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About this thesis

Rare earth intermetallics are of interest because they exhibit specific and unique
magnetic properties. In modern technology some of them are used to manufacture
excellent permanent magnets which are for example used in motors (to convert
electric power into mechanical energy or vice versa) and other mechanical de-
vices. The most important property for this application is their strong magnetic
anisotropy, i.e. the magnetic moments of the rare earth atoms can show a strong
preferential orientation in the material. In combination with the high magnetic
ordering temperature of the transition metals (Fe, Co etc.) excellent magnets such
as SmCos and Nd;Fe;4B are realized which show a high magnetic remanence and
coercive field.

LaNis forms the basis for rechargeable batteries where it is applied as one
of the electrodes. This compound absorbs large quantities of hydrogen and its
hydrogen content is denser than liquid hydrogen itself. It is therefore also used
as a hydrogen gas storage medium and replaces high pressure gas cylinders by
powdered material. Basic properties of the rare earth ions (series from La to Lu
in the periodic table) and the origin of their magnetic moments are discussed in
chapter 1.

The characteristics of rare earth intermetallics are determined by the elec-
tronic structure of the individual constituents, the crystal structure and its sym-
metry. Large diversities in material properties are realized due to differences in
electronic structure, such as superconductivity, antiferromagnetism, Kondo and
heavy fermion behaviour. By element substitution the influence of the individ-
ual elements are studied and nowadays the complexities of the different types of
compounds are reasonably well understood.

The research presented in this thesis deepens the knowledge and understanding
of rare earth intermetallics. Results are obtained from four different compounds,
TmFeAl, TmNi;B;C, PrRu,Si; and GdNis (chapter 3, 4, 5 and 6). Each of
these compounds shows its own magnetic behaviour and peculiarities. Results
obtained on TmFeAl show that this compound forms magnetic nanodomains, a
property which has never been observed before. Results on TmNiyB5C show the
influence of carbon vacancies in this compound and an explanation is given for a
puzzling discrepancy in Tm magnetic moment size reported in literature. Results
on PrRu;Si; explain the large magnetic anisotropy observed in this compound in
terms of crystal field effects and dispersion of the lowest crystal field levels. Results
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on GdNis show novel muon dynamics which gives new insights in muon localization
properties in intermetallics. The scientific relevance of these four intermetallics
are discussed in the introduction of the individual chapters. The experimental
techniques used to obtain these results, such as neutron scattering, muon and
Massbauer spectroscopy, are discussed in chapter 2.




1

Rare earth intermetallics

Abstract

The basic principles concerning rare earth magnetism are discussed such as the
origin of the rare earth magnetic moment, the magnetic interaction between the
atomic moments and crystal field theory.
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1.1 Introduction

The rare earth (R) atoms are characterized by a partially filled electronic 4 f shell.
They form the series of atoms from La to Lu in the periodic table and following
this series from the left to the right, each time an extra electron is added to the
4f shell. The 4f electronic shell is located inside the electron cloud of its host
atom. This is illustrated in Fig. 1.1 where Hartree-Fock calculations are shown
of some electronic shells of gadolinium [1]. When located in a solid, only the
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Figure 1.1: The Hartree-Fock radial densities for the 4f, 5s, 5d and 6s electrons
of Gd** [1].

valence electrons (5d, 6s) contribute to the metallic bond and therefore the 4f
shell remains partially filled by electrons. As a consequence, rare earth atoms
show substantial magnetic moments. In addition to this, the majority of 4f shells
show a strong preferential orientation in a crystal lattice because of its aspherical
electronic density. This R magnetic anisotropy is nowadays used to manufacture
strong permanent magnets.

As the nuclear charge increases throughout the R series the potential seen
by the 4f electrons deepens and their orbitals show a systematic contraction in
radius, the lanthanide contraction. This effect is shown in table 1.1 where +/(r2)
is a measure of the 4f electron cloud radius. Because of the only modest variation
in atomic radius of the R atoms, series of R compounds can often be realized with
the same crystallographic structure, for example the series from LaNiz to LuNis.
This opens the opportunity for investigations of the magnetic rare earth properties
on series of isotypic compounds.
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In contrast to the localized magnetism of the rare earth atoms, the 3d transition
metals (TM) show a delocalized, or itinerant, magnetism. The 3d electrons, which
are the origin of the magnetic moment, are located at the outside of the electron
cloud of the transition metal atom. Therefore contact between the 3d shells is
realized and it is more appropriate to speak of band magnetism. The magnetic in-
teraction between the transition metal atoms is therefore strong, and spontaneous
macroscopic magnetism often exists at room temperature (an example is iron).

In this thesis the magnetic properties of different intermetallic compounds are
studied. One of them, RFeAl, combines the magnetic properties of localized as
well as itinerant magnetism, the others are fully described by the R magnetism.
In this chapter a short introduction in (R) magnetism is given.

1.2 The magnetic moment of the rare earth atom

Each electron which is located in an electron cloud possesses a spin angular mo-
mentum s and an orbital magnetic moment 1. The total spin and orbital magnetic
moment of filled electron shells equals zero, but for partially filled electron shells
this is not the case. If the spin orbit interaction of the individual electrons is small
(coupling of 1 and s), the sum of the spins and the orbital magnetic moments of
the individual electrons gives rise to a total spin angular momentum S and total
orbital angular momentum L of the atom. The Russel-Saunders coupling between
L and S gives rise to a total magnetic moment J of the R atom. Hund’s rules 2, 3]
tell how to calculate S,L and J for the R series. First maximize S taking into
account the Pauli principle, then maximize L and finally J = |L — S| or |L + S|
for the first and second halves of the 4f shell (see table 1.1).

The orbit of the electron in its shell can be considered as a circular current
and therefore a magnetic moment is associated with the orbital motion [4]. This
magnetic moment equals p; = -pgl where pp is the Bohr magneton, a unit of
atomic magnetism (1 pp = eh/(2m.) = 9.274-10724 J/T (=Am?)). The magnetic
moment associated with the spin angular momentum equals g, = - g.pps where
ge is the g-factor of the electron (g = 2.002319304368(20) [5]). In contrast with
4, the origin of the magnetic moment of the electron is quantum mechanical.
In fact, the precise experimental determination of the magnetic moment of the
electron is a test for Quantum Electro Dynamics (QED) [5, 6].

The spin orbit interaction between S and L causes the latter two, and also p
and pg, to precess around J. pp = p; + pg but because of the factor g. the
total magnetic moment g makes an angle § with J. Therefore p also precesses
around J and since its frequency is usually quite high only the component of p,
along J is observed. We obtain

p = prcos = —gjupl (L1)

where g; is the Landé splitting factor which is determined by the atoms quantum

numbers: gy = M"“)gﬁ(gﬂ;'l‘(l‘“). The direction of J is quantized and the

projection of J along a certain arbitrary quantization axis (usually called the 2
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Table 1.1: Some selected ionic properties of the rare earth elements and their
electronic configuration.

R ion (T2)4f ay; 100 S L J qJ 97J g1/ JI(J+1)
La3*  4f° 0610 0 0 0 0 - 0 0
Ce’t 4f' 0578 5714 1/2 3 5/2 6/7 214 2.54
Pr3t  4f? 0550 -2101 1 5 4 4/5 3.20 3.58
Nd**+ 4f% 0528 -0643 3/2 6 9/2 8/11 3.28 3.62
Pm3*t 4f* 0511 +0.771 2 6 4 3/5 24 2.68
Sm®t  4f5 0496 +4.127 5/2 5 5/2  2/7 0.72 0.84
Eudt  4f%  0.480 0o 3 3 0 0 0 0
Gd*t  4f7  0.468 0 7/2 0 7/2 2 7 7.94
Th3+ 4f% 0458 -1.010 3 3 6 3/2 9 9.72
Dy*t 4f° 0450 -0635 5/2 5 15/2 4/3 10 10.63
Ho3t 4f1° 0440 -0222 2 6 8 5/4 10 10.60
Er¥t 451 0431 +0.254 3/2 6 15/2 6/5 9 9.59
Tm3+ 4f12 0421 +1.010 1 5 6 7/6 7 7.57
Yb3+  4f13 0413 +3.175 1/2 3 7/2 87 4 4.54
Ludt  4f" 0.405 0 0 0 0 - 0 0
axis), my, can only take integer or half integer values: my = —J,-J+1,....,J —

1, J. In the presence of an external field, the field direction determines the direction
of quantization for a free particle and J, is observed as the moment of the magnetic
atom. J, and J? are used to characterize the moment of the atom because they
commute (J and J, don’t):

J2=3-J=JJ+1) (1.2)

As a result the magnetic moment and its z component equal:
b = gipsVJ(J+1) (1.3)
Bz = —gippmg (1.4)

4 is always smaller than u and if the atomic moment has a certain preferential
direction it will never show its maximum value. For an ensemble of atoms without
a preferential orientation however, the 2.J + 1 manifold of quantization directions
are all statistically occupied and p o< \/J(J + 1) is observed. This is the case in
for example the paramagnetic state of a magnet (eq. (1.6))

For a free ion the 2J + 1 manifold is degenerate, but a magnetic or electric
field can lift this degeneracy. The first situation can be realized by an external
magnetic field and the second situation occurs when the ion is incorporated into
a crystalline lattice.
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1.3 Magnetic interactions

Rare earth intermetallics can be regarded as a system consisting of an assembly
of many magnetic moments located at the R atoms. If these magnetic moments
are non interacting, the macroscopic magnetic properties of the compound can be
described by m;, J and the number of R atoms N. In this paramagnetic state the
2J +1 manifold is degenerate, but this degeneracy is lifted in an external magnetic
field Bexy:

Ep = —p - Bext = — 2 Bext = gym g Bext (1.5)

The magnetic energy Ep is proportional to m which results in equidistant energy
levels. The thermal population of these energy levels governs the total magneti-
zation, M = N{(u,), of the compound. The magnetic susceptibility is defined as
X = M/Bey and it can be shown that (Curie law):

_ NG +1) _C
- 3kT T
where T is the temperature and C the Curie constant.

Often interactions between the atomic magnetic moments cannot be neglected.
The Heisenberg exchange interaction between neighbouring spins equals:

(1.6)

Heg = —278; - S, (1.7)

where 7 is the exchange constant. This interaction is a result of the Pauli prin-
ciple which modifies the charge distribution according to the spin orientation (see
for example [7]). In general H,, is assumed zero for next-nearest-neighbours. For
a positive J a parallel alignment of the spin is preferred and ferromagnetic cor-
relations are promoted. Long range ferromagnetic order exists below the Curie
temperature, T (see Fig. 1.2). For a negative J an antiparallel alignment is
energetically more favourable and antiferromagnetism is observed below the Néel
temperature Ty (see Fig. 1.2). Because spontaneous magnetization occurs be-
low T, x diverges towards infinity at this temperature. The paramagnetism
(T > Te,n) is in both cases described by the Curie-Weiss law:

C

X
where @ equals T¢ for ferromagnets while 6 can adopt negative values for antifer-
romagnets and an 1/x versus T plot shows a linear relation between 1/x and T
and the intersection with 1/x = 0 determines 6.

For TM metals the exchange interaction is substantial because the 3d electronic
shells overlap each other and realize a direct contact. This is not the case for the
R metals because the 4 f shells are more localized inside the electron cloud. There
is no direct exchange interaction possible and the magnetic interaction is medi-
ated via the polarization of the conduction electrons (primarily 5d). This RKKY
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(Ruderman-Kittel-Kasuya-Yosida) interaction has a long range oscillatory nature
falling off as cos(2ksr)/r3, with k; the wave vector of electrons at the Fermi sur-
face and r the distance from the 4f magnetic moment. Because of the oscillatory
nature, ferro- and antiferromagnetic interactions are possible, depending on the
arrangement of the magnetic atoms in the lattice. The RKKY interaction is of
relatively long range because the conduction electrons form a continuum through
out the lattice. Therefore also distant neighbour interactions have to be considered
between the R moments. This possibly results in complex magnetic structures as
is observed in the R metals (see Fig. 1.2).

@ TTTT1
O JTTTTTLLLLT st TTeel [ Lo @
@ JTTTTTLLLLLE] SXYTTTTTTINY o

Figure 1.2: Possible arrangements of magnetic moments in the ordered state.
The length of the arrows is related to the size of the magnetic moment and the
center of the atomic host is located in the middle of the arrows. The dotted line
indicates the wave of the modulation (see also sec. 2.4.3). The magnetic structure
is called commensurate if its periodicity contains an integer number of crystallo-
graphic unit cells and if the magnetic periodicity does not match the periodicity of
the crystal, it is called incommensurate. (a) ferromagnet, (b) antiferromagnet, (c)
long range commensurate antiferromagnet, (d) sine modulated spin density wave,
(e) long range incommensurate (note that period of the wave modulation does not
math the periodicity of the lattice), (f) helical structure (moment size is equal at
all atomic positions but rotates from site to site).

In general, a magnetic moment generates magnetic field lines leaving from the
top of the magnetic moment, also called the north pole, and arriving at the south
pole. The dipolar field due to a single magnetic moment M at a distance r from
this moment equals:

Bup(r) = o + 2.0 (19)

The dipolar field lines are drawn in Fig. 1.3 and a magnetic moment located in
the neighbourhood of M will orient itself along the direction of these field lines.
Because of the 1/r® dependence the dipolar interaction is often not important
when considering the magnetic interactions between atomic moments in the solid
state. The direct and indirect exchange interactions dominate in general.
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Figure 1.3: Dipolar field generated by a single magnetic moment. The tangent
of the field lines indicates the direction of the dipolar field B4;p(r) as expressed by
eq. (1.9) at this point.

The dipolar interaction is of importance in u*SR, where muons are implanted
interstitially in the lattice (see sec. 2.3). The strong angular dependence of Bgip
causes the dipolar field to be a muon site characteristic. This property is used in
p+SR Knight shift measurements (see sec. 6.2).

1.4 Crystal field theory

In intermetallics the R atom is often located at well defined positions in the crystal
lattice. The local environment is then identical for R atoms located at identical
lattice sites. For the majority of R atoms, the 4f shell is non spherical {see Fig,.
1.4) and the electronic 4f shell shows a preferential orientation in the lattice in
order to minimize the Coulomb interaction with the surrounding charges. The
electrostatic potential due to the surrounding ions in the approximation of point
charges equals:

V(r,0,¢) = Z l Rjzi 7 (1.10)

where Z; and R; are the charge and position of the ligands and r is the position
vector of the 4f electron. The magnetic ion has electronic charges g; located at
(r4,0;, ¢;) and the summation over all nss electrons in the unfilled electron shell
gives:

’an
Hep =Y aiVi = ~|el D Vilrs) (1.12)
1=0 i

with ?{.; the crystal field hamiltonian and e the electronic charge. Since the
charge in the crystal lattice is located outside the unpaired electron shell H.s can
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Figure 1.4: Electron density surface of three 4 f shells selected from the R series.
The cigar and discus shaped electron clouds show opposite preferential directions
in the crystalline electric field.

be expanded in spherical harmonics:

. nay

(o <] n
Her =3 D AR Y ri¥ (Or,dn) (1.12)
n=0m=-n k=1

Here A7} are the coefficients of this expansion and their value is determined by
the symmetry and structure of the lattice. In a method developed by Stevens (8],
the cartesian coordinates (x,y,z) are replaced by the operator equivalents J;, Jy
and J, to give Oy

HC,«=§: i en(r")Ago;,uf: i BmO™ (1.13)

n=0m=-n n=0m=—-n

The operator equivalents OT are listed in ref. [8, 9] and are fully determined by
the quantum numbers J, J;, J, and J, of the magnetic ion. (r™) is the n-th power
of the radial extent of the 4f electrons, 6, are constants for a certain R atom
(listed in [1]) and AJ® (or Bj") are called crystal field parameters (CFP). For an
oblate, discus like 4f shell, 82 = ay < 0 and for an prolate, cigar shaped shell
oy > 0 (see table 1.1). For 4f electrons n (eq. (1.13)) cannot exceed 6 and must
be even because of the inversion symmetry of the crystalline electric field. The
local symmetry of the crystal lattice at the R site determines the number of B
parameters necessary to describe the crystal field. Examples of H s for different
space groups are given in eq. (3.1) and eq. (4.1).

H.s describes the splitting of the 2J + 1 manifold of the 4f shell. Being a
free ion, the 2J + 1 manifold would be completely degenerate but because of the
interaction of the crystal field with the non spherical 4f shell the degeneracy is
lifted. The BT parameters govern this splitting and determine the ground state
crystal field level. The wavefunctions I'; of the crystal field split 2J+1 manifold
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are linear combinations of the free ion states:

Ti=) cm,|Jmy) (1.14)

my

There are two theorems which influence the crystal field level scheme. Firstly
the Kramers theorem. In the absence of an applied field the levels of an ion with
an odd number of 4f electrons (half integral J) can at most be split into levels
which are doubly degenerate. Secondly, the Jahn-Teller effect. The symmetry
of the environment of an ion with a degenerate ground state, Kramers’ doublets
excepted, is lowered to remove the degeneracy. In effect, the non-Kramers ion is
slightly displaced from its original site. The elastic energy increases but the energy
of the crystal field ground state is reduced. This rule does not apply to excited
states.

At zero Kelvin all the atoms occupy the crystal field ground state. The thermal
population of the crystal field levels governs the temperature dependence of the R
magnetism.

The magnetocrystalline anisotropy energy, E4, equals in uniaxial symmetric
materials:

E4 = K;sin?6 + K, sin* 9 (1.15)

where K 2 are anisotropy constants and 6 is the angle between the easy magne-
tization direction and the ¢ axis. The single rare earth ion contribution to the
magnetic anisotropy is directly related to the crystalline electric field via:

Ki = ~3BYO%) -5BYOD) (1.16)

K = 2BYOY) (1.17)

1.5 About magnetic phase transitions

The transition from the paramagnetic to the magnetically ordered state occurs
because below T¢, v the Gibbs free energy G of the ordered phase is lower than G
of the disordered phase. In general, the transition mechanism can be divided in
two types, first and second order phase transitions (2, 3, 10, 11].
For a first order transition £ ﬁ of the system is discontinuous because G of
the two phases cross each other at the transition temperature. Since the entropy
( ) p and G = H — TS with H the enthalpy of the system, the discon-
tinuous change in H gives rise to latent heat. The specific heat (¢, = (3T )p),
see sec. 2.5.2) becomes infinite at the transition temperature because the addition
of heat converts the system from one phase to the other without changing the
temperature. Examples are the transition from liquid water to vapour and crys-
tallographic transitions. Another example of a first order transition is between
two phases with different magnetic structures. If the transition from the param-
agnetic to the magnetically ordered state is first order, this is characterized by the
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coexistence of both phases at the transition temperature, temperature hysteresis
and a discontinuity in the spontaneous magnetization.

However, most transitions from the paramagnetic to the magnetically ordered
phase are second order. Second order phase transitions are characterized by
branching of G below the transition temperature. Often the internal symmetry
of the system is altered, such as from disorder to order. % is continuous and no
latent heat is involved at the transition temperature. The spontaneous magnetic
moments grows gradually below the ordering temperature and there is no hystere-
sis nor the coexistence of both phases. The specific heat shows a A type anomaly
(looks like a A) at the transition temperature.

Spontaneous magnetic order characterizes the transition from the paramag-
netic to the magnetically ordered state. This spontaneous magnetic order gives
rise to an internal magnetic field. In the molecular field approximation the mag-
netic interaction is described by an effective average field, the so called molecular
or Weiss field Bjs. This field is obtained by the nearest neighbour sum of the
exchange interaction of eq. (1.7). The hamiltonian equals:

Hu = - 258iSj = —22TunS(8) = ~2ZTun(gs — 1)*I(J)

= —gspsd -Bum (1.18)

where Z is the number of nearest neighbour (nn) magnetic moments and
By = 2ZJun(p)(9s — 1)%/g%u%. This molecular field hamiltonian lifts the
degeneracy of the 4f crystal field levels and generates a magnetic moment in the
crystal field ground state. This magnetic moment enlarges the molecular field
which in turn enlarges the magnetic moment of the 4f shell until an equilibrium
is achieved. For this process to occur, the 4f shell needs a doublet as crystal
field ground state. However, for singlet crystal field ground states, the magnetic
moment can be induced if the molecular field is of comparable size as the distance
between the singlet ground state and the higher crystal field levels. This type of
magnetic order is realized in PrRusSi; and discussed in chapter 5.

Hybridization effects between the 4f and conduction electrons can cause a sub-
stantial dispersion of the (lowest) crystal field levels. This dispersion is not taken
into account by crystal field theory (sec. 1.4) and the molecular field approxima-
tion. Often this dispersion is small compared with the distance between the crystal
field levels and can be ignored. However, in some special situations it can cause
a profound change in the magnetic behaviour of the compound (see the random
phase approximation in sec. 5.3.4).
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Experimental principles

Abstract

The basic principles of the experimental techniques used in this thesis are dis-
cussed. The specific experimental conditions are described in the individual chap-
ters.
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2.1 Introduction

For the studies described in this thesis various experimental techniques were used
to characterize the samples and to understand the physical behaviour of the subject
under study. The experimental details are described in the individual chapters.
Here the general principles of Mossbauer spectroscopy as well as the Muon Spin
Rotation and Relaxation technique are described. Both techniques were used
intensively during the studies of this thesis and deserve some attention. The
essentials of further complementary techniques are described in the last sections
of this chapter.

2.2 Mossbauer spectroscopy

In 1957 R.L. Mossbauer discovered that nuclei imbedded in solids can show recoil-
less absorption and emission of radiation [12, 13]. The bond of the nuclei with the
solid results in quantization of the recoil energy and therefore a part of the nuclei,
the recoilless fraction f, shows a zero recoil energy. This phenomenon made res-
onant absorption of nuclear radiation possible and small variations in the nuclear
energy levels could now be studied. In general, a source is used for which the
nuclear properties are well known. The parent isotope is unstable and decays to
the Mossbauer nucleus via 8t-decay. The Mossbauer nucleus, which is formed in
an excited state, emits a <y ray to achieve its ground state. With the use of a drive
unit the source is given a velocity and the emitted gamma ray energy is modified
by the doppler shift. The absorber, the sample under study, absorbs this energy
if the gamma ray energy matches the energy difference between the ground and
excited nucleus. Of course, this generated excited nucleus emits also a 4 quantum,
but since this emission takes place into all directions, these ~ rays are lost for
detection.

