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Introduction

In the last years, the advent of new synchrotron radiation sources has stim-
ulated wide-reaching interest in the development of magnetic studies by us-
ing X-ray core-level spectroscopies, such as X-ray circular magnetic dichroism
(XMCD). The element and shell selectivity properties of XMCD together with
the possibility of obtaining a quantitative determination of spin and orbital
magnetic moments through sum-rule analysis of experimental spectra, have
revealed XMCD as a unique element-selective magnetic probe.

The nominal capabilities of the XMCD are of special signi�cance in the
case of intermetallic compounds based on rare-earth (R) and transition metal
(T) elements. The study of R-T compounds has attracted considerable atten-
tion during the last decades owing to their industrial interest as, for example,
hard permanent magnets. However, the understanding of the magnetic prop-
erties of the R-T intermetallic is still incomplete due to the lack of a detailed
magnetic characterization of the conduction band. In particular, the magnetic
characterization of the rare-earth 5d states is essential to get a complete un-
derstanding of the magnetic properties of R-T intermetallics as they mediate
the R(4f)-T(3d) exchange interaction between the rare-earth and the transi-
tion metal atoms so that However, this information is still unattained because
their magnetic response to macroscopic magnetic probes is hidden by that of
the 4f electrons.

Within this scenario the use of XMCD was a very promising tool to study
the magnetism of the rare-earth 5d-electrons in R-T intermetallics by tuning
the R-L2,3 absorption edges. Nevertheless, while XMCD has demonstrated its
feasibility through the application of the sum rules at the transition metal L2,3-
edges in a wide variety of systems, the expectations regarding the rare-earth
5d magnetism have not been ful�lled. The experimental magnetic characteri-
zation of the R(5d) states has not been achieved up to now due to the di�cult
interpretation of the XMCD spectra recorded at the R L2,3-edges. Conse-
quently, the probe of the magnetic state of the R(5d) conduction electrons is
still missing.

This thesis was aimed to solve this shortage by providing a deeper insight
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into the understanding of the exact nature of the XMCD spectra correspond-
ing to the conduction band states of the R-T systems. To this end we have
performed a systematic XAS and XMCD study in di�erent R-T series regard-
ing the modi�cation of the R L2,3-edges and T K-edge XMCD spectra with
di�erent parameters, namely temperature, speci�c transition metal (T) and
rare-earth (R) elements, R:T ratio and pressure.

The work developed in this thesis was planned within the framework of the
coordinated research projects MAT2002-04178-C04 and MAT2005-06806-C04
devoted to the magnetic study of R-T intermetallic systems and comprises
not only the XAS and XMCD study but an extensive research including sam-
ple preparation, structural characterization, macroscopic magnetic description
and Mössbauer spectroscopy measurements. In particular, the correlation of
Mössbauer spectroscopy with the XMCD results obtained at the Fe K-edge,
has been of special signi�cance to the study of the magnetic properties of the
R(Al1−xFex)2 series.

Dissertation overview

The �rst chapter of this thesis is devoted to the basic theoretical background
related to both the magnetism of R-T intermetallic materials and the main
techniques employed in this work: XAS, XMCD and Mössbauer spectroscopies.

In chapter 2 a summary of the state of the art regarding the interpretation
of the XMCD spectra at the R L2,3 and T K edges is given. This chapter
includes a brief review of the available models for the R L2,3 and T K edges
XMCD spectra and presents the open questions which motivated this disser-
tation and its main objectives.

Chapter 3 comprises the technical information about the di�erent experi-
mental techniques and procedures implicated in the development of this thesis.

The results obtained from XAS, XMCD and Mössbauer measurements
along with details about the basic structural and magnetic characterization
are presented in chapters 4-6. In chapter 4 we present a systematic XMCD
investigation at the Fe K-edge in the case of RFe11Ti compounds and their
hydride derivatives. Chapter 5 deals with the temperature dependence of the
dichroic signals at both T K-edge and R L2,3-edges in the Ho6Fe23 compound.
The results obtained from these two systems constitute the basis of a more
comprehensive study of the XMCD spectra performed at both the T K-edge
and R L2,3 edges in R-T intermetallics, that is presented in chapter 6. In this
chapter, the modi�cation of the XMCD spectra recorded on the R(Al1−xFex)2
and R(Al1−xCox)2 Laves phases series as a function of di�erent parameters
and the comparison with other R-T series is shown.
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In chapter 7 we present two examples of the usefulness of XMCD to study
speci�c questions in R-T intermetallic compounds: �The study of the decou-

pling of the magnetic ordering of the Er and Co sublattices in Er1−xYxCo2

systems� and �The relationship between the Lu magnetic moment and the mag-

netic behavior of (YtLu1−t)(Co1−xAlx)2 systems�. Both subjects are at the
present a matter of controversy. What we present in this thesis is the XMCD
investigations we have carried out trying to get a deeper insight into each of
them.

Lastly, the main conclusions (applicable to any R-T system) and some
general comments on this work will be drawn.





Chapter 1

Basic Theoretical Concepts

1.1 Magnetic interactions in R-T intermetallic ma-
terials.

Intermetallic compounds based on rare-earth (R) and transition metal (T)
elements have attracted considerable attention for the last decades owing to
their industrial interest as permanent magnets. The combination of these
two classes of elements in one compound may lead to materials with a high
magnetic ordering temperature (associated to the presence of Fe) and large
magnetization, as well as large magnetocrystalline anisotropy (owing to the R)
[1, 2, 3, 4].

In R-T intermetallic compounds the spins of the magnetic atoms in the
compound (from T(3d) and R(4f) unpaired electrons) are interacting with each
other via an exchange interaction which is supposed to be of the Heisenberg
type:

H = −
∑
i,j

JijSi.Sj (1.1)

where Si and Sj are the spin corresponding to the i and j sites and Jij is
the exchange parameter of the exchange interaction between these two spins
and gives information about the type of interaction (ferro or antiferromagnetic)
and its magnitude.

Since three di�erent kinds of spin pairs can be distinguished in the R-T
compounds, the exchange interactions are usually classi�ed as: T-T, R-T and
R-R. The intensity of each kind of interaction and the way it is described
strongly depends on the speci�c atoms taking part as their electronic con�gu-
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rations are very di�erent:

Transition metal = T :: [Ar]3dn4s2

Rare-earth = R :: [Xe]4fn(5d)6s2

In general, in compounds where the transition metal carry a well established
moment (Fe vs. Co) the T-T interaction dominates. Regarding those interac-
tions involving the rare-earth (R-T and R-R), the R-T is the most important
and essentially determines the magnetic behaviour of the rare-earth sublattice.
In the following we provide a brief outline of the nature of these magnetic
interactions, which determine the magnetic properties of the R-T compounds.

R-R interaction

The rare-earth magnetic moment arises from unpaired electrons in the well-
localized 4f shell. Since these electrons are situated deep inside the atom, the
spin-orbit coupling is much larger than the crystal �eld interaction so that the
total angular momentum is a good quantum number and they can be dealt as
localized magnetic moments. The magnetism of these electrons is �basically
the same as in the free atom�. Moreover, owing to the spatial extent of the
4f wave function being rather small compared to atomic distances, there is
not overlap between 4f wave functions, so the interaction has to take place in
an indirect way. Thus, it is assumed that the R-R interaction is mediated
by polarization of the conduction electrons, leading to a long-range spin in-
teraction. Usually, this interaction is supposed to be a long-range oscillatory
RKKY (Ruderman, Kittel, Kasuya, Yoshida) type, which is also observed in
pure rare-earth systems [5]. This model states that the interaction is mediated
by the s electrons of the conduction band. 1

Because of the highly localized character of the 4f magnetic moments, the
R-R interaction is about one order of magnitude weaker than the T-T and
R-T ones. For this reason the R-R interaction is usually neglected in the
study of R-T systems.

T-T interaction

The magnetic moment of a T atom originates from unpaired spins of the 3d
shell. The 3d electrons are at the edge of the atom and the interaction with the
neighboring charges is very large. The crystal �eld is therefore much stronger

1Alternatively, Campbell's model suppose the interaction to be mediated by the intra-
atomic R(4f)-R(5d) interaction and the hybridization of the 5d states within the conduction
band.
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than the the L − S interaction, the orbital moment L is quenched (partly or
completely) due to the strong crystal �eld and J is not longer a good quantum
number. More important, the 3d wave functions have a large spatial extent
and, thus, a strong overlap with those of neighboring atoms. Owing to this
overlap of the wave functions, the 3d electrons are not longer localized and
no longer accommodated into atomic energy levels. These energy levels have
broadened into energy bands whose width depends on the interatomic separa-
tion. As a consequence, the 3d electrons do not have a well de�ned quantum
spin S and their magnetic behaviour is best described by an itinerant band-
type model[6]. On the other hand, the width of the 3d band is small and
this implies that the 3d electrons are still rather strongly localized at the 3d
atoms [7]. To some extent, this justi�es the use of local moments in molecular
�eld approximations for describing the magnetic coupling between 3d moments
(T-T interaction).2

The interaction between the 3d electrons is the strongest exchange inter-
action in the R-T compounds.

R-T interaction

The R-T exchange interaction is larger than the R-R exchange but smaller, al-
though of the same order of magnitude, than the T-T one. Experimental data
indicate that for all the R-T intermetallics without exception, the coupling be-
tween the rare-earth and the transition metal moments is always ferrimagnetic
for heavy rare-earths (R with more than half-�lled 4f shell, J = L + S), and
ferromagnetic for compounds with light R element (with a less than half-�lled
4f shell, J = L− S) [1, 2, 3, 4].

In contrast to the R-R and T-T interactions, R-T interaction is not well
modelized by any theoretical model in the sense that no theoretical formalism
can quantitatively account for this interaction. The main reason is the di�culty
into treating the interaction between highly localized R(4f) and itinerant-like
T(3d) magnetic moments on an equal footing. Based on the universal coupling
scheme experimentally observed, Campbell proposed a phenomenological de-
scription for the R-T coupling in which the 5d spins of the rare-earth play a
critical role [8]. Due to the localized character of R(4f) moments, the R-T
exchange is thought to be an indirect interaction involving an intra-atomic
exchange between the R(4f) and R(5d) electrons, and an inter-atomic interac-
tion between the spin polarized R(5d) and the T(3d) electrons [9]. According
to Campbell's model the R(4f) spins are parallel coupled to the R(5d) spins,
while the coupling between the rare-earth spin and the transition metal spin

2Further explanation about the molecular �eld approximation is giver later on.
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is always antiparallel. If, in addition, we take into account the L − S cou-
pling of the R(4f) electrons and the quenching of the orbital moment of T(3d)
electrons, this coupling scheme leads to the experimentally observed magnetic
couplings, as illustrated in Figure 1.1.

MR
Light R

Heavy R

MFe

R(S4f) ↑↑ R(S5d) ↑↓ Fe(S3d) 

MR MFe

Ferromagnetic Coupling

Ferrimagnetic Coupling 

R(J4f) ↓ - R(L4f) ↓

R(J4f) ↑ - R(L4f) ↑

Figure 1.1: Schematic layout of the arrangement of the couplings that take place

between the di�erent magnetic moments in the R-T intermetallic compounds. See

details in the text.

Later, Yamada et al. and Brooks et al. proposed a simple approach, taking
into account the hybridization between 5d and 3d bands, to account for this
universal coupling picture. [10, 11, 12, 13, 14, 15, 16, 17]. However, the exact
nature of the R-T interaction is still unde�ned and no quantitative property can
be a priori formulated. As a matter of fact, estimates of the R-T interaction
are commonly derived from the experimental data by using a mean-�eld

two-sublattice model. Within this framework the system can be divided
into two magnetic sublattices: the R sublattice and the T sublattice. Then,
the magnetic behaviour of the system can be described by the three types of
interactions previously described: i) the R-R interaction between the magnetic
moments within the R sublattice, ii) the T-T interaction between the magnetic
moments of the T sublattice and iii) the R-T intersublattice interaction. This
model does not describe the nature of the interactions themselves, but it was
developed to provide a simple way to quantitatively deal with them. Therefore,
the interactions are described via the mean �elds experienced by the R, HR,
and T, HT , atoms:
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HR = H0 + nRRMR + nRTMT

HT = H0 + nRTMR + nTTMT , (1.2)

where H0 is the external applied magnetic �eld, MR and MT represent
the magnetization of the R and T sublattices, respectively, and nAB are the
macroscopic molecular �eld coe�cients. These coe�cients nAB are related to
the JAB ones 3 through:

nRR = 2ZRRJRR(gJ − 1)2/g2
Jµ

2
BNR, nTT = ZTTJTT /2µ2

BNT ,

nRT = ZRTJRT (gJ − 1)/gJµ
2
BNT , nTR = ZTRJTR(gJ − 1)/gJµ

2
BNR (1.3)

where ZRR, ZRT are the number of the R and T nearest neighbours of a R
atom, respectively, and ZTR and ZTT those of the R and T nearest neighbours
of a T atom. NR (NT ) are the number of R (T) atoms per formula unit
and gJ is the Landé factor. Jij parameters are more appropriate to compare
the intensity of the interactions. However, very often Jij cannot be directly
determined from experimental data, whereas this is possible for nij . It can be
shown that this approach leads to the following expression:

Tc =
1
2

(
TT + TR +

√
(TT − TR)2 + 4T 2

RT

)
(1.4)

where

TT = nTTCT , TR = nRRCR and TRT = nRT

√
CRCT

CR = NRg
2
JJ(J + 1)µ2

B/3kB and CT = NT g
2
TS(S + 1)µ2

B/3kB

Once the Curie temperatures have been experimentally determined, the
values of nTT , nRT and nTR are straightforwardly obtained from these expres-
sions. For a given R-Fe series, nTT is calculated from the value of TT , which
is usually obtained as the Curie temperature of the isostructural compound
with R = Y or Lu. nRR is determined from TR, whose value can be obtained
as the order temperature of the isostructural compound based on T = Ni. On
the other hand, it is also customary to neglect TR in the expression (1.4) since
it is one order of magnitude smaller than TT and TRT . This latter simpli�ca-
tion allows us to obtain the values of nRT from the expression (1.4) for all the
compounds through the R-T series:

3JAB are the coe�cients of the exchange interaction between spins. Notice that in Eq.1.1
the i and j subscripts are related to the i and j sites respectively. Within a mean-�eld
model, however, A and B subscripts are related to the type of atom, R or T, ignoring the
exact position in the lattice and distances between atoms.
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nRT =

√
Tc(Tc − TFe)√

CRCT
(1.5)

The value of nRT is found to decrease as the atomic number of the rare-earth
increases (from Pr to Tm). Additionally, in the case of light R, nRT is about
twice larger than for heavy R. According to Belorizky et al. this diminution
of nRT is related to the fact that the R(4f)-R(5d) interaction decreases as the
atomic number of R increases. In turn, this decrease is associated with the
spatial reduction of the R(4f) shell, which is about 10 times larger than the
spatial reduction of the 5d shell. [18]

1.2 X-ray absorption spectroscopy, XAS

1.2.1 XAS: basic principles

X-ray absorption spectroscopy is based on the interaction between electromag-
netic radiation and matter. Photons passing through matter will interact by
means of three di�erent kinds of processes: scattering, photoelectron absorp-
tion and pair production. In the X-ray energy region of our interest (actually
up to ∼ 100 keV) the photoabsorption is the dominating process.

The physical process of X-ray absorption is the excitation of electrons from
deep core levels of an atom by the absorption of an X-ray photon when the
photon has enough energy. The phenomenon is schematized in Fig. 1.2.
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Core state  Spectroscopic name  

1s  K  

2s, 2p  L1, L2,3  

3s, 3p, 3d  M1, M2,3, M4,5  

4s, 4p, 4d, 4f  N1, N2,3, N4,5, N6,7  
 
 

Figure 1.2: Scheme of the excitation of an electron by the absorption of a X-ray

photon. Each transition is characterized by the initial and �nal states of the excited

electron and is usually labeled by the spectroscopic name.

According to Fermi's Golden Rule the transition probability per unit of
time from a core state to a �nal state can be written as:
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W =
2π
}
| < f |Hint|i > |2ρf (}ω − Ec), (1.6)

where | < f |Hint|i > | is the matrix element of the electromagnetic �eld
operator, Hint, between the initial core-electron state |i > and the �nal valence
state |f >, ρf (E) is the density of empty states at the energy E above the
Fermi level and Ec is the core-electron binding energy. The evaluation of
this transition probability requires several approximations concerning both the
description of the initial and �nal states and the interaction operator.

In relation to the description of initial and �nal states, the simplest ap-
proach to the description of X-ray absorption spectra employs the single-
electron model as a starting point. In this picture, all the electrons of the
system remain passive during the absorption process except the photo-excited
core electron, which is excited to the unoccupied states of the system. This
picture allows an easy description of both the core initial states and the delo-
calized �nal states (bands, continuum states), as only the excited electron is
taken into account.

Regarding the interaction operator, when the energy of the incident photon
is within the X-ray region it is customary, and usually valid, to make the electric
dipolar approximation,4

| < i|Hint|f > | ∝ | < i|εr|f > | (1.7)

where ε is the polarization vector.

Since the electric dipole operator, εr, is odd and acts only on the radial part
of the electronic wave-function (the x-ray photon carries angular momentum
one and no spin), transitions can be made only between states which have
opposite parity and di�er in angular momentum by one: ∆l = ±1 and ∆s =
0, the dipole selection rules.

It is important to highlight that the use of X-rays to excite the electrons
along with the the dipole selection rules o�ers unique capabilities in comparison
with typical laser light (∼ 1-4 eV):

• X-rays are energetic enough to excite electrons from core shells. As
the inner-shell absorption occurs at characteristic energies (there is a

4This approximation is correct if the wavelength is larger than the atomic size. If λ ≈
1 , this approximation becomes invalid, except for r << 1 which is generally the case for
core electrons. In the soft X-ray range (λ ≥ 5 ) all the electrons can be treated in this
approximation. In the hard X-ray range (0.5 ≤ λ ≤ 5 ), this approximation remains only
valid if we consider interactions with very localized core electrons.
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clear energy separation between the di�erent core shells) this method is
element-selective.

• Moreover, by tuning the X-ray energy one can not only select the speci�c
elements in the sample but also select the di�erent shells within the same
atom, i.e., select the �nal-state symmetry. The core states are highly
localized with de�ned quantum numbers. Consequently, by tuning the
X-ray energy and due to the dipole selection rules it is possible to select
the character of the �nal states (p-, d-, f-like states). In the frame of the
single electron approximation and considering dipolar transitions only,
the selection rules mean that, for instance, an excited 1s core electron
can be only sent to a empty level with p symmetry. Hence, XAS spectra
contain intrinsically shell selective information.

1.2.2 XAS spectrum: structural and electronic information

As a result of this interaction between electromagnetic radiation and matter,
an incident beam passing through any sort of material, will be attenuated. The
expression relating the intensity of the incident beam, I0, and the intensity of
the beam after crossing a sample of thickness x, I, is the so-called Lambert
equation:

I = I0e
−µx (1.8)

where µ is the absorption coe�cient, which depends on the speci�c atom
and the density of the sample (the particular compound it is embedded). From
what we have seen in section 1.2.1 it can be easily deduced that the absorption
coe�cient, µ, is also dependent on the photon energy. Indeed, µ is smoothly
varying with photon energy except at some discrete energies where the abrupt
increases occur, called absorption edges. These jumps correspond to the elec-
tron having enough energy to excite from a core state to an empty state. This
is shown in Fig. 1.3, where an absorption spectrum is schematically illustrated.
In this example three di�erent absorption edges are observed: the electrons ex-
cited from the 2p3/2 level give rise to the Lu L3 edge. As one increases the
energy of the incident photons, the electrons from the 2p1/2 (Lu L2 edge) and
2s (Lu L1 edge) levels are also excited.

Depending on the energy of the incoming photons, the X-ray absorption
spectrum is divided into several regions: the pre-edge, the edge, the near-edge
(XANES) region, which extends to 30-100 beyond the edge, and the EXAFS
region, which extends from 30-100 eV to 600-1000 eV beyond the edge.

The physical origin of the absorption features in the pre-edge and edge
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Figure 1.3: XAS spectrum measured at the Lu L1, L2 and L3 edges in a sample of

LuFe11Ti.

regions depends on the material, i.e., Rydberg states in free atoms, bound
valence states or bound multiple scattering resonances in molecules, unoccu-
pied local electronic states in metals and insulators. Thus, analysis of these
edge features in the spectrum of a particular sample can provide information
about vacant orbitals, electronic con�guration and the site symmetry of the
absorbing atom.

For more energetic X-rays, the absorption will vary monotonically if iso-
lated atoms are considered (namely, in gas state). However, in condensed mat-
ter it has a complicated behavior which extends past the edge by an amount
typically of the order of 1 keV. The absorption coe�cient presents small oscil-
lations superimposed on the edge step that gradually die away as the X-ray
energy increases. The oscillations are known as EXAFS (Extended X-ray Ab-
sorption Fine Structure) and are due to the interaction of the photoelectron
with the surrounding atoms. The physical processes giving the XANES and
EXAFS structures in the X-ray absorption spectra can be understand as fol-
lows: the photon is completely absorbed and kicks out a core photoelectron
from the absorbing atom leaving behind a core hole. This photoelectron will
be ejected with an energy equal to energy of the incoming photon less its bind-
ing energy, when in the core, and will interact with the surrounding atoms.
Regarding the emitted photoelectron as a wave and the surrounding atoms as
point scatterers, a simple picture can be seen in which the backscattered waves
interfere with the forward wave to produce either peaks or troughs. This is an
interference e�ect on the �nal state. Since the transition probability is given
by a matrix element between the �nal and initial states and the absorption
coe�cient is related to the transition probability, this interference a�ects the
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absorption coe�cient which is the quantity that is measured in a XAS exper-
iment. The wavelength of the photoelectron is dependent on its energy and
thus the phase of the back scattered wave at the central atom will change with
the energy of the incoming photon. This leads to the oscillatory nature of the
interference e�ect with the X-rays energy. In addition, backscattering ampli-
tude and phase are dependent on the type of neighbouring atom doing the
backscattering and on the distance the neighbour atoms are from the central
atom. Therefore, from the analysis of the XANES and EXAFS regions infor-
mation regarding the coordination environment of the absorbing atom can be
obtained.[19]

1.3 X-ray magnetic circular dichroism XMCD

1.3.1 XMCD: basic principles

XMCD can be de�ned as the di�erence of the X-ray absorption coe�cient
µc = (µ−−µ+) for antiparallel, µ−, and parallel, µ+, orientation of the incident
photon helicity and sample magnetization.5

Thus, XMCD consists basically on recording XAS spectra under two par-
ticular conditions: i) the incident light is circular polarized and ii) the sample
under study has a net magnetization. Therefore, XMCD exhibits the same el-
ement and shell selectivity properties as the standard XAS, i.e. by tuning
the appropriate energy one can choose the electron (transition) to excite, i.e.,
the precise �nal state to explore.

In addition, when XAS is performed with polarized X-rays, some extra se-
lection rules have to be taken into account, thus extending the range of infor-
mation available from this technique. Right circularly polarized light (RCP)6

carries helicity, i.e. angular momentum along the direction of propagation, +1
(-1 for LCP). Therefore, within the electric dipolar approximation approach,
| < i|Hint|f > |∝ | < i|ε r|f > |, and taking into account conservation of
angular momentum, 7 absorption of RCP light gives rise to transitions with
∆mj= +1 (∆mj= -1 for LCP). That is, the dipole selection rules for RCP

5Some authors de�ne XMCD as the di�erence for antiparallel and parallel orientation of
the incident photon helicity and the direction of the majority spins. This de�nition needs
the knowledge of the relationship between ~M and ~S of the selected shell of the selected atom,
which is not evident in some cases.

6sign convention: In this thesis we are using the physics de�nition for right and left
polarization of the light: right corresponds to + } (positive helicity) and left corresponds to
-} (negative helicity) (In the optical de�nition the signs are just the opposite).

7We are considering the quanti�cation axis is parallel to the photon propagation direction.
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(LCP) light are:

∆j = 0,±1 ∆l = ±1 ∆s = 0 and ∆mj = +1 (∆mj = −1)

∆mj = ±1 is at the origin of XMCD. As we will see below this extra
selection rule allows us to scan the di�erence in the density of empty states
with di�erent spin moment supplying magnetic information of the material
under study.

One can qualitatively understand the basic principle of XMCD by using
the one-electron model along with the two-step approach formulated by G.
Schütz and coworkers[20, 21]. According to this model, in a �rst step, par-
tially spin-polarized core electrons are excited from an unpolarized initial core
state [22] by a circularly-polarized photon. Due to the conservation of angular
momentum in the absorption process, the angular momentum of the photon is
entirely transferred to the photoelectron. As there is no explicit spin depen-
dence, electronic spins remain unaltered unless they are coupled to the orbital
momenta by strong spin-orbit interaction. Thus, in the absence of a connec-
tion between the spin and orbital part of the electron angular momentum, both
LCP and RCP light will excite 50% electrons with spin-up and 50% with spin
down. However, when spin-orbit is present, the angular moment of the photon
can be partially transferred to the spin through the spin-orbit coupling. The
photoelectrons are therefore ejected with a spin polarization [23] (i.e. there is
an imbalance between spin-up and spin-down excited electrons). In the sec-
ond step the spin-polarized photoelectrons will probe, taking into account the
Pauli exclusion principle, the spin polarization of the �nal empty states. Con-
sequently, the XMCD spectrum re�ects the di�erence in the density of empty
states with di�erent spin moment. (The magnetic properties of the sample are
probed in the second step because the spin-split valence shell acts as a detec-
tor for the spin of the excited photoelectron). The transition probability is
proportional to both the electron polarization, Pe also called Fano parameter
[22, 24], and the spin-density di�erences ∆ρ = ρ ↑ - ρ ↓, ρ ↑ and ρ ↓ being the
majority- and minority-like �nal state densities, in the form:

µ−(E)− µ+(E)
µ−(E) + µ+(E)

= Pe
∆ρ
ρ

(1.9)

In order to understand more clearly this picture, we present below the
application of this model to the particular case of the T L2,3-edges XMCD
spectra (2p→ 3d transitions):

In a �rst step the core electrons are excited by a circularly-polarized photon
from the initial states L3 (2p3/2) and L2 (2p1/2) that can be characterized by
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the quantum numbers j and mj with j = l + s and j = l − s, respectively.
For the �nal 3d states we shall assume a Stoner model: there is not spin-orbit
splitting and the exchange interaction splits the band into a spin-up and spin-
down components. Therefore we will have �ve degenerate spin-up states with
density of states, DOS, ρ ↑ and �ve degenerate spin-down states with DOS
ρ ↓.

For evaluation of the matrix elements it is useful to express the dipole
operator in terms of spherical harmonics:

εr =

√
4π
3
Y 1

1 · r for RCP light (1.10)

εr =

√
4π
3
Y −1

1 · r for LCP light (1.11)

Since the dipole operator does not act on the spin-state, the matrix elements
can be written with regard to a |l,ml, s,ms〉 basis (the product of spherical
harmonics and a spin dependent function). According to the dipole selection
rules the transitions occur from 2p states |l,ml〉 into the 3d states with |l +
1,ml ± 1〉 and the possible matrix elements are obtained from:

√
4π
3
〈l + 1,ml ± 1|Y ±1

1 |l,ml〉R = −

√
(l ±ml + 2)(l ±ml + 1)

2(21 + 3)(2l + 1)
R (1.12)

where the radial part is given by:

R = 〈n′, l + 1|r|n, l〉 (1.13)

and can be assumed as constant for the considered transitions.

The angular part of the matrix elements

I±jm =
∣∣∣√4π

3
〈j′,m± 1|Y ±1

1 |j,m〉
∣∣∣2 (1.14)

is listed in Table 1.1 for the |jmj〉 sublevels with respect to the the spin and
circular polarization of the X-rays. It shows that at the L3 edge right circular
polarized light prefers excitation of spin-up electrons, while the situation is the
opposite at the L2 edge.

In the second step, taking into account the Pauli exclusion principle and
the di�erent DOS for spin-up, ρ ↑, and spin-down, ρ ↓, (in a material with
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j,mj ml, ms I+ I−
3
2 , +

3
2 |+ 1 ↑〉 (2

5)↑ ( 1
15)↑

3
2 , +

1
2

√
1
3 |+ 1 ↓〉 +

√
2
3 |0 ↑〉 ( 2

15)↓ + ( 2
15)↑ ( 1

45)↓ + ( 2
15)↑

3
2 , -

1
2

√
2
3 |0 ↓〉 +

√
1
3 | − 1 ↑〉 ( 2

15)↓ + ( 1
45)↑ ( 2

15)↓ + ( 2
15)↑

3
2 , -

3
2 | − 1 ↓〉 ( 1

15)↓ (2
5)↓

1
2 , +

1
2

√
2
3 |+ 1 ↓〉 -

√
1
3 |0 ↑〉 ( 4

15)↓ + ( 1
15)↑ ( 2

45)↓ + ( 1
15)↑

1
2 , -

1
2

√
1
3 |0 ↓〉 -

√
1
3 | − 1 ↑〉 ( 1

15)↓ + ( 2
45)↑ ( 1

15)↓ + ( 4
15)↑

Table 1.1: The angular part of the matrix elements for excitations from 2p core levels

|jmj〉 decomposed into |l = 1,ml, s = 1/2,ms〉 and catalogued with respect to spin

and circular polarization of light.

net magnetization) we obtain a di�erent transition probability, i.e., a di�erent
absorption for left and right circular polarized light as shown in Table 1.2.

I+ I− ∆I (∝ XMCD)
L2

1
3 ρ ↓ +

1
9 ρ ↑

1
9 ρ ↓ +

1
3 ρ ↑

2
9(ρ ↓ - ρ ↑)

L3
1
3 ρ ↓ +

5
9 ρ ↑

5
9 ρ ↓ +

1
3 ρ ↑

2
9(- ρ ↓ + ρ ↑)

Table 1.2: The X-ray absorption for RCP (LCP) light involves preferentially spin

up (spin down) electron on the 2p3/2 core level (L3 edge). The opposite situation is

observed for the 2p1/2 core level (L2 edge).

Thus, from this picture it is easy to see both, why the absorption is di�erent
for left and right circular polarized light and why the XMCD is related to the
magnetism of the band we are probing.

In the explanation given above we have used a band (Stoner) model to
describe the �nal 3d states. Alternatively, one can consider an atomic picture
with spin-orbit splitting in both initial and �nal states. In this case, dichroic
intensity can be obtained following the procedure described above if the de-
generacy of �nal states is assumed lifted and the di�erent mj �nal states have
di�erent occupation.[25]

The one-electron picture can be also used to explain the XMCD signal
at the K-edge of the transition metals. In these cases, however, due to the
spherical symmetry of the initial state (no spin-orbit coupling in the initial
state), a small spin-orbit coupling of the �nal p states is invoked to account
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for spin-dependent X-ray absorption.[22]. In addition, the XMCD signal at
the K-edge of the 3d transition metal element is much weaker than at the L2,3

edges since we are not probing the 3d band, responsible for magnetism in 3d
metals, but the extended 4p band. In fact, K-edge signals are typically of the
order of 10−3 (or less) in saturation conditions.

1.3.2 Magneto-optical sum rules

Magneto optical sum rules were derived within a localized picture i.e., single
ions in a crystal �eld with a partially �lled valence shell, by Thole, Carra and
coworkers.[26, 27] Later, these sum rules were reformulated within an indepen-
dent particle approximation.[28, 29] These sum rules are of great signi�cance
because they interrelate, under certain approximations, in a quantitative

manner the integrated XMCD of a speci�c shell to the ground state orbital
and spin magnetic moment. In this way, for an excitation of a photoelectron
from the core state j± = c ± 1/2 into the valence shell l = c ± 1 with n elec-
trons (where c and l are the orbital angular momenta of the core and valence
states, respectively), the orbital sum rule states that the integral over both
spin-orbit-splitted absorption edges j± is proportional to the orbital magnetic
moment µl = - 〈Lz〉:

∫
j++j−(µ− − µ+)dω∫

j++j−(µ− + µ+ + µ0)dω
= −1

2
l(l + 1) + 2− c(c+ 1)
l(l + 1)(4l + 2− n)

〈Lz〉 (1.15)

The spin sum rule yields that the spin moment µs = - 2〈Sz〉 is proportional
to the expresion:

∫
j+(µ− − µ+)dω − c(c+ 1)

∫
j−(µ− − µ+)dω∫

j++j−(µ+ + µ− + µ0)dω
= − l(l + 1)− 2− c(c+ 1)

3c(4l + 2− n)
〈Sz〉

− l(l + 1)[l(l + 1) + 2c(c+ 1) + 4]− 3(c− 1)2(c+ 2)2

6lc(l + 1)(4l + 2− n)
〈Tz〉 (1.16)

where 〈Tz〉 is the magnetic dipole operator that corresponds to the as-
phericity of the charge density of the l valence shell.

For the 2p→ nd transitions, ( L2,3, c = 1, l = 2) this yields to:

〈Lz〉 = −2×
∫
L3

(µ− − µ+)dE +
∫
L2

(µ− − µ+)dE∫
L3+L2

µ dE
× nh (1.17)
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2
3
〈Sz〉+

7
3
〈Tz〉 = −

∫
L3

(µ− − µ+)dE − 2
∫
L2

(µ− − µ+)dE∫
L3+L2

µ dE
× nh (1.18)

In the case of the 1s → np (K -edge, c = 0, l = 1) transition, the initial
state is not spin-orbit split. Therefore, only the orbital contribution can be
evaluated:

〈Lz〉 = −
∫
K(µ− − µ+) dE∫

K µ dE
× nh (1.19)

where nh is the number of holes states per atom, µ0 is 1
2(µ− + µ+), and µ

corresponds to the unpolarized cross-section and is approximated by 3
2(µ− +

µ+).

We have adopted the same convention for the sign of the circular dichroism
as in Ref.[26] i.e., with the quantization axis determined by the direction of
the Fe majority spins.

For the sake of clarity it should be noted that these sum rules have been
derived under several assumptions:

• The 2p→ ns dipole allowed transitions are ignored. The shallow s band
has a very small density of states and its contribution to the spectra can
be neglected.

• The sum rules are based on the assumption that transition between pure
electronic con�guration occurs. Apart from free atoms the initial and
�nal states cannot in principle be described by pure electronic con�gu-
rations but one would need to account for con�guration interactions.

• The radial matrix element is taken constant.

• There is an ambiguity in the choice of the integration range and the
de�nition of the number of holes.

• Another important assumption is that the two transition channels j± (i.e.
L2,3) do not interfere. In other words, the core hole must be denoted by
well de�ned quantum numbers jm. This assumption is only satis�ed
when the spin-orbit coupling in the core hole is large compared to other
interactions.

• In the case of the L2,3 edges 〈Tz〉 is usually neglected.
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It is important to bear in mind that all these approximations will a�ect to
the obtained values of the spin and orbital magnetic moments.

1.4 Mössbauer spectroscopy

Mössbauer spectroscopy, as XMCD, is an element-selective technique. In this
work the 57Fe Mössbauer spectroscopy will be used to obtain complementary
information about the Fe sublattice in R(Al1−xFex)2 series. In addition, the
site selectivity of the Mössbauer spectroscopy will allow us to obtain valuable
information about the in�uence of the number of nearest-neighbour Al atoms
on the magnetic moment of Fe.

1.4.1 Mössbauer e�ect

A radioactive nucleus in an excited state that decays to its ground state will
emit a γ ray, which, in turn, can be absorbed by another stable nucleus of
the same isotope. This process is known as resonant absorption of γ rays or
Mössbauer e�ect. Usually, when a γ photon is absorbed or emitted part of its
energy is lost as recoil energy due to linear moment conservation. Hence, the
resonant absorption cannot take place. However, when this atom is bonded
to other atoms (say, in a crystal) it is possible to achieve resonant absorption
provided that the recoil energy is smaller than the lower vibrational mode
(phonon) of the solid.

The probability of recoil-free events (and hence the strength of the signal)
is strongly dependent upon the γ ray energy. Consequently, the Mössbauer
e�ect is only detected in isotopes with very low lying excited states. Moreover,
the ease to observe Mössbauer e�ect in a particular isotope strongly depends
on the lifetime of the excited state which determine the linewidth (the energy
dispersion) of the emitted γ ray. These two factors strongly limit the number of
isotopes that can be successfully used for Mössbauer spectroscopy. One of the
most suitable nucleus and the most widely used one is 57Fe, which ful�ls both
requirements: a very low energy γ ray and long-lived excited state. In the case
of 57Fe spectroscopy, the usual source is radioactive 57Co, which undergoes a
spontaneous electron capture transition and decays to a metastable state of
57Fe. In turn, 57Fe decays to its fundamental state by emitting, among others,
the Mössbauer γ ray of 14.4 keV.
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1.4.2 Mössbauer spectroscopy: Hyper�ne interactions

In Fig. 1.4 the schematic layout used in Mössbauer spectroscopy is presented.
γ rays are emitted by a radioactive source and go over the specimen under
study, the absorber. The energy levels of a Mössbauer nucleus in a crystal are
slightly modi�ed due to interaction with its environment so that the energy
levels in the absorber will not be exactly the same as in the emitting atom. By
oscillating the γ ray source the energy of the γ ray beam can be modulated due
to �rst order Doppler shift. When the energy-modulated beam matches the
di�erence in energy between the ground and �rst excited state of the absorber,
the gamma rays are resonantly absorbed as is schematically shown in Fig. 1.4.
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Figure 1.4: Schematic layout of the Mössbauer experiment. The decay process under-

gone by the 57Co nucleus in the source and the transition giving rise to the Mössbauer

γ ray are also shown.

Therefore, the recorded Mössbauer spectrum, obtained by measuring the
absorption as a function of the energy of the incident gamma ray, gives informa-
tion about the position of the energy levels and so it informs indirectly about
the interactions between the nucleus and the electrons surrounding it. That
is, Mössbauer technique allows to use the nucleus as a probe of its electronic
environment. More precisely, the particular spectrum pro�le is determined
by the speci�c hyper�ne interactions: electric monopole interaction, electric
quadrupole interaction and magnetic dipole interaction. It is worth noticing
that these interactions are much weaker that those responsible of the nucleus
structure so that they can be handled as a perturbation. In what follows we
will brie�y describe these hyper�ne interactions and how they determine the
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Mössbauer spectra.

Electric monopole interaction - the nuclear isomer shift

The Coulomb interaction between the nuclear charge distribution and the s
electron charge density at the nucleus changes the energy of both ground and
excited states (relative to the energy in the isolated nucleus) without lifting
the degeneracy, as shown in Fig. 1.5 (a). As the volume of the nucleus is
dissimilar for ground and excited states, the electric monopole interaction will
be also di�erent for each state. Consequently, the energy variation will be
di�erent for ground and excited states. If, in addition, the electron densities
in the emitting and absorbing atoms are not equal, the energy jump between
ground and excited states will also be di�erent. This di�erence in the energies
of the ground and excited states is de�ned as the isomer shift,
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Figure 1.5: (top) E�ect of the isomer shift (a) and quadrupole splitting (b) in the

energy levels of a 57Fe nucleus. Green arrows represent the di�erent possible transition

between ground and excite states. (bottom) Mössbauer spectra produced by the

transitions in cases (a) and (b).

δ =
2
3
π[R2

e −R2
g][|ψ(0)|2A − |ψ(0)|2S ] (1.20)
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where Re and Rg are the average nuclear radius for excited and ground
state respectively (nuclear factor, R2

e - R2
g <0) and |ψ(0)|2A and |ψ(0)|2S are

the total density of s electrons in the absorber and source atoms (electronic
factor). The isomer shift depends on both nucleus and electron environment.
As the nuclear factor is constant for a given nucleus, the isomer shift is directly
linked to the electron environment. It has to be noticed that the electronic
density at the nucleus is mainly contributed by the s orbitals, which have a non
zero density (probability) at the nucleus. The �no− s� orbitals do not directly
a�ect the isomer shift as they have zero probability of being at the nucleus.
However, they can partially shield the s electrons and hence e�ectively change
the s electron density at the nucleus.

The shift produced by the electric monopole interaction can be calculated
by �tting the experimental Mössbauer spectra, yielding information about the
electron densities around the absorber. This provides a way of distinguishing
between, for example, di�erent ion charge states.

In general, more than a single absorption line will be present in the spec-
trum due to other interactions a�ecting the energy scheme. The isomer shift
will always indicate the center of gravity of the spectrum. It is important to
notice that the isomer shift is not an absolute value, but give us the di�erence
in the energy jump between source and absorber. Therefore, its value for a
given absorber is given in relation to a reference value, typically the α-Fe at
room temperature, which de�nes both the zero energy and the velocity scale.

One more e�ect to take into account is the thermal vibrations in the nu-
cleus, which can also change the energy of the γ ray due to relativistic second
order Doppler e�ect. This makes δ to linearly decrease with temperature (with
a slope of 4×10−4 - 6×10−4 mm/sK in the case of R-T intermetallics.[30])

Electric quadrupole interaction - The nuclear quadrupole splitting

If the nucleus under investigation does not have a spherically symmetric charge
distribution, i.e. if I > 1/2, the nucleus will possess a nuclear quadrupole
moment, Q, given by:

Q =
∫

V
ρ(r)r3(cos2θ − 1)dτ (1.21)

where ρ(r) is the charge density in a volume element dτ at a distance r
from the center of the nucleus and making an angle θ to the nuclear spin
quantization axis.

If, in addition, the electric charges around the nucleus have an asymmetric
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distribution, they produce an Electronic Field Gradient (EFG) at the nucleus
that will interact with the nuclear quadrupole moment giving rise to a splitting,
∆EQ, of the nuclear energy levels (see 1.5 b). In an electrostatic potential, V,
the EFG is de�ned as: Vij = ∂2V/∂xixj (xi, xj = x, y, z). The principal
component of the diagonalized EFG tensor (usually called Vzz) is de�ned as
the direction for which Vij is maximum and the EFG asymmetric parameter
is de�ned as η = (Vxx-Vyy)/Vzz. The interaction between Q and the EFG can
be described by the following hamiltonian: [31]

Hquadrup =
eQ

2I(2I − 1)
[VzzI

2
z + VxxI

2
x + VyyI

2
y ] =

eQVzz

4I(2I − 1)
[3I2

z − I(I + 1) + η(I2
x − I2

y )] (1.22)

where e is the electron charge and I is the nuclear spin quantum number.
If the EFG possesses axial symmetry, (Vxx = Vyy ⇒ η = 0), this expression
converts into:

Hquadrup =
eQVzz

4I(2I − 1)
[3I2

z − I(I + 1)] (1.23)

And the energy levels will be given by:

EQ =
eQVzz

4I(2I − 1)
[3m2

I − I(I + 1)] (1.24)

where I and mI are the nuclear spin and nuclear magnetic quantum number,
respectively.

Therefore, the quadupolar interaction splits the nuclear energy levels giving
rise to the energy level scheme shown in Figure 1.5.(b). In this case, the
Mössbauer spectrum is a symmetric doublet, with an energy di�erence between
the lines, ∆EQ:

∆EQ = (1/2)eQVzz, (1.25)

The quadrupolar splitting measures the asymmetry of the electron charge
distribution around the Fe nucleus. If the lattice has a cubic symmetry, as in
α-Fe, the shift will be zero. The more asymmetric the charge distribution, the
largest the quadrupole shift.
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Magnetic dipole interaction - Magnetic Splitting

When a magnetic �eld B is present on the sample, a new interaction has to
be taken into account to describe the Mössbauer spectra: the nuclear Zeeman
interaction between the nuclear magnetic dipole moment and the magnetic
�eld. The Hamiltonian describing this interaction is given by:

Hdipmag = −µ.B = −gµNI.B (1.26)

where µ is the nuclear magnetic moment, g is the gyromagnetic ratio and
µN is the nuclear Bohr magneton. The �eld experienced by the system, B, is a
combination of the applied, B0, and the hyper�ne, Bhf , �elds. Hyper�ne �eld
is due to the interactions between nuclear and atomic spins:

B = B0 +Bhf = B0 +Bc +Bdip +Borb, (1.27)

where Bc is the so-called Fermi contact term, which accounts for the inter-
action of the nucleus with an imbalance in the s-electron spin density at the
nucleus. As only s electrons may have non zero density at the nucleus, Bc is
originated either from non-full s shells in the atom or from the spin polariza-
tion of the valence and core s states due to exchange interaction with other
unpair (3d) electrons.[31, 32]

The second term, Bdip, corresponds to the dipolar �eld induced by the
atomic spin moment and the last term, Borb, is the magnetic �eld that stems
from the orbital movement of electrons in the non-full shell[31, 32].

Therefore, there are three main components to the hyper�ne �eld, Bhf .
Among them, Bc is isotropic, while Bdip and Borb are anisotropic, i.e., will
depend on the direction of the magnetization. [33, 32, 34]. These two contri-
bution are usually much smaller than Bc and so they are typically neglected.
For the sake of simplicity, in the following we will write: Banis = Borb + Bdip.
The hyper�ne magnetic �eld is one of the most important magnitudes obtained
from Mössbauer spectroscopy. As we will see in the following section, it can
provide site selective information about the magnetic moment of Fe.

The interaction between the nuclear magnetic moment and any magnetic
�eld raises the degeneracy of nuclear states with quantum number I > 0 to
2I+1. For example, the 57Fe ground state I=1/2 splits into two energy levels,
and the excited state I=3/2 splits into four energy levels as shown in Fig. 1.6
. The corresponding nuclear energies are given by:

EmI = −gIµNmIB (1.28)
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where gI=1/2 = gg = 0.1806 and gI=3/2 = ge = -0.1033 are the gyromagnetic
ratio for ground and excited state respectively.

Nucleus in the source Nucleus in the absorber
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Figure 1.6: (a) Combined e�ect of the electric monopole and the magnetic dipole

interactions into the the energy levels of a 57Fe nucleus. (b) Combined e�ect of the

electric monopole, the electric quadrupole and the magnetic dipole interactions into

the the energy levels of a 57Fe nucleus. Green arrows represent the di�erent possible

transition between ground and excite states.

The magnetic dipole selection rule, ∆mI=0, ±1 yields six possible transi-
tions as shown in Figure 1.6 . The energy di�erence between the more external
absorption lines is directly proportional to the magnetic �eld experienced by
the nucleus and so Mössbauer spectroscopy provides a way of measuring it.

The intensity of the absorption lines in the spectrum are determined by the
transition probability between the nuclear states. In the particular case of Fe,
the relative size of the lines (l1 : l2 : l3 : l4 : l5 : l6) is given by the following
formula:

3 :
4sen2α

1 + cos2α
: 1 : 1 :

4sen2α

1 + cos2α
: 3, (1.29)
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The angle α being the angle between the gamma ray beam and the axis of
quantization of the nuclear spins. In the case of a powdered sample without
preferred orientation, and with zero net magnetization, the directions of Bhf

are randomly oriented and the relative intensity of lines 2 and 5 becomes 2.

The relation between the measured intensities can vary due to the �nite size
of the grains. In addition, when there is a preferred orientation in the sample
or and external magnetic �eld is applied, this relation gives information about
the relative orientation between the magnetic moment in the nucleus and the
propagation direction of γ rays.

Combined Magnetic and Quadrupole Hyper�ne Interactions.

Typically, the analysis of Mössbauer spectra requires to take into account the
three interactions described above. Both electric quadrupole and magnetic
dipole interactions lift the degeneracy of the nuclear energy levels so that it is
very important to correctly combine the e�ect of these two interactions.

When the EFG tensor has axial symmetry and its principal axis, Vzz, de-
viates an angle θ from the quantum magnetic axis, a simple solution can be
found if eQVzz � µB. In this case, the quadrupolar term can be considered as
a perturbation to the magnetic interaction and the energy corresponding to a
state (I, mI) turns out:

EmI = −gIµNmIBhf + (−1)|mI |+1/2 eQVzz

4

(
3cos2θ − 1 + ηsin2θcos2φ

2

)
= −gIµNmIBhf + (−1)|mI |+1/2ε (1.30)

The quadrupole shift, ε, is de�ned as the absolute value of the energy shift
of the nuclear excited levels when the quadrupole interaction is treated as a
�rst-order perturbation to the magnetic interaction (see Fig. 1.6 (b)):[31, 35]

ε =
eQVzz

4
(
3cos2θ − 1 + ηsin2θcos2φ

2
) (1.31)

where e is the electron charge, Q the iron nuclear quadrupole moment, Vzz the
principal component of the EFG, η the asymmetry parameter, and θ and φ

the polar and azimutal angles of the hyper�ne �eld direction (magnetic axis)
with respect to the principal axis, Vzz, of the EFG tensor. In an axial system
where Vxx = Vyy the asymmetry parameter, η, of the EFG tensor is zero.

