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Abstract

Hydrogen in the paramagnetic rare earth oxide Nd2O3 (neodymium sesquioxide) was inves-

tigated through muon spin spectroscopy measurements obtained at the EMU instrument of

the ISIS Facility (Rutherford Appleton Laboratory, United Kingdom). Muonium, as a light

pseudo-isotope of hydrogen, was used to mimic the electronic configurations of hydrogen. Both

the donor-like configuration at an oxygen-bound site and the acceptor-like configuration at

an interstitial site have been identified. A fast relaxing component is also observed, which

is identified with a transition muonium state occurring during the formation. This fast com-

ponent presents a negative frequency shift that we interpret as an effect of the paramagnetic

magnetization at low-temperatures, in conjunction with ancillary magnetometry measurements

performed at the TAIL Facility of the University of Coimbra. The temperature dependence of

the fractions allows identifying the conversion barrier from the interstitial configuration to the

oxygen-bound configuration with an activation energy of 0.5 eV, as well as the barrier height

from the transition state to the oxygen-bound configuration at 0.15 eV. The diffusion of the

positively charged species above room temperature is also identified as an activated process

with an activation energy of 0.14 eV. This is the first attempt to characterize the hydrogen

configurations at a paramagnetic oxide using the sensitive muon probe, and the results clearly

show the feasibility of the method.
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Chapter 1

Hydrogen in oxides

1.1 Hydrogen in oxides: overview

The production process of semiconductors is likely to introduce unintended hydrogen atoms

in significant concentrations. A particularly relevant example is that of the deposition of thin-

film high-k dielectric oxides by atomic-layer deposition, a technique which is known to provide

films with enhanced quality [RN09].The concentration of hydrogen atoms in ALD grown films

has been measured to be of the order of 1%, an extraordinarily large number [PPN05]. Although

hydrogen is the simplest of atoms, it has the particularity of showing complex behaviour as a

impurity in many materials, deeply affecting their electrical and optical properties [VdWN03]

[Nic99].

One of the must significant effects of the hydrogen impurity is the passivation/activation of

other defects and impurities. This phenomenon consists in the formation of a complex between

two impurities/defects, changing in that way the electrical and optical properties of both, with

respect to the situation where they are not bounded [VGW+08].

A relevant example is amorphous Si, where hydrogen removes the unwanted electrically active

defect levels, associated to the existing dangling bonds [LCC08]. Another example is GaN,

where the hydrogen form complexes with Mg or Zn, passivating those impurities. The under-
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2 Chapter 1. Hydrogen in oxides

standing of the effect of the hydrogen in GaN was a critical step in the development of blue

LEDs [BRI14]. Hydrogen can also act as an activating impurity, such as in Ge where the hy-

drogen atoms are trapped in otherwise electrically inactivate interstitial impurities of C and Si,

thus forming electrically active complexes [HJF80] [DNZ+04].

Hydrogen can also be isolated within semiconductors and the understanding of the isolated

hydrogen impurity is not only a relevant aspect per se, but it also constitutes a crucial step in

order to adress more complex behaviours. Hydrogen is known to act mostly as a compensating

impurity. As an amphoteric impurity, it will act as a donor in p-type material and as an acceptor

in n-type materials, always counteracting the prevailing conductivity[VdW06].This effect occurs

in Si, Ge and in other semiconductors such as GaAs[LCG+06] and GaN[NVdW95].

Another important behaviour of the isolated hydrogen impurity is acting as a dopant. Hy-

drogen can then act as a source of conductivity. Hydrogen in some materials can change the

conductivity behaviour, like in ZnO [GAV+01]. This effect occurs in some semiconductors like

CdS, CdSe and ZnO [GAV+01] [VdW00].

In order to address the behaviour of hydrogen in semiconductors and insulators, the comple-

mentarity between theory and experimental proves to be essential. Among the theoretical

contributions a theoretical model proposed by Van de Walle and Neugebauer, allow to estab-

lish a connection between the electrical characteristics and the line-up of band structures of the

host materials on an absolute energy scale. This approach is based on density-functional the-

ory (DFT) within the local density approximation (LDA) and the pseudopotential-plane-wave

method.

The model of Van de Walle and Neugebauer predicts the behaviour of hydrogen in a number of

semiconductors, including GaN (amphoteric behaviour) and in ZnO (shallow donor)[VdW06]

[VdWN03].

Experimentally, the microscopic characterization of isolated hydrogen has been done directly

in very few cases by electron paramagnetic resonance (EPR/ electron-nuclear double resonance

(ENDOR)). However, this technique requires high concentrations of hydrogen. Most of the
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experimental microscopic information about isolated hydrogen has been obtained by the muon

spin spectroscopy technique based on the implantation of positive muons. This information

about hydrogen obtained with this technique relies on the formation of muonium (the bound

state of a positive muon and of an electron) which mimics the electronic properties of hydrogen

since muonium is a light pseudo-isotope.This technique has allowed to obtain the microscopic

characterization of the hydrogen states in many materials (such as GeAs or Cd [VGW+08],

[VGW+07]. In the very few cases where both µSR and EPR-ENDOR DATA are available, the

techniques provide similar results [VVA+15][HHL+02].

1.2 Applications

CMOS (Complementary Metal Oxide Semiconductor) technology has a great spectrum of ap-

plications, like in microprocessors, memories andc the technology of MOSFET(metal-oxide-

semiconductor field-Effect Transistor) [SM08].

Figure 1.1: Scheme of a MOSFET (taken from [Mos]). A current may exist between the n-type
source and drain through the p-type channel when a tension is applied to the gate, leading to
an inversion configuration.

Figure 1.1 shows the basic structure of a p-MOSFET. The gate consists of a metallic contact

on top of an insulating oxide. One of the current problems of CMOS technology is the thinning

of the insulator layer. Traditionally, the insulator material used in CMOS technology was SiO2,

but as the oxide width decreases it can no longer support the applied tension without electric
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rupture [LFR+05][Rob04].

To address this problem, it is necessary to investigate materials with high dielectric constant

(high-k). However, the interface between the high-k gate material and the metal gate may

introduce significant variation in the device such as mobility degradation [Sah10]. Currently,

HfO2 is used to substitute SiO2. HfO2 is a high-k material but presents some problems, like the

existence of random grain orientation, originating variations of the dielectric constant [Sah10].

Rare-earth oxides are placed as candidates to the next generation of insulators in CMOS tech-

nology. They present high relative permittivity and chemical stability [PPN05], [KPPN05],

[NPP+05]. The introduction of rare-earth oxides CMOS technology implies the production of

thin films: electron-beam evaporation or atomic deposition techniques have been developed

[PPSN04]. However even the techniques producing films with the highest quality introduce

significant quantities of hydrogen [FS07].

1.3 µSR in Paramagnetic Oxides. A Brave New World

µSR was been used very successfully to characterize the hydrogen configurations in semicon-

ductors and insulators, but always in diamagnetic materials. The application of µSR to param-

agnetic rare-earth oxides in order to characterize the hydrogen configuration presents particular

challenges: the muon spin is extremely sensitive to local magnetic fields. The effect of the local

fields created by the paramagnetic rare-earth ions may affect the µSR signal and bring addi-

tional difficulties to the interpretation, possibly preventing the extraction of useful information

about the muonium configurations.

The main objective of this project was therefore to perform the first µSR study on a para-

magnetic rare-earth oxide. Some preliminary µSR measurements had been performed by the

Coimbra µSR team and the most complete set of data is that of Nd2O3, where we have hence-

forth concentrated our efforts.