The variation in doppler velocity creates a spectrum of gamma energies and
some of them are absorbed by the absorber. This principle is drawn in Fig. 2.1.
The recorded Mdssbauer spectrum shows a number of absorption lines of which the
specific energies are characteristics of the environment of the Mdssbauer nuclei in
the absorber. A nice example of a '%*Tm Méssbauer spectrum is presented in the
top of Fig. 3.2. From the number and positions of the lines the electronic charge
density, the electric field gradient as well as the magnetic field at the nuclear site
can be deduced. These features are described in section 2.2.1, 2.2.2 and 2.2.3.

For a nucleus to be a Mdgssbauer nucleus it needs a substantial recoil free
fraction recoilless fraction f:

f = exp(—k*(z?)) (2.1)

where k is the wavevector of the emitted or absorbed gamma ray and (z2) the
temperature average square displacement of the nucleus from its mean position.
For the Mossbauer effect to be visible, a non zero f is necessary for the source as
well as the absorber.
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Source Sample
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Doppler E,=E, (1+v/c)
velocity v

Figure 2.1: Principle of Méssbauer spectroscopy. A simplified set-up.
2.2.1 Isomer shift

The Coulomb interaction between the nucleus and the penetrating electronic charge
results in a shift of the nuclear energy. A simple expression for the energy shift of

a nuclear level, §E, due to the non zero s electron density at the nucleus, equals
[14]:

0 = ?;Ze%r(on?zzﬂ’ 2.2)

with Z the nuclear charge, |¥(0)|? the electron density at the nucleus and R the
nuclear radius. Notice that if R = 0 (point charge approximation), dE = 0. Due
to a difference in radius between the ground state and excited (isomeric) nucleus
there is a difference (6Eex — 6Egq) between the energy shift in ground (gd) and
excited (ex) state. Consequently, the energy of the emitting or absorbing gamma
ray of this nucleus is shifted with (6Eex — §Egq). The resonant energy between
the source and absorber is called the isomer shift (IS) and equals:

IS = (6Eex - 6Egd)abs - ((SEex - ‘SEgd)source (2'3)
2nZe?
= T(R?ex - R:d)(lq’(o)ﬁbs - |‘I’(0) gource (24)

IS is sensitive to changes in the s electron density and probes for example the
valency of an atom.

2.2.2 Quadrupole splitting

The quadrupole moment of the nucleus interacts with the electric field gradient
at the nuclear site via the quadrupolar interaction. This results in a splitting of
the nuclear energy levels with different £m;. A discus like nucleus has a negative
quadrupole moment and a cigar shaped nucleus a positive quadrupole moment Q.
Nuclei with aspin I = Q0 or I = ,i—, are spherically symmetric and show for this
reason no quadrupole splitting. The shift in nuclear energy due to this quadrupole
interaction equals:

_ V.0 2 _ 1,
EQ(m;)_U(ﬂ_l) |3mF — I(I +1)| 1+3n (2.5)
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Table 2.1: Some properties of a few Mossbauer nuclei. E. is the energy of
the Mdssbauer ground state <y ray transition, I the spin and w the parity, Q the
quadrupole moment and p the magnetic moment of the excited nucleus (ex) and
its ground state (gd).

Property 57Fe 141py 166y 169Tm
E,(keV) 144 1454 80.56 8.40
- q- + 5+ + 1+
12 AN M ON S 1
Qex(barn) 0.29 0.28 -1.59 -1.20
Qga(barn) 0 -0.059 0 0
pex(pin) -0.153 2.80 0.63 -0.23
Hga(pN) 0.093 4.28 0 0.10
Line width (mm/s) 0.33 1.02 1.89 8.33
Parent isotope 57Co 141Ce 166 o 169
Source material Rh:%"Co  141CeF3; 186HoPd; 19°ErAls-Al
Source half life 271.3d 32.5d 27h 9.4d
Source at 4.2 K no yes yes no
Application IS, QS, HF IS, HF QS, HF QS, HF

where 7 = (V;z — Vyy)/Vz. and V;; is an abbreviation of 82V/8i?, an axial com-
ponent of the diagonalized electric field gradient tensor. For the Tm and Fe nu-
clei Igd=% and Iex=%. In these cases, the nuclear ground states do not show
quadrupole splitting but the excited states have energy splittings AEq = 3V..Q
and this splitting (QS) is observed in the Mossbauer spectrum (see for example
Fig. 4.2).

For rare earth atoms, QS is due to the electrostatic interaction between the
quadrupole moment of the nucleus and the electric field gradient caused by the
asymmetric 4f shell and the crystal field of the lattice. Therefore QS can be
decomposed into two components, QS*/ and QS'**:

QS(T) = QS*(0) 372 - J(J +1))T; + QS™ (2.6)

with QS*/(0) corresponding to the free ion value of the 4f contribution, )Z}
indicating the thermal average over the 4f crystal field levels and J, J;, the total
angular momentum and its z component. QS'2* is temperature independent and
determined by the crystal field of the electric charges surrounding the 4f shell.
The first term is the contribution from the 4 f shell which is strongly temperature
dependent and is determined by the crystal field. It becomes negligible at high
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temperature because (3J7 — J(J +1)){77 = 0. QS'3* is related to V& by:

Sla.tt | IVlatt (2 7)

where e is the electronic charge. Since the thermal population of the different
crystal field levels of the 2J+1 multiplet determines (3J2—J(J+1))4; and therefore
QS(T), possible sets of CFP can be deduced from the Méssbauer data.

Although V'3 js measured at the nucleus and the crystal field parameter BY
is related to the electric field gradient experienced by the 4f shell, there is an
empirical relation between the two. This relationship equals:

V3% = —4 ¢ By /ay(r®) (2.8)

with ¢ a constant which equals 185 for Tm [15], as the second order Stevens
parameter and (r?) the radial integral of the 4f electron cloud.

EM (m[ )ex EQ (ml )ex l m;

1,=372 i

I,=12 _ -12
+1/2

Magnetic
+
Quadrupole

Magnetic

Figure 2.2: Hyperfine structure in the nuclear energy levels of the 1%° Tm isotope
and the <y transitions (not on scale).

2.2.3 Magnetic hyperfine field

Another contribution to the hyperfine structure of the nuclear energy levels is
realised by the magnetic interaction between the nuclear magnetic dipole moment
and the magnetic field generated by its own electrons. The magnetic field generated
by a magnetic electronic shell at the nuclear site is large and the shift of the nuclear
energy level equals:

Epy(my) = —gnunmy B (2.9

where gy is the nuclear gyromagnetic ratio which is related to the composition of
the nucleus (i.e. how the nucleons are organized) and uy = eh/2m, the nuclear
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magneton (m, is the mass of the proton). This results in 2Iga+1 or 2/ex+1
equidistant energy levels for the nuclear ground or excited state, respectively. The
maximum energy difference between the ~-transitions is related to the hyperfine
field. By comparison of the measured hyperfine field with the free ion value (maxi-
mum moment size), the magnetic moment of the electronic shell can be deduced
(For Tm: Tup = 720 T).

2.2.4 Nuclear transitions

A gamma transition between the ground and excited nuclear level must conserve
the z-component of angular momentum and as a result the angular momentum L
carried off by the gamma ray must satisfy [14]:

lIex— Edls L S‘Iex+lgd| (210)
L #0 (2.11)

Transitions between the nuclear sublevels are limited by |Am| < L. The level
scheme of the '®Tm Méssbauer nucleus is drawn in Fig. 2.2. For the other
isotopes it can be deduced from table 2.1 and the equations presented in secs.
2.2.1,2.2.2,2.23.

2.3 u*SR Spectroscopy

In the same year that Md&ssbauer founded the basis for Mossbauer spectroscopy,
the possibility of using muons as a probe for condensed matter was suggested
[16, 17]. But it wasn’t until the seventies that attempts were made to develop such
a technique. Nowadays u*SR (Muon Spin Rotation or Relaxation) is commonly
used at some large facilities to study condensed matter.

Table 2.2: Some selected properties of the muon u* [5, 16, 18].

Property Value

Mass m, = 105.6595 MeV /c?
= 0.1126096 x m,
= 206.76835(11) x m,

Charge +e
Spin Su=1
g-factor g, = 2.002331846(16)

Magnetic moment  p, = g,eh/(2m,) = 4.84103up = 3.18un
Gyromagnetic ratio ,= 2r x 135.539 MHz T~!
Lifetime Ty = 2.1914 us
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Figure 2.3: Principle of the u* SR technique. The naturally polarized muons
are implanted into the sample where they decay into a positron and two neutrinos
(tu = 2.2us). The positron is emitted preferentially along the muon spin direction
(W), eq. (2.16)) and is energetical enough to leave the sample and to be detected.
By detecting the number of positrons along two different directions with respect
to the muon beam polarization, the depolarization of the muon ensemble can be
observed as function of time.

Ne#t)
A

- L

Figure 2.4: Example of the number of positrons detected in a single detector
N,+. The modulation results from the precession of the muon spin.



20 + CHAPTER 2. EXPERIMENTAL PRINCIPLES

The muon, p*, is an elementary antiparticle of which the fundamental proper-
ties are listed in table 2.2. It is produced via colliding high energy protons (energy
=~ 600 MeV - 1 GeV) with a light target (C or Be) [18] :

p+p=71t+p+n (2.12)
p+n-ort+n+n (2.13)

Pions (n*) are formed with a lifetime of 26 ns which decay into a muon and a
neutrino:

at = pt +u, (2.14)

The pion is a spin zero particle but u* as well as v, show s = % Because the
neutrino is massless or almost massless and travels at the speed of light or almost
at the speed af light, its spin can only be oriented along its direction of motion
since its perpendicular dimensions diminish according to Einstein’s theory of rela-
tivity. The weak interaction which is responsible for the pion decay, violates parity
conservation and therefore v, has a negative helicity and its spin is always oriented
antiparallel to its momentum [19]. As a consequence the muon also shows a spin
direction antiparallel to its velocity and the produced muon beam is polarized [18]
or almost polarized if the pions are not decaying at rest. As described later, this
is one of the properties of the muon beam necessary to perform u*SR.

The muon beam (50-100 MeV) is directed onto the sample and the muons are
implanted in the material. There they thermalize and come to rest after ~ 10~ %s.
Apart from ionizing the atoms of its host, it also produces vacancies during the first
part of its path through the sample. This has no consequence for the experimental
results since the area where the muon finally localizes is unaffected.

In a crystallographic environment, the muon localizes interstitially. In insu-
lators and semiconductors the muon forms a bound state with an electron of its
host, muonium (ute™), a light version of the hydrogen atom. In metals however
the charge of the muon is screened by an electron cloud formed by the host’s
conduction band.

After localization the muon spin interacts with the surrounding matter before
it decays to a positron and two neutrinos:

pt o et +v. + 7, (2.15)

The positron has enough energy to leave the sample and can be detected. More-
over, the positron is emitted preferentially along the spin direction of the muon as
a consequence of parity violation in the weak interaction. The angular distribution
of the probability of positron emission, W(8), is given by (see also Fig. 2.3):

W(8) =1+ Agcosf (2.16)

where Ao determines the initial asymmetry and depends on the energy selection
of the positrons. 8 is the angle between the direction of the emitted positron and
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the muon spin. The above mentioned properties make it possible to determine
the muon spin direction by detecting the positrons at two different directions with
respect to the sample. A schematic setup is drawn in Fig. 2.3. A pulse of muons
is implanted into the sample and the number of positrons are detected as function
of time in different detectors.

Because of the limited life time of the muons, 7,, the number of detected
positrons N+ equals:

-t
Ne+(t) = Ne+(0) exp(-—) (2.17)
73
Introducing the asymmetry of the number of positrons in the forward (F) and
backward (B) direction we obtain:

Np(t) = No+ ()(1 + A(t) cosOr) (2.18)
Np(t) = No+ (£)(1 + A(t) cosb5) (2.19)

The cosfp,p values are setup characteristics and are determined independently.
From eqs.(2.18) and (2.19), A(t) can be deduced with A(t) = R(Ng— Ng)/(Np +
Np) where R is a setup constant. A(t) contains interesting information about the
sample and equals in general (see also Fig. 2.4):

A() = A(0) G(t) cos(w,t) (2.20)

The local magnetic field experienced by the muon, B, causes the muon spin to
precess with a frequency w, = 7,B,, where v, is the gyromagnetic ratio of the
muon (see table 2.2). Because of eq. (2.16) this frequency is directly observed
in the p+SR spectrum (Fig. 2.4). Of course, when no magnetic field is present
or when B, || S, no precession frequency is observed but just G(t). G(t) is the
depolarization function which reflects the depolarization of the polarized muon
ensemble due to the interaction with its host. G(2) can show different time struc-
tures depending on the origin of the depolarization, i.e. whether it is static or
dynamic, due to a magnetic field distribution or due to for example phonons. For
a detailed description we refer to refs. [16, 18, 20]. Here a few basic examples
will be given necessary to understand the experiments presented in this thesis. If
the depolarization is a result from a continuous and isotropic gaussian distribution
(width A) of static fields we obtain for example:

Gt) = exp(—%Aztz) (2.21)
In the case of fast fluctuating fields with a correlation time 7., G(t) equals:
G(t) = exp(—At) = exp(—A’r.t) (2.22)

where ) is the damping rate . This latter expression is often used to describe the
muon signal in the paramagnetic state of its host (see Fig. 5.5). X diverges when
the critical magnetic fluctuations are slowing down.

In chapter 6 x*SR Knight shift measurements are described. This technique
is commonly used to determine the muon location site in its host. For a detailed
description of this technique we refer to section 6.2.
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2.4 Neutron techniques

The neutron is a useful tool for the study of condensed matter because its wave-
length as well as its energy can be of comparable size as crystallographic dimensions
and thermal vibrations. Because it has no electric charge, it only interacts with
the nuclei of the material under study. The magnetic moment of the neutron, p.,,
= gnpun = 5.4:10~%up with g, = -1.91 the gyromagnetic ratio of the neutron,
interacts with electronic magnetic moments of the material. The neutrons pen-
etration depth is large and elastic and inelastic scattering of the neutrons reveal
information about the nuclei and the magnetic moment of the electronic shells.
The neutron cross section at thermal energy shows a irregular behaviour through-
out the periodic table. Some nuclei even show negative cross sections (for example
hydrogen and %2Ni) and therefore neutron diffraction can be a welcome addition
to X-ray diffraction. In this section a brief description is given; for a thorough
inspection of neutron scattering we refer to refs. [21, 22, 23].

The energy of the neutron, E,, = 1m,v?, is in general between 2 meV (cold neu-
trons) and 200 meV (hot neutrons). Interatomic distances and thermal excitations
are comparable in size with the neutron wavelength and energy and are therefore
comfortably observed. The neutron has a De Broglie wavelength \,,=h/m,v and
its wavevector equals k = 27 /),.

Neutrons can be produced via two principles. In a nuclear reactor the neu-
trons originate from nuclear fission of uranium. Whereas for energy production
the energy of the fission is valuable, physicists prefer the neutrons produced in
the chain reaction. Neutrons produced this way are moderated in the reactor
core (institutes as IRI (Delft, the Netherlands), HMI (Berlin, Germany) and ILL
(Grenoble, France)). In a spallation source, protons bombard a target (often ura-
nium or tantalum) and pulses of neutrons are generated (institutes such as ISIS
(Didcot, United Kingdom)). These pulses are moderated to obtain the desired
neutron energy.

Because magnetic scattering of the neutrons depends on their spin orientation,
a polarized neutron beam can be produced via constructive interference of mag-
netic and nuclear scattering; one spin state is transmitted whereas the opposite
spin state is scattered.

2.4.1 Neutron Depolarization

The neutron depolarization technique finds its origin in 1941 [24] and it mea-
sures the depolarization of a polarized neutron beam after it has been transmitted
through a sample. This technique is purely based on the magnetic interaction
between the neutron spin and the magnetization B in the sample which causes the
neutron spin to precess:

d
—g—“ = gatn (1, X B) (2.23)

When the neutron experiences different orientations of B, its Larmor precession
(eq. (2.23)) is changed accordingly and the direction of g, is altered when the
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neutron leaves the sample. Because the neutron beam is wider than the micro-
scopic dimensions of the sample, individual neutrons experience a different row of
consecutive orientations of B. As a consequence the neutron beam looses its initial

polarization Po=Y" : L’;Z i’ and the depolarization D equals [25]:
P
D = 5~ = exp(~cq A2 §dB%(1 - cos? @) (2.24)
0

‘ where the constant cg = 2.18-10%° (1/T?), A, the wavelength of the neutrons, d
the sample thickness, § the average magnetic domain size or correlation length and
a the angle between Py and B. Only B?(1 — cos? a), the square of the component
of the magnetization perpendicular to the neutron polarization, contributes to the
depolarization. When the experiment is performed on a sample with randomly
oriented domains, cos? a equals zero.

2.4.2 Inelastic Neutron Scattering

Inelastic neutron scattering (INS) is characterized by energy transfer between the
sample and the neutrons. The neutrons create or annihilate excitations such as
phonons or magnons or change their momentum. The characteristic energy gain
or energy loss of the neutrons, fw, is measured. Conservation of momentum and
energy dictate that:

hq = hk' — hk (2.25)
h? 2
= %—(kz -k (2.26)

where hq and Aw are the momentum and energy transfer to the sample and k,k’ are
the wavevectors of the incoming and diffracted neutrons. The scattered neutron
intensity is related to the response function S(q,w) of the sample [22):

kl

dc gne?
FrY T (mecz) %5 w) (2:27)

2 . 3 . . - - -
where dg 5 is the differential cross section for scattering of neutrons in solid angle

dQ with energy E' = (hk')?/2m,,. For magnetic scattering S(q,w) equals:

S(q,w) =Y pr (CIQ ') |QLIT) 6(hw + Er — Erv) (2.28)
rr

where Q, = q x (Q x q) is the magnetic interaction operator and Q*,Q resem-
ble creation and annihilation operators. I' and I are the initial and final state
of the sample and pr is the probability distribution for initial states. For the
study of excitations of the 4f shell these states are determined by the crystal field
hamiltonian (eq. (1.13)).

The amplitude of the magnetic scattering by an ion with both spin and orbital
angular momentum is proportional to the Fourier transform of its magnetization
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density, the formfactor F(q), and for rare earth ions with total angular momentum
J, Q = %gJF(q)J. The orientation of J with respect to the scattering vector q
determines how the components of the operator J,ie J,,Jt and J-, describe
the crystal field transitions induced by the neutrons (see eq. (5.4)).

To observe an INS spectrum as simple as possible and to minimize the number
of phonons, the lowest temperature in agreement with no spontaneous magnetic
order, should be chosen. The reduction of the temperature minimizes the number
of occupied initial states (pr in eq. (2.28)) but magnetic order just increases the
number of crystal field levels. If the compound under study shows a relatively high
magnetic ordering temperature, a diluted compound is often chosen to suppress
the magnetic order. A part of the rare earth atoms then are replaced by the non
magnetic Y or La. The symmetry at the R site and the local charge distribution
at the 4f shell remain unaffected and therefore B]}* (eq. (1.13)) is believed to be
similar in size for the compound and its diluted version.

2.4.3 Neutron Diffraction

Neutron diffraction is a widely used technique to measure magnetic structures
since antiferromagnetism was observed in MnO in 1951 [26]. The elastic scattering
(only momentum transfer between neutrons and the material under study) of
the neutrons measures the structural parameters of the compound. In addition,
the magnetic structure is visualized due to the magnetic interaction between the
neutron spin and the electronic magnetic moments. Constructive interference of
the neutrons by the crystal requires the condition:

Ak =k -k =Gpy (2.29)

where Gy is a reciprocal lattice vector which is to be associated with a particular
set of crystal planes (hkl) in the direct lattice. If 26 is the angle separating the
incident and reflected beam, this equation results in Bragg’s law:

)\n = Zdhk; sin @ (2.30)

with dpy is the distance between the (hkl) planes. Powder samples show all reflec-
tions as function of 20 because of the random orientation of the (hkl) planes. Single
crystals allow to measure a map of reciprocal space. Of course this is more time
consuming since the sample has to be aligned along its different crystallographic
axes and to be rotated to observe a plane in reciprocal space.

For long range periodic magnetic structures (see Fig. 1.2) the magnetic unit
cell contains multiple crystallographic unit cells. Such long range magnetic struc-
tures are conveniently identified by neutron diffraction because of additional mag-
netic reflections at low Bragg angle. For example a ferromagnetic arrangement of
moments in the hexagonal or tetragonal plane and an antiferromagnetic stacking
along the c axis can give an (0,0,1) reflection.
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2.5 Macroscopic techniques

2.5.1 Magnetization

The magnetic moment of the RE 4 f shell is often anisotropic due to the crystalline
electric field (see secs.1.1 and 1.4). The magnetization measured on a single crystal,
along different crystallographic directions, will show this anisotropy since the 4f
shell in the lattice cannot reorient itself as a free ion can. In the presence of B
the 4f wavefunctions are determined by:

ext

H= ,Hcf - gJuBJ : Bezt (231)

The angle between the quantization axis of the 4 f shell and B,,; determines which
component of J governs the Zeeman shift 6 E [1] and lifts the degeneracy of states
with :l:m_]:

0E; = gyup(Ti|J - Begt|Ty) (2.32)

where T'; is the wave function of crystal field level i. Bearing in mind that I'; =
2omy, Cmy|dymy) (see eq. (1.14)), the macroscopic magnetic moment due to rare
earth atoms equals:

Y2 exp(=E;i/kgT) 2, , (J,my|J - Begs|J,my)
Y3 H exp(~E;/kpT)

If transition metals are present in the compound they also contribute to the mag-
netization. The 4s electrons of the TM atom are lost due to the metallic bond
in the lattice and the magnetic 3d shell is located at the outside of the electron
cloud. It shows a strong interaction with the crystalline electric field and as a
consequence the orbital momentum L appears to be fixed. The Russel-Saunders
coupling scheme cannot be applied and the orbital momentum is generally found
to be quenched, i.e. (L.) =0. The magnetic response is mainly determined by
the electron spins. This magnetism is most conveniently described by band mag-
netism, where the magnetic moment is a result of an unequal population of the
spin 1 and spin | sub-bands [27].