The energy level scheme is illustrated in Fig. 1.6(b). As a result of the
quadrupolar interaction, the energy separation between two, (I, mI) and (I,
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mI + 1/2), levels will not be a constant anymore and the absorption lines of
the corresponding spectrum will not be equally spaced as shown in the �gure.
The energy shift due to the quadrular interaction, ε parameter, can be easily
obtained from the spectrum �t and will give information about the quadrupolar
interaction. The angular dependence of the quadrupole shift can be also used
to obtain information about the orientation of the spins in the absorber.

Bearing in mind the energy level scheme presented in Fig. 1.6(b) it is quite
easy to work out the energy of the allowed transitions between the nuclear
states:

E1 = (E0 + δ) + (−3
2
|ge| −

1
2
|gg|)µNBef + ε (1.32)

E2 = (E0 + δ) + (−1
2
|ge| −

1
2
|gg|)µNBef − ε (1.33)

E3 = (E0 + δ) + (
1
2
|ge| −

1
2
|gg|)µNBef − ε (1.34)

E4 = (E0 + δ) + (−1
2
|ge|+

1
2
|gg|)µNBef − ε (1.35)

E5 = (E0 + δ) + (
1
2
|ge|+

1
2
|gg|)µNBef − ε (1.36)

E6 = (E0 + δ) + (
3
2
|ge|+

1
2
|gg|)µNBef + ε (1.37)

where gI=1/2 = gg = 0.1806 and gI=3/2 = ge = -0.1033 are the gyromagnetic
ratio for ground and excited state respectively. Each energy corresponds to
one of the six lines in the Mössbauer spectrum depicted in Fig. 1.6. Typically,
Mössbauer spectrum is not recorded as a function of energy but velocity. The
conversion factors for magnetic �eld and energy are: CB = 3.1079 T.s/mm y
CE = 4.8067×10−8 eV.s/mm.

Finally, it is worth noticing that if there is not hyper�ne magnetic inter-
action, the Fe atom contributes only with two absorption lines (two allowed
possible transitions) of equal intensity to the Mössbauer spectrum. In addition,
in a general case, there are di�erent environments for the Fe atom in a given
compound. These Fe atoms will undergo di�erent interactions and, therefore,
their contribution to the total Mössbauer spectra will be also di�erent. The
Mössbauer analysis, i.e., the determination of the hyper�ne parameters de-
scribed above, Bhf , ε and δ, is based on the adjustment of the experimental
spectrum to an addition of sextets by means of a least-squares �t programme.
Each sextet will we characterized by a maximum of 7 parameters: the three
hyper�ne parameters (δ , Bhf and ε), the linewidth (Γ), and the intensities
of the six absorption lines (modelized with Lorentzians). Due to the relation
between the intensities of the six lines, only three parameters are necessary:
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the total intensity and the I2/I1 and I3/I1 relative intensities.

1.4.3 Local model for the magnetic hyper�ne �eld.

The main aim of the Mössbauer experiments in the R(Al1−xFex)2 compounds
is to obtain information about the modi�cation of the Fe magnetic moment,
µFe, with Al substitution. This information can be obtained from the analysis
of the hyper�ne �elds if one knows the relationship between Bhf and µFe. In
the previous section we have presented just a brief description of Bhf . Here, we
present a simple local model for Bhf in R - Fe intermetallic compounds, which
o�er us an accurate description of the relationship between Bhf and µFe.

The most common expression for the hyper�ne magnetic �eld experienced
by the nucleus of an iron atom is:[31, 32]

Bhf (k) = Bc(k) +Borb(k) +Bdip(k) =

Bcp(k) +B4s(k) +Bt(k) +Borb(k) +Bdip(k) (1.38)

where k represents the di�erent crystallographic iron sites.

The Fermi contact �eld, Bc, is isotropic and for transition metals is usually
the main contribution to the total hyper�ne �eld.[31, 32] It is usually divided
into three terms. The core polarization term, Bcp, represents the contribution
from the spin density of the 1s, 2s and 3s core electrons polarized by the 3d
electrons of the parent atom. In a local model, this term can be written as Bcp

(k) = αµFe(k),[36, 37, 38, 39, 40, 41] where µFe(k) is the iron local magnetic
moment at the k site, and α is the �eld at the nucleus produced by a 3d local
iron moment of one µB. The 4s electrons, much more delocalized than the
core electrons, can be polarized by the on-site 3d magnetic moment and by the
magnetic moments of the atoms in the �rst neighbor shell. The contribution
coming from the 4s spin density polarized by the 3d electrons of the atom itself
is the term B4s, which is usually modeled as B4s(k) = βµFe(k),[38, 39] where β
mainly depends on the number of 4s spins contributing to the polarization and
the intensity of the 4s-3d intratomic exchange interaction.[36, 37, 38, 39, 40, 41]
The �eld due to the 4s spin density polarized by the magnetic moments of the
atoms in the �rst neighbor shell is the transferred hyper�ne �eld, Bt(k). This
�eld possesses contributions from both nearest-neighbors, nn, the iron and the
rare earth atoms:

Bt(k) = BtFe(k) +BtR(k). (1.39)

where the iron sublattice transferred �eld, BtFe, can be taken as:
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BtFe(k) =
∑

l

ζFe(l, k)µFe(l) (1.40)

BtFe will depend on the magnetic moment of the iron atoms in the �rst
neighbor shell, µFe(l). A proportionality factor, ζFe(l, k), di�erent for each
crystallographic site, should be included. This parameter depends on the num-
ber of 4s spins contributing to the polarization, the intensity of the inter-atomic
exchange interactions 3d-4s, and also on the particular magnetic and crystallo-
graphic environment of the involved atom.[39, 40, 41] In a mean �eld approxi-
mation, the iron sublattice transferred �eld, BtFe, can be taken as proportional
to the average magnetic moment of the iron atoms in the �rst neighbor shell,
〈µFe〉1nn(k).[38, 39, 40, 41] Consequently, this term can be written as:

BtFe(k) = ζFe(k)ZFe(k)〈µFe〉1nn(k), (1.41)

where ZFe(k) is the number of nearest neighbours (nn) iron atoms.

The rare earth transferred �eld, BtR, stems from the polarization of the
iron 4s spin density by the R magnetic moments. On the one hand, it has been
proposed that this term could be due to direct polarization of the conduction
band, via the RKKY mechanism.[40] However, in a recent study it has been
shown that, in R-Fe intermetallics, the BtR term is mainly due to the Campbell
mechanism, rather than by the RKKYmechanism.[41] According to this model,
BtR should be in the form:

BtR(k) = ζR(k)ñRFeZR(k)γRµR = ζ̃R(k)ZR(k)γRµR, (1.42)

where ζR(k) is a proportionality factor which depends on the number of 4s
spins contributing to the polarization and, also, on the particular magnetic and
crystallographic environment of the probe atom, ñRFe is the R-Fe exchange
coe�cient, i.e. the coe�cient re�ecting the interaction between R and Fe spin
magnetic moments, ZR(k) is the number of rare earth nn, γR is 2(gJ -1)/gJ

and µR is the rare earth magnetic moment.

The remaining terms are the anisotropic contributions to the hyper�ne
�eld. The term Bdip is due to the dipolar interaction of the nuclear spin with
the magnetic moments. It is usually described as:[31, 32]

Bdip = −2µB〈3r(S.r)r−5 − Sr−3〉 (1.43)

for axial symmetry systems, it turns out:
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Bdip = −2µB < S >< r−3 >< 3cos2θ − 1 > (1.44)

where θ is the angle between the magnetic axis and the principal axis of the
EFG tensor.

Borb is the magnetic �eld at the nucleus caused by the orbital motion of
the unpaired electrons:[31, 32]

Borb = −2µB < r−3 >< L > (1.45)

In the case of transition metals this component is small due to the crystal
�eld producing an almost zero orbital angular moment. The small orbital
angular moment is due to the spin-orbit interaccion giving a component <L>
= (g − 2)<S>, turning out a Borb term:

Borb = −2µB < r−3 > (g − 2) < S > (1.46)

where g is the Landé electronic factor.

Both terms, Borb andBdip, are much smaller than the isotropic contribution,[40,
36, 37, 42] and they are usually neglected. Grouping the anisotropic contribu-
tions in a single contribution, Banis, the �nal expression for the hyper�ne �eld
at a given iron site, k, is:

Bhf (k) = αµFe(k) + βµFe(k) +
∑

l

ζFe(l, k)µFe(l)

+ ζ̃R(k)ZR(k)γRµR +Banis(k)

= αµFe(k) + βµFe(k) + ζFe(k)ZFe(k)〈µFe〉1nn(k)

+ ζ̃R(k)ZR(k)γRµR +Banis(k) (1.47)





Chapter 2

XMCD in R-T intermetallics

2.1 Background

As we have seen in section 1.1, the intrinsic magnetic properties of R-T mate-
rials are determined by the exchange interaction between the R(4f) and Fe(3d)
electrons. This interaction takes place through the 5d states of the rare-earth
[8]. Consequently, the study of the R(5d) states is of great signi�cance to the
search of new advanced magnetic materials within the R-Fe series. Indeed, the
detailed knowledge of the mechanism which couples the magnetic properties
of both R and Fe atoms depends on the complete magnetic characterization
of these R(5d) states. As a consequence, many e�orts have been done for a
long time, from both theoretical and experimental points of view, focused to
get the magnetic description of the R(5d) states. However, as the magnetic
response of the R(5d) states is hidden to macroscopic magnetic probes by the
presence of the 4f electrons, its magnetic characterization is still unattained.

Being this task rather slippery to standard macroscopic tools, the appli-
cation of X-ray absorption spectroscopy to address magnetic aspects in the
electronic structure and magnetism of condensed matter on the microscopic
level entailed an important advance in the �eld. Specially, X-ray magnetic
circular dichroism (XMCD) technique has involved great interest in the last
years because of its capability to study the magnetic properties of materials
from the atomic level.

The main characteristic of XMCD resides in its element and shell selectivity
that combined with the so called sum-rules[26, 27], makes it an unique element-
selective magnetic probe. In this way, by tuning the L2,3- edges of the rare

earth (2p → 5d electric dipole transitions) one can obtain, in principle,
the magnetic description of the R(5d) states. Therefore, XMCD early evoked
a far-reaching interest in the �eld of R-T intermetallics as a promising tool to
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(�nally) characterize the magnetism of the 5d states of the rare-earths. Thus,
numerous XMCD experiments have been performed at the L2,3-edges of the
rare-earth in several R-Fe compounds aimed to provide direct information on
the magnetism of the rare-earth 5d states [43, 44, 45, 46, 47, 48, 49, 50, 51, 52,
53, 54].

However, while XMCD has demonstrated its feasibility at the transition
metal L2,3- edges in a wide variety of systems, the possibility of disentangling
the magnetic contribution of the 5d and 4f states by means of XMCD through
an adequate choice of the absorption edge has not been ful�lled yet. This
shortage is due to the di�cult interpretation of the XMCD spectra recorded
at the R L2,3- edges, which is still a matter of controversy. Thus, it is found that
while XMCD data can be satisfactorily accounted for cases in which the �nal
states are localized (T(3d), R(4f)) by using an atomic approach, the mechanism
governing the XMCD for cases in which the �nal state is delocalized (Fe(4p),
R(5d)) is still unclear. In addition, it has been shown that the approximations
used for the sum-rules derivation are not valid in the case of the rare-earth
L2,3-edge spectra [55].

2.1.1 Interpretation of the L2,3-edge XMCD spectra of the
rare-earths: a brief review of the available models.

The two-step model formulated by G. Schütz and coworkers [20, 21], was suc-
cessfully applied to the L2,3-edges of 5d ( Os, Ir, Pt and Au) impurities in iron
[21, 56]. However, the same does not hold for the L2,3-edges XMCD spectra
of the rare-earths. Indeed, the analysis of the XMCD signals of Gd and Tb
metal according to the Schütz's model yields that there is a large density of
unoccupied spin-up states at and above the Fermi energy. Consequently, the
derived 5d spin would be antiparallel to the 4f spin, which is in contradiction
with the current knowledge, both experimental and theoretical, of the coupling
between the 4f and 5d spin moments in the Lanthanides[8, 11].

This contradiction was explained by Wang et al.[55] by taking into account
the previously neglected spin-dependence of the radial part of the matrix el-
ements. These calculations show that there are more unoccupied spin-down
states above the Fermi level. However, despite there are fewer spin-up states
above the Fermi level, the matrix elements for transitions to spin-up bands are
larger and cause the spectra to be dominated by spin-up transitions. The rea-
son for this signi�cant spin dependence of the matrix elements can be found in
the radial part of the wave functions for the 5d conduction electrons [57]. The
spin-up 5d radial functions are �pulled-in� relative to the spin down functions
because their stronger exchange interaction with the localized 4f orbitals. This
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�pulling in� causes the 5d radial functions to have a signi�cantly larger ampli-
tude in the region of the 2p radial function. This correction can be �ad-hoc�
added to the expression (1.9) in the form:

µ−(E)− µ+(E)
µ−(E) + µ+(E)

= Pe
(M∆ρ+ ρ∆M)

Mρ
(2.1)

where ∆ M = M↑ - M↓, is the di�erence between the spin-dependent radial
part of the transition matrix elements [58].

In addition to this problem, the understanding of the L2,3 spectra is further
complicated since the addition of quadrupolar 2p→4f transitions (E2) to the
dipolar main 2p→5d transitions (E1) is not negligible [59]. E2 transitions have
been experimentally identi�ed in the XMCD spectra at both L3 [45, 46, 47, 48]
and L2 [52] absorption edges, being in agreement with resonant inelastic x-ray
scattering (RIXS) experiments [60, 61, 62].

The combination of both the spin dependence of the radial part of the
matrix elements and the presence of quadrupolar transitions modify both the
sign and magnitude of the XMCD signals. This prevents the determination of
the 5d magnetic moments by the simple application of the sum-rules.

Moreover, there is as further major problem into the understanding of the
XMCD at the L2,3-edges of the Lanthanides as it is the observed nonstatistical
XMCD branching ratio, i.e. a nonstatistical L3/L2 ratio. According to the
model of Schütz, the ratio of the XMCD at the L2- and the L3- edges would
correspond to the statistical one and thus to the ratio between the Fano factors
at both edges, being -2 according to calculations [24]. This stems from the
fact that the model does not consider orbital polarization of the 5d states
and, consequently, there is no di�erence in the transition probability towards
both 5d3/2 and 5d5/2 sub-bands other than the di�erent (statistical) number
of allowed transitions. Similar result was obtained by Brouder and Hikam by
using a multiple scattering approach [63]:

µ−(E)− µ+(E)
µ−(E) + µ+(E)

|L2 ' −2(
µ−(E)− µ+(E)
µ−(E) + µ+(E)

)|L3 (2.2)

However, the experimentally observed XMCD branching ratios are far from
the statistical value [64, 65] if the rare-earth shows un�lled and localized 4f
states (La, Ce, Yb and Lu are the exceptions), which indicates the presence of
an orbital momentum in the probed band. However, this interpretation is not
free of controversy. Indeed, di�erent models have been proposed for account
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for such e�ects in order to get the whole understanding of the XMCD at the
L2,3 spectra of the rare-earths.

In this way, Jo and Imada early pointed the need of including the full 5d-4f
exchange interaction [66] to account for the rare-earths L2,3 XMCD. Then, by
inclusion of not only the spin-spin interactions but also the strong orbital po-
larization due to the exchange interaction with the 4f shell, the variation of the
branching ratio is well reproduced. However, the sign of the calculated L2- and
the L3- XMCD signals is the opposite to the experimentally observed. Poste-
riorly, this model was improved by Harada's group [67, 68], by considering the
enhancement of the transition dipole matrix elements due to the contraction
of the radial part of the 5d orbit occurring in an incomplete 4f shell system. In
this way, the sign and the intensity of the XMCD signals are well accounted as
well as the variation of the branching ratio through the rare-earth series. One
common point of both Jo and Harada's models is that the 5d band is partly
occupied (5d1) in the ground state.

By contrast, van Veenedal et al. [69] propose that the L2,3-XMCD of the
rare-earths can be accounted in terms of a 5d0 con�guration in the ground
state. In brief, this means that the 5d states are non magnetic and do not
carry magnetic (either spin or orbital) moment. The resulting non-zero XMCD
signals would be due to the contraction of the 5d radial wave function by the
complete exchange 4f-5d interaction. A characteristic result of this model is
that the XMCD signals have a dispersive-like shape in insulating materials and,
in the case of metals, they are transformed into one peak due to the breathing
e�ect of 5d orbitals.

Thus, we stand in front of a debate of great importance regarding the
magnetism of the 5d states. According van Veenedal et al. the dominant e�ect
is the interaction of the photoelectron with the open 4f shell being the presence
of a 5d electron in the ground state not important. On the contrary, Harada's
model suggests that the intensity of the XMCD is dominated also by the Pauli
exclusion e�ect due to the inclusion of the 5d electron in the ground state.
In this way, by contrast to the van Veenedal's model in which the XMCD
lineshape is always dispersion like, the Pauli exclusion e�ect introduces not
only a variety of intensity diagrams for the entire series of rare-earth elements
but also a variety of spectral shapes, specially if one considers that the 5d
occupation number changes for di�erent environments around the rare-earth
in solids.

Recently, the performance of the di�erent available models has been care-
fully examined by Giorgetti et al. [54]. They show that the fact that XMCD
spectra are more derivative-like when they are small cannot be predicted by
the theory of van Veenendaal et al., whereas it is explained by the presence of
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the 5d electron in the initial state by Harada's. For the metallic spectra, for
which the van Veenedal's model is devoted, the spectra cannot be reproduced
either at the L3 or at the L2 edges. Indeed, it should be noted that the van
Veenedal's model was tentatively validated with the measurements on ionic
systems reported by Neuman et al. [70]. However, while the L2-XMCD dis-
plays a derivative shape in agreement with the model, the L3-XMCD is found
to deviate, having a more complicated shape. The authors invoked CEF e�ects
to justify the worse agreement at the L3 edge as compared to the L2-edge. This
argumentation can be maybe held for ionic compounds but not for the metallic
ones. As shown by Giorgetti et al., this is one of the major drawbacks of the
van Veenedal's model.

Finally, the Harada's model has been further developed aimed to provide a
proper description of the XMCD at the L2,3-edges of the rare-earths in the case
of R-Fe intermetallics. Recent theoretical works suggest the need of including
the hybridization between the R(5d) and Fe(3d) bands to account for the R-
L2,3 XMCD [71, 72] in such a class of materials. However, the way in which
these models incorporate the role of the 3d-5d hybridization (ad-hoc like) is
not free of controversy and, consequently, further work is still needed to get
the complete understanding of the L2,3-XMCD in R-T intermetallic materials.

2.1.2 T K-edge XMCD spectra: an alternative approach to the
magnetic characterization of the R-T conduction band

Trying to overcome the limitation derived from the unclear interpretation of
the R L2,3-edges XMCD spectra, alternative edges have been chosen to get a
deeper insight into the characterization of the conduction band in R-T inter-
metallic compounds. To this respect, special attention has been paid to the Fe
K-edge. X-ray absorption at the K edge of 3d transition metals involves elec-
tronic transitions from 1s to 4p �nal states. As in the case of the R L2,3-edges,
the exact nature of the features at the T K-edge XMCD is not completely
understood. Thus, di�erent theories have been proposed to interpret the re-
sults. Igarashi and Hirai[73, 74] suggest that the XMCD signal is generated by
the 3d orbital moment on the neighboring sites through the p-d hybridization,
while Guo[75, 76, 77] indicates that the K edge XMCD spectrum probes the
p-projected orbital magnetization density of unoccupied states.

In relation to the interpretation of T K-edge XMCD, a further matter to
be considered is related to the determination of the ferromagnetic character
of the sample in terms of the speci�c pro�le of the XMCD spectrum. Thus,
the XMCD spectrum of pure Fe, a weak ferromagnetic system for which nei-
ther majority nor minority spin bands are full, exhibits both a positive and a
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negative peak, while Co and Ni, strong ferromagnets for which majority-spin
band is full, present only a negative peak. It is commonly accepted that the
positive peak is related with the density of unoccupied spin-up d states close
to the Fermi level, while the negative peak observed at higher energies is re-
lated to the density of unoccupied spin-down d states. [78, 79] In the light of
the comparison between Fe and Co spectra, Fdez-Gubieda et al. proposed a
method to distinguish the ferromagnetic character (weak vs. strong) of Fe [80]
by taking advantage of the distinct features in the recorded spectra.

Despite the relationship between the Fe K-edge XMCD spectra and the
local magnetic moments is not well de�ned, [73, 74, 75, 76, 77, 81, 82, 83] in
recent works, Chaboy et al. have explored the feasibility o�ered by the study
of the Fe K-edge XMCD in R-T intermetallic compounds to characterize the
rare-earth conduction band [84, 85, 86]. Their results indicated that there is
a rare-earth contribution to the Fe K-edge XMCD and that this contribution
re�ects the magnetic state of the R atoms. So, these �ndings led to an alterna-
tive approach of characterizing the R(5d) states. However, by the beginning of
this thesis they were limited to the systematic study of the R2Fe14B series and
their hydride derivatives. Hence, it is necessary to extend previous research
to di�erent R-Fe intermetallic series to establish if the observed behavior con-
stitutes a general characteristic of the Fe K-edge XMCD in R-Fe intermetallic
compounds.

2.2 Scope of this thesis

The above presented scenario reveals the need of an exhaustive study of the
XMCD signals at both T K-edge and R L2,3 edges in order to attain the
complete understating of these signals, that will lead to the R(5d) magnetic
characterization.

Both, the experimental results obtained at the Fe K edge for the R2Fe14B
series and the last theoretical models to account for the R L2,3 XMCD spectra,
point out the role of the Fe(3d)-R(5d) hybridization into determining these
XMCD signals in R-T intermetallic compounds.

Within this framework we have planned a systematic XMCD study at both
T K edge and R L2,3 edges for several R-T systems. For each R-T series, we
present a systematic study regarding the modi�cation of the XMCD spec-
tra with di�erent parameters such us temperature, speci�c transition metal
or rare-earth element, R:T ratio, etc. The study of the modi�cation of the
dichroic signals as a function of the di�erent parameters is expected to provide
essential information about the magnetic description of the conduction band



2.2. Scope of this thesis 39

and the understanding of the role of the R(5d)-T(3d) hybridization in the mag-
netic behavior of the R-T intermetallic compounds. More in particular, our
speci�c purpose is to determine if there is any spectral feature at the T K-edge
XMCD spectrum that can be undoubtedly addressed to the magnetic moment
of the rare-earth and vice versa, i.e., if the transition metal magnetic moment
contributes to the XMCD spectra at the R-L2,3 absorption edges.





Chapter 3

Experimental Techniques and

procedures

In this chapter we present a description of the di�erent experimental setups
and procedures involved in this thesis. Some of the employed techniques,
such as X-ray di�raction (XRD) and magnetization measurements (M(T) and
M(H)) are of standard use in the study of intermetallic compounds. They
are well known and only a brief review will be given. On the other hand,
X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) techniques are not so commonly utilized to face magnetic problems.
In addition, the results obtained from these techniques constitute the main
part of this thesis. So, they will be described in a more detailed way.

3.1 Sample preparation

Three di�erent series of R-T intermetallic compounds have been studied in this
thesis, namely R(Al1−xTx)2 Laves phases, RFe11Ti and R6Fe23 compounds.

Polycrystalline Laves phases samples were synthesized by either arc-melting
or induction-melting technique. The arc-melted samples were prepared in the
arc furnace model Mini Arc Melting System MAM-1 (from Edmund Bühler
GmbH) placed on the Magnetism laboratory of the CITIMAC department of
the University of Cantabria. A photograph of this arc furnace is shown in Fig-
ure 3.1. The induction-melted samples were synthesized in the high frequency
induction furnace (model I-12 from G. H. Electrotermia S.A.) located at the
Instituto de Ciencia de Materiales de Aragon (ICMA, DEI V Laboratory).

Starting elements have been purchased from commercial companies (Alfa
Aesar, Strem Chemicals and Goodfellow). The rare earths present a nominal
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purity of 99.9 wt.%. The purity in the case of the transition metal elements
is 99.97 wt. % for Fe pieces and 99.9+ wt.% purity for Co pieces. It is worth
noting that the purity of the commercial rare earths is referred only to other
rare-earth elements.

Figure 3.1: Photograph of the Mini Arc Melting System MAM-1 arc furnace

Both, arc melting and induction-melting, methods are based on the direct
melting of the constituent metal elements in an argon atmosphere. The arc-
melting operating sequence can be summarized as follows: the appropriate
amounts of the several elements, previously weighed and properly cleaned, are
placed in Cu base plate of the furnace. Once the furnace is closed, the chamber
is purged with 3 or 4 cycles of Ar gas and vacuum. After that, the chamber is
�lled again with argon gas at a value slightly bellow ambient pressure (0.7-1.0
bar). Then, the tungsten electrode tip is moved towards the anode (tungsten
tip on the crucible plate) by means of the knob handle and the arc is ignited.
In order to avoid the oxidation of the metals, the gas in the chamber is �rst
tested by melting a Ti getter. If the Ti getter does not whiten, the arc is
approached to the pieces of metal, which are instantly melted. After melting,
the power supply is switched o� to ensure a fast quenching and the resulting
button is weighed to check that the mass loss is negligible. This process should
be carried out several times to ensure homogeneity. However, the compounds
we have synthesized (Laves phases) blow up upon approaching the arc once the
compound is synthesized. This is likely due to the cooling process producing
many strains and cracks in the inner part of the sample. We have sort this
inconvenience out by melting the pieces only twice for a longer time.
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The synthesis procedure in the case of induction melting is very similar.
The main disadvantages are that (i) there is not possibility of checking the
air in the chamber and (ii) the mass loss may not be negligible because of
the design of the crucible. On the other hand, as an advantage, we have not
observed blowing up problems operating with this furnace.

Some of the as-cast samples were wrapped in Ta foil and thermally treated
in quartz tubes with argon atmosphere for about 3-7 days at a temperature
of 800oC - 850oC in a Carbolite 1400oC-1600oC chamber furnace, model RHF
14/3. After annealing, samples where quenched to room temperature in cool
water in order to avoid appearance of secondary phases.

More detailed information about the speci�c synthesis and annealing pro-
cedures of each sample will be given in the corresponding chapters.

The series studied in chapters 4, i.e. RFe11Ti, were also prepared following
the arc-melting procedure. RFe11Ti samples were alloyed by Dr. L. Bozukov in
So�a University. Melting of pure RFe11Ti compounds was followed by vacuum
annealed at 1273 K for one week and hydrogenation by means of an automated
experimental setup based on the volumetric method [87]. The detailed exper-
imental set up and operation are reported in Refs.[87, 88]. The arc-melting
synthesis and XRD analysis of R6Fe23 compounds, studied in chapter 5, were
carried out by Dr. A. S. Markosayan in the Laboratory of Problems of Mag-
netism at the Moscow State University.

3.2 Basic sample characterization

The quality of the samples has been checked by a number of complementary
techniques. This experiments help us to certify the crystallographic and mag-
netic properties of the newly synthesized alloys.

3.2.1 X-ray powder di�raction (XRD)

X-ray di�raction (XRD) patterns were recorded in order to control phase ho-
mogeneity in all the synthesized samples. Structural characterization was per-
formed at room temperature on powdered specimens. Measurements have been
performed on a Rigaku RTO 500RC di�ractometer with Bragg-Brentano ge-
ometry and Cu Kα radiation in the EXAFS National Service of the University
of Zaragoza. Data have been collected between 2Θ= 20o and 80o with an step
scan mode of ∆Θ= 0.03o.

Typically, the di�raction patterns were Rietveld re�ned using the FULL-
PROF code. [89] Analysis of X-ray patterns gives us information about the
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crystallinity and homogeneity of the sample, value of cell parameters and pres-
ence of impurities. This is an essential �rst step in order to correctly interpret
the data from other experiments. Indeed, most of the samples were catalogued
as �suitable�, but some of them were not considered good enough and were
discarded. Details of the speci�c crystal structure and existence of secondary
phases on each prepared sample will be given in the following chapters.

3.2.2 Magnetic Characterization: M(T) and M(H)

Basic magnetic characterization, M(H) and M(T), was performed in the com-
mercial superconducting quantum interference device (SQUID) magnetome-
ters (Quantum Design MPMS-5S and MPMS-XL models) in the Magnetic
Measurements Service of the University of Zaragoza. A number of di�erent
magnetic measurements can be performed such us dc magnetization and ac
magnetic susceptibility in a temperature range of 1.8 - 350 K. Continuous
magnetic �elds up to 50 kOe can be generated by a superconducting magnet
and ac measurements can be performed on a frequency range from 0.01 Hz to
1 KHz. Magnetization measurements as a function of temperature and applied
magnetic �eld were performed systematically on all the samples that were not
rejected after XRD analysis.

Occasionally, the magnetic �eld operating range of the SQUID magnetome-
ter was not high enough for our purposes. For that reason, some additional
magnetic measurements were carried out using a commercial PPMS (Physical
Property Measurement System) magnetometer (Quantum Design model) also
in the Magnetic Measurements Service of the University of Zaragoza. The
PPMS magnetometer is a multipurpose equipment designed to perform sev-
eral kinds of measurements such us heat capacity, resistivity, etc. It allows to
perform magnetization measurements under continuous magnetic �elds up to
90 kOe. In the same way, some of the studied samples have a very high order
temperature, TC , so that this temperature cannot be reached in a SQUID. For
these cases, a Faraday balance designed and manufactured in the ICMA (DEI
V Laboratory) by Prof. Juan Bartolomé has been used.

These measurements provide basic magnetic information, such as order
temperature, spontaneous magnetization and magnetization of saturation. In
some cases, separated magnetic information about each element sublattice
in the compound can be obtained by application of a simple two-sublattices
method. In addition, they constitute an alternative method to check the correct
crystallization of the sample (an abrupt decreases at Tc indicates an homoge-
neous sample) and to identify impurity phases (a magnetic impurity will give
rise to an additional sudden drop of the M (T) signal at the corresponding Tc).
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3.3 Mössbauer spectroscopy

Mössbauer experiments were performed in the transmission mode, as schemat-
ically shown in Fig. 3.2. Gamma rays are emitted by a radioactive source
containing a Mössbauer isotope in a excited state. γ rays go over the specimen
under study, the absorber, which has got the same isotope but in its funda-
mental state. Beam intensity after crossing sample is measured in a detector.
The analysis of the recorded spectra will provide information about the mag-
netic moment of the absorbing atoms. Therefore, this technique constitutes
an atom-selective magnetometry. In addition, the site selectivity of Mössbauer
spectroscopy along with the simplicity and availability of the experimental
setup (compared to synchrotron and neutron facilities) make this technique a
valuable tool into the study of R-Fe intermetallic compounds.

3.3.1 Experimental setup

Room temperature measurements were performed by Dr. C. Piquer in the
Mössbauer spectrometer of the Instituto de Ciencia de Materiales de Aragón
(ICMA, DEI V Laboratory). Low temperature experiments were carried out in
the Laboratory of nuclear techniques of the University of the Basque Country
by Dr. F. Plazaola and Dr. J. J. S. Garitaonandia. The main components
of both equipments are schematized in Figure 3.2 and their task is brie�y
explained below:

- Radioactive source. In the case of 57Fe spectroscopy, the usual source
is radioactive 57Co, which undergoes a spontaneous electron capture tran-
sition and decays to a metastable state of 57Fe. In turn, 57Fe decays to
its fundamental state by emitting, among others, a γ ray of 14.4 keV.
(The decay scheme was already shown in Figure 1.4). Typically, 57Co
isotopes are embedded in a Rh matrix with cubic symmetry (the envi-
ronment has to be as much symmetric as possible to obtain a single and
sharp emission).

- Waveform generator and transducer. They move the source with
constant amplitude and acceleration so that each oscillation records a
complete spectrum. As explained in the previous chapter, the energy
levels of a Mössbauer nucleus in a crystal are slightly modi�ed due to
interaction with its environment so that energy levels in the absorber
will not be exactly the same as in the emitting atom. In order the
resonant absorption to take place, the γ-ray energy is varied by moving
the source with a linear motor while keeping �xed the position of the



46 Chapter 3. Experimental Techniques and procedures

 Transducer

Source 

Absorber

γ
Detector

Pre-Amp

Amplifier

Discriminator
Waveform 
Generator 

Multichannel  Analyser  (512 channels)

reference signal 

 

Figure 3.2: Layout of the di�erent elements in a Mössbauer experimental set-up.

absorber. The relative motion between the source and sample results
in an energy shift due to the relativistic Doppler e�ect (E(v) = E0(1 +
v/c)). The necessary speed providing the required energy variation is not
a very big one, about 1 cm/s. The so-obtained Mössbauer spectrum is a
plot with the number of detected gamma rays (relative transmission) vs.

source velocity, usually measured on mm/s. Negative (positive) velocity
corresponds to a source moving away from (coming near to) the absorber.
The velocity-energy conversion factor is CE = 4.8067×10−8 eVs/mm.

- Detector. A proportional detector of 2 at. of Xe.

- Preampli�er and ampli�er. The basic functions of preampli�er are to
amplify weak signals from the detector and present the correct impedances
to the detector and the electronics. Ampli�er also shapes the output
pulses to a convenient form for further processing.
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- Discriminator. Its use is for blocking out pulses with a di�erent origin
than the 14.4 KeV Mössbauer γ ray.

- Multichannel analyzer. This device records the relative transmission
as a function of its energy (velocity of the source).

In addition, for the 15-20 K measurements a Gi�ord-McMahon closed cycle
He cryostat from Janis Inc.(model CCS-850) has been used. This cryostat is
widely used for measurements down to T = 15 K. One of its main advantages
is that no liquid He is required as it works with He gas. Measurements at the
temperature range 70 K < T < 250 K were done with a LN2 cryostat. The
coupling system between the elements of the spectrometer and the cooling
system has been designed in order to avoid vibrations being transferred to the
spectrometer, to obtain a perfect alignment of source and absorber with the
mylar window of the cryostat and to optimize the accessibility to the absorber.
Mössbauer spectrometer contains a radioactive source, so the equipment is
covered with the required Pb shields.

Some equipments also include the possibility of applying an external mag-
netic �eld. In the case of the spectra showed on this thesis no magnetic �eld
has been applied.

3.4 XAS and XMCD spectroscopies

3.4.1 Synchrotron radiation facilities

The advent of intense, tuneable, polarized synchrotron radiation sources has
stimulated world-wide interest in using X-rays to address electronic and mag-
netic aspects of condensed matter. Very schematically, synchrotron radiation
is obtained as follows: electrons emitted from a thermionic electron gun are
�rst bunched and accelerated in a linear accelerator (LINAC). Then, electrons
are injected into a circular accelerator (the booster synchrotron) where they
are accelerated by electrical �elds in radio frequency (rf) cavities. In the case
of SPring8, electron are accelerated to reach an energy level of 8 GeV. The
8-GeV electrons are injected into the storage ring, where they travel round the
ring passing through di�erent types of magnets (bending magnets, wigglers,
undulators). In these magnets, they are de�ected from their straight path by
several degrees, which causes them to emit synchrotron radiation, which will
be used in the beamlines to perform di�erent kinds of experiments.

Synchrotron radiation [90] is superior to conventional radiation sources like
X-ray tubes, with respect to several properties. Among them:
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Figure 3.3: Photography of Spring-8 and schematic layout of the campus showing the linac,
the booster synchrotron and the storage ring.

- Its high intensity. This is of tremendous importance for the experi-
mentalist. To this respect it is important to note that XMCD is about
1000 times smaller than the XAS signal so that a very intensive source of
radiation is necessary in order to get an acceptable signal to noise ratio.

- It is a continuously tuneable radiation source. The emitted ra-
diation has a high intensity which is available over a broad region of
the spectrum from the ultraviolet up to hard X-rays. A monochromatic
source can be achieved with the aid of monochromators, which are ad-
justed to the required wavelength; and can be varied throughout the
course of the experiments as needed.

- Synchrotron radiation is highly polarized. In the orbital plane
the electric �eld vector of the emitted radiation is in the direction of
the instantaneous acceleration. Thus radiation from bending magnets
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is linearly polarized in the plane of the orbit. Out of the orbit plane
the polarization becomes elliptical and eventually circular, with oppo-
site helicity above and below the plane. However, to get some circularly
polarized intensity, the observer has to move out of the orbital plane at
the price of a weak �ux. This disadvantage can be overcome by using
special insertion devices such as asymmetric wigglers or helical undula-
tors, which provide either high intensity circularly polarized radiation in
the orbital plane or a extremely intense linearly polarized radiation that
becomes circularly polarized by using phase retarders. In this latter case,
despite the �ux lost at the phase retarder, the intensity impinging on the
sample is still very high.

3.4.2 Experimental Station: BL39XU, SPring-8

The whole XAS and XMCD spectra presented in this thesis were performed at
the BL39XU beamline of the SPring-8 Facility. [91, 92] BL39XU is an undula-
tor beamline that is dedicated to hard X-ray spectroscopy and di�ractometry
requiring control of the X-ray polarization state. One of the major applications
of this beamline is X-ray magnetic circular dichroism (XMCD) spectroscopy
in 3d transition metals, rare-earth elements, and 5d metals. An schematic
illustration of the beamline set up is displayed in Figure 3.4.

Optics hutch

Typically, the optics setup required to obtain a focused, monochromatic and
circularly polarized beam in a synchrotron station is very complex and in this
thesis only the main components will be described.

The light source is an in-vacuum undulator of the SPring8 standard
type. It provides extremely high brilliance X-rays linearly polarized in the
horizontal plane. The fundamental, third and �fth harmonics cover the photon
energy range between 5 and 70 keV. The undulator gap is changed at each
energy point so that one can obtain a very smooth I0 spectrum as if using a
�white source�. BL39XU is also equipped with a rotated-inclined double-

crystal monochromator. The monochromator angle tuning is combined
with undulator gap tuning to maximize the photon �ux onto a sample and to
keep it almost constant. The combination of fundamental/third harmonics of
undulator radiation with the Si (111) re�ection of the monochromator enables
an energy range from 5 to 37 keV.

Once monochromatic linear polarized radiation is obtained, the right/left
circular tunability of X-ray polarization states is available by using a diamond
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Figure 3.4: (top) Layout of beamline BL39XU. (bottom) Layout of the XMCD spectrome-
ter.

X-ray phase retarder (XPR) that functions as a quarter wave plate.[93]
The XPR, which is used in the o�-Bragg transmission geometry, exploits the
birefringence of crystals for σ and π electric �eld components (where σ and π
represent perpendicular and parallel to the scattering plane, respectively) for
geometries on or close to di�raction conditions. This birefringence leads to
a phase shift between σ and π components of the transmitted X-rays. For a
polarization transformation from linear to circular, the phase plate is arranged
to satisfy the following two conditions: both σ and π electric �eld components
must have an equal amplitude and a phase shift of (n+1/2)π rad must be
produced. The former condition is satisfy by tilting the di�raction lattice
plane by 45o with respect to the polarization plane of the incident beam, and
the latter by tuning the o�set angle from the di�raction condition. thicknesses
(0.34, 0.45, 0.73, and 2.7 mm) are available to optimize both polarization purity
and X-ray intensity after the phase plate at the X-ray energy of interest. They
are used either in the (220) Laue or (111) Bragg transmission geometry (see
Table 3.1).

After the XPR, a horizontal-focusing mirror is placed. It also serves
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Thickness (mm) Orientation Geometry Energy range (keV) Transmittance (%)
0.34 (111) 111 Bragg 5 - 5.8 3 - 7

220 Laue 5.8 - 7.5 7 - 41
0.45 (111) 220 Laue 6 - 9 5 - 53
0.73 (111) 220 Laue 8 - 12 22 - 65
2.7 (001) 220 Laue 11 - 16 13 - 47

Table 3.1: X-ray energy available with the four diamond crystals of the X-ray phase

plate.

for the reduction of the amount of higher harmonics to less than 10−4.

Experimental hutch

The experimental station is equipped with two ionization chambers to mea-
sure the intensity of the beam before and after the sample. Three di�erent
lengths, 4, 14 and 30 cm, of the electrodes are available and suitable absorbing
gas (N2 or Ar) is selectable depending on X-ray energy range.

In addition, there are two available sample environments: i) an 0-2 T

electromagnet with a 20-300 K closed-cycle helium refrigerator and ii) a
10 T superconducting magnet (SCM) system for further high-�eld and
low-temperature environments. The SCM is designed to perform XMCD ex-
periments under a magnetic �eld up to 10 T. Moreover, the assembly of a
variable temperature insert (VTI) allows measurements between 1.7 and 300
K. A maximum of 6 samples can be placed in the sample holder which, in
turn, is placed inside a 25 mm-diameter cylinder in the VTI. The split-type
superconducting coils design includes also an horizontal magnet clear bore so
that the sample can be placed in the middle of the magnet and the X-ray
beam, moving parallel to the �eld in the horizontal direction, is incident on
a cold, magnetized sample. The SCM has X-ray transparent Be windows at
both front and back (on the �eld axis) and on both sides (perpendicular to
the �eld). The opening size of the front and back windows is 10 mm diameter,
while the sides are 20 mm diameter. This design of the coils and the windows
allows XMCD measurements in either transmission or �uorescence mode as
well as non-resonant magnetic di�raction experiments with a 90o scattering
angle. The SCM is equipped with a liquid helium recondensing cooler which
enables continuous operation of the SCM for more than 7 days with no ad-
ditional coolant needed. Figure 3.5 shows a schematic drawing of the SCM
system.

The electromagnet system was used to perform the �rst measurements
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on the R6Fe23 compounds. Further development of the experimental hutch
allowed us to carry out the rest of the experiments under lower temperatures
and higher applied magnetic �elds by using the 10 T superconducting magnet.
We have observed that the signals recorded using the former experimental
equipment are slightly noisier than those measured with the SCM.
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Figure 3.5: Drawing of the 10 T superconducting magnet.

Additionally, the installation of a diamond-anvil-cell (DAC) allows perfor-
mance of XMCD experiments under pressure up to 20 GPa. The DAC part
is designed to be insertable between the coils of the superconducting magnet,
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allowing XMCD experiments under multiple extreme conditions of high mag-
netic �eld, high pressure and low temperature. The design is based on that
reported by Ishimatsu et al. [94]. This type of DAC is equipped with thin
diamond crystals so as to extend the usable X-ray energy to low energy region
(< 7 KeV).

3.4.3 XAS and XMCD Experimental procedure

For the measurements, homogeneous layers of the powdered samples are made
by spreading of �ne powders of the material on an adhesive tape. Thickness
and homogeneity of the samples are optimized to obtain the best signal-to-noise
ratio, giving a total absorption edge jump ∼ 1. Once the samples are inside
the SCM, the temperature and applied magnetic �eld conditions are settled.
To this respect, it is important to indicate that samples must be inserted or
removed at T = 300K and H = 0 T.

Our spectra were all recorded in the transmission geometry. An schematic
layout of this geometry is included in Figure 3.6. In the transmission mode, the
intensity of the X-ray beam before and after the sample is directly measured
using radiation detectors (ionization chambers in our case) and the absorption
coe�cient, i.e. the XAS espectrum, can be directly obtained from application
of the Lambert law (eq. (1.8)).

As we have already explained, XMCD is the di�erence of the X-ray absorp-
tion coe�cient µc = (µ−−µ+) for antiparallel, µ−, and parallel, µ+, orientation
of the incident photon helicity and sample magnetization. Therefore, XMCD
experiments can be performed in two equivalent ways: either by changing the
helicity while keeping constant the applied magnetic �eld, or alternatively, by
changing the direction of the magnetic �eld while the photon helicity remains
invariable.1

Typically, the XMCD spectra are obtained following a �static procedure�,
i.e., after acquisition, normalization and substraction of XAS− (i.e. µ−) and
XAS+ (i.e., µ+) spectra. However, at BL39XU a new recording method, the
helicity-modulation technique (HMT), has been developed. [95]. With
this method both, unpolarized XAS and XMCD signals, are directly recorded.
Moreover, this technique allows extremely high quality XMCD spectra ob-
tained in a shorter acquisition time than if the static method is used. A
dichroic signal in the order of 10−4 is obtainable with a good signal-to-noise
ratio for 10 s-integration time at each energy point. Helicity-modulation tech-
nique has been developed by combining fast polarization switching in XPR

1In order to record correct XMCD signals, special attention has to be paid to hysteresis
e�ects when magnetic �eld is reversed.
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with a phase-sensitive (lock-in) detection system. Figure 3.6 illustrates the set
up and the basic principle of HMT.

 

Figure 3.6: a) The setup scheme of XMCD measuremetns in HM technique. b) Prin-

ciple of the HM technique: angular oscillation of the XPR causes helicity alternation.

Consequently, the absorption coe�cient will show an oscillation whose amplitude will

correspond to the XMCD signal and whose average value will give the unpolarized

XAS signal.
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The magnetic �eld reminds �xed through the measurement. The XPR is
mounted on a piezo-driven stage, which oscillates the retarder crystal at 40 Hz
around the Bragg angle ΘB with an amplitude ±∆Θ. As a result, an X-ray
beam whose helicity alternates from right (RCP) to left circular polarization
(LCP) is incident on the sample. Consequently, the absorption coe�cient
also changes as a function of time with a 40 Hz frequency as illustrated in
Figure 3.6. The intensities of the incident and transmitted beam are measured
with ionization chambers and converted into voltage signals, V(I0) and V(I),
by current ampli�ers. A logarithmic converter gives a voltage signal V(µt)
which corresponds to the absorption coe�cient ln(I/I0). The ac component
is proportional to XMCD and is directly measured using an ampli�er locked
to the helicity modulation frequency. The dc component corresponds to the
average absorption coe�cient and is measured with a digital voltmeter.

Consequently, with this technique the XMCD values are directly recorded
at each energy point, thus minimizing possible errors coming from data treat-
ment of the XAS+ and XAS− spectra. This XMCD recording procedure has
been carried out for both directions of the applied magnetic �eld, which gives
the same signal but with opposite sign. The �nal XMCD signal is then ob-
tained as ∆XMCD/2. This modus operandi allows to improve the statistics
(reduce the noise) and remove any spurious contribution to the signal (usually
our signals are a�ected by an small o�set).

3.4.4 Analysis of experimental XAS and XMCD data.

Once the XAS spectra have been experientially recorded, it is necessary to
follow a simple normalization procedure before making direct comparisons be-
tween spectra. To understand why this normalization is necessary, Fig. 3.7(a)
exempli�es an XAS spectrum as obtained from the measurement process. The
spectrum is superimposed over a curve (called Victoreen curve) whose origin
are all the possible absorptions in the compound corresponding to less en-
ergetic edges. Victoreen curve is determined in a empirical way assuming a
dependence on energy:

µV = A− C/E3 +D/E2 (3.1)

Usually, considering Victoreen curve as a straight line at each edge is a
good approximation. This line is obtained by �tting the values of an energy
range at the pre-edge region to a linear function and the extra contribution
is removed by simple substraction of this line. The intensity of the post-
edge region varies from one sample to other due to the di�erence of thickness
between the samples. To remove this dependence, the spectra are normalized
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Figure 3.7: (a) recorded XAS signal (b) XAS signal after background substraction

and normalization to 1. (c) Comparison recorded XMCD vs. Normalized XMCD.

(d) XAS signal after background substration. Dotted line corresponds to the step

function used to subtract the continuum absorption. No normalization is done in

order to preserve direct application of the sum-rules.

to the average absorption coe�cient at high energy so that in this energy region
the averaged intensity is always one no matter the thickness of the sample (Fig.
3.7(b)).

In order to do a systematic analysis, the same normalization energy ranges
should be chosen for all the spectra measured at the same edge (Fe K-edge
or R L2,3-edges), whenever it is possible. Unfortunately, through the analysis
of our signals we have found some cases where di�erent normalization ranges
had to be chosen to obtain the optimal normalization for every spectra (for
example, the Dy L3 edge (7790 eV) in DyCo2 is strongly a�ected by the EXAFS
oscillations at the Co K-edge (7709 eV)).