Chapter 2

Experimental Details

2.1 Muon spin spectroscopy (µSR)

The theoretical basis of the muon spin spectroscopy (µSR) technique has been laid out by

Lee and Yang [LY56] and experimentally demonstrated by Garwin, Lederman and Weinrich

[GLW57]. In 1957 Garwin and collaborators refers that ”it seems possible that polarized positive

and negative muons will become a powerful tool for exploring magnetic fields in nuclei, atoms

and interatomic regions.” [YDdR11].

Actually, positive muon spin spectroscopy is used in two main field of condensed matter physics.

Firstly, in the determination of magnetic behaviour and of superconductivity behaviour, because

the muon is a sensitive magnetometer. This means that, when the muon is inside the material,

it will probe the local field and its time dependent signal will provide information about the

local fields. It can be used to study magnetic and superconducting materials [SBK00], [Blu99].

Another application of this technique is the use of the muon as a light pseudo-isotope of

hydrogen.The muonium atom is formed by an electron bound to a positive muon that can be

thought in condensed matter physics and chemistry as a light pseudo isotope of hydrogen, due

to the similarity of its electronic properties [VVA+14], [CDC+01].
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6 Chapter 2. Experimental Details

2.1.1 Production of polarized muon beam

Because the muon is not stable (its lifetime is 2.2 µs) it is necessary to create an indirect process

to produce this particle. This process is composed by two phases. First, we must accelerate

protons. The high energy protons will collide directly with a target made of a light element(

e.g carbon)[Beab]. Such collisions produce pions, as in the following process:

p+ p→ p+ n+ π+ (2.1)

The positive pion is unstable and decays via the weak interaction:

π+ → µ+ + νµ (2.2)

The particle decays into a muon and a muonic neutrino (equation 2.2). The neutrino is a zero

mass particle. Because of that, it has negative helicity. This means that the linear momentum

is always anti-parallel to its spin.The pion has a spin equal to zero.

During the decay of the pion, conservation of linear momentum and angular momentum occur.

The consequence of these two principles is that, when the pion is at rest in the target, the muon

brings out a spin anti-parallel to its linear momentum, as shown in figure 2.1.

Figure 2.1: The decay of the positive pion.
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2.1.2 Muon decay and the µSR signal

The muon decays via weak interaction with a half-life of 2.2 µs:

µ+ → e+ + ν̄µ + νe (2.3)

νe is the electron neutrino and ν̄µ is the muonic anti-neutrino.The positrons are emitted with an

energy ranging from 0 MeV up to 52.3 MeV. As a result of the weak interaction the decay does

not follow the conservation of parity. The resulting positron is therefore preferentially emitted

in the direction of the muon spin. The angular dependence of the probability of emission of the

positron, as a function of the energy of the positron[LCK99], is represented in the figure 2.2

Figure 2.2: Angular distribution of positron decay with relation to the muon spin direction
(at 0 degree). We represent the cases of maximum positron energy, as well as the result of
integration over all energies (red line).

The probability of a positron being emitted in the direction of the muon spin is therefore much

different from the probability of it being emitted opposite to the muon spin. A pair of detectors

placed in these two directions therefore allows to monitor the time evolution of the muon spin

polarization.

The basic setup is shown in figure 2.3
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Figure 2.3: The basic setup of the muon experiment

The spin-polarized 4 MeV muon beam is implanted into the material. The muon beam is guided

to the spectrometer with a series of dipole and quadrupole magnets from the muon target. In

the simplest geometry, two detectors, are placed around the sample space, one in the front of

the sample (F) and another in the back (B). The incoming muon comes across a cintillator and

starts a chronometer, which is stopped with the detection of the emitted positron either on

detector F or detector B.

The counts on each detector are different (Fig. 2.4). The number of counts in each detector

can be described by the following equation:

ND = BD +N0εD[1± APz(t)] (2.4)

where:

• BD is the background of each detector;

• N0 multiplied by the number of detectors corresponds to the number of real events at

time zero;

• εD is the efficiency of each detector;

• A is the intrinsic asymmetry of the detector arrangement. The counts are proportional
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to (1+A) in the case of fully polarized muons in the case of detector B, and for the case

of detector F the counts are proportional to (1-A);

• P(z) is the time evolution of the z component of the polarization, where z is defined by

the incoming beam direction;

We are interested in the time evolution of the muon spin polarization, that is reflected in the

quantity A. Ideally, the experimental asymmetry in the emission of positron is nothing but

the normalized difference Aexp=
NF−NB
NF+NB

. However, factors such as the intrinsic efficiencies of

the detectors, the thickness of the sample or simply the geometrical off-centering of the sample

with respect to the detectors affect the correct estimation of the asymmetry. A simple way to

correct this is simply by giving additional weight to one of the detectors: Aexp=
NF−αNB
NF+αNB

. The

correction parameter α can be determined, for each experimental geometry, by a calibration

measurement at low transverse fields (typically 20 - 100G). The experimental asymmetry is

here expected to oscillate at the Larmor frequency ω = Bγ (γ = 135.53MHz/s). Without the

correction α (i.e α=1) the oscillations are not in the term of A=0, The correct α is defined so

that Aexp oscillates in turn of Aexp=0 [LCK99] (Figs 2.5 and 2.6).

To determine the maximum instrumental asymmetry A at EMU, it is usually used a silver

sample in weak-transversal fields. In this situation, the muon is subject only to the Zeeman

interaction with the applied field. The precession of the spin of the muon with the applied field

can be described by the Larmor frequency.
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Figure 2.4: Counts of the silver sample for each detector. The red dots are the counts of the
forward detectors and the dots in green are the counts of the backward detectors

Figure 2.5: Experimental asymmetry as a function of time without introducing the geometrical
correction (α=1). The oscillations are clearly shifted towards negative asymmetries due to the
predominance of the B detector.
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Figure 2.6: Experimental asymmetry as a function of time including the geometrical correction
(α=0.94). The asymetry now is centered at A=0.

2.1.3 Muon facilities and spectrometers

The production of muons requires a source able to accelerate protons up to hundreds of MeV.

For this, large-scale installations are required. Currently, four muon user facilities are avail-

able: the ISIS pulsed muon facility at the Rutherford Appleton Laboratory, in the United

Kingdom[GCK+14],the Laboratory for muon spin spectroscopy at the Paul Scherrer Institut,

in Switzerland[PSI]; the Centre for molecular and materials science at the Tri-university Meson

Facility, TRIUMF[TRI], in Canada; and the J-Park facility, in Tokai, Japan [MSK+12].

The experimental data presented in this work were obtained at the ISIS facility in the United

Kingdom. This is a pulsed source producing a 800 MeV proton beam. The produced spin-

polarized beam of positive muons is directed to three muon spectrometers: EMU, MUSR and

HiFi[Beaa] (Fig 2.7).



12 Chapter 2. Experimental Details

Figure 2.7: Model of the ISIS facility: protons are accelerated in a synchrotron(appear left
corner) and redirected to a carbon target before reaching the spallation source. Positive
muons(green) are produced and redirected to the muon spectrometers

In this work, the EMU spectrometer was used (Fig 2.8). It has 96 positron detectors. It has

three axial rings forward and another three axial rings backward, each one with 16 detectors.