Msy =gsuB (2.33)

2.5.2 Speciﬁé heat

Under normal experimental conditions, there are three main contributions to the
specific heat of rare earth intermetallics. They originate from electrons, mag-
netic moments and phonons in the lattice. The specific heat of the phonons in
a lattice is conveniently described by the model of Debye (1912) and show a T3
temperature dependence at low temperature [10]. For the electronic contribution
the specific heat is proportional to T. The magnetic contribution, ¢, is due to
the repopulation of the crystal field levels and is called the Schottky anomaly. It
shows a maximum when the temperature is of comparable size as the splitting
of the crystal field levels. A convenient trick to separate the magnetic from the
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electronic and phonon contributions is to subtract the specific heat of an isotypic
stoichiometric compound with a non magnetic rare earth as La, Y or Lu.

If an ion has n energy levels E; which have degeneracies w; its internal energy
FE equals:

B z": wiE; exp(—E;/kpT)

(2.34

i=1 . 4 )

Z = w;exp(~Ei/ksT) (2.35)
i=1

where Z is the partition function. In general [11], the specific heat is defined as
cp = (?,—qu) p with H the enthalpy of the system. For ions located in a solid, this
reduces to ¢, = g—gf:
52

Cm = RTW(T In Z) (2.36)
where R = kpN4 is the gas constant (N4 = Avogrado’s number). The repopu-
lation of the energy levels when the temperature increases accounts for a change
in entropy § = kpln(};(%)N4) = Rin(}; %). Note that Y, (2)N4 is the
number of ways the levels of the N. 4 atoms can be populated [1]. Assuming the
entropy is zero at T' = 0 K, the entropy can be obtained from c,, via:

Te.
S = /0 ST (2.37)

For two singlet levels the maximum change in entropy is for example S = Rin2
and in general the change in entropy is related to the number of crystal field levels
and their degeneracy. In addition, the shape of the Schottky anomaly (eq. (2.36))
is a welcome assistance for determining the crystal field level scheme.
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Magnetic nanodomains in
TmFeAl !

Abstract

The magnetic properties of TmFeAl have been studied using 57Fe and !¢°Tm
Méssbauer spectroscopy, magnetic measurements, neutron depolarization (ND)
and neutron diffraction. This compound exhibits a complex magnetic behaviour
and its ordered state consists of magnetic nanodomains. At 4 K it contains a Tm
moment of 7 up and a distribution of Fe moments with an average of 0.5 up. Be-
tween 10 and 60 K a distribution in magnetic ordering temperatures is observed.
ND displays the growth of small magnetic domains when the temperature de-
creases towards 4 K. The average domain size is about 2.5 nm at this temperature
and the existence of magnetic nanodomains is confirmed by neutron diffraction
experiments. The structural disorder of the Fe atoms in the lattice combined with
the competing exchange interactions between the different types of atoms and the
high anisotropy of the Tm moment gives rise to the observed magnetic behaviour.

tParts of this chapter are published in a modified form in Hyp. Int. 97/98 (1996) 109.
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3.1 Introduction

Rare earth (R) transition metal (TM) compounds combine the magnetic properties
of two types of atoms which possess magnetic moments of an entirely different
nature. Transition metals show itinerant, or delocalized, magnetism, whereas in
R atoms the moments are localized. The 4f shell, which is the origin of the R
magnetism, is non-spherical for the majority of R atoms. As a consequence the
R magnetic moment has a preferential orientation which is determined by the
crystalline electric field. Therefore, the R compounds show a substantial magnetic
anisotropy (sec. 1.4).

The TM compounds on the other hand, show high magnetic ordering temper-
atures due to the strong exchange interactions caused by the extended TM 3d
shells. When a TM is combined with a non-magnetic metallic atom such as Al,
strong hybridization between the Al valence electrons and the 3d electrons occurs
which lowers the TM moment.

In a spin glass (SG) frustration of the magnetic moments due to structural
disorder and competing positive and negative exchange interactions causes a dis-
ordered freezing of the magnetic moments at the spin glass temperature. A classic
example is CuMn, where magnetic Mn impurities are randomly imbedded in a
non-magnetic matrix of Cu atoms [29].

In this chapter the complex magnetic properties of TmFeAl are presented,
which combined both R-TM magnetism with SG-like behaviour. The crystallo-
graphic and magnetic properties of TmFeAl were reported earlier by Oesterreicher
[30, 31]. The relatively low magnetization values were explained by a partly ran-
domized magnetic moment structure of the rare earth atoms [31]. Furthermore,
the high magnetic anisotropy connected with the partially disordered canting of
the magnetic moments in TmFeAl is believed to explain the observed intrinsic
magnetic hardness [31]. A high anisotropy combined with this magnetic scatter
order is assumed to develop extraordinarily thin domain walls. These domain walls
are easily pinned at obstacles of atomic dimensions and give rise to an intrinsic
hardness.

This study shows that TmFeAl forms extremely small magnetic domains, on
average a few nanometres large, in which the Tm moments are aligned ferromag-
netically along the c¢ axis. In order to understand the formation of such small
magnetic domains also the following compounds were investigated:

1. YFeAl, because Y is a rare earth element with an empty 4f shell and has
therefore no magnetic moment. As a consequence the magnetism in this
compound is purely determined by the Fe atoms.

2. GdFeAl, because the Gd half full 4f shell is spherical and therefore it has
no preferential orientation in the crystalline electric field of the lattice. This
eliminates the influence of the magnetic anisotropy of the R atom due to the
crystal field.

3. ErFeAl because the Er 4f shell has a similar cigar shape as the Tm 4 f shell
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Figure 3.1: The C14 hexagonal Laves phase crystal structure of TmFeAl. The
Tm atoms occupy the RE (4f) site and the Fe and Al atoms are randomly dis-
tributed over the 2a and 6h sites.

and therefore it has the same preferential orientation in the crystal field.
The strength of the anisotropy, however, is less and this allows us to study
the importance of a strong magnetic anisotropy. In general the magnetic
anisotropy is related to the second order crystal field term BY, which is
about four times smaller for Er compared to Tm in the same stoichiometric
compound.

4. DyFeAl, because the Dy 4f shell has a discus shape and its preferential
magnetic orientation is dissimilar from that of Er and Tm.

3.2 Theoretical aspects

In RFeAl, the crystal field at the Tm 4f shell (hexagonal point symmetry, see Fig.
3.1) can be described by the hamiltonian (sec. 1.4):

Hey = BJO3 + BJO] + BeO? + BSOS (3.1)

where Bf™ are the crystal field parameters and O" represent Stevens operators,
In the magnetically ordered state we include the interaction of the Tm moment
with the molecular field Hps and obtain when the Tm moments are aligned along
the ¢ axis:

H=Hcs —gsupHpy - (J2) (3.2)

where g7 is the Landé splitting factor and (J,) the thermal average of the total
angular momentum along the direction of Hyy.
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With Méssbauer spectroscopy the hyperfine field and the quadrupole splitting
(QS) are measured at the nuclear site. The hyperfine field is determined by the
magnetic moment of the electrons surrounding the nucleus, g;up(J;), and the QS
is due to the electrostatic interaction between the 4f shell and the crystal field
(sec. 2.2.2).

3.3 Experimental

The samples YFeAl, TmFeAl, ErFeAl, DyFeAl and GdFeAl were prepared for this
study in Amsterdam. These compounds crystallize in the MgZn, (C14, hexagonal
laves phase) structure and the atoms occupy three non-equivalent sites (Fig. 3.1).
The R atoms occupy the 4f site and the Al and Fe atoms are randomly distributed
over the 2a and 6h sites [30]. The samples were prepared by arc melting from
starting materials of at least 99.9% purity. Afterwards they were vacuum annealed
for 7 weeks at 800°C. X-ray diffraction showed that the C14 phase had formed
along with a small amount (about 5%) of an impurity phase of unknown origin in
the Er- and TmFeAl samples.

Neutron activation analysis was used to check the composition of the Er and
Tm samples. Er;FepggAlg.g¢6 was found for the Er sample and a Fe:Al ratio of
1:1.02 was found for TmFeAl. The quantity of Tm could not be measured because
of self absorption of its low energy gamma rays (8.4 keV). In addition to this,
transmission electron microscopy pictures were taken of the TmFeAl and ErFeAl
samples to determine the microstructure. Whereas in ErFeAl the microstructure
showed no peculiarities, the TmFeAl pictures showed a Moiré pattern. These
patterns consists of dark light contrast with a period of 1-3 nm. They possibly
indicate anti-phase boundaries. The sample consists of grains ranging from 200
nm to 4 pum and also subgrains were found (200-1000 nm) separated by low angle
boundaries. Composition differences were found between small and large grains,
either due to a secondary phase or due to deviations from the nominal composition.

The 5"Fe Méssbauer spectra were measured at various temperatures by means
of a constant-acceleration-type spectrometer using an %”Co source in a rhodium
foil. The 1%9Tm Mbssbauer spectra were obtained at various temperatures using
a acceleration-type spectrometer in sinusoidal mode, the measured spectra being
plotted an a linear scale. An absolute velocity calibration was obtained with a laser
Michelson interferometer. The ®¥Tm Méssbauer effect was measured using 8.4
keV gamma rays emitted by ?Er obtained after neutron irradiation of 188ErAls.
The principles of Mossbauer spectroscopy are discussed in sec. 2.2.

The neutron depolarization measurements have been performed at the IRI at
the SP beamline and the neutron diffraction measurements have been performed
at the HMI institute (Berlin) at the E6 beamline. For more details about these
techniques see secs. 2.4.1 and 2.4.3. All the measurements presented in this
chapter were performed on powder samples.
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Figure 3.3: Quadrupole splitting QS as observed by %° Tm Médssbauer spec-
troscopy as a function of temperature. The filled circles correspond to the QS of
the sextuplet and the empty circles to the QS of the doublet. The solid and dotted
line correspond to a fit with eq. (2.6) of which the first includes the molecular
field. This fit gives as possible set of crystal field parameters: BY = -3.1 K, BY =
5-103 K, B} =8-107% K, BS = 2-10~* K, QS'** = -16.7 mm/s and Hy = 37
T. These deduced parameters are not unique but the large negative value of B}
and QS'** s strong evidence of a large magnetic anisotropy.

3.4 Results

3.4.1 Mossbauer spectroscopy

TmPFeAl

Some of the measured 1%*Tm Méssbauer spectra are shown in Fig. 3.2. Below
~10 K the spectrum shows a sextuplet, characteristic of a magnetically ordered
Tm sublattice. The energy splitting between the two outer Mdssbauer absorption
peaks measures a hyperfine field at the nucleus of 710(10) T. The free ion value,
which would originate from a Tm moment of 7 up equals 720 T. Hence, the Tm
moment in TmFeAl equals 7 pp within the experimental limit.

Above ~60 K the '®Tm Méossbauer spectra show an asymmetric doublet,
indicating that the Tm sublattice is paramagnetic. The asymmetry is due to
relaxation of the Tm magnetic moments.

In the temperature region from ~10 to ~60 K the spectra show both a sextu-
plet as well as a doublet. This indicates a phase mixture of ordered magnetism
and paramagnetism in the compound. The magnetically ordered portion of the
Tm sublattice, which is related to the absorbtion area of the sextuplet, decreases
with increasing temperature, while the paramagnetic portion, the relative absorp-
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Figure 3.5: Magnetic portion of the Tm (empty circles) and Fe (filled circles)
sublattices in TmFeAl as a function of temperature as determined by Mdssbauer
spectroscopy. The dashed line is a guide to the eye.

tion area of the doublet, increases. The magnitude of the hyperfine field remains
constant up to 60 K. Also the width of the absorbtion peaks remains unbroadened
which indicates that no magnetic relaxation is present. This suggests a crystal
field ground level of which the magnetic moment equals the saturation value and
of which the relaxation trajectory via excited crystal field levels is not accessible
at 60 K and below.

The quadrupole splitting deduced from the sextuplet as well as from the doublet
are plotted in Fig. 3.3. The solid and dotted line in Fig. 3.3 are the result of a
fit with eq. (2.6) where eq. (3.2) has been used to calculate the crystal field levels
of the Tm 4f electrons. The crystal field parameters are listed in the caption
of Fig. 3.3 and, although this set of parameters is not unique, it shows a large
negative value of B which corresponds to a substantial magnetic c axis anisotropy.
Therefore the Tm moments are aligned either parallel or antiparallel to the ¢ axis.
This is confirmed by the sharp %*Tm Méssbauer lines that indicate that all the
Tm moments have the same orientation with respect to the main axis of the electric
field gradient, which is determined by the crystal symmetry.

Some of the measured ®"Fe Mdssbauer spectra are shown in Fig. 3.4. At low
temperature the spectra reveal a distribution of Fe moments with an average hy-
perfine field of 7.7 T. Using the ratio between hyperfine field and corresponding
magnetic moment of 14.8 T/up for Fe compounds [32] an average moment size
of 0.52 pp has been calculated. Above ~60 K a quadrupole doublet is observed.
In the temperature region in between, the spectra show a mixture of magneti-
cally ordered (M) and paramagnetic (P) moments, just as observed in the ¥*Tm
Madssbauer spectra.
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Figure 3.6: 57 Fe Mdssbauer spectra of YFeAl at various temperatures indicating
Fe moment distribution and a second order phase transition at 23(2) K.
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Figure 3.7: De Gennes scaling observed in the average magnetic moment of iron
in RFeAl. The exchange interaction between the rare earth atom and the iron is
proportional to (gz-1)J.

The magnetically ordered portions of the Tm and Fe sublattices as determined
from the relative magnetic absorption area, are plotted in Fig. 3.5. The percentage
of magnetic order is identical in both sublattices. We have assumed that below
10 K all Fe moments are magnetically ordered but since the absorption is strong
at the centre in this spectrum, the possibility of paramagnetic Fe moments at
10 K cannot be excluded. On the other hand, because of the broad distribution
in magnetic Fe moment size, the central intensity may be caused by small Fe
moments (~0.1up).

The explicit coexistence of magnetism and paramagnetism during such an ex-
tended temperature region is remarkable. It indicates a first order magnetic or-
dering process (sec. 1.5) as observed in for example ErCo. [33] combined with an
elongation of the ordering trajectory due to structural disorder of the Fe and Al
atoms in the lattice.

YFeAl, ErFeAl, DyFeAl and GdFeAl

Some °"Fe Massbauer spectra of YFeAl are shown in Fig. 3.6. At 8 K a distri-
bution of hyperfine fields is observed with an average of 6.9 T, which corresponds
to an Fe moment of 0.47 up [32]. In contrast with the 5"Fe Mdssbauer spectra of
TmFeAl, the average moment decreases when the ordering temperature of 23(2) K
is approached from below. This is characteristic of a second order transition.

57Fe Mossbauer measurements of GdFeAl show also a second order magnetic
transition with Tc = 268(2) K. At low temperature a magnetic hyperfine field dis-
tribution is observed with an average of 11.9 T which corresponds to an average
Fe moment size of 0.80 up. The Fe moment as well as T¢ are enhanced compared
to TmFeAl and YFeAl because of the stronger 3d-4f exchange interaction. Also
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ErFeAl and DyFeAl show a distribution in hyperfine fields at the Fe nuclei at 8 K
with an average of 8.8 and 11.1 T which corresponds to 0.60 and 0.75 ug. An
overview of the magnetic properties of the RFeAl series is given in table 3.1.

Table 3.1: Parameters deduced from Moéssbauer and magnetization experiments
combined with the theoretical values p&f = g;(J(J +1))2 and pg = g;J.

Experimental Theory
To (ure) pr M(T=5K) p | usF pg
(K) (uB/fu.)
YFeAl 23(3) 047 - - - 0 0
TmFeAl distr. 052 7 1.75 7.2 7.57
ErFeAl 55(2) 0.60 - 45 10.2 959 9
DyFeAl 151(2) 075 - 6.1 10.1 10.6 10
GdFeAl 268(2) 080 - - - 794 7

3.4.2 Magnetization

Fig. 3.8 shows the magnetization of TmFeAl measured with a SQUID magne-
tometer. First the sample was cooled in zero field followed by a measurement of
the magnetization in an applied field of 0.05 T (curve 1). Secondly, the sample
was cooled in the field of 0.05 T (curve 2) and warmed again (curve 3). The bump
observed in curve 1 around 20 K is reminiscent of a spin glass like freezing tem-
perature. The monotonous increase in the magnetization when the temperature is
lowered (curve 2) corresponds to the monotonous increase in the magnetic portion
of TmFeAl as observed with Méssbauer spectroscopy (Fig. 3.5). Curve 1 and 3
coincide above ~65 K, thereby confirming the onset of complete paramagnetism
in the compound as determined with Mdssbauer spectroscopy.

High field magnetization measurements were performed in Amsterdam on a
fixed as well as a free TmFeAl powder sample and on free powders of YFeAl and
GdFeAl. With an optical microscope the powder particle size is estimated 1-2
pm, thus no magnetic domain walls are expected inside a powder particle. The
free powder particle will align themselves in a external magnetic field and produce
a maximum magnetization whereas the fixed powder particles, frozen in alcohol
at 4 K, will behave like a polycrystalline material. The results of this study are
shown in Fig. 3.9.
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Figure 3.8: Magnetization of TmFeAl as a function of temperature measured
after ZFC (curve 1) and FC (curve 2 and 3). The monotonous increase of curve 2
and the maximum at 20 K of curve 1 are characteristics of the complex behaviour
of TmFeAl (see text).
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free powders) and TmFeAl (fixed and free powder). Note the square root like
dependence of YFeAl and the small difference between the fixed and free TmFeAl
powder. For details see text.
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GdFeAl shows a saturation moment of 5.8 pg. Since the Gd moment is not
influenced by the crystal field a Gd moment if 7 pup is expected. The antiferro-
magnetic coupling between the Gd and the Fe sublattice reduces the total moment
per unit cell and (up,) = 1.2 pp is estimated. This value is larger than the average
moment measured with 5" Fe M&ssbauer spectroscopy.

The magnetization curve of YFeAl resembles a square root like function. The
magnetization continues to increase up to a field of 28 T and the slope of the curve
continues to decrease. Such a magnetization curve is characteristic of spin glass
behaviour. It shows that magnetic frustration is present in the Fe sublattice. The
magnetization curve of the free as well as the fixed TmFeAl powder shows a linear
increase between 10 and 30 T. This feature is characteristic of TmFeAl and will
be discussed in sec. 3.5.

In addition to these high field experiments, the magnetization of RFeAl (R
= Tm, Er and Dy) was measured in applied fields up to 2 T. For the latter
two compounds a tendency towards saturation was observed and the deduced
magnetization at zero field is listed in table 3.1. The measurements on TmFeAl
confirmed the magnetization curve of Fig. 3.9. The susceptibilities deduced from
these measurements are analysed with eq. (1.8) and the results (T and the
effective moment) are listed in table 3.1. The susceptibility of DyFeAl follows the
Curie-Weiss law but the magnetization of TmFeAl as well as ErFeAl is larger than
expected near T¢.

3.4.3 Neutron Depolarization

Neutron depolarization provides the opportunity to study the nucleation and
growth of magnetic domains. ND measurements were performed on TmFeAl as
well as ErFeAl in zero field and with an applied field of 0.05 T parallel to the
polarization vector of the neutron beam. In Fig. 3.10 and 3.11 the quantity
L =-InD/(c-d) = B%(1 — m?)fmd is plotted (see eq. (2.24)). ¥ is related
to the magnetic domain size 4§, the percentage magnetically ordered material far
and the magnetization B,. The open dots in Fig. 3.10 are measured in zero field
(ZFC(ooling) + ZFW (arming)) on a powder of TmFeAl. An increase in ¥ is ob-
served when the temperature decreases until saturation was obtained below ~8 K.
The difference between the cooling curve ZFC and warming curve ZFW clearly in-
dicates hysteresis in the domain formation. We checked that thermal equilibrium
of the sample was obtained during the measurements. The black dots measured
with applied field (FC + FW) show a similar behaviour as the zero field curve,
but the ¥ values are much larger.

The ND measurements were performed on a powder with random crystallo-
graphic and magnetic orientations and therefore cos? a equals zero in the ZF mea-
surement. At 4 K TmFeAl is fully magnetically ordered and fps = 1. Assuming
ferromagnetic order of the Tm moments we derive an average magnetic cluster
size of about 2.5 nm, which is much smaller than the crystalline dimensions.
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Figure 3.10: X of TmFeAl as deduced from neutron depolarization experiments
in an external field (F) and in zero field (ZF). ¥ is proportional to B2, the mag-
netic domain size 6 and the magnetic fraction fas of the material. From the ZF
measurement at 4 K an average magnetic domain size of about 2.5 nm is deduced.
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Figure 3.11: £ = B2(1 — cos?a)fyd as deduced from neutron depolarization
experiments on ErFeAl. The cooling and warming curves coincide and show that
no magnetic hysteresis is present.
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Table 3.2: Calculated diffraction angle 29 and relative intensity I of the diffrac-
tion peaks due to a ferromagnetic alignment of the Tm magnetic moments in
TmPFeAl Lattice parameters a = 5.339 A and ¢ = 8.636 A and the Tm coordi-
nates ( %,%,0.053) are deduced from the nuclear Bragg peaks at 100 K and used in
the calculation. A\, = 2.426 A.

Rkl 20(°) I(aw)| hkl 20(°) I(auw) | kKl 20(°) I (au.)

100 30418 111 (003 49.843 0.0 200 63.294 2.1
002 32.630 0.0 110 54.052 12.0 112 64.582 7.0
101 34.624 4.2 111 56.798 0.0 201 65.798 1.1
102 45.209 2.6 103 59.520 29

In Fig. 3.11 the result of ND measurements on a ErFeAl powder are plotted.
Comparison of Fig. 3.10 and Fig. 3.11 clearly shows a difference in the formation
of magnetic order. ErFeAl shows a clear onset of magnetic order at the ordering
temperature and the growth in ¥ resembles the increase in magnetic domain size
combined with the increase in magnetic moment size. The influence of the applied
magnetic field is small if compared with TmFeAl. Assuming ferromagnetic order
of the Er moments we calculate a magnetic domain size at 4 K in zero field of
~0.4 pm.