Usually, the origin of the energy scale is chosen at the in�ection point of
the absorption edge. This energy �re-de�nition� avoids errors in the energy
scale coming from an incorrect calibration of the experimental device or step
loss of the motor and allows a direct comparison between, for example, the R
L2-edge and the R L3-edge spectra of a compound.

The XMCD spectra are obtained as the di�erence of the absorption coef-
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�cient µc = (µ− − µ+) for antiparallel, µ−, and parallel, µ+, orientation of
the photon helicity and sample magnetization. If the substraction is made
after both XAS spectra ( µ− and µ+) have been normalized, no extra normal-
ization is required. Within the Modulation Technique Method, however, this
di�erence is performed automatically by the recording system at each energy
point. The output we get is the XMCD signal (di�erence of the absorption
coe�cient µc = (µ−−µ+)) and the unpolarized absorption spectrum, obtained
as the (µ− − µ+)/2 average value also computed at each energy point. In this
case, the normalization procedure of the XAS spectrum is the same but the
normalized XMCD is obtained via simple division by the XAS normalization
factor. This recording method is highly desirable as the pro�le (relative inten-
sity of the features ) of the XMCD signal is not a�ected by the normalization
procedure.(Fig. 3.7 (c))

Finally, a further data treatment is necessary before applying XMCD sum-
rules to the experimental spectra: since the recorded XAS signals are due to the
superposition of the considered absorption line and the continuous absorption,
the latter contribution is typically removed by using a step function as shown
in Fig. 3.7(d).





Chapter 4

XMCD in the RFe11Ti series and its

hydride derivatives.

4.1 Introduction

As mentioned in the general introduction, the interpretation of the XMCD
spectra corresponding to the L2,3-edges of the rare-earth is still a matter of
controversy. This situation prevents from obtaining the magnetic description
of the R(5d) states in R-T intermetallics. Within this framework, Chaboy
et al have proposed in recent works an alternative method to overcome this
hindrance. They have explored the feasibility o�ered by the study of the Fe
K-edge XMCD in R2Fe14B intermetallic compounds to characterize the rare-
earth conduction band [84, 85, 86]. Despite the relationship between the Fe
K-edge XMCD spectra and the local magnetic moments is not well de�ned,
[73, 74, 81, 82, 83, 75, 76, 77] their results indicate that there is a rare-earth
contribution to the Fe K-edge XMCD and that this contribution re�ects the
magnetic state of the R atoms (see �gure 4.1). The �nding of the rare-earth
contribution to the Fe K-edge spectrum on the R2Fe14B series gives rise to an
alternative approach to characterize the R(5d) states.

In addition, in the light of the observed results, Chaboy et al extended the
XMCD study on the R2Fe14B series to the R2Fe14BHx hydrides as an attempt
of getting a deeper insight into the mechanism which tunes the impact of
hydrogen into the magnetism of the system. The case of the R-T compounds
with interstitial doping with light elements such as hydrogen or nitrogen is a
clear example of the interest of getting the magnetic characterization of the
rare-earth 5d states. In such a class of compounds the interstitial doping leads
to interesting changes in the magnetic properties respect to their �undoped�
compounds. These modi�cations, namely increase of both magnetization and
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Figure 4.1: Comparison of the normalized Fe K-edge XMCD signal of the R2Fe14B

systems for R =light (top left panel) and heavy (top right panel) rare-earth. The

vertical scale corresponds to the Y2Fe14B (left) and Gd2Fe14B (right) compounds. All

the signals have been plotted by using the same scale and vertically shifted for the sake

of clarity. Bottom left panel: comparison between the free-ion rare-earth 4f magnetic

moments, gJ, (�) and the integrated Fe K-edge XMCD signal for the R2Fe14B (•),
after subtracting the XMCD signal of the Y-based compound. The values of S (solid

line), L (red dashed line) and J (green dotted line) for the ground state of rare-earth

ions along the lanthanide series are also shown. Bottom right panel: comparison

between the free-ion rare-earth 4f magnetic moments, gJ, (�) and the integrated Fe

K-edge XMCD signal for the R2Fe14B (•) and their hydride derivatives (�), after

subtracting the XMCD signal of the Y-based compound. (results from Refs.[84, 85])

TC , are in connection with the improvement of their technological performance
as hard-magnets. As a consequence, the study of the impact of hydriding
on the magnetic properties of intermetallics compounds, such us R2Fe14B,
R2T17 and RFe11Ti, has received special attention in the last two decades.
[96, 97, 98, 103, 102, 99, 100, 107, 106, 101, 108, 109, 110, 111, 112, 113,
114, 105, 115, 116, 104] However, notwithstanding the great body of research
performed to date, several aspects regarding the relationship between hydrogen
absorption and the modi�cation of the magnetic properties of R-Fe compounds
have not been clari�ed yet. As a consequence, a detailed explanation about
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the origin of the modi�cations driven by hydrogen uptake is still missing.

In the hydride R-Fe compounds is commonly considered that the enhance-
ment of the Fe magnetic moments is due to either the lattice expansion strength-
ening the Fe-Fe exchange [96, 97, 98], or to the electron transfer from hydrogen
to the iron sublatttice.[99, 100, 101] The rare-earth moments are often consid-
ered less sensitive to the hydrogen uptake. In this way, the µFe enhancement is
commonly deduced from the analysis of macroscopic magnetization based on
the assumption that µR does not change after the hydrogen loading. [102, 99]
However, this conjecture is not supported by any experimental evidence. On
the contrary, the behaviour of the magnetocrystalline anisotropy upon hy-
drogen uptake poses serious doubts regarding the validity of the naive scheme
above. Indeed, a dramatic loss in the magnetocrystalline anisotropy is observed
upon hydrogenation.[103, 104] By considering that hydrogen atoms are located
in the vicinity of the R atoms and that the magnetocrystalline anisotropy of
the systems is dominated by the rare-earth contribution, it seems reasonable to
consider that the rare-earth sublattice should also be a�ected by the absorption
process.

To this respect, several works based on neutron di�raction and Mössbauer
spectroscopy experiments on R2Fe14B and RFe11Ti compounds have shown
that the magnetic properties of the rare-earth sublattice are a�ected by hy-
drogen absorption. The modi�cation of the magnetocrystalline anisotropy and
of the hyper�ne �eld at the rare-earth sites suggests the decrease of µR upon
hydrogen loading.[103, 96] Moreover, X-ray absorption spectroscopy results
indicate the modi�cation of the R(5d)-Fe(3d) hybridization upon hydrogen
uptake.[105] Therefore, the modi�cation of this R(5d)-M(3d) hybridization
upon hydrogenation can be considered to play a major role into determining
the change of the electronic and magnetic properties of undoped intermetallics
materials.

In the light of these Mössbauer and XAS results, Chaboy et al. performed
an XMCD study on the R2Fe14BHx hydrides. Taking bene�t of the recently
observed capability of Fe K-edge XMCD to monitor the magnetic state of the
rare-earth in the case of R2Fe14B compounds, they have determined both the
in�uence of hydrogen on the magnetic state of R and the decrease of µR after
hydrogen loading.[85, 86]

Thus, we stand in from of a problem in which studies based on macroscopic
tools, such as magnetization, are strongly limited by the inherent unfeasibility
of discriminating between the contributions of the transition metal and the
rare-earth sublattices to the total magnetization. Consequently, the impact
of the interstitial doping on each magnetic sublattice cannot be separately
accounted. By contrast, XMCD can o�er an valuable tool to disentangle the
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di�erent e�ect induced by hydrogen on both the transition metal and the rare-
earth sublattices and, consequently, of providing a complete understanding of
the hydrogenation impact in intermettalic materials.

However, XMCD studies on R-T intermetallics extracting information about
the R(5d) magnetism from the transition-metal edges, as proposed by Chaboy
et al. are limited to the systematic study of the R2Fe14B series and its
R2Fe14BHx hydrides. Therefore, it is necessary to extend previous research
to di�erent R-Fe intermetallic series to establish if the observed result is just
a particularity on the R2Fe14B compounds or, on the contrary, it constitutes
a general characteristic of the Fe K-edge XMCD in R-Fe intermetallic com-
pounds. To this end, we have performed a systematic XMCD investigation at
the Fe K edge in the case of RFe11Ti compounds and their hydride derivatives.
Our main goal was to verify the results obtained on the R2Fe14B series (namely,
presence of a rare-earth contribution, XMCDR, at the Fe K-edge XMCD and
reduction of µR upon hydrogenation). If the previous relationship between the
iron K-edge XMCD signal and the rare-earth magnetic moment also holds true
for this series, it would be possible to determine the in�uence of hydrogen on
the magnetic properties of both Fe and rare-earth sublattices separately.

4.2 Synthesis and structural characterization of the
RFe11Ti series

The RFe11Ti compounds have been extensively studied in the last years, spe-
cially those in which R is a heavy rare-earth ion. In addition, detailed stud-
ies have been performed on both polycrystalline [99, 100, 107, 106, 101, 108]
and single-crystal specimens [109, 110, 111, 112, 113] to determine the way in
which the hydrogen modi�es the magnetic properties of the parent RFe11Ti
compounds. The knowledge of their basic magnetic properties turn them into
appropriate candidates for investigating the fundamental relationship between
Fe K-edge XMCD and rare-earth magnetism in R-M intermetallics as well as
the in�uence of hydrogen on the magnetic properties of both Fe and rare-earth
sublattices separately.

The synthesis, thermal treatment and hydrogenation of the RFe11Ti sam-
ples used in this study were carried out by Dr. Bozukov in So�a University.
The X-ray di�raction (DRX) patterns have been recorded in the EXAFS Na-
tional Service of the University of Zaragoza. The XRD analysis shows that
all the RFe11Ti samples crystalize in the tetragonal ThMn12 structure, having
I4/mmm space group. For all the studied samples, the ThMn12 structure is
retained upon hydrogen absorption in agreement with previous results. The
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crystallographic structure of these compounds is represented in Fig. 4.2 (top
panel). In the bottom panel, the di�raction pattern of DyFe11Ti is shown as
an illustrative example.
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Figure 4.2: Top panel: Schematic representation of the crystal structure. Di�erent

symbols are used to identify the ion sites. Bottom panel: Rietveld re�nement of the

DyFe11Ti X-ray di�raction pattern collected at room temperature. The �rst row of

vertical bars corresponds to the Bragg re�ections of the RFe11Ti main phase, while

the second and third rows correspond to the α-Fe and R2O3 impurities, respectively.



64 Chapter 4. XMCD in the RFe11Ti series and its hydride derivatives.

Table 4.1: Structural parameters of the RFe11Ti(Hx) compounds (R = Ce, Tb, Dy,

Ho, Er and Lu): a and c: lattice constants, V : unit-cell volume, secondary phases

(%) and reliability Bragg factor (de�ned in Ref. [117]) associated to the main phase.

Compound a(Å) c(Å) V (Å3) c/a α-Fe (%) R2O3 (%) RBragg

CeFe11Ti 8.529 4.774 347.329 0.5597 1.3 <1 38.9∗

CeFe11TiH0.8 8.559 4.797 351.396 0.5605 1.2 <1 19.9∗

TbFe11Ti 8.508 4.785 346.332 0.5624 5.6 1.5 7.7
TbFe11TiH0.6 8.522 4.791 347.946 0.5622 5.8 1.9 8.1
DyFe11Ti 8.498 4.786 345.629 0.5633 4.0 2.1 9.3
DyFe11TiH0.5 8.509 4.789 346.750 0.5628 3.2 1.4 10.0
HoFe11Ti 8.484 4.781 344.136 0.5636 6.4 3.0 10.0
HoFe11TiH0.5 8.500 4.789 346.001 0.5634 6.4 3.1 8.6
ErFe11Ti 8.479 4.783 343.828 0.5641 1.7 3.0 13.2
ErFe11TiH0.65 8.493 4.784 345.109 0.5633 1.3 3.5 12.1
LuFe11Ti 8.446 4.771 340.322 0.5648 8.6 2.6 12.2
∗Pref. orientation

The cell parameters of the RFe11Ti and their hydride derivatives, deter-
mined from the XRD patterns, are summarized in Table 4.1. Our results are
in agreement with previous published data.[100, 114] As shown in the table, all
the RFe11Ti compounds undergo an expansion upon hydrogen absorption. In
addition, the c/a ratio of the alloys is slightly reduced, with the exception of
CeFe11Ti, after the hydrogenation process. The peculiar behavior of CeFe11Ti
hydride is linked to the modi�cation of the Ce mixed-valence state previously
observed [107]. From the Rietveld re�nement also the presence of secondary
phases and their content (in %) is obtained. Two kind of impurities have been
found in our samples: α-Fe and R2O3. The percentage of secondary phases
depends on the speci�c sample and is shown in Table 4.1.

4.3 Macroscopic characterization : Two sub-lattice
model

The behavior of the magnetization vs applied magnetic �eld, for the pure
RFe11Ti compounds and their hydride derivatives is shown in Fig. 4.3. The
maximum magnetization is found for both CeFe11Ti and LuFe11Ti compounds,
while it is reduced for compounds in which the rare-earth is magnetic as a
consequence of the ferrimagnetic coupling between the iron and the heavy
rare-earth sublattices (as explained in section 1.1). The same holds in the case
of their hydrogen derivatives.

Both, room temperature magnetization measured in an applied magnetic
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Figure 4.3: Magnetic isotherms, T = 300 K, were measured on loose powders in

applied magnetic �elds up to H ≤ 50 kOe.

�eld H = 50 kOe, M50kOe, and saturation magnetization (Ms), determined
from Honda (M vs 1/H) plots are reported in Table 4.2. Our results are in
agreement with previous published data [106].

In table 4.2 the separate values of the magnetic moment of the rare-earth,
µR, are also included. In order to derive µR from RFe11Ti (RFe11TiHx) com-
pounds we have performed several approximations. We have considered that:
i) the total magnetization of the RFe11Ti (RFe11TiHx) compounds, MT , cor-
responds to the simple

−→
MFe +

−→
MR addition, MR and MFe being, respectively,

the magnetization of the rare-earth and iron sublattices; and ii) MFe is as-
sumed to be the magnetization of one RFe11Ti (RFe11TiHx) compound in
which R is non magnetic, i.e. Ce or Lu, and that it remains unaltered through
the whole RFe11Ti (RFe11TiHx) series. The latter assumption is supported
by the fact that both Ce and Lu compounds shows a very similar magnetiza-
tion, corresponding to an average magnetic moment µFe of 1.63 and 1.62 µB,
respectively.

The application of this simple two sublattice approach to separate the
magnetic moment of R and Fe, supplies a way to study the modi�cation of the
magnetization of both sublattices induced by hydrogen. As indicated in Ta-
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Table 4.2: Magnetic parameters of the RFe11TiHx compounds (R = Ce, Tb, Dy, Ho,

Er and Lu): Ms is the saturation magnetization determined from Honda plots (see

details in the text) and M50kOe is the magnetization measured at 50 kOe. µR|Ce and

µR|Lu are the rare-earth magnetic moments derived from M50kOe by applying the

two-sublattice model and by assuming that the Fe magnetization of the RFe11TiHx

compounds corresponds to the Ce- and Lu-based compounds, respectively (see details

in the text).

Compound M50kOe (µB/f.u.) µR|Ce (µB/f.u.) µR|Lu (µB/f.u.) Ms (µB/f.u.)
CeFe11Ti 17.97 0 0.15 18.24
CeFe11TiH0.8 18.02 0 18.51
TbFe11Ti 13.29 -4.68 -4.53 13.67
TbFe11TiH0.6 13.35 -4.67 14.20
DyFe11Ti 12.81 -5.16 -5.01 13.45
DyFe11TiH0.5 12.83 -5.19 13.38
HoFe11Ti 14.00 -3.97 -3.82 14.86
HoFe11TiH0.5 14.76 -3.26 15.56
ErFe11Ti 14.40 -3.57 -3.42 15.48
ErFe11TiH0.65 14.85 -3.17 16.70
LuFe11Ti 17.82 -0.15 0 18.28

ble 4.2, the introduction of hydrogen within the metallic host leads to a slight
increase of the magnetization for all the studied compounds. In the case of
compounds with non-magnetic rare-earth, the increase of magnetization is usu-
ally explained as due to the lattice expansion which strengthens the exchange
interaction by reducing the negative exchange interactions between Fe ions. In
addition, several authors have argued that the increase of the magnetization,
and therefore of µFe, may be accounted for by considering the e�ect of elec-
tron transfer from hydrogen to the iron sublattice [99, 100, 101]. This simple
scheme becomes involved in the case of the RFe11Ti compounds with R being
a magnetic rare-earth, as the magnetic properties of both Fe and R sublattices
can be a�ected by hydrogen. No information regarding the e�ect of hydrogen
on the magnetic properties of both sublattices can be directly inferred from
magnetization. However, after applying a two sub-lattice model, the obtained
values are consistent with a slight decrease of µR upon hydriding. In particular,
whereas for Tb and Dy compounds the decrease is near negligible (for the Dy
case even a slight ∼ 0.6% increase is obtained), a signi�cant depletion of µR is
found in the case of Ho (∼ 18 %) and Er (∼ 11 %) systems. To this respect it
should be noted that several authors have reported that the magnetization of
ErFe11Ti at room temperature decreases upon hydriding [108]. This result has
been interpreted as re�ecting the increase of the Er sublattice magnetization
upon hydriding. However, the proposed increase of µEr is in contradiction with
reported results on single-crystal samples [113] and, on the other hand, it does
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not agree with the general trend observed for the whole RFe11TiHx series. Our
magnetization data, obtained on polycrystalline samples, are consistent with
the reduction of the rare-earth magnetic moment upon hydriding.

By comparing the hydrogen-induced modi�cation of µFe, as derived from
magnetization of the Ce-based compounds, and that of µR, derived from the
two-sublattice model above, it seems that hydrogen mainly in�uences the rare-
earth magnetic sublattice. This result is in contrast with the proposed charge
transfer model from hydrogen to the iron bands to account for the modi�cation
of the magnetic properties of the RFe11Ti hydrides with respect to those of the
pure parents [99, 100, 101].

As discussed in the introduction, the exact knowledge of the in�uence of
hydrogen on the conduction states is fundamental to get a deeper insight into
the underlying mechanism driving the change of the magnetic properties of
these materials upon hydrogen uptake. However, the results obtained from
magnetization are not direct but based on several approximations so they may
be called into question. Hence, trying to get this essential information by
means of a more direct method, we have monitored the modi�cation of the
electronic structure induced by hydrogen uptake by performing a detailed Fe
K-edge XAS and XMCD study in both pure and hydride RFe11Ti compounds.

4.4 XMCD results and discussion

The normalized Fe K-edge XMCD signals of CeFe11Ti and LuFe11Ti are shown
in Fig. 4.4 and compared to that of TbFe11Ti.

For the samples in which the rare-earth is non-magnetic, i.e. Ce and Lu,
the shape of the XMCD signal is similar to that of Fe metal[81], as previously
observed for other intermetallic compounds [84, 85, 86]. In these cases the
spectrum is characterized by a prominent peak at the absorption edge followed
by a broad dip. However, in the case of TbFe11Ti, the Fe K-edge XMCD pro�le
is markedly di�erent. Indeed, while the �rst narrow peak is still present and
nearly unaltered, there is a second positive peak growing on the corresponding
negative dip observed on the spectrum of both Ce and Lu compounds. Be-
sides, the low energy part of the negative dip, ∼ 4 eV, is more pronounced for
TbFe11Ti.

As shown in Fig. 4.5, the existence of a positive peak (A) at the

absorption edge, resembling that of Fe metal, is a common feature

of the XMCD spectra of the RFe11Ti compounds. By contrast, the

XMCD spectra at higher energies is di�erent for compounds in which

R is magnetic or not. Indeed, the spectra of R-magnetic compounds show
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an extra peak (B) at ∼ 7 eV above the absorption threshold. Moreover, while
the intensity of peak A remains practically invariable throughout the RFe11Ti
series, peak B is strongly dependent on the speci�c rare-earth. The same
behavior is also found in the case of the hydride derivatives (bottom panel
of Fig. 4.5). Indeed, it is worth noting that, for a given R, the comparison
between the XMCD signals of pure RFe11Ti and its hydride derivative shows
small di�erences in both shape and amplitude.

Such a kind of modi�cation of the Fe XMCD pro�le induced by the presence
of a magnetic rare-earth neighbor, was already addressed through the study of
both the R2Fe14B compounds and their hydrides derivatives [84, 85]. In those
previous works it was suggested that while feature A is exclusively due to Fe,
feature B is due to the hybridization of the outermost states of the absorbing Fe
with the 5d states of the rare-earth neighbors. Therefore, by isolating this
contribution from the total Fe XMCD signal it would be possible to

get some insight on the magnetic state of the rare-earth even when

the Fe atoms are probed. To verify this hypothesis we have compared
the intensity of the maxima of features A and B, to the values of the rare-
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earth moment, µR, obtained from both free-ion values and those derived from
the two-sublattice model analysis of the magnetization data. As shown in
Fig. 4.6, the intensity of the �rst peak (A) remains nearly constant through
the whole RFe11Ti series, including both CeFe11Ti and LuFe11Ti compounds.
This result support on the one hand our previous hypothesis that only Fe is
contributing to this XMCD feature. On the other hand, this constant behavior
indicates that the magnetization of the Fe sublattice remains, at least in a �rst
approximation, near unaltered through the series, a need for the validity of the
two sublattice model to estimate µR from magnetization data. The absence of
feature B in the case of the non-magnetic rare-earth compounds CeFe11Ti and
LuFe11Ti suggests that it is due to the magnetic contribution of the rare-earth.
The intensity of feature B shows a maximum for Dy and a pronounced decay
for heavier Ho and Er-based compounds. This trend is in agreement with the
variation of µR obtained from the magnetization analysis, i.e., it is re�ecting
the magnetic contribution of the rare-earth sublattice.
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spectra of the RFe11Ti compounds (A (•) and B (�)) and the modulus of the rare-

earth magnetic moment obtained from the free-ion values (N) and from the magneti-

zation data (M). The magnetization data of Table II have been scaled to the free-ion

values to be displayed in the same frame. The dotted lines are guides for the eye.

Further con�rmation of the above result can be obtained by considering the
integral of the XMCD signals. We have applied a similar two-sublattice method
as used for the magnetization analysis. We have considered that the Fe K-edge
XMCD signal of the RFe11Ti corresponds to the addition of two components:
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XMCDRFe11Ti = XMCDR + XMCDFe, being XMCDR and XMCDFe the
magnetic contributions of the rare-earth and Fe magnetic sublattices, respec-
tively [86]. Then, we have assumed that the contribution of the Fe sublattice,
XMCDFe, corresponds to the XMCD signal of either CeFe11Ti or LuFe11Ti,
i.e. the compounds in which the rare-earth is non magnetic. Fig. 4.7 reports
the results of applying this procedure: the integral of the extracted XMCDR

signal, obtained after subtracting XMCDFe to the total XMCD signal for each
RFe11Ti compound, is compared to the rare-earth magnetic moment obtained
from magnetization data. The results shown in this �gure correspond to the
use of the integral of XMCDCeFe11Ti as XMCDFe. The same result is obtained
if the Lu compound is considered.
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Figure 4.7: Comparison of the integral of the Fe K-edge XMCD spectra of RFe11Ti

compound after subtracting the integral of the CeFe11Ti compound(�)) and the mod-
ulus of the rare-earth magnetic moment obtained from magnetization data (M).

These results con�rm the previous trend found on the R2Fe14B series:
there is a contribution to the Fe K-edge XMCD spectra of R-Fe

intermetallic compounds whose origin is due to the rare-earth mag-

netic moment even when one is looking at the Fe sites.

Additional support to our hypothesis can be found in the sum-rule analysis.
It is well known that application of sum-rules to the R L2,3-edges XMCD
spectra gives the wrong signs for the R-Fe magnetic coupling, but what about
the coupling scheme derived from this Fe K edge?

According to the K-edge sum-rule proposed by Igarashi and Hirai [73, 74],
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the integral of the Fe K-edge XMCD signal is proportional to the orbital mag-
netic moment of the Fe p-states, <Lz > |p, through the relation:

∫ Ec(µ−(E)− µ+(E)) dE∫ Ec µ(E) dE
= −< Lz > |p

nh
(4.1)

where µ is the unpolarized absorption and nh is the number of 4p holes
per absorbing Fe atom. We have applied this expression to both RFe11Ti and
RFe11TiHx series by assuming [26] µ = 3

2(µ−+µ+), nh = 5 and a cuto� energy
Ec = 20 eV. The obtained ground-state expectation values of <Lz > |p per hole
are plotted in Fig. 4.8.

We have adopted the same convention for the sign of the circular dichroism
as in Ref.[?], i.e., with the quantization axis determined by the direction of
the Fe majority spins. Therefore, the orbital angular moment Lp is positive,
i.e. parallel to both S3d and L3d. This result is in agreement with theoretical
calculations [73] and neutron magnetic scattering reports [118, 119]. In addi-
tion, we �nd that <Lz > |p = 0.00043 µB and 0.00045 µB for CeFe11Ti and
LuFe11Ti compounds, respectively. This value is in agreement with theoretical
calculations reporting an orbital contribution of the Fe 4p states of the same
order of magnitude for iron metal [73].

In the case of the RFe11Ti compounds in which R is magnetic, the or-
bital contribution of the Fe 4p states is twice as much as that of CeFe11Ti
or LuFe11Ti. This result con�rms the in�uence of the rare-earth magnetism
on the XMCD signal at the Fe K-edge. The orbital moment of the 4p states
is thought to be mainly induced by that of the 3d states through the p-d
hybridization [73, 74]. Because of the existing Fe(3d)-R(5d) hybridization it
seems reasonable to think that the rare-earth contribution to the XMCD is
related to the 5d states.

Once the existence of an extra contribution of R origin, XMCDR, has
been veri�ed also for the RFe11Ti series, we will attempt to take bene�t of
this capability of discerning between R and Fe contributions o�ered by the
XMCD technique to monitor the impact of hydrogen on both Fe and rare-earth
magnetic sublattices separately. For each rare-earth element, the comparison
of the XMCD spectrum of the pure RFe11Ti compound and that of its hydride
derivative shows small di�erences in both shape and amplitude (see Fig. 4.5).
This result is in agreement with the slight modi�cation of the magnetization
found upon hydriding.

More precise information can be inferred if we compare the integrated val-
ues of peaks A and B between RFe11Ti and the corresponding hydride deriva-
tive. The modi�cation of the area of the �rst peak A can be used as a direct
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measure of the in�uence of H on magnetization the Fe sublattice. The in�u-
ence of hydrogen on the R sublattice (in the case of compounds with magnetic
R) can be obtained by comparing the area of peak B after subtracting the Fe
contribution, i.e., after subtracting the XMCD signal of CeFe11Ti in the case of
RFe11Ti compounds and CeFe11TiH0.8 for their hydrides. The comparison of
the integrated signals of both peak A (with no substraction) and peak B (cal-
culated after substraction) for RFe11Ti and RFe11TiHx are shown in Fig. 4.9.
In all the cases, the integrals have been performed from -5 to 10 eV (-5 to 2.5
eV for A peak and from 2.5 to 10 eV for peak B).

The magnitude of the e�ect induced by hydrogen is di�erent for both the
A and B features, i.e., for the Fe and R contributions to the XMCD signal.
As shown in Fig. 4.9, the area of the �rst peak A undergoes a slight, ∼ 3% -
6%, modi�cation by hydrogen absorption, while di�erences in the peak B area
between pure and hydride compounds are more signi�cant ( 10% - 15%). Ac-
cording to our hypothesis, peak A is exclusively due to iron while the isolated
feature B arises from the contribution of the magnetic rare-earth. Within this
framework, the results reported in Fig. 4.9 can be interpreted as the in�uence
of hydrogen on the rare-earth magnetic contribution to the XMCD being larger
than on Fe. These results suggest that hydrogen exerts larger in�uence on the
R magnetic sublattice than in the Fe one, in agreement with the observed
modi�cation of the magnetic anisotropy [113]. Indeed, as discussed by Nikitin
et al. [113], the modi�cation of the magnetic anisotropy constant upon hydro-
genation cannot be accounted in terms of the increase in the atomic volume.
On the contrary, this e�ect seems to be mainly due to the change in the crys-
tal �eld at the R site upon hydrogen uptake. The analysis of the rare-earth
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contribution to the Fe K-edge XMCD supports the above picture.

The in�uence of hydrogen absorption on the R contribution to the XMCD
signal can be also inferred from Fig. 4.8 (right panel), where the values of
<Lz > |p for RFe11Ti and their hydride derivatives are compared after sub-
stracting the values obtained for CeFe11Ti and CeFe11TiH0.8, respectively.
Also in this case, the result of the comparison agrees with the proposed re-
duction of the rare-earth magnetic moment upon hydrogen absorption.

XAS: electronic modi�cation

For the sake of completeness, we have tried to get additional information on
the modi�cation of the electronic structure induced by hydrogen from XAS
spectra. Indeed, the study of the near-edge region of the XAS spectrum o�ers
a unique opportunity to infer the electronic perturbation induced by hydrogen
as it is directly linked to the dipolar allowed angular-momentum density of
states projected on the absorbing atom.

By contrast to previous studies on the R2Fe14BHx series [120], no signi�cant
variation of the Fe K-edge XAS pro�le is found between the pure RFe11Ti
compounds and their hydride derivatives. This can be seen in Figure 4.10
(left panel) where the comparison between the XAS spectra for DyFe11Ti and
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DyFe11TiH0.5 has been plotted as an illustrative example. This result indicates
that the electronic perturbation at the Fe sites induced by hydrogen absorption
is very weak, thus disregarding the main role of electron transfer e�ects into
driving the observed magnetic modi�cations. The diversity in behavior of the
Fe K-edge for both R2Fe14BHx and RFe11TiHx series can be ascribed to the
di�erent maximum hydrogen content observed in both series (∼ 5 and 1 H
atom/f.u., respectively).

4.5 Conclusions

1. Our results con�rm that the Fe K-edge XMCD signal in R-Fe intermetal-
lic compounds is due to the addition of magnetic contributions from both
the iron and the rare-earth sublattices.

2. The comparison of the isolated R-sublattice magnetic contribution to the
Fe K-edge XMCD and magnetization data indicates that these signals
resemble the magnetic state of the rare-earth. That is, this technique
allows to monitor the rare-earth moment even when one is looking at the
Fe K-edge absorption!!

3. The comparison of the XMCD signals between the pure RFe11Ti com-
pounds and their hydrides shows that hydrogen e�ects are more impor-
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tant for the rare-earth sublattice than for the iron one. Moreover, no
evidence of charge transfer from hydrogen to the iron bands has been
found. The contribution of the R-sublattice to the XMCD signal has
been extracted yielding to a correlation with the rare-earth magnetic
moment, that is determined to decrease upon hydrogen absorption, in
agreement with magnetization data.

These results show that the previous �ndings on the R2Fe14B series are not
a particular case but seems to be a general result of the R-Fe intermetallics
and constitute the background of a more comprehensive study, that will be
presented in chapter 6, aimed to get as much insight as possible on the inter-
pretation of the XMCD spectra at the Fe K edge.



Chapter 5

Thermal XMCD study in the R6Fe23

compounds.

5.1 Introduction

In the preceding chapter we have studied the presence of a R contribution to
the Fe K-edge XMCD spectrum of the RFe11Ti compounds to check previous
results on the R2Fe14B compounds. In both R2Fe14B and RFe11Ti series the
experimental results point out the presence of a non-negligible contribution
of the rare-earth added to that of Fe at the Fe K-edge XMCD spectrum.
Moreover, the analysis performed indicates that this R contribution is related
to the magnetic moment of the rare-earth. These studies have been carried out
by varying the speci�c R element in the compound while keeping constant the
crystal structure (stoichiometry) and the external parameters such as applied
magnetic �eld and temperature. In this chapter we propose an alternative
approach to the study of the XMCD spectra. According to the obtained results,
the Fe and R contributions to the Fe K-edge XMCD signal are related to the
magnetic moment of Fe and R respectively. Consequently, we expect this
spectrum to be also sensitive to the temperature dependence of the magnetic
moments, i.e., to µFe(T) and µR(T). Therefore, the systematic monitoring of
the spectra as a function of temperature will help us to determine if there is any
spectral feature at the Fe K-edge XMCD spectrum that can be undoubtedly
addressed either to the iron or to the rare-earth sublattice.

The best suited compound to verify this hypothesis would be one with a
clearly di�erent thermal variation of the magnetization of Fe and R sublattices.
With this idea in mind, we have carried out a XMCD study on the Ho6Fe23
compound between room temperature and T = 80 K. The R6Fe23 systems
(with R = Dy, Ho, Er and Tm) present a magnetic compensation phenomenon
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as the temperature varies from T = 300 K towards lower temperature.[121]
The corresponding temperature is called temperature of compensation, Tcomp

and in the particular case of Ho6Fe23 is ∼ 192 K. The total magnetization of
this compound results from the ferrimagnetic coupling of Fe and Ho magnetic
moments. At temperatures near ambient, the magnetization of the Fe sub-
lattice predominates over the Ho one. However, as the temperature decreases
the increase of µHo is clearly more noticeable (about 6 times, as we will see
later on) than that of µFe so that the Ho sublattice magnetization becomes
dominant for temperatures below Tcomp ' 192 K. This is illustrated in Figure
5.1, where the magnetic scheme is displayed for T < Tcomp and T > Tcomp.

M

H MFe

MR

MR

M

H

MFevs.

T < T comp T > T comp

Figure 5.1: Scheme of the magnetization in Ho6Fe23 for temperatures above and below

the compensation.

In this chapter, we try to take bene�t of this peculiarity of the Ho6Fe23
system to get a deeper insight into the understanding of the XMCD signals
in the case of lanthanides-iron intermetallic compounds. Thus, the dichroic
spectra at the Fe K-edge have been recorded in Ho6Fe23 and Y6Fe23 compounds
for di�erent temperatures from T = 80 K up to 300 K. The great di�erence
between the thermal dependence of both µFe and µHo throughout the whole
temperature range studied is expected to be clearly re�ected on these XMCD
spectra, allowing the disentanglement of both Fe and Ho contributions, if any,
to the XMCD signals.

The study of the Fe K-edge XMCD spectra as a function of temperature
has been also extended to the Ho L2,3-edges in Ho6Fe23. As we have already
explained, the interpretation of these signals is not clear. Here, we will explore
the possibility of having an iron in�uence at the Ho L2,3-edges in analogy with
the �ndings at the Fe K-edge. The corresponding results are presented and
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discussed in the last part of this chapter.

Polycrystalline R6Fe23 samples (with R =Y and Ho) were prepared follow-
ing standard arc-melting procedures. Both phase and structural analysis were
performed by using a standard x-ray di�ractometer. X-ray analysis showed
that all the samples are single phase. As mentioned in section 3.1, both syn-
thesis and DRX analysis of these compounds were performed at the Laboratory
of Problems for Magnetism, of the M.V. Lomonossov Moscow State Univer-
sity. This work is not considered as a part of this thesis. For this reason, no
detailed further information will be given in this chapter regarding structural
details.[122]

5.2 Macroscopic characterization : Two sub-lattice
model.

The thermal dependence of the magnetization of both Y6Fe23 and Ho6Fe23
compounds is reported in Fig. 5.2. In the case of Y6Fe23, the magnetization
increases continuously as the temperature decreases from ambient to T = 4.2
K. This increase corresponds to the enhancement of the Fe magnetic moment
from room temperature, µFe= 1.61 µB, to µFe= 1.87 µB at T = 5 K, as de-
rived (µFe = MY6Fe23/23) from the magnetization vs applied magnetic �eld
behavior (see Fig. 5.2.b). On the other hand, the magnetization of Ho6Fe23
decreases when cooling from room temperature down to reach a minimum
at TComp ∼ 192 K and then shows a continuous increase to the lowest mea-
sured temperature. This behavior re�ects the compensation phenomenon due
to the di�erent enhancement of both iron and holmium magnetic sublattice
magnetization. In a �rst approach, the total magnetization can be written as:−→
MHo6Fe23(T) =

−→
MHo(T) +

−→
MFe(T) = 6−→µ Ho(T) + 23−→µ Fe(T). Due to the

ferrimagnetic coupling between Fe and Ho magnetic sublattices, the modulus
of the overall magnetization corresponds to: |MHo6Fe23(T)| = |6µHo(T) - 23
µFe(T)|. At room temperature the Fe sublattice dominates the overall mag-
netization of the system as 6 µHo (300 K) < 23 µFe (300 K). However, the
Ho magnetic moment, µHo, increases more than µFe does as the temperature
decreases. Therefore, the total magnetization decreases until it vanishes at the
compensation temperature TComp ∼ 192 K. Below TComp the magnetization
of the Ho sublattice prevails (6 µHo > 23 µFe) and the total magnetization of
the system continuously increases on further cooling. The existence of this an-
tiparallel coupling can be easily concluded from the M(H) behaviour reported
in Fig. 5.2.b, showing the reduction of the Ho6Fe23 magnetization as compared
to that of Y6Fe23.
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symbols) and at room temperature (open symbols).

The thermal dependence of the magnetization of both Fe and Ho sublat-
tices in Ho6Fe23 can be disentangled, in a �rst approximation, by applying a
two sublattices model. In this way, the total magnetization of Ho6Fe23 is as-
sumed to correspond to the simple addition of the magnetization of each mag-
netic sublattice:

−→
MHo6Fe23(T)=

−→
MHo(T) +

−→
MFe(T). In addition, MFe(T),

is assumed to be identical to that of Y6Fe23 through the whole tempera-
ture range. This latter assumption is supported by Mössbauer and neutron
di�raction data reporting a similar value of the iron magnetic moment in both
compounds.[123, 124, 125, 126]. Applying this two sublattices procedure the
Ho magnetic moment, µHo, can be extracted from both M(H) and M(T) data
by subtracting the corresponding values of Y6Fe23 (shown in Fig. 5.2.a and
Fig. 5.2.b). It turns out that µHo increases from 4.70 µB, at room tempera-
ture, to 9.26 µB at T = 5 K1. The relative modi�cation of µHo between ambient
and low temperature is 97 %, i.e. about six times stronger than that of the
Fe sublattice (17 %), which clearly accounts for the change of the dominant
magnetic sublattice, Fe vs Ho, at both sides of the compensation temperature.

Regarding the temperature region very close to Tcomp, it has to be noted

1The given values for µHo and µFe have been evaluated at H = 0.4 k Oe in order to
reproduce the magnetic conditions of the XMCD experiments. M(H) curves show that this
�eld is high enough to obtain magnetization values close to saturation.
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that the total magnetization of Ho6Fe23 is not exactly zero at Tcomp. This
result has been accounted for in terms of both the canting of the magnetic
moments and the polycrystalline nature of the specimen. [121, 127]. A more
thorough comment about the behavior of µHo and µFe in this temperature
range will be given when discussing the XMCD data.

5.3 XMCD Results and Discussion

The spectra presented in this chapter were recorded by using a 0-2 T electro-
magnet and a 20-300 K closed-cycle helium refrigerator. The XMCD spectra
were recorded under the action of a 0.6 T magnetic �eld applied at 45o away
from the incident-beam direction and at di�erent �xed temperatures from room
temperature down to 80 K. The maximum value of the magnetic �eld projec-
tion on the beam direction is ∼ 0.4 T. Although it may seem a low �eld, we
have veri�ed that for such an applied �eld, the system is near saturation and,
consequently, no e�ects due to an incomplete reversal of the magnetization
when reversing the sense of the applied �eld appear.

XMCD at the Fe K-edge

The comparison of the Fe K-edge XMCD spectra recorded at room temperature
in both Y6Fe23 and Ho6Fe23 is shown in Fig. 5.3. The XMCD spectrum of
Y6Fe23 closely resembles that of Fe metal [81], in agreement with the spectra
of CeFe11Ti and LuFe11Ti in chapter 4. It shows a narrow positive peak at
the absorption threshold (A), a negative dip (∼12 eV wide) showing a small
superimposed peak (B), and a broad positive resonance at higher energies
(C). Despite the magnetic properties of the Fe sublattice in both Y6Fe23 and
Ho6Fe23 compounds are though to be similar [121, 123, 124, 125, 126], their
XMCD spectra present noticeable di�erences. Indeed, as shown in Fig. 5.3,
the Fe K-edge XMCD spectrum of Ho6Fe23 also exhibits the narrow (∼4 eV
wide) peak at the edge (A). However, the former negative dip in Y6Fe23 splits
into two intense peaks of negative (B1) and positive (B2) sign. This strong
modi�cation of the Fe K-edge XMCD spectral shape cannot be easily assigned
to di�erences of the Fe sublattice magnetic properties between Y6Fe23 and
Ho6Fe23 compounds [121]. On the contrary, it points out the possibility of an
additional contribution to the Fe K-edge XMCD spectrum coming from the Ho
magnetic sublattice, in agreement with the conclusions of previous works on
the R2Fe14B and RFe11Ti series. Consequently, the appearance of peaks
B1 and B2 in the Fe K-edge XMCD spectrum of Ho6Fe23 can be

addressed to the in�uence of the rare-earth magnetic state on the
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Fe XMCD signal. [84, 85, 86, 128]

-10 0 10 20 30

-0.0050

-0.0025

0.0000

0.0025

0.0

0.5

1.0

 E-Eo (eV)

 N
or

m
al

iz
ed

  X
M

C
D

 (a
rb

. u
n.

)

 

Fe K-edge

Ho6Fe23

T= 300K
Y6Fe23

A

C

B

B2

B1

  N
orm

alized  XA
S (arb. un.)

 

 

Figure 5.3: Room temperature normalized Fe K-edge XMCD spectra of Y6Fe23 (•)
and Ho6Fe23 (◦) compounds. For sake of clarity, the normalized Fe K-edge XAS

spectrum of Y6Fe23 and Ho6Fe23 are also shown (solid line).

Further con�rmation about the origin of the additional spectral features
found in the Fe K-edge XMCD spectrum of Ho6Fe23 as compared to that of
Y6Fe23 can be obtained from the thermal dependence of the dichroic signals.
At room temperature, both Y6Fe23 and Ho6Fe23 XMCD spectra show the same
sign (see Figure 5.3), which con�rms that the magnetization of the Fe sublattice
determines the sign of the overall magnetization in both compounds. In the
case of Y6Fe23 both the sign and the spectral pro�le of the XMCD spectra
remain unchanged throughout the whole temperature range (Figure 5.4). By
contrast, the sign of the XMCD signal of Ho6Fe23 is reversed between T =
195 K and 190 K as it can be seen in Figure 5.5. As the direction of the total
magnetization of the system remains �xed during the XMCD measurements by
the action of the external applied �eld, this result re�ects the reversing of the
magnetization of each, Fe and Ho, sublattice relative to the total magnetization
below TComp.

In the right panel of Figure 5.5, the same Ho6Fe23 spectra are plotted but
in this case the signals corresponding to T<Tcomp have been reversed in order
to see more clearly the thermal evolution of the amplitude of the di�erent
peaks. As it can be observed, the di�erences between the Fe K-edge XMCD
signals of both Y6Fe23 and Ho6Fe23 compounds are retained through the whole
temperature range. Furthermore, in relation to the thermal modi�cation of the
intensity of peaks A, B1 and B2 two di�erent behaviours can be distinguished:
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Figure 5.5: Left: Fe K-edge XMCD signals of Ho6Fe23 for di�erent temperatures.

Right: The spectra recorded at T < Tcomp have been reversed for the sake of clarity.

i) Far enough from Tcomp (i.e. T = 80 K, 100 K, 150 K, 170 K, 225 K,
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Figure 5.6: Fe K-edge XMCD signals of Ho6Fe23 recorded at temperatures = 80K,

100K, 150K, 170K, 225K, 250K and 300K. Inset: Detail of the spectra in the region

from -3 eV to 2 eV.

250 K and 300 K) the intensity of peak A in Ho6Fe23 remains almost the
same through the whole temperature range. By contrast, the intensity
of peaks B1 and B2 varies in a more abrupt way: there is a tendency to
increase the intensity as the temperature decreases, in agreement with
the di�erent origin (Ho sublattice) of these features.

ii) The spectra recorded at temperature close to TComp (i.e. T=185 K, 190 K,
195 K, 200 K and 205 K) do not follow the above described evolution,
but there is a general diminution of the intensity that a�ects to all the
features.

The behaviour observed in the temperature region close to compensation can
be understood as due to the fact that the reversal of the magnetic moments at
TComp is not instantaneous, but is a gradual process due to the polycrystalline
nature of the material. As a consequence, the rotation of the magnetization
for the di�erent crystallites does not take place simultaneously and within the
temperature range close to TComp (170 K -205 K) the magnetic moments will
not be parallel (antiparallel) to the applied magnetic �eld but canted away
from the Happl direction. As XMCD measures the average magnetic moment
in the direction of the applied magnetic �eld, the overall decrease of the spectra
around the compensation point simply re�ects the gradual rotation process.
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Excluding the region around the compensation point, the thermal depen-
dence of the main spectral features can be quantitatively evaluated. The inten-
sity of the positive peak A in both Y and Ho compounds, and the corresponding
to peak B2 in the case of Ho6Fe23 have been compared in Fig. 5.7 to the thermal
dependence of both µFe and µHo obtained from the magnetization data. The
variation of the intensity of peak A, for both Y and Ho compounds,

agrees in a �rst approximation with the thermal dependence of µFe.
By contrast, the intensity of peak B2, that is absent in the case of Y6Fe23,
increases by a 90 % in the same temperature range. Both, the appearance
and the thermal dependence of the B2 spectral feature, cannot be accounted
for in terms of the µFe(T) dependence. On the contrary, the variation with

temperature of the intensity of peak B follows that of µHo(T). These
results demonstrate that the magnetic moment of the neighboring Ho atoms
contributes to the K-edge XMCD spectrum of the absorbing Fe atom. Finally,
it should be noted that the thermal dependence of the A-peak XMCD intensity
of Ho6Fe23 slightly deviates from both that of the Y6Fe23 XMCD and µFe(T).
This result indicates that, although to a much lesser extent than at higher
energies (B1 and B2 peaks), the Ho contribution also in�uences the edge (peak
A) region. Indeed, a more careful inspection of peak A in the case of the spec-
tra recorded at Ho6Fe23 (see inset of Figure 5.6) shows two signi�cant trends:
i) the intensity slightly decreases when cooling down and ii) also the width of
the peak narrows. The e�ect of the R sublattice on peak A will be detailed
discussed in chapter 6, where a comprehensive study will be presented.

For the sake of completeness, the two components have been disentangled
by applying a two sublattice model. Thus, the Ho contribution has been worked
out as XMCDDiff (T) = XMCDHo6Fe23(T) - XMCDY6Fe23(T) for T > Tcomp

and XMCDDiff (T) = - XMCDHo6Fe23(T) - XMCDY6Fe23(T) for T<Tcomp.
The thermal dependence of the di�erence (Ho contribution) signal is shown in
Figure 5.8. It can be observed that while the shape of the XMCDDiff signal
remains unaltered, its magnitude is enhanced by a factor two as temperature
decreases from ambient down to 80 K. This increase resembles that of the
Ho magnetic moment in the same temperature range, pointing out that the
extracted signal is due to the contribution of the Ho magnetic state to the
XMCD even when Fe is probed. It should be also noted that the XMCDDiff

signals are not exactly canceled at the threshold, i.e., at the A-peak region.

The existence of a magnetic contribution of the Ho atoms to the Fe K-
edge XMCD spectrum of Ho6Fe23 is of particular signi�cance in order to get
a correct determination of the orbital moment of the Fe p-states. Indeed,
according to Igarashi and Hirai [?, ?], the integral of the Fe K-edge XMCD
signal is related to the orbital moment of the Fe p-states, <Lz >p, through the
sum-rule relationship:
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∫ Ec(µ−(E)− µ+(E)) dE∫ Ec µ(E) dE
= −< Lz > |p

nh
(5.1)
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where nh is the number of Fe 4p holes states per atom and µ, the unpo-
larized absorption, is approximated by µ = 3

2(µ− + µ+). By selecting a cuto�
energy Ec = 22.5 eV and nh = 5, the obtained ground-state expectation value
of <Lz >p per hole at room temperature is 0.00040 µB for Y6Fe23. How-
ever, in the case of Ho6Fe23 the same integration procedure yields <Lz >p

= 0.00081 at the same temperature as for Y6Fe23. In addition, while the
<Lz >p(T)/<Lz >p(T=300 K) ratio remains nearly constant for Y6Fe23, it
increases by a ∼ 50% for Ho6Fe23. These results indicate that the orbital con-
tribution of the Fe p-states in Ho6Fe23 is twice as much as that of Y6Fe23.2

However, as we have previously said, such a signi�cant modi�cation of the Fe
magnetism in both Y6Fe23 and Ho6Fe23 compounds has been never reported.
As in the case of the RFe11Ti series, these di�erences can be related to the con-
tribution of the Ho ions to the Fe K-edge XMCD spectrum (stemming from
the hybridization of the Fe states with the Ho(5d) states). Thus, the present
data demonstrate the need of extracting the Ho contribution prior to obtain
reliable estimates for the orbital moment of the Fe p-states.