The signal of the detectors is transferred by light guides to nearby photomultipliers, so that

the local magnetic field does not affect the electronics. The signal acquired is treated with

techniques of coincidence and anti-coincidence of signals, to make sure that the signal obtained

in the detector is a true signal of the decay of the muon. The EMU spectrometer is optimized

to work in longitudinal fields and zero field, but it can also work in tranverse field. The range

of temperatures it operates are between 50 mK and 1500 K.

To produce the required magnetic fields, the appropriate electrical equipments are necessary.

To produce longitudinal field the EMU is equipped with Helmholtz coils that can reach up

to 4500G. To provide the transverse field, the EMU is equipped with two saddle coils that

achieve up to 150G. To have zero field its necessary an electronic device that counters the earth

magnetic field.To do it, the EMU has installed three pairs of coils to cancel the Earth magnetic

field[INMS15].
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Figure 2.8: Image of the EMU spectrometer, where the positron detectors are clearly visible.

2.2 Magnetometry

In chapter 1 we have seen that the characterization of the hydrogen configuration in Nd2O3

using the positive muon as a light pseudo-isotope of hydrogen presents particular challenges in

the rare-earth paramagnetic oxides, since the muon is a very sensitive magnetic probe. In the

course of this investigation, a detailed macroscopic characterization of the magnetic properties

of Nd2O3 sample is envisaged. Macroscopic magnetometry measurements at the TAIL facility

of the University of Coimbra were therefore undertaken.

The magnetometer used in this project is the PPMs DynaCool vibrating sample magnetome-

ter (VSM) developed by Quantum Design. The basic working principle of vibrating sample

magnetometry is the Faradays Law.

Fig 2.9 shows the functional principle of the VSM. The sample is introduced between the

magnet,that applies an horizontal magnetic field. After the sample is introduced, it is set in

vibration motion in the vertical direction. The oscillation motion of the sample promotes a

voltage in the pickup coils. The induced voltage is proportional to the magnetization of the

sample[BPJ03].
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Figure 2.9: A general scheme of the functional principle of the VSM. 1)sample, 2) sample
holder, 3) pickup coils. The horizontal lines represent the magnetic field and the vertical line
represents the vibration of the sample.

The magnetometer installed at the TAIL facility of the University of Coimbra is shown in figure

2.10, when the following main components are identified[Dyn11]:

• Cryostat Assembly

• Pump Cabinet and Computer

• Cryocooler Compressor Assembly

• Helium Gas Bottle and Regulator

Figure 2.10: PPMS magnetometer of the TAIL facility of the University of Coimbra

The cryostat assembly includes the superconducting magnet and the sample chamber, which can

be raised with a vertical movement. Two LED displays can be seen in front of the chamber,
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which give information about the temperature and the magnetic field inside. We note that

in particular cases the temperature of the chamber can be different from that of the sample,

particularly if the process of cooling/ heating is fast and the sample is not in thermal equilibrium

with the environment.

The Crycooler compress assembly includes a circulation loop and a sealed scroll that is used for

circulating helium past the sample chamber so that it cools the sample; a chamber/case pump,

a low capacity scroll pump for evacuating the sample chamber during chamber pumping and

purge operations and a Cryostat Controller Electronics, containing thermometers and heater

circuits for managing the cryostat and gas-handling manifold, that contains solenoids valves,

pressure gauges, pressure regulators, and various gas interconnections to manage the flow of

gas.

All the hardware is controlled by the software (MultiVi) through a CAN network controller

[Can]. The magnetic system in the sample space is created by two superconductivity solenoids.

The field can achieve 9 T. The functioning of the superconducting magnet requires the super-

conductivity solenoids to be at low temperature (around a few Kelvin). As will be presented

below, a complex cooling system is used to cool both the sample and the magnet.

The magnets are protected with a magnetic shield. The function of the shield is to enclose the

magnetic field within the magnets.
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Figure 2.11: Moment magnetic of Pd sample as a function of applied magnetic field, for T=298
K

We note that the magnetic moment of the sample is directly measured by the magnetometer.

The quantity is of cause dependent on the size of the sample. In order to extract the relevant

magnetic properties of the material (magnetization, magnetic susceptibility it is therefore cru-

cial to determine accurately the mass of the sample. An example is shown in the fig 2.11 for a

palladium calibration sample.

Temperature control

As mentioned above, a complex cooling system (cryostat control engine) is used to cool both

the engine space and the superconductivity solenoids. This is shown in figure 2.12.

Adiabatic expansion of helium is used as the cooling principle. If there is no exchange of

energy between the system and the outside, the expansion of helium in a fixed volume leads to

a decrease in pressure and to a corresponding decrease in temperature [Rad09].

In the first stage of the cooler, the system reaches 45 K. This stage is used to cool the support

from room temperature, the first stage of cryopump and the electrical wiring. In this phase,

the cooling proceeds by conduction through a small gas gap to the first stage of the cryocooler

and other devices are cooled by direct contact.

In the second state of cooler, the system reaches 4 K and other components requiring this low

temperature are cooled: the 4K plate, the superconducting magnet or the second stage of the
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cryopump.

Two heaters in the system are used for warming: one for heating the main radiation shield to

increase the temperature of the system and controlling the pretended temperature, the second

to warm the 4 K plate.

Magneto-resistive Cernox thermometers are used [Tp]: these have the advantage that the elec-

tronic signal is proportional to the resistance and can be used in applications that work with

slow temperatures [HL98]. One thermometer controls the main radiation field, which is in direct

contact with in the first step cooler. A second thermometer is used to monitor the temperature

of the 4 K plate. A third thermometer is used to control the temperature of the magnets.

Two pair of thermometers are placed at the sample space: one is localized above the isothermal

region, and the other pair is localized approximately in the vertical center of the sample. The

objective of having two pairs of thermometers is to provide information in order to reduce the

thermal gradient in the sample chamber.
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Figure 2.12: The Dynacool Cryostat showing the components of the Cryostat Control System,
Chamber Temperature Control System and Magnetic Control System.



Chapter 3

Basic magnetic characterization of the

sample

The use of muon spin spectroscopy to assess the hydrogen configurations in rare-earth oxides in

general, and in Nd2O3 in particular, may be a difficult task due to the paramagnetic character

of these materials. The being muon an extremely sensitive magnetic probe, the µSR signal may

be affected by the local fields created by the paramagnetic Nd3+ ions. A basic magnetic char-

acterization of Nd2O3 was therefore undertaken using the magnetometer at the TAIL Facility

of the University of Coimbra.

3.1 Temperature and field dependent measurements

A sample of Nd2O3 obtained commercially from Alfa Aesar,(REacton, with a degree of purity

of 99.999%) was measured in the magnetometer. The mass of the sample was measured to be

7.84(2) mg. Both the temperature and the magnetic field dependence of the magnetic moment

of the Nd2O3 sample were measured. For the temperature dependence the sample is subject

to a range of temperature between 300 K and 1.8 K with a constant magnetic field of 100 Oe

(fig 3.1). Both descending and ascending temperatures were measured in order to check for

possible hysteretical behavior with temperature. No noticeable differences were observed. The

19
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field dependence of the magnetic moment was investigated for five temperatures (1.8 K, 4 K,

10 K, 20 K, 50 K) varying the field between +9 T and -9 T. The results for T=1.8 K and T=50

K are shown in figure 3.2.

Figure 3.1: Magnetic moment of the Nd2O3 sample as a function of temperature, with an
applied field of 100 Oe.

