschreven in Hoofdstuk 4, eenvoudig. Onder de Curie tem-
peratuurr (Tc = 750 K) ordenen de magnetische momenten van de Ho- en Co-
subroosterss ferrimagnetisch, parallel aan de [001] kristalrichting. Er is een 
groott verschil in de temperatuurafhankelijkheid van de geordende momenten 
vann de Ho- en Co-subroosters. Het Co-subroostermoment is nagenoeg tempe-
ratuuronafhankelijkk onder 350 K, terwijl het Ho-subroostermoment nog sterk 
groeit.. Dit resulteert in een dalend totaal geordend moment onder 350 K, en 
inn bijna-compensatie bij 4.2 K. Het totale geordende moment blijf t parallel 
aann de [001] richting in het gehele geordende temperatuurgebied. 

Hett opvallendste resultaat van de magnetisatie-isothermen gemeten bij 
4.22 K, is de grote sprong inn magnetisatie die optreedt als het veld is aangelegd 
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parallell  aan de makkelijke [001] richting van het HoCoioTVéenkristal. We 
kunnenn deze sprong beschrijven in termen van energieën voor de anisotropic 
enn de intersubrooster-exchange. Alleen, er bestaan veel verschillende sets 
anisotropic-- en exchange-parameters die dit magnetisatieproces even goed 
beschrijven.. Om dit probleem aan te pakken, hebben we gebruik gemaakt 
vann het feit dat de sprong in magnetisatie ook optreedt als het veld aan-
gelegdd is langs niet-hoofdrichtingen. We hebben een goede set parameters 
voorr de magnetokristallijne anisotropic en de intersubrooster-exchange kop-
pelingsterktee verkregen door deze magnetisatie isothermen, die gemeten zijn 
mett het veld aangelegd langs niet-hoofdrichtingen, te analyseren. We hebben 
dee betrouwbaarheid van de set parameters die we op deze manier hebben 
verkregenn getoetst. Ze beschrijven de lage-temperatuur resultaten heel goed, 
enn de hogere-temperatuur resultaten redelijk goed. 

Inn Hoofdstuk 5 bediscussiëren we de magnetische eigenschappen van de 
verbindingg DyCoi0V2. In DyCoioV2 treedt ferrimagnetische ordening op on-
derr T c = 470 K, met de geordende momenten parallel aan de [001] richting. 
Vanwegee de verschillende temperatuurafhankelijkheid van de Dy- en Co- sub-
roosterr momenten, treedt magnetische compensatie op in de buurt van 115 
K.. Bovendien observeren we een spin-reoriëntaüe bij 42 K. Onder deze tem-
peratuurr groeit het geordende moment op anomale wijze, terwijl het van de 
makkelijkee [001] richting wegroteert. Naast deze anomalieën vinden wij , bij 
lagee temperaturen, een grote coërciviteit die sterk afhankelijk is van de tem-
peratuur.. Onze resultaten geven aan dat de coërciviteit gerelateerd is aan 
nauwee Bloch-wanden. Terwijl de temperatuur de compensatietemperatuur 
nadert,, divergeert de coërciviteit. Een analyse van de magnetisatie rond de 
spin-reoriëntatietemperatuurr laat zien dat de spin-reoriëntatie en de anomale 
toenamee van het geordende moment beschreven kunnen worden in termen 
vann hogere-orde kristalveld-parameters voor het Dy moment. 

InIn Hoofdstuk 6 bespreken we het driedimensionale magnetisatieproces 
datt optreedt in HoFenTi. Uit vroegere resultaten kan worden afgeleid dat 
hogere-ordee anisotropie-parameters nodig zijn om de magnetisatie bij lage 
temperaturenn te beschrijven. Een anomale toename van de magnetisatie in 
dee veldrichting treedt op als dit veld aangelegd is loodrecht op de makkelijke 
[001]]  richting. Deze toename treedt op, zowel als het veld is aangelegd langs 
dee [110], als langs de [100] richting. Om deze in-vlak anisotropie in meer detail 
tee onderzoeken hebben we drie-dimensionale magnetometrie toegepast. We 
vindenn dat, als het veld langs het (110) vlak is aangelegd, het moment in dit 
(110)) vlak roteert. Als het veld langs het (100) vlak wordt aangelegd, treedt 
err een heel ander proces op. In dit geval roteert het moment uit het (100) 
vlak,, in de richting van het (110) vlak. Voor zover bij ons bekend, is dit de 
eerstee directe observatie van een driedimensionaal magnetisatieproces. 
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