To this respect it should be noted that the K-edge (1s→ εp transition) XAS
absorption of transition metals is strongly in�uenced by the p-d hybridization.
In fact, the characteristic double-step feature at the threshold is due to the
overlapping of the p-states with the outer s- and d-symmetry orbitals [129, 19].
In the case of R-M intermetallic materials the 3d states of the transition metal
are also strongly hybridized with the 5d states of the lanthanides, in such a
way that the R(5d)-M(3d) hybridization plays a major role into determining
the magnetic properties of the system. Consequently, Fe K-edge absorption in
these materials can be sensitive also to the lanthanide 5d states through the
hybridization of the outermost states of the absorbing Fe with the 5d states of
the rare-earth neighbors. Within this framework it is instructive to compare
the di�erences of both XAS and XMCD Fe K-edge spectra recorded in both
Y6Fe23 and Ho6Fe23 compounds. As shown in Fig. 5.9 di�erences between the
unpolarized absorption spectra of both compounds are found in the near-edge
region, i.e., in the region of the absorption spectrum which carries information
about the electronic state of the system. As the electronic structure of Fe is
though to be similar in both Y6Fe23 and Ho6Fe23 compounds, these di�erences
can be addressed to the additional contribution of the holmium 5d states hy-
bridized with the Fe d-states. In a similar way, the main di�erences between
Ho6Fe23 and Y6Fe23 XMCD spectra extend in the same region as for the un-
polarized case. The comparison of the XAS signals o�ers further support, at
least in a �rst approximation, to the interpretation given above for the peculiar
shape of the Fe K-edge XMCD signal of Ho6Fe23.

2It has to be noted that the choice of nh does not a�ect to the relative values of <Lz >p
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XMCD at the Ho L2,3-edges

According to our hypothesis, the in�uence of the Ho magnetic sublattice to
the XMCD at the Fe absorbing sites comes from the strong Fe(3d)-Ho(5d)
hybridization. Then, it could be also expected that Fe atoms contribute to
the XMCD spectra recorded at the rare-earth sites. Hence, we have extended
our investigation to the XMCD spectra at the Ho L2,3-edges in Ho6Fe23 aimed
to determine if Fe is at the origin of well de�ned spectral features at these
absorption edges. The Ho L2,3 are the best suited absorption edges to do it
because the excited photoelectron directly probes the local density of empty
d-states projected on the Ho sites. The contribution of Fe, through the Fe(3d)-
Ho(5d) hybridization, should be directly re�ected at the Ho L2,3-edges XMCD
spectra.

The Ho L2,3-edge XMCD spectra show a sign reversal below the compen-
sation temperature (see Figure 5.10). As in the case of the Fe K-edge, this
e�ect re�ects the change of the magnetic sublattice governing the sign of the
total magnetization above (Fe) and below (Ho) TComp. Additionally, in anal-
ogy with the Fe K-edge case, the reduction of the signal at temperatures close
to compensation, i.e. 190 K, 195 K and 200 K, also a�ects these signals. The
most immediate �nding reported in Figure 5.10 is that the sign of the L2-edge
signal is opposite to that of the L3-edge signal through the whole tempera-
ture range. Moreover, the L2 signal is also much smaller. The analysis of the
XMCD spectra at the Ho L2 and L3 edges shows that the L3/L2 ratio is kept
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constant through all the temperature range. The peak intensity ratio between
the main dichroic peaks of the XMCD signals at the L3 (B) and L2 (E) ab-
sorption edges, B/E, is ∼ 5, being the integral of the L3 signal about twenty
times larger than that of the L2 signal.
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Figure 5.10: Comparison of the Ho L2,3-edges XMCD spectra recorded for Ho6Fe23 at
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As we made in the case of the Fe K-edge spectra, we have excluded the
temperature range near Tcomp from the thermal study. Thus, the temperature
dependence of the Ho L3 and L2 XMCD signals is reported in Fig. 5.11. For
the sake of clarity all the spectra are displayed with the same sign as the low
temperature ones, i.e., when Ho dominates the overall magnetization of the
system. The L3-edge spectra exhibit an small structure (A) at energies below
the edge (∼ -5 eV) and a prominent peak of contrary sign (B) at ∼ 3 eV above
the edge. The main structure, B, is of dipolar origin, while the low-energy
feature (A) is due to a quadrupolar transition [?]. By contrast, up to four
di�erent structures are clearly identi�ed at the L2-edge XMCD spectra, whose
overall amplitude is about �ve times smaller than the L3 one. The L2 XMCD
spectrum is made up of a positive peak at the absorption threshold (D), a
negative one at ∼ 4 eV above the edge (E) and a positive structure (F) at higher
energies (∼ 8.5 eV). Moreover, an additional feature (C) of negative intensity
appears at energies below the edge (∼ -5 eV) as temperature decreases.

The shape of the L2 spectrum is strongly modi�ed as temperature varies,
specially regarding the intensity of both the positive peak D at the edge and
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Figure 5.11: Thermal dependence of the XMCD spectra recorded at the Ho L3-edge

(panel a) and L2-edge (panel b) in Ho6Fe23. The spectra corresponding to T > Tcomp

have been reversed.

the low energy feature C. Furthermore, the evolution of peak D is not envisaged
on the basis of the expected modi�cation of the electronic structure of Ho with
the temperature. In principle, one expects that the amplitude of the Ho L2,3

XMCD signals continuously decreases as temperature increases, re�ecting the
diminution of µHo at high temperatures. This behaviour is ful�lled by C, E and
F features but not by the D one whose intensity surprisingly enhances! This
is also shown in Fig. 5.12 where the temperature dependence of the intensity
of the di�erent XMCD peaks is compared.
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Figure 5.12: Temperature dependence of the intensity of the main spectral features

of the Ho L2,3-edges XMCD spectra (see Fig. 5.11) relative to the room temperature

values. In the inset, the thermal dependence of µHo (�) and the Ho L3-XMCD

intensity (◦), relative to their room temperature values, are compared.

The intensity of the main dichroic peaks for both L3 (B) and L2 (E) ab-
sorption edges present a similar thermal dependence. Also the intensity of the
quadrupolar (A) structure of the L3 XMCD spectra, directly related to the Ho
4f states, exhibits the same trend. The increase under cooling of the intensities
of these three XMCD peaks relative to the room temperature values shows a
remarkable agreement with that of µHo derived from the magnetization data
(see inset of Fig. 5.12). By contrast, the temperature dependence of the in-
tensity of features C and D bears little relation with that of the Ho magnetic
moment. Therefore, the thermal evolution of the Ho L2-edge XMCD

spectrum cannot be understood if we assume that it is purely due

to the magnetism of Ho sublattice. On the other hand, this anoma-

lous behavior can be easily understood if an additional feature of Fe

origin is included.

Making a parallel to the Fe K-edge case, one can suspect that there is a
contribution of the Fe sublattice to the rare-earth XMCD spectra being the
counterpart of the detected lanthanide contribution to the Fe K-edge. Ac-

cording to our hypothesis, the Fe contribution is located at ∼ 0 eV

so that features C and D are strongly in�uenced by the Fe magnetic

moment. Thus, the measured XMCD at the threshold region results from
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the addition of both Fe and Ho contributions. The sign of these contributions
is opposite at the edge being positive for Fe and negative for Ho. Therefore,
there is a competition between the negative contribution of Ho, corresponding
to µHo, and the contribution from the surrounding Fe atoms. As we have seen
in section 5.2, at low temperature the magnetization of the Ho sublattice is
larger than the magnetization of the Fe sublattice. This turns out in a neg-
ative value of the intensity at the threshold. As temperature increases µHo

decreases faster than µFe and the total XMCD signal at the edge is progres-
sively dominated by the positive Fe contribution. This e�ect is maximum at
room temperature, i.e., when the negative Ho contribution is the minimum
through the whole temperature range studied. As a consequence, the XMCD
spectrum of Ho6Fe23 recorded at room temperature exhibits a strong positive
(D) peak at the threshold region.

In relation to the in�uence of Fe on the XMCD signals recorded at the L3,
it is worth noticing that neither peak A nor peak B seem to be a�ected by Fe
as both peaks follow the thermal dependence of µHo.

The existence of a magnetic contribution of the Fe ions to the Ho L2,3

XMCD spectra is of special signi�cance concerning the sum-rule analysis. De-
spite the application of these sum-rules at the rare-earth L-edges is not free
of controversy, it is interesting to show the importance of extracting the Fe
contribution from the Ho XMCD signals in order to get reliable information
about the orbital and spin contribution to µHo. In a similar way as for the
Fe K-edge, two sum-rules have been derived connecting the integrated XMCD
spectra at the L2,3-edges of Ho with the ground-state expectation value of both
〈 Lz 〉 and 〈 Sz 〉 of the 5d states [26, 27]:

〈Lz〉 = 2× (AL3 +AL2)×
nh

µ
(5.2a)

〈Sz〉+
7
2
〈Tz〉 =

3
2
× (AL3 − 2×AL2)×

nh

µ
, (5.2b)

where AL3 and AL2 are the integrals over the dichroic signal at the L3 and
L2 edges, respectively. nh is the number of holes in the Ho 5d band and µ

is the unpolarized L2,3-edge cross-section after subtraction of a double step
function that ideally models the contribution of the continuum states. No
normalization to the absorption jumps has been done neither in the L3-edge,
nor in the L2-edge spectra in order to preserve the direct applicability of the
sum rules.

The analysis of the XMCD signals has been performed under the following
assumptions: i) µ is approximated by 3

2(µ+ + µ−); ii) 〈Tz〉 is assumed to be
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negligible in the spin sum rule; iii) estimates of both the orbital, 〈Lz〉, and
spin, 〈Sz〉, moments have been derived from the sum-rule by considering nh =
9. Both the orbital and spin moments derived from the sum-rules are strongly
a�ected by the di�erent used approximations, specially regarding estimates of
nh. In order to minimize the uncertainty of the nh values we have focussed
the analysis on both the 〈Lz〉/〈Sz〉 ratio and the relative modi�cation of 〈 Lz
〉 and 〈 Sz 〉 moments with respect to the room temperature values.
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Figure 5.13: Comparison between the thermal variation, relative to the room tem-

perature values, of µHo (�) and the Lz (N) and Sz (4) values derived from the Ho

L2,3-edges XMCD spectra. The same comparison is shown after the Fe contribution

to the Ho L2,3-edges spectra has been removed: Lz (•) and Sz (◦). The inset reports
the thermal dependence of the Lz/Sz with (�) and without (◦) correcting by the Fe

contribution.

Estimates of both the orbital, 〈Lz〉 and spin, 〈Sz〉, moments are respec-
tively 0.063 (0.121) and 0.056 (0.106) µB at room (T = 80 K) temperature.
It should be noted that both 〈Lz〉 and 〈Sz〉µB are parallel, i.e., contrary to
what is expected for a 5d1 con�guration. This result stems from the spin
dependence of the dipolar matrix elements [55, 57] and has been previously
discussed in chapter 2. As a consequence, the di�erence in the 5d radial func-
tions is proportional to the net spin moment of the 4f states and the XMCD at
the L2,3 is related to µ4f rather than to µ5d. Indeed, as shown in Fig. 5.13, the
modi�cation of the obtained 〈Lz〉 and 〈Sz〉 moments with respect to the room
temperature values agrees well with that of µHo derived from magnetization
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data.

The values above have been obtained by removing not only the quadrupolar
contribution but also the Fe contribution in L2 at the integration procedure.
However, if the additional iron contributions are not considered, the thermal
dependence is quite di�erent. This e�ect results more evident from the analysis
of the 〈 Lz 〉/〈 Sz 〉 ratio. As shown in the inset of Fig. 5.13, the ratio remains
constant 〈 Lz 〉/〈 Sz 〉 = 1.14 through the whole temperature range if the
extra Fe contributions are removed. However, if the integration procedure is
performed without considering the presence of the Fe contribution R should
decrease from 〈 Lz 〉/〈 Sz 〉 = 1.3 at room temperature to 〈 Lz 〉/〈 Sz 〉 = 0.86
at low temperature, suggesting erroneously a considerable (∼ 35 %) reduction
of the orbital component.

5.4 Conclusions

1. The thermal dependence analysis performed on both Fe K-edge and Ho
L2,3-edges XMCD spectra recorded through the magnetic compensation
transition has allowed us to identify the Fe and Ho magnetic contributions
to the signals.

2. The results at the Fe K-edge indicate that in the case of Ho6Fe23 there is
a contribution to the XMCD signals coming from the rare-earth sublat-
tice. This contribution has been extracted and shown to be proportional
through the whole temperature range to the µHo obtained from magne-
tization data. The contribution of the Ho magnetic sublattice to the Fe
K-edge XMCD spectra stems from the strong Fe(3d)-Ho(5d) hybridiza-
tion.

3. Analogously, the thermal study of the XMCD spectra at the rare-earth
L2,3-edges points out the presence of a extra contribution of Fe origin.
In order to properly account for the thermal dependence of the di�er-
ent features in the Ho L2 dichroic signal a non-negligible contribution of
the transition metal has to be considered. Our results indicate that this
contribution is �localized� at ∼ 0 eV. However, the presented thermal
analysis did not allow us to isolate it. The study of the XMCD signals at
the L2,3-edges will be completed in chapter 6, where a more comprehen-
sive study of the signals at the rare-earth L2,3-edges will let us to isolate
the Fe signal by applying a two sub-lattice model.

4. Our results indicate that, by correctly accounting these mixed e�ects
it is possible to reveal the transition-metal magnetism by tuning the
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rare-earth absorption edges and, conversely, the rare-earth magnetism
by looking at the transition metal.

5. The in�uence of these contributions to the values of the orbital and spin
moments derived by using sum rules analysis has been also shown.

6. These results point out the need of including contributions from rare-
earth ions to the Fe K-edge XMCD signals and, conversely, from Fe ions
to the R L2,3-edge XMCD spectra prior to account for the XMCD at the
rare-earth L2,3-edges in R-Fe intermetallic materials and, consequently,
of getting the characterization of the lanthanides 5d states by means of
XMCD.





Chapter 6

XMCD in R(Al1−xTx)2 Laves phases

compounds

6.1 Introduction

In chapters 4 and 5 we have analyzed the modi�cation of the Fe K-edge and
R L2,3- edges dichroic spectra as a function of both the speci�c lanthanide
element and the temperature. In this chapter we present a comprehensive and
systematic XMCD study performed at both the Fe K-edge and the R L2,3-edges
in R(Al1−xFex)2 Laves phases trying to further verify the conclusions suggested
in the previous chapters. To this end, the modi�cation of these spectra with
di�erent rare-earth, temperature and pressure have been monitorized. In ad-
dition, in this study the XMCD spectra have been compared for di�erent R:Fe
concentration ratios by gradually substituting Fe by non magnetic Al atoms
while keeping �xed the crystal structure. Finally, the e�ect of the speci�c
transition metal on the XMCD signals has been explored by performing an
analogous study the R(Al1−xCox)2 compounds.

In addition to the XMCD study, the work presented in this chapter also
includes the synthesis of the R(Al1−xTx)2 compounds as well as their crystal-
lographic (DRX) and magnetic (SQUID magnetometry and Mössbauer spec-
troscopy) characterization.

Our �nal aim is to perform an XMCD study as much complete as possible
to determine if we are able to unambiguosly identify, and thus disentangle,
both Fe and R contributions to the XMCD signals. This is of fundamental
importance in order to correctly extract element and shell-selective magnetic
information from the XMCD spectra. The veri�cation of the existence of a
contribution of R origin, XMCDR, to the T K-edge signal and, conversely, a
contribution of T origin, XMCDT , to the R L2,3-edges signals is expected to be
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achieved by consistently explaining all the observed variations within the same
two-sublattice model (XMCD = XMCDT + XMCDR) frame. In addition,
from the results provided by XMCD, we shall try to evaluate to what extent
the analysis of these XMCD spectra is a valid method to: i) monitor both Fe
and R magnetic state and ii) study the R-T interaction (particularly the role
played by the R(5d)-T(3d) hybridization).

In order to accomplish these objectives, we have selected the R(Al1−xFex)2
Laves phases compounds with x = 0, 0.25, 0.50, 0.75 and 1. The main reasons
motivating this choice were:

1. The magnetic properties of the RFe2 compounds are determined by the
competition between the localized 4f magnetism of the R sublattice and
the itinerant 3d magnetism of the Fe sublattice.

This competition shows an evolution through the R(Al1−xFex)2 series
and, for pure RAl2 compounds, RKKY-like magnetism is obtained. R(5d)
states are thought to play an essential role in the RFe2 compounds, while
they are ignored in the case of RAl2. This competition shows an evolution
through the R(Al1−xFex)2 series. The R(5d) states are thought to play
an essential role in the RFe2 compounds, while they are ignored in the
case of RAl2 compounds, where the magnetic behaviour is explained in
terms of the RKKY theory. Monitoring the changes of the XMCD signal
along the R(Al1−xFex)2 series seems to be a excellent approach to study
the evolution of the R(5d) band and how the R(5d)-Fe(3d) hybridization
is modi�ed by the introduction of Al.

2. RAl2 and RFe2 Laves phases compounds present the same crystal struc-
ture independently on R. Moreover, as we will see in the following sec-
tion, the crystal structure is kept the same for the selected R(Al1−xFex)2
pseudo-binary compounds. This simpli�es the analysis of the XMCD
signals as we can assert that the observed changes will not depend on
structural modi�cations.

3. In addition, binary Laves phases have just one crystallographic site for R
atoms and one site for Fe or Al atoms. Therefore, all the Fe atoms will
be equivalent, which simpli�es the analysis of Mössbauer spectra. This
simple scheme becomes more complicated for compounds with partial
Al-Fe substitution. In this case, the Fe atoms may present di�erent
possible environments depending on the number of Al atoms surrounding
the Fe one. This in�uence will be determined through the Mössbauer
spectroscopy study of the R(Al1−xFex)2 series.

4. The magnetic properties of the R(Al1−xFex)2 compounds have been
widely studied, especially regarding both RFe2 and RAl2 series. There-
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fore, the initial idea was to take bene�t of the previous knowledge to
correctly interpret the XMCD signals. Unfortunately, despite the great
deal of research performed, no satisfactory explanation has been achieved
yet for the magnetic properties of the R(Al1−xFex)2 dilutions. In partic-
ular, the way in which both the rare-earth and iron magnetic moments
change by the e�ect of Al substitution is still an open question. Indeed,
macroscopic magnetic measurements have given place to very diverse
and sometimes contradictory results for the dependence of both µR and
µFe on the Al concentration. In addition, just occasional and insu�cient
Neutron Di�raction and 161Dy Mössbauer spectroscopy experiments have
been published so that they are not complete enough to solve this short-
age. As a result, the precise characterization of the modi�cation of µFe

and µR as Fe is substituted by Al through the R(Al1−xFex)2 series re-
mains still unsolved.

The main objective of this thesis is, however, not directly related to
this topic itself but providing a full understanding of the XMCD of R-T
intermetallics. This is the reason why we focus on the study of XMCD
at H = 50 kOe and T = 5 K (As we will see throughout the next sections
the magnetic description of R(Al1−xFex)2 becomes clearer under these
conditions). However, we shall also provide a brief summary of what it
is possible to contribute to the above problem by the combined analysis
of Magnetization, XMCD and Mössbauer measurements.

5. Furthermore, RFe2 and RCo2 Laves phases compounds present the same
crystal structure. Taking bene�t of this fact, we have extended our study
to the R(Al1−xCox)2 series in order to determine the e�ect of the speci�c
transition metal in the XMCD signals of intermetallic materials.

6.2 Sample preparation

Polycrystalline R(Al1−x Fex)2 and R(Al1−x Cox)2 Laves phases samples were
synthesized by either induction-melting or arc-melting technique as detailed in
Tables 6.1 and 6.2. In order to have single-phase samples, the melted elements
need to be slightly out of stoichiometry. In the case of the R-Fe-Al series an
excess of 1.5 %wt of R (1 %wt in the case of R = Gd, Tb and Lu) and 1 %wt of
Al has been used. The excesses added on the R-Co-Al compounds were 3%wt
R and 1%wt Al.

With the purpose of studying the evolution from RFe2 to RAl2, we have
synthesized R(Al1−xFex)2 compounds with di�erent iron content. The x = 0,
0.25, 0.50 , 0.75 and 1 iron concentrations have been chosen trying to include
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the whole series and, at the same time, to avoid the concentration regions
in which both C15 and C14 structures may coexist. (As we will see in the
next section regions of C15-C14 multiphase mixture exists around 30% and
70% of Al). The precise extent of these single-phase regions depends on both
speci�c R and T in the compound. As a result, when we extended our study
to R(Al1−xCox)2, di�erent x concentrations (x = 0, 0.3, 0.50 , 0.7 and 1) had
to be synthesized.

Most of the samples were successfully synthesized. However, in the case
of the R(Al1−x Fex)2 series with Nd or Pr, only the compounds with low
Fe content (25% and 0% of Fe) could be prepared. According to previous
studies,[130] the synthesis of NdFe2 and PrFe2 samples is only possible under
high pressure conditions. With the aim of preparing a complete (from Fe = 0%
to 100%) series with a light rare-earth, we tried several combinations of light
and heavy rare-earths in the form (R0.5R'0.5)(Al1−x Fex)2. In these cases, the
expected Laves structure has been found only for compounds with 50%, 25%
and 0% of Fe. In the same way, the low boiling point of Sm (1794 oC) very
close to the melting point of Fe (1538 oC) makes di�cult the synthesis of the
Sm(Al1−x Fex)2 compounds owing to Sm loss. In tables 6.1 and 6.2 only the
R(Al1−xFex)2 compounds that have been considered for the XMCD study are
shown.
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Sample Excess Furnace H. T.
R Al T (oC) Days

YFe2 1.5 1 ind. 800 3
Y(Al0.25Fe0.75)2 1.5 1 ind. 800 3
Y(Al0.50Fe0.50)2 1.5 1 ind. 800 3
Y(Al0.75Fe0.25)2 1.5 1 arc.
Nd(Al0.75Fe0.25)2 1.5 1 arc
NdAl2 - - ind.∗ 800 4
Pr(Al0.75Fe0.25)2 1.5 1 arc
PrAl2 - - ind.∗ 800 4
GdFe2 1 1 ind. 800 3
Gd(Al0.25Fe0.75)2 1 1 ind. 800 3
Gd(Al0.50Fe0.50)2 1 1 ind. 800 3
Gd(Al0.75Fe0.25)2 1 1 ind. 800 3
GdAl2 - - ind.∗ 800 4
TbFe2 1 1 ind 800 3
Tb(Al0.25Fe0.75)2 1 1 ind. 800 3
Tb(Al0.50Fe0.50)2 1 1 ind. 800 3
Tb(Al0.75Fe0.25)2 1 1 ind. 800 3
TbAl2 - - ind.∗ 800 4
DyFe2 1.5 1 arc
Dy(Al0.25Fe0.75)2 1.5 1 arc
Dy(Al0.50Fe0.50)2 1.5 1 arc
Dy(Al0.75Fe0.25)2 1.5 1 arc
DyAl2 - - ind.∗ 800 4
HoFe2 1.5 1 arc
Ho(Al0.25Fe0.75)2 1.5 1 arc
Ho(Al0.50Fe0.50)2 1.5 1 arc
Ho(Al0.75Fe0.25)2 1.5 1 arc
HoAl2 - - ind.∗ 800 4
ErFe2 1.5 1 arc
Er(Al0.25Fe0.75)2 1.5 1 arc
Er(Al0.50Fe0.50)2 1.5 1 arc
Er(Al0.75Fe0.25)2 1.5 1 arc
ErAl2 - - ind.∗ 800 4
LuFe2 1 1 arc
Lu(Al0.25Fe0.75)2 1 1 arc
Lu(Al0.50Fe0.50)2 1 1 arc

Table 6.1: Synthesis details of R(Al1−xFex)2: excess added to the stoichiometric

amounts (in % wt.), kind of furnace (induction,ind., or arc) and heat treatment (H.T.).
∗Synthesis by Dr. N. Plugaru.
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Sample Excess Furnace H. T.
R Al T (oC) Days

NdCo2 3 arc 850 7
PrCo2 3 arc 850 7
GdCo2 3 arc 850 7
Gd(Al0.5Co0.5)2 3 1 arc
Gd(Al0.8Co0.2)2 3 1 arc
GdAl2 - - ind.∗ 800 4
TbCo2 3 arc
DyCo2 3 arc 850 7
HoCo2 (x 2) 3 (3) arc (arc) 850 (0) 7 (0)
Ho(Al0.2Co0.8)2 3 1 arc
Ho(Al0.50Co0.50)2 3 1 arc
Ho(Al0.7Co0.3)2 3 1 arc
HoAl2 - - ind.∗ 800 4
ErCo2 (x 2) 3 (3) arc (arc) 850 (0) 7 (0)
Lu(Al0.1Co0.9)2 3 0 arc 850 7

Table 6.2: Synthesis details of R(Al1−xCox)2: excess added to the stoichiometric

amounts (in % wt.), kind of furnace and heat treatment. ∗Synthesis was carried out

by Dr. N. Plugaru in collaboration with Dr. J. Chaboy prior starting this thesis. (x

2) as-cast and annealed compounds.

Some of the samples were thermally treated in quartz tubes with argon
atmosphere for about 3-7 days at a temperature of 800oC- 850oC (see tables
6.1 and 6.2 for details). Heat treatment is usually carried out with the purpose
of ensuring phase homegeneity. In our case, as-cast vs. annealed comparisons
indicate that the e�ect of heat treatment is negligible as no signi�cative di�er-
ences have been observed neither in the crystallographic nor in the magnetic
properties.

6.3 Crystallographic structure

Binary RFe2, RCo2 and RAl2 Laves phases crystallize in the MgCu2-type struc-
ture (C15 structure having space group Fd3m), where the R atoms form a
diamond lattice and the remaining space inside the cell is occupied by regular
tetrahedra consisting of the Fe (or Co or Al) atoms.[131, 132] (PrFe2 and NdFe2
do not form at normal conditions although a pressure synthesis has been suc-
cessfully in stabilizing the C15 structure[130]). In this structure, the R and Fe
(Co, Al) atoms each occupy one crystallographic site, namely the 8a and 16d
sites, respectively. Interestingly, the C15 structure is not stable in the course
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of the whole pseudobinary R(Al1−xFex)2 and R(Al1−xCox)2 series. In the con-
centration regions close to binary compounds, RT2 and RAl2, the R(Al1−xTx)2
Laves phases present a cubic crystal structure (C15), whereas in an interme-
diate concentration range near equiatomic composition (∼ 50% of T), com-
pounds crystallize in a hexagonal MgZn2-type structure (C14, space group:
P63/mmc).[133, 134] The crystallographic structure of these compounds is pre-
sented in Fig. 6.1. In addition, regions of multiphase mixture (C14 and C15)
exist between concentration regions of C15 and C14 structure as schematized
in the bottom bar of Fig. 6.1. Generally speaking, the concentration regions
corresponding to C14-C15 phase boundaries can be established around 30%
and 70% T. However, the extent of the single and mixed-phase regions clearly
depends on both the speci�c R and T in the compound and, in some cases,
these phase boundaries have been just roughly determined. [133, 134, 135]

RT2 RAl2C14C15 C15

Figure 6.1: Schematic drawings of cubic (C15) and hexagonal (C14) Laves phases

in which RT2 compounds crystallize (from Ref.[122]). The R atoms are plotted as

open circles and T atoms as solid circles. The three kinds of interstices are also

shown (1, 2, 3). The ideal C14 and C15 structures are in fact very similar, the only

di�erence being a slight di�erent stacking arrangement [137, 138]. The bottom bar is

a schematic layout presenting the regions of C14 and C15 structure. Gray areas are

regions of C14-C15 coexistence.

As in the case of binary Laves phases, in R(Al1−xTx)2 compounds crys-
tallizing in the C15 structure. The R atoms occupy the 8a sites and the Fe
(Co) and Al atoms are randomly distributed on the 16d sites. In the C14
structure, the R atoms occupy the 4f sites, while the Fe (Co) and Al atoms are
distributed on both the 2a and 6h sites without exhibiting any preferential oc-
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cupancy. Some authors report on ordering tendencies between T and Al in rel-
ative poor-Al (∼ 40% Al) and rich-Al (∼ 60% Al) concentrations. However no
deviation from statistical distribution is found at equiatomic composition.[136]
Details about the kind of site and nearest-neighbours for the di�erent crystal-
lographic sites are given in Table 6.3.

C15 kind of neighbour C14 kind of neighbour
site 8a 16d site 4f 2a 6h
8a 4 12 4f 4 3 9
16d 6 6 2a 6 0 6

6h 6 2 4

Table 6.3: Kind of site and number of nearest neighbours for the di�erent crystallo-

graphic sites in both C14 and C15 structures of R(Al1−xTx)2.[131, 132]

As discussed by Berry et al. and by Kitano et al.[137, 138], the C15 and
C14 structures are in fact very similar. This can be also easily derived from
XAS spectra at both T K edge and R L2,3 edges, where the comparison of
the spectral pro�les indicates a very similar local environment around the
absorbing (T or R) atomic specie.

The di�raction patterns were Rietveld re�ned using the FULLPROF code.[89]1

In all the cases the XRD pattern analysis shows that compounds with x = 0,
0.25, 0.75 and 1 crystallize in a cubic C15 (MgCu2-type) structure, whereas
compounds with 50% of Fe present a hexagonal C14 (MgZn2-type) structure.
In Fig. 6.2, the di�raction pattern of HoFe2 (C15) and Ho(Al0.50Fe0.50)2 (C14)
are shown as an illustrative example. For the sake of completeness the modi�ca-
tion of the XRD patterns with the Fe concentration in a complete R(Al1−xFex)2
series for a �xed R, and in the RFe2 series as R varies, are presented in Fig-
ure 6.3. As expected, the pro�le is the same along the series, with the exception
of x = 0.50, and only slight modi�cations on the relative intensities and a small
shift of the pattern can be observed. Moreover, it is clearly seen that for x
= 0.50 the crystal structure has changed, as expected for a compound in the
intermediate concentration range.

1In some samples (see Tables 6.4 and 6.5) a complete Rietveld re�nement could not be
successfully accomplished. For those cases a simple pattern matching, which is enough for
our purposes, was performed.
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Figure 6.2: Rietveld re�nement of the X-ray di�raction pattern collected at room

temperature for HoFe2 (top panel) and Ho(Al0.50Fe0.50)2 (bottom panel). The �rst

row of vertical bars corresponds to the Bragg re�ections of the 1:2 main phase, while

the second row corresponds to the Ho2O3 impurity in HoFe2.
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Figure 6.3: X-ray di�raction patterns collected at room temperature for

Ho(Al1−xFex)2 (top panel) and RFe2 compounds (bottom panel).
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Sample a(Å) c(Å) RBragg R2O3 (%) Comment
YFe2 C15 7.350 3.56 <2
Y(Al0.25Fe0.75)2 C15 7.497 5.55 <2
Y(Al0.50Fe0.50)2 C14 5.401 8.768 2.07 <2 pattern matching
Y(Al0.75Fe0.25)2 C15 7.736 5.29 <2
Pr(Al0.75Fe0.25)2 C15 7.949 12.68
PrAl2 C15 8.028 11.87
Nd(Al0.75Fe0.25)2 C15 7.887 11.64
NdAl2 C15 8.001 14.88 preferred orientation
GdFe2 C15 7.386 8.95 <2
Gd(Al0.25Fe0.75)2 C15 7.513 6.37 <2
Gd(Al0.50Fe0.50)2 C14 5.422 8.793 4.67 <2 pattern matching
Gd(Al0.75Fe0.25)2 C15 7.784 5.08 <2
GdAl2 C15 7.898 32.02 <2 preferred orientation
TbFe2 C15 7.343 10.5 <2
Tb(Al0.25Fe0.75)2 C15 7.469 8.78 <2
Tb(Al0.50Fe0.50)2 C14 5.399 8.754 3.78 7 pattern matching
Tb(Al0.75Fe0.25)2 C15 7.746 6.51 <2
TbAl2 C15 7.863 14.80 <2 preferred orientation
DyFe2 C15 7.318 7.55
Dy(Al0.25Fe0.75)2 C15 7.441 14.1
Dy(Al0.50Fe0.50)2 C14 5.383 8.715 2.3 pattern matching
Dy(Al0.75Fe0.25)2 C15 7.736 -
DyAl2 C15 7.837 12.86
HoFe2 C15 7.295 4.94 <2
Ho(Al0.25Fe0.75)2 C15 7.413 6.58 3
Ho(Al0.50Fe0.50)2 C14 5.349 8.697 1.55 <2 pattern matching
Ho(Al0.75Fe0.25)2 C15 7.682 18.5 <2 preferred orientation
HoAl2 C15 7.812 14.54 preferred orientation
ErFe2 C15 7.278 16.96 preferred orientation
Er(Al0.25Fe0.75)2 C15 7.380 16.87 preferred orientation
Er(Al0.50Fe0.50)2 C14 5.336 8.676 2.07 pattern matching
Er(Al0.75Fe0.25)2 C15 7.666 6.51
ErAl2 C15 7.791 9.78 <2
LuFe2 C15 7.219 10.5 <2
Lu(Al0.25Fe0.75)2 C15 7.337 22.8 5 preferred orientation
Lu(Al0.50Fe0.50)2 C14 5.289 8.616 2.88 4

Table 6.4: Kind of structure, lattice constants (a and c), percentage of R2O3 impurity

and reliability Bragg factor (de�ned in Ref.[117]) associated to the main phase.
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Sample a(Å) c(Å) RBragg R2O3 (%) Comment

NdCo2 C15 7.300 - 7.01
PrCo2 C15 7.306 - 7.22
GdCo2 C15 7.252 - 9.39
Gd(Al0.5Co0.5)2 C15 5.395 8.581 14.24
Gd(Al0.8Co0.2)2 C14 7.797 - 12.21
GdAl2 C15 7.898 32.02 preferred orientation
TbCo2 C15 7.208 - 0.00 <2
DyCo2 C15 7.198 - 4.86 <2
HoCo2 (as-cast) C15 7.172 - 6.58
HoCo2 (annealed) C15 7.173 - 6.69
Ho(Al0.2Co0.8)2 C15 7.267 - 10.56
Ho(Al0.50Co0.50)2 C14 5.320 8.497 9.53
Ho(Al0.7Co0.3)2 C15 7.607 14.60 3 phase coexistence:

C14 5.371 8.571 15.92 C14 + C15
HoAl2 C15 7.810 - 14.54 preferred orientation
Lu(Al0.1Co0.9)2 C15 7.168 - 5.80 <2
ErCo2 (as-cast) C15 7.154 - 6.16
ErCo2 (annealed) C15 7.157 - 6.79

Table 6.5: Kind of structure, lattice constants (a and c), percentage of R2O3 impurity

and reliability Bragg factor (de�ned in Ref.[117]) associated to the main phase.

The structural information of the synthesized samples is largely summa-
rized in Tables 6.4 and 6.5, where the kind of structure, lattice parameters and
the reliability Bragg factor[117] associated to the main phase are shown. The
cell parameters of the R(Al1−xFex)2 determined from the XRD patterns, are in
agreement with previous published data. [139] The R(Al1−xTx)2 compounds
undergo a contraction with both increasing atomic number of R and increas-
ing T concentration. This is illustrated in Figure 6.4, where the comparison of
the lattice constant,a, is shown as a function of both T concentration and R
element.

Good crystallinity of the samples is indicated by the low Bragg factor
obtained. In some cases (indicated in tables 6.4 and 6.5 ) the pattern are
a�ected by preferred orientation giving rise to higher values of RBragg. This
is, for example, the case of Ho(Al0.75Fe0.25)2, which despite its high RBragg

factor (18.5) presents very narrow peaks (see Fig.6.2). The e�ect of preferred
orientation has been checked in HoCo2: the RBragg factor reduces from 21.5 to
6.6 after mixing the sample powder with SiO2 (Cab-osil r M5). On the other
hand, the high RBragg values in the pseudobinary samples of the R(Al1−xCox)2
series are due to wide linewidths. Moreover, as R(Al1−xCox)2 present broad
and ambiguously determined C14-C15 multiphase boundaries, no single-phase
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Figure 6.4: Modi�cation of the cell parameter a collected at room temperature in

cubic R(Al1−xTx)2 compounds as a function of the T content, x (left), and the rare-

earth, R (right).

sample could be synthesized in the 0.2 < x < 0.3 region. For this reason
we have included in our study the Ho(Al0.70 Co0.30)2 compound, although it
presents C14-C15 phase coexistence.

Pattern comparison of as-cast vs. annealed compounds does not indicate
any evident structural modi�cation or improvement after the annealing proce-
dure.

From the Rietveld re�nement also the presence of secondary phases and
their content (in %) has been obtained. A small amount of R2O3 has been
commonly found in our samples as indicated in Tables 6.4 and 6.5. In ad-
dition, the presence of R-T (1:3 phase mainly) and R-Al secondary phases,
less than 10% overall, has been occasionally identi�ed in our samples, being
undistinguishable in most of the compounds.

Finally, it is to be noted that some RT2 Laves phases exhibit huge magne-
tostrictive e�ects bellow Tc. Indeed, TbFe2 possesses the largest known room
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temperature magnetostriction, λ = 2600 x 10−6 (λ(0K) = 0.0045).[140] Thus,
in compounds where the easy magnetization axis is [111], such as TbFe2 and
ErFe2, an elongation along the [111] direction leads to rhombohedral distortion,
whereas DyFe2 and HoFe2 (easy magnetization axis [100]) present tetragonal
distortion.[140, 141, 142] The e�ect of such a distortion, however, is less signi-
�cative than the volume di�erences due to T-Al substitution, where the lattice
constant shows a modi�cation of ∼ 1.7 % between x = 0 and x = 0.25. Even for
TbFe2, the re�nement of the room temperature XRD pattern can be success-
fully (as indicate the reliability Bragg factor) performed considering a cubic
C15-type structure. Therefore, in a �rst approximation, all the compounds
will be considered as possessing a C14 or C15 crystallographic structure. As
we will discuss later, the magnetostrictive e�ect is not detected in the XAS
and XMCD signals.

6.4 Macroscopic magnetic characterization

The dependence of the magnetization vs applied magnetic �eld for the bi-
nary RFe2, RCo2 and RAl2 compounds is shown in Figure 6.5. All the RAl2
compounds show ferromagnetic ordering. In RFe2 and RCo2 compounds the
magnetic moments of the transition metal and rare-earth sublattices exhibit
ferromagnetic coupling for compounds with light rare-earth and ferrimagnetic
coupling if the rare-earth is a heavy one. For all the compounds with a mag-
netic rare-earth the magnetization of the R sublattice governs the total mag-
netization of the sample (|MR|>|MT |). As a result, RAl2 presents a larger
magnetization than RFe2 and RCo2 for heavy rare-earths (|MTOT |=|MR| -
|MT |), while the opposite case occurs for light R (|MTOT |=|MR| + |MT |), as
it can be clearly seen in Fig. 6.5.

In the case of the M(H) curves of the RCo2 series, shown in the middle panel
of Fig. 6.5, the magnetization of Lu(Al0.10Co0.90)2 has been included instead
of those of LuCo2 and YCo2. The reason motivating this substitution is the
fact that both LuCo2 and YCo2 compounds are enhanced Pauli paramagnets,
whereas a small substitution of Co by Al renders these compounds itinerant
ferromagnets.2

To this respect, it has to be noted that while Fe exhibits an intrinsic mag-
netic moment, µFe ∼ 1.4 µB, that remains roughly constant through the RFe2
series,[143, 145] the Co moment is induced by the e�ective �eld due to the R
atoms and, consequently, it is strongly dependent on the speci�c R through
the RCo2 series. [133] The di�erent magnetic behaviour of the transition metal

2The e�ect of Al on LuCo2 and YCo2 will be seen in detail in chapter 7.
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atoms, Fe vs. Co, in the Laves phase compounds is usually accounted in terms
of the peculiarity of the DOS and the Stoner criterion for the onset of mag-
netism (DOS(EF )· I > 1).[146, 12] As shown in Fig. 6.6, the DOS of the YT2

compounds is similar no matter the speci�c T involved. However, for each
di�erent transition metal the Fermi level lies in a di�erent position of the DOS
and, consequently, the magnetic behaviour is markedly di�erent for the four
compounds.

In the case of YFe2 and LuFe2 the DOS at the Fermi energy, DOS(EF ),
is high enough to ful�l the Stoner criterion, DOS(EF )· I > 1, and these com-
pounds exhibit ferromagnetic behaviour. By contrast, for YCo2 and LuCo2

DOS(EF )· I < 1 and these compounds show Pauli paramagnetism behaviour.
Besides, despite the Fermi level lies in a low DOS region, it is not so far
from a sharp peak in the DOS, so the magnetic behaviour of these compounds
strongly depends on external parameters and they show metamagnetism. Con-
sequently, YCo2 and LuCo2 are not good �references� for Co moment if one
wants to apply a two sublattice procedure in a similar manner to that followed
so far for the RFe11Ti and R6Fe23 series. On the other hand, as it will be
discussed in detail in chapter 7, a small substitution of Co by Al renders these
compounds itinerant ferromagnets. Lu(Al0.10Co0.90)2 is the compound within
the (Lut,Y1−t)(Al1−xCox)2 series showing the highest Co magnetic moment,
µCo ∼ 0.6 µB, being the most similar to that found in RCo2 compounds with
magnetic R (see, for example, Ref.[147]). This is the reason why we have cho-
sen Lu(Al0.10Co0.90)2 as the reference of the Co sublattice magnetization in
the RCo2 series.

The comparison of the M(H) behaviour as a function of the transition metal
content for the di�erent R(Al1−xTx)2 compounds is shown in Figures. 6.7 and
6.8. Three di�erent kinds of behaviour can be observed:

R = Y and Lu. Compounds with a non-magnetic R, i.e. Lu and Y Laves
phases, present a rapid nonlinear diminution of the magnetic moment of Fe.
Thus, YFe2 and LuFe2 are ferromagnets with µFe ∼ 1.43 µB, while long-range
order disappears for x ≤ 0.75.

R = Gd. For diluted Gd(Al1−xFex)2 compounds the Gd-Fe coupling is
ferrimagnetic. The observed reduction of the M(H) curves with increasing Fe
content can be explained by simple Al-Fe replacement with basically constant
Gd and Fe magnetic moments. For Gd(Al1−xCox)2 compounds, assuming a
constant Gd moment, the M(H) curves indicate an abrupt decrease of the Co
magnetic moment.

R = Tb, Dy, Ho and Er. For diluted R(Al1−xFex)2 compounds with a
heavy rare-earth di�erent from Gd the coupling is also ferrimagnetic as indi-
cates the reduction of the magnetization with respect to RAl2. As a general
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Figure 6.6: Calculated local DOS curves for YMn2, YFe2, YCo2 and YNi2. εF

denotes the Fermi level at 0 K (From Ref.[12]).

trend there is a decrease of the magnetization in all likelihood caused by Al-Fe
replacement. However, the M(H) curves do not show a gradual evolution with
increasing Fe content as in the Gd series. The decrease of the magnetization
with increasing Fe content is more pronounced than it would be expected from
a simple dilution e�ect if both µFe and µR remain unaltered. Moreover, it
can be observed that the compounds showing this irregular modi�cation of
the magnetization present also a considerable increase of the magnetization
(considerable slope in the M(H) curve) even at high �elds and they develop S-
type saturation behaviour, i.e. discontinuous increases of magnetization with
applied magnetic �eld. This S-type behaviour does not occur in the case of Ho
compounds.

The diluted R(Al1−xFex)2 compounds with light rare-earth, should show
the lowest magnetization for RAl2 accordingly to the parallel coupling between
R and Fe, but this is not the observed situation. As in the case of heavy
compounds, it has to be noted that the high �eld magnetization is still far
from saturation.

All the above described M(H) curves are in agreement with those found for
diluted R(Al1−xTx)2 compounds in previous works.[148, 149, 150, 151, 156,
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Figure 6.7: Magnetic isotherms, T = 5 K, measured on R(Al1−xFex)2 powdered

samples in applied magnetic �elds up to H = 50 kOe: x=0 (�), x = 0.25 (H), x
= 0.50 (N), x = 0.75 (•) and x = 1(�). In the bottom right panel open symbols

correspond to Y samples.
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155, 153, 136, 152, 157, 158, 159, 160, 161, 162, 135, 154] In the case of Y
and Lu samples, the rapid decrease of magnetization with Al content has been
explained in terms of a local environment model.[148] According to this model,
the Fe atoms carry an ordered moment if surrounded by at least 15 nearest
and next-nearest iron neighbours. For LuFe2 and YFe2 all the atoms ful�l this
condition showing ferromagnetic order. In the case of Lu(Al0.25Fe0.75)2 and
Y(Al0.25Fe0.75)2 compounds some of the Fe atoms will exhibit ferromagnetic
order, whereas in compounds with 50% and 25% of Fe, all the Fe sublattice will
have paramagnetic character. This model seems to explain our M(H) curves
measured on the Y and Lu series. Alternatively, Pösinger et al. proposed
a model in which magnetic clusters are formed stochastically to explain the
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Mössbauer spectra recorded in Y1.1(Fe0.75Al0.25)2.[163]

The M(H) behaviour of Gd(Al1−xFex)2 series is consistent with a constant
magnetic moment of Gd and a slightly decreasing Fe magnetic moment in
agreement with previous works[150, 151]. Comparison between the magnetic
behaviour of Fe for Lu (Y) and Gd pseudobinary compounds seems to indicate
that the Gd atoms act as magnetising elements of the diluted Al-Fe matrix.

The peculiar behaviour observed for R = Tb, Dy, Ho and Er at low tem-
peratures involves a strong decrease of the magnetization between pure RAl2
and compounds with low Fe content (x<0.25), marked magnetic hardness and
a considerable increase of magnetization with applied magnetic �eld even at
high applied magnetic �elds. This behaviour of the diluted R(Al1−xFex)2 com-
pounds has been previously reported[156, 155, 153, 136, 152, 157, 158, 159,
160, 161, 162, 135, 154]. However, the detailed description of this behaviour
is still not clear. In particular, a quantitative description of µFe though the
R(Al1−xFex)2 series is still missing.

In relation to the saturation mechanism of the magnetization, Grössinger
et al. have suggested that the step-like increases on the M(H) curves may be
explained in terms of lattice distortions.[135] On the other hand, Oesterreicher
regards the S-type behaviour as the result of either metamagnetism or, more
likely, magnetic hardness arising from domain wall e�ects.[152] To this respect,
several neutron di�raction experiments (ND)[135, 152, 153, 154] report a low-
ordered rare-earth sublattice moments and reveal the �lost part� as a disordered
component, i.e. the magnetic moments are not totally collinear. This �partial
quenching� of MR has been reported to be connected either with changes of
the free electron concentration or with crystallographic disorder. In relation to
the latter possibility, the partial quenching of MR can be explained as follows:
in systems where an anisotropic R is placed into a randomized environment,
crystal �eld e�ects on R dictate a partially randomized magnetic structure.
Moreover, combination of magnetic disorder and large anisotropy �elds can
combine to be responsible for very thin domain walls. As a result, these do-
main walls are pinned at obstacles of atomic dimension giving rise to the devel-
opment of strong magnetic hardness.[136] The combination of these two e�ects
can be also at the origin of the noticeable increase of magnetization even at
high applied �elds as, within this framework of disorder and strong magne-
tocrystalline anisotropy, the saturation is then hardly obtained.[135, 152, 155]
This would also explain why Gd compounds saturates more straightforwardly
and shows practically no hardness, as Gd has not angular contribution to the
magnetic moment. Moreover, Grossinger et al. have suggested that Dy Laves
phases show a change of the easy magnetization direction (EMD) from [001]
for x = 1 to [111] for x = 0.9. This implies that Tb, Dy, and Er diluted
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compounds would exhibit the same [111] EMD. This may explain why diluted
Ho compounds show a slightly di�erent behaviour, as the detailed magnetic
behaviour of each sample will depend on the speci�c R and its interaction with
the CEF.