(a) (b)

Figure 3.2: Magnetic moment of the Nd2O3 sample as a function of applied magnetic field, for
T=1.8 K (a) and T=50 K (b)

In fig 3.2 we can appreciate the usual Brillouin-like behaviour of a paramagnet and thus verify

no signs of the hysteresis behaviour typical of the onset of magnetic ordering. In principle

the curves in Fig 3.2 should be fitted to a Brillouin curve but, as we will see immediately in

the discussion of the temperature dependence in Fig 3.1, the behaviour at low-temperatures is

significantly disturbed by the crystal field [PS32]. We will limit our discussion to the temper-

ature dependence in fig 3.1. It is possible to see that the field dependent magnetic moment is

practically linear at low fields. This is the region of interest for our study, because the magnetic

field applied in the µSR is low (100 Oe).
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3.2 Temperature dependence of susceptibility: Curie-

Weiss model

The data in Fig 3.1 are conveniently analysed in terms of the magnetic susceptibility:

χ =
M

H
(3.1)

where M is the magnetization of the sample (magnetic moment per unit volume) and H is the

applied magnetic field. This function can be easily formulated in terms of the mass of the

sample taking into account that M=µs/V (=µs the total magnetic moment of the sample and

V the sample volume) and ρ=m/V (ρ the sample density and m the mass of the sample):

1

χ
=
mH

ρµs
(3.2)

The density of Nd2O3 is 7.84 g.cm−3 [NdS].

Figure 3.3: Inverse magnetic susceptibility of Nd2O3 as a function of temperature.

The uncertainty in χ−1 is essentially determined by that of the magnetic moment µs , particu-

larly at high temperatures where µ becomes very small:
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σ 1
χ

=
1
χ
σµ

µ
(3.3)

The graphic of the inverse susceptibility of Nd2O3 against temperature is shown in Fig 3.3 and

a linear behaviour is clearly seen in the range of temperature between 200 K and 300 K. In this

regime of temperature it is possible to apply the Curie-Weiss law [CSB11]:

1

χ
=
T − T0
C

(3.4)

In the Curie-Weiss model; C=3kB/nµ2µ0, where kB is the Boltzmann constant, n=N/V is the

concentration of magnetic ions (n=2.5915*1022 cm−3) µ is the magnetic moment of each ion

and µ0 is the magnetic susceptibility in vacuum (µ0 = 4π*10−7 A/m in SI, 1 in electrostatic

units) µ= µBpeff ,where the effective number peff of Bohr magnetons, µB is expected to be

peff=g
√
J(J + 1) where J is total angular momentum of the ion and g is the Landé factor

gJ =
3

2
+
S(S + 1)− L(L+ 1)

2J(J + 1)
(3.5)

The effective number of Bohr magnetons peff can be predicted using Hund rules, in order to

establish for Nd3+ the values of the total angular momentum J, of the spin angular momentum

S, and of the orbital angular momentum L. The Hund rules constitute a simple approach to

find the configuration corresponding to the minimum energy of the system. The first rule is to

maximize the value of S. The purpose is to reduce to Coulomb repulsion between electrons. To

do this, we prevent the electrons with parallel spins being in the same ml suborbitals. Nd3+,

has an outer shell 4f occupied with 3 electrons. The rule for the maximization of S implies that

all spins are parallel, occupying different ml.We therefore obtain S=3/2. The second Hund

rule corresponds to maximizing the value of L. The objective is again to minimize the effect

of Coulomb repulsion. This is achieved if the electrons successively occupy the ml sub-orbitals

with the highest value of ml (ml=3, ml=2, ml=1 as shown in fig 3.4). The total ML is therefore

ML=+3+2+1=+6, corresponding to L=6. The third rule is to find the value of J. If the shell
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is less than half-full, J=L-S and if the shell is more than half full, J=L+S. The purpose of this

rule is to minimize the spin-orbit energy. In our case we use the first condition. Because of

that J=9/2 [Blu03].

Figure 3.4: The ground state of Nd3+

3.3 Determination of magnetic moment of Nd3+ from

high temperature susceptibility

The fit of the inverse magnetic susceptibility of Nd2O3 at high temperatures (between T = 200 K

and T = 300 K with Eq. 3.4 yields C=17.34(14) and T0=-43(2) K (the negative value of

T0 is typical of an antiferromagnet). The effective number of Bohr magnetons peff can be

immediactely obtained.

Peff =

√
3∗kB
C∗ n

V

µB
(3.6)

We obtain peff=3.3(3) for Nd2O3. This compares with the expected value (from Hund rules

above) of peff=3.62. In the literature, experimental values between 3.3 and 3.7 are found[Blu03].

The fit clearly does not describe the data at low temperatures. In fact the Curie–Weiss model
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Figure 3.5: Magnetometry of Nd2O3, ploting the inverse susceptibility against the tempera-
ture.The blue line is ta fit of the Curie-Weiss law in the range of temperatures between 200 K
and 300 K

does not have into consideration the spin-orbit interaction or the potential o the crystal field

that has a great impact in the magnetic behaviour of Nd2O3 at low temperatures.

3.3.1 Temperature dependence of the susceptibility at low temper-

ature

The ground state of Nd3+ is J=9/2. The excited multiplet with the lowest energy (J=11/2) is

experimentally observed with an energy difference of 0.223 eV, corresponding to 1800 cm−1 and

will be ignored in the following discussion. In the absence of any other interaction the ground

state multiplet with J=9/2 corresponds to a 10-fold degeneracy. However, the electrostatic

field felt by the Nd3+ in the crystalline environment (crystal-field) removes the degeneracy.

The removal is not complete: Nd3+ having a half-integer spin, time-symmetry arguments imply

that each energy level is at least doubly-degenerate (Kramers theorem)[PS32].

The structure of the ground-state multiplet of Nd3+ in the crystal electric field in Nd2O3 has

been measured by several techniques:
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1. By heat capacity measurements, where each level gives a Schottky anomaly (peak) in the

heat capacity.

2. By optical absorption measurements, where 4 upper doublets have been measured at

[JWJ63]:

(a) 21 cm−1, 78 cm−1, 244 cm−1, and 491 cm−1,[CDBS79] or at

(b) 23 cm−1, 84 cm−1, 253 cm−1, 496 cm−1 [HMG67].

Figure 3.6: Energy levels of Nd3+ according to [HMG67]

These levels are sketched in Fig. 3.6. The transition from the lower doublet to the first excited

doublet at 21 cm−1 (or 23 cm−1) corresponds to a transition energy of 2.6 meV ( or 2.85 meV),

which can be thermally excited at a temperature of about 30 K (or 33 K).

In the presence of an external magnetic field, the levels are shifted. The usual linear Zeeman

effect implies a change in energy of mJgβH, where mJ is the quantum number for the projection

of the total spin in the direction of the applied magnetic field H; g is the Landé factor of the

spin state; and β is the Bohr magneton. As seen in other Nd3+ systems, the linear Zeeman

effect is not sufficient to describe the effect of the external field and a second-order effect is
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necessary to describe the data ( this is attributed to the impossibility to eliminate all the spacial

degeneracy [PS32]).