3.4.4 Neutron Diffraction

A neutron diffraction study is performed at the HMI on a TmFeAl and an ErFeAl
powder. It allows us to determine the magnetic structure and orientation of the Tm
and Er moments. The results are shown in Figs. 3.12 and 3.13. The spectra were
obtained at various temperatures and a spectrum measured in the paramagnetic
state was subtracted in order to see the magnetic reflections. Because of the small
Fe moments we cannot observe any magnetic Fe reflections and only observe the
reflections due to the magnetic Tm and Er sublattice.

First we will discuss the TmFeAl results. Comparison of the magnetic diffrac-
tion spectrum measured at 1.6 K with the calculated values listed in table 3.2
shows that the magnetic order corresponds to a ferromagnetic sublattice with the
Tm moments aligned along the positive ¢ direction. The diffraction peaks are
indexed in Fig. 3.12.

At low angle (20 < 20°) a magnetic oscillation is observed, indicative of short
range ferromagnetic order [34]. This is consistent with the small average domain
size observed with neutron depolarization. The magnetic Bragg peak indicated
by 7 appears at a diffraction angle lower than the (100) reflection and, if not
related to magnetic ordering of a secondary phase in the sample, should be of anti-
ferromagnetic origin. It corresponds to a distance of 5.73 A in the crystal lattice
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and could possibly be related to a superstructure of the magnetic nanodomains.
Note that the magnetic Bragg peaks are strongly broadened due to the small
magnetic domain size.

In ErFeAl also a ferromagnetic arrangement of the Er moments along the
positive ¢ axis is observed (Fig. 3.13). The intensity of the magnetic Bragg
peaks follows a Brillouin curve as a function of temperature. These reflections
disappear above ~55 K indicating the magnetic ordering temperature. In contrast
to TmFeAl, no short range order is observed in this compound.
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Figure 3.12: Four neutron diffraction spectra of TmFeAl recorded at various
temperatures. The Bragg reflections due to the crystal structure (spectrum at
100 K) were subtracted so only the magnetic reflections are shown. The spectrum
at 1.6 K corresponds to a ferromagnetic alignment of the Tm moments along the
c axis. The magnetic oscillation at low angle is indicative of short range magnetic
order.

3.5 Discussion

The Mdssbauer measurements on TmFeAl show a mixed phase with a distribution
of ordering temperatures. Such a behaviour was reported before in the concen-
trated spin glass CogoGaqo [35]. It is shown that this spin glass has a different
freezing behaviour compared to the more diluted spin glass systems as CuMn.
A continuous spectrum of freezing temperatures is observed in contrast with one
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Figure 3.13: Magnetic diffraction peaks measured on ErFeAl. The Bragg re-

flections correspond to a ferromagnetic alignment of the Er magnetic moments

(compare table. 3.2). The magnetic ordering temperature is determined at To =
55 K.

freezing temperature as observed in systems as CuMn. In CogyGasg the excess of
Co atoms, that are statistically distributed on Ga sites in the Pauli paramagnetic
CoGa system, are responsible for the spin glass behaviour (35]. TmFeAl resem-
bles an even more concentrated spin glass like system, since the concentration of
magnetic moments is much higher. The magnetization curve of TmFeAl measured
after zero field cooling (see Fig. 3.8) indicates a spin glass like temperature around
20 K. In addition 3" Fe Mossbauer spectroscopy shows that at 4 K the Fe moments
are frozen with a distribution in moment sizes. These aspects are all characteristic
for a spin glass like behaviour of the Fe sublattice.

The statistical occupation of the Fe and Al atoms over the two available crys-
tallographic sites implies the occurrence of concentration fluctuations so that it is
more appropriate to consider TmFeAl as a cluster glass rather than a spin glass.
Inspection of the magnetic ordering temperatures of RAl; compounds listed in
ref. [36] shows that these are fairly low (e.g. 4.2 K for TmAl, [37]) suggesting
that magnetic ordering in TmFeAl is mainly due to Fe rich regions. Upon cool-
ing these comparatively Fe-rich clusters will give rise to magnetic ordering, but
do so at different temperatures and with different Fe moments, depending of the
Fe concentration. No magnetic order is present in the matrix material surround-
ing the clusters, although this matrix material will gradually be consumed by
growth of the magnetic clusters and formation of new magnetic clusters when the
temperature is decreased. This behaviour is in agreement with the observations
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Figure 3.14: Illustration of magnetic nanodomains (top) and their relation to the
distribution in magnetic ordering temperature Tc (bottom). The y axis represents
an arbitrary direction in the basal plane of the TmFeAl crystal lattice.

made by Mdssbauer spectroscopy. It accounts for the observation of a distribu-
tion of Fe hyperfine fields and it also accounts for the presence of a magnetic and
non-magnetic component in the spectra, the latter gradually disappearing with
decreasing temperature.

From the %°Tm Méssbauer spectra combined with the neutron diffraction
spectra it was derived that the ordered Tm moments are of equal size and are
ferromagnetically oriented along the crystallographic ¢ direction. Because the
magnetic clusters are more or less magnetically decoupled, there will be a statisti-
cal distribution of the Tm moment directions in the different clusters in either the
positive or negative c direction upon magnetic ordering. Therefore there will be
no Tm contribution to the magnetization when the sample is cooled without the
presence of an external field. If the Tm-Fe moment coupling is strictly ferrimag-
netic within each cluster one would expect that there is also no net contribution
of the Fe moments to the magnetization.

It can be derived from the field dependence of the magnetization of TmFeAl
shown in Fig. 3.9 that the anisotropy field is larger than the highest field considered
in this investigation, because no tendency towards saturation is reached. This is
confirmed by the estimated value of the crystal field parameter B ~ -3.1 K which
corresponds to an anisotropy field of about 100 T. From the discussion given
above it follows that the cluster moment directions will be, even in small single
crystals, equally distributed in the positive and negative ¢ direction. This may
explain the relatively low difference in magnetic behaviour observed between the
fixed and free powder particles in Fig. 3.9. At the same time it may explain why
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the moment observed in the highest field strength is substantially lower that the
moment expected on basis of the Mossbauer data (7 up - 0.5 ug).

The formation and growth of the magnetic clusters in TmFeAl is also in
line with the neutron depolarization experiments. The observed increase in ¥
(Fig. 3.10) is much stronger than expected from the increase of fys only, therefore
confirming an increase in the average cluster size when the temperature decreases.
A cluster size in the order of 2.5 nm has been derived from the ND data at the

lowest temperature. Therefore it is appropriate to speak of a nanodomain struc-

ture (see also Fig. 3.14). Furthermore, short range magnetic order is observed
in the neutron diffraction spectra, thereby confirming the presence of magnetic
nanodomains.

The small dimensions of the up and down clusters possibly resemble long range
antiferromagnetic order if the clusters are of equal size. Although we were not able
to identify the magnetic Bragg peak observed at low angle (Fig. 3.12), it could
be related to such a superstructure of the nanodomains. Transmission electron
microscopy pictures have revealed a Moiré pattern in TmFeAl. - This possibly
indicates the existence of anti-phase boundaries in the crystals of the material,
which can be a source of small magnetic domains. This is confirmed by the period
of the diffuse scattering at low 26 [34] which suggests domains in the order of 10 A.

Fig. 3.10 shows that an external field gives rise to an increase in the cluster size.
Upon cooling, the clusters freeze with their Tm moment in the most favourable
¢ direction as determined by the field they experience. Due to demagnetisation
fields of the early clusters, this field is not always parallel to the applied field.
Therefore clusters with opposite magnetization directions are still formed. More
than half of cluster moments however favour the ¢ direction as determined by the
external field. Consequently there will be a substantial net contribution to the
magnetization, explaining the difference between the curves 1 and 2 in Fig. 3.8.

YFeAl, ErFeal, DyFeAl and GdFeAl all show a broad distribution in Fe mag-
netic moment. This random Fe moment size is related to the statistical occupation
of Fe atoms in the crystal lattice. The average size of the Fe moments in this series
of compounds is determined by the Fe exchange interaction as well as the Fe-R
exchange which is proportional to J(gs — 1) of the R 4f shell [38]. The latter
interaction causes (upe) to increase going from YFeAl to GdFeAl (table 3.1 and
Fig. 3.7).

The magnetization curve of YFeAl (Fig. 3.9) is reminiscent of spin glass be-
haviour, confirming the frustration of the Fe moments. In GdFeAl and DyFeAl, the
strong exchange interaction between the rare earth atoms (for example
T§2 = 175 K and T5*A" = 65 K) overcomes the frustration of the Fe sub-
lattice and no signatures of spin glass behaviour are observed in the magneti-
zation data (Fig. 3.9). Neutron diffraction and depolarization measurements on
ErFeAl also show no signatures of magnetic frustration. The contrast with the
TmFeAl results clearly indicate that the magnetic nanodomain structure is not
present in ErFeAl. Apparently its rare earth exchange interaction is high enough
(TgrAlz ~ 18 K) and its anisotropy low enough to prevent the formation of small
magnetic domains.
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The small dimensions of the magnetic domains observed in TmFeAl imply the
existence of narrow Bloch walls. The width of magnetic domain walls between
the clusters is a result of a competition between the Tm exchange strength and
the magnetic anisotropy. With the use of the estimated anisotropy (sec. 3.4.1) a
Tm exchange streng%h JTmTm of a few K is deduced [39] which is not unrealistic
if compared with T;™4"? = 4.2 K. In this estimation a moment rotation of 180°
between neighbouring atoms is assumed and therefore the formation of magnetic
nanodomains is realistic if we consider the magnetic boundary formation.

3.6 Conclusion

In this chapter the formation of magnetic nanodomains in TmFeAl is presented.
This unique behaviour originates from the following characteristics of the com-
pound. The structural disorder of the Al and Fe atoms in the lattice causes
the Fe sublattice to behave like a spin glass. The exchange interactions between
the different types of magnetic atoms are influenced by the structural disorder of
the Fe sublattice, leading to a distribution in magnetic ordering temperatures for
clusters of different Fe concentration in TmFeAl. The high magnetic anisotropy
contributes to the magnetic behaviour by forcing the Tm moments along their
preferential direction in the crystalline electric field. Magnetic clusters with the
Tm moments aligned along the positive or negative ¢ directions form and grow
in the crystallites of TmFeAl when the temperature decreases from 60 to 10 K.
Due to the high magnetic anisotropy of these clusters then remain aligned along
their initial orientation. The size of these magnetic nanodomains on average about
2.5 nm at 4 K.



4

Two types of magnetism in the

magnetic superconductor
TmNi;ByC related to the degree of
carbon site occupancy f

Abstract

A combined '*Tm Méssbauer spectroscopy and u+SR study is presented on two
polycrystalline samples of TmNiyB;C. The first experimental technique shows the
coexistence of two types of Tm 4f magnetism at 0.3 K, one related to a magnetic
Tm moment of 4.3(1) up and the other to a small Tm moment of ~0.1 pp. This
second type of magnetism is suggested to be caused by carbon vacancies present
in TmNi;B,C. These C vacancies locally modify the crystalline electric field and
therefore the Tm 4f magnetism. Since these vacancies are ideal cavities in which
muons can reside, it is suggested that u*SR only probes this ~0.1 up magnetism.

t Published in a modified form in Phys. Rev. B 54 (1996) 14963,
Phys. Rev. B 57 (1998) 10320 and J. Magn. Magn. Mat. 177-181 (1998) 555.
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4.1 Introduction

The discovery of the quarternary rare earth nickel boron carbides RNiyB2C in
1993 started an intensive study of their combined magnetic and superconducting
properties. In some of these compounds (R = Tm, Er, Ho and Dy) these studies
reveal the coexistence of superconductivity and magnetism. As the strength of the
exchange interaction between R atoms increases (De Gennes scaling) the transition
to the superconducting state occurs at lower temperatures, due to the increase of
Cooper pair breaking [40]. Because of this variation in magnetic strength, the
boron carbides are an ideal system to study the interplay between magnetism
and superconductivity and they are therefore the subject of continuing scientific
interest.

The magnetically ordered state of RNi;B,C shows a variety of magnetic struc-
tures [41]. The non-superconducting compounds PrNipB2C and NdNi;B,C show
a commensurate antiferromagnetic structure with an in plane easy magnetization
axis whereas GdNi;B,C and TbNiyB,C show a sine modulated incommensurate
antiferromagnetic structure with propagation vector § ~ (0.55,0,0). Similar mag-
netic structures are observed in the superconducting rare earth boroncarbides.
DyNigBsC (Tn ~ 10.6 K; T ~ 6 K) and the low temperature phase of HoNi;B,C
(T < 5 K) show a commensurate antiferromagnetic structure, but ErNi;B,C and
the reentrant phase of HoNi;B2C (5 < T < 6.3 K) show a sine modulated structure
with 4 similar to GdNi;B2C.

In contrast to all these planar magnets, an easy c-axis is observed in TmNi; B, C.
For this compound it is shown that Ty = 1.52(2) K [42] and T¢ = 10.8 K [43].
Recent neutron diffraction studies revealed an incommensurate antiferromagnetic
structure with § = (0.093, 0.093, 0) i.e. a modulation in the [110] direction with
a clear onset at 1.5 K [41, 44]. The sine modulated magnetic moments with a
maximum of 3.78 pp are pointing along the c-axis and the modulation becomes
square shaped at lower temperature.

TSR on HoNi;B,;C and ErNi;B,C [45] shows a muon precession frequency of
the size expected for the magnetic Ho and Er moments (~10.4 up [46] and 8.4 up
[47]) and confirms the magnetic ordering temperatures of ~8 K and 6.8 K, respec-
tively. Surprisingly, u*SR measurements on TmNi,;B,C [45, 48, 49] contradict the
magnetic behaviour of the Tm atoms as measured by neutron techniques. They
reveal that a spontaneous internal field is present up to ~30 K which is far above
T~. This spontaneous field saturates below ~2.5 K and shows an inexplicable
1/T dependence above this temperature. If this internal field is caused by only
the Tm moments, the saturation value corresponds to a Tm moment of ~0.1 up
(the muon precession frequency equals about 1.8 MHz). Different studies [41, 50]
exclude the possibility of small Ni moments in RNi3B2C so it is believed that the
magnetism observed by u*SR is caused by the rare earth atoms only.

Because of the very large difference in magnetic Tm moment between the
different experimental techniques, we performed a %*Tm Mdssbauer study [51]
of two samples. The first sample was prepared in Amsterdam and the results of
this Mossbauer study are published in ref. [51]. The second sample of TmNi;B2C
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Figure 4.1: Crystal structure of TmNi;B>C. Note that each Tm atom is sur-
rounded by four carbon atoms in the ab plane.

was used for inelastic neutron scattering (INS) measurements by Gasser [52] and
prepared at PSI. From these INS measurements crystal field parameters (CFP)
were deduced which describe not only the INS data but also magnetization [43],
specific heat [42] and neutron diffraction data [41, 44]. These CFP predicted a
Tm 4f magnetic moment of ~4.3 up in the magnetically ordered state.

In this chapter we report on the differences between the two samples and on the
implications of these differences on the Tm 4f magnetism. Also an explanation
will be given for the large discrepancy between the results obtained by neutron
techniques and u*SR.

4.2 Theoretical aspects

RNiyB,C crystallizes in a body-centered tetragonal structure that consists of R-
C planes separated by Ni;B; layers stacked along the c-axis (Fig. 4.1). While
the magnetism is caused by the R atoms, the superconductivity is believed to be
concentrated in the NizB; layers [53]. The behaviour of the asymmetric 4 f shell of
the R atoms in these compounds is strongly influenced by crystal field effects [54].
The crystal field Hamiltonian H.s for the tetragonal point symmetry (I14/mmm)
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of the R 4f shell can be written as:
H.s = BJO3 + BJOJ + B{O} + BSOY + BEO} (4.1)

where B[" are the crystal field parameters and O]" represent Stevens operators.
This Hamiltonian describes the splitting of the rare earth ground multiplet J and
therefore the magnetism of the 4f shell.

169Tm Méssbauer spectroscopy uses the %°Tm nucleus as a probe and its
quadrupole splitting QS is very sensitive to the behaviour of the electronic 4f
shell of the Tm atom (sec. 2.2.2). Since the properties of the conduction electrons
are screened by the core electrons, %°Tm Méssbauer spectroscopy is not sensitive
to the superconducting properties.

4.3 Experimental details

Both polycrystalline samples of TmNi;B;C which were studied by %°Tm Moss-
bauer-technique, were prepared by arc melting from starting materials of at least
99.9% purity. The initial ratio between the starting materials was different for the
two samples. Whereas for the sample from Amsterdam [51] a ratio of Tm:Ni:B:C
= 1.1:2:2:1 was used, the sample from PSI [52] was prepared in a ratio of 1:2:2:1.1.
Extra Tm was added to the first mixture because Tm vaporizes more quickly
than the other constituents in the melt. In this chapter we refer to these sam-
ples as sample A and sample B, respectively. X-ray diffraction on both samples
showed the desired crystal structure combined with a second unknown phase. This
second phase was different for the two samples and less than 10 %. Magnetiza-
tion measurements showed the superconducting transition at T = 10.3(3) K and
Te = 10.8(3) K for the samples A and B, respectively.

The 199Tm Mossbauer spectra were recorded on an acceleration-type spectrom-
eter in sinusoidal mode, the measured spectra being plotted on a linear scale. An
absolute velocity calibration was obtained with a laser Michelson interferometer.
The 1%9Tm Mdssbauer effect was measured using 8.4 keV gamma rays emitted by
169Fr obtained after neutron irradiation of 1%8ErAls grains in an Al matrix.

The Muon Relaxation Spectroscopy measurement was performed at the GPS
beamline at PSI. Specific heat measurements were performed at the Leiden Uni-
versity.

4.4 Results
4.4.1 TmNi;B,C, sample A

The '%9Tm Méssbauer spectra of sample A (see sec. 4.3) were recorded at various
temperatures between 0.3 K and 773 K. Because the Ni atoms partially absorb the
8.4 keV gamma rays (K absorption edge), the 1%*Tm Méssbauer effect is rather
small and therefore long measurement times were needed for reasonable spectra
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statistics. All spectra showed a quadrupole doublet, including the spectra recorded
at low temperatures, and were analysed on the basis of a single spectrum.

Two spectra, measured at T = 0.45 K and 8 K, are plotted in Fig. 4.2. At
first sight there are no clear signs of magnetic ordering in the 0.45 K spectrum.
However, a precise analysis of this low temperature spectrum shows that the left
Mossbauer absorption line is slightly broadened (Fig. 4.2) which is most likely
due to a small magnetic moment of the Tm atoms. In that case the hyperfine
interaction is a small perturbation on the electric quadrupole splitting. We are able
to deduce from the 0.45 K spectrum a Tm moment of approximately 0.1(1) ug.
Fig. 4.3 shows the deduced quadrupole splitting (QS « V,,) as a function of
temperature. We observe a clear change in QS at 1.1(1) K. A transition from a
paramagnetic phase to a magnetically ordered phase is usually accompanied by a
change in QS because the exchange interaction influences the relative position of
the energy levels of the crystal field split 2J+1 manifold of the 4f shell. The clear
change at 1.1 K is therefore indicative of magnetic ordering. Fig. 4.4 shows the
specific heat measured in zero field and with an external field of 1 T. The transition
to the superconducting state is observed at 9.75 K and a second transition is visible
at 1.17 K. The shape of this transition peak is altered in an external field which
confirms that the transition is of magnetic origin.

The Mdssbauer spectra measured above the transition at 1.1 K show line broad-
ening (Fig. 4.2) which decreases with increasing temperature and persists up to
about 40 K. At present, its origin is not yet obvious. It might correspond to the
phenomenon seen in x* SR studies [45, 48, 49] where the ut precession frequency
persists up to high temperatures compared with T. Magnetic relaxation of the
Tm moments above T could explain the Mossbauer spectra as well as the u+SR
data if the relaxation is sufficiently slow ( > 1076 5). In that case the Tm moments
appear to be static to the muon and a precession signal will be observed.

Using the high temperature approximation of eq. (2.6) we deduce QS8 =
-22(4) mm/s from Fig. 4.3. With eq. (2.7) V! is calculated to be equal to
10(2)-10?! V/m? which is in good agreement with V!2%* = 11.9-10?! V/m? obtained
with 155Gd Méssbauer spectroscopy on GdNi; B,C [55] where V4f = 0 because the
the Gd 4f shell is spherical. With the use of eq. (2.8) BY = —2.8(5) K is cal-
culated. The sign of BY corresponds to a c-axis anisotropy as is also observed
by susceptibility and TSR measurements [43, 45, 48, 49]. Its strength, however,
is twice as large as the value derived from the susceptibility measurements. The
temperature dependence of QS(T') of sample A indicates that BY is negative but
smaller than BY = -2.8(5) K. Most likely, the empirical relation eq. (2.8) with
¢ = 185, is different in this compound due to the carbon atoms which are inter-
stitially present in the crystal nearby the Tm atoms. Therefore, we believe that
the empirical constant ¢ equals approximately 400 in TmNi;B,C. A more precise
value of ¢ can be calculated if BY is determined.

The small magnetic moment of Tm along the c-axis as well as the maximum in
the temperature dependence of QS at 140 K (Fig. 4.3) both indicate that crystal
field effects play an important role in TmNi;B,C. Strong crystal field effects are
also observed in ErNiyB,C, where they cause a change in magnetic anisotropy at
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Figure 4.2: Two spectra recorded on sample A below (0.45 K) and above (8 K)
the transition temperature of ~1.1(1) K. The 0.45 K spectrum shows that the left
Mossbauer peak is slightly broadened which is indicative of a small Tm moment
in the order of 0.1(1) pp. Note that the QS at 0.45 K is clearly larger than at
8 K. Above 1.1 K a broadening of the quadrupole doublet lines is observed.
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Figure 4.3: The quadrupole splitting QS as observed by 1%° Tm Méssbauer spec-
troscopy in sample A (empty dots) and sample B (filled symbols). The filled
triangles are deduced from the subspectrum which shows a moment of 4.3 up at
0.3 K and the filled dots are deduced from the other subspectrum. Note that
the filled and empty dots are identical to each other within the experimental er-
ror. The solid curve is obtained from the crystal field parameters B = -1.16 K,
B) =4.61-10° K, B} =0.173 K, BY = -1.44-107° K and B = 1.11-107% K but
can be considered only as a guide to the eye (see text).