To this respect, it is interesting to know that a similar magnetic behaviour
has been also observed for (R,R')Al2 compounds.[164, 165, 166, 167] In these
compounds the partial quenching of MR is explained in terms of Random
Magnetic Anisotropy (RAM) and Spin Glass behaviour.

As we can see from the above scenario, the precise characterization of the
behaviour of µFe and µR as Fe is substituted by Al throughout the R(Al1−xFex)2
series is still an open problem. This interesting study is, however, beyond the
objectives of this thesis. Indeed, in this thesis we are mainly involved into
providing a full understanding of the XMCD of R-T intermetallics. This is the
reason why we will focus on the combined study of M(H,T) and XMCD at H
= 5 kOe and T = 5 K. Although M(H) curves show that these conditions are
not enough to completely reach saturation, the existing state is expected to
be close to the ideal situation with saturated moments, both µFe and µR, and
ferrimagnetic coupling between R and Fe sublattices.

The values of the magnetization measured at T = 5 K in an applied mag-
netic �eld H = 50 kOe are reported in Table 6.6. From the total magnetiza-
tion values we have derived µR and µFe by applying a simple two sublattice
model. We have assumed that the total magnetization of the R(Al1−xFex)2
compounds, MTot, corresponds to the simple

−→
MFe +

−→
MR addition, where MR

and MFe are respectively the magnetization of the rare-earth and iron sublat-
tices. In addition, several alternative approximations have been considered to
derive the values of µR and µFe:

(a) MFe is assumed to correspond to the magnetization of one R(Al1−xFex)2
compound in which R is non magnetic, i.e. Y or Lu, and that it re-
mains independent on R. Thus, for example, MFe in Er(Al0.25Fe0.75)2 is
assumed to be equal to MFe in Lu(Al0.25Fe0.75)2.

(b) Alternatively, µFe can be assumed to be the iron magnetic moment of one
RFe2 compound in which R is non magnetic, i.e. Y or Lu. That is, the
magnetic moment of Fe remains the same independently on both R and
x. Thus, for example in Er(Al0.75Fe0.25)2, µFe is assumed to be the same
as in LuFe2.

Otherwise, we can apply di�erent approximations for the magnetization of
the R sublattice and derive the values of µFe:
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Sample M (µB/f.u.) TC (K) Sample M (µB/f.u.) TC (K)

YFe2 2.87 541
Y(Al0.25Fe0.75)2 0.60 50
Y(Al0.50Fe0.50)2 0.22 PM
Y(Al0.75Fe0.25)2 0.14 PM

Pr(Al0.75Fe0.25)2 1.81 35 PrCo2 3.37 40
PrAl2 2.94 33

Nd(Al0.75Fe0.25)2 2.23 65 NdCo2 3.68 100
NdAl2 2.39 79

GdFe2 3.91 793 GdCo2 5.00 400
Gd(Al0.25Fe0.75)2 4.92 420 Gd(Al0.5Co0.5)2 6.86 100
Gd(Al0.50Fe0.50)2 5.64 265 Gd(Al0.8Co0.2)2 7.13 75
Gd(Al0.75Fe0.25)2 6.48 135
GdAl2 7.00 164

TbFe2 4.79 653 TbCo2 6.32 235
Tb(Al0.25Fe0.75)2 6.09 354
Tb(Al0.50Fe0.50)2 6.04 190
Tb(Al0.75Fe0.25)2 6.54 90
TbAl2 8.70 109

DyFe2 6.45 628 DyCo2 7.46 150
Dy(Al0.25Fe0.75)2 6.56 280
Dy(Al0.50Fe0.50)2 6.36 130
Dy(Al0.75Fe0.25)2 6.04 60
DyAl2 9.45 58

HoFe2 6.54 606 HoCo2 7.98 78
Ho(Al0.25Fe0.75)2 7.26 214 Ho(Al0.2Co0.8)2 7.96
Ho(Al0.50Fe0.50)2 7.63 85 Ho(Al0.50Co0.50)2 7.81 20
Ho(Al0.75Fe0.25)2 7.29 40 Ho(Al0.7Co0.3)2 6.81 17
HoAl2 9.25 28

ErFe2 5.57 582 ErCo2 7.15 32
Er(Al0.25Fe0.75)2 6.38 140
Er(Al0.50Fe0.50)2 6.39 60
Er(Al0.75Fe0.25)2 6.03 26
ErAl2 7.90 13

LuFe2 2.86 582 Lu(Al0.1Co0.9)2 1.16 90
Lu(Al0.25Fe0.75)2 0.70 60
Lu(Al0.50Fe0.50)2 0.23 PM

Table 6.6: II. Magnetic parameters of the R(Al1−xFex)2 compounds: M is the mag-

netization measured at T = 5 K and H = 5 kOe and TC is the Curie temperature

obtained as the in�ection point of the M(T) curves recorded at H = 1 kOe.
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(c) We assume free ion moment for each R independently on x.

(d) µR is assumed to be that obtained for the RAl2 compounds, independently
on x.

The results of applying these procedures are displayed in Figure 6.9.
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In the case of Gd compounds, our results can be explained with the simplest
model, i.e., a constant µR, a slightly decreasing µFe (from 1.55 µB in GdFe2 to
1.04µB in Gd(Al0.75Fe0.25)2 ) and all the magnetic moments being collinearly
ordered (ferrimagnetic coupling between the Fe and R sublattices). These
results are in agreement with previous results on the Gd(Al1−xFex)2 series[150,
151] indicating an almost constant magnetic moment of iron upon dilution
even at high Al contents. The small decrease of the iron magnetic moment has
been ascribed to the reduced exchange splitting of Fe 3d states as the iron is
substituted by aluminium.



120 Chapter 6. XMCD in R(Al1−xTx)2 Laves phases compounds

A more complex situation is found for the rest of the compounds. Accord-
ing to Fig. 6.9 (a), if the behaviour of µFe upon Al substitution is the same
no matter the R (i.e., if µFe behaves as in the Lu(Al1−xFex)2) series), then
the magnetic moment of the rare-earth clearly decreases in the diluted com-
pounds. For instance, µHo decreases ∼21% (from 9.40 µB in HoFe2 to 7.43µB

in Ho(Al0.75Fe0.25)2). If, on the other hand, a constant, ∼ 1.4 µB, magnetic
moment is assumed for the Fe atoms (case b), µR also decreases but much
slightly than in the previous case. Thus, the decrease of µHo is in this case ∼
15% (from 9.40 in HoFe2 µB to 8.01µB in Ho(Al0.75Fe0.25)2).

Conversely, when µR is approximated to a constant value (either the mo-
ment found for RAl2 or the free ion value), then an almost constant µFe is
obtained for compounds with 100% and 75% of Fe. (µFe ≈ 1.4 µB in case c
and µFe ≈ 1.7 µB in case d). By contrast, µFe strongly increases for higher Al
contents. This strong increase of µFe makes no sense at all and clearly indi-
cates a reduction of MR, which would be in agreement with the �lost disordered
component� reported by Neutron Di�raction data. [135, 152, 153, 154]

Therefore, our results indicate that the magnetic moments in the diluted
compounds are partially disordered (i.e. they are non-collinear and the orien-
tation and angle of deviation from the magnetic axis varies locally). Conse-
quently, a precise description of µFe and µR through R(Al1−xFex)2 is unattained
due to the di�culty of separating unambiguously the magnetic moment of the
iron and the rare-earth. The value of the R moment is uncertain due to quench-
ing e�ect of the crystal �eld and an accurate contribution of the transition
metals to the total magnetization cannot be derived. In addition, Oesterre-
icher has proposed that there is an electron transfer from R and Al to Fe giving
rise to decrease of µFe with Al increase. This transfer will occur to the extent
that Fe(Co) becomes nonmagnetic. Investigations of the L3 emission spectra
show that the increase of Al causes larger spread of the iron 3d wavefunction
and the corresponding delocalization makes charge transfer between Fe(3d)
and Dy(5d) bands possible.[168].

On the other hand, Gd compounds are free from the quenching e�ect of
the crystal �eld and therefore, the magnetic moments of both µFe and µR

have been easily disentangled. Despite the role of electron transfer giving
rise to the decrease of µFe cannot be completely rejected, the results on the
Gd(Al1−xFex)2 series[150, 151] indicate an almost constant magnetic moment
of iron upon Al dilution even at high Al contents ( a gradual reduction from
µFe = 1.55 µB in GdFe2 to 1.04µB in Gd(Al0.75Fe0.25)2 ).

In addition, taking into account that the reported magnetization values
correspond to low temperatures (T = 5 K) and high magnetic �elds (H =
5 kOe), it seems reasonable to consider that, among the possible situations,
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the most feasible one is that where i) the magnetic moments are close to
collinearity, ii) MR is slightly reduced due to small deviations from collinearity
and iii) MFe also exhibits a minor decrease, similar to that found for Gd series.
Indeed, in R(Al0.25Fe0.75)2 compounds the magnetization values reasonable �t
with a model where the only e�ect is the dilution one, i.e. if we assume that
µFe and µR are kept constant.

Finally, it should be noted that the determination of the saturation magne-
tization (Msat) by Honda (M vs 1/H) plots is not a good method to overcome
this di�culty. Indeed, in those cases in which the observed linear increase of
M(H) is not minor at high �elds, the saturation magnetization (Msat) deter-
mined from Honda (M vs 1/H) plots bears little reliability as the M(H) curves
are far from saturation.

The thermal dependence of the magnetization has been summarized in �g-
ure 6.10, where the zero �eld cool (ZFC) curves recorded under an applied
magnetic �eld of 1000 Oe are shown. From the M(T) curves the Curie temper-
ature, TC , has been obtained as the in�ection point. The TC values, included
in table 6.6, will give us information about the strength of the T-T, R-T and
R-R couplings.

For the sake of completeness, M(T) curves have been also measured at a
higher magnetic �eld, H = 35 kOe, for some R(Al1−xFex)2 systems. As it can
be seen in Fig. 6.11 the modi�cation of the thermal behaviour is the expected
one: the magnetic transition spreads and the onset of magnetic ordering shifts
towards higher temperature.
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6.5 Mössbauer measurements

As we have seen, magnetization measurements, M(H,T), do not allow us to
clearly discern between Fe and R contributions in all the cases. Consequently,
the detailed magnetic behaviour of the iron sublattice as a function of its con-
centration in the compound is still missing. Within this framework we have
carried out a Mössbauer study through the R(Al1−xFex)2 series. Mössbauer
spectroscopy is a element-selective magnetometry. Therefore, we expect this
technique will provide the required additional information about the magnetic
moment of iron atoms in R(Al1−xFex)2. The site selectivity of Mössbauer
spectroscopy will allow us to obtain valuable information about the magnetic
moment of Fe as a function of the number of Al (Fe) atoms around the absorb-
ing Fe atom. In addition, from the analysis of the variation of the hyper�ne
parameters, specially the hyper�ne magnetic �eld, Bhf , across the binary RFe2
series, we expect to obtain further information about the R-Fe interaction.

The Mössbauer study has been divided into two parts. In the �rst part
room temperature spectra have been recorded in the binary compounds to
study the behaviour of the Fe sublattice in the parent compounds and the e�ect
of the speci�c rare earth. In the second part, the spectra of Gd(Al1−xFex)2,
Tb(Al1−xFex)2 and Ho(Al1−xFex)2 compounds have been analyzed at room
temperature and T = 15 K trying to disentangle the e�ect of Al replacement
in the Fe sublattice.

6.5.1 Pure RFe2 compounds

Mössbauer spectral measurements and analysis

In RFe2 compounds the iron atoms occupy just one inequivalent, 16d, crystal-
lographic site. As a consequence, the iron atoms have just one near neighbour,
nn, environment and the Mössbauer spectrum should consist in just one sextet.
However, further subdivision of this sextet assigned to the 16d iron site may
be necessary if multiple relative orientations of Vzz (the principal axis of the
electric �eld gradient tensor, EFG) and Bhf (or, equivalently, the easy mag-
netization direction, EMD) are possible at this iron site. Depending on the
point symmetry of the iron site, Vzz can be along di�erent crystallographic di-
rections. As a consequence, a crystallographic site may become di�erent sites
from the point of view of the hyper�ne interactions as they depend on the rela-
tive angle, θ, between the direction of Bhf and Vzz. In particular, the di�erent
orientations of both magnitudes can lead to di�erent quadrupole shifts (Eqs.
1.30 and 1.31) and also may a�ect the hyper�ne �eld through the anisotropic
component of Bhf (Eq. (1.44)).
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In order to know the correct Mössbauer spectral distribution for each com-
pound it is necessary to know the possible Vzz directions at each iron site and
the EMD. In the case of RFe2, the point symmetry of each iron atom is 	3m with
the threefold axis lying along one of the [111] directions.[169] The EMD can
be [111], [001] or [101] depending on the R lanthanide in the RFe2 compound.
This leads to three di�erent situations summarized in table 6.7:

EMD θ site % ε(I)/ε(II) R
(ε ∝ (3cos2θ − 1))

[111] θ (I) = 70o32' 75 -0.33 Y, Gd, Tb, Er, Lu
θ (II) = 0 25

[001] θ (I) = 54.7o 100 Dy, Ho
[101] θ (I) = 35 o16' 50 -1 Sm

θ (II) = 90 o 50

Table 6.7: EMD, relative angle between Vzz and Bhf (θ), percentage of the site

corresponding to each θ and ε(I)/ε(II) ratio for the di�erent RFe2 compounds.[169,

170]

1. EMD = [111]. In the 75% of the sites θ is 70o32', whereas 25% of the
sites have θ = 0o. Therefore, the Mössbauer spectrum will be made up
of two sextets with relative intensities 3:1. They will be called sites I and
II respectively. As the value of θ is known in each case, we can calculate
the value of the ε(I)/ε(II) ratio (-0.33).

2. EMD = [001]. All the sites will be equivalent and the Mössbauer spec-
trum will consist on just one sextet. Besides, the relative angle be-
tween Bhf and Vzz is the so-called magic angle, θ = 54.7o, and so the
quadrupole shift, ε, is zero.

3. EMD = [101]. θ can be 35 o16' (in the 50% of the sites) or 90 o (also
in 50% of the sites). In this case, the Mössbauer spectrum consists on
two sextets with relative intensities 1:1. As in case 1, they will be called
sites I and II respectively. The value of θ is known in each case, so we
can calculate the value of the ε(I)/ε(II) ratio (-1).

Therefore, three di�erent �tting models are proposed for the Mössbauer
spectra of RFe2. When the EDM lies along the [001] direction, the Mössbauer
should be �tted with just one sextet. In such a case, three hyper�ne parame-
ters, Bhf , δ and ε, one linewidth and the total absorption area are involved in
the �t. In the same way, when two sextets are used to �t the spectrum, �ve
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hyper�ne parameters, one linewidth and the total absorption area are involved
in the �t. In this case it has been considered that since the magnetically in-
equivalent pairs are crystallographically equivalent, their isomer shifts should
be identical.[171]

The validity of these models will be checked from the goodness of the
�t and by the requirement of physically reasonable hyper�ne parameters. In
some cases, the choice of the best suited model to �t a spectrum was not
straightforward. In these cases, the following criteria have been regarded:

The linewidths were allowed to vary in the �t from 0.27 mm/s, the linewidth
obtained for the iron foil used in the calibration procedure, to ≈ 0.40 mm/s.
Whenever the �t yielded widths larger than these, it was discarded as non-
physical.

In a general case, the goodness of a �t can be estimated from the value of
χ2 that is calculated as:[172]

χ2 =
N∑

i=1

(
yi − y(xi; a1...aM )

σI

)2

, (6.1)

were (xi, yi) (i = 1,...N) are the experimental data, y(xi; a1...aM ) is the
function describing the model we are using to �t the experimental data and aj

(j = 1,...M) are the parameters to �t. This χ2 parameter has been designed in
such a way that the lower its value is, the better the agreement between both
calculated and experimental points. Indeed, the program used to perform the
�t determine the value of the parameters by minimizing this χ2 function.

In all cases the estimated errors of the obtained hyper�ne parameters are
at most ± 0.3 T for the hyper�ne �elds, ± 0.020 mm/s for the isomer shifts
and ± 0.050 mm/s for the quadrupole shifts. The values of the isomer shifts
are relative to the α-iron at 295 K. The observed linewidths were typically of
0.28 ± 0.02 mm/s for RFe2 compounds. Below, the di�erent tested models are
discussed.

R = Y, Tb, Gd, Er and Lu, (EMD = [111])

In the case of R = Y, Tb and Er a [111] EMD has been proposed (see
Table 6.7). The Mössbauer spectrum is clearly made up of two contributions
with relative intensities 3:1, in agreement with a [111] EMD, as it can be seen
in �gure 6.12. For this �t, the relative intensities of each contribution have
been kept �xed and we have considered δ(I) = δ(I) and LW(I) = LW(II). The
observed linewidths are ∼ 0.28 mm/s, i. e. close to the calibration linewidth,
for all the compounds. The corresponding hyper�ne parameters are given in
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table 6.8. As we can see, the ε(I)/ε(II) ratio is close to the theoretical value
(-0.33). This shows the adequacy of the model for the �tting of these spectra.

In the case of GdFe2 and LuFe2 the presence of two sextets is not so straight-
forward as for R = Y, Tb and Er. As it can be seen in Fig.6.12 one cannot
distinguish two di�erent sextets in a �rst sight. However, it becomes clear when
one compares the results of �tting the spectra to one sextet or to two sextets
with relative intensities 3:1. For both compounds, the linewidths are slightly
smaller in the latter case. In addition, in GdFe2 χ2 = 1198 if the �tting is done
with one sextet and χ2 = 778 if we consider two sextets (For LuFe2: χ2 = 1661
in the one sextet �tting and 1133 in the two sextets �tting). Consequently,
both the linewidth and the value of χ2 indicate that the Mössbauer spectra
should be �tted with two sextets with relative intensities 3:1. As one can see
in Table 6.8, the values obtained for ε in LuFe2 are much smaller than those
found in the case of R = Y, Tb and Er. As a consequence, the two sextets I and
II strongly overlap making di�cult to disentangle the two contributions in the
�tting procedure. Moreover, since the values of ε(I) are within the experiential
error, the ε(I)/ε(II) ratio can be strongly a�ected by this error. This would
explain why for LuFe2 the ε(I)/ε(II) ratio is -0.53 instead of the theoretical
-0.33 value. In the case of GdFe2 there is also a strong overlap of the two
contributions, but the ε(I)/ε(II) ratio (-0.76) is clearly di�erent from the the-
oretical value (-0.33). This result very likely re�ects the existence of a canting
of the Fe magnetic moments in GdFe2, as proposed by K. N. Martin[170]. The
presence of a canting in the LuFe2 seems unlikely because this would imply
the existence of a signi�cant (localized 4f) magnetic moment at the Lu site.
Even if we assume the existence of an induced 5d moment in Lu, this moment
will be very small to give rise to magnetocrystalline anisotropy.

R = Dy and Ho (EMD = [001])

According to the scheme above ( see Table 6.7), in these two cases the
experimental spectrum should be easily �tted with just one sextet. The �tting
is very good in the case of HoFe2, as it can be seen in the �gure 6.12, and in
the hyper�ne values given in Table 6.8.

The �t of the DyFe2, however, is not so good, having a wide linewidth. For
this reason, we have also tried to �t the spectrum to two sextets with relative
intensities 3:1 (EMD = [111]) and to two sextets with relative intensities 1:1
(EMD = [101]). However, no marked improvement has been found with the last
two options neither in the value of χ2 (χ2 are 1672, 1332 and 1319 respectively),
nor in the linewidths. Moreover, the values of the ε(I)/ε(II) ratio are very
di�erent from the theoretical value.

Previous works have also found the same problem in the �t of the DyFe2
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Compound T(K) m Prob. δ(mm/s) ε, ∆EQ (mm/s) Bhf (T)
±0.02 ±0.05 ±0.3

YFe2 15 0 75 -0.042 0.066 21.32
0 25 -0.042 -0.169 20.61

Total aver. -0.042 0.001 21.14

YFe2 295 0 75 -0.086 0.065 18.86
0 25 -0.086 -0.180 18.30

Total aver. -0.086 0.004 18.72

LuFe2 15 0 75 -0.002 0.036 21.05
0 25 -0.002 -0.047 20.27

Total aver. -0.002 0.015 20.85

LuFe2 295 0 75 -0.120 0.042 19.0
0 25 -0.120 -0.079 18.4

Total aver. -0.120 0.012 18.85

GdFe2 15 0 75 0.057 0.114 23.30
0 25 0.057 -0.136 21.18

Total aver. 0.057 0.050 22.77

GdFe2 295 0 75 -0.077 0.088 22.08
0 25 -0.077 -0.023 21.34

Total aver. -0.077 0.060 21.89

TbFe2 295 0 75 -0.089 0.105 21.77
0 25 -0.089 -0.268 19.29

Total aver. -0.089 0.012 21.25

DyFe2 295 0 100 -0.100 0.029 20.87

HoFe2 15 0 100 0.021 0.032 22.15

HoFe2 295 0 100 -0.100 0.018 20.20

ErFe2 295 0 75 -0.107 0.089 20.05
0 25 -0.107 -0.254 18.33

Total aver. -0.107 0.003 19.63

Table 6.8: Hyper�ne parameters of the RFe2 compounds. In all cases the isomer shift

is taken relative to α-iron at 295 K.

spectrum [162]. In these works, the experimental Mössbauer spectra have
been �tted with just one sextet and the observed asymmetry is associated to
the magnetic moments being slightly canted. Including this canting e�ect in
the �tting model would probably give rise to a better �t. Unfortunately, the
canting angle is not known, so we will consider our �rst �t to one sextet (shown
in Fig. 6.12) is the best suited one. With this �t, part of the information about
the compound is missing. Nevertheless, this shortage will not a�ect (at least
drastically) to the average values of the hyper�ne parameters.

Analysis of the hyper�ne parameters

In Fig. 6.13 we show the hyper�ne parameters Bhf , δ and ε as a function of
the atomic number of R.

In agreement with previous results for other R-Fe series,[41] there is an
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Figure 6.13: Mössbauer hyper�ne parameters of the RFe2 compounds obtained at

room temperature as a function of the atomic number, Z, of the rare-earth.

evident dependence of Bhf on the rare-earth: Bhf is maximum for R=Gd and
decreases from Gd to Lu. By contrast to the isomer shift (see Fig. 6.15), the
hyper�ne �eld does not present a linear dependence with the volume. This
indicate that the modi�cation of Bhf is not due to the lanthanide contraction
but to the magnetism of the rare-earth. More precisely, this dependence is due
to the rare-earth sublattice transferred �eld, BtR, which is the �eld due to the
4s spin density polarized by the magnetic moments of the R atoms in the �rst
neighbour shell.

In the case of binary RFe2 compounds there is just one crystallographic
site and just one value for µFe. In this case, the iron transferred �eld can be
written as:

BtFe =
∑

l

ζFe(l, k)µFe(l) = ζFeZFeµFe = 6ζFeµFe (6.2)
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where ZFe is the number of iron nn. Therefore, neglecting the Banis term:

Bhf ≈ (α+ β + 6ζFe)µFe +BtR ≈ fµFe +BtR (6.3)

Besides, to a �rst approximation, the rare earth contribution to Bhf may be
analyzed in terms of a two sublattice model. Accordingly, the total hyper�ne
�eld can be written as:

Bhf = BFe +BtR = BFe + 〈ζ̃R〉ZRγRµR (6.4)

where BFe represents the contribution coming from the iron sublattice, and
BtR represents the contribution coming from the rare earth sublattice. For µR

the ion-free value is assumed.

In Fig. 6.14 the experimental relationship between Bhf and γRµR is shown.
As it can be seen, it shows a good agreement with the proposed model in
Eq. (6.4). The small di�erences might be due to the fact that our measure-
ments were done at room temperature and, consequently, the ion-free approx-
imation for µR is not completely valid. Also the small cantings, previously
suggested for DyFe2 and GdFe2 compounds, may explain the divergence from
the linear dependence. Di�erences may also be explained in terms of a sig-
ni�cant orbital contribution, Borb, as we are dealing with compounds of high
symmetry. Anyway, the observed linear dependence re�ects that the BFe term
is nearly the same for all the members of the series and it can be approximately
taken as the value of Bhf for LuFe2. That is, the Fe sublattice behaves in a
similar way in all the compounds and the di�erences in Bhf found in the RFe2
compounds are due to the BtR term. This result agrees with similar results
found for other R-Fe compounds.[41].

According to Eq. (1.20), the isomer shift, δ, is proportional to the di�erence
of the density of s electrons between the nucleus and the absorber. As δ is
negative, this indicates that the electronic density in the absorber is higher
than in the source. Moreover, the decrease of the isomer shift with atomic
number indicates an increase of the density of s electrons in the nucleus of
the absorber. Provided that the number of s electron is the same through
the RFe2 series, the observed variation is likely due to a volume e�ect. As the
atomic number increases, the cell parameter decreases. This decrease implies a
reduction of the Wigner-Seitz volume of the absorbing Fe atom, i.e. a reduction
of the �available volume� around the Fe atom; so that the electronic density
at the Fe nucleus increases giving rise to the observed decrease of the isomer
shift. The volume dependence is clearly observed in Fig.6.15 where δ presents
a linear dependence with the cell volume.

The average values of the quadrupole shift are very small, close to zero,
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and almost constant independent on the atomic number (constant within the
error). This is a reasonable result if one takes into account that we are dealing
with cubic compounds, which have a high symmetry.
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6.5.2 Diluted R(Al1−xFex)2 compounds

Mössbauer spectral measurements and analysis

In these compounds, the aluminum atoms are randomly distributed over the
16 d sites (the �iron sites�) only. As a consequence, the iron atoms have a
random distribution of near-neighbour (nn) environments, which is treated as
a binomial one:[174]

P (n,m, ξ) =
n!

m!(n−m)!
ξm(1− ξ)n−m, (6.5)

where n is the number of possible sites that the Al atom can occupy (n
= 6), m = 0, 1, ...n, is the number of Al atoms in a given environment and
ξ is the probability of �nding Al atoms at the iron sites, which in this case
coincides with the concentration of Al atoms.

In the case of R(Al1−xFex)2, seven di�erent nn environments are possible
for the iron site as described in Table 6.9. The iron atoms surrounded by
a given environment will contribute to the total Mössbauer spectrum with
a relative intensity given by the probability associated to this environment.
The probability of each environment depends on the Al concentration; if the
compound has a low Al concentration (25%), the most probable environments
will be those with few Al atoms, whereas as Al concentration increases, the
environments with many Al atoms become more probable.

Site m x = 0.75 x = 0.50 x = 0.25

16d 0 (6 Fe) 17.8 1.6 0.02
1 (5 Fe, 1 Al) 35.6 9.4 0.4
2 (4 Fe, 2 Al) 29.7 23.4 3.3
3 (3 Fe, 3 Al) 13.2 31.2 13.2
4 (2 Fe, 4 Al) 3.3 23.4 29.7
5 (1 Fe, 5 Al) 0.4 9.4 35.6
6 (6 Al) 0.02 1.6 17.8

Table 6.9: Probability (%) of the di�erent environments for the Fe atoms in

R(Al1−xFex)2 compounds with x = 0.25, 0.50 and 0.75 assuming statistical occupancy

of Al-Fe atoms. A cubic C15 structure has been also assumed for the R(Al0.5Fe0.5)2
compounds. m is the number of Al atoms in each environment.
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In compounds with 75% of Fe one should consider, in principle, 7 con-
tributions to the total Mössbauer spectrum. Nevertheless, due to the small
contribution coming from the iron atoms with environments containing 3 or
more nn aluminum atoms, only 4 contributions for each site, labeled as 16dm

with m = 0, 1, 2 and 3, will be considered (see table 6.9). The 16dm sextet
(m = 0, 1, 2) represents the contribution coming from the iron sites with m
aluminum nn, and the 16d3 sextet represents the average contribution coming
from the iron sites with 3 or more aluminum nn, though it is mainly contributed
by those iron sites with only 3 nn aluminum atoms. Hence, 4 di�erent sex-
tets will be used to �t the Mössbauer spectra of R(Al0.25Fe0.75)2. In the same
way, we will only consider �ve contributions to the Mössbauer spectra corre-
sponding to compounds with 50% of Fe (m = 1, which actually include m =
0 and 1, m = 2, m = 3, m = 4 and m = 5, which include m = 5 and 6)
and four contributions for compounds with 25% Fe (m = 3, which actually
include m = 0, 1, 2 and 3, m = 4, m = 5 and m = 6). This kind of simpli-
�cation is a common practice when �tting diluted compounds.[41] It should
be noticed that the R(Al0.5Fe0.5)2 compounds actually crystallize in the C14
hexagonal structure, having two di�erent sites for Fe. Therefore, we should
considered two di�erent sites to calculate the binomial distribution of possible
environments around Fe atoms. Nevertheless, the analysis of such a situation
becomes very intricate. Taking into account that, from the local point of view,
both C14 and C15 structures are very similar, having the same distribution of
nearest-neighbours, we have carried out the analysis of these spectra assuming
a C14 structure. The goodness of the �t (see below) validates the application
of this approximation.

Additional subdivision will be required when multiple relative orientations
of Bhf and Vzz are present. The EMD of the diluted compounds is not known,
but some authors have reported that the EMD of the R(Al1−xFex)2 is very
sentitive to the Al content. For example, it has been found a change of EMD
from [100] in DyFe2 to [111] in Dy(Al0.10Fe0.90)2.[135] Therefore, for diluted
compounds we have tested the di�erent �tting models corresponding to the
di�erent possible EMD. The best �t will give us information about the EMD
in the compound.

Therefore, for compounds in the paramagnetic state, several di�erent mod-
els will be checked depending on the Fe concentration: for compounds with x
= 0.75 and x = 0.25, the easiest model consist on assuming that the EMD lies
along the [100] direction. In such a case only 4 contributions are considered.
Otherwise, if EMD lies along the [111] direction, each of these four sextets give
rise to two di�erent contribution with relative intensities 3:1, so that a total
of eight sextets have been included in the �t. For compounds with 50% of Fe
(x = 0.50), the corresponding Mössbauer spectra will be �tted either to a 5
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sextets model (assuming a EMD in the [100] direction) or to a 10 sextets model
(EMD in the [111] direction).

For compounds in the paramagnetic state the �tting has been done with
the minimum number of doublets (one or two) required to �t each experimental
spectrum. In analogy to the �tting procedure followed in the ferromagnetic
range, seven di�erent doublets should be used to �t our spectra according to the
binomial model. However, due the poorly structured pro�le of these spectra,
this results in an excess of adjustable parameters and the physical reliability
is missing. The use of just one (or two) contribution prevents from obtaining
detailed information dependent on the environment, but it will permit us to
estimate the value of the averaged hyper�ne parameters. It is worth noticing
that in the case of paramagnetic compounds there is not magnetic hyper�ne
interaction and that the parameter accounting for the quadrupolar interaction
is not the quadrupolar shift, ε, anymore, but the quadrupolar splitting, ∆EQ.

The validity of the di�erent tested models will be checked from the goodness
of the �t and by the requirement of physically reasonable hyper�ne parameters.
In some cases, the choice of the best suited model to �t a spectrum was not
straightforward. In these cases, the same criteria used for binary compounds,
i.e., the values of the linewidth and the χ2 parameter, have been regarded.
For the diluted compounds, however, owing to the fact that we are in some
cases gathering the contributions coming from di�erent environments in just
one contribution, a widening of the linewidths can be expected. In fact, the
observed linewidths were typically of 0.38 ± 0.02 mm/s for all the compounds,
a value slightly larger than the experimental calibration linewitdh, 0.27 mm/s.
This broadening has also been observed in other R-Fe substituted compounds
such us RFe11Ti, RFe11TiH, and RFe11.5Ta0.5 [41, 173] and, very probably is
due to a non-negligible contribution of the second neighbour shell, and also to
slight deviations from the nominal stoichiometry or to any possible aluminum
spatial inhomogeneity. This high value could also be due to small deviations
of the magnetic moments from the magnetic axis, i.e. due to the existence of
cantings or non-collinearity of the magnetic moments.

In the �tting procedure of compounds in the ferromagnetic state, the rel-
ative intensities of the di�erent spectra were kept �xed according to the theo-
retical value and the same value of LW was assumed for all the contributions.
In the �tting of paramagnetic compounds, the relative intensities of the dif-
ferent spectra were let to vary. In addition, it has been considered that since
the magnetically inequivalent pairs are crystallographically equivalent, their
isomer shifts should be identical, δ(I) = δ(II).

In the following, we present and discuss the spectra of some selected com-
pounds. Further work is in progress in order to obtain a complete Mössbauer
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study of all the R(Al1−xFex)2 series. Nevertheless, the results presented below
already give us some interesting information.

R(Al1−xFex)2 compounds (R = Y and Lu)

Y(Al0.25Fe0.75)2 and Lu(Al0.25Fe0.75)2 are both paramagnetic at room tem-
perature. In both cases the spectrum has been �tted with two symmetric
doublets, whose relative intensities were allowed to vary. The relative inten-
sities of each doublet are 59 and 41 for Y(Al0.25Fe0.75)2 and 61 and 39 for
Lu(Al0.25Fe0.75)2.

In R(Al0.25Fe0.75)2 the total probability of the m = 1 and m = 2 environ-
ments is 53 % and the probability of the environments with m ≥ 2 is 47% (see
table 6.9). Moreover, the larger the volume around the absorbing Fe atom, the
larger its isomeric shift. Consequently, we can associate the doublet with the
lower isomeric shift to Fe-rich environments (m = 0, 1) and the doublet with
the higher isomeric shift to Al-rich environments (m ≥ 2).

At T = 15 K, both spectra show the typical pro�le of a diluted compound.[41,
173] The 4 sextets model is clearly insu�cient to �t the spectra, while it im-
proves markedly when the [111] EMD splitting, i.e. 8 di�erent sextets, is
taking into account. The linewidths are between 0.38 and 0.40 mm/s, quite
larger than the calibration one, 0.27 mm/s. Despite the large value of the
linewidths, the goodness of the �ts and the physical reliability of the values
obtained for the hyper�ne parameters indicate that taking 8 sextets according
to a EMD = [111] (the same as in the binary compounds) is the best suited
model. Moreover, the adequacy of the proposed model con�rms that the Al
atoms are randomly distributed over the Fe sublattice. To this respect, some
authors have proposed an inhomogeneous distribution of Al giving rise to the
existence of Fe clusters that may a�ect to the relative intensities of the di�erent
contributions.[149] According to our results, the Al is statistically distributed
on R(Al0.25Fe0.75)2 (R = Y, Lu) compounds as the binomial distribution gives
the correct intensities required to �t the recorded spectra. Moreover, those pre-
vious works did not include the EMD splitting due to the relative orientation
between Vzz and Bhf in the �t of the Mössbauer spectra. Although the possi-
ble existence of a small amount of Fe clusters cannot be completely refused, its
amount would be very small. Otherwise the proposed model stemming from a
binomial distribution would not work.

The Lu(Al0.50Fe0.50)2 spectra recorded at both T = 15 K and T = 295
K are both a narrow paramagnetic doublet. This implies that there is not
long range order. From these spectra we cannot discern if the compound is
in the paramagnetic phase with a disordered Fe moment or if the magnetic
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Figure 6.16: The Mössbauer spectra of Y(Al0.25Fe0.75)2, Lu(Al0.25Fe0.75)2 and

Lu(Al0.50Fe0.50)2 recorded at T = 295 K (left) and T = 15 K (right).

moment of Fe has become zero. In this case, due to the poorly structured
pro�le of the Mössbauer spectra, they have been �tted with just one doublet.
The corresponding hyper�ne parameters are listed in table 6.11.
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Compound T(K) m Prob. δ(mm/s) ε, ∆EQ (mm/s) Bhf (T)
±0.02 ±0.05 ±0.3

YFe2 15 0 75 -0.042 0.066 21.32
0 25 -0.042 -0.169 20.61

Total aver. -0.042 0.001 21.14

YFe2 295 0 75 -0.086 0.065 18.86
0 25 -0.086 -0.180 18.30

Total aver. -0.086 0.004 18.72

Y(Al0.25Fe0.75)2 15 0 13.35 0.118 0.020 16.64
0 4.45 0.118 0.030 19.40
1 26.70 0.134 0.006 14.53
1 8.90 0.134 0.033 12.92
2 22.29 0.155 0.025 11.11
2 7.41 0.155 0.018 8.82
3 12.69 0.222 0.026 6.42
3 4.21 0.222 -0.025 6.36

Aver. m = 0 0.118 0.022 17.29
Aver. m = 1 0.134 0.011 14.10
Aver. m = 2 0.155 0.024 10.52
Aver. m ≥ 3 0.220 0.025 6.45
Total aver. 0.152 0.019 12.31

Y(Al0.25Fe0.75)2 295 m = 0, 1 58 0.013 0.215 �
m > 1 42 -0.011 0.422 �

Total aver. 0.003 0.302 �

Table 6.10: Hyper�ne parameters of the Y(Al1−xFex)2 compounds. In all cases the

isomer shift is taken relative to α-iron at 295 K.
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Compound T(K) m Prob. δ(mm/s) ε, ∆EQ (mm/s) Bhf (T)
±0.02 ±0.05 ±0.3

LuFe2 15 0 75 -0.002 0.036 21.05
0 25 -0.002 -0.047 20.27

Total aver. -0.002 0.015 20.85

LuFe2 295 0 75 -0.120 0.042 19.0
0 25 -0.120 -0.079 18.4

Total aver. -0.120 0.012 18.85

Lu(Al0.25Fe0.75)2 15 0 13.35 0.067 0.019 16.42
0 4.45 0.067 0.005 18.62
1 26.70 0.107 0.014 14.22
1 8.90 0.107 0.009 12.62
2 22.29 0.104 0.005 10.96
2 7.41 0.104 -0.002 8.11
3 12.69 0.179 0.005 6.29
3 4.21 0.179 -0.004 4.61

Aver. m = 0 0.067 0.011 16.97
Aver. m = 1 0.107 0.013 13.82
Aver. m = 2 0.104 0.003 10.25
Aver. m ≥ 3 0.179 0.003 5.87
Total aver. 0.111 0.008 11.98

Lu(Al0.25Fe0.75)2 295 m = 0, 1 60 -0.022 0.319 �
m > 1 40 -0.049 0.517 �

Total Aver. -0.033 0.398 �

Lu(Al0.50Fe0.50)2 15 100 0.216 0.240 �

Lu(Al0.50Fe0.50)2 295 100 0.087 0.233 �

Table 6.11: Hyper�ne parameters of the Lu(Al1−xFex)2 compounds. In all cases the

isomer shift is taken relative to α-iron at 295 K.
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Gd(Al1−xFex)2 compounds

The spectra of the Gd(Al0.25Fe0.75)2 compound measured at T = 15 K and
T = 295 K are shown in the top panels of �gure 6.17. As it can be seen,
the spectra at both temperatures are very similar. In both cases the simplest
model, that includes four di�erent sextets with the relative intensities obtained
from the binomial distribution, is not enough to obtain a good �t of the spectra.
It is necessary to include the e�ect of the relative orientation between Vzz and
Bhf . In fact, good �ts are only obtained when assuming that the EMD lies
along the [111] direction. In such a case, each of these four sextets give rise to
two di�erent contribution with relative intensities 3:1, so that a total of eight
sextets have been included in the �t. It is worth noticing that the quadrupolar
shifts were let free in the �tting procedure and the obtained ε(I)/ε(II) ratio is
very close to the theoretical value -0.33.
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Figure 6.17: The Mössbauer spectra of Gd(Al1−xFex)2 (x = 0.75 and 0.50) for T =

295 K (left) and 15 K (right).

Gd(Al0.50Fe0.50)2 is paramagnetic at room temperature, in agreement with
the previously shown M(T) curve. One symmetric doublet has been used to �t
this spectrum. In principle, seven di�erent doublets according to the binomial
model should be used. However, due to its poorly structured pro�le, this results
in an excess of adjustable parameters and the physical reliability is missing.
The use of just one contribution will permit us to estimate the value of the
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averaged hyper�ne parameters. On the other hand, at T = 15 K it presents
the typical pro�le of a diluted compound. To �t this pro�le we have assumed
a cubic C15 structure and a binomial distribution of environment as described
above. As in the case of Y and Lu compounds, the goodness of the �t re�ects
a random distribution of the Al atoms. As it can be seen in Fig. 6.17, using
5 sextets is enough to obtain a good �t. This result re�ects that, in this case,
the simplest model is good enough, that is, it is not necessary to take into
account the relative orientation of Vzz and Bhf . It is also probable that in this
compound (for a 50% of Al) the EMD has changed form [111] to [100]. This is
not a very surprising result if one takes into account that it is probably the Fe
sublattice that makes the EMD to be [111]. As the Fe content is reduced, the
EDM may change. The obtained hyper�ne parameters are given in Table 6.12
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Compound T(K) m Prob. δ(mm/s) ε, ∆EQ(mm/s) Bhf (T)
±0.02 ±0.05 ±0.3

GdFe2 15 0 75 0.057 0.114 23.30
0 25 0.057 -0.136 21.18

Total aver. 0.057 0.050 22.77

GdFe2 295 0 75 -0.077 0.088 22.08
0 25 -0.077 -0.023 21.34

Total aver. -0.077 0.060 21.89

Gd(Al0.25Fe0.75)2 15 0 13.35 0.120 0.083 21.40
0 4.45 0.120 0.126 24.20
1 26.70 0.130 0.050 19.11
1 8.90 0.130 0.045 16.61
2 22.29 0.198 0.016 16.15
2 7.41 0.198 0.060 14.86
3 12.69 0.301 0.092 11.65
3 4.21 0.301 -0.101 7.63

Aver. m = 0 0.120 0.094 22.10
Aver. m = 1 0.130 0.049 18.48
Aver. m = 2 0.198 0.027 15.83
Aver. m ≥ 3 0.301 0.052 10.65
Total aver. 0.177 0.051 17.01

Gd(Al0.25Fe0.75)2 295 0 13.35 -0.033 -0.014 18.89
0 4.45 -0.033 0.071 17.06
1 26.70 -0.031 0.031 15.81
1 8.90 -0.031 -0.074 12.75
2 22.29 0.049 0.045 10.96
2 7.41 0.049 -0.015 9.17
3 12.69 0.087 0.021 8.48
3 4.21 0.087 -0.075 7.99

Aver. m = 0 -0.033 0.007 18.43
Aver. m = 1 -0.031 0.005 15.04
Aver. m = 2 0.049 0.030 12.30
Aver. m ≥ 3 0.087 -0.003 8.49
Total aver. 0.012 0.011 13.72

Gd(Al0.50Fe0.50)2 15 0, 1 11.0 0.125 0.080 16.11
2 23.4 0.219 0.008 13.93
3 31.2 0.239 -0.002 11.85
4 23.4 0.279 0.007 9.44
5,6 11.0 0.285 0.055 3.86

Total aver. 0.236 0.018 11.36

Gd(Al0.5Fe0.5)2 295 100 0.116 0.234 �

Gd(Al0.75Fe0.25)2 295 100 0.190 0.205 �

Table 6.12: Hyper�ne parameters of the Gd(Al1−xFex)2 compounds. In all cases the isomer
shift is taken relative to α-iron at 295 K.
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Tb(Al1−xFex)2 compounds

The spectra corresponding to the Tb(Al1−xFex)2 compounds measured at
room temperature are shown in �gure 6.18.
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Figure 6.18: The Mössbauer spectra of Tb(Al1−xFex)2 for x = 0.25 (top), x = 0.50

(middle) and x = 0.75 (bottom) measured at T = 295 K.

As in the case of Gd(Al0.25Fe0.75)2, the spectrum recorded for Tb(Al0.25Fe0.75)2
cannot be well �tted unless an eight sextets model, i.e. a EMD along [111], are
used. In addition, in the case of Tb(Al0.25Fe0.75)2 the spectrum is similar to
that of Gd(Al0.25Fe0.75)2, but with less structure. This di�erence may well be
due to the fact that the corresponding TC for Tb(Al0.25Fe0.75)2 is 354 K, i.e.
very close to room temperature. This may a�ect considerably the Mössbauer
spectra. In fact, as it can be seen in the M(T) measurements (see Fig. 6.10) the
transition to the ordered state is very broad and at 300 K the compounds is not
completely ordered. The fact that we do not have, as in the Gd(Al0.25Fe0.75)2
case, a well de�ned structure indicates that a temperature of 300 K is not cold
enough for the Fe sublattice to completely establish a long-range order. To �t
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Compound T(K) m Prob. δ(mm/s) ε, ∆EQ(mm/s) Bhf (T)
±0.02 ±0.05 ±0.3

TbFe2 295 0 75 -0.089 0.105 21.77
0 25 -0.089 -0.268 19.29

Total aver. -0.089 0.012 21.25

Tb(Al0.25Fe0.75)2 295 0 13.35 -0.014 0.031 16.27
0 4.45 -0.014 0.010 13.91
1 26.70 -0.020 0.022 12.43
1 8.90 -0.020 -0.007 10.47
2 22.29 0.000 -0.021 8.64
2 7.41 0.000 0.007 6.74
3 12.69 0.052 -0.02 5 5.86
3 4.21 0.052 0.00 8 4.31

Aver. m = 0 -0.014 0.021 15.68
Aver. m = 1 -0.020 0.015 11.94
Aver. m = 2 0.000 -0.014 8.17
Aver. m ≥ 3 0.052 -0.017 5.47
Total aver. -0.001 0.002 10.39

Tb(Al0.50Fe0.50)2 295 100 0.098 0.226 �

Tb(Al0.75Fe0.25)2 295 100 -0.021 0.369 �

Table 6.13: Hyper�ne parameters at T = 295 K of the Tb(Al0.25Fe0.75)2 compounds.

In all cases the isomer shift is taken relative to α-iron at 295 K.

this spectrum a �xed value of ε(I)/ε(II) equal to -0.33 has been considered for
all the magnetically split pairs of sextets. The hyper�ne parameters are shown
in Table 6.13. The hyper�ne �elds are smaller than those of Gd(Al0.25Fe0.75)2.
This is a reasonable result as the compound is not totally ordered. And the
same fact explains the obtained wide linewidths, which, in this case, are 0.47
mm/s.

The spectra corresponding to x = 0.50 and x = 0.25, are both asymmetric
doublets as expected for compounds with a TC lower than RT. As in the
Gd case, the spectra have been �tted by using the simplest model: just one
doublet, which gives us an estimation of the average value of the hyper�ne
parameters.
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Ho(Al1−xFex)2 compounds
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Figure 6.19: The Mössbauer spectra of Ho(Al1−xFex)2 for T = 295 K (left) and

T = 15 K (Right).

The Ho(Al0.25Fe0.75)2 has been measured at 15 and 295 K. The low tem-
perature spectrum is very similar to that found for Gd and Tb with the same
Fe content. Also in this case the best �t is obtained if we consider eight
sextets according to a EMD in the [111] direction. This indicates that the
EMD changes with the Al substitution in a similar manner to that reported by
Grössinger et al. for the Dy(Al1−xFex)2 series.[135] At room temperature the
spectrum consists of an asymmetric doublet, in agreement with the observed
M(T) behaviour.