We note that the energy eigenstates of the ground-state multiplet of Nd3+ in Nd2O3 will not in

principle have a well-defined value of mJ . We have thus tried to model our susceptibility data

assuming the following dependence with magnetic field of each of the 10 levels:

W1 = a1Hβ + b1H
2, (m1 ∼ 3/2) (3.7)

W2 = −a1Hβ + b1H
2, (m1 ∼ −3/2) (3.8)

W3 = 7.2765× 10−16 + a2Hβ + b2H
2, (m3 ∼ 1/2) (3.9)

W4 = 7.2765× 10−16 − a2Hβ + b2H
2, (m3 ∼ −1/2) (3.10)

W5 = 2.6575× 10−16 + a3Hβ + b3H
2, (m5 ∼ 5/2) (3.11)

W6 = 2.6575× 10−16 − a3Hβ + b3H
2, (m5 ∼ −5/2) (3.12)

W7 = 8× 10−15 + a4Hβ + b4H
2, (m7 ∼ 9/2) (3.13)

W8 = 8× 10−15 − a4Hβ + b4H
2, (m7 ∼ −9/2) (3.14)

W9 = 1.5692× 10−15 + a5Hβ + b5H
2, (m9 ∼ 7/2) (3.15)

W10 = 1.5692× 10−15 − a5Hβ + b5H
2, (m9 ∼ −7/2) (3.16)

We indicate in parenthesis the estimated value of mJ for each level (from Ref. [CDBS79]). We

also note that, for a question of simplicity and in order to be easier to compare our results with

former results from literature, we have here used cgs units. The above-mentioned levels are

thus in erg.

Knowing all the possible states of energy, it is possible to calculate the magnetic susceptibility

using the following expression [PS32]:

X = −N
H

∑ ∂W

∂H
e

−W
kBT /

∑
e

−W
kT (3.17)
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where H represents the magnetic field, T the temperature, kB is the constant of Boltzmann,

W are the energy levels and N is the total number of magnetic ions in the sample. We have

thus fitted our magnetization curve with the above -expression for the susceptibility, using the

energy-levels defined above. The parameters aj and bj, j = 1, ...5 were the fitting parameters.

The fit is shown in Fig. 3.7 and the resulting parameters are shown in table 3.1.

Figure 3.7: Fit to the magnetic susceptibility of Nd2O3 including the crystal-field effects, as
described in the text.

Parameter Value Uncertainty

a1 -6.72E-21 3.41E-21
b1 -4.11E-27 1.18E-25
a2 1.28E-20 1.09E-20
b2 3.14E-27 2.44E-26
a3 -1.51E-20 1.27E-20
b3 -1.29E-26 6.02E-26
a4 2.11E-20 1.31E-20
b4 4.71E-26 7.13E-27
a5 2.86E-20 5.74E-21
b5 -3.46E-26 3.82E-26

Table 3.1: Linear and quadratic Zeeman effect parameters aj and bj estimated from the fit in
Fig. 3.7
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3.4 A metrology digression: rare-earth oxides as calibra-

tion standards in magnetometry

The origin of metrology, as we know it, begins in the turn from the eighteenth century to the

nineteenth century , in France. The goal of its creation was to order and unify all regions of

France using their own metric system. Another reason for its creation was the advent of mass

production, as one factory would produce parts of a device and send it to another factory to

be finished. It was then vital that there was an agreement in the measuring system used by

both factories, in order to prevent mistakes [QK05].

The first standard metric system was created in France in 1799 with two units: the metre and

the kilogram [BhS]. France was the first country to use this system, but other countries like

Italy, Netherlands or Spain also used it. A problem of that system was that only France had the

standard of measurements and could produce copies of it. To overcome this problem, the Bureau

International des Poids et Mesures was founded in 1875. This institution had the mission

of establishing the metric system throughout the world by constructing new prototypes and

comparing them with the standard, as well as creating new methods to improve the certainty

of the measurements [Hm]. Nowadays, the challenge of the Bureau International des Poids et

Measures and other international instituitions of metrology is to find standards of measurements

that only depend on fundamental physical constants [MMQ+11].The metrology laboratories

now play an essential role in science and in industry.

Two basic procedures can be followed in metrology: either the measurement is dependent

on universal constants, for example the calibration of the voltage of one instrument by the

Josephson Effect [TW89]; or one standard object is used as a prototype for the instruments.

This object cannot exchange its chemical and physical structure during this time and should be

easy to obtain in its pure state. The associated error in the equipment will be the correlation

between the value that the referential measuring object gives and its expected value. The

classical example of such a prototype is the Pt-Ir object used as the universal reference for the

kilogram up to very recently [FFH05].



3.4. A metrology digression: rare-earth oxides as calibration standards in magnetometry 29

This last method is the one used for calibrating the magnetic moment obtained with a mag-

netometer. Precise value of the absolute magnetic moment of samples is relevant not only for

condensed matter physics and materials science, but also for geomagnetism [Hos51].

Palladium is usually used for the calibration. The magnetometer at the TAIL Facility of

University of Coimbra is provided with a palladium reference sample of the purest commercial

available metal (Marz grade) with ferromagnetic impurities less then 30 ppm ( as confirmed by

independent analysis) The reference sheet provides the following table for the magnetic gram

susceptibility at room temperature:

T (k) Susceptibility(χg*10−6 cm−3/g)

295 5.28
296 5.27
298 5.25
299 5.24

Table 3.2: Values of the susceptibility of Pd at different temperatures

The magnetic gram susceptibility in table can be converted to the magnetic moment of the

sample ( in emu) by simply multiplying by the magnetic field (in G) and the mass of the

sample (in g).

Paramagnetic rare-earth oxides have been systematically explored as calibration standards for

magnetometry [PdL] This led us to explore the possibility of using these oxides as possible

replacements and complements of the palladium standards provided by the manufacturer. THe

samples listen in table 3.3 were therefore investigated.
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Sample Reference Purity%

Sm2O3 Alfa AESAR 99.998
Gd2O3 Alfa AESAR 99.999
Dy2O3 Alfa AESAR 99.99
Ho2O3 Alfa AESAR 99.995
Er2O3 Alfa AESAR 99.99
Tm2O3 Alfa AESAR 99.997
Yb2O3 Alfa AESAR 99.998

Table 3.3: Rare-earth oxides investigated.

As an example of the results obtained, we show in figure 3.8 and 3.9 the temperature dependence

of the inverse susceptibility of Gd2O3 and Dy2O3. As for Nd2O3, a magnetic field of 0.01T was

applied to all samples and the temperature varied in the range 1.8 K to 300 K.

Figure 3.8: Inverse magnetic susceptibility of Gd2O3 as a function of temperature.

Figure 3.9: Inverse magnetic susceptibility of Dy2O3 as a function of temperature.



3.4. A metrology digression: rare-earth oxides as calibration standards in magnetometry 31

Ion S L J gJ peff

Sm3+ 5/2 5 5/2 4/3 0.85
Gd3+ 7/2 0 7/2 2 7.94
Dy3+ 5/2 5 15/2 4/3 0.85
Ho3+ 2 6 8 5/4 10.6
Er3+ 3/2 6 15/2 6/5 9.59
Tm3+ 1 5 6 1.17 7.57
Yb3+ 1/2 3 7/2 4/3 1.14

Table 3.4: Values of S,L,J, gJ , peff for each rare-earth ions

The resulting effective number peff of Bohr magnetons for each rare-earth ions was extracted

in a similar way to that explained in section 3.2 and is shown in fig 3.10, as well as the

corresponding expected values, obtained from the values in table 3.4.

Figure 3.10: Comparison of the expected and experimental value of the effective nunber of Bohr
magnetons for several rare-earth ions,peff .The error bars are smaller that the circles.