~150 K [54]. Although a negative BY is responsible for c-axis anisotropy at high
temperature in ErNi;B2C, a basal plane anisotropy is observed at low temperature
due to higher order crystal field parameters.

4.4.2 TmNi,B,C, sample B

The spectra of sample B were recorded between 0.3 K and 8 K. The spectrum
recorded at 0.3 K as well as the spectrum of sample A at that temperature are
plotted in Fig. 4.5. The spectra show that Tm magnetism is different in the two
samples. Sample A shows a single quadrupole doublet at 0.3 K and in contrast to
this, the spectrum of sample B measured at 0.3 K shows two different subspectra.
The sextuplet corresponds to a magnetically ordered Tm 4f moment of 4.3(1) up
and in the centre of the spectrum a doublet is observed. Since only a small
amount of contamination is observed by X-rays we believe these two subspectra
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Figure 4.4: Specific heat of sample A measured in zero field and with an ex-
ternal field of 1 T. Note the superconducting transition at 9.75 K and the Néel
temperature at ~ 1.2 K. The anomaly at 3 K is discussed in the text.

both originate from the same crystallographic structure, TmNi; B;C. Apparently,
two types of Tm 4f magnetism coexist in sample B.

At 0.7 K the sextuplet shows strongly broadened absorption lines which may be
a result of the sine modulated magnetic structure as measured by neutron diffrac-
tion [41, 44]. At 1.7 K the sextuplet is replaced by a second quadrupole doublet
in the Mossbauer-spectrum, indicating the paramagnetic state. The quadrupole
splitting of the two doublets above the magnetic ordering temperature differ sub-
stantially from each other, which made it possible to separate the two different
contributions in the %9 Tm Mé&ssbauer spectrum of sample B. This analysis showed
that the QS of the first doublet subspectrum (present in sample B also below 1.7 K)
is identical to the QS of sample A within the experimental error between 0.3 and
4 K (see Fig. 4.3). For higher temperatures it was not possible to separate the
two contributions in sample B. Because the quadrupole splitting is sensitive to the
crystal field levels of the Tm 4f shell this does suggest that the doublet subspec-
trum of sample B originates from the same type of Tm 4f magnetism as in sample
A. Fig. 4.6b shows a spectrum of sample B measured at 0.3 K with a velocity scale
of 200 mm/s. The sextuplet is subtracted from the spectrum in order to observe
the central doublet in more detail. An asymmetric broadening is visible which
resembles the spectrum of sample A (Fig. 4.6a) and confirms the hypothesis that
the doublets in sample A and B have the same origin.

For the analysis of the sextuplet we used two different approaches. In Fig. 4.5b
we used the moment modulation of the magnetic SDW as determined by Lynn [41]
from neutron diffraction experiments at 0.65 K. To calculate the magnetic moment
modulation the wave vectors ¢, 3q and 5q were used. Because this modulation was
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Figure 4.5: %°Tm Mgssbauer spectrum of sample A (Tmj 1 Ni; By C, shown in
(a)) and sample B (TmNiy B, C\ 1, shown in (b) as well as (c)) measured at 0.3 K.
Whereas sample A shows a single quadrupole doublet, sample B shows two sub-
spectra, a doublet and a sextuplet. Two spectra analysis of sample B are shown,
(b) and (c). In (b) the sextuplet is analysed with the SDW modulation determined
by Lynn (q + 3¢ + 5q) and a maximum Tm 4f moment of 4.3 uB. The sextuplet
in (c) corresponds to a square shaped magnetic Tm moment modulation. Note
that the unequal population of the nuclear ground state with Zeeman splitting is
taken into account. The doublets are shown in more detail in Fig. 4.6.
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Figure 4.6: 159 Tm Méssbauer spectrum of sample A (Tm; 1 Ni;B2C) and sample
B (TmNiyB;C;.1) measured with a velocity scale of 200 mm/s at 0.3 K. These
spectra contain the central part of the spectra presented in Fig. 4.5. The sextuplet
is subtracted from the spectrum of sample B. Note that the asymmetric broadened
doublet of sample A is also observed in sample B. Since the doublet of sample A
is interpreted as a small Tm moment this suggests that small Tm moments of 0.1
up are also present in sample B.

measured at 0.65 K the possibility exists that the magnetic modulation is more
square shaped at 0.3 K. Therefore we also calculated the Méssbauer spectrum
corresponding to a square shaped Tm moment modulation. The sextuplet of
sample B is equally well described by either one of these analyses. The percentage
of Tm atoms which take part in the modulated magnetic structure varies from ~§
in the first analysis to ~% in the last analysis.

A p*SR measurement has been performed at 0.3 K on the polycrystalline
sample B and is plotted in Fig. 4.7. This spectrum is analysed with

Alt) = A [% exp(=Ait) + § exp(=Aat) cos(2mu,t)] (4.2)

where A is the asymmetry, A the relaxation rate and v, the muon precession
frequency. The first and second term correspond to the relaxation of the muon
polarization parallel and perpendicular to the internal field. In the case of a
polycrystalline sample the ratio of the amplitudes is 1:2. As is shown in Fig. 4.7
a single, strongly damped, muon precession signal of ~1.8 MHz is observed just
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Figure 4.7: Zero field pSR spectrum measured at 0.3 K in the polycrystalline
sample B. A single, strongly damped, muon precession frequency is observed of
1.8 MHz which corresponds to a Tm moment of ~0.1 pig.

as in previous p*SR measurements performed on other samples of TmNiyB,C
(45, 48, 49].

4.5 Discussion

Since a different quantity of carbon was used for the preparation of the two samples,
differences in the amount of C interstitials can be responsible for the difference in
magnetic behaviour of the Tm 4f shell. Although carbon stabilizes the RNi;B,C
compounds, the exact amount of carbon necessary for a stable TmNiyB,C, is un-
known. A study of DyNi;B;C, [56] shows that superconductivity is not influenced
drastically for 0.9 < z < 1.1. Since X-ray diffraction is not very sensitive to the
amount of C in the sample, a deficiency in carbon (z < 1) is possible. Because
a lower C : Tm ratio is used for the preparation of sample A there will be more
carbon vacancies in this sample. We therefore believe that the 4.3 yp moment
of TmNi3B,C corresponds to Tm atoms surrounded by four carbon atoms as is
expected for the RNizB,C structure. The 0.1 up however, may correspond to Tm
atoms situated near a C vacancy. This C vacancy reduces the symmetry at the
Tm site and modifies the crystal field and therefore the Tm 4f magnetism. Also
the hybridization of the Tm valence electron states with the C valence electrons
will decrease when C vacancies are present. This reduction in hybridization is
expected to decrease the absolute value of BY.

In u*SR the muons localize interstitially in the lattice where they probe the
magnetism of their host. It is shown that in CeRu,Si; [57], a compound with
the same tetragonal structure but without interstitial carbon, the muons localize
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at the (3,1,0) site, i.e. the site of the carbon atoms in RNi;B;C. Therefore C
vacancies may be an ideal cavity for muons to reside in. Assuming that all samples
of TmNi;B;C which were used for u*SR experiments contain some amount of C
vacancies, this explains why p*SR spectroscopy only measures prm ~ 0.1 pp.
Based on these arguments there is a fair chance that the muons localize in the C
vacancies. For this reason they only probe Tm atoms which are situated in the
modified crystal field of the 0.1 up magnetism. The exact muon location site can
be verified by SR Knight Shift measurements (see sec. 6.2) on a single crystal
of TmNi;B;C.

Since sample B is polycrystalline this experiment could not be done but an-
other way to check this muon location hypothesis, is standard u*SR spectroscopy.
Since the 1%Tm Mossbauer spectrum at 0.3 K of sample B established a magnetic
moment of 4.3 up for approximately half of the Tm atoms, this moment should
be observed by p+SR if the muons localize at the (0,0,0.20) site as expected from
Knight Shift measurements on HoNipB,C [58]. In that case about half of the
muons localize near a 4.3 g Tm moment and half the muons are expected to
show a muon precession signal which corresponds to this moment size. For the
(0,0,0.20) site near Tm atoms with moments of 4.3 up, the corresponding muon
frequency is equal to 64.5 MHz. In contrast to this, a single precession signal of
1.8 MHz is observed in sample B (Fig. 4.7). Although the internal field probed by
1#7SR depends on the muon site and on the magnetic size and structure of the rare
earth atoms, it is remarkable that the observed muon frequency in TmNi;B,C is
about 40 times smaller than in Er- and HoNigB,C [45, 48, 49]. In fact, calculations
based on dipole coupling show that the observed muon frequency of ~1.8 MHz is
only compatible with muon site locations at (0,0,0.20) or (%,1,0) near Tm moments
of ~0.1 pp. The localization of the muon near a small Tm moment is therefore
a tempting explanation for the observed muon precession signal in Fig. 4.7. Ex-
cept for 199Tm Mdssbauer spectroscopy there are no other experimental results to
support this small moment. On the other hand, the amount of C vacancies will
depend strongly on the sample preparation and small quantities of ~0.1 up Tm
moments magnetism are easily disregarded.

In a 196 Er Méssbauer spectroscopy study on ErNi;B2C [47] a ’secondary phase’
of ~10 % is observed which the authors attribute to the ErNi;B,C itself. This
also could be due to the presence of vacancies in the sample. From the SR point
of view described above, this is possible because the Er moment of the ’secondary
phase’ is similar to the moment of the Kramers ion Er in the rest of the sample.
Therefore it may pass unnoticed if the muons probe the Er magnetism at sites
distorted by vacancies.

Analysis of Fig. 4.3 with eqs.(4.1) and (2.6) indicates the crystal field
ground state level of the 0.1 pp magnetism most likely equals the singlet
a|l — 4) + b|0) + a] + 4). If this ground state is in energy only a few Kelvin
separated from a magnetic crystal field level, say a doublet with the eigenfunc-
tions ¢| = 5) + d| £ 1) + e] F 3), this explains the small magnetic moment of Tm
in the magnetically ordered state, which is then induced by mixing some of the
magnetic crystal field state into the non magnetic ground state. Furthermore, it
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explains the p+SR depolarization data of Le et al. [45], where an enhanced p*+SR
depolarization rate is observed when a small external field (up to 0.7 T) is applied.
The applied field will influence the relative position of the magnetic crystal field
level(s) and will enlarge the Tm moment. This, in turn, will increase the muon
depolarization rate.

In contrast to this, the 4.3 up phase shows the ¢| £ 5) + d| £ 1) + ¢| F 3) as
crystal field ground state and the singlet as an exited state. The carbon vacancy
alters the crystal field in such a way that the ground state is different for the
two types of magnetism. Cho et al. [59] observe that TmNiyB,C is as effective
in magnetic pair breaking as GdNizB;C and they conclude that the crystal field
levels in TmNizB,C are close together so they all contribute to the pair breaking
process. This explains why a small change in crystal field can induce a different
crystal field level to be the ground state.

Comparing the '%9Tm M®&ssbauer spectra of the two investigated samples of
TmNi;B2C, a possible signature of the 4.3 up magnetism is visible in sample A.
The spectrum measured at 8 K in Fig. 4.2 shows broadened absorption lines and is
discussed in terms of relaxation in sec. 4.4.1. Another interpretation is, however,
that the spectrum consists of two subspectra with different quadrupole splittings
as it is seen in the spectra of sample B at that temperature. In this case the
broad quadrupole doublet is related to the 4.3 up magnetism. In the magneti-
cally ordered state the corresponding sextuplet is not visible, either because the
abundance is not large enough or because the magnetic moment modulation is not
square shaped but shows a more sinusoidal like form.

The specific heat measurement of sample A shows a Schottky like anomaly at
3 K. If this anomaly is indeed due to population of the crystal field levels of the
4f shell it cannot originate from the complete sample because its entropy is too
low. Although the anomaly might also be related to the secondary phase observed
with X-rays it might also be a possible signature of two different TmNi;B,C types
of magnetism.

Until now, attempts to describe our measurements with two sets of CFP were
not successful. The search for these parameters is complicated by the unknown
abundance of the two sets as well as by the change of symmetry at the 4f shell
due to the missing carbon atoms in the lattice. This latter phenomena is expected
to introduce extra terms in H¢y (see eq. (4.1)).

A study of high quality samples, where the carbon content is systematically
varied and measured by neutron diffraction, is suggested to find the key of the
influence of the carbon site occupancy and a p*SR Knight shift study on a single
crystal of TmNi;B,C is suggested to determine the muon location site.

4.6 Conclusion

Two samples of TmNi;B,C are studied by 1%Tm Méssbauer spectroscopy and two
magnetic moment sizes are observed, one of ~0.1 up, the other ~4.3 pp. This
difference is discussed in terms of carbon site occupancy and gives a plausible
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explanation for the large difference in Tm 4f magnetic moment observed by neu-
tron techniques (utm ~4.3 ug) and p*SR (urm ~0.1 pg). Carbon vacancies in
TmNiy B2 C modify the crystal field at the Tm 4 f shell near these vacancies and this
results in a small magnetic Tm moment of ~0.1 up. Tm atoms surrounded by four
C atoms as it is expected for TmNi;B,C show a magnetic moment of 4.3(1) up.
Although 1%*Tm Mossbauer spectra unambiguously show the coexistence of these
two types of magnetism in the examined sample B, 4+ SR only probes the ~0.1
pB because the muons localize in the C vacancies.
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PrRu;Si;: a giant anisotropic
induced magnet with a singlet
crystal field ground statef

Abstract

The magnetic properties of PrRu2Si» have been investigated experimentally by
specific heat, single crystal magnetization, 4'Pr Mdssbauer and muon spec-
troscopies, neutron powder diffraction and inelastic neutron scattering, leading
to the determination of its zero-field phase diagram and its crystal electric field
energy levels below 40 meV. PrRusSi; undergoes a magnetic phase transition at
Tn ~ 16 K to an axial incommensurate sine wave magnetic structure character-
ized by a wave vector 7 = (0.133,0.133,0), followed by a first order phase transition
at To ~ 14.0 K to an axial ferromagnetic structure. The lowest crystal electric
field states are the two singlets |r§}’) and |I';2) separated by 2.25 meV. The low
temperature properties are described by a Hamiltonian identical to that of an Ising
system with a transverse magnetic field. Since the ratio of the exchange energy
to the energy splitting between the singlets is sufficiently large, it exhibits spon-
taneous magnetization. The nature of the two singlet states explains the giant
magnetic anisotropy. The random phase approximation predicts the value of the
high field magnetization but yields a low field magnetization too small by ~15 %.
Possible application of these results to uranium intermetallic compounds is pointed
out.

¥ Published in a slightly modified form in Phys. Rev. B 56 (1997) 8752.



62 « CHAPTER 5. PRRU2SIy: A GIANT ANISOTROPIC INDUCED MAGNET ...

5.1 Introduction

Magnetic anisotropy is one of the most interesting and important subjects in mag-
netism. Ternary compounds RM;X; (R = rare earth or actinide, M = 3d, 4d or
5d transition metal and X = Si or Ge) with the tetragonal ThCr,Sis-type struc-
ture exhibit large magnetic anisotropy. Among these compounds, large anisotropy
has been reported in Pr compounds (see Table 1 of ref. [60] and ref. [61]). The
largest measured anisotropy has been found for PrRusSi; : its anisotropy field is
=~ 400 T [60]. This giant anisotropy is unexplained. It has been suggested that
hybridization-induced anisotropy and/or anisotropic exchange interaction play a
significant role [60]. This compound was previously believed to present only a
single magnetic phase transition to a ferromagnetic state [62] at To = 14 K. Only
the Pr ions contribute to the magnetic properties of the compound.

Interestingly enough, Pr3* has a *H4 Hund’s rule ground multiplet as has U4+.
The latter is the usually assumed ionization state of uranium in intermetallics such
as the well studied URu2Si; heavy fermion compound (63, 64].

In this chapter a study of the static magnetic properties of PrRusSi; using
macroscopic and microscopic experimental techniques is reported. The organiza-
tion of this chapter is as follows. In sec. 5.2, experimental results are presented.
Section 5.3 is devoted to the determination of the low energy crystal electric field
(CEF) level scheme and to the analysis of the magnetic properties using either the
molecular field or the random phase approximation. In the last section the results
are discussed. In Appendix 5.A the eigenvalues and associated eigenstates of the
CEF hamiltonian are listed.

5.2 Experimental results

The measurements have been performed on polycrystalline samples, except for the
magnetization and muon spin relaxation measurements which were carried out on
single crystals.

5.2.1 Specific heat

The temperature dependence of the magnetic specific heat of PrRu,Si;, measured
at temperatures ranging from 4.3 to 67 K, is presented in Fig. 5.1. The lattice
and conduction electron contributions have been estimated from measurements on
LaRu.Si; and are subtracted from the raw PrRu,Si; data. A well defined anomaly
is observed at the ferromagnetic ordering temperature To = 14.0 K. In addition a
weak anomaly is observed starting at ~16 K (see the insert of Fig. 5.1). As will be
shown in section 5.2.4 and 5.2.5, this anomaly corresponds to a second magnetic
phase transition. In Fig. 5.2 the temperature dependence of the entropy computed
from the magnetic specific heat data is displayed. This entropy reaches RIn2 at
~30 K, indicating there are two levels of equal degeneracy populated below that
temperature including the ground state.
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Figure 5.1: Temperature dependence of the magnetic specific heat of PrRu,Sis.
The lattice and conduction electron contribution has been estimated from mea-
surements on LaRu,Si; and subtracted from the raw PrRu,Si; data. The solid
line is the prediction of the molecular field approximation with the energy levels

shown in Fig. 5.11. The contribution of the two phase transitions is not taken
into account.
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Figure 5.2: Temperature dependence of the entropy computed from the specific

heat presented in Fig. 5.1. The solid line corresponds to the model used in that
figure.




64 +» CHAPTER 5. PRRU,SI;: A GIANT ANISOTROPIC INDUCED MAGNET ...

5.2.2 Single crystal magnetization

The magnetization measurements have been performed using a SQUID magne-
tometer. The data are shown in Fig. 5.3. They indicate that the bulk magnetic
moment at 4.5 K is 2.69 pp, in agreement with the previously reported result of
2.7 up [60]. Even at a temperature twice the value of T¢ the anisotropy is strong:
whereas in an applied magnetic field of 5.5 T the magnetization at 28 K is 2.5 up
when measured along the ¢ axis, it is only 0.032 pp for the field applied along the
a axis.

High field magnetization measurements have been performed in fields up to
35 T. These measurements confirm the strong anisotropy of this compound. At
4.2 K, in an applied field of 35 T, the value of the magnetization measured along
the ¢ and a axes is 3.08 pp and 0.39 pp, respectively.
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Figure 5.3: Field dependence of the magnetization recorded on a single crystal
of PrRu,Si; with the magnetic field, Beyy, parallel to the c axis for different tem-
peratures: 4.5 K, 10.5 K, 12 K, 16 K, 20 K, 24 K and 28 K (filled circles). For a
given field, the higher the temperature, the lower the magnetization. In addition
data taken at 28 K with By parallel to the a axis (empty circles) are presented.
The solid lines are guides to the eyes.

5.2.3 !4'Pr Moéssbauer spectroscopy

The 4! Pr Méssbauer measurements (145.4 keV nuclear transition) have been per-
formed using a special counting technique. The current was directly integrated
from the detector, instead of counting single events [65]. All the spectra were
measured with a CeFs source (initially 750 mCi) kept at 4.2 K, working with an
acceleration-type spectrometer in sinusoidal mode. The velocity was calibrated
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with a 57Co:Rh source and a a-Fe;03 absorber at room temperature.

The *'Pr Méssbauer spectra were recorded at temperatures from 4.2 to 25 K.
The spectrum measured at 4.2 K is shown in Fig. 5.4. From the splitting of the
absorbtion lines, a hyperfine field at the nuclear site of 281 T is deduced. This
corresponds to a Pr 4f magnetic moment of 2.76 up (see also Fig. 5.7). The small
difference between this value and the value measured by magnetization is under-
stood if one realizes that the 5d electrons of any rare-earth ion contribute to the
bulk magnetization. This 5d moment equals ~0.1 g and is oriented antiparallel
to the 4f moment for a light rare-earth ion [66] as shown from X-ray magnetic
circular dichroism measurements [67].
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Figure 5.4: 41 Pr Méssbauer spectrum of PrRu,Si, recorded at 4.2 K. The solid
line is a fit with the isomer shift and the hyperfine field as free parameters of which
a Pr 4f moment of 2.76 up is deduced.

5.2.4 Muon spectroscopy

The muon spin (uSR) spectroscopy has proven to be a very powerful tool for the
investigation of magnetic phenomena. u*SR experiments have been carried out
at the ISIS muon facility located at the Rutherford Appleton Laboratory (U.K.).
Figure 5.5 shows A(T') recorded in an applied longitudinal field of 0.2 T. This
field is necessary to suppress the depolarization due to the !4!Pr nuclear magnetic
moments, the effect of which is enhanced by the large hyperfine coupling constant
and Van-Vleck susceptibility [68].

The uSR results will not be discussed in details. Only those aspects giving
information about the magnetic phase diagram will be analyzed.

X(T) presents two extrema, one at ~14 K and a second one at ~16 K. This
shows that, in addition to the phase transition at T, there is a second magnetic
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Figure 5.5: Temperature dependence of the uSR longitudinal exponential relax-
ation rate measured on PrRu,Siy with Beyy = 0.2 T. The initial muon polarization
is perpendicular to the ¢ axis. The critical temperatures of the two magnetic phase
transitions are located at temperatures for which the relaxation rate exhibits ex-
trema. The dashed line is a guide to the eyes.

phase transition at Ty ~ 16 K. Although it is difficult to detect Ty in the magnetic
specific heat data, muon spectroscopy clearly shows its signature.