The low temperature spectrum of the Ho(Al0.50Fe0.50)2 compound can be
�tted by using the same model as in the Gd(Al0.50Fe0.50)2 compound. Also
in this case 5 sextets have been used to obtain the best �t of the experimen-
tal spectrum. At room temperature the spectrum consists in an asymmetric
doublet, in agreement with the observed M(T) behaviour. The values of the
di�erent hyper�ne parameters is shown in table 6.14
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Compound T(K) m Prob. δ(mm/s) ε, ∆EQ(mm/s) Bhf (T)
±0.02 ±0.05 ±0.3

HoFe2 15 0 100 0.021 0.032 22.15

HoFe2 295 0 100 -0.100 0.018 20.20

Ho(Al0.25Fe0.75)2 15 0 13.35 0.087 0.066 18.86
0 4.45 0.087 0.029 22.13
1 26.70 0.101 0.045 18.02
1 8.90 0.101 0.048 16.19
2 22.29 0.166 0.018 14.69
2 7.41 0.166 0.035 12.87
3 12.69 0.234 0.070 10.91
3 4.21 0.234 -0.126 7.60

Aver. m = 0 0.087 0.057 20.42
Aver. m = 1 0.101 0.046 17.56
Aver. m = 2 0.166 0.022 14.23
Aver. m ≥ 3 0.234 0.021 10.09
Total aver. 0.140 0.037 15.82

Ho(Al0.25Fe0.75)2 295 m = 0, 1 60 0.000 0.266 �
m > 1 40 -0.038 0.458 �

Total aver. -0.015 0.342 �

Ho(Al0.5Fe0.5)2 15 0, 1 11.0 0.190 0.040 14.71
2 23.4 0.180 0.079 12.43
3 31.2 0.231 -0.010 10.20
4 23.4 0.270 0.041 7.47
5,6 11.0 0.328 -0.035 2.77

Total aver. 0.234 0.025 9.76

Ho(Al0.5Fe0.5)2 295 100 0.095 0.224 �

Ho(Al0.75Fe0.25)2 295 100 0.182 0.205 �

Table 6.14: Hyper�ne parameters of the Ho(Al1−xFex)2 compounds. In all cases the

isomer shift is taken relative to α-iron at 295 K.
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Analysis of the hyper�ne parameters

Firstly, from the general equation 1.47 we will derive some expressions that
will be useful in the analysis of the hyper�ne �eld. As we saw in section 1.4.3
the most general expression for the hyper�ne �eld at a given iron site, k, is:

Bhf (k) = (α+ β)µFe(k) +
∑

l

ζFe(l, k)µFe(l)

+ ζ̃R(k)ZR(k)γRµR +Banis(k).

where (α + β)µFe(k) is the autopolarization �eld,
∑

l ζFe(l, k)µFe(l) and
ζ̃R(k)ZR(k)γRµR are the iron sublattice and rare-earth sublattice transferred
�eld, respectively, and Banis(k) is the anisotrope contribution, which is usually
neglected.

In the case of R(Al1−xFex)2 diluted compounds, there is only one iron site,
but several environments are possible depending on the number of Al nearest-
neighbours, m. For each environment:

Bhf (m) = (α+ β)µFe(m) +
∑

l

ζFe(l,m)µFe(l) +BtR(m) +Banis(m)

In principle, all the terms may depend on m. However, we will consider
some approximations. The contribution coming from Banis will be neglected
and α, β and BtR will be considered independent on m. Besides, in a mean
�eld approximation, the iron sublattice transferred �eld can be taken as propor-
tional to the average magnetic moment of the iron atoms in the �rst neighbour
shell:

BtFe(m) =
∑

l

ζFe(l,m)µFe(l) = (6−m)ζFe(m)〈µFe〉1nn (6.6)

where (6 - m) is the number of Fe atoms in the �rst nn shell. Hence:

Bhf (m) ≈ (α+ β)µFe(m) + (6−m)ζFe(m)〈µFe〉1nn +BtR (6.7)

From this expression it can be easily inferred that even if µFe(m) and
ζFe(m) were constant, Bhf (m) will decrease with increasing the number of Al
nearest-neighbours due to the (6-m) term. For m = 0, i.e., for environments
without Al atoms nearest-neigbours,

Bhf (0) ≈ (α+ β)µFe(0) + 6ζFe(0)〈µFe〉1nn +BtR (6.8)

which is very similar to the expression of Bhf in the parent RFe2 compounds
(see Eq. (6.3)).
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Eq. (6.7) yields to the following expression for the average hyper�ne �eld:

〈Bhf 〉(xFe) ≈
(
α+ β +

〈
(6−m)ζFe(m)

〉
(xFe)

)
〈µFe〉(xFe) +BtR

≈ f(xFe)∆〈µFe〉(xFe) +BtR (6.9)

where the dependence on xFe indicates that both 〈ζFe〉 and 〈µFe〉 may depend
on the Al content in the compound. It should be noted that f(xFe) depends
on the (6 - m) term, which decreases as the Al content is increased.

Taking into account these expressions for 〈Bhf 〉 and Bhf (0) we will try to
derive as much information as possible about the magnetic behaviour of Fe in
our systems.
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Figure 6.20: Modi�cation of the average hyper�ne magnetic �eld,〈Bhf 〉 (•), and
the hyper�ne magnetic �eld for m = 0, Bhf (0) (�), with Fe concentration, xFe, for

di�erent R(Al1−xFex)2 compounds (T = 15 K). Dotted black line is the linear �t

obtained from x = 1 and 0.75.

Fig. 6.20 shows the dependence of 〈Bhf 〉 at T = 15 K with the Fe content,
xFe. In all the studied cases 〈Bhf 〉 decreases almost linearly when decreasing
the Fe content. This reduction of the average hyper�ne magnetic �eld may be
due to either a simple dilution e�ect when substituting Fe atoms by Al (the
(6-m)ζFe(m) term will decrease) or a reduction of the Fe magnetic moment.
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Trying to disentangle these two e�ects, we have also analyzed the dependence
on xFe of the hyper�ne �eld corresponding to an environment without Al
atoms, Bhf (0), which is also displayed in Fig. 6.20.

As it can be seen in Fig. 6.20, Bhf (0) also decreases as the Fe content
decreases, but much slowly than 〈Bhf 〉 does. The di�erences in Bhf (0) between
LuFe2 (20.85 T) and Lu(Al0.25Fe0.75)2 (16.97 T) can be due to di�erences in
µFe(0), 〈µFe〉 and ζFe(0) (see Eq. (6.8)). In principle, there is no reason to
think that only one of them will decrease. Therefore, our results suggest that
there is a slight reduction of both ζFe and 〈µFe〉 with increasing Al.

There is another important conclusion that can be derived from the anal-
ysis of Bhf (0). In LuFe2, Bhf = 20.85 T and µFe ∼ 1.5 µB. These values
give a ratio f = Bhf/µFe = 13.9 T/ µB (see Eq. (6.9)), very close to that
observed in other Y-Fe binary compounds.[36, 37] Using the same value of f
for Lu(Al0.25Fe0.75)2, the experimentally obtained value of 〈Bhf 〉 gives 〈µFe〉
(Lu(Al0.25Fe0.75)2)= 1.2 µB. Moreover, very likely, f is smaller in compounds
with just 75% of Fe due to a dilution e�ect (see Eq. (6.9)). In fact, a re-
duction of f as the Fe content decreases has been reported for other diluted
series.[41, 173]. Therefore, our results indicate that the average magnetic
moment of Fe for Lu(Al0.25Fe0.75)2 and Y(Al0.25Fe0.75)2 compounds is

at least 1.2 µB.

It is worth noticing that the reduction of µFe derived from M(H, T) data
is much more abrupt than the observed Bhf diminution. This can be seen in
Fig. 6.21, where both magnitudes have been compared. Indeed, the small mag-
netic moment obtained for Y(Al0.25Fe0.75)2 and Lu(Al0.25Fe0.75)2 is no compat-
ible with the measured hyper�ne �eld. Thus, for instance, in Y(Al0.25Fe0.75)2,
Bhf (0) is 17.29 T. If µFe were the value obtained from M(50 kOe, 5 K), i.e.,
µFe = 0.5 µB (µFe ≈ 0.3 µB is the spontaneous value derived from M(H, 5 K)),
the f factor would be at least 34.6 T/µB (86.4 T/µB if the spontaneous value
is considered), which, as discussed above, make no sense due to the dilution
e�ect. The discrepancy between magnetization and Mössbauer measurements
has been already reported by other authors for Y-Fe-Al[148] and Y-Fe-Mo
compounds.[175, 176] Although no completely satisfactory answer has been
done so far, this result points out the existence of localized magnetic moments
of Fe even if we cannot observe this moment in the M(H, T) measurements.
This result supports the idea that in these compounds there is a partially
non-collinear magnetic structure as discussed in section 6.4.

Once we have gained some information about the behaviour of 〈µFe〉 we
can take up again the analysis of 〈Bhf 〉 displayed in Fig. 6.20. In the Y and
Lu based compounds it is clear that the observed reduction of 〈Bhf 〉 between
xFe = 1 and xFe = 0.75 is due to both, a slight reduction of 〈µFe〉 and a
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dilution e�ect (through the (6-m)ζFe(m) term). Interpolating this behaviour
down to xFe = 0 (dotted black line in Fig. 6.20), the data of the xFe = 1 and
xFe = 0.75 compounds predict that the long-range order of the Fe sublattice
should disappear at xFe = 0.4, very near to the value xFe = 0.5, for which
is experimentally found that the compound is not magnetic. That is, our
results indicate that the Y and Lu series essentially behaves as a typical diluted
compound. However, it is worth nothing that the reduction of 〈Bhf 〉 is more
abrupt from xFe = 0.75 to xFe = 0.50 than from xFe = 1 to and xFe = 0.75
(see Fig. 6.20), which may indicate that the in�uence of Al in the magnetic
properties of the Fe sublattice is more pronounced for high Al contents.

As commented in section 6.4, some authors have indicated that in these
compounds µFe becomes zero from a given Al concentration due to electron
transfer from Al to Fe. Our data, however, seem to indicate that the long-
range order disappears owing mainly to a dilution e�ect (〈Bhf 〉 shows a nearly
linear dependence on xFe). This conclusion is in agreement with susceptibility
results, where only a very slight reduction of the e�ective magnetic moment of
iron is reported along the Y(Al1−xFex)2 series.[149]

Regarding the compounds with magnetic rare earth (cases (c) and (d) of
Fig. 6.20), we can observe that the behavior of 〈Bhf 〉 as a function of xFe is
slightly di�erent to that found for the Y and Lu series. First, the long-range
order of the Fe sublattice persists for higher Al contents. Second, the decrease
of 〈Bhf 〉 is completely linear with xFe; the extrapolation of the xFe = 1, 0.75,
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and 0.50 data (dotted line in Fig. 6.20) suggest that at this temperature the
R(Al1−xFex)2 compounds will keep a magnetic order up to xFe ≈ 0. Provided
that the dilution e�ect is the same in magnetic and non-magnetic rare earths
compounds, the slower diminution of both 〈Bhf 〉 and 〈Bhf 〉(0) observed when
R is magnetic suggests a smaller decrease of 〈µFe〉. Moreover, the gradual
reduction of Bhf (0) (see Fig. 6.20) is in agreement with the slow reduction
of µFe derived from magnetization measurements in Gd(Al1−xFex)2. Since
neither the behaviour of 〈Bhf 〉 nor that of Bhf (0) depends on the speci�c
magnetic rare-earth, this result seems to indicate that the modi�cation of µFe

is the same for all the R(Al1−xFex)2 series with magnetic R. Therefore, this
would imply that the anomalous behaviour of M(H) and M(T) curves should
be explained in terms of RAM or Spin Glass behaviour.

All these results indicates that when Fe is replaced by Al in R(Al1−xFex)2
compounds the Fe sublattice behaves di�erently for magnetic and non-magnetic
R compounds. When R is a magnetic rare earth the long-range order of the Fe
sublattice persists at higher Al contents, and the decrease of 〈µFe〉 as a func-
tion of the Al content is smaller. This behaviour suggest that, very likely

due to the R-Fe interaction, the presence of a magnetic R reinforces

the Fe sublattice magnetism in the R(Al1−xFex)2 compounds.

Further information about the evolution of µFe with Fe substitution by Al
can be obtained by comparing the in�uence of the rare-earth on 〈Bhf 〉. More
precisely, we can explore how di�erently µFe behaves for magnetic R vs. non
magnetic R. This is shown in Fig. 6.22, where 〈Bhf 〉 is plotted vs. BtR.

Within the 〈Bhf 〉 = 〈BFe〉 + 〈BtR〉 = 〈BFe〉 + 〈ζ̃R〉ZRγRµR two-sublattice
approach, if µFe is independent on R, 〈Bhf 〉 will display a linear relationship
with 〈BtR〉 and the value of 〈BFe〉 derived from the linear dependence should
coincide with 〈Bhf 〉(Lu).

In the case of pure binary RFe2, 〈Bhf 〉 is linear with 〈BtR〉 (both at T = 15
and 295 K) and 〈BFe〉 is very similar to 〈Bhf 〉(LuFe2). In particular, (〈BFe〉
= 18.8 T, and 20.9 T, and 〈Bhf 〉(LuFe2) = 19.0 T, and 20.8 T at T = 295
and 15 K, respectively. An analogous analysis of 〈Bhf 〉 has been performed
in compounds with 75% and 50% of Fe. For the diluted compounds, our re-
sults are in agreement with a constant 〈µFe〉 for compounds with magnetic R,
but a clearly smaller 〈µFe〉 in Lu and Y compounds. This di�erence enhances
with Al content. Although this is a preliminary result (only two compounds
with magnetic R have been analyzed so far), this result indicates that, while
in binary Laves phases the magnetic moment of iron in LuFe2 is very similar
to that of compounds with magnetic rare-earth, in pseudobinary series µFe is
markedly smaller for Lu and Y compounds. In addition, the BFe component to
Bhf obtained from the linear �t of the R(Al0.25Fe0.75)2 data gives 〈BFe〉 = 15 T
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,signi�cantly smaller than 〈Bhf 〉(LuFe2)= 21 T. That is, 〈µFe〉 in R(Al1−xFex)2
compounds (with magnetic R) is smaller than in LuFe2. Consequently, we can
conclude that:
1.2 µB < 〈µFe〉 (Lu(Al0.25Fe0.75)2) < 〈µFe〉 (R(Al0.25Fe0.75)2)<〈µFe〉 (LuFe2).

That is, only slight decrease of 〈µFe〉 takes place in the R(Al0.25Fe0.75)2
compounds, being this decrease less pronounced when R is a mag-

netic rare earth.

In order to investigate further the in�uence of Al into the Fe magnetic
moment we have analyzed the variation of Bhf with the number of Al atoms
nn, showed in Fig.6.23. We can observe that in R(Al0.25Fe0.75)2 compounds,
the e�ect of substituting one Fe atom by one Al atom is the same for all
the rare-earths (they all have the same slope). Moreover, in the case of
R(Al0.25Fe0.75)2, the linear dependence holds for all the possible environments.
On the other hand, R(Al0.5Fe0.5)2 compounds show a linear dependence up to
m = 4, whereas the reduction is more abrupt in the case of m = 5 (Al rich
environments).

This dependence can be explained if we assume a linear decrease of µFe in
the form: µFe (m) = µFe (0) - m ∆ µFe. In this case, we obtain the following
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expression for the dependence of Bhf with m:

Bhf (m) ≈ (α+ β)µFe(0) + 6ζFe(0)〈µFe〉1nn

− m
(
(α+ β)∆µFe + 6ζFe(m)〈µFe〉1nn

)
+BtR

≈ Bhf (0)−m
(
(α+ β)∆µFe + 6ζFe(m)〈µFe〉1nn

)
= A−mB (6.10)

Therefore, our results seems to indicate that the product ζFe(m)〈µFe〉 and
∆µFe bear little dependence on the environment. That is, the behaviour

of our compounds is the typical of diluted compounds at least when
the concentrations of Al are not very high. The results also indicate that for
higher Al contents (i.e. environments with 1 or 0 Fe atoms), the systems stops
behaving as a typical dilution. This behaviour of Bhf may well be associ-

ated to the fact that the decrease of µFe (and so ζFe) with increasing

m is likely very slow for Fe-rich environments, but decreases more

abruptly as m increases. Consequently, µFe(xFe) can be approximated to
a linear dependence for Fe-rich environments, but as Al increases, the linear
approximation is not valid anymore.

Furthermore, it should be noted that the e�ect of replacing one Fe atom
by Al is stronger in x = 0.75 than in x = 0.50 compounds. Thus, in the case
of 75% of Fe, it corresponds to a reduction of 3.6 T while it is only 2.4 T for
x = 0.50. This is a quite reasonable result since both µFe and ζFe are smaller
for low Fe concentrations. (see. Eq. (6.10)).
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In Figure 6.24 it can be seen that the average isomeric shift, 〈δ〉, decreases
as Al content increases. There is also a nearly linear dependence of δ on the
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number of nearest-neighbours Al atoms, m. This dependence is the expected
one as the isomeric shift is proportional to the Weigher-Seitz volume (i.e. the
free volume around the absorbing atom). This result gives reliability to the
values obtained for the hyper�ne �elds, Bhf , presented above.

6.6 XAS at the Fe and Co K-edges

The comparison of the absorption spectra at the Fe K-edge throughout the
R(Al1−xFex)2 series is reported in Fig. 6.25.

In the case of pure RFe2 compounds, the XAS pro�le is kept constant
independently on the R counterpart. On the one hand, this results points out
that the di�erences of the lattice parameter has little in�uence into the XAS
spectra. Moreover, the appearance of a shoulder-like feature at the raising
edge, similar to that of bcc iron, and the fact that its intensity is kept constant
through the RFe2 series indicate that the electronic state of Fe atoms is mostly
retained when the rare-earth is changed.

This scenario strongly changes as the transition metal is substituted by
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Figure 6.25: XAS spectra at the Fe K-edge in R(Al1−xFex)2 compounds for x = 0.25

(blue line), x = 0.50 (green), x = 0.75 (red), x = 1 (black).

Al. First, the amplitude of the XANES or EXAFS oscillations is signi�cantly
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modi�ed as the Al content in the compound increases. This is expected as,
despite the crystal structure is retained, the scattering properties of Al strongly
di�ers from those of Fe and Co. However, while this e�ect accounts for the
modi�cation of the high energy region of the XAS spectra, containing the
local structure information, a di�erent explanation has to be given regarding
the near edge.

Di�erences at the threshold are related to the electronic state of T. In
particular, the step-like feature at the edge is well known[19] to be the result
of the hybridization of the 4p states with the d states of metal character.
Therefore, the decrease of this spectral feature as the Al concentration increases
indicates that the Al atoms produce a modi�cation of the electronic structure.

As shown in Fig. 6.26, the same behaviour is observed when one measures
the XAS spectra at the Co K-edge in the R(Al1−xCox)2 compounds.

6.7 XMCD at the Fe and Co K-edges

The comparison of the di�erent measured XMCD spectra is expected to con-
tribute to both the interpretation of the XMCD spectra at the Fe K-edge and
the description of the magnetism of the iron sublattice through the R(Al1−xFex)2
series.
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Binary Laves phases: E�ect of the rare-earth

The normalized Fe K-edge XMCD signals of RFe2 for R= Y, Gd, Tb, Dy, Ho
and Er are compared in Fig. 6.27. For the samples in which the rare-earth
is non-magnetic, i.e. Y and Lu, the shape of the XMCD signal is similar to
that of Fe metal[?], as previously observed for other intermetallic compounds
[84, 85, 86]. This spectrum is characterized by a prominent peak (A, ∼ 3 eV
wide) at the absorption edge followed by a broad twofold dip (∼ 10 eV wide).
Notice that, for the sake of clarity, the signal of Lu and Y compounds has been
reversed in Figure 6.27 (top).

However, in the case of magnetic R compounds, the Fe K-edge XMCD pro-
�le is markedly di�erent in several aspects. Firstly, the signals are reversed in
relation to those of Lu and Y. This is due to that, contrary to the RFe11Ti se-
ries case, the R magnetic sublattice dominates the overall magnetization of the
compound. Besides, although the �rst narrow feature at ∼ 0 eV is still present,
its size is strongly modi�ed. Indeed, for HoFe2 and ErFe2 compounds it has
almost disappeared. This behaviour contrasts with that observed through the
2:14 and 1:11 series (with respect to R:Fe ratio). In these cases the inten-
sity and the shape of this spectral feature at ∼ 0 eV (typically considered of
Fe origin) remains unaltered through the series. In addition, in the case of
compounds with magnetic R, the XMCD spectra present a more structured
pro�le. The negative double dip (positive for magnetic R) expands, (from ∼
1 eV to ∼ 13 eV for Gd and to 18 eV in the case of Er) and its intensity in-
creases. In addition, there is an extra peak (C) appearing in the middle of the
�negative� dip, at ∼ 7 eV above the absorption threshold. The appearance of
this additional spectral feature is in accord with that observed in other R-T
intermetallics. Both the width and the amplitude (intensity) of the emerg-
ing feature (C) strongly depends on the speci�c rare-earth. It is noticeable,
however, that the shape of feature C in the case of RT2 compounds is quite
di�erent to that found in the previously studied 2:14 and 1:11 series. Indeed,
in RT2 the emerging feature C is not a single peak but a twofold structure (C1
and C2).

These �ndings are not limited to the RFe2 compounds, but they are also
observed for the RCo2 ones. As shown in Figure 6.28 a similar behaviour is
found at the Co K-edge XMCD spectra recorded through the RCo2 series.

The direct comparison Fe vs. Co is presented in Fig.6.29. Surprisingly,
while the K-edge XMCD of both bcc-Fe and hcp-Co present strong di�erences,
specially regarding the appearance of the narrow positive peak in the case of
Fe, the XMCD recorded for both RFe2 and RCo2 at the Fe K-edge and Co
K-edge are markedly similar when R is a magnetic rare-earth. This similarity
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Figure 6.27: XMCD spectra at the Fe K-edges in RFe2 compounds for R = Y

(orange), Gd (blue), Tb (green), Dy (magenta), Ho (violet), Er (red) and Lu (black).

YFe2 and LuFe2 have been multiplied by -1 for the sake of clarity in the top panel. In

the bottom panel the same spectra are plotted but they have been vertically shifted.

The XMCD spectra were recorded at 5 K and under the action of an applied magnetic

�eld of 50 kOe.
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recorded at 5 K and under the action of an applied magnetic �eld of 50 kOe.

is a �rst �ngerprint of the in�uence of the rare-earth sublattice that, as will
be discussed later, dominates the XMCD signal even when this is recorded at
the transition metal K-edge.

Pseudobinary Laves phases: E�ect of Al.

Fig. 6.30 illustrates the modi�cation of the Fe K-edge XMCD spectra as a
function of the Fe-Al substitution through the R(Al1−xFex)2 series. In the
case of compounds with a magnetic R, the intensity of features B, C and D
undergoes a reduction as the Fe concentration decreases while the spectral
shape remains unaltered. Indeed, these features are clearly observable even for
the lowest Fe content compound, R(Al0.75Fe0.25)2. By contrast, the �rst part
of the spectrum is strongly modi�ed upon increasing the Al content. Indeed,
the intensity of peak A is strongly reduced in such a way that for x = 0.75 no
negative peak can be observed.

Excluding the reduction of peak A, which is not present for Co compounds,
the same evolution is observed at the Co K -edge when Al atoms substitute
the Co ones. This is shown in Figure 6.31, where the Co K-edge XMCD signal
has been recorded for di�erent Ho(Al1−xCox)2 compounds.

Previous results reported on the R2Fe14B and RFe11Ti series have suggested
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Figure 6.30: XMCD spectra at the Fe K edge for R(Al1−xFex)2 compounds. x =

0.25 (blue line), x = 0.50 (green), x = 0.75 (red), x = 1 (black).
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that the A-feature of the Fe K-edge XMCD spectrum is mainly due to Fe. In
addition, the features at higher energies are associated to the R contribution
through the hybridization of the outermost states of the absorbing Fe with the
5d states of the rare-earth neighbours [84, 128]. Within this framework, the
reduction of the intensity of the high energy peaks can be addressed to the
weakening of the Fe(3d)-R(5d) hybridization induced by Al and, consequently,
to the weakening of the in�uence of the rare-earth. However, no clear expla-
nation can be given to account for the depletion of the �rst spectral feature
(A) as Al content increases.

Previous studies on Fe-P amorphous alloys [?] reported a similar behaviour
showing the reduction of the A peak as the metalloid content increases. This
peculiar behaviour was interpreted, by comparing the K-edge XMCD spec-
tral shape of bcc-Fe and hcp-Co, in terms of the change in the nature of the
ferromagnetism from weak to strong. According to the authors, in Fe-P, the
change from a weak to strong ferromagnetism is likely due to the displacement
of the Fermi level to higher energies as a consequence of the increase of the
electronic charge transfer. In our case, one could assume an electron transfer
from Al to Fe. However, the same scheme does not seem to be valid in our
case to establish a straightforward relation between the drastic depletion of
the peak at lower energy and the magnetic behaviour of µFe. The results on
the Lu(Al1−xFex)2 Laves compounds, i.e. where there is not magnetic R con-
tribution, show that the intensity of the dichroic signal changes accordingly
with the variation of µFe derived from the M(H) curves, whereas no change
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of the shape is observed. That is, the same reduction is observed for all the
features on the spectrum (see last panel of Fig. 6.30). Within the framework
proposed by Fdez-Gubieda et al. the disappearance of peak A would be due
to the modi�cation (enhancement) of the ferromagnetic character of Fe as the
Al content increases. Consequently, if the disappearance of peak A in the
R(Al1−xFex)2 series had its origin purely in the magnetic behaviour of Fe, it
should also undergo a stronger diminution in the case of Lu.

Moreover, Mössbauer results (section 6.5.2) indicate that the decrease of
µFe derived from the M(H) curves is mainly due to a partially randomized
magnetic structure, the e�ect of electron transfer being, if existing, negligible
in a �rst approximation. Indeed, µFe has been estimated to be at least 1.2 µB

in Lu(Al0.25Fe0.75)2. In the same way, the observed reduction of the XMCD
signal in this compound can be explained as due to the partially disordered
magnetic structure but not due to electron transfer.

On the other hand, our results indicate that the depletion of peak A in
compounds containing a magnetic R can be most likely related to the presence
of the contribution coming from R and to its modi�cation as Al substitutes Fe.
Thus, in the case of binary RFe2 compounds, the electronic and magnetic state
of iron can be considered constant (at least in a �rst approximation) through
the whole RFe2 series [143, 144]. In RFe2 with R = heavy rare-earth, the
magnetic moment of Fe is ∼ 1.6 µB, ferrimagnetically coupled to the magnetic
moment of R.[143, 144] Bearing in mind the previuos results one would expect
a negative A peak, whose intensity is independent on R and slightly smaller
than that found for pure Fe (µFe ∼ 2.2 µB). On the contrary, we found that
the intensity of peak A depends on R and almost disappears for Ho and Er.
Therefore, the large modi�cation of peak A observed in Figure 6.27 in the
RFe2 compounds is an indication of the strong in�uence of R on the Fe K-edge
XMCD spectrum even at low energy.

Comparison with other R:Fe series, shown in Figure 6.32, reinforces the
hypothesis stating that the R contribution hides the peak at ∼ 0 eV. In all the
cases studied so far the positive peak A, associated to Fe, does not signi�cantly
vary as the rare-earth ion is changed. However, in the case of the Laves phases
the R contribution is so large that it seems to a�ect the XMCD spectra along
the whole energy range. In chapter 4 we have obtained that the R contribution
to the Fe K-edge XMCD spectrum resembles the magnetic state of the rare-
earth, µR. Experimental data shown in Figure 6.32 indicate that, in addition,
the rare-earth contribution is proportional to the R concentration or

more likely to the number of R atoms nearest-neighbours. In Laves
phases, the Fe atoms have 6 rare-earth nn, in the case of Ho6Fe23 the number
of R nn varies from 3 to 6 depending on the speci�c Fe site and this number
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reduces to 1 or 2 in RFe11Ti compounds. Laves phases have a much higher R
content (R nn) than the compounds chosen on previous studies such us 2:14,
1:11 and 6:23 series. As a consequence, the in�uence of the R sublattice

in the Fe K-edge signal is much stronger, a�ecting also to peak A,

which had been typically considered purely of Fe origin.
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Figure 6.32: Comparison of the Fe K-edge XMCD spectrum recorded for di�erent

Ho-Fe intermetallic compounds. All the XMCD spectra were recorded at conditions

giving rise to nearly saturated moments.

As a result of the large R contribution, the iron contribution is some-
how hidden and their disentanglement becomes very intricate. In the case of
pure Laves phases their magnetism is well described and we know that the
Fe contribution to the XMCD signal will be very similar to that of LuFe2.
Consequently, one could apply a two-sublattice method as previously made for
other R-T series to separate XMCDR and XMCDT contributions. However,
the situation becomes intricate in the case of Fe-Al diluted compounds. As
previously commented, no clear determination of µFe has been obtained from
other experimental methods up to now. In addition, the large R contribution
makes di�cult to obtain information about both µFe and the contribution of
Fe to the XMCD signal, which remains as an open question.

Nevertheless, in some cases the XMCDR contribution does not completely
hide the XMCDFe contribution, so that some hints can be found about the
behaviour of Fe in the pseudobinary compounds. In particular, Gd compounds
have a relatively small R contribution and the A feature can be clearly seen.
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Lu vs. Gd comparison (see Fig. 6.33) shows that not only the �rst peak is
similar for binary compounds but also in the case of Gd(Al0.25Fe0.75)2 it is
much larger than for Lu(Al0.25Fe0.75)2. These results are in agreement with
the information obtained from M(H) and Mössbauer experiments. They point
out that the abrupt reduction of peak A is not due to the magnetic moment
of Fe undergoing a transition from weak (WFM) to strong ferromagnetism
(SFM), but it can be explained by assuming a disordered magnetic structure
for Lu diluted compounds, whereas in Gd compounds the magnetic moments
are collinearly aligned. The reduction of the intensity of peak A from ∼0.0034
in GdFe2 to ∼0.0023 in Gd(Al0.25Fe0.75)2 shows that µFe slightly reduces ac-
cording to M(H) and Mössbauer results.
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XMCD spectra were recorded at 5 K and under the action of an applied magnetic

�eld of 50 kOe.

When a pseudobinary Laves phase compound with a heavy rare-earth dif-
ferent from Gd is studied, the analysis of the spectra becomes more di�cult.
When R is Tb, Dy, Ho or Er, the R contribution to the XMCD spectrum is
very large and completely hides the Fe contribution. Moreover, the experi-
mental spectra in Fig. 6.30 suggest not only a reduction of the R features with
increasing Al content (which would allows us to see the Fe contribution) but
also the narrowing and the shift of the R features to lower energies.3 Con-
sequently, our results seems to indicate that the shift of the R contribution
features towards lower energy results in an overlapping of A and B peaks so
this e�ect can also be responsible for the apparent depletion of the �rst spec-
tral feature (A peak). As a consequence, we cannot deduce from the XMCD

3This energy shift can be tentatively addressed to the modi�cation of the DOS due to
volume expansion of the lattice as Al increases. Unfortunately we cannot easily verify this
hypothesis.
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spectra if, in these compounds, the Fe moments have an ordered or disordered
magnetic structure. Taking into account the M(H) results one could expect
the Fe moments to be nearly collinear and so a XMCDFe contribution similar
to that found for Gd but, unfortunately, this cannot be clari�ed based on these
XMCD data, thus remaining as an open question.

Temperature dependence.

Initially, the XMCD spectra corresponding to R(Al1−xFex)2 samples were
recorded at T = 5 K. With the purpose of further verify our results, we have
extended this study including the modi�cation of the signal with temperature.
The thermal dependence of the XMCD signal recorded at H = 50 kOe for
di�erent compounds is shown in Figure 6.34.
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Figure 6.34: Thermal dependence of the XMCD spectra at the T K edge of ErFe2
(a), ErCo2 (b), Er(Al0.25Fe0.75)2 (c) and Er(Al0.50Fe0.50)2 (d) compounds.

In the case of ErFe2 XMCD spectra, the intensity of the feature at E -
E0 ∼ 0 eV enhances with increasing temperature, while the rest of the features
undergo a reduction. This result is easily understood if one considers that
B, C1, C2 and D features are mainly due to R, while peak A has also a sig-
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ni�cative contribution from Fe. The observed behaviour resembles the fact
that the magnetization of the rare earth sublattice decreases faster that the
magnetization of the Fe sublattice as the temperature increases. On the other
hand, the magnetic moment of Co in Laves phases is strongly dependent on
the R magnetism (µCo is induced by the molecular �eld of R) so that one can
expect a reduction of MCo proportional to that of MR, in agreement with the
observed gradual reduction of all the features in the XMCD signal. In the case
of Er(Al1−xFex)2 diluted compounds, the thermal evolution is similar to that
found for Co compounds. This result may be tentatively explained in terms of
a decrease of the strength of the Fe-Fe interaction caused by Al substitution.
The R-Fe would then become the main interaction into determining the Fe K-
edge XMCD signal so that the Fe contribution to the signal, XMCDFe, seems
to be related to the magnetic moment of the rare-earth sublattice in analogy
to the Co behaviour of RCo2 compounds.

6.8 XMCD at the R-L2 edge

The R L2-edge XMCD spectra measured on the binary Laves phases RAl2,
RFe2 and RCo2, at 5 K and under an applied magnetic �eld of 50 kOe are
displayed in Fig. 6.35. The L2 spectral pro�le of RAl2 consists on a main
negative peak centered at E - E0 ∼ 2 eV above the edge (E) and a smaller
positive peak at higher energy, E - E0 ∼ 7 eV (F). An additional feature at E -
E0 ∼ -5 eV (C) appears for R = Tb, Dy, Ho and Er. This feature is a negative
shoulder in Dy, Ho and Er, while in the case of Tb, it is an small positive peak.
When the rare-earth in the compound is a light one, the opposite sign is found
in the XMCD spectrum.

The amplitude of the RAl2 spectra decreases as the rare-earth atomic num-
ber, Z, increases in accordance with the R(4f) spin. However, contrary to the
4f spin case, this decrease is not linear with Z, so it cannot be directly related
with the R(4f) spin. In the same way, the evolution of the signal does not
resemble the R(4f) orbital, L, or total, J, magnetic moments.

Bearing in mind that the magnetism of the 5d band, and consequently the
R L2,3-edges XMCD spectra of RAl2, is thought to be originated from the 4f-5d
polarization, it is not unreasonable to assign this modi�cation through RAl2 in
terms of the lanthanide contraction.[18] The reduction of the atomic radius of
the R ion with increasing Z is much weaker (about 10 times) than the decrease
of the 4f shell, leading to a smaller overlap of the 4f and 5d shells with increas-
ing Z. In addition, trying to get a deeper insight into the origin of these spectra
and, in view of the indirect 4f-4f interaction mediated by the conduction band,
we have compared the intensity of these XMCD signals with the nRR molecular
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�eld coe�cient. In Figure 6.36 we have displayed the comparison between the
intensity of the XMCD signals (peak E) and nRR calculated from TC (ecs. 1.3
- 1.5). As it can be seen the XMCD dependence of the RAl2 com-

pounds remarkably mimics the modi�cation of the molecular �eld

coe�cient nRR within this series. This result points out the com-

mon origin of these two magnitudes, which on the one hand would

indicate the important role of the R(5d) states in the magnetism

of the RAl2 compounds and, in addition, it would supply an alter-

native method to experimentally study the R-R interaction. Such a
relationship has not been reported previously. Since our results are based on
the study performed through just one R-Al series, we cannot conclude if this
is a general result or a particularity of the RAl2 series.

Di�erent arguments have to be considered to explain the spectral modi�-
cation induced by substitution of Al by Fe or Co. When the 3d metal is placed
in the lattice, the spectrum amplitude undergoes a decrease. This reduction
does not occur equally through the whole energy range. For compounds with
heavy R, the low energy part of the main negative peak, E1 at E - E0 ∼ 0
eV, undergoes an abrupt decrease, while the diminution in the higher energy
part, E2, is much slighter. This is clearly observed in the case of DyFe2, HoFe2
and ErFe2 compounds. Indeed, ErFe2 not only presents a reduction of E1,
but a positive peak at energies ∼ 0 eV.4 On the other hand, the e�ect of the
magnetic transition metal is not observable at �rst sight in Gd compounds.
However, a closer inspection (see inset in Fig. 6.35.a) shows that for GdFe2 the
position of the minimum is shifted (1 eV) towards higher energy, the negative
peak becomes asymmetric and its intensity decreases. This result suggests that
although the E1 and E2 structures cannot be energy resolved the reduction of
the low-energy component of the E peak due to Al substitution is also present
in the Gd case.

In addition, the above described change of the L2-edge signal holds for
both Co and Fe Laves phases. The reduction of E2 is similar for Fe and Co
compounds, while the modi�cation of the pro�le at E1 is clearly more obvious
in the case of Fe compounds.

The di�erent behaviour observed for RAl2, RFe2 and RCo2 cannot be ex-
plained in terms of the di�erent magnetic properties of the rare-earth through
the three series. Indeed, it is commonly assumed that the magnetic 4f mo-
ments are close to the free-ion values in these compounds. Consequently, no
signi�cant variation of the intra-atomic 4f-5d polarization e�ect is expected,
(at least to account for the experimental XMCD behaviour). The fact that the
magnetic properties of the R counterpart (Al, Fe and Co) are clearly di�er-

4notice that E1 feature has been called D in chapter 5
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Figure 6.35: XMCD spectra recorded at T = 5 K and H = 50 kOe at the R L2-edge

in RT2.
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Figure 6.36: Comparison of the intensity of the XMCD spectra at the R L2,3-edges

in RAl2 and the nRR coe�cients obtained from M(T) curves

ent through the studied series suggests that the origin of such an unusual

behaviour stems from an unexpected magnetic contribution arising

from the T sublattice even if the R are proven.

In order to get a deeper insight into this possibility we have extended this
study to the R(Al1−xFex)2 and R(Al1−xCox)2 pseudobinary Laves phases. In
all the studied series a gradual evolution of the L2 spectrum is observed as
Fe (Co) substitutes Al. This gradual reduction of the signal is more evident
in the low energy part of the negative peak E. This is illustrated in Fig. 6.37,
where the XMCD spectra recorded at the rare-earth L2-edge for di�erent R(Al,
T)2 series are shown. Despite the reduction of the intensity at E - E0 ∼ 0 eV
is more noticeable as the atomic number of R increases, it should be noticed
that the general trend is the same no matter the speci�c R in the compound.
Indeed, also in the Gd(Al1−xFex)2 series a gradual evolution is observed even
if no unambiguous discrimination E1 vs. E2 can be done.

In the same way, a similar behaviour is found independently on the transi-
tion metal placed on the lattice (Co or Fe). In Fig. 6.38 we have compared the
evolution of Ho(Al1−xFex)2 and Ho(Al1−xCox)2 Ho L2-edge XMCD spectra
with the Al content. It can be observed that the modi�cation of the XMCD
spectral pro�le is the same for both series (the signal at E - E0 ∼ 0 eV is
markedly reduced). The only di�erence between them concerns the intensity
of this reduction. Thus, the intensity of the XMCD spectrum of RCo2 at E -
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Figure 6.37: XMCD spectra at the R L2-edges in R(Al1−xFex)2 compounds with x =

1 (black line), x = 0.75 (red), x = 0.50 (green), x = 0.25 (blue), and x = 0 (cyan) and

Ho(Al1−xCox)2 compounds with x = 1 (black line), x = 0.80 (red), x = 0.50 (green),

x = 0.30 (blue), and x = 0 (cyan). All the spectra have been recorded at T = 5 K

and H = 50 kOe.
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E0 ∼ 0 eV is clearly smaller than that of RFe2 compounds, while is very alike
to that found in the compounds with 75% of Fe content. A direct comparison
including the �pure� binary Laves phases for a given R and those with 75% Fe
is plotted in Fig. 6.39.
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Figure 6.38: XMCD spectra at the R L2-edges in Ho(Al1−xFex)2 compounds with x

= 1 (black line), x = 0.75 (red), x = 0.25 (green), and x = 0 (blue) and Ho(Al1−xCox)2
compounds with x = 1 (black line), x = 0.80 (red), x = 0.30 (green), and x = 0 (blue).

How can we account for such a behaviour? What is the origin of the de-
scribed XMCD evolution? In chapter 5 we assumed that the measured signal
at the L2 edge on Ho6Fe23 was made up of two contributions of Ho and Fe
origin. Is this scheme consistent with the present results? In the following dis-
cussion we will show that the presence of a transition metal contribution agrees
with our results. Additionally, the e�ect of other possible important factors
such as crystal structure and magnetostriction e�ects, quadrupolar transition
in�uence, etc, will be discussed.

All the samples employed in this work (except those with x = 0.5) present
the same MgCu2-type (C15) crystal structure. Therefore, the described changes
on XMCD cannot be associated to structural modi�cations. Of course, di�er-
ences in the lattice parameter involve di�erences in the density of states (DOS)
and will have an e�ect on the XMCD spectrum. However, this e�ect is ex-
pected to a�ect all the features, but not to change the intensity of a particular
one while the others remain unaltered. The experimental results do not hold
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Figure 6.39: Comparison of the XMCD spectra measured at the R L2-edge in
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such an assumption. Indeed, the width of the signal does not seems to vary,
at least in a �rst sight, even for the largest lattice parameter di�erence, i.e.
that between RAl2 and RCo2 compounds where a relative change of ∼ 9% is
observed in the lattice parameter. On the contrary, di�erences occur only in a
speci�c region of the spectra (-2 eV < E - E0 < 2 eV). In the same way, also
the possible role of magnetostriction and lattice distortion can be discarded.
Although magnetostriction is expected to be more important in RFe2 than in
RAl2 and, subsequently, it could alter in a di�erent manner the di�erent ab-
sorption spectra, the volume modi�cations due to magnetostriction are very
small. Among alloys, TbxDy1−xFe2 exhibit the highest known room tempera-
ture magnetostriction, about 2600 x 10−6, in a �eld of 2 kOe.[140] That is, a
relative modi�cation of ∼ 0.2%, which can be neglected if we take into account
that the e�ect of the ∼ 9% volume modi�cation between RAl2 and RCo2 can-
not be clearly observed in the measured XMCD spectra. In fact, some years
ago, Chaboy et al. tried to study the e�ect of magnetostriction on XAS signal
by using the TbFe2 compound, but this experience was not successful as they
could not appreciate any clear modi�cation on the XAS signal.5

Moreover, this strong reduction of the signal at the low energy region cannot
be either explained in terms of easy direction of magnetization, EMD, and
magnetocrystalline anisotropy properties. As one can see in Table 6.15, RFe2,
RCo2 and RAl2 present the same EMD for a given R so that the evolution of the
L2 spectrum with the 3d content cannot be explained in terms of a change of

5J. Chaboy and A. Marcelli, private communication.
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the magnetocrystalline anisotropy. In addition, EMD in Laves phases depends
on the speci�c R in the compound. Thus, for example, the EMD is [111]
for Er compounds, while in Laves phases with Dy is the [100] direction. If
magnetocrystalline anisotropy were at the origin of the changes in the spectral
pro�le, it should be re�ected on the dichroic signals by a�ecting in a di�erent
manner to compounds with diverse EMD. On the contrary, we observe the
same evolution independently on the EMD in the series.

Compound EMD Compound EMD Compound EMD

GdFe2 [111] GdCo2 [001] GdAl2 -
TbFe2 [111] TbCo2 [111] TbAl2 [111]
DyFe2 [001] DyCo2 [001] DyAl2 [001]
HoFe2 [001] HoCo2 [011] [001]∗ HoAl2 [011] [001]∗∗

ErFe2 [111] ErCo2 [111] ErAl2 [111]

Table 6.15: EMD at 4.2 K [169, 177, 178] (∗above spin reorientation 17 K, ∗∗above

20 K)

As discussed in section 6.4, the analysis of the magnetization measurements
does not show any indication suggesting a modi�cation of the electronic, nor
of the magnetic state of the rare-earth atoms upon substitution of Fe by Al
through the whole R(Al1−xFex)2 series that can explain the XMCD behaviour.

Finally, being the quadrupolar transitions of a well de�ned atomic charac-
ter, it appears rather improbable to connect the observed behaviour as a func-
tion of the Fe:Al (Co:Al) concentration to the modi�cation on these quadrupo-
lar transitions. In addition, the energy in which this modi�cation appears is
incompatible (too high) with a quadrupolar origin as the R(4f) states must be
located at lower energies.

The gradual evolution through the R(Al1−xFex)2 and R(Al1−xCox)2 series
points out that the presence of a magnetic transition metal in the compound
is at the origin of an extra contribution at the rare-earth L2-edge XMCD
spectra. Thus, the large decrease at E - E0∼ 0 eV can be regarded as the
result of a positive peak appearing at this energy as the T content increases.
If the intensity of the emerging positive feature is smaller than the negative
dip on RAl2, just a reduction of the dip is observed. However, a total positive
peak may appear in some cases if the new peak is large enough. As shown in
Fig. 6.35, ErFe2 exempli�es this case.

Moreover, the progressive substitution of Al by Fe (Co) increases the num-
ber of Fe (Co) ions surrounding the absorbing lanthanide, so that the progres-
sive increase can be related to the number of magnetic Fe (Co) atoms in the
neighbourhood of the rare-earth one. Furthermore, the comparison of Fe vs.

Co series (Figures 6.38 and 6.39) indicates that the new feature is not only con-
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nected to the number of T neighbours, but also to the magnetic moment of the
transition metal in the crystal lattice. This might explain why RCo2 presents
a weaker reduction of the intensity at E - E0 ∼ 0 eV than RFe2, whereas it is
quite similar to that of R(Al0.25Fe0.75)2: The value of the magnetic moment
of Fe atoms in RFe2 compounds is: ∼ 1.6 µB whereas that of Co in RCo2

compounds is: ∼ 0.8 - 1 µB. According to M(H) and Mössbauer data, the
magnetic moment of iron in R(Al0.25Fe0.75)2 is thought to range between 1.2
µB and 1.6 µB. Taking into account both the number of T atoms and their
magnetic moment, one can easily explain the di�erences in the XMCD pro�les
shown in Fig. 6.39. These results, i.e., the modi�cation of the XMCD

intensity at ∼ 0 eV with both T concentration and moment of the T

component, are a clear evidence of the in�uence of the magnetic 3d

at this edge.

Assuming that there is an extra feature originated by the presence of the
transition metal, this T contribution can be isolated by subtracting from each
recorded dichroic spectrum that of RAl2 with the same R. That is: XMCDT

= XMCDRT2 - XMCDRAl2 .

Before discussing the subtracted signals, several comments must be given
in relation to the substraction procedure: The RAl2 (R = Dy, Ho, Er) sig-
nals have been slightly (∆E ≤ 1 eV) shifted in energy before the substraction
procedure. If the XMCD(RT2) - XMCD(RAl2) subtraction is made directly, a
quite intense negative peak appears at ∼ 5 eV. This is illustrated in Fig. 6.40
where the extracted signal for both situations has been plotted in the case of
XMCD(DyFe2) - XMCD(DyAl2). As it can be seen, the shape of the XMCD
signal remains almost invariable along the measured energy range but at ∼ 5
eV, where the pro�le is very sensitive to the relative shift between RAl2 and
RFe2 (RCo2) spectra. This feature stems from a derivative e�ect due to the
progressive shift of the XMCD signal at ∼ 5 eV as T atoms substitute the Al
ones, which is �clearly� observed for R = Dy, Ho and Er (see inset if Fig. 6.37).
This progressive shift can be thought to be originated from DOS expansion
due to the lattice contraction. Unfortunately, this �volume e�ect� hypothesis
cannot be veri�ed in an easy manner. An alternative explanation for this small
shift can be found in the di�erent backscattering amplitude and phase of Al,
Fe and Co neighbouring atoms. Furthermore, the fact that this energy shift is
not discriminated in Gd and Tb series indicates that the negative peak at ∼
5 eV in the subtracted signal is likely due to a derivative-like e�ect due to the
crystal cell variation. Therefore, the signals RAl2 (R = Dy, Ho, Er) have been
shifted so that this feature has been minimized.

The result of applying this substraction procedure, is shown in Fig. 6.41.
The subtracted signal is mainly made of a very intense positive peak,
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at ∼ 1 eV, followed by an small structured negative peak at higher

energies. As it can be seen, the pro�le is basically the same no

matter the rare-earth, nor the transition metal alloying component.

Besides, the size of the Fe contribution is 1.4 - 2 times the obtained

for the Co Laves phases (see Fig. 6.44). As the Fe magnetic moment,

∼ 1.6 µB, is about twice larger than the Co magnetic moment, ∼ 0.8

µB, in RT2 Laves phases, this result agrees with the fact that the

emerging peak is related with a magnetic contribution stemming

from the 3d metal.

Fig. 6.42 presents the result of applying the same process to pseudobinary
Gd(Al1−xFex)2 compounds. The shape is kept invariable with Fe con-

tent while the size of the features enhances with the number of Fe

atoms. The relative intensity of this subtracted signal as a function of the Fe
concentration, x, is 0.28 : 0.53 : 0.65 : 1.