In fig 3.10 it is possible to see that the expected and experimental values agree quite well for

most oxides. They are practically coincident in Yb3+ but some significant shifts are observed for

Sm3+ and Gd3+. The problematics of the correct determination of the susceptibility of Gd2O3

is thoroughly discussed in [FT11]. Antiferromagnetic interactions between some clustered Gd3+

ions have been mentioned in this and in previous literature [WHK+86]. Another problem that

clearly emerges in ref. [FT11] is that most rare earth oxides are highly hygroscopic[GHW17],
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which is bound to affect a precise and absolute measurement of the magnetic susceptibility.

Although these exploratory measurements by no means constitute a thorough and proper in-

vestigation of the use of rare-earth oxides as calibration standards, they provide some guideline

that may be of use in future work in this research topic:

1. Yb2O3 seems to be a particularly good choice, although the precise reason is not apparent:

is it less hygroscopic?

2. Dy2O3, Ho2O3, Er2O3 and Tm2O3 also provide particularly good results even in the

absence of particular care with the sample treatment and conditioning before the magne-

tometer measurements;

3. Sm2O3 and Gd2O3 do not seem to be good choices for calibration standards; although

Fukuma and Torii[FT11] have proved Gd2O3 to be adequate, it is apparent from their

work that the use of these oxides for calibration requires an extreme care with the sample

conditioning and experimental conditions; this does not make it the most obvious and

easy choice.
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Muon Spin Spectroscopy Results

Muon spin spectroscopy experiments were perfomed at the EMU instrument of the ISIS Facility

at the Rutherford-Appleton Laboratory (United Kingdom). In the experiments, a high-purity

polycristalline sample of Nd2O3 was used (obtained commercially from Alfa Aesar, REacton,

99.999%). Conventional muon spin rotation measurements were undertaken from T = 8 K

up to T = 640 K with an applied transverse magnetic field B = 0.01 T. Calibration of the

maximum asymmetry of the instrument was obtained using a silver sample.

Figure 4.1: Time spectrum for a polycrystalline Nd2O3 sample at T=50 K and a transverse
applied magnetic field B=0.01 T. (a) full data: the line represents the fitted slowly relaxing
component, as detailed in the text. (b) fast relaxing component only, obtained from the fit as
detailed in the text.

33
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Figure 4.1 shows an asymmetry time spectrum obtained at T = 50 K and B = 0.01 T. The data

can not be adequately fitted with a single relaxing component, and an additional component is

needed to describe the data. These two components have significantly different relaxations λs

and λf , and a slight difference between the corresponding precession frequencies fs and ff was

also detected. The following fitting function was therefore used:

A(t) = Ase
(−λst)cos(2πfst+ φs) + Afe

(−λf t)cos(2πff t+ φf ) (4.1)

where As and Af are the asymmetries of the slowly relaxing and of the fast relaxing component,

respectively; φs and φf are the corresponding initial phases. In order to illustrate the slow and

fast components, we represent in Fig. 4.1 (a) the fitted slow component as a line and in Fig.4.1

(b) the complementary fast relaxing component. The relaxation λs is basically constant up to

room temperature at λs =0.06 µ s−1: this value is too small to allow a clear identification of the

expected gaussian shape of the relaxation, so the lorentzian shape was used for convenience.

The results are not affected by this ambiguity.

The WiMDA program was used for the data analysis and, after an intense preliminary anal-

ysis trying different approaches, we adopted the following final fitting procedure: firstly we

determined the precession frequency and phase of the slow component from a fit to the room-

temperature data (T= 300 K). These values were fixed in the low temperature range (from

T= 8 K up to T= 300 K). Then a fit with two components was performed, fixing the phase of

the fast component equal to that of the slow component. The precession frequency of the fast

component was already found in the preliminary fitting to differ slightly from that of the slow

component, so it was left as a free parameter.

The fast relaxing component is observed up to room temperature and our preliminary analysis

indicates that the sum of the two components remains basically constant up to that tempera-

ture. We have thus fixed the sum constant in the final fits. Above room temperature, a single

slowly relaxing component is suficient to describe the data and it slowly grows with temper-

ature up to achieving nearly 100% of the muon spin polarization at 640 K. The temperature

dependence of the fraction of muons forming the slowly relaxing component and fast relaxing
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component, Fs and Ff respectively, is represented in Fig 4.2. The fractions Fs and Ff were

obtained from the ratia As/Amax and Af/Amax, where Amax is the maximum instrumental

asymmetry obtained with silver.

In Fig 4.3 we represent the temperature dependence of the relaxation λf of the fast compo-

nent. An intense broadening of this line is observed above T = 150 K, concomitantly to the

respective decrease of the fraction observed in Fig 4.2. At temperatures below 150 K, a slight

reduction of the precession frequency ff is observed for the fast component, with respect to

the precession frequency fs of the slow component, which in turn is basically identical to the

precession frequency of the silver calibration sample at the same experimental conditions. In

the final fits, fs was therefore fixed. In Fig 4.4 , we represent the temperature dependence of

ff .

Figure 4.2: Temperature dependence of the slowly relaxing and of the fast relaxing components
(white circles and black circles, respectively).
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Figure 4.3: Temperature dependence of the relaxation of the fast component.

Figure 4.4: Temperature dependence of the precession frequency of the fast component, for an
applied transverse magnetic field B=0.01 T. The dashed line is the value of precession frequency
of a silver calibration sample in the same geometry.

Two temperature regions are immediately identified in fig 4.2:

1. below room temperature the fast and slow component coexist and their sum is approx-

imately constant(∼ 80% of the total muon spin polarization); the remaining fraction of

the muon spin polarization (∼ 20%) is not observed (missing fraction);

2. above room temperature only the slow component is observed and it gradually grows with

temperature until it corresponds to the full muon spin polarization at T=700 K.
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4.1 Fast to slow conversion below T= 300 K

A clear conversion process is present below T = 300 K, the fast component converting to the

slow one. This is visible not only in Fig 4.2 through the fraction interchange, but also in Fig

4.3 through the increase of relaxation of the fast component. The increase is typical of lifetime

broadening, indicating a progressively reduced lifetime of the fast component.

The activation energy for the conversion can easily be estimated. We use a phenomenological

Boltzmann-like model to describe the simultaneous change of Fs, Ff and λf with temperature:

Ff = BD +
F0

(1 +N1exp(−Ea1/TkB)
(4.2)

Fs = BF +
F0N1exp(−Ea1/T )

(1 +N1exp(−Ea1/TkB)
(4.3)

λf = BR + λ0exp(−Ea1/TkB) (4.4)

where BD, BF and BR are constants describing possible background components;N1 is a density-

of-states parameter; F0 is the interconverting fraction; λ0 is the pre-exponential factor for the

activation of the relaxation. Most importantly, Ea1 is the activation energy of the process,

which is fixed equal in the simultaneous fit of equations 4.2, 4.3 and 4.4 to the corresponding

data. An activation energy Ea1=0.15(3) eV was obtained. The simultaneous fit is shown in figs

4.5 and 4.6
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Figure 4.5: Temperature dependence of the slowly relaxing and of the fast relaxing components
(white circles and black circles, respectively). The lines represent a common fit to the conversion
from the fast to the slow component, as detailed in the text, with Ea=0.15(3) eV

Figure 4.6: Temperature dependence of the relaxation of the fast component. The line is a
fit of a conversion model from the fast component to the slow component, as explained in the
text, with Ea=0.15(3) eV.