5.2.5 Neutron powder diffraction

In order to further study the transition at T, we have performed neutron powder
diffraction experiments in the temperature range 2 - 19 K. These experiments have
been carried out in Grenoble at the Siloé reactor of the Commissariat & I'Energie
Atomique on the DN5 linear multidetector diffractometer using an incident neu-
tron wavelength of 2.487 A. The data were refined using the MXD program [69).
The scattering lengths (bg; = 4.15, bp, = 4.58 and br, = 7.03 fm) were taken from
ref. [70], and the magnetic form factor of Pr3* from ref. [71]. Owing to a possible
preferential orientation, the calculated intensities were corrected using the March
formula [72]

sin?a] %2

fcor

where My is a corrective factor for the calculated intensity, fcor the fitted co-
efficient which reflects the importance of preferential orientation and o the angle
between the ¢ axis and the hkl plane.

The indexation of the nuclear Bragg peaks in the paramagnetic state (T = 19 K)
confirms unambiguously the ThCrsSi; type structure for this compound

(5.1)

2
Miw = |feorcos®a+
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Figure 5.6: Neutron powder diffraction patterns from paramagnetic (T = 19 K),
incommensurate plus ferromagnetic (I' = 14.5 K) and ferromagnetic (T = 2 K)
phases of PrRu,Sis.

(space group I4/mmm): (i) one Pr atom in the (0,0,0) site, (ii) two Ru atoms
in the (0,3,%) and (},0,]) sites and (iii) two Si atoms in the (0,0,2) and (0,0,%)
sites. The fit of the integrated intensities gives no evidence for any site interchange
between the Ru and Si atoms. A quite good agreement (reliability factor equals
0.059) is obtained for zs; = 0.3634(24) and feor = 1.114(20).

The values of the fcor and zg; factors are, within the experimental uncertainty,
temperature independent. All the recorded spectra are well described because the
reliability factors are never larger than R = 0.063. The lattice parameters a and
c are temperature independent and equal a = 4.1864(2) A and ¢ = 9.755(15) A.

Between Ty ~16.0 K and T ~14.0 K, additional reflections can be identified
as seen in Fig. 5.6. Note the intense reflection at small diffraction angle which
only exists in the incommensurate phase. The new reflections, due to the onset of
the magnetic order, can be indexed with a wave vector 7 = (0.133,0.133,0) which
is temperature independent. The magnetic moments of this sine wave modulated
structure are parallel to the c axis with an amplitude of 1.8(1) 5 at 14.5 K. Besides
these reflections, additional intensities appear on the nuclear Bragg reflections
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Figure 5.7: Temperature dependence of the 4f magnetic moment measured by
neutron diffraction in PrRusSi;. Below 14 K an axial ferromagnetic structure
is observed (filled circles). Between 14 and 16 K a second magnetic structure
is observed characterised by an incommensurate sine wave modulation with T =
(0.133,0.133,0) (empty circles). In addition the 4f magnetic moment measured at
three temperatures by 4! Méssbauer spectroscopy is presented (filled triangles).

that can be accounted for by a ferromagnetic contribution with the magnetic
moments along the ¢ axis. At 14.5 K the ferromagnetic moment is 1.0(1) pp.
The temperature dependence of the ferromagnetic magnetic moment and of the
amplitude of the incommensurate modulation are presented in Fig. 5.7. The ratio
of the intensities of the two magnetic components depends on the experimental
procedure, i.e., spectra recorded in cooling down or in warming up the sample.
This is a characteristic for a first order transition at Tc. The values presented at
Fig. 5.7 correspond to cooling down the sample from 19 K to 2 K.

Below T the sine wave phase has disappeared and only the ferromagnetic
contribution remains with a Pr 4f moment of 3.0(1) up at 2 K. Although this
value is slightly larger than the one deduced from magnetization and Mdssbauer
measurements (~2.8 pp), it is still reasonable taking into account the difficulty to
measure precisely the intensity of the Bragg peaks in a textured powder sample.
The temperature dependence of this moment as measured by neutron diffraction
is plotted also in Fig. 5.7.

5.2.6 Inelastic neutron scattering

The inelastic neutron scattering (INS) method has been widely used to extract
information on the energy level scheme of rare earth ions in intermetallic com-
pounds. In favourable cases it allows to observe directly the dipolar transitions
between the CEF energy levels of the rare earth ions. In order to simplify the ana-
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lysis of the INS data the measurements are performed only in the paramagnetic
phase. Since specific heat measurements [73] indicate that an excited CEF energy
level is located at low energy, measurements on a sample with the Pr ions partly
substituted by non magnetic La ions have been carried out. The substitution is
expected to depress the magnetic ordering temperature but not too drastically
modify the CEF acting on the Pr ions. We have chosen Lag 5Prp s RuzSi; because
magnetization measurements show that it is still paramagnetic at 2 K.
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Figure 5.8: Spectral response of Lag 5Prg.5s RusSiy recorded at T = 3.2 K for an
incident neutron energy E; = 17 meV. The full and empty circles are for mea-
surements performed at average scattering angles of 25.5° and 95°, respectively.
The scattering at small angles is dominated by the CEF transition. The lines are
guides to the eyes.

The INS measurements have been performed in Grenoble with the DN6 time
of flight spectrometer located at the Siloé reactor. Thermal neutrons of incident
energy E; = 17 meV were used to record spectra at 3.2 K, 18.3 K, 52 K and
300 K. Additional scans at E; = 69 meV were performed at temperatures 3.4 K
and 52 K. The spectra were collected for scattering angles between 23° and 103°.
The spectra are corrected for the background signal, yielding the total normal-
ized response referenced to a vanadium standard. The angular dependence of the
scattered intensity allowed to separate unambiguously the magnetic contribution
to the scattering (proportional to the square of the magnetic form factor, which
decreases when the wave vector ¢ increases) from the phonon contribution (pro-
portional to ¢2). As shown in Fig. 5.8 and Fig. 5.9, in the energy range 1 meV -
40 meV only two inelastic peaks have been detected corresponding to crystal field
excitations at 2.25(5) meV and 28.4(1) meV.
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Figure 5.9: Spectral response of Lag 5Pry.5s RusSiz recorded at T = 3.4 K for an
incident neutron energy E; = 69 meV. The full and empty circles are for mea-
surements performed at average scattering angles of 25.5° and 95°, respectively.
The scattering at small angles is dominated by the CEF transition, whereas at
95° phonon excitations dominate the spectrum with a maximum intensity at ~17
meV. The lines are guides to the eyes.
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Figure 5.10: Comparison of the spectral response of Lag s Pro s Ru,Sis recorded
at 3.4 K and 52 K with an incident neutron energy E; = 69 meV and at scattering
angle of 25.5°. Only the data recorded in an energy transfer window centered
around the high energy CEF transition are displayed. This comparison shows
that both the energy and the full width at half maximum of the CEF transitions
are temperature dependent. The dashed lines are guides to the eyes.
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The high energy peak displays a clear temperature dependence as indicated
in Fig. 5.10. While at 3.4 K the energy and the full width at half maximum are
respectively 28.4(1) meV and 3.1(1) meV, at 52 K they are 27.7(1) meV and 3.8(1)
meV respectively. The thermal behaviour of the high energy peak is consistent
with the presence of the low energy CEF excitation (see 5.3.2).

5.3 Analysis of the experimental results

First the Hamiltonian is given which should account for the experimental results
and describe some of the data with the CEF part of this Hamiltonian. Then, using
the complete Hamiltonian, it will be attempted to analyse the magnetic data, first
in the framework of the molecular field approximation, then in the random phase
approximation. This latter analysis considers only the lowest two CEF levels.

5.3.1 Hamiltonian

The complete Hamiltonian used for describing the magnetic properties is written
as the sum of three terms:

H = Hcf + Hexch + Hz (52)

Using the operator equivalent method and taking the z axis being parallel to the
[001] direction, the CEF term H,; is written as

H.s = BJO3+ B0? + B{O; + B20Y + BLO? (5.3)

where the O*’s are the Stevens operator equivalents and B/ are CEF parameters
[74].

Hexch describes the magnetic exchange interaction between the Pr3* total an-
gular momenta J and Hz accounts for the Zeeman coupling.

5.3.2 Crystal field determination

First the CEF part of H is considered. Its diagonalization provides the CEF
eigenvalues and eigenstates, leading to lifting of the degeneracy of the 4f ground
multiplet. For the Pr®* jon (J = 4) in the tetragonal point group Dy, the multiplet
splits into five singlets (I‘S), I‘sf), T'i2, I't3, I'iq) and two doublets (I‘g;), Fg)). The
T'j’s are the irreducible representations of the point group. The eigenvalues and
associated eigenstates can be expressed analytically in terms of the B parameters.
They are given in Appendix 5.A.

The large magnetic moment observed at low temperature in combination with
the specific heat and INS data allows to specify the nature and location of some
of the CEF levels.

At T « T¢ the magnetic moment is so large that the CEF ground state must
contain the |  4) states, i.e. it is either |1"8)), |r§f) ) or |T's2) (see Appendix 5.A).
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Of these, |r§}’) is the ground state of H.; because it has the lowest energy (the
accidental case by = 0 is discarded). This state is a non magnetic singlet. It is
known that a large magnetic moment can be generated at low temperature from
a magnetic singlet only if there is at least one CEF energy level located at an
energy comparable to the exchange energy [75, 76, 77] . Since PrRu;Si; is an axial
ferromagnet, the exchange field is proportional to a J, matrix element. Therefore
the first excited CEF state, {first), must be such that (I‘(l)lleﬁrst) is non zero.

The only possible first excited state is |T¢2) since the |I‘ ) state is located at
higher energy (see Appendix 5.A).

The CEF dipolar transitions observed by INS are induced by the J,, J4 or J_
operators. The neutron cross section I(i, f) between an initial state ¢ and a final
state f is given by:

160) = I [sin20t<«'|Jz|f>|2+<_2;fi@
X (I(61 T+ 11 + |(i|J_|f)|2)] (5.4)

where Ij is a constant and 4 the angle between the scattering vector and the quan-
tization direction. Since I(T'}),T;) = 161y sin® sin® 8y, this transition is intense
only if sin?B; is not too small. It corresponds to the peak seen at A = 2.25(5)
meV. The only other possible neutron transitions from the ground state are to the
|1"§§)) and |I‘(2)) states (see appendix 5.A). The |I‘(1)) state being the lowest in
energy, the peak observed at 28.4(1) meV is attributed to the transition from the
ground state to this state. We have I (I‘g),l"(l)) = Ip(2 — sin? @)(sin B; sin B, +
v/5cos By cos B;)%. Since probably |sin ;| & 1, (see sec. 5.3.3), I(I‘g),I‘(l)) ~
Io(2 - sin® §) sin? B5. Because the high energy CEF excitation is intense, a sub-
stantial value for sin? B2 must exist.

Possible CEF levels below 28.4 meV which are invisible to the INS technique
(ie I (I‘g), f) small) are not likely because their presence would strongly enhance
the Schottky anomaly even below 67 K (see sec. 5.3.3). The crystal field level
scheme deduced from the analysis is drawn in Fig. 5.11.

It is observed that the high energy neutron peak (28.4 meV) has temperature
dependent characteristics (see Fig. 5.10). This is easily understood because while
at low temperature the observed peak i 1s only produced by the neutron transition
from the ground state |I‘t1)) to the II‘ o ) state, at high temperature the ground
and first excited state participate in the observed neutron transition. This explains
the fact that at 52 K the observed peak is wider and located at lower energy than
at low temperature.

In summary, the CEF ground state and first excitation state are singlet states
well separated in energy from the other CEF states. Therefore the low temperature
magnetic properties of PrRu,Si; should be understood by considering the Pr3+
ions as two level systems interacting on a lattice. In the next section the level
scheme of Fig. 5.11 is used to further analyse the data.
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Figure 5.11: Crystal electric field energy level scheme of the Pt jons in
PrRu;Si; deduced in this work. The inelastic neutron investigation did not detect
any other states below 40 meV. The five states not mentioned in the figure are
most likely located above 40 meV. They do not influence the magnetic properties
at low temperature. The B, and f3; values are near 7 /2.

5.3.3 Analysis of the data in the molecular field approxima-
tion

Both Trammell and Bleaney recognized a long time ago that exchange forces can
induce magnetic ordering in a singlet CEF ground state if these forces are strong
enough 75, 76]. An expression for the magnetization of the 4f electrons at 7 = 0
is obtained in the molecular field approximation [76]:

i
My(T =0) = 4gsupsing, |1 - tanh? = , (5.5)
2kpTc

where g; is the Landé factor (g7 = 4/5 for Pr®*), up the Bohr magneton, kg the
Boltzmann constant and A = Eyp — Et(ll ). The measurements give A = 2.25 meV
and Tc = 14 K. The observed INS peak intensity as well as the size of the magnetic
moment indicate a value of sin?B; close to 1. Using sinf; = 1 and eq. (5.5), the
maximum value that Myz(T = 0) can reach is 2.18 pg. This is much lower that
the experimental value of 2.8 up.

To explain the observed moment value within the molecular field approxima-
tion, A should be reduced substantially or the magnetic ordering temperature
should be drastically raised, i.e., one should have A/2kgTc = 0.53 instead of
0.93. The first possibility is excluded since a INS transition is clearly observed
at 2.25 meV and also the entropy shows no sign of a singlet below ~20 K. The
second possibility is also excluded since specific heat, uSR. and neutron diffraction
indicate magnetic transitions at 14 and 16 K.

In addition, the shape of the magnetization curve as presented in Fig. 5.7
is more rectangular than a Brillouin curve. This is a signature of a first order
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Figure 5.12: Calculated magnetization curve in the molecular field approxima-
tion (dashed line) and the random phase approximation (solid line). The arrow
indicates the value of the magnetic moment of the 4f electrons as deduced from
magnetization and Mdssbauer measurements.

transition. In contrast to this, the molecular field approximation predicts that the
ferromagnetic transition is second order (see Fig. 5.12).

Although the molecular field approximation does not provide a reasonable de-
scription of the low field magnetization measurements, it should be useful to un-
derstand the specific heat data since they should be dominated by the effect of
the CEF levels, i.e. by the Schottky anomaly. It is not attempted to describe
the specific heat related to the magnetic phase transitions. The solid line in Fig.
5.1 represents the calculated specific heat with a singlet at E;2 = 2.25 meV and
a doublet at Eg) = 28.4 meV. Below T¢ the effect of the molecular field is taken
into account. The related entropy curve is shown in Fig. 5.2. The discrepancy
between the model and the experimental data is small, taking into account the fact
that the magnetic phase transitions are not described. Note that an extra singlet
between 2.25 and 28.4 meV would yield a too large specific heat (and entropy).
This is a strong indication that there is no other CEF levels below 40 meV, apart
from the ones already identified (see Fig. 5.11).

The magnetic anisotropy measured at high field is controlled by the nature of
the CEF energy levels and the Zeeman effect due to the field, i.e., the effect of the
molecular field is small. Therefore the computation of the high field anisotropy
should be reliable. At 5.5 T, 2.87 ug and 0.03 up are computed for Bey, parallel
and perpendicular to ¢, respectively with the use of the crystal field levels presented
in Fig. 5.11. At 35 T we have 3.14 up for By parallel to ¢, which is very closed
to the experimental value (3.08 up) and 0.19 pp for By perpendicular to ¢ which




5.4. DISCUSSION AND CONCLUSION « 75

is twice as low as the experimental value, but this could be explained by a slight
misalignment of the crystal which would have important consequences for a so
strongly anisotropic crystal. These calculated values are then globally consistent
with the data and previously published results [60].

5.3.4 Analysis of the magnetic properties in the random
phase approximation

It is shown (in the previous section) that the molecular field approximation fails to
provide a description of the low field magnetization. Referring to previous works
on singlet magnets [78], this is not surprising.

Since the two singlets are close together collective excitations of the singlet
ground state take place [79, 80, 81, 82]. These excitations are passed on from
one atom to another, a process similar to that observed in spin waves. The most
simple theory which attempts to account for these excitations is the Random Phase
Approximation (RPA). In the paramagnetic state its Hamiltonian reduces to the
Ising Hamiltonian in a transverse field. The energy spectrum of the excitations
shows dispersion with a minimum energy gap at k = 0 (zone center). The shape
of the dispersion and the size of the energy gap depend on the exchange strength
and the relative temperature kgT/A. Reaching T from either above or below,
the energy gap decreases towards zero. This reduction of the energy gap is an
effective channel to depopulate the singlet ground state and therefore, in the RPA,
Tc is reduced compared with the molecular field approximation. Also the RPA
magnetization curve is more rectangular due to this effect and the transition to
the paramagnetic state becomes first order. Fig. 5.12 shows its predictions using
the formalism of ref. [80]. It provides a better description than the molecular
field approximation: it predicts that the transition is first order and yields a larger
moment a low temperature. But this moment is still ~15 % smaller than that
observed.

5.4 Discussion and conclusion

Apparently, the RPA of ref. [79] gives a better description of the low temperature
properties of PrRu3Si; than the molecular field approximation. Note that kpT¢ is
of the same order as A and strong correlation effects are hence expected. However,
these effects are not sufficiently taken into account in the RPA. Since the CEF
parameters of PrRu,Si; are now well defined, this compound provides a good
system to test theoretical predictions for these correlation effects. In addition
inelastic neutron scattering experiments on single crystals could reveal the nature
of the dispersion.

To continue, the phase diagram of PrRu,Si, will be discussed. It is noted
that NdRu,Si, exhibits the same magnetic structure below To and between T,
and Ty [83]. Only the values of T¢ and T are different. This type of phase
diagram, which has been found in many rare-earth-based intermetallics, has been
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successfully explained by Gignoux and Schmitt with a periodic field model taking
into account the crystal field anisotropy [84]. It appears that the exact boundaries
of the magnetic phase diagram is determined by the real variation of the wave
vector dependent exchange interaction and the crystal field.

In recent years the physics of uranium intermetallics has attracted much atten-
tion. The family of compounds with the ThCr,Si; crystal structure is particularly
interesting since it offers the possibility to study the effect of the hybridization of
the f electrons with the 6d and p electrons in a systematic way [85]. Interestingly,
the uranium 5 f shell may have the same electronic structure as the Pr3+ 4f shell.
The ground state and the first excited state may even be the same as in PrRu,Si,
[85]. Therefore the present results should help to understand the origin of the
large magnetic anisotropy found in some uranium compounds. This work suggests
that an effective crystal field Hamiltonian could be an efficient method for the
description of the anisotropy.

In the ThCr2Si; crystal structure family, URu2Si; is being studied intensively
since it is a heavy fermion superconductor. Its magnetic properties have been
investigated with the Hamiltonian used for PrRusSi;, treated in the molecular
field approximation [63, 64, 86]. Although URu2Si2 has a very small moment and
PrRusSi; a large moment, this work indicates that the results of the molecular
field approximation should be taken with caution. Recently Sikkema et al. have
analysed the properties of URu,Si; with a mean field like approximation [87).
Again we point out that this approximation may lead to erroneous results.
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5.A Eigenvalues and eigenstates of the CEF hamil-
tonian

Here the eigenvalues and associated eigenstates of the CEF hamiltonian in terms
of the Bj™ parameters are listed. First four intermediate parameters are defined;
a; = —15120B9 +120B) —24B9, b; = v/140(12B}+360B}), a; = 1134082 +900BY
—12BY, b, = V/7(60B} — 180B3). The eigenvalues are

E{ = —10080B2 + 960B2 + 4B2 — (a2 + b3)}, (5.A.1)
E® = _10080B2 + 960BY + 4B2 + (a2 + b?)}, (5.A.2)
E;; = 504089 + 8408 + 28B), (5.A.3)

Eis = 27720B2 - 660B) — 8BY
~180B; + 2520B%, (5.A.4)

Ey4 = 27720B2 - 66083 — 8B?

+180B} — 252084, (5.A.5)
EQ = -10080B2 — 360BY — 5BY — (a2 + b2)%, (5.A.6)
E® = -10080B2 — 360B — 5B + (a2 + b2)%, (5.A.7)
The following relations exist:
EY —Ep = a - (@ +t3)}, (5.A.8)
and
Et(12) ~Ey = a1+ (a+5)% (5.A.9)

These relations mean that Eg )< Ep < Et(f) In addition E, (1) < E(z).

The eigenstates are better written in terms of mixing angles because their
normalization is then obvious. Other notations are not so transparent [63, 64].
For that purpose two angles 51 and (3 are defined through their tangent :

tanf; = (o4 :i+b") (5.A.10)
1
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The eigenstate expressions are :

Iy =

Ir$) =

T2)
T¢a)
|T'¢a)
) =

Ir®)

274sin By (14) + | - 4))
— cos 31/0)

273 cos By (|4) + | —4))
+ sin 4;]0)

275 (14) - | - 4))

1l

275 (12) - |- 2))

274 (2) + |-2)
sinfla | £3) —cosfBy | F1)

cosfz |+ 3) +sinfs | F1)

(5.A.11)

(5.A.12)

(5.A.13)

(5.A.14)

(5.A.15)

(5.A.16)

(5.A.17)

Notice that when analysing data it is more practical and physical to consider the
energy difference between the CEF levels and the two mixing angles than the B

parameters.




6

Muon site and muon dynamics in
GdNi;

Abstract

GdNi; is a ferrimagnet of which the magnetic properties are well understood. Here
we report on the muon dynamics in this compound which shows new features
and has consequences for the interpretation of the u+SR data. In this respect
GdNi; can be regarded as a model system to deepen our knowledge about the
uSR technique.

The muon localizes at the 3f interstitial site and below ~80 K a second muon
site becomes populated, the 6m site. The 6m sites are located in a ring surrounding
the (0,0,) site and the muon occupies all sites within the sensitivity scale of the
experiment. This 6m site is metastable and the muon hops, during the uSR
experiment, to the 3f site.
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Figure 6.1: A typical muon spectrum measured on a single crystal of GdNis. The
spectrum is analysed with five muon precession frequencies of which the last three
are due to the muon beam pulsation (50.6 and 101.2 MHz) and the Cu background
of the sample holder. Also the Fourier transform of this spectrum is shown.

6.1 Introduction

The magnetic properties of GdNis have been studied intensively and are well
understood [88]. The Gd 4f shell is spherical and therefore its magnetic moment
is insensitive to crystal field effects. The magnetic interaction is strong compared
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to other rare earth atoms (de Gennes scaling) and governs the Curie temperature
Tc = 30.85 K. GdNis is a ferrimagnet with a Gd moment of 7 up and an induced
Ni moment of 0.16 up. The moments are preferentially aligned along the ¢ axis
and this anisotropy is caused by the dipolar interaction [89).