Taking into account the coupling scheme presented in 1.1, the origin of this
new emerging feature should be searched in the T(3d)-R(5d) hybridization.
Trying to go further into the nature of the emerging component, the R-L2-
edge XMCD spectra have been also recorded in Laves phases containing a non-
magnetic rare-earth: LuFe2 and Lu(Al0.1Co0.9)2. In principle, none of these
two compounds should exhibit XMCD signal at the Lu L2 edge as Lu is a non-
magnetic ion. On the other hand, non zero L2,3-edges XMCD spectra have
been observed in LuFe2.[179, 180] The appearance of a non-zero Lu XMCD
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Figure 6.41: Comparison of the XMCD spectra obtained after XMCD(RT2) -

XMCD(RAl2) subtraction.
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signal is thought to be due to the 5d - 3d exchange. If our hypothesis is
correct, the T(3d)-R(5d) hybridization should give rise to a Lu-L2 XMCD
signal proportional to µFe.

The corresponding spectra are shown in Fig. 6.43. Despite Lu is �non
magnetic�, an intense dichroic signal is found in both cases. Additionally, the
intensity of the LuFe2 signal (-0.053) is about twice that of the Co compound
(∼ -0.024) in agreement with the di�erent values of µFe and µCo. Macroscopic
magnetic data give a magnetic moment of 2.86 µB for LuFe2 while that of
Lu(Al0.1Co0.9)2 is 1.16µB (both measured at H = 50 kOe). In addition, the
sign of the Lu L2,3 edges gives the correct sign for the orbital and spin magnetic
moments of the R(5d) states, contrary with the wrong signs found for other
R-T intermetallics with magnetic R.
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Figure 6.43: Lu L2-edge XMCD (T = 5 K, H = 50 kOe) spectrum recorded on LuFe2
(�, T = 5 K, H =50 kOe ) and Lu(Al0.1Co0.9)2 (•, T = 5 K, H = 30 kOe ) and (blue

line, T = 5 K, H = 100 kOe )

Moreover, the comparison of the subtracted signals to the Lu L2-edge spec-
tra of LuFe2 and Lu(Al0.1Co0.9)2 compounds reports some other important
results:

• We have found that the maximum of the Lu XMCD spectrum appears
at the same E - E0 energy where the �T contribution� is located in the
RFe2 cases.

• In the case of Lu samples the L2 XMCD spectrum is negative, while
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the subtracted signal is positive. This is in agreement with the opposite
direction of µFe(Co) relative to the total magnetization of the sample for
Lu and heavy magnetic rare-earth samples.

• Also, the pro�le of the subtracted signals closely resembles the corre-
sponding Lu signal. This provides further support to the applied sub-
straction procedure.

Taking into account that the Lu L2-edge XMCD signal cannot arise from
the R(4f)-R(5d) hybridization, as Lu has its 4f band complete �lled, it has to
be explained in terms of the T(3d)-R(5d) hybridization. There is no reason for
the disappearance of the in�uence of the Fe(3d) moments into the polarization
of the R(5d) states when R carries a 4f magnetic moment. Consequently,

the magnetism of the R(5d) states results from the interplay of both

R(4f)- R(5d) and T(3d) - R(5d) spin polarization. As a result, the

XMCD at these edges probes both the R and T magnetism.
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Figure 6.44: Comparison of the intensity of the XMCD(RT2) - XMCD(RAl2) sub-

tracted XMCD spectra and the intensity of the XMCD spectra measured in Lu Laves

phase compounds (Fe series: � and Co series:�). In a di�erent scale the modi�cation

of the nRFe coe�cient calculated from M(T) curves is also included (©). Dotted lines

are guides for the eyes.

Furthermore, in Fig. 6.44, the intensity of the subtracted signals is com-
pared with that of the Lu reference compounds. In the case of Dy, Ho and
Er Laves phases, the subtracted signal has almost the same intensity as the
Lu one. However, the di�erence between the values of the intensity of the
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XMCDT signal increases towards Gd. Indeed, it can be observed in �gure 6.44
that, as a general trend, the subtracted XMCD signal presents a reduction as
the atomic number increases. To explain this behaviour we have taken into
consideration several remarks:

Band-structure calculations show that the decreasing lattice constant with
the atomic number, Z, leads to an enhancement of the T(3d)-R(5d) hybridiza-
tion. [181] Therefore, this volume e�ect alone would not explain the decrease
of the T contribution.

The magnetic moment of Fe can be regarded as constant through the bi-
nary RFe2 series including LuFe2. Therefore, the evolution of the subtracted
XMCDFe signal presented in Fig. 6.44 can hardly been explained in terms of a
modi�cation of µFe. Even is we assume that µFe varies from LuFe2 (1.45 µB)
to GdFe2(∼ 1.60 µB) as reported by Burzo,[143, 144] this increase is too small
to account for the clear di�erence observed in the intensity of the subtracted
signal.

A further point to be considered is the fact that the strength of the T(3d)-
R(5d) hybridization will also depend on the polarization of the R(5d) states
due to the R(4f) shell. Indeed, we have shown in �gure 6.36 that both the
L2 XMCD signal of RAl2 and the R(4f)-R(5d) exchange decreases with in-
creasing atomic number so that this e�ect may counteract the volume e�ect.
In relation to the R(4f)-R(5d) exchange, it is interesting to notice that also
the T-R interaction is considered to be strongly a�ected by the intratomic
R(4f)-R(5d) exchange. In fact, in view of the indirect nature of the R-T inter-
action, Belorizki et al. explained the decrease of the molecular �eld coe�cient
across the lanthanide series, nRT , in terms of the reduction of the R(4f)-R(5d)
hybridization. They conclude that the variation of the Fe(3d)-R(5d) hybridiza-
tion through the series is negligible in a �rst approximation. Following this
argument, we show in Fig. 6.44 the comparison between the intensity of the
subtracted signal and nRT obtained from TC values (see. Eq. (1.5)). Both,
the intensity of the subtracted signal and nRT show the same trend, which
suggests the common origin of both XMCDT and nRT .

Regarding the Co magnetic moment, neutron di�raction experiments have
determined µCo to vary from 1.00 µB in GdCo2 to 0.72 µB in ErCo2.[133] From
magnetization measurements we have obtained µCo = 0.7 µB for Lu(Al0.1Co0.9)2.
Therefore, this modi�cation of µCo with R is in agreement with the observed
results in XMCDCo. For these compounds we cannot make a comparison be-
tween the intensity of the subtracted signal and nRT obtained from TC values
due to the particular behaviour of Co in this series. Indeed, Lu(Al0.1Co0.9)2
shows a higher TC than HoCo2 and ErCo2. However, estimates of nRCo ob-
tained from other methods indicate also a diminution with increasing atomic
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number across the RCo2 series.[133]

Concluding, in the light of the above results, the XMCD signal measured
at the R L2-edge in compounds with two magnetic sublattices, R and T, can be
regarded as consisting on the addition two di�erent contributions. The main
magnetic signal is basically a negative peak and emerges as a consequence
of the polarization of the 5d states by the 4f ones through an interatomic
exchange. It seems rather reasonable to suppose that the magnetic state of the
rare earth is not in�uenced by the Al substitution, and hence this contribution
can be considered T independent and equal to the total signal of RAl2. In
addition, an extra magnetic contribution (a positive peak), coming from the
T(3d)-R(5d) hybridization, has to be taken into account to explain the XMCD
spectrum. T(3d) states will produce an extra polarization of the R(5d) states
in the case of intermetallics with a magnetic T transition metal. Our results
point out that this additional contribution is related to both the magnetic
moment of the transition metal and to the number of T neighbours around
the absorbing R. Furthermore, the fact that the intensity of XMCDT varies
for the di�erent rare-earths, decreasing with atomic number, suggests that the
speci�c rare-earth plays also a role into this contribution. Our results suggest
that XMCDT it is related not only to the value of µT itself, but also to the
R(4f)-R(5d) exchange.

To illustrate to what extent this schematic two sublattice picture is suit-
able for describing the XMCD spectra at the L2 edge in the case of R-T in-
termetallics, we have �re-built� the spectrum of RAl2 by the addition of RT2+
LuT2 signals. In Fig. 6.45, the result of such a procedure has been plotted for
binary compounds. As it can be seen, the experimental RAl2 spectra matches
with the pro�le obtained by applying a two sublattice model. A similar result
is obtained for all the RT2 compounds.
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Temperature and pressure e�ect

In order to further verify the above interpretation of the L2 dichroic spectra,
this study has been extended by determining the dependence of the XMCD
spectra with the modi�cation of both temperature and pressure conditions.

Figure 6.46 shows the R L2 spectrum at H = 50 kOe for di�erent R(Al1−xTx)2
compounds as a function of temperature. In the case of HoFe2 and ErFe2
XMCD spectra, the intensity of the feature at E - E0 ∼ 0 eV (E1) enhances
with increasing temperature, while the rest of the features undergo a reduction.
This result is in agreement with the thermal behaviour observed in Ho6Fe23
(section 5.3) and resembles the fact that the magnetization of the rare earth
sublattice decreases faster that the magnetization of Fe sublattice as the tem-
perature decreases. On the other hand, the magnetic moment of Co in Laves
phases is strongly dependent on the R magnetism (induced by the molecular
�eld of R) so that one can expect a reduction of MCo proportional to MR,
in agreement with the observed gradual reduction of all the features in the
XMCD signal.

In the case of Er(Al1−xFex)2 diluted compounds, the thermal evolution is
similar to that found for Co compounds. This result is consistent with the
decrease of the strength of the Fe-Fe interaction as the Al content increases,
as observed and discussed for the thermal evolution of the Fe K-edge XMCD
of the same compounds.

XMCD measurements as a function of pressure have been performed in the
case of ErCo2. Previous works [182, 183]report that magnetic moment of Co
in ErCo2 vanishes with increasing temperature. Therefore, according to our
hypothesis, a progressive modi�cation of the XMCD pro�le towards the pro�le
of ErAl2 has to be found as pressure increases. Our results, shown in Fig.6.47,
completely matches the expected modi�cation.

Comparisons with other R:Fe series.

Finally, as the R(5d)-T(3d) hybridization is not speci�c of the Laves phases,
but it is considered to play an essential role in the magnetism of every R-T
intermetallic compound, the in�uence of Fe on the R L2-edge XMCD can be
expected to be present independently on the particular R:T stoichiometry.

Thus, in Fig. 6.48 we present a comparison of the Er L2 XMCD spectra for
RT2, R2Fe14B and R2Fe17 series. Er2Fe17 and Er2Fe14B spectra correspond to
earlier measurements recorded under di�erent temperature and applied mag-
netic �eld conditions.[53, 65] Despite the intensity of the spectral features can-
not be directly compared, the relative intensities of the main features for a
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Figure 6.46: Comparison of the thermal dependence of the R L2-edge XMCD spectra

recorded for di�erent R(Al1−xTx)2 compounds.

given spectrum provide a clear con�rmation of the presence of a contribution
of Fe origin. It should be noted that in order to perform a correct compar-
ison Er2Fe17 and Er2Fe14B spectra have been multiplied by -1. This is due
to the fact that the magnetization in the Laves phases is dominated by the
R-sublattice, MR, while the contrary holds for Er2Fe17 and Er2Fe14B, being
the Fe-magnetization, MFe, larger than MR. The e�ect of the Fe sublattice
is re�ected not only in the sign of the XMCD spectra but also in the relative
magnitude of the features. Thus, when Er is the only magnetic element, as
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in ErAl2, the spectrum has a main negative peak at E - E0 ∼ 2 eV whereas
in Er2Fe17 and Er2Fe14B this peak at E - E0 ∼ 2 eV has almost disappeared.
For these two compounds the main feature is a positive peak at E - E0 ∼ 0
eV. ErFe2 presents an intermediate behaviour with both a positive peak at E -
E0 ∼ 0 eV and a negative peak at E - E0 ∼ 4 eV. According to our hypothesis,
the magnitude of the feature at ∼ 0 eV is related to MFe. This explains why
the spectra of Er2Fe17 and Er2Fe14B present a pro�le with a main peak at
E - E0 ∼ 0 eV. Due to the large MFe, the Fe contribution at E - E0 ∼ 0 eV is
the largest feature and almost hides the R contribution. In addition, Er2Fe17
and Er2Fe14B present a very similar pro�le, in agreement with a similar MFe

: MR ratio. On the other hand, ErFe2 has a relatively smaller Fe contribution
to the XMCD signal so that both the negative and the positive peaks are sim-
ilarly noticeable. Therefore, our results indicate that the existence of
a magnetic T contribution to the R-L2 XMCD spectrum is a general

result for R-T alloys.

6.9 XMCD at the R-L3 edge

XMCD spectra have been also recorded at the R L3-edge. For all the measured
samples, the same pro�le has been obtained, consisting on a negative dip at
E - E0 ∼ -3 eV followed by a main positive peak at ∼ 3 eV above the edge.
The latter feature is of dipolar origin while the former spectral feature has
been associated to a quadrupolar transition that should be present at the L3

edge spectra of heavy rare earths.[62] To date, experimental evidences for the
occurrence of these quadrupolar channels have been provided in the case of Dy
and Er[48, 45] but it has never been clearly observed in the case of Gd. As
shown in Fig. 6.49, this transition is also present in the case of Gd although its
intensity is signi�cantly reduced when compared to that of heavier rare-earths.
Upon Al substitution by a 3d metal, the shape of the L3 XMCD spectra is
mostly retained through the whole R(Al1−xTx)2 series. No uniform variation
in the intensity of the positive dipolar feature as a function of the transition
metal content has been observed. Indeed, the modi�cation of the intensity of
the main XMCD spectral feature (B) as a function of the Fe content strongly
depends on the speci�c rare earth. On the contrary, in all the cases peak A
is enhanced by increasing the Fe content (excluding RAl2 spectra). This is a
quite unexpected result as, in principle, the quadrupolar contribution should
not be a�ected by the number of Al(Fe) atoms. This behaviour would indicate
that the feature is not purely of quadrupolar origin as typically assumed.

Trying to con�rm this hypothesis a two sublattice procedure has been ap-
plied at the R L3 edge, in analogy with the analysis previously performed at the
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R L2 edge. The subtracted signal has been compared to the Lu L3 spectrum
measured on LuFe2 and Lu(Al0.1Co0.9)2.

As it can be seen in Figure 6.50 in some cases (Gd and Ho subtractions) a
negative peak can be very roughly identi�ed at 1 eV. This would indicate that
a similar Fe contribution is also present at the L3 edge. However, the details of
the pro�le depend strongly on the speci�c RFe2-RAl2 substraction. Therefore,
a similar conclusion to that found at the R-L2 edge, i.e. the existence of a T
contribution that resembles the pro�le obtained in Lu compounds, is not so
straightforward for the L3 edge. Nevertheless, this idea should not be com-
pletely discarded either. The peculiar position of the �possible� T contribution
might prevent from an easy disentanglement of R and T contributions. An-
other possible explanation for the anomalous modi�cation of peak-A intensity,
can be found in the in�uence of the K-edge EXAFS a�ecting the signal at the
R L3 edge. Thus, for example, the energy di�erence between Fe K-edge and
Gd L3edge is just 131 eV. The in�uence of the Fe K-edge EXAFS makes more
di�cult a proper XAS and XMCD spectra normalization at this L3 edge. In
turn, this e�ect would also obstruct the isolation of the T contribution, if any,
to the L3 edge XMCD spectra.
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6.10 Conclusions

1. Our results in the R(Al1−xFex)2 series con�rm that the Fe K-edge XMCD
signal in R-Fe intermetallic compounds is due to the addition of mag-
netic contributions from both the iron and the rare-earth sublattices. In
addition, the XMCD spectra recorded at the Co K-edge on RCo2 show
that this conclusion can be also applied to intermetallic compounds with
a transition metal di�erent from Fe.

2. We have also found that the R contribution to the T K-edge signal is
not only proportional to the magnetic moment of R but also to the R:Fe
ratio or more likely to the number of R neighbours. Indeed, in RFe2 and
RCo2 Laves phases series the R contribution is so large that even a�ects
the �rst peak (A), which in the studies performed in 2:14 and 1:11 series
had been considered as purely of Fe origin. The huge in�uence of R in
RFe2 and RCo2 is clearly made evident by the almost identical pro�le of
both Co-K edge and Fe K-edge XMCD spectra.

3. The R contribution to the T K-edge XMCD does not signi�cantly modify
its shape when sweeping through the series from RFe2 (or RCo2) to RAl2.
Indeed, the e�ect of the Al atoms on the R contribution merely consists
in an decrease of the magnitude of the signal.

4. Regarding the modi�cation of the Fe contribution to the Fe K-edge
XMCD, XMCDFe, our results cast doubts on previous assignments on
the relationship between the Fe K-edge XMCD spectral features and the
magnetic character of Fe. Indeed, while the XMCD peak at the edge has
been typically considered as purely of Fe sublattice origin, the present
results show that this picture does not hold for compounds with a high
R:Fe ratio. In the case of Laves phases the R contribution is very large
and a�ects to the whole energy range. As a consequence, monitoring
the modi�cation of the XMCD spectrum as Al substitutes Fe is not a
valid tool to study the magnetic character of Fe in a straightforward
way, mainly when an additional contribution is present on the XMCD
spectrum.

5. In relation to the magnetic characterization of Fe through the R(Al1−xFex)2
series, the combined analysis of the magnetization, Mössbauer spectra
and Fe K-edge XMCD spectra indicates that the µFe does not undergo
and abrupt decrease but just an small reduction as the Al content in-
creases. In the case of Lu compounds, the results are in agreement with
a disordered magnetic structure giving rise to very small values of MFe,
whereas Gd series are not a�ected by this e�ect. When R is a heavy rare
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earth, other than Gd, none of the techniques used in this thesis is able
to give us the required detailed information about the magnetism of the
Fe sublattice in diluted compounds.

Concerning the R L2,3-edges XMCD spectra:

1. We have found that in the case of the RAl2 series, i.e. where R is the only
magnetic atom, the intensity of the R L2 XMCD signal clearly resembles
the modi�cation of nRR with the atomic number. This provides a direct
method to study the strength of the 4f-5d interaction.

2. The modi�cations observed in the R L2-edge XMCD spectra when chang-
ing any of the parameters, namely speci�c T in the compound, T concen-
tration, temperature or pressure, indicate the presence of an additional
magnetic contribution of T origin.

3. Our results point out that this additional T contribution, a positive peak
which appears always at ∼ 1 eV, is related to both the number of Fe
(Co) neighbouring atoms around the absorbing R atom and the magnetic
moment of the 3d metal.

4. The existence of a L2-edge XMCD spectrum for Lu Laves phases indicates
that the origin of this extra contribution has to be searched into the
hybridization of the R(5d) states with the 3d states of the neighbouring
transition metal atoms. This result can be considered as the counterpart
of the R contribution found at the the K-Fe edge [84] in R-T systems.

5. The R dependence of the subtracted XMCD(RT2) - XMCD(RAl2) sig-
nal seems to show a relation with the nRT molecular �eld coe�cient. If
we could corroborate (and quantify) a relation between the subtracted
XMCD signal and the strength of the R(5d)-Fe(3d) hybridization, this
result would give rise to a direct method to study the 4f-5d-3d interac-
tions in R-T intermetallics.

6. Therefore, our results indicate the need of including a transition metal
contribution prior to account for the XMCD at the rare-earth L2,3-edges
in R-T intermetallic materials.

7. Unfortunately, the same conclusion cannot be straightforwardly obtained
in the case of the R L3-edge XMCD signal since an analogue result could
not be systematically obtained. In the case of this edge, further work is
still needed to account for the evolution of the di�erent features with Fe
content.
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It is important to notice that, in all the cases, namely studies as a function
of speci�c R and T in the alloy, T concentration, temperature and pressure,
the behaviour of the XMCD spectra can be consistently explained by assuming
an extra contribution appearing always at the same energy.





Chapter 7

Application of the XMCD technique

to speci�c problems

7.1 Introduction

As we have seen in the previous chapters, the interpretation of the XMCD
signals at both T K-edge and R L2,3-edges is a complex subject. However,
despite the open questions regarding this interpretation, the XMCD technique
can be a suited tool to study di�erent problems in R-T intermetallic com-
pounds. In this chapter we present two speci�c examples of the usefulness
of XMCD to study speci�c questions in R-T intermetallic compounds: �The

study of the decoupling of the magnetic ordering of the Er and Co sublattices in

Er1−xYxCo2 systems� and �The relationship between the Lu magnetic moment

and the magnetic behavior of (YtLu1−t)(Co1−xAlx)2 systems�. Both subjects
are at the present a matter of controversy. What we present in this chapter
is the XMCD investigations we have carried out trying to get a deeper insight
into each of them.

Thus, in the �rst part, we present an X-ray magnetic circular dichro-
ism (XMCD) study performed at Co K-edge and at the Er L2,3-edges in the
Er1−xYxCo2 series. Our results indicate that both Er and the Co magnetic
sublattices order at the same temperature for all the investigated compounds.
In the case of the Er0.6Y0.4Co2 compounds, the XMCD data do not show the
decoupling of the magnetic ordering for both Er and Co sublattices. In addi-
tion, no experimental evidence of the occurrence of an inverse itinerant electron
metamagnetic (IEM) transition has been found for applied magnetic �elds of
up to H = 100 kOe. Moreover, a non-zero magnetic moment is found at the
Co sites in the case of the Er0.5Y0.5Co2 compound.

Regarding the relationship between the Lu magnetic moment and the mag-
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netic behavior of (YtLu1−t)(Co1−xAlx)2 systems, we present an X-ray magnetic
circular dichroism (XMCD) study performed at both the Co K-edge and the
Lu L2,3-edges on these compounds. The XMCD spectra re�ect the di�erent
magnetic character of the systems allowing to monitor the transition from
weak to strong ferromagnetism. The XMCD at the Lu L2,3-edges indicates
the existence of an ordered 5d moment at the lutetium sites that is coupled
antiparallel to the Co moment. Estimates of the Lu magnetic moment have
been obtained by applying the XMCD sum-rules. Our results show that in the
(YtLu1−t)(Co1−xAlx)2 compounds there is a correlation between the Lu 5d in-
duced magnetic moment and the magnetic character of the system, suggesting
that in these compounds the developing of a 5d magnetic moment at the Lu
sites may play an important role into reinforcing the magnetic interactions and
favoring the ferromagnetism character of the Lu rich compounds.
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7.2 XMCD study of the decoupling of the magnetic
ordering of the Er and Co sublattices in Er1−xYxCo2

systems.

7.2.1 Introduction

The intermetallic RCo2 compounds are of particular interest among the inter-
metallic rare-earth compounds with 3d transition metals. In the case of the
isostructural RNi2 and RFe2 compounds the 3d subsystem is, respectively, non
magnetic or bearing a stable magnetic moment. By contrast, it shows an inter-
mediate behavior in the RCo2 case. The RCo2 compounds are characterized by
both the dependence of the Co magnetic moment upon the R alloying compo-
nent and by the occurrence of a metamagnetic transition in the Co 3d itinerant
subsystem. For compounds in which R is non magnetic (YCo2, LuCo2) the Co
susceptibility is of the Pauli type, while a ∼ 1 µB Co moment is induced in the
case of compounds with magnetic R metals. In the latter case, the magnetic
order of the d subsystem is due to the e�ect of the molecular �eld created by
the R moments acting on the Co sites.

The RCo2 compounds have been widely studied as they can be regarded
as model materials for a large variety of magnetic phenomena related with
the itinerant electron metamagnetism (IEM) [4, 184, 185, 133]. This long-
standing interest is still open as new magnetic properties have been discovered
during this research. This is the case of the magnetic characterization of the
Er1−xYxCo2 systems. These systems were tailored to study the modi�cation
of the IEM behavior associated to the reduction of the molecular �eld act-
ing on the Co atoms by substituting Er by a non-magnetic rare-earth as Y.
The electronic and magnetic properties of the Er1−xYxCo2 systems were early
studied by Duc et al. [186], who found that the magnetic moment of Co atoms
decreases with decreasing the Er content, as it does the Curie temperature.
These authors concluded the induced character of the Co magnetic moment
and, in addition, that the character of the magnetic transition changes from
�rst to second order around x = 0.3 [186]. Later, neutron di�raction experi-
ments performed by Baranov et al. [187] shown that an increase of the yttrium
concentration will cause a sharp drop in µCo and µEr. These studies also em-
phasize the coexistence of both long-range and short-range order for yttrium
concentrations close to the critical one where the long-range magnetic order
disappears. According to the results by Baranov et al. the sharp drop in µCo

starts for x > 0.4 and there is no short range ordering for x > 0.6 down to T
= 4.2 K [187].

More recently, Hauser et al. have proposed that for a certain yttrium con-
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centration, x = 0.4, the magnetic ordering of the Er and Co sublattices takes
place at di�erent temperatures [188, 189, 190, 191]. This result is mainly based
on speci�c heat capacity measurements of Er0.6Y0.4Co2 showing two anomalies
with maxima at T 11 K and 14.5 K [188, 190]. According to these authors
the Er sublattice magnetically orders at T = 14.5 K but, as the molecular
�eld acting on the Co atoms is smaller than the critical one, the Co sublat-
tice remains magnetically disordered. The critical condition for the onset of
magnetic order in the Co subsystem is ful�lled on cooling, thus resulting in
a second transition when a magnetic moment is induced at the Co sites at T
= 11 K. However, the showy result that the itinerant Co sublattice orders at
a lower temperature than the Er sublattice has not been con�rmed by recent
neutron studies. In particular, single crystal neutron di�raction experiments
on ErCo2 and Er0.6Y0.4Co2 showed that both Er and the Co magnetic sublat-
tices order at the same temperature (35.9 and 17.0 K, respectively) [192, 193].
Moreover, macroscopic data on single crystal specimens do not show two sep-
arate peaks neither for the speci�c heat nor for the magnetic susceptibility,
in disagreement with the experiments on polycrystalline materials reported by
Hauser et al. [188, 190]. This controversy extends also to other results as the
so called inverse IEM transition. This transition is induced by increasing the
external �eld, as the e�ective �eld acting upon the Co subsystem decreases
and the Co moment abruptly collapses. In the case of Er0.6Y0.4Co2 the inverse
IEM transition occurs at 85 kOe [133, 191]. However, Markosyan et al. have
reported this value to be 70 kOe, being reduced with pressure so as to vanish
above a critical value of 2 kbar [194]. By contrast, results by Podlesnyak et

al. indicate that no inverse IEM is observed under pressures of up to 6 kbar
[192]. Finally, contradictory results are also reported for the magnetic behav-
ior of the Er1−xYxCo2 compounds near the critical yttrium concentration for
the occurrence of long-range magnetic order. While several authors suggest
the coexistence of both long-range and short-range order[187, 195, 192], other
works indicate that for Er0.5Y0.5Co2 only the Er sublattice is magnetically or-
dered although the Co subsystem is still a�ected by the molecular �eld and a
0.22 µB moment at the Co sites is reported [190].

Aimed to clarify this debate we have performed an X-ray magnetic circular
dichroism (XMCD) study at the Co K-edge and at the Er L2,3-edges in the
Er1−xYxCo2 series. This XMCD approach is expected to furnish a disentan-
gled magnetic characterization of both Er and Co sublattices by studying the
variation of the XMCD as a function of the yttrium concentration, the applied
magnetic �eld and the temperature.
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7.2.2 Synthesis and structural characterization.

Er1−xYxCo2 (x = 0, 0.2, 0.3, 0.4, 0.5 and 0.6) samples were prepared by arc-
melting the pure elements under Ar protective atmosphere. In order to have
single-phase samples, a 3 % wt. excess was added to the stoichiometric amounts
of Er and Y. The ingots were annealed in quartz tubes with Ar atmosphere at
850 oC for one week.

Structural characterization was performed at room temperature by means
of powder x-ray di�raction. The di�raction patterns, Rietveld-re�ned using the
FULLPROF code [89], showed that all the samples present a single C15 Laves
phase, being the presence of secondary phases (R2O3) less than < 2% overall.
The cell parameters, determined from the XRD patterns are summarized in
Table 7.1.

Table 7.1: Structural (lattice constant, a) parameters of the Er1−xYxCo2 compounds:

Compound a(Å) Compound a(Å)
x = 0 7.157 x = 0.4 7.177
x = 0.2 7.166 x = 0.5 7.190
x = 0.3 7.173 x = 0.6 7.192

7.2.3 Macroscopic Magnetic Measurements

The temperature dependence of the magnetization of the Er1−xYxCo2 series is
shown in Fig. 7.1. For both ErCo2 and Er0.8Y0.2Co2 compounds, the variation

Table 7.2: Magnetic parameters of the Er1−xYxCo2 compounds: Curie temperature

(TC); magnetization measured at 50 kOe (M50kOe) and the Co moment derived from

the magnetization data at H = 50 kOe.

Compound TC (K) M50kOe (µB/f.u.) µCo (µB/f.u.)
x= 0 32 7.2 0.9
x= 0.2 23.5 5.8 0.7
x= 0.3 18.5 4.9 0.7
x= 0.4 15 4.3 0.55
x= 0.5 12 3.7 0.4
x= 0.6 8.5 3.0 0.3
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Figure 7.1: In the top panel, magnetization vs. applied magnetic �eld curves recorded

at T = 5 K are shown. Bottom panel: thermal dependence of the magnetization (zero

�eld cooled) of the Er1−xYxCo2 compounds: x = 0 (�), 0.2 (◦, red), 0.3 (N, green),
0.4 (O, blue), 0.5 (•, purple) and 0.6 (?, cyan).

of the magnetization at the onset of the magnetic ordering temperature, TC ,
proceeds step-like, as corresponding to the �rst-order character of the transi-
tion. However, for higher yttrium contents the change of the magnetization
proceeds smoothly, indicating that the transition becomes second order [186].
Magnetization vs. applied magnetic �eld curves recorded at T = 5 K (see
Fig. 7.1) show the progressive reduction of the magnetization as the Y content
increases, although ferrimagnetic behavior is retained. Assuming the free-ion
value (9 µB) to the erbium moment and that µEr is not a�ected by the yttrium
substitution [186, 196], µCo in the Er1−xYxCo2 series is determined to decrease
from ∼ 0.9 µB in ErCo2 to 0.3 in Er0.4Y0.6Co2.
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Figure 7.2: a) Magnetization vs. applied magnetic �eld curves of Er0.6Y0.4Co2

recorded at di�erent temperatures: T = 5 K (�), 11 K (◦, red), 13 K (N, green), 15
K (O, blue), 20 K (•, purple) and 30 K (?, cyan). b) Zero-�eld cooled magnetization

vs. temperature curves of Er0.6Y0.4Co2 recorded at di�erent applied magnetic �elds:

H = 30 kOe (•, red), 10 kOe (M, blue), 5 kOe (H), 1 kOe (•, purple) and 0.1 kOe (�).
In the case of H = 1 kOe the �eld-cooled curve is also reported (dotted line) and the

arrows mark the step-like features discussed in the text. The inset reports a detailed

view of M(T) at H = 0.1 kOe.

The magnetic behavior of the Er0.6Y0.4Co2 compound deserves a special
discussion. Hauser et al. have proposed that the magnetic ordering of both the
Er and Co magnetic sublattices take place at di�erent temperatures [188, 190].
This result is mainly based in the appearance of two anomalies in Cp measure-
ments of polycrystalline samples. The thermal dependence of Cp is similar to
that early reported by Duc at al. et al., although the above referred anoma-
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lies were not detected [186]. Indeed, recent measurements on a Er0.6Y0.4Co2

single crystal do not show separate peaks neither for the speci�c heat nor for
the magnetic susceptibility [193]. In addition to the Cp anomalies, Hauser et
al. argue that evidence of di�erent ordering temperatures for the Er and Co
subsystems in Er0.6Y0.4Co2 can be found in the behavior of the magnetization
[190]. In this way, M vs. T curves of Er0.6Y0.4Co2 cooled under an applied 10
Oe �eld shows two smooth steps that are interpreted as due to two separate
magnetic transitions. However, this interpretation of the magnetization data
for such a small external �eld (10 Oe) is not free of controversy as the e�ect of
the microstructure, coercivity and the domain structure of the polycrystalline
samples is not considered. Indeed, the double-step feature of the FC magneti-
zation can be observed for higher applied �elds of up to 0 kOe (see Fig. 7.2).
However, as the external magnetic �eld is increased the anomalies disappear,
which is di�cult to reconcile with the expected behavior of the IEM transi-
tions with the external �eld. According to the mean-�eld approach, the cobalt
moment in RCo2 systems is induced by the molecular �eld on the Co atoms,
BCo

mol, exerted by the localized 4f moments. The direction of BCo
mol is antiparal-

lel to that of the Er moment and, hence, to that of the applied magnetic �eld.
Consequently, the e�ective �eld acting upon the Co subsystem decreases with
increasing the external �eld: BCo

eff = BCo
mol − Bext. Moreover, if Bext exceeds

a critical �eld Bcr, the Co sublattice magnetization is destabilized and the Co
moment abruptly collapses in the so called inverse IEM transition. Conse-
quently, contrary to the observed results, the e�ect of increasing the magnetic
�eld in the presence of two separate transitions would enhance the di�erent
temperature ordering of both the Er and Co sublattices. It can be argued to
account for such a disagreement that upon increasing the �eld the Er mag-
netization increases in such a way that the second transition is favored and
coupled to that of the Er sublattice. However, it is di�cult to reconcile this
picture with the M vs. H behavior. As shown in Fig. 7.2, the magnetization at
low and moderate applied �elds (H ≤ 20 kOe) is always smaller at 13 K than
at T= 11 K. By contrast, if the Co sublattice orders ferrimagnetically coupled
to that of Er at T = 11 K, one expects a decrease of the magnetization that is
not observed.

Consequently, the magnetic characterization of ErxY1−xCo2 compounds
shows contradictory results even when the same experimental techniques are
used. This controversy specially regards the decoupling of the magnetic order-
ing of the Er and Co sublattices near the critical yttrium concentration for the
onset of long-range magnetic ordering [188, 189, 190, 191, 192, 193, 187, 195].
Trying to get a deeper insight on this debate we have extended our study by
using X-ray magnetic circular dichroism (XMCD) at the Co K-edge and at
the Er L2,3-edges. In this way, the element-selectivity properties of XMCD
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can provide a magnetic characterization of the systems in which the magnetic
behavior of both the Co and Er sublattices are disentangled.

7.2.4 XMCD results and discussion

Er L3-edge XMCD

The Er L3-edge XMCD spectra of several Er1−xYxCo2 compounds are shown
in Fig. 7.3. These spectra are characterized by a negative peak (A) below the
edge (∼ -5 eV) and a main positive peak (B) at ∼ 3 eV above the edge. These
structures have been interpreted as due to both a quadrupolar and dipolar tran-
sition, respectively [48]. Consequently, the low-energy feature is in�uenced by
the localized Er 4f states while the high energy feature is linked to the mag-
netic behavior of the conduction 5d states. For all the investigated Er1−xYxCo2

compounds the amplitude of the Er L3 XMCD signal is smaller than that ob-
tained for ErAl2. This result can be interpreted in terms of a reduction of the
Er magnetic moment in the case of the Co-containing samples with respect
the Er free-ion value that is assigned to the ErAl2 compound [197]. However,
the intensity of the main XMCD features (A and B) presents a di�erent de-
pendence on the Y content through the Er1−xYxCo2 series. In particular, the
intensity of feature B is similar for both Er0.6Y0.4Co2 and Er0.5Y0.5Co2 com-
pounds, being signi�cantly smaller (∼ 20 %) for ErCo2. By contrast, peak A
intensity is near the same for the three cobalt compounds.

In a �rst approach, one can consider that the intensity of the quadrupolar
peak is, to some extent, re�ecting the Er(4f) magnetic moment being the same
for three investigated compounds. The modi�cation of the dipolar contribu-
tion, peak B, can be addressed to two di�erent e�ects. On the one hand, it can
be simply interpreted in terms of the reduction of the Er(5d) moment in ErCo2

with respect to that in the Y-doped compounds. However, this interpretation
is in con�ict with the expected behavior for the Er1−xYxCo2 compounds, as
the Er-Y substitution leads to the relaxation of the magnetic ordering within
the rare-earth magnetic sublattice. On the other hand, recent results obtained
in Al-doped RFe2 series indicates that the transition metal contributes, with
contrary sign, to the XMCD signals recorded at the rare-earth L2,3-edges [198].
Accordingly, if the dipolar contribution of the Er L3 XMCD signal is considered
as made up by the addition of both the Er and Co contributions (with con-
trary sign), the reduction of the intensity of peak B in ErCo2 as compared to
both Er0.6Y0.4Co2 and Er0.5Y0.5Co2 indicate that the Co contribution is more
important in the pure compound than in the Y-doped ones. This contribution
being related to the Co magnetic moment, this result indicates that µCo de-
creases in the Y substituted samples, in agreement with the behavior derived
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Figure 7.3: Comparison of the Er L3-edge XMCD spectra recorded at T= 5 K and H

= 50 kOe in the case of: ErAl2 (green, 4), ErCo2 (black, •), Er0.6Y0.4Co2 (red, ◦)
and Er0.5Y0.5Co2 (blue, H).

from the magnetization data. Within the experimental resolution, the XMCD
signal of Er0.5Y0.5Co2 is slightly larger than the Er0.6Y0.4Co2 one, in agreement
also with the observed variation of µCo as a function of the Y content.

Fig. 7.4a reports the comparison of the Er L3-edge XMCD spectra of
Er0.6Y0.4Co2 recorded at di�erent applied magnetic �elds and at two di�er-
ent temperatures: T = 13 K and T = 5 K. According to Hauser et al., the
Er sublattice magnetically orders at TEr= 14.5 K, while the onset of mag-
netic order in the d subsystem takes place for a lower TCo = 11 K temperature
[188, 189, 190]. Based on the above results, one expects that Er L3-edge XMCD
recorded at temperatures TCo < T < TEr and T < TCo re�ects the di�erent
magnetic ordering of the Co sublattice. However, the shape of the XMCD
is similar for both temperatures. Indeed, as shown in Fig. 7.4 b, the signals
obtained at T = 5 K can be reconstructed by using a scaling factor from those
recorded at T = 13 K by applying the same magnetic �eld. The scaling factor
needed to match both signals is ∼ 1.4 for low applied �elds, while it is ∼ 1.1
for H = 50 kOe. This behavior is similar to that exhibited by the M(H) curves
at the same temperatures. At the maximum applied �eld, H = 50 kOe, the
magnetization of Er0.6Y0.4Co2 is near the same for both temperatures. By
contrast, for applied �elds of H = 5 kOe and 10 kOe it is necessary to apply
a constant enhancing factor (∼ 1.1) to the M(H) values recorded at T = 13 K
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to match those found at T = 5 K.
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Figure 7.4: a) Comparison of the Er L3-edge XMCD spectra of Er0.6Y0.4Co2 recorded

at T = 5 K at di�erent applied magnetic �elds: H = 5 kOe (�), 10 kOe (red, •) and 50
kOe (blue,4). The dotted lines show the same comparison for the spectra recorded at

T = 13 K. b) Comparison of the Er L3-edge XMCD spectra of Er0.6Y0.4Co2 recorded

at T = 5 K and di�erent H (symbols) and those obtained (see text for details) scaling

the XMCD recorded at the same �elds at T = 13 K (dotted lines). c) and d) panels

show the comparison of the Er L3-edge XMCD spectrum recorded at T = 5 K and

H = 50 kOe (blue, 4) and those obtained by scaling the spectra recorded at H = 10

kOe (red, dashed) and 5 kOe (black, dotted) in the case of Er0.6Y0.4Co2 (c panel)

and Er0.5Y0.5Co2 (d panel)

As shown in Fig. 7.4 b the agreement between the XMCD spectra recorded
at T = 5 K and those scaled from the T = 13 K ones concerns both the low-
energy (A) and the edge (B) main spectral features. Being peak A addressed
to Er and peak B re�ecting the contribution of both Er and Co sublattices,
these results seem to indicate that the magnetic state of the cobalt sublattice
in Er0.6Y0.4Co2 is the same at both temperatures, i.e., the Co sublattice orders
at the same temperature as the Er one does. This behavior does not depend
on the applied magnetic �eld. Indeed, the e�ect of the �eld only a�ects the
amplitude of the spectra being the shape unaltered by varying the applied
�eld. As shown in Fig. 7.4 c the XMCD spectrum recorded at H = 50 kOe is
reproduced by those recorded at H = 5 kOe and 10 kOe by using a scaling factor
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of 1.7 and 1.2, respectively. These scaling factors coincide with those needed to
match the macroscopic M(H) values at the same applied �elds. Interestingly,
the same behavior is observed for the Er0.5Y0.5Co2 compound (Fig. 7.4 d).
According to Hauser et al. only the Er sublattice is magnetically ordered in
this compound. However, the XMCD results indicate that the behavior of both
Er0.5Y0.5Co2 and Er0.6Y0.4Co2 is similar, thus supporting than in the x = 0.5
compound Co atoms also carry a magnetic moment and that both Er and Co
sublattices are magnetically ordered.

Er L2-edge XMCD

The results obtained from the Er L3-XMCD can be corroborated by studying
the evolution of the Er L2-edge XMCD spectra throughout the Er1−xYxCo2

series. In this way, we present in Fig. 7.5 the comparison of the XMCD spec-
tra recorded for the Co-containing samples and for the reference ErAl2. As
shown in the �gure, the spectral pro�le of the Er L2-edge spectrum of ErAl2
consists of a main negative peak centered at ∼ 2 eV above the edge and a
positive peak of lower intensity at E = 7 eV. In the case of the Co containing
samples, the shape of the positive structure remains unaltered and all the sam-
ples show a similar intensity. However, the main negative feature is strongly
modi�ed, both in shape and intensity, with respect to that of ErAl2. For the
ErCo2 XMCD spectrum the negative peak splits, the position of the minimum
is shifted towards higher energy and its intensity decreases. As a result one
�nds that the amplitude of the Er L2-edge XMCD signal of ErCo2 is about
half of that of ErAl2. According to macroscopic data, such a strong di�erence
cannot be accounted in terms of the reduction of the Er magnetic moment. It
is therefore necessary to appeal to the existence of additional contributions,
other than the Er magnetization itself, to account for the observed behavior
of the XMCD signals. To this respect, recent results obtained on R-Fe inter-
metallic compounds have demonstrated the existence of an extra contribution
at the rare-earth L2-edge XMCD spectra that is connected to the presence of
the transition metal [198, 199]. Consequently, the XMCD results reported in
Fig. 7.5 indicate that Co is contributing to the Er L2 dichroism even when
Er is probed. This cobalt contribution can be extracted by subtracting both
ErAl2 and ErCo2 spectra yielding, as in the case of R-Fe systems [198, 199], a
positive contribution.

This �nding allow us to understand the evolution of the Er L2-edge XMCD
spectra as Y content increases through the Er1−xYxCo2 series. As shown in
Fig. 7.5, the intensity of the negative peak of the XMCD spectra increases as Y
does. In this way, the shape of the signal for Er0.5Y0.5Co2 looks closer to that
of ErAl2, while that of Er0.6Y0.4Co2 lies in between the ErCo2 and ErAl2 ones.
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Figure 7.5: Comparison of the Er L2-edge XMCD spectra in the case of ErAl2 (green,

4), ErCo2 (black, •), Er0.6Y0.4Co2 (red, ◦) and Er0.5Y0.5Co2 (blue, O) recorded at

T= 5 K and H = 50 kOe. The XMCD spectrum of Er0.6Y0.4Co2 recorded at T =

13 K is also shown (purple, dotted line). The inset shows the comparison of the Er

L2-edge XMCD spectra of Er0.6Y0.4Co2 recorded at T = 5 K at di�erent applied

magnetic �elds: H = 5 kOe (�), 10 kOe (red, •) and 50 kOe (blue, 4). The dotted

lines show the same comparison for the spectra recorded at T = 13 K.

According to the hypothesis above, Co is contributing with positive sign to
the region of the spectrum where the main negative peak lies. As a result, the
peak is strongly depressed for ErCo2. As Co magnetic moment decreases, its
contribution to the spectrum does too and consequently the negative intensity
of this spectral feature is enhanced. Then, this behavior indicates that i) as
Y content increases the Co moment decreases, and ii) a Co moment is present
in the case of both Er0.6Y0.4Co2 and Er0.5Y0.5Co2 compounds. The reduction
of µCo has been estimated in the following way: we have assigned that the
di�erence of the XMCD at E = 1 eV between ErCo2 and ErAl2 is proportional
to µCo, that according to magnetization data is ∼ 0.9 µB at T = 5 K and
H = 50 kOe. In the case of Er0.6Y0.4Co2 and Er0.5Y0.5Co2 the di�erence is
only the 64% and 41%, respectively, of that of ErCo2. Accordingly, the Co
magnetic moment derived from the Er L2 XMCD are 0.58 µB and 0.37 µB

for Er0.6Y0.4Co2 and Er0.5Y0.5Co2, respectively, being in good agreement with
the values, 0.55 and 0.4 µB, derived from the magnetization data reported in
Table. 7.2.
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A �nal study is deserved to the thermal dependence of µCo in Er0.6Y0.4Co2.
Accordingly to the analysis above, the comparison between the XMCD signals
recorded at T = 13 K and T = 5 K, shown in Fig. 7.5, indicates that an
ordered magnetic moment on Co sites exists at both temperatures. This re-
sult is in agreement with that obtained at the Er L3-edge. However, because
several works suggest that the onset of magnetic order in the Co sublattice is
decoupled from the Er one and it takes place at TCo = 11 K [188, 189, 190],
we have further veri�ed this �nding by recording the XMCD at di�erent mag-
netic applied �elds. As shown in Fig. 7.5 (inset), the XMCD spectra recorded
at T = 13 K, i.e., at temperatures above the proposed one for the onset of
Co magnetic ordering, are similar to those obtained at T = 5 K, i.e., when
both sublattices are ordered. The dependence of the XMCD intensity on the
applied magnetic �eld resembles, for both temperatures, the behavior of the
M(H) curves. Consequently, these results indicate that the Co sublattice orders
at the same temperature as the Er one does.

Co K-edge XMCD

Being our main aim to determine if the magnetic ordering or the Er and Co
sublattices of Er0.6Y0.4Co2 are decoupled [188, 189, 190, 191] or not [192, 193]
one may think that the study of Co K-edge XMCD can o�er a direct answer to
this debate. In this way, the analysis of the temperature dependence of the Co
K-edge XMCD would be preferable than using an indirect way, i.e. studying
the Co contribution to the Er L2,3-edges XMCD spectra, to solve the problem.
However, the analysis of the Co K-edge in R-Co intermetallic compounds is
nowadays an open task.

Previous works performed on R-Fe intermetallic compounds have unam-
biguously determined that there is a rare-earth contribution to the Fe K-edge
XMCD re�ecting the magnetic state of the R atoms [84, 85, 86, 128, 199].
Similar result has been obtained at the Co K-edge XMCD spectra of TbCo5,
Dy(Ni0.2Co0.8)5 and TbCo2 compounds [200]. The systematic research per-
formed on the R-Fe compounds has determined that this rare-earth contribu-
tion depends on the R:Fe ratio in such a way that by increasing the number
of rare-earth neighbors around the absorbing Fe atom its in�uence on the Fe
K-edge XMCD spectrum is enhanced. Throughout all the studied series (
RFe11Ti [128], R2Fe14B [84, 85, 86], R6Fe23 [199] and RFe2 [201]) the maxi-
mum contribution is found for the RFe2 Laves compounds.

The presence of such additional R-contribution makes di�cult the analysis
of the Fe K-edge XMCD spectra in the R-Fe intermetallics. However, it is
possible to disentangle both the Fe and R components to the spectrum by



7.2. Er1−xYxCo2 systems 207

performing a two-sublattices analysis assuming the additivity of the Fe and R
magnetic contributions to the XMCD. In the case of R-Fe intermetallics, this
disentangling is favored because the iron contribution to the Fe K-edge XMCD
spectrum closely resembles that of Fe metal. It shows a narrow positive peak
at the absorption threshold and a broad negative dip (∼12 eV wide) at high
energies, where the rare-contribution is mainly located. This peak at ∼ 0 eV
can be used in most cases as a �ngerprint to determine the Fe contribution
[?]. By contrast, such a feature is absent in the Co K-edge XMCD of R-Co
compounds and both Co and R contributions are mixed throughout the whole
energy range. Moreover, in the case of the RCo2 Laves compounds the rare-
earth contribution is so intense as to completely hide the Co one.