4.1.1 Frequency shift of the fast component

A very prominent feature of the data below T=150 K is the presence of a frequency shift of the

fast component. As shown in Fig 4.4, this is a negative frequency shift, the muon precession

frequency being smaller than the pure Larmor frequency of the diamagnetic component (which

is observed for the slow component and, of course, for the silver calibration).

The presence of a shift of the precession frequency is a clear signal of the presence of a para-

magnetic interaction, where the muon spin is affected by the local field of a nearby electronic

moment. In principle, the formation of a bound state of the positive muon and an electron
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(muonium) does not create a negative shift: for the particular and exceptional cases where the

muonium frequencies are close to muon diamagnetic Larmor frequency, they are either cen-

tered at the Larmor frequency (with an average zero shift) or slightly upward shifted (yielding

a positive shift).

However, negative shift have been observed in the paramagnetic phase of ferromagnetic metals

[WHK+86] and seen to follow the magnetization of the paramagnetic sample. A comparison of

Fig.3.1 and Fig.4.4 immediately shows that the onset of the frequency shift is coincident with a

significative increase of the magnetization below 150 K. The stabilization of the frequency shift

and possible decrease below T = 50K may in this interpretation be associated to the clustering

of magnetic ions at lower temperatures, starting to develop local magnetic order. This has been

proposal both in metallic Gd and in Gd2O3.

4.2 Recovery of the missing fraction above 300 K

As mentioned already, 20 % of the spin polarization is not observed at low temperature (missing

fraction). This missing fraction is basically constant up to room temperature. We recall that

these data were acquired at the ISIS pulsed muon source. The muon beam pulse has a time

width of 70 ns, implying that any signal faster then 14 MHz can not be detected. The missing

fraction corresponds to one such extremely fast signal, that disappears either by fast precession

or fast relaxation. In any case, the missing fraction corresponds to the presence of an extremely

strong interaction affecting the muon spin, of unquestionable electronic origin.

As seen in Fig 4.2, above 300K the fraction of muons stopping at the slow component increases

as the missing fraction decreases, again indicating a conversion process. An analysis with

equation 4.3 to the increase of the slow component implies an activation energy Ea2 = 0.5(1)

eV. The corresponding fit is shown in fig 4.7.
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Figure 4.7: Temperature dependence of the slowly relaxing component. The full line is a fit
to the conversion of the missing fraction to the slow component, as explained in the text, with
Ea= 0.5(1) eV.

4.2.1 Motional narrowing of the slow component

Figure 4.8: Temperature dependence of the relaxation of the slow component, above room
temperature. The line is a fit of an activated process, as explained in the text below.

An additional phenomenon sets in above 300 K, as seen by the relaxation of the slow compo-

nent (Fig 4.8) . The relaxation visibly decreases with increasing temperature. We note that the

extremely small value of the relaxation of the slow component points to a nuclear origin and

corresponds to the known spread of the small magnetic field created by the nuclear magnetic
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dipole moments (Nd has two magnetic isotopes:143Nd with I=7/2, µ=-1.065µN and an abun-

dance of 12 %, and 145Nd with I=7/2, µ=-0.656µN and an abundance of 8%). We therefore

attribute this small relaxation λ=0.06 µs−1 of the slow component at room temperature to

the nuclear dipolar broadening. The decrease of this relaxation with increasing temperature

is a well-known phenomenon corresponding to the narrowing of the dipolar field distribution

which occurs when the muon starts moving (motional narrowing). Assuming once more that

the motion of the muon is a thermally activated process, we analyse the data in fig 4.8 with a

Boltzmann-like process:

λs = BD +
λo

(1 +N1exp(−Ea1/TkB)
(4.5)

where BD is a a background relaxation( for example due to muons stopping in the sample

holder), λ0 is the initial relaxation, N1 is a density of states parameter and Ea is the activation

energy. We obtain Ea =0.14(2) eV

4.3 Discussion

As we have seen above, the muon spin spectroscopy data in Nd2O3 reveal the presence of three

components: a slowly relaxing component which becomes gradually dominant with tempera-

ture, a fast relaxing component characterized by a prominent negative frequency shift at low

temperatures and an unobserved (missing) fraction that gives place to the slow component

above room temperature. We begin the discussion of these components by the slowly relaxing

component.

4.3.1 Slow component

The slowly relaxing component presents a small relaxation which, as pointed out above, is

consistent with dipolar nuclear broadening only. It therefore does not present any evidence
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of any interaction with an electronic moment, presenting a diamagnetic character. It thus

likely correspond to either Mu+ or Mu−. These two species can not be distinguished with

muon spin spectroscopy, but the formation of Mu− implies the capture of two electrons after

muon implantation, and this is a very unlikely process. We therefore assign the slowly relaxing

component to the positively charged diamagnetic species Mu+.

The positively charged Mu+ typically binds to the oxygen anion in oxides, forming a O-Mu

bond [VVM+16] and it is therefore likely so also in Nd2O3. The slow component therefore

corresponds to this very stable oxygen-bound donor configuration in the Nd2O3 lattice (Fig

4.9).

Figure 4.9: Crystal structure of Nd2O3.The red circles are the oxygen ions and white circles
are Nd ions.

4.3.2 Missing fraction

The missing fraction corresponds, as pointed out above, to a configuration subject to a strong

paramagnetic interaction, leading to the fast disappearance of the muon spin polarization. We

do not have any further data contributing to its characterization. In particular, the hyperfine

interaction of this configuration could benefit from the recovery of the muon spin polarization

in longitudinal fields: as the magnetic field is increased, the Zeeman interaction of the muon

spin with the applied magnetic field becomes gradually dominant over the hyperfine interac-
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tion, leading to the well-known repolarization curve [Pat88]. However, from the knowledge of

similar oxide systems, it is likely that the missing fraction corresponds to the presence of a

neutral paramagnetic state with a compact wavefunction and a correspondingly large hyperfine

interaction. This neutral Mu0 state is atomic-like and corresponds to the usual neutral version

of the acceptor hydrogen configuration in oxides, which is typically found in interstitial sites

of the lattice. The activation energy Ea=0.5 eV found in Fig. 4.7 for the conversion of the

missing fraction to the slow component corresponds, in this interpretation, to the energy bar-

rier for the site-change from the acceptor interstitial configuration to the donor oxygen-bound

configuration.

4.3.3 Fast component

The fast component is the one which presents a more challenging interpretation. It corresponds

to a muon state precessing at a diamagnetic-like frequency, which however is clearly affected by

a near electronic moment providing the negative frequency-shift. It also corresponds to a fastly-

relaxing state, which therefore is either short-lived or is subject to intense spin-fluctuation. Fast

components as the one observed in Nd2O3 have been typically assigned to a short-lived diamag-

netic species (Mu+ or Mu−) quickly converting to paramagnetic muonium (delayed muonium

formation) [VVM+16]. However, Vilao et al. recently suggested that the fast component in

oxides may actually correspond to a paramagnetic state with a very small hyperfine interaction

(mostly dipolar-like) and fluctuating fast [VWA+17]. In the latter interpretation, this relaxing

paramagnetic state corresponds to a transition state occurring before the muon reaches the

final configurations (either donor-like or acceptor-like) and conditioning the final yield of the

oxygen-bound to the atom-like configuration. A key aspect in the interpretation of Vilao et al.

is that the observed frequency shift for the fast component in ZrO2 is positive, as expected for a

paramagnetic muonium species. The negative frequency shift observed for the fast component

in Nd2O3 may possibly be made compatible with the transition state model attending to the

fact that the magnetization is more intense at lower temperatures, implying that the electrons

captured by the muon in the paramagnetic muon stage are spin-polarized according to the
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magnetization. This electronic spin-polarization may be intense enough to justify a reversal of

the frequency-shift. This negative-frequency shift would however not follow the magnetization

curve [WHK+86] and the discrepancy is expected to be larger at low temperatures, where the

muonium fraction is larger. This model would also explain why the frequency shift is observed

in the fast component only (if it would be the result of the magnetization alone, both the

slow and the fast components should be affected equally). These aspects however require more

intense modelling, out of the scope of this project.