This compound has been a subject of study for muon spin relaxation (u*+SR)
since 1990. x*SR has proven to be a powerful tool in the study of spin dynamics.
Several fundamental theories have been developed to describe the muon depolar-
ization in GdNis. At low temperature the depolarization of the muon is governed
by two magnon processes (Raman scattering) (90]. In the critical regime the muon
damping rate is related to the critical magnetic fluctuations of the Gd moments
[89].

In general, the muon localizes interstitially inside its host and this leads to a
distortion of its near neighbour environment. Because of the positive charge of
the muon it acts as a light proton, that is, it can be considered as a hydrogen like
particle. At elevated temperatures the muon will diffuse through the lattice of its
host and motional narrowing is commonly observed.

Below T¢ the spontaneous magnetic field in GdNis causes the muon to precess.
Two different muon precession frequencies are observed (Fig. 6.2) which implies
two different muon location sites because the magnetic structure in GdNiz is a
simple one. Here we report on muon Knight shift experiments in order to determine
these muon location sites.

6.2 The muon Knight shift

The muon, which is a spin % particle, localizes at an interstitial site of the host

crystal lattice (sec. 2.3). The local magnetic field it experiences, B, causes the
muon to precess with an angular frequency w, = v, B, where v, is the gyromag-
netic ratio of the muon, v, = 2rx135.539 MHz T~!. The origin of B, can be
either the magnetic ordering of the host atoms or an external field. In the latter
case, the relative frequency shift experienced by the muon with respect to the
external field Bey is called the Knight shift, K et

|Bu| — |Bext| _ wy
# lBextl Wext, ( )

with wexy = 7, Bext. The field at the muon site equals:
B, = Bext + Beon + Bdip + By, + Bp (6.2)

where Beon, and Byip are the fields due to the Fermi contact interaction and the
dipolar interaction between the muon and the moments of the host. By, + Bp is
the contribution from the Lorentz and demagnetisation field which equals zero if
the sample is of spherical shape.
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The dipolar field due to a single moment of the host equals:

i i, 3(MR)A
Bdip = g -3 + (63)

5
i T

where r; is the distance between the muon and the moment M; of atom i in the
crystal lattice (see also Fig. 1.3). To calculate Bgjp the sum is taken over all atoms
in a sphere surrounding the muon and we obtain Béi = AgPM J where Aﬂ{p is
the 3x3 dipolar coupling tensor and j one of the three crystallographic directions.
All the moments outside the Lorentz sphere contribute to By. After correction for
the Lorentz and demagnetisation field the Knight shift equals:

K, =Ko+ (Af{ip + Acon)X?, j={a,a,c} (6.4)
where Acon is the Fermi contact coupling tensor which is assumed to be small and
isotropic. Kjp is the Knight shift due to the Pauli susceptibility of the conduction
electrons. It is assumed temperature independent and small. X7 is the suscep-
tibility of the localized 4f electrons along the j direction. Because the dipolar
interaction shows a strong angular dependence (see eq. (6.3)) Agip is a muon
site characteristic. This makes it possible to determine the muon location site by
comparing experimental results with calculated values of Agip.

6.3 Experimental procedure

A single crystal of GdNi; was prepared by the Czochralski method in Amsterdam
from starting materials of at least 99,99 % purity. The cylindrical sample was
grown with its cylinder axis parallel to the a axis and cut into shape with spark
erosion. The susceptibility is determined with a SQUID magnetometer [88] for the
three crystallographic directions. p+SR measurements in the magnetically ordered
state of GdNis were performed on a mosaic of single crystal plates with the ¢ axis
in the plane. The spectra were taken at the GPS beamline at PSI (Fig. 6.2).

The u*SR Knight shift measurements were performed at the yEl1 beamline
at PSI. The cylindrical sample (g 7.5x10 mm) was mounted on a thin copper
plate with the a axis perpendicular to the external field. The sample could rotate
around the a axis which made it possible to align the external field along all crys-
tallographic directions in the @c plane. An example of a muon spectrum and its
Fourier transform are given in Fig. 6.1. The continuation of the u*SR transverse
field measurements took place at the GPS beamline which allows small sample
dimensions. Therefore the sample was shaped into a sphere (¢ 5.5 mm) in order
to avoid demagnetisation corrections and data were taken with the @ axis perpen-
dicular to the external field, i.e. with the external field aligned along directions in
the ac plane. All spectra were taken with Be,, = 0.6 T at temperatures between
35 K and room temperature.

The alignment of the sample along its crystallographic directions is of great
importance because of the strong angular dependence of the dipolar interaction.
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Figure 6.2: Initial asymmetries, precession frequencies and exponential damp-
ing rates observed in the magnetically ordered state of GdNis. Two precession
frequencies are observed, indicated as signal I and signal II. The initial muon
polarization is perpendicular to the ¢ axis.
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Figure 6.3: K, observed with Bey; aligned in the aa plane of the sample as
function of ¢. The orientation of the sample where the external field is parallel
to the a and a axis is indicated in the figure. The three signals show an equal

asyminetry.

With X-ray Laue diffraction the sample is mounted with the a axis parallel to the
rotation axis of the sample holder. Then the Knight shift measurements were per-
formed with the external field along different orientations in the @c plane. Mount-
ing the sample with its ¢ axis parallel to the rotation axis of the sample holder
allowed for measurements with By || a@ plane.

Fig. 6.3 shows an angular scan measured at 100 K with B, parallel along
different directions in the ad plane. For example, when the external field is applied
along an arbitrary direction in the aad plane three muon precession signals are
observed besides the signal which originated from the Cu sample holder. This
background signal is included in the analysis of the spectra but is not plotted in
the figures. Each of the precession signals are analysed with:

A(t) = Ae ™ cos(wyt) (6.5)

where A is the asymmetry, A the damping rate and w, the muon angular precession
frequency.

When a change in orientation of the external field changes the direction of the
Gd moments, the dipolar field at the muon site is modified as in eq. (6.3) and
gives rise to the angular dependence of the Knight shift (K, o« 3 cos®(¢ — o) — 1)
as it is drawn in Fig. 6.3. Here is ¢ — ¢ the angle between the applied field and
the a axis of the muons host and ¢y is an offset angle. The signals of the three
different sites are shifted 60 degrees with respect to each other. The period of the
cosine modulation equals 180 degrees because the muon site resides on a two fold
symmetry axis (along the ¢ direction). If the external field is directed along the a
or the @ axis, two of the three signals coincide. This makes it possible to align the
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sample with the external field along the a or @ axis and measure the temperature
dependence of the signals.

The results of the temperature scans with Bey; parallel to the a, @ and ¢ axis
are shown in Figs. 6.4, 6.5 and 6.6. The Knight shift is deduced from the observed
muon precession frequencies with use of eq. (6.1).

6.4 Results

6.4.1 Determination of the muon sites

Figs. 6.4, 6.5 and 6.6 show that below ~80 K an extra precession signal is observed
which has not been seen before in intermetallic compounds and is therefore an
interesting feature. It suggests that two different muon location sites, observed in
the magnetically ordered state, start to become populated below ~80 K. First the
signals observed between ~80 K and 300 K will be discussed.

When Bey || ¢ a single signal is observed which indicates degeneracy of the
three signals seen in Fig. 6.3. If Bey || a,a@ two precession signals are observed
with an asymmetry ratio of 1:2 as it is also seen in Fig. 6.3. The increase of the
Knight shift with decrease in temperature reflects the increase in susceptibility.
Fig. 6.7 clearly demonstrates the linear relation between the Knight shift and the
susceptibility of GdNis. With use of eq. (6.4) the components of the coupling
tensor Agip + Acon are deduced from the slopes of Fig. 6.7. For Bey || @ and
¢ the slopes are corrected for the demagnetisation field of the cylindrical sample.
After these corrections the data are consistent with measurements on the spherical
sample (Bey: || a,@). Care has to be taken since the three signals have a phase
shift of 60 degrees with respect to each other in the aa plane. ¢ — ¢y equals zero
if the angle between the position vector of the muon site and the direction of the
external field is zero. In that case the coupling tensor is diagonal. Else the Knight
shift couples to x* as well as x* and the related rotation of the coupling tensor
gives rise to off diagonal terms.

Table 6.1 contains the coupling tensor deduced from experiment. The Fermi
contact interaction is assumed to be isotropic and the trace of the dipolar interac-
tion tensor equals zero. Therefore the two contributions are readily separated and
the result is also listed in table 6.1. To establish the muon location site, the dipolar
coupling tensor deduced from experiment is compared with calculated values for
several interstitial sites. In PrNis the muons localize at the 6i site (},0,0.21) [91].
From table 6.1 we conclude however, that the 3f site is the most likely site for
the muon localize in GdNis in the temperature range between ~80 and 300 K (see
Fig. 6.8). This 3f site is also suggested as the muon location site in LaNis [92].
Note that the 3f site is consistent with the asymmetry ratio of the two signals
observed with Bey; || @ and Bey || @. Note also that at 300 K (see Fig. 6.5) a sin-
gle precession signal is observed. This is attributed to muon diffusion. The muon
diffuses from site to site and experiences the average field of the two precession
signals.
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Figure 6.4: Knight shift and asymmetry of the muon precession frequencies
observed in GdNis as function of temperature with Bey, || a. The empty symbols
originate from one muon location site (signal I) and the asymmetry ratio of these
two signals equals A: \7 = 1:2 (see Fig. 6.3). In the lower plot the total asymmetry
of these signals is plotted because they originate from the same muon site. Below
~80 K an extra signal is observed (signal II) which corresponds to a second muon
site.
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Figure 6.5: As in Fig. 6.4 but with Bey, || . The two signals observed between
80 and 300 K originate from one muon site (signal I ) and show an asymmetry
ratio of A : \7 = 2:1. Note the muon diffusion starts at 300 K and causes the two
signals to collapse (empty circle). Below ~80 K the asymmetry of the signal with
the lowest K, increases. This is due to the fact that a second muon site becomes
populated with a similar value of K,, (signal II). The disappearance of the signal
indicated with A is explained in the text.
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Figure 6.6: As in Fig. 6.4 but with Bey || c. Below ~80 K a second muon site
becomes populated (filled circles).
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Figure 6.7: K, observed with Bey, || a,|| @ and || ¢, plotted as function of the
susceptibility of GdNis [88]. After correction for demagnetisation, the slope of the
curves determines Agip + Acon. Signal I disappears in the plot, although the muon
site is still occupied, for reasons mentioned in section 6.4.2.
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Table 6.1: Calculated dipolar coupling parameters for several interstitial sites
in GdNis combined with the experimental values. The latter combine the dipolar
Agip (trace = 0) and Fermi contact interaction Acon (isotropic). Signal Iis observed
in the whole measured temperature range (4-300 K) and corresponds to the 3f
site. Signal II appears below ~80 K and corresponds to (Ag;’l;) which implies the
muon occupies all 6m sites within the sensitivity scale of the experiment ( 1079 s).

Site A%e AT Ace
(Tug') (Twg') (Tug')
Calculated
3f (£,0,0 0219 -0.106 -0.113
6 (3,0,01) 0.202 -0.103  -0.099
6i (%,0,021) 0.154  -0.095 -0.059
6 (04,0,0) 0.287 -0.142 -0.145
b (0,0, 1) -0.230 -0.230  0.459
2¢c (0,0, 0.25) -0.985 -0.985  1.969
2d (3, %3 0.0015  0.0015 -0.0029
4h (%, %,02) 0.030  0.030 -0.0605
6m (0.13, 0.26, 1) -0.037 -0.149  0.187
(APlane) = .0.093
Experimental
signal 1 0215 -0.125 -0.124
Acon -0.011 -0.011 -0.011
Agip 0226 -0.114 -0.113
signal II (T < 80 K) -0.118 -0.118  0.165
Acon -0.024 -0.024 -0.024
Agip -0.094 -0.094  0.188
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Figure 6.8: Hexagonal crystal structure of GdNis (space group P6/mmm). Se-
veral interstitial sites are indicated. The muon localizes at the 3 f site and below
~80 K also the 6m site becomes populated. The muons hop from 6m to 6m site
within 10~° s and a single degenerate muon precession frequency is observed in
Fig. 6.9.

Below ~80 K we observe a new and interesting phenomenon as already men-
tioned before. An extra signal appears in the spectrum (black dots in Figs. 6.4,6.5,
6.6 and 6.7). An angular scan in the aé plane at 47 K (see Fig. 6.9) shows the
signature of this extra signal. If we compare this plot with Fig. 6.3 we note the
following. Whereas the three 3f signals show a strong angular dependence, the
extra signal is single and almost angular independent. Also with Bey || ¢ a single
extra signal is observed (see Fig. 6.6). This suggests a second muon location site
on a high symmetry axis as for example the 1b site or the 2c site (see Fig. 6.8).

From the slopes of the curves in Fig. 6.7 the coupling tensor has been deduced
for this extra signal (table 6.1). Again the contribution from the dipolar interaction
and the conduction electrons are separated. Table 6.1 shows the result and also
the calculated values of the dipolar tensor for several interstitial sites with uniaxial
symmetry. Note that the interstitial sites (0,0,z) show a strong dipolar coupling
with the Gd moments whereas the (},2,z) sites show a very weak coupling. The
value of the dipolar coupling tensor deduced from experiment is between these
values and does therefore not correspond to a muon site located on either one of
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Figure 6.9: As in Fig. 6.3 but at T = 47 K. The signals originate from two muon
location sites. The empty circles are also observed at 100 K and the filled circles
correspond to a second muon site. Note that K, of this second signal is almost
independent of the orientation of the external field.

these high symmetry axis.

Therefore we propose the extra signal is of different origin. The dipolar coupling
tensor calculated for the 6m site, which is one of the five location sites of deuterium
in LaNisD, [93], shows an A°® which corresponds to the experimental value. This
A® is identical for all 6m sites. However, when By is aligned in the aa plane
the dipolar coupling is different for the different 6m sites and the degeneracy is
lifted (A%® # A®?). This is in contrast with the observed signal. However, if
the muon occupies all six 6m sites within the sensitivity scale of the experiment,
it will experience an average dipolar field which is angular independent. The
result of this calculation for the 6m site is shown in table 6.1 and corresponds to
the experimental value. Therefore we conclude that each muon occupies all six
sites within the time scale of the uSR experiment, ~10~° s. Without further
experiments we cannot determine the mechanism for this observed behaviour.
Processes such as muon tunneling, thermal diffusion or even a coherent quantum
state are possible origins for this phenomenon.

With X-ray diffraction the crystallographic dimensions of GdNis have been
measured as a function of temperature (Fig. 6.10). In general the thermal ex-
pansion of the lattice can be described by the Griineisenfunction [3, 94] which
shows a linear expansion for T'/Tpebye > 0.5 and a approximately constant unit
cell volume below T/Tpepye < 0.2. For GdNi5 this latter temperature is about
80 K (estimation Tpebye =~ 400 K) which is confirmed by the results presented in
Fig. 6.10. Because the variation in unit cell volume below 100 K is not significant
if compared with the experimental error, we cannot conclude if the occupation of
the second muon site is related the open volume of the interstitial sites. We just
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argue it is possible for the reasons mentioned above.
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Figure 6.10: Unit cell volume of GdNis as determined by X-ray diffraction. A
small variation in unit cell volume is observed between 25 and 100 K but it is not
significant if compared to the experimental error.

6.4.2 Muon hopping from the 6m to the 3f site

Below ~80 K the 6m site becomes populated with a surprisingly high damping rate
(Fig. 6.11). This is most conveniently explained by a hopping muon. The muon
resides for a while in the 6m site before it hops to the 3f site. As a consequence
the population and therefore the asymmetry of the 6m signal decreases before the
muon decays. Since the muon precession signal is analysed with eq. (6.5) this
results in an enhanced damping rate although it reflects a decrease in asymmetry.
The decrease in damping rate of the 6m signal between 70 K and 40 K is then due
to an increase in muon residing time at this site before it hops on to the 3f site.
Below 40 K the GdNis spin dynamics cause the increase of the 6m damping rate.

Zero field u*SR results on GdNis [95] show that the damping rate is constant
above 50 K which is in contrast with the results presented here. This confirms
that the enhanced damping rate in Fig. 6.11 is due to muon hopping since the
appliance of a magnetic field is not expected to induce a maximum in damping
rate at 80 K when this feature is not visible in zero magnetic field.

The damping rate of the 3f signals are not strongly enhanced at 60 K (Fig.
6.11) indicating that the muon remains in the 3f site when it arrives there. In
fact, there will be muons which initially localize at the 3f site and muons which
localize there after they have resided at the 6m site. The local magnetic field at
the 6m site is different from the local field the 3f site and therefore the muons
precess with a different muon precession frequency. A muon which localizes first
at the 6m site before it hops on will therefore have a phase shift with respect to
a muon which localizes initially at the 3f site. As a consequence the observed
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Figure 6.11: Damping rate from the muon precession signals plotted in Fig. 6.4.
The lines are guides to the eye. Three remarkable features are observed. Firstly,
the damping rates of the two signals originating from the 3f site (A and ) are
not identical below 80 K. Secondly, the damping rate of the 6m site (o) increases
between 40 and 70 K. And thirdly the damping rates of the 3f and 6m site show
a crossover at ~45 K. All these features are explained in the text.

damping rate of the 3f signal increases. In the extreme situation when there is
a 180 degree phase shift between two muons, they do not contribute to the 3f
asymmetry anymore.

The phase shift and consequently enhanced 3f damping rate, will be larger
if the difference in magnetic field between the 3f and 6m site is larger (phase
difference proportional to Aw,, - t). This enhanced damping rate of the 3f signals
is indeed observed. First, this explains the crossover in A observed in Fig. 6.11.
A3y increases when the temperature decreases because Aw, increases, while Agm
decreases because of the increase in muon residence time at the 6m site. Second,
it is difficult to observe the 3f precession signal if the frequency difference with
the 6m site becomes large. This is clearly seen in Fig. 6.5 where one signal
which originates from the 3f site disappears in the plot below ~50 K. u*SR
measurements in the magnetically ordered phase of GdNis (Fig. 6.2) indicate two
muon locations, which implies the 3f site is still occupied by muons below T¢.
Hence, although the muons do localize at the 3f site, the signal is not observed
because of the phase difference among these muons.

In Fig. 6.12 the 3f damping rate is plotted as function of the difference in
precession frequency between the 3f and 6m site. The data where taken from Fig.
6.9 because all these data points were measured at the same temperature. This
excludes the influence of the muon residing time at the 6m site on the 3f damping
rate. Although there is a scattering in the data points, a clear increase in damping
rate is observed with increasing frequency difference thereby confirming the muon
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Figure 6.12: Damping rate of the precession signals originating from the 3f site
as function of their frequency difference with the signal originating from the 6m
site. An increase in damping rate is observed which is due to muons which hop
from the 6m site to the 3f site within the time scale of the u*SR experiment.
Because the muons localized at the 6m site experience a different local field they
have a phase shift when they arrive at the 3f site with respect to the muons
already present at this site. This enlarges the observed 3f damping rate. The 3f
damping rate is also influenced by the residing time of the muon at the 6m site.
Therefore only the data points of Fig. 6.9 are shown in this figure because these
spectra were taken at the same temperature.

hopping from 6m to 3f.

These features all suggest that muons localize at the 6m site below ~80 K
from which they hop on to the 3f site. This implies that above ~80 K the muon
has enough kinetic energy to find the 3f site. Below ~80 K however, the muon
becomes trapped at the 6m site, i.e. in the local minimum of the potential energy.
Because the 3f site is preferred, the muon hops on after a while.

6.4.3 Analysis of muon hopping

In general, the muon hopping from the 6m site to the 3f site can be described by
a half life time 7p:

Nem (t) = ngm (0)e~H/™ (6.6)

where g, (t) equals the number of muons at the 6m site at time ¢ [18]. The
temperature dependence of 7y is a signature of the hopping process. When the
muon localizes interstitially, the surrounding atoms are slightly displaced and the
muon becomes self trapped. The potential energy of the muon is reduced on
account of the elastic energy of the host atoms. For the muon to overcome the
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energy barrier between the 6m and 3f site there are in principle two possible
processes. The muon can use thermal energy to go to the 3f site or it can tunnel
from one site to the other.

The first process, diffusion, is described by Arrhenius, i.e. 1/79 o< e~Fa/ksT
where E, is the height of the energy barrier. In the second process phonons are
involved. The phonons deform the potential profile around the muon and create
identical energy levels in both potential wells. Then the muon can tunnel since its
wavefunction becomes delocalized. The number of phonons involved determines
the temperature dependence of 7. For a single phonon process 1/7 o T is
expected whereas for a double phonon process 1/m o< T7 is expected (sec. 3.2 of
(18] and references therein).

Due to the muon hopping the performed analysis with eq. (6.5) is incorrect.
The muons which initially localize at the 6m site and subsequently hop to the 3f
site and become trapped there, introduce an extra term, Pgy,—s35(t), into the muon
spectrum. We deduce for the total polarization function A(t) (see for example refs.
[18, 96]):

Alt) = Agm(t) + Asp(t) + Asm—ar ()
= Aem(t) + A3_f(t) +
t 1
Re( / Asme—)\smt' e—iwamt' e_‘\sf(t—tl) e—iwsf(t—t')l e%dtl)
0 70
= Agme Yomt cos(wemt) + Aspe 3% cos(wsst) +
Asm —Aggt
e "3 cos{ws rt + ¢)—
70 /(Mo — A3f)? + Aw? ( (wart +¢)
e Yemt cos(wemt + @) ) (6.7)
where
1 Aw
tn = Aom + — = Wom — - A
Aom = Aom + p Aw=wpg, —w3y and tang Y= a7

Aem and Az are the damping rates at the specific sites due to the spin dynamics
of GdNis. Eq. (6.7) is deduced for equal precession frequencies of all 3f sites as it is
the case for Bey || c. When the degeneracy of w3y is removed (Bext in any direction
but not parallel to the ¢ axis) eq. (6.7) is extended with an Ps¢(t) + Psm—ay(t)
term for each extra 3f precession frequency.