This is illustrated in Fig. 7.6, where the Co K-edge dichroism of ErCo2 is
compared to that of Y(Co0.85Al0.15)2 and Lu(Co0.9Al0.1)2. In the latter case
the rare-earth contribution to the XMCD is absent as the rare-earth is non
magnetic. In a �rst approach, one can consider that the Co K-edge XMCD
of these compounds reveals the contribution of the cobalt sublattice to the Co
K-edge spectrum XMCD of the RCo2 compounds in which R is magnetic. As
shown in the �gure, the amplitude of the XMCD is one order of magnitude
larger in ErCo2 than in Lu(Co0.9Al0.1)2 for an applied �eld of H = 100 kOe.
Moreover, even for a low 5 kOe applied �eld, the amplitude of the ErCo2 signal
is twice of that of the Lu compound recorded at 100 kOe. These di�erences
cannot be ascribed to the magnitude of µCo, being of the same order (∼ 0.7
- 0.9 µB) in both compounds. As discussed previously, the XMCD signal is
mainly due to the Er magnetic contribution even when Co is probed by tuning
its K-edge absorption edge.

A similar behavior is observed for the Y-doped ErCo2 samples. Fig. 7.7
shows the magnetic �eld dependence of the Co K-edge XMCD in the case of
Er0.6Y0.4Co2 recorded at low temperature. The spectral shape is the same as
for ErCo2 and only its amplitude is concerned, being the observed modi�cation
of the intensity in agreement with the magnetization data. In addition, the
XMCD amplitude of Er0.6Y0.4Co2 is similar for applied magnetic �elds of H =
50 kOe and 100 kOe. This result indicates that, contrary to previous claims
[133, 191, 194], no inverse IEM transition occurs up to applied magnetic �elds
of H = 100 kOe. Indeed, if the Co moment collapsed by increasing the external
�eld no Co contribution would be present in the XMCD spectrum recorded at
100 kOe. Consequently, the substraction of the XMCD signals recorded at H
= 50 kOe and 100 kOe, shown in Fig. 7.7, would be not zero but corresponding
to the Co contribution at H = 50 kOe. This signal would be similar to that
of the Y(Co0.85Al0.15)2 and Lu(Co0.9Al0.1)2 compounds shown in Fig. 7.6. By
contrast, the Co K-edge XMCD data indicate that the Co magnetic state is
similar at both applied �elds without an inverse IEM being detected.



208 Chapter 7. Application of the XMCD technique to speci�c problems

-25 0 25 50
-0.010

-0.005

0.000

0.005

0.010

H = 10 kOe

H = 100 kOe

H = 1 kOe

H = 5  kOe

H = 50 kOe 
H = 100 kOe 

T = 5 K

H = 10 kOe 

ErCo2

C
o 

K
-e

dg
e 

N
or

m
. X

M
C

D
 (a

rb
. u

ni
ts

)

E - E0 (eV)

Lu(Co0.9Al0.1)2

Y(Co0.85Al0.15)2

Figure 7.6: Comparison of the Co K-edge XMCD spectra of ErCo2 recorded at T =

5 K and di�erent applied magnetic �elds: H = 1 kOe (�), 5 kOe (black, �), 10 kOe
(red, 4), 50 kOe (blue, •) and 100 kOe (green, ◦). For the sake of comparison the

XMCD spectra of Y(Co0.85Al0.15)2 (purple, dotted line) and Lu(Co0.9Al0.1)2 (navy,

solid line) recorded at H = 10 kOe and T = 5 K are also shown.

More important to our aim is the comparison of the XMCD signals of
Er0.6Y0.4Co2 recorded at di�erent temperatures shown in the bottom panel
of Fig. 7.7. According to magnetization data (Fig. 7.2), the amplitude of the
spectrum recorded at T = 13 K has been factorized by 1.06 to account for the
di�erent magnetization of the Er sublattice at both temperatures. No appre-
ciable di�erence between both signals is found, which points out that the Co
sublattice orders at the same temperature as the Er one does in this compound.
Indeed, magnetization data indicate that µCo ∼ 0.55 µB in Er0.6Y0.4Co2 at T
= 5 K. If the Co sublattice is not magnetically ordered at T = 13 K, the dif-
ference reported in Fig. 7.7 would correspond to the XMCD signal of a RCo2

compound without magnetic rare-earth, as the Er contribution is canceled by
the substraction, and showing a µCo ∼ 0.5 µB. Consequently, the di�erence
would exhibit a similar shape and an intermediate amplitude between those
of Y(Co0.85Al0.15)2 (µCo ∼ 0.2 µB) and Lu(Co0.9Al0.1)2 (µCo ∼ 0.7 µB) de-
picted in Fig. 7.6. Such a signal would be easily detectable. However, it is
not observed in the present experimental spectra, which indicates that the Co
sublattice is magnetically ordered at both temperatures.

Finally, we have faced the problem of con�rming the existence of an average
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Figure 7.7: Comparison of the Co K-edge XMCD spectra of Er0.6Y0.4Co2 recorded

at T = 5 K and di�erent applied magnetic �elds: H = 5 kOe (black, �), 10 kOe (red,
N), 50 kOe (blue, •) and 100 kOe (green, ◦). The dotted line (purple) corresponds to

the di�erence of the XMCD spectra recorded at 100 kOe and 50 kOe. In the bottom

panel the XMCD spectra of Er0.6Y0.4Co2 recorded with a H = 10 kOe applied at T

= 5 K (black, •) and T = 13 K (red, ◦) are compared.

Co moment in the case of Er0.5Y0.5Co2 for which di�erent and contradictory
results are given in literature. To this aim we have applied a two-sublattice
model to account for the Co K-edge XMCD spectrum, as previously applied
to the R-Fe case[84, 85, 86, 128, 199]. According to this model, it is assumed
that the XMCD corresponds to the addition of the contribution of the mag-
netic Co sublattice and of the Er one, being the latter proportional to the
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number of neighboring Er atoms around absorbing Co. In order to verify this
hypothesis, we have compared the Co K-edge XMCD spectra of compounds
with a di�erent Er-Y content. If our hypothesis is right, the amplitude of the
Er contribution in Er0.6Y0.4Co2 and Er0.5Y0.5Co2 would be reduced by a factor
0.6 and 0.5, respectively, with respect to that of ErCo2. Consequently, we have
scaled by a 0.6 (0.5) factor the XMCD signals of Er0.6Y0.4Co2 (Er0.5Y0.5Co2),
to re-normalize their Er contribution to that of the ErCo2 XMCD. As shown
in Fig. 7.8, after applying this procedure the three signals perfectly match in
the high energy region, i. e., where the Er contribution is maximum. Di�er-
ences are only found in the low-energy region, i. e., where the Co contribution
is expected to be according to the XMCD of both Y and Lu compounds.
Hence, the signal obtained after subtracting the above re-normalized XMCD
of Er0.6Y0.4Co2 and Er0.5Y0.5Co2 to the XMCD of ErCo2 would correspond
to the di�erent Co magnetism in the three samples. The di�erence signals
obtained in this way are shown in the bottom panel of Fig. 7.8. They exhibit
the characteristic two-peaks spectral feature of the Co K-edge XMCD of both
Y(Co0.85Al0.15)2 and Lu(Co0.9Al0.1)2, supporting that the signal extracted ac-
cording the method above is related exclusively with the Co contribution to the
XMCD. Then, we have applied the same method to the case of Er0.6Y0.4Co2

and Er0.5Y0.5Co2 compounds. In this way, the XMCD signal of Er0.5Y0.5Co2

has been multiplied by 1.2 (0.6/0.5) to recover the same Er contribution as
for Er0.6Y0.4Co2. As shown in Fig. 7.9, there is a perfect coincidence of both
signals for energies higher than 12 eV, and their di�erence shows at low en-
ergy the Co-like two-peaks spectral pro�le. The extracted di�erence is related
to that of the Co magnetic moment in both compounds in the form µCo|0.6

- 1.2 x µCo|0.5, where µCo|0.6 and µCo|0.5 are the µCo in Er0.6Y0.4Co2 and
Er0.5Y0.5Co2, respectively. The amplitude of the di�erence signal is the same
as for the Co K-edge XMCD spectrum of Y(Co0.85Al0.15)2 recorded at µ0H =
50 kOe. For the latter compound M(H) data yields a Co magnetic moment
value of µCo = 0.22 µB. Then, by using this value and by considering that
from magnetization data µCo|0.6 = 0.55 µB, this analysis yields µCo|0.5 = 0.28
µB. Consequently, the Co K-edge XMCD data indicate, in agreement with the
Er L2,3 study, that there is also a non-negligible magnetic moment at the Co
sites in Er0.5Y0.5Co2.
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di�erence between the ErCo2 XMCD and the renormalized signals of Er0.6Y0.4Co2
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perature and H = 50 kOe.

7.2.5 Summary and Conclusions

We have reported here a systematic XMCD study performed at Co K-edge
and at the Er L2,3-edges in the Er1−xYxCo2 series as a function of the yttrium
concentration, the applied magnetic �eld and the temperature.

In the case of the Er0.6Y0.4Co2 compounds, XMCD data do not show the
decoupling of the magnetic ordering for both Er and Co sublattices. In addi-
tion, no experimental evidence of the occurrence of an inverse IEM has been
found for applied magnetic �elds of up to H = 100 kOe. In addition, a non-
zero magnetic moment is found at the Co sites in the case of the Er0.5Y0.5Co2

compound.

Our results shed light on the current debate existing on the magnetic behav-
ior of the Er1−xYxCo2 systems for yttrium concentrations close to the critical
one for the existence of long-range magnetic order [188, 189, 190, 191, 192, 193,
187, 195]. This XMCD study will contribute to a better understanding of the
nature of both IEM and inverse IEM metamagnetic transitions in itinerant-
electron R-Co systems and in the modi�cation of the e�ective �eld acting on
the Co subsystem by diluting the magnetic rare-earth.
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7.3 Relationship between µLu and the magnetic be-
havior of (YtLu1−t)(Co1−xAlx)2 systems

7.3.1 Introduction

The intermetallic RCo2 compounds (R stands for rare-earth elements) are par-
ticularly interesting to study the magnetism of 3d and 4f metals as the Co
moment strongly depends upon the R alloying component [202, 133]. These
intermetallic compounds are characterized by the occurrence of a metamag-
netic transition in the Co 3d itinerant subsystem and by the dependence of the
Co magnetic moment on the R alloying component. For compounds in which
R is non magnetic (YCo2, LuCo2) the Co susceptibility is of the Pauli type,
while in the case of compounds with magnetic R metals a Co moment ∼ 1 µB

is induced . The magnetic order of the d subsystem in the RCo2 compounds
with magnetic R is referred to the e�ect of the molecular �eld acting on the
Co sites (Hfd).

Another peculiarity of this family comes from the fact that substitution
of Co by a non-magnetic atom as Al induces ferromagnetic order. YCo2 is
a typical exchange-enhanced Pauli paramagnet and the occurrence of a fer-
romagnetic state takes place upon applying a critical �eld Bc= 69 T at T =
10 K [203, 202]. The critical �eld of the metamagnetic transition, Bc, de-
creases in Y(Co1−xAlx)2 alloys as Co is replaced by non-magnetic Al. Weak-
ferromagnetism occurs for 0.12 < x < 0.20 compounds being the spontaneous
Co magnetic moment µCo ∼ 0.1 µB. Within the series both the maximum spon-
taneous moment, ∼ 0.14 µB/Co, and the maximum Curie temperature, TC ∼
25 K, corresponds to the x ' 0.15 compound [204, 205, 206, 207, 208, 209].

The magnetic behavior of these systems has been addressed to the modi�-
cation of the 3d density of states (DOS) whose shape near the Fermi level, EF ,
is rather peculiar [146, 12]. In this way, di�erent hypothesis have been formu-
lated to account for the impact of Al into the magnetic properties of YCo2. On
the one hand, several authors argue that the increase of the lattice parameter
due to Al leads to both the narrowing of the bandwidth and the increase of
the density of states at Fermi level, N(EF ) [204]. By contrast, it has been also
postulated that the increase of N(EF ) comes from the decrease in the density
of 3d-electrons produced by the substitution of Co (3d7) con�guration by Al
(3d0) [210]. However, none of the above interpretations take into account the
change of the DOS near the Fermi level produced by Al substitution. Theoreti-
cal band calculations suggest that the strong hybridization between the Co(3d)
and Al(3p) bands modi�es the shape of the characteristic peak of the YCo2

DOS in such a way that upon increasing Al content N(EF ) increases and weak
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ferromagnetism is favoured [211, 212]. Additional support to this hypothesis
is given by x-ray photoelectron spectroscopy (XPS) measurements that are
interpreted in terms of the lowering of EF with Al substitution, [213] and by
the modi�cation of magnetic behavior of YCo2 upon doping with Fe and Ni
[214]. More recently, band calculations reported by Khmelevskyi et al. have
shown that the increase of the DOS at the Fermi energy in the Y(Co1−xAlx)2
systems is a direct consequence of the smoothing of the DOS peaks due to the
substitution of Co by Al [215].

Research was extended to the case of Lu(Co1−xAlx)2, in which Lu bears
no 4f magnetic moment [210, 216, 217], and (Y1−tLut)(Co0.88Al0.12)2, in which
the crystal cell parameter is kept constant and similar to that of YCo2 [210,
216], systems. These studies reveal that the in�uence of Al substitution on
the magnetic properties of Y and Lu compounds is rather di�erent. The
Lu(Co1−xAlx)2 compounds show SFM behavior for the same concentration
at which the Y(Co1−xAlx)2 compounds become WFM ferromagnets [210, 216,
218]. Moreover, by contrast to the Y case, the Lu(Co1−xAlx)2 systems show a
sharp metamagnetic transition without a remarkable change in magnitude of
the �eld-induced moment.[219, 217]. In the case of the (Y1−tLut)(Co0.88Al0.12)2
compounds it was found that the magnetic ground state changes from WFM
(in Y-rich compounds) to SFM (in Lu-rich compounds) within a narrow con-
centration range in the vicinity of t = 0.4 [220]. Moreover, no metamagnetic
transitions are observed for the Lu-rich compounds. [217] These di�erences
cannot be explained in terms of a rigid band model and have been qualitatively
interpreted in terms of the di�erent hybridization between Co(3d)-Y(4d) and
Co(3d)-Lu(5d) [219, 217, 221].

Aimed to furnish direct information about the modi�cation of the elec-
tronic structure induced by Al in both Y and Lu compounds we have per-
formed a combined X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD) study of the Y(Co1−xAlx)2, Lu(Co1−xAlx)2 and
(YtLu1−t)(Co0.88Al0.12)2 series. In this way, both the Co K-edge and the Lu
L2,3-edges XAS and XMCD spectra have been measured through the PM -
WFM - SFM transitions in the (YtLu1−t)(Co1−xAlx)2 series. In addition,
XMCD sum-rules [26, 27] have been applied to the Lu L2,3-edges spectra to
determine the existence of a magnetic moment at the Lu sites and its relation-
ship with the di�erent, WFM vs. SFM, magnetic behavior of Y and Lu based
compounds.
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Table 7.3: Structural parameter (lattice constant, a) of the (Y1−tLut)(Co1−xAlx)2
compounds:

Compound a(Å) Compound a(Å)
Y(Co1−xAlx)2 (Y1−tLut)(Co0.88Al0.12)2
x= 0.06 7.2541(4) t= 0.2 7.2617(3)
x= 0.10 7.2759(4) t= 0.4 7.2375(3)
x= 0.11 7.2849(3) t= 0.6 7.2218(3)
x= 0.13 7.2982(3) Lu(Co0.9Al0.1)2 7.1680(2)
x= 0.15 7.3014(3)
x= 0.20 7.3247(5)

7.3.2 Synthesis and structural characterization

Y(Co1−xAlx)2 ( with x = 0.06, 0.10, 0.11, 0.13, 0.15 and 0.20), Lu(Co0.9Al0.1)2
and (Y1−tLut)(Co0.88Al0.12)2 (t = 0.2 0.4 y 0.6) samples were prepared by arc-
melting the pure elements under Ar protective atmosphere following standard
procedures [204, 216, 210]. In order to have single-phase samples, a 3 % wt.
excess was added to the stoichiometric amounts of Lu and Y. The ingots were
annealed at 850 oC for one week. Structural characterization was performed
at room temperature by means of powder x-ray di�raction. The di�raction
patterns, analyzed by using the FULLPROF code [?], showed that all the
samples show the MgCu2-type (C15) Laves structure (Fd3m space group). In
all the compounds, the presence of secondary phases (Y2O3 or Lu2O3 ) is less
than < 3.5% overall.

7.3.3 Macroscopic Magnetic Measurements

The thermal dependence of the magnetization of Y(Co1−xAlx)2, Lu(Co0.9Al0.1)2
and (Y1−tLut)(Co0.88Al0.12)2 compounds is shown in Fig. 7.10. In the case
of Y(Co1−xAlx)2, magnetic ordering transitions are clearly observed for com-
pounds with x ≥ 0.13 while for compounds which Al concentrations below x
≤ 0.11 no magnetic order is found. Magnetization vs. applied magnetic �eld
curves, M(H), and Arrott plots (M2 vs. H/M) indicate that ferromagnetism
is stabilized only for x ≥ 0.13. In agreement to previous works the Co mag-
netic moment, derived from the value of the magnetization at H = 50 kOe,
reaches its maximum value for x = 0.15 and a progressive decrease takes place
upon further Al substitution (see Table 7.4). In the case of Lu(Co1−xAlx)2 the
critical Al concentration for the onset of ferromagnetism has been previously
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Table 7.4: Magnetic parameters of the (Y1−tLut)(Co1−xAlx)2 compounds: magneti-

zation measured at 50 kOe (M5T ) and the Co moment derived from the magnetization

data at H = 50 kOe and T = 5 K.

Compound M50kOe (µB/f.u.) µCo (µB/f.u.)
Y(Co1−xAlx)2
x= 0.06 0.055 0.029
x= 0.10 0.134 0.074
x= 0.11 0.210 0.118
x= 0.13 0.340 0.195
x= 0.15 0.378 0.222
x= 0.20 0.228 0.143
Lu(Co1−xAlx)2
x= 0.10 1.156 0.642
(Y1−tLut)(Co0.88Al0.12)2
t= 0.2 0.485 0.276
t= 0.4 0.845 0.480
t= 0.6 1.047 0.595

reported to be within the range 0.06 ≤ x ≤ 0.1 [206, 218]. However, recent
studies have shown that the onset of ferromagnetism strongly depends on an-
nealing due to the coexistence of paramagnetic and ferromagnetic states of Co
atoms for x . 0.08 [222, 217]. Therefore, here we have concentrated our study
in the compound with x = 0.1 for which the maximum µCo occurs within this
series [216]. In this case, the M(H) curve shows a magnetic state approaching
to saturation being the magnetization per Co atom 0.6 µB at H = 50 kOe.
Finally, (Y1−tLut)(Co0.88Al0.12)2 compounds with t = 0.2 0.4 and 0.6 exhibit
ferromagnetic behavior. While the TC temperature linearly increases with Lu
content a di�erent behavior is found regarding the µCo values [210, 216]. For
low Lu content (t = 0.2) the system exhibits the hallmarks of a WFM ferro-
magnet and the Co moment increases linearly with the applied magnetic �eld.
The magnetization per Co atom, µCo, is ∼ 0.3 µB at 5 T. By contrast the
richest Lu compound (t = 0.6) shows a saturated magnetic state with µCo ∼
0.6 µB. In the case of the intermediate Lu content, t = 0.4, the system evolves
under the action of an applied magnetic �eld from WFM to SFM behavior
[133].

The complex magnetic behavior induced in the three classes of compounds
by the aluminium substitution is usually discussed in terms of the electronic
modi�cation of the systems. The inspection of the cell parameters of the
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Y(Co1−xAlx)2 (top panel), Lu(Co1−xAlx)2 (middle) and (Y1−tLut)(Co0.88Al0.12)2
systems (bottom). In all the cases, samples were zero �eld cooled down to 4.2 K and

the magnetization vs. temperature curves were recorded on heating. In the case of

the systems containing Y, Arrot plots (recorded at T = 5 K) are shown in the insets.

Right: Dependence of the magnetization, per Co atom, with the applied magnetic

�eld.

(Y1−tLut)(Co1−xAlx)2 compounds, summarized in Table 7.3, indicates that
the e�ect of Al substitution is not simply linked to the narrowing of the DOS.
Indeed, while magnetic WFM and SFM ordering is stabilized in Y(Co1−xAlx)2
and Lu(Co1−xAlx)2, respectively, as the cell parameter increases, the opposite



218 Chapter 7. Application of the XMCD technique to speci�c problems

behavior occurs for the (Y1−tLut)(Co0.88Al0.12)2 series. Consequently, the com-
plexity of this magnetic behavior cannot be simply addressed to the increase
of the density of states at Fermi level due to the narrowing of the DOS. On the
contrary, it suggests that there is an interplay between this structural e�ect
and the Al-induced modi�cation of the DOS through the Co-Al hybridization.
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This scenario poses the need of obtaining a further knowledge on this inter-
play. X-ray absorption spectroscopy suits well to this purpose as it is a simple
and sensitive probe of the local unoccupied states of a given symmetry around
the selected absorbing atomic species [129]. Consequently, we performed an
analysis of the XAS and XMCD spectra at the Co K-edge and Lu L2,3-edges
in the (YtLu1−t)(Co1−xAlx)2 systems.

7.3.4 XMCD results and discussion

Co K-edge XAS and XMCD

The near-edge region of the absorption spectrum is extremely sensitive to the
modi�cation of the DOS, while the high energy region of the spectrum is related
to the local structure around the absorbing atom. In order to discern the
origin, structural vs. electronic, of the di�erences in the absorption spectra it
is instructive to compare the XAS spectra recorded on the same compound at
di�erent applied �elds. In this way, Fig. 7.11 reports the comparison between
the Co K-edge spectra recorded at H = 50 kOe and 100 kOe in the case of
Y(Co0.85Al0.15)2. As the crystal structure is retained, the di�erence between
both absorption spectra shows the energy region that is mainly a�ected by
the modi�cation of the DOS. As shown in Fig. 7.11 these di�erences lie in
the �rst 15 eV's of the spectrum, i.e., at the raising edge region. For the
sake of completeness, we have compared this di�erence to the XMCD spectra
recorded at the same applied �elds. As shown in the �gure, the main features
of the XMCD spectra lie at the same region as above where, in addition, their
intensity also shows the maximum modi�cation on the applied magnetic �eld.
Consequently, it is possible to address that di�erences in this energy region
re�ect the di�erent magnetic state, as determined from a di�erent DOS, while
di�erences in the high energy region are related to structural e�ects.

Once we have determined the extension of the absorption spectrum in which
electronic e�ects are expected to dominate over the structural ones, we have
focused our study to monitor the proposed change of the Co magnetic ground
state from weak (WFM) to strong (SFM) in the (YtLu1−t)(Co1−xAlx)2 com-
pounds as a function of the Y, Lu and Al concentration. To this end, we
have compared the normalized Co K-edge XMCD spectra of Y(Co0.85Al0.15)2
and hcp cobalt, as shown in Fig. 7.11. The di�erence in the magnitude of
the XMCD signals indicates the di�erent magnetic ground state of Co in both
systems. Indeed, µCo in hcp cobalt is ∼ 1.7 µB while it is only about 0.2 µB

in the case of Y(Co0.85Al0.15)2. It should be noted that the spectrum in the Y
compound has been recorded at 5 K and under the application of a 100 kOe
magnetic �eld, while the reference was measured at room temperature and by
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Figure 7.12: Upper panel: Comparison for di�erent applied magnetic �elds

of the normalized Co K-edge XMCD spectra of Y(Co0.85Al0.15)2 (green, ◦),
(Y0.8Lu0.2)(Co0.88Al0.12)2 (red,�) and (Y0.4Lu0.6)(Co0.88Al0.12)2 (blue, 4). For sake

of clarity, the normalized Co K-edge XMCD spectra of both hcp Co recorded at

H = 10 kOe (black, dotted line) and Lu(Co0.9Al0.1)2 recorded at H = 100 kOe

(black, solid line) are also shown. Lower panel: Dependence of the main XMCD

features A1 and A2 with the magnetic applied �eld: Y(Co0.85Al0.15)2 (green, ◦),
(Y0.8Lu0.2)(Co0.88Al0.12)2 (red,�) and (Y0.4Lu0.6)(Co0.88Al0.12)2 (blue, 4). The dot-

ted lines are guide for the eyes.

applying a magnetic �eld of 10 kOe. The XMCD spectral shape is markedly
di�erent in both cases. Hcp Co shows a main broad negative peak extending
over the �rst 17 eV's with a shoulder-like feature at E = 0 eV that coincides
with the in�ection point of the XAS spectrum. By contrast, the XMCD of the
Y-based compounds exhibits two well resolved negative peaks (A1 and A2) in
the same energy region.

In a �rst approach, one can expect that the shape of the Co K-edge XMCD
spectra evolves from that of Y(Co0.85Al0.15)2 to that of hcp cobalt as the mag-
netic ground state of Co changes from weak (Y-rich) to strong ferromagnetism
character (Lu-rich) throughout the (YtLu1−t)(Co1−xAlx)2 series. Such a class
of modi�cation has been previously reported in the case of Fe-P amorphous
alloys [?]. As the P concentration increases the system change from WFM to
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SFM character and the shape of the Fe K-edge XMCD evolves from that of bcc
Fe up to resemble that of hcp Co. However, this is not the case here. Fig. 7.12
shows the dependence of the Co K-edge XMCD as a function of the applied �eld
in Y(Co0.85Al0.15)2, (Y0.8Lu0.2)(Co0.88Al0.12)2 and (Y0.4Lu0.6)(Co0.88Al0.12)2.
As shown in the �gure, the shape of the XMCD signals is the same for both
Y-rich and Lu-rich compounds, i.e., for compounds showing WFM and SFM
magnetic behavior, respectively. Moreover, in all the cases the XMCD spec-
trum is clearly di�erent to that of hcp cobalt. Therefore, it is concluded that
the particular shape of the XMCD spectra cannot be straightforwardly inferred
from the magnetic character of the Co atoms, but is mainly determined by the
details of the DOS.

Despite all the signals show similar XMCD shape, their intensities clearly
re�ects the di�erent magnetic (WFM vs SFM) regime. The Y-rich compounds
show a small XMCD signal whose intensity linearly grows as the magnetic �eld
is increased. This behavior re�ects its weak itinerant ferromagnetic nature. By
contrast, the XMCD of the richest Lu compound, (Y0.4Lu0.6)(Co0.88Al0.12)2,
is: i) signi�cantly greater than for the Y-rich compounds, and ii) its magni-
tude remains nearly constant when varying the applied magnetic �eld. This
is shown in Fig. 7.12 where the dependence of the intensity of the charac-
teristic XMCD spectral features A1 and A2 are plotted as a function of the
magnetic �eld for all the compounds. The behavior of Y(Co0.85Al0.15)2 can
be assigned as corresponding to a weak itinerant ferromagnet while that of
(Y0.4Lu0.6)(Co0.88Al0.12)2 corresponds to a SFM material. By contrast, the
behavior of (Y0.8Lu0.2)(Co0.88Al0.12)2 shows the hallmarks of a WFM-SFM
transition. Indeed, at low applied �elds its XMCD intensity matches with that
of the WFM Y(Co0.85Al0.15)2, while for H > 30 kOe it departs from the WFM
behavior and tends to the SFM one.

This is clearly observed when the normalized XMCD intensities are com-
pared to the macroscopic magnetization data. As shown in Fig. 7.13 both
XMCD and M(H) data perfectly scale for the three compounds for applied
�elds H ≥ 30 kOe. In the case of (Y0.4Lu0.6)(Co0.88Al0.12)2 the values of the
XMCD intensity obtained for low applied �elds, H = 10 and 20 kOe, are below
the magnetization curve. We think this is related to the di�erent signal to
noise ratio that improves as the applied magnetic �eld, and consequently the
XMCD intensity, increases. Indeed, the dependence of the XMCD intensity
of both A1 and A2 features is di�erent for these two points (see lower panels
in Fig. 7.12). For the sake of completeness we have also included the data for
Lu(Co0.9Al0.1)2 compound although their XMCD has been recorded only at
H = 100 kOe. The values of µCo derived from the magnetization data at 90
kOe are 0.30, 0.47 and 0.61 µB for Y(Co0.85Al0.15)2, (Y0.8Lu0.2)(Co0.88Al0.12)2
and (Y0.4Lu0.6)(Co0.88Al0.12)2, respectively. For Lu(Co0.9Al0.1)2 the same pro-
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cedure yields µCo = 0.7 µB. Therefore, µCo appears to be �saturated� in the
Y-Lu compound with maximum Lu content, (Y0.4Lu0.6)(Co0.88Al0.12)2, while
that with low Lu content, (Y0.8Lu0.2)(Co0.88Al0.12)2, evolves from the Y-rich
WFM state towards the SFM as the applied magnetic �eld increases.
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Figure 7.13: Comparison of the dependence with the magnetic applied �eld of

the magnetization per cobalt atom (solid symbols) and the intensity of the A1

feature in the Co K-edge XMCD (open symbols) in the case of Y(Co0.85Al0.15)2
(green, ◦), (Y0.8Lu0.2)(Co0.88Al0.12)2 (red,�), (Y0.4Lu0.6)(Co0.88Al0.12)2 (blue, 4),

Lu(Co0.93Al0.07)2 (purple, 5)and Lu(Co0.9Al0.1)2 (black, �). The dotted lines are

guide for the eyes.

Lu L2,3-edges XMCD

The XMCD results evidence that there is no direct relationship between the
di�erent behavior of µCo in both WFM and SFM compounds and the cell
parameters. The occurrence of the SFM state seems to be favored by the in-
creasing of Lu concentration. As commented in the introduction, this behavior
has been tentatively addressed to the di�erent hybridization between Co(3d)-
Y(4d) and Co(3d)-Lu(5d) [220, 219, 217, 221]. Also, it has been suggested
that the Co(3d)-Al(p) hybridization modi�es the shape of the characteristic
peak of the YCo2 DOS in such a way that upon increasing Al content N(EF )
increase and weak ferromagnetism is favored. [211, 212]. However, despite
the near-edge region is extremely sensitive to the modi�cation of the DOS,
no drastic di�erence of both the XAS and XMCD signals is found at the Co
K-edge throughout the (YtLu1−t)(Co1−xAlx)2 series.

Trying to get a deeper insight on the origin of this puzzle, we have explored
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the possibility of this magnetic behavior being due to the development of a
magnetic moment at the Lu sites. To this aim we have extended our study to
the case of the Lu L2,3 absorption edges.

As shown in Fig. 7.14 strong XMCD signals are found in the case of the
SFM compounds Lu(Co0.9Al0.1)2 and (Y0.4Lu0.6)(Co0.88Al0.12)2, whose inten-
sity does not vary as increasing the applied magnetic �eld. On the contrary,
the XMCD intensity shows a linear variation with the �eld in the case of the
WFM (Y0.8Lu0.2)(Co0.88Al0.12)2. On the one hand, the presence of a non-
negligible Lu L2-edge XMCD signal points out that Lu bears a magnetic mo-
ment, µLu, in all the studied compounds. As previously commented in chapter
6, this XMCD signal is thought to be originated from the polarization of the
Lu (5d) states by the Co(3d) and so the Lu magnetic moment is induced by
the Co one. Moreover, Fig. 7.14 shows that the behavior of the Lu XMCD
signals, and thus of µLu, is di�erent in both WFM and SFM systems. This is
shown in Fig. 7.15 where the Lu L2 XMCD signals for the investigated com-
pounds are compared at low (30 kOe) and high (100 kOe) magnetic �elds.
The Lu magnetic moment appears to be saturated in both Lu(Co0.9Al0.1)2
and (Y0.4Lu0.6)(Co0.88Al0.12)2 compounds that are considered as strong fer-
romagnetic materials. By contrast, small XMCD signals are obtained at low
magnetic �elds for (Y0.8Lu0.2)(Co0.88Al0.12)2. However, as the applied mag-
netic �eld increases the XMCD intensity of (Y0.4Lu0.6)(Co0.88Al0.12)2 tends to
the values shown by the SFM materials, in agreement with the existence of the
WFM to SFM transition induced by the external �eld inferred also from the
analysis of the Co K-edge XMCD.

This can be clearly observed in Fig. 7.16 where the maximum of the L2

XMCD signals (E = 0 eV) is plotted vs. the applied magnetic �eld for all the
investigated compounds. The XMCD intensity remains nearly constant for
the SFM compounds (Y0.4Lu0.6)(Co0.88Al0.12)2 and Lu(Co0.9Al0.1)2, while it
markedly increases (∼ 150 %) with the �eld for the WFM compound. This be-
havior is in agreement with that obtained at the Co K-edge showing a relative
increase of ∼ 10 % and 150 % for the SFM and WFM compounds, respec-
tively. It is interesting to note that in the case of compounds without Lu, as
Y(Co0.85Al0.15)2, the increase of the magnetization per Co atom is only the
73 %. This result suggests that despite Lu moment is induced by the Co one,
its presence feeds the enhancement of the Co one by reinforcing the strong
ferromagnetic character of the system.

Finally, aimed to get a relationship between µLu and µCo we have per-
formed a sum-rule analysis. These sum-rules have been derived connecting
the integrated XMCD spectra at the L2,3-edges of Lu with the ground-state
expectation value of both 〈 Lz 〉 and 〈 Sz 〉 of the 5d states [26, ?]:
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Figure 7.14: Dependence of the Lu L2-edge XMCD signals with the applied

magnetic �eld in the case of Lu(Co0.9Al0.1)2, (Y0.4Lu0.6)(Co0.88Al0.12)2 and

(Y0.8Lu0.2)(Co0.88Al0.12)2. XMCD spectra were recorded at T = 5 K and with a

�xed applied �eld of: 30 kOe(back, •), 50 kOe ( red, solid line), 75 kOe (green,

dotted line) and 100 kOe ((blue, 4).

〈Lz〉 = 2× (AL3 +AL2)×
nh

µ
(7.1a)

〈Sz〉+
7
2
〈Tz〉 =

3
2
× (AL3 − 2×AL2)×

nh

µ
, (7.1b)

where AL3 and AL2 are the integrals over the dichroic signal at the L3 and
L2 edges, respectively. nh is the number of holes in the Lu 5d band and µ is the
unpolarized L2,3-edge cross-section after subtraction of a double step function
that ideally models the contribution of the continuum states (see Fig. 7.17).
No normalization to the absorption jumps has been done neither in the L3-
edge, nor in the L2-edge spectra in order to preserve the direct applicability
of the sum rules. The analysis of the XMCD signals have been performed
under the following assumptions: i) µ is approximated by 3

2(µ+ +µ−); ii) 〈Tz〉
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Figure 7.15: Comparison of the Lu L2-edge XMCD signals recorded at H
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nals as a function of the applied magnetic �eld: Lu(Co0.9Al0.1)2 (blue, 4),

(Y0.4Lu0.6)(Co0.88Al0.12)2 (black, •) and (Y0.8Lu0.2)(Co0.88Al0.12)2 (red, H).

is assumed to be negligible in the spin sum rule; iii) estimates of both the
orbital, 〈Lz〉, and spin, 〈Sz〉, moments have been derived from the sum-rule by
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considering nh = 9. These approximations can be rather crude in order to get
a correct estimate of the magnetic moment. Despite the absolute value of the
5d Lu magnetic moment derived from the XMCD spectra has to be considered
with some caution, the trend of its modi�cation, obtained by using the same
parameters, through the whole series of compounds studied is not seriously
concerned.
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Figure 7.17: Lu L2,3-edge XMCD (blue, •) and XAS (black, ◦) spectra of LuFe2 as

used for the sum-rules application. No normalization has been applied and the L2

XAS spectrum has been vertically shifted to match to the L3 one. The dotted line

shows the two-step-like function used to obtain the d-state isolated spectra.

The values of both the orbital and spin moments of the Lu 5d states are
summarized in Table 7.5. For the sake of comparison the data of LuFe2 are
also shown. In all the cases the induced moment at the Lu sites is of opposite
sign to that of Co, in agreement with band-structure calculations [12, 10, 14].
In the case of LuFe2, theoretical calculations by Yamada and Shimizu have
predicted a 5d µLu moment of -0.33 µB [10] while calculations by Brooks et al.
yields a -0.41 µB moment at the Lu sites from which -0.27 µBis of partial 5d
character [14]. The existence of an ordered moment at the lutetium sites was
early con�rmed by XMCD [43] although no estimates of its value were reported.
For this compound, our data yields µLu ∼ 0.13 µB, a value signi�cantly smaller
than the theoretically predicted. The di�erent magnitude of the Lu moment
estimates derived from both XMCD and band calculations are probably due to
the strong approximations included in the sum-rules analysis and to the fact
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that band calculations are deserved for ideal systems. Notwithstanding the
di�erent magnitude both band-calculations and XMCD data yields the same
coupling scheme for the 3d magnetic moment of Co and the Lu 5d one. Indeed,
similar ferrimagnetic coupling is found between the Co and Lu moments in the
studied Lu(Co0.9Al0.1)2 and (Y1−tLut)(Co0.88Al0.12)2 compounds. However,
the maximum µLu found, ∼ 0.05 µB, is half of that of LuFe2 case. This result
agrees with the fact that the Lu magnetic moment is induced by that of the
transition metal in both Fe and Co compounds, being µCo < µFe. Moreover,
the XMCD data show that this induced µLu is near saturated, between ∼
0.05-0.06 µB, in those compounds showing strong ferromagnetic behavior as
Lu(Co0.9Al0.1)2 and (Y0.4Lu0.6)(Co0.88Al0.12)2. By contrast, the WFM systems
(Y0.8Lu0.2)(Co0.88Al0.12)2 and Lu(Co0.93Al0.07)2 shows a reduced (∼ 0.01 µB)
µLu at low applied magnetic �eld that increases approaching (∼ 0.04 µB) the
�saturated� value at H = 100 kOe.

Table 7.5: Estimates (in µB) of the ground-state expectation value of the orbital, 〈
Lz 〉, and spin, 〈 Sz 〉, moment of the Lu 5d states derived from the XMCD sum-rules

analysis at T = 5 K. The uncertainty of these values is estimated to be of 15 %.

Compound 30 kOe 50 kOe 75 kOe 100 kOe
(Y0.8Lu0.2)(Co0.88Al0.12)2
<Lz> -0.004 -0.003 -0.007 -0.010
<Sz> 0.008 0.015 0.022 0.025
µLu|5d -0.012 -0.027 -0.037 -0.040
(Y0.4Lu0.6)(Co0.88Al0.12)2
<Lz> -0.009 -0.010 - -0.010
<Sz> 0.031 0.032 - 0.034
µLu|5d -0.053 -0.054 - -0.058
Lu(Co0.9Al0.1)2
<Lz> - - - -0.003
<Sz> - - - 0.028
µLu|5d - - - -0.053
LuFe2 (300 K)
<Lz> - -0.002 - -
<Sz> - 0.049 - -
µLu|5d - -0.096 - -
LuFe2 (5 K)
<Lz> - -0.004 -
<Sz> - 0.065 -
µLu|5d - -0.126 -
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A �nal comment is deserved to the relationship between the existence of a
magnetic moment at the Lu sites and the Lu paradox [221, 223]. This refers to
the unusual magnetic behavior of the Lu(Co1−xAlx)2 systems showing mag-
netic ordering temperatures, ∼ 150 K [216], higher than that of isostructural
R(Co1−xAlx)2 compounds for x > 0.12, where R is a magnetic heavy rare-
earth. By contrast, TC does not exceed 30 K for Y(Co1−xAlx)2 [204]. These
results have been tentatively addressed to di�erences of the d-states in both Y
and Lu compounds [147]. However, no theoretical computation con�rms this
fact and, consequently, its detailed explanation is missed to date. The XMCD
results indicate that the highest TC occurs for those compounds showing an
enhanced Lu moment, while µLu is strongly reduced in those compounds show-
ing low TC . As discussed above, no clear relation exists among volume e�ects,
di�erences of the d-states in both Y and Lu compounds and the high mag-
netic ordering temperature exhibited by the Lu-rich compounds. The results
presented here point out that the developing of an ordered moment at the Lu
sites is critical into favoring ferromagnetism through the reinforcement of the
magnetic interactions in the system. Further work is needed to determine the
role, if present, of an induced moment at the Y sites.

7.3.5 Summary and Conclusions

The peculiar magnetic behavior of the (YtLu1−t)(Co1−xAlx)2 systems has been
studied by means of X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD) techniques.

The Co K-edge XMCD spectra of all the (YtLu1−t)(Co1−xAlx)2 compounds
studied is similar, independently of the magnetic character of the systems
(WFM vs. SFM), and markedly di�erent to that of Co hcp. Despite the XMCD
spectral shape is retained, its intensity re�ects the di�erent magnetic charac-
ter of the systems and monitors the WFM-SFM transitions. In particular,
the Co magnetic moment seems saturated in (Y0.4Lu0.6)(Co0.88Al0.12)2 while
it evolves from the Y-rich WFM state towards the SFM as the applied mag-
netic �eld increases in the case of the low Lu content (Y0.8Lu0.2)(Co0.88Al0.12)2
compound.

The XMCD at the Lu L2,3-edges indicates the existence of an ordered
5d moment at the lutetium sites (induced by the Co one), ferrimagnetically
coupled to the Co moment. Estimates of the Lu magnetic moment have been
obtained by applying the XMCD sum-rules. As in the case of the Co edge,
the behavior of the Lu XMCD signals is clearly di�erent in both WFM and
SFM systems. For SFM compounds µLu ∼ 0.06 µB seems to be saturated. By
contrast, µLu increases from ∼ 0.01 µB to ∼ 0.04 µB as the applied magnetic
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�eld is increased inWFM systems. The present results indicate that the highest
TC occurs for those compounds showing an enhanced Lu moment, while µLu is
strongly reduced in those compounds showing low TC . These results suggest
that the existence of a Lu moment is critical into favoring ferromagnetism
through the reinforcement of the magnetic interactions in the system.

To date, the peculiar magnetic behavior of the (YtLu1−t)(Co1−xAlx)2 sys-
tems has been addressed to the modi�cation of the DOS induced by Al, by
qualitative considering volume e�ects, a rigid-band mechanism or the change of
the DOS shape due to the hybridization between the Co(3d) and Al(3p) states.
By contrast, little attention has been given to the role played by both Y and
Lu into contributing to the magnetic behavior. The present results show the
di�erent electronic impact of Al in both Y and Lu compounds; the induction of
a 5d magnetic moment at the Lu sites and the way in which it varies through
the WFM-SFM transitions and as the function of di�erent external parame-
ters. This suggests the need of explicitly including both the Co(3d)-Y(4d) and
Co(3d)-Lu(5d) hybridization into the theoretical description of the magnetic
properties of these compounds. We think that these results can stimulate fur-
ther theoretical work in order to get a proper understanding of the itinerant
magnetic systems.





Concluding Remarks

In this thesis we have performed a systematic XMCD study in di�erent R-T
intermetallic series aimed to get as much insight as possible into the interpre-
tation of the XMCD spectra at both the T K edge and the R L2,3 edges.

Regarding the T K-edge XMCD spectra:

1. Our results con�rm that the T K-edge XMCD signal in R-T intermetallic
compounds is due to the addition of magnetic contributions from both
the transition metal and the rare-earth sublattices.

2. The comparison of the isolated R-sublattice magnetic contribution to the
T K-edge XMCD and magnetization data indicates that these signals
resemble the magnetic state of the rare-earth. That is, this technique
allows to monitor the rare-earth moment even when one is looking at the
T K-edge absorption!!

3. Moreover, the R contribution to the T K-edge signal is also related to
the R:Fe ratio or more likely to the number of R neighbors.

4. Regarding the modi�cation of the Fe contribution, XMCDFe, to the Fe
K-edge XMCD signal our results cast doubts on previous assignments on
the relationship between the Fe K-edge XMCD spectral features and the
magnetic character of Fe. When the T K-edge XMCD spectrum of R-T
intermetallics is analyzed, the R contribution may be very large and a�ect
to the whole energy range. The strong R contribution may partially or
even totally hide the Fe contribution to the XMCD spectrum. Therefore,
the model proposed by Fdez-Gubieda et al. relating the evolution of
peak A with a transition in the nature of the Fe ions from weak to
strong ferromagnetism, although valid in some cases, is not an general
rule to study the magnetic character of Fe, mainly when an additional
contribution is present on the XMCD spectrum.

Concerning the R L2,3-edges XMCD spectra:
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1. We have found that in the case of the RAl2 series, i.e. where R is the
only magnetic atom, the intensity of the R L2 XMCD signal clearly re-
sembles the modi�cation of nRR with the atomic number. This provides
a experimetnal method to study the strength of the R(4f) - R(5d) inter-
action.

2. Our results show that the R L2-edge XMCD spectra in R-T intermetallic
compounds is due to the addition of magnetic contributions from both
the transition metal and the rare-earth sublattices.

3. In addition, we have found that the T contribution, a positive peak
which appears always at ∼ 1 eV, is related to both the number of Fe (or
Co) neighbouring atoms around the absorbing R atom and the magnetic
moment of the 3d metal. Furthermore, we have proposed a method to
disentangle the two contributions. We have found that the T contribu-
tion can be identi�ed, at least in a �rst approximation, as the L2-edge
XMCD spectrum of the Lu compound corresponding to same R-T se-
ries. In addition, the intensity of this XMCDT signal seems to show a
relation with the nRT molecular �eld coe�cient. If we could corroborate
(and quantify) a relation between the subtracted XMCD signal and the
strength of the R(5d)-Fe(3d) hybridization, this result would give rise
to a direct method to study the R(4f)-R(5d)-T(3d) interactions in R-T
intermetallics.

In the relation to the subtracted signals, it is worth mentioning that,
although the data analysis method do not allow us to go beyond the
qualitative analysis, the large di�erences observed in the XMCD signals
validate, without doubt, the derived conclusions.

Comparison of the XMCD spectra for di�erent R-T series shows that the
presence of an extra T contribution to the R L2-edge XMCD spectra and,
conversely, an extra R contribution to the T K-edge XMCD spectra is a general
result of the R-T intermetallics. These results indicate the need of including
the two contributions in both XMCD spectra prior to account for the XMCD
at the rare-earth L2,3-edges in R-Fe intermetallic materials and, consequently,
of getting the characterization of the lanthanides 5d states by means of XMCD.
To this respect, we have shown that the in�uence of these contributions on the
values of the orbital and spin moments derived by using sum rules analysis is
not negligible.

In relation to this, is important to be aware that one of the most impor-
tant properties of XMCD has typically been its atomic and shell selectivity
(as commented in chapter 1), which completely disagree with the results pre-
sented in this thesis. We are probing the conduction band where the outer-
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most states from the di�erent atomic species are strongly hybridized. Within
this framework, the origin of the extra contribution (T on the R absorbtion
edge and, conversely, R on T absorption edge) can be easily understood in
terms of the R(5d)-R(3d) hybridization. Our results indicate that the atomic
and shell selectivity is not a general property of XMCD. On the contrary, by
correctly accounting these mixed e�ects it is possible to reveal the transition-
metal magnetism by tuning the rare-earth absorption edges and, conversely,
the rare-earth magnetism by looking at the transition metal!

Finally, despite their di�cult interpretation, these XMCD signals have been
also used to shed light on some current debates existing on the magnetic be-
havior of some particular R-T systems:

i) The comparison of the XMCD signals between the pure RFe11Ti com-
pounds and their hydrides shows that hydrogen e�ects are more important
for the rare-earth sublattice than for the iron one. The contribution of the
R-sublattice to the XMCD signal, related to the rare-earth magnetic moment,
is determined to decrease upon hydrogen absorption.

ii) In the case of the Er0.6Y0.4Co2 compounds, XMCD data do not show
the decoupling of the magnetic ordering for both Er and Co sublattices. In
addition, no experimental evidence of the occurrence of an inverse IEM has
been found for applied magnetic �elds of up to H = 100 kOe.

iii) Regarding the peculiar magnetic behavior of the (YtLu1−t)(Co1−xAlx)2
systems, the XMCD at the Lu L2,3-edges indicates the existence of an ordered
5d moment at the lutetium sites, ferrimagnetically coupled to the Co moment.
Our results indicate that the highest TC occurs for those compounds showing
an enhanced Lu moment, while µLu is strongly reduced in those compounds
showing low TC . These results suggest that the existence of a Lu moment is
critical into favoring ferromagnetism through the reinforcement of the magnetic
interactions in the system.
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