Figure 4.10: Final step in muon implantation: Neutral (Mu0) and charged (Mu+) muons come
to rest at an interstitial site in the unrelaxed lattice (marked by ∗). Mu+ forms directly the
final bound configuration, but Mu0∗ may go through an intermediate (transition) state before
the final configuration is formed.

We reproduce in Fig 4.10 the transition-state model proposed by Vilao et al., which also provides

adequate description of our data. In this model, the incoming muon may capture or not an

electron in the slowing down process from the initial kinetic energy of 4 MeV. In the last stages

of thermalization, the positive muons which have not captured and electron quickly find the

only stable space for the positive configuration, at the oxygen-bound state.

The muons which capture an electron end up in the transition state and may proceed from

there to one of the stable sites for the neutral configuration: either the acceptor-like Mu0 atom

state in an interstitial atom-like configuration or the donor-like Mu0 bound in the oxygen-bound

configuration. In this latter configuration the electron is typically loosely bound, and may be

easily lost to the conduction band, so that the transition state may evolve directly to Mu+
bound.

The exit from the transition state to the corresponding stable neutral state in hindered by an

energy barrier, which is dependent on the energy needed to change the lattice in order to accom-

modate the muon impurity. This lattice energy is typically much larger for the highly-distorted
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oxygen-bound configuration than for the atomic-like interstitial configuration [DSMV+16]. The

lifetime of the muon in the transition state proceeding to each one of the configurations will

be therefore different, leading to different relaxations due to lifetime broadening. The higher

the barrier, the higher the lifetime, the smaller the broadening. In this picture, the missing

fraction corresponds to a very intense broadening from a small lifetime and a small barrier

for the interstitial site, whereas the fast component corresponds to an observable (therefore)

smaller relaxation due to a higher lifetime and a higher barrier to the distorted oxygen-bound

site. Please note that while the reasoning above dictates that the fraction of muons arriving

to the interstitial site from the transition state should be larger than those arriving at the

oxygen-bound site, the slow component may actually be larger due to the fraction of muons

arriving there directly from the muons which did not capture an electron in the slowing-down

stage. Another important aspect is that the transition state is very quick, so that the final frac-

tions are quickly frozen at their final values. In the model here pictured, the barrier from the

transition state to the oxygen-bound configuration can be determined at higher temperatures

when the thermal energy allows the muons to overcome the barrier thermally: the fractions of

muons ending up in the fast component or in the slow component is therefore affected and the

lifetime of the fast component becomes shorter (with a correspondingly increased relaxation).

It is therefore not a conversion but a change in the formation probabilities of each component.

The corresponding barrier thus corresponds to E=0.15 eV.

A scheme of the barrier model proposed for the observed components in Nd2O3 is presented in

Fig 4.11
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Figure 4.11: Schematic representation of the total energy for the conversion from atom-like
interstitial to oxygen-bound muonium in Nd2O3, including the value of the height of the energy
barriers determined experimentally.



Chapter 5

Conclusion and Future Perpectives

5.1 Conclusions

The analysis of our muon spin spectroscopy data in Nd2O3 allows the identification of the ba-

sic muonium/hydrogen configurations in this paramagnetic rare-earth oxide. A slowly-relaxing

diamagnetic component becomes gradually dominant as the temperature increases and is as-

signed to muons thermalizing in a donor-like oxygen-bound position. A significant fraction

(c. 20%) of the muon spin polarization is missing at low temperatures and is recovered at

high temperatures (above 300 K). This is assigned the muons thermalizing in the acceptor-like

interstitial position. The thermally-activated conversion from the interstitial site to the oxy-

gen bound site is observed above room temperature with an activation energy E=0.5 eV. A

fast component is also detected and is assigned the muons in a paramagnetic transition state:

to muon strongly interacts with an electron during the formation process and is affected by

the electronic spin polarization through the magnetization of the sample, yielding a significant

negative frequency-shift. The formation of the fast component is strongly affected by tempera-

ture, allowing to extract the height of the energy barrier separating it from the oxygen-bound

configuration, that we estimate at E=0.14 eV from the thermal dependence. Overall, the basic

µSR data is quite similar to those observed in other oxide systems, like ZrO2 [VVM+16] or the

diamagnetic rare-earth oxide Y2O3[SMV+12]. The only effect of the sample paramagnetism is

47
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the observed negative frequency shift. We thus conclude that µSR can successfully probe the

hydrogen configurations in Nd2O3.

5.2 Future Perspectives

The current data in Nd2O3 constitute an important step in the investigation of the hydrogen

configurations in rare-earth paramagnetic oxides by the muon spectroscopy techniques. Al-

though our interpretation is strongly anchored in the existing literature of µSR in oxides, many

aspects could benefit from a deeper experimental approach.

5.2.1 Repolarization at low temperatures

As mentioned previously, the hyperfine interaction associated to the missing fraction can be

estimated in longitudinal field experiments by varying the longitudinal field from zero to high

values. As the Zeeman interaction becomes dominant over the hyperfine interaction, the ob-

served muon spin polarization is increasingly larger. The observed muon spin polarization as a

function of applied longitudinal field follows then a known repolarization behaviour, which is a

direct measure of the hyperfine interaction.

5.2.2 Frequency shift

The frequency shift in Nd2O3 needs a more refined model that takes into account the negative

contribution from the sample magnetization and the positive contribution due to the likely

formation of a paramagnetic transition state. The effect of the sample magnetization implies a

linear variation with applied magnetic field, so additional experiments in low transversal fields

may be helpful. The negative frequency shift is also proportional, in principle to the magnetic

moment of the rare-earth ion, so it would also be useful to check it by low transversal field

in other rare-earth oxides (Cf. Fig. 4.4). In principle, the frequency shift should follow the
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susceptibility of the material and the oxides that present a high value of susceptibility are

expected to have a larger frequency shift.

5.2.3 Extension to other rare-earth oxides

A natural consequence of the study now presented is the possibility of exploring the hydro-

gen configurations in the other paramagnetic rare-earth oxides. Preliminary data have been

obtained at the EMU instrument of the ISIS facility in samarium oxide Sm2O3. Only a reason-

able statistics spectrum was obtained at T=8K, which is shown in Fig 5.1.

Figure 5.1: Time spectrum for a polycrystalline Sm2O3 sample at T=50 K and a tranversal
applied magnetic field B=0.01T. The upper graphic is the representation of the fast component
and in the bottom plot we present the full data; the red line is the fit to the slow component
only.

The time spectrum shown in Fig 5.1 clearly presents a slow and a fast component as in Nd2O3.

It is therefore very likely that a similar behaviour is found when completing a temperature
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dependence study as that obtained for Nd2O3.
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