The data presented in this chapter are preliminary because the muon spectra
are analysed with eq. (6.5) and not with eq. (6.7). It is recommended to include
eq. (6.7) in the u*SR analysis program in order to deduce 7o from the spectra.
At the present time it is not possible to do such an analysis properly. Therefore
only the preliminary results will be discussed in this chapter.
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6.5 Discussion

6.5.1 Muon dynamics in GdNi;

In this section the muon dynamics is discussed in the approximation of eq. (6.5).
As mentioned in sec. 6.4.3 this approximation is not correct and only preliminary
conclusions are presented here.

Fig. 6.2 shows that, in the magnetically ordered state, the damping rate of the
two muon location sites is different. The damping related to the spin dynamics,
as for example due to Raman scattering [90], is possibly different for the two sites
since the symmetry and local electron density are different. However, at 4 K a
small difference in damping rate is observed but above 5 K the damping rate of
the 6m site increases and this continues up to T¢. Also the 6m asymmetry shows
an abnormal behaviour. The increase of the 6m asymmetry confirms that the
spectra analysis with two exponentially damped frequencies is not correct. An
analysis with a Gaussian damping showed the same features. This suggests muon
dynamics is still of importance below T.

The muon hopping from the 6m to the 3f site as well as in between 6m sites
could be the origin. The first process shows signatures of slowing down below
~80 K but it is difficult to determine at which temperature the muons remain at
the 6m site during the time scale of the experiment. No clear signatures are present
of the slowing down of the second process but we can expect the muon to localize
at a single 6m site at low temperature. Note that, because of the degeneracy of
A® for the six 6m sites, this process will not be visible by means of a lifting of
this degeneracy as it is the case for the 3f site below 300 K (see Fig. 6.5).

A p*SR experiment to determine the muon mobility at the 6m site can be
done as follows. Because the magnetic anisotropy is small in GdNis, the magnetic
moments can be aligned in the a@ plane by an external field in this direction.
If the initial muon polarization is along the ¢ axis muon precession frequencies
are observed originating from the 3f and 6m site. If the muon at the 6m site is
still occupying all 6m sites as it is observed in the paramagnetic state, a single
precession signal originating from the 6m site is expected. However, if the muon is
localized at a single 6m site the degeneracy will be lifted and two or three signals
are expected, depending on the orientation of Beyt. The temperature dependence
of the damping rate and the frequencies of the 6m site might elucidate the muon
movement at this site and is therefore an interesting experiment.

6.5.2 Interaction of the muon with its host

Two significant deviations from the theory presented in sec. 6.2 are observed which
deserve some attention.

1. Basal plane anisotropy
Fig. 6.13 shows that the 6m signal shows a small variation in precession
frequency depending of the orientation of the external field in the aa@ plane,
Because it is determined in secs. 6.4.1 and 6.4.2 that the muon occupies all



98

CHAPTER 6. MUON SITE AND MUON DYNAMICS IN GDNI;

a0 [

"

]
= 0115 GdNis -
v - T=47K }
[ e 6msite

-0.120 N

1 a
L | L | L | M|
80 100 120 140
Angle (deg)

—
<4

-
o

Figure 6.13: Weak angular dependence of the precession signal in the aa plane
originating from the 6m site. This picture is a magnification of Fig. 6.3. The line
is a guide to the eye.

6m sites within the time scale of the experiment the dipolar field is averaged
out. In fact, the dipolar field is constant in the a@ plane and gives K, =
3 (A%x4k + AP%xT;k) = -0.089. Therefore, the small variation in Knight
shift observed in Fig. 6.13 should be of a different origin.

A similar anisotropy is observed for the 3f site in Fig. 6.9. The difference in
Knight shift, AK, between the precession signals is calculated taking into ac-
count the phase shift of 60° between the three signals and the corresponding
rotation of Dgjp:

AK® =| 0.754%y" — 0.754%%7| 68)
AK?® =|-0.75A4%x* + 0.75A%% x| '
Clearly, AK is equal for Bey; || @ and Bexs || @. However, from Fig. 6.9 we
deduce AK® = 0.239(3) and AK? = 0.255(3).

. Hyperfine field below T

utSR shows two precession signals in the magnetically ordered state of
GdNis with w8™ = 217 MHz and w3/ = 79 MHz at T = 0 K (see Fig. 6.2).
The frequency of both signals follows the Brillouin law with J = 1. At
T = 0 K a maximum Gd moment of 7 up is expected. Dipolar calcula-
tions have shown that the dipolar influence of the 0.16 g Ni moments is
negligible.

Since the uSR measurement where performed on a single crystal and all
Gd magnetic moments are aligned along the ¢ axis, the muon precession
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frequency equals:

UJ" = ’YI‘(A(Cifp + Acon + AL + AD)IlGd (69)

AL + Ap are determined by comparing the results of Fig. 6.2 with the fre-
quencies measured in a spherical sample of GdNis. This indicates the de-
magnetisation field is close to the spherical value of -13- Ag‘i’p 4+ Agon are
determined in sec. 6.4.1 and are assumed to be independent of the origin
of the magnetic order, i.e. whether the Gd moments are spontaneous or
induced by an external magnetic field [18]. Using eq. (6.9) we calculate for
the two precession frequencies w}™ = 157 MHz and w3/ = 117 MHz. These
values do not correspond to the experimental ones. For the 6m and 3 f site
we deduce for this discrepancy BTy, = +0.44 T and B3, = +0.28 T,
respectively.

The first item suggests an interaction between the muon and its host. In PrNis [91]
the muon induces an anisotropy in the local susceptibility below ~50 K because
it changes the crystalline electric field at the Pr 4f shell. This change in crystal
field influences the 4f eigenfunctions of the Pr atom and therefore its magnetism.
In GdNi5 the muon may cause a change in the magnetic density profile but, since
the Gd 4f shell is spherical, a perturbation of the crystal field does not affect the
Gd magnetism. However, the exchange interaction between the Gd magnetic mo-
ments could be changed by the presence of the muon and locally another magnetic
ordering temperature is observed. This perturbation is expected to be anisotropic.
In general the data can be corrected for this effect by fitting K »(T) to:

(A% + Acon)C

K, =K
w= Rt

(6.10)
where C is the Curie constant which follows from the GdNis susceptibility (see
eq. (1.8)). The dipolar coupling tensor A, deduced with eq. (6.10) will be dif-

ferent from Af;{p deduced with eq. (6.4) because T¢,, # Tc. This correction could
not be performed unambiguously (yet). The uncertainty in deduced Knight shift
is too large, partly because the muon spectra are analysed with eq. (6.5) instead
of eq. (6.7).

_It is expected that this correction will modify the experimental values of
AY, + Acon listed in table 6.1. This correction might alter the position of the
muon location sites although this is not expected. The asymmetry ratio between
the two sites as well as the deuterium location site in LaNizD, (see sec. 6.4.1)
and the 3f location site observed in other LaNig [92], all favour the 6m and the
3f interstitials as location sites of the muon in GdNis.

The extra hyperfine field observed in the magnetically ordered state (item 2)
seems larger than expected on behalf of the arguments mentioned above
(A4 = 0.28 T/7 pp = 0.040 T/up). A possible origin of this can be the
Ni atoms. Ni moments show an itinerant 3d magnetism for which the interac-
tion with the conduction electrons is stronger than that for the localized Gd 4 f
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shell. u*SR measurements on metallic Ni [18] show a hyperfine field at the muon
site due to the interaction via the conduction electrons of -0.071 T. Because of
the high symmetry of the muon site in fcc-Ni, the dipolar field at the muon site
vanishes and the local field is determined by the Fermi contact interaction. The
Ni moments equal 1.1 pp in metallic Ni and we calculate AN, = -0.065 T ujz'.

In GdNis there is an antiferromagnetic coupling between the Gd spin and the
Ni moment. Therefore the Ni moments are directed along the negative c axis and
in contrast with metallic Ni, the muon experiences a positive contribution to the
hyperfine field via the Fermi contact interaction. For a small induced Ni moment
of 0.16 up we calculate a hyperfine field of +0.052 T, which is a magnitude smaller
than observed.

There is a third mechanism which could possibly be the origin of the extra
hyperfine field. A hybridization between the Ni 3d electrons and the s-like wave
function of the electrons surrounding the muon can occur [97]. Because such a
hybridization realizes a direct interaction between the muon and the Ni magnetic
density profile, the corresponding hyperfine field will be substantial.

At the present, we cannot distinguish between these suggested phenomena.
Further analysis of the data with eq. (6.7) is therefore highly recommended.

6.5.3 Comparison with other RNi;

Muon spin relaxation experiments on ErNis [88, 98, 99] and DyNis [100] have re-
vealed an unusual temperature dependence of the damping rate. ErNis
(Tc = 9.2 K) shows a strong c axis anisotropy and when the muon spin is per-
pendicular to the ¢ axis the damping rate is too high below 60 K to be observed.
With the muon spin polarization parallel to the ¢ axis it is possible to observe the
muon depolarization. The damping rate is constant above ~40 K. Below this tem-
perature it increases and shows a maximum at 12 K. Below 12 K it decreases again
until it reaches its minimum at ~5 K. The bump is remarkable because the spin
fluctuations of the Er moments are anisotropic and along the ¢ axis. Therefore no
muon depolarization is expected. It is suggested by Kayzel [88] that quasi-static
magnetic fluctuations are the origin of the broad bump in the damping rate.

DyNis shows an easy plane magnetization and To = 12.2 K. u*SR experiments
with the muon polarization parallel to the ¢ axis [100] probe the spin fluctuations of
the Dy moments. When T is approached from above the damping rate increases
strongly and reflects the critical slowing down of the Dy moments. Between 30 K
and room temperature a bump in the damping rate is observed. The maximum is
at about 80 K and, remarkably, also half of the asymmetry disappears below this
temperature.

The possibility exists that, since the compounds are closely related in their
crystallographic properties, the bumps described above are also related to muon
dynamics. When the muon becomes trapped in a second site, the damping rate
becomes enhanced. When the muon remains at this second site, the damping
rate is reduced again. In the case of DyNis the second site is for some reason
not observed (damping rate possibly too high) and the corresponding asymmetry
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disappears from the spectrum. Knight shift experiments on both compounds can
verify this hypothesis.

Zero field p* SR measurements on GdNis [95] revealed a temperature indepen-
dent damping rate above 50 K which is in large contrast with the results obtained
on ErNis and DyNis. Therefore, if the unusual temperature dependence of the
damping rate in ErNis and DyNis is related to a similar muon dynamics as ob-
served in GdNis, the magnetic anisotropy of the R magnetic moment is expected
to play an important role.

In TbNis [92] zero field uSR spectra show that, below 60 K, two exponential
damping functions are needed to analyse the spectra whereas above 60 K a single
muon signal was sufficient. The authors mention the possibility of two muon sites
as the origin of this phenomena. Since Tb and Gd are neighbours in the periodic
table we believe this is indeed the case.

PrNi5 is studied intensively [91] between 4 and 300 K by uSR Knight shift
measurements and the muon localizes at the 6i site in the whole temperature
range. The lanthanide contraction is responsible for an a axis ratio between the
two compounds of 0.988 and a ¢ axis ratio of 0.996. This is a difference of less than
one percent, but as far as the muon is concerned, there is apparently a distinct
difference in electronic structure between PrNis and GdNis.

6.6 Conclusions

In this paper we have reported on the muon dynamics in GdNis. Usually the
muon becomes self trapped at an interstitial site and remains there during the
utSR experiment. However, in GdNis we observed clear signatures of the quantum
behaviour of the muon.

The muon localizes at the 3f interstitial site and at room temperature the
muon starts to diffuse between the different 3 f sites in the crystal. Below ~80 K a
second muon site becomes populated by muons. This is the 6m site and the muon
occupies different 6m sites, which are located in a ring surrounding the (0,0,1)
site, within the time scale of the y*SR experiment (1079 s).

During the time of the experiment we observed that the muon hops from the
6m site to the 3f site. There are no indications that the opposite process takes
place. Therefore we conclude that the potential energy at the 6m site has a local
minimum and the 3f site is still preferred by the muon. The hopping process
from 6m to 3f, which is characterized by half life time 7y, slows down when the
temperature decreases. Signatures of muon hopping, either due to 6m — 3f of
6m — 6m, are still observed in the magnetically ordered state down to 5 K.
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Summary

Four different rare earth intermetallics, TmFeAl, TmNi;B,C, PrRu,Si, and GdNis,
are the subject of this thesis. Each of these compounds show interesting and new
magnetic phenomena, of which the peculiarities are summarized below. In general,
rare earth intermetallics are of scientific interest because not only do they make
excellent permanent magnets, but they also realize model systems of which the
macroscopic properties, such as magnetism or superconductivity, are conveniently
studied in relation to their local electronic structure. Large diversities in material
properties are realized by element substitution and the influence of the individual
elements gives insight in how to manufacture materials with specific properties of
interest.

TmFeAl is a unique material in the sense that it shows a magnetic domain
structure with very small dimensions in the order of nanometres. This type of
behaviour has never been observed before and is the result of the strong magne-
tocrystalline anisotropy of the Tm magnetic moment combined with the structural
disorder of the Fe magnetic moments in the lattice. This disorder creates a distri-
bution of magnetic ordering temperatures which causes local formation of magnetic
islands in a non magnetic matrix. The magnetic anisotropy of the Tm magnetic
moment aligns these clusters along either the positive or negative ¢ axis and after
the magnetization is realized the moments are unable to rotate from their initial
orientation. As a result up and down clusters coexist in the magnetically ordered
state.

TmNi;B,C is one of the recently discovered rare earth boron carbides. Some
of these compounds show magnetic order combined with superconductivity and
since magnetic moments cause electronic Cooper pair breaking and the two phe-
nomena expel each other, the borocarbides have been intensively studied since
their discovery in 1993. As the superconducting transition temperature as well ‘
as the magnetic ordering temperature vary throughout the rare earth-borocarbide
series, the interplay between the two phenomena can be studied.

In this thesis one particular borocarbide is studied, TmNiyB;C. Unique in its
magnetic anisotropy in this series, the Tm magnetic moment shows a preferential ¢
axis alignment. Two samples were studied by 1%°Tm Mossbauer spectroscopy and
two sizes in magnetic Tm moment appear to exist in TmNiy;B,C of which the ratio
depends on the specific preparation conditions of the sample. A relation between
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the size of the Tm magnetic moment and the amount of carbon interstitials in the
lattice is suggested. This idea provides a possible explanation for the discrepancy
in magnetic Tm moments observed by other research groups. If a carbon atom
is missing in the lattice and a vacancy is present, the modified local electronic
structure reduces the magnetic Tm moment. Small amounts of carbon vacancies
are easily disregarded by macroscopic techniques but a local interstitial probe such
as the muon possibly localizes in the carbon vacancies and observes in this case
only the reduced Tm moment.

PrRu,Si; is a ferromagnet with a giant magnetic anisotropy. In fact, it shows
the largest anisotropy observed in this class of materials. In this thesis this large
anisotropy is conveniently explained in terms of crystal field interactions, i.e. the
interaction of the magnetic Pr 4f electron shell with the electronic charge in the
crystal lattice. Its large magnetic moment of 2.8 up is induced in the singlet
ground state of the 4f electrons and is enhanced due to dispersion of this ground
state. An attempt is made to describe this dispersion in the random phase approx-
imation. This results in a better description of the experimental data compared
with molecular field theory.

GdNi; is a ferrimagnet which has been studied intensively. Its magnetic be-
haviour is well understood. This has resulted in a description of this magnet in
terms of Muon Spin Relaxation experiments. For a detailed analysis of these data
the interstitial location site of the muon inside the material is of importance. In an
attempt to obtain experimental information about this location, some interesting
muon dynamics are discovered.

In the temperature region between ~80 and 300 K the muon localizes at a single
muon site and above room temperature the muon has enough kinetic energy to
diffuse from site to site. This is believed to be the general behaviour of muons in
(inter)metallics: at low temperature they are localized at a certain interstitial site
(sometimes at two sites) and at elevated temperatures the muons diffuse through
the lattice. In GdNis, the population of a second muon site becomes visible below
80 K. Moreover, muons which localize at this second site occupy a ring of six
equivalent sites within the time scale of the experiment, 1079 s, i.e. they hop
from site to site. From this metastable second site the muons move to the first
muon site. The dynamics of this muon hopping is visible in the u*SR spectra
and the consequences for the interpretation of the Muon Spin Relaxation data are
discussed.




Samenvatting

Een viertal intermetallische verbindingen met zeldzame aardmetalen, TmFeAl,
TmNiyB;C, PrRusSi; en GdNis zijn het onderwerp van dit proefschrift. Elke
verbinding vertoont nieuwe en interessante eigenschappen die hieronder samengevat
zijn. In het algemeen zijn intermetallische zeldzame aard verbindingen van weten-
schappelijk belang omdat zij zowel de basis vormen van uitstekende permanente
magneten, als ideale model systemen zijn. De macroscopische eigenschappen,
zoals magnetisme en supergeleiding, worden bestudeerd in relatie tot hun elek-
tronenstructuur. Er kan een grote verscheidenheid in materiaaleigenschappen ge-
realiseerd worden door het toepassen van elementsubstitutie en de invloed van de
individuele elementen maakt duidelijk hoe materialen met specifieke eigenschap-
pen gefabriceerd kunnen worden.

TmPFeAl is een uniek materiaal omdat het een magnetische domein struc-
tuur vertoont op nanometer schaal. Dit type domeinstructuur is nooit eerder
waargenomen en wordt veroorzaakt door de sterke magnetische anisotropie van
het Tm subrooster en door de structurele wanorde van de ijzeratomen in het
kristalrooster. Deze wanorde veroorzaakt een distributie in de magnetische orden-
ing temperatuur en dit resulteert in het ontstaan van magnetische eilanden in een
paramagnetische omgeving. De hoge anisotropie van het Tm zorgt ervoor dat de
magnetisatie in deze clusters parallel of anti-parallel aan de c-as is en dat de mag-
netische momenten zich niet meer kunnen heroriénteren. Hierdoor ontstaan clus-
ters met de magnetisatie langs de positieve of negatieve c-as die slechts nanometers
groot zijn.

TmNi;B,C is een verbinding uit de recentelijk ontdekte klasse van zeldzame-
aard-boriumcarbides. Enkele van deze verbindingen vertonen coéxistentie van
magnetische ordering en supergeleiding. De magnetische momenten trachten de
supergeleidende Cooper paren te verbreken door hun exchange interactie met de
spins van de Cooper elektronen. Vanwege deze competitie worden deze boriumcar-
bide verbindingen intensief bestudeerd sinds hun ontdekking in 1993. De sterkte
van de magnetische interactie tussen de zeldzame aard atomen is afhankelijk van
het type atoom en op deze manier kan de interactie tussen magnetisme en su-
pergeleiding in deze klasse van verbindingen bestudeerd worden.

Tijdens dit onderzoek is één specifieke verbinding bestudeerd, TmNi;B2C. Als
enige in deze klasse van verbindingen vertoont het Tm moment een c-as oriéntatie.
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Twee preparaten zijn bestudeerd met #*Tm Méssbauer spectroscopie; met deze
techniek zijn twee verschillende groottes in Tm moment aangetoond (0.1 en 4.3
ig). De verhouding tussen beide fracties hangt sterk af van de manier waarop
het preparaat vervaardigd is en daarom wordt verondersteld dat de hoeveelheid
interstitieel koolstof in het kristalrooster van cruciaal belang is in deze verbinding.
Ieder Tm atoom hoort in deze verbinding omringd te worden door vier koolstof
atomen. Als op een bepaalde positie een koolstof atoom ontbreekt dan verandert
lokaal de ladingsverdeling in het kristal, het zogeheten kristalveld. Hierdoor kan
de voorkeursoriéntatie van de 4f elektronen schil van het Tm atoom veranderen
en daarmee ook de grootte van het magnetische 4f moment. Kleine hoeveelheden
koolstof vacatures worden makkelijk over het hoofd gezien door macroscopische
technieken maar een locale probe, zoals u+SR, is er erg gevoelig voor. Het muon
ziet de vacatures als een ideale rustplaats en hierdoor wordt alleen het, door kool-
stof vacatures gereduceerde Tm moment, waargenomen.

PrRu,Si; is een ferromagnetische verbinding met een sterke magnetische aniso-
tropie, de hoogste ooit waargenomen in deze klasse van verbindingen. Dit gedrag
is in dit proefschrift verklaard door de interactie van de 4f elektronen van het Pr
atoom met het kristalveld. Het relatief grote magnetische Pr moment van 2.8 up
is in de singlet grondtoestand van de 4f elektronen schil geinduceerd en wordt
versterkt door dispersie van deze grondtoestand. Deze dispersie is beschreven in
de 'random phase’ benadering en dit resulteert in een betere beschrijving van de
experimentele gegevens in vergelijking tot de moleculaire veld theorie.

GdNis is een ferrimagnetische verbinding die de afgelopen jaren intensief
bestudeerd is en waarvan de magnetische eigenschappen goed gekarakteriseerd
zijn. Dit heeft geleid tot een modelbeschrijving van u*SR experimenten aan deze
verbinding. Voor een gedetailleerde analyse is de plaats waar het muon localiseerd
in het kristalrooster van essentiéel belang. Tijdens het bepalen van de muon plaats
in GdNij is een nieuwe muondynamica ontdekt. Tussen 80 en 300 K localiseert
het muon op een enkele interstiti€le plaats in het kristalrooster en boven 300 K
diffundeert het muon van plaats tot plaats. Dit is in het algemeen het gedrag
van muonen in intermetallische verbindingen: bij lage temperatuur localiseert het
muon op een bepaalde plaats (soms op meerdere plaatsen) en bij hogere temper-
atuur diffundeert het muon door het kristal. Maar in GdNi; zien we dat muonen
een tweede plaats bezetten beneden 80 K. Bovendien bezet het muon zes zulke
plaatsen, die een ring vormen rond de (0,0,%) plaats, binnen de tijdschaal van het
muon experiment, 10~? s, d.w.z. de muonen springen van plaats naar plaats. Deze
tweede plaats is metastabiel en daarom springen de muonen die hier localiseren
door naar de eerst genoemde locatie. Dit springen is zichtbaar in de p+SR spectra
en de consequenties voor de interpretatie van de muon spectra zijn beschreven in
hoofdstuk 6.
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