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Abstract

We have investigated the behaviour of isolated hydrogen in II-VI zinc chalco-
genide widegap semiconductors, by means of the positive-muon analogue. A broad
program of muon-spin rotation, relaxation and resonance measurements was under-
taken for monocrystalline samples of ZnSe, upon adequate characterization (parti-
cularly on the electrical transport properties, by means of Hall-effect and resistivity
measurements). Two compact paramagnetic muonium states Muy and Muy; were
identified and the interconversion process was characterized. Capture of a second
electron by Muyy, forming the negative ion Muy; was observed as well. This charged
state becomes thermally unstable above 60 K and we relate this to possible ioni-
zation to the conduction band and estimate the corresponding acceptor level. In
adition to ZnSe, monocrystalline samples of ZnS and ZnTe were investigated. Only
one paramagnetic state is observed in ZnS, whose behaviour is shown to be much
similar to that of Muy in ZnSe. In ZnTe, only a diamagnetic state is observed,
which we suggest corresponds to a deep donor in this material. Finally, a global
configuration and energy level model is presented for muonium/hydrogen in I1-VI

semiconductors.



viil



Resumo

Neste trabalho investigou-se o comportamento, através da analogia com o muao
positivo, do hidrogénio isolado em materiais calcogenos de zinco com propriedades
semicondutoras e intervalo largo de energias proibidas, da familia II-VI. Foi rea-
lizado um programa amplo de medidas experimentais de rotagao, relaxagao e res-
sonancia do spin do muao em amostras monocristalinas de ZnSe devidamente car-
acterizadas (particularmente do ponto de vista das propriedades de transporte
eléctrico, através de medidas de efeito de Hall e resistividade eléctrica). Identificou-
se dois estados paramagnéticos compactos de muoénio, Mu; e Muyy, e caracterizou-se
o processo de interconversao. Observou-se ainda a captura de um segundo electrao
pelo estado Muyy, formando o iao negativo Muy;. Este estado negativamente car-
regado ¢é instavel para temperaturas superiores a 60 K, possivelmente ionizando
para a banda de condugao, tendo sido determinado o presumivel nivel aceitador
correspondente. Para além de ZnSe, investigou-se também amostras monocristali-
nas de ZnS e ZnTe. Observa-se apenas um estado de muodnio paramagnético em
ZnS, cujo comportamento se verificou ser muito semelhante ao do estado Muy
existente em ZnSe. Em ZnTe observa-se um estado diamagnético que sugerimos
corresponder a um dador profundo neste material. Finalmente, apresenta-se um
modelo global para as configuragoes e niveis de energia do muénio/hidrogénio nos

semiconductores da familia II-VI.
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Chapter 1

Hydrogen in semiconductors

Embarque vossa docura
que cd nos entenderemos...
Tomareis um par de remos,
Veremos como remais;

e, chegando ao nosso cais,

nds vos desembarcaremos.t

Gil Vicente
Auto da Barca do Inferno

1.1 Introduction

Impurities play an essential part in the physics of semiconductors. The extreme
sensibility of the electrical and optical properties of the members of this class of
materials with respect to the presence of impurity atoms may be regarded as one
of its most defining characteristics [See82, Yu99]. Hydrogen occupies a special
role among all impurities. As the simplest atom, one might expect hydrogen to
have a specially simple behaviour in semiconductors, upon which generalizations to
other impurities could be inferred. Notwithstanding the current state of hydrogen
research in semiconductors depicts an extremely complex impurity which assumes

a variety of forms, from several possible atomic configurations to molecular states

'Free translation: ”Climb your sweetness aboard and we shall go along... You shall take a pair

of oars, we shall watch you rowing; and, when we arrive to our pier, we shall step you off.”



2 CHAPTER 1. HYDROGEN IN SEMICONDUCTORS

and complexation with other impurities and defects [Est95, Mye92, Nic98, Nic99a,
Pan91, Pea94, VAW05, VdAWO06]. Much interest is deposited in the knowledge of
the hydrogen impurity per se, due to its omnipresence in semiconducting materials
science.

This interest extends also strongly to several technological applications of semi-
conductors. Hydrogen atoms are present either in the materials’s growth, as part
of the source materials or carrier gases, or in the processing itself. This pervasive-
ness urges the understanding of the consequences of hydrogen incorporation in the
materials.

In this chapter we intend to concisely place the research directly associated with
this work inside that broader context. After an inevitably very brief introduction
to the hydrogen in semiconductors subject we bring into special prominence the
contribution put forward by the muon spin techniques, characteristic of this work,
to the study of isolated hydrogen in semiconductors. Reasons for the choice of
[1-VI semiconductors for the theme os this work are presented and are followed by
an outline of the present state of the art of the research on isolated hydrogen in

this class of semiconductors.

1.2 Hydrogen as a passivating/activating impu-
rity

Hydrogen is extremely reactive inside materials, and is best known for its role in the
passivation of defects or impurities in semiconductors, thus altering significatively
its electrical and optical properties.

One of the most significant effects of hydrogen incorporation in semiconductor’s
properties (and also one of the examples known for a longer time) is the passiva-
tion of dangling bonds in amorphous silicon [Pan78, Pau76]. This passivation
phenomenon removes the unwanted electron energy levels from the bandgap, thus
increasing the carriers mobility and allowing amorphous-silicon-based technology
such as solar cells or thin-film transistors [Nic99b].

Hydrogen was also found to activate impurities in semiconductors, namely the
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formation of shallow-acceptor Si—-H and C-H complexes in Ge, the isoelectronic Si
and C impurities being otherwise electrically inactive [Hal80]. However, this effect
is far less common than passivation.

The passivation of impurities is also known since the 1980’s, when the boron
acceptor in Si was found to be deactivated by hydrogen [Pan83, Sah83]. Since
then, many more examples were found not only in the elemental semiconductors,
but also in compound semiconductors, namely from the III-V and I1-VI families.
Detailed acounts up to 2003 can be found in a number of reviews [Est95, Mye92,
Myn03, Nic98, Nic99a, Pan91, Pea9d4).

Among recent developments, hydrogen was found to passivate Mn acceptors
in ferromagnetic GaMnAs, changing epilayers from metallic to semiconducting be-
haviour upon hydrogenation [Bra04].

It is important to stress the distinction between passivation and compensation:
passivation implies the formation of a complex between two impurities/defects,
thereby forming a new defect with electrical and optical properties distinct from the
two originating defects. In compensation, the two defects keep their individuality
and mutually cancel the respective contributions to the conductivity. In terms of
electrical transport characteristics, the two situations may be distinguished by the
charge—carrier mobilities, which are smaller in the case of compensation [VAW05].

Despite the importance of the passivation effects, the hydrogen impurity per
se may also affect the host material properties, and much research effort has been

dedicated in the past decades to clarify the role of isolated hydrogen.

1.3 Isolated hydrogen in semiconductors

Due to the high reactivity of hydrogen, the studies on isolated hydrogen are much
more demanding for usual experimental techniques. The information obtained by
experimental methods that are sensible to hydrogen itself is therefore much scarcer,
usually painfully obtained, and limited to a reduced number of systems, notably
silicon [Bon99, Bon02, Her01, Hit99] and, recently, zinc oxide [Cox0la, Hof02,
Lav02, McC02]. In the last thirty years, the use of positive muons as a model for



4 CHAPTER 1. HYDROGEN IN SEMICONDUCTORS

protons, together with theoretical work, has immensely enlarged the perspectives
in this relevant, albeit hard, field. We shall here concisely present some essential
results of these investigations, which are essential guides in the work now presented:
from the "usual” role of hydrogen as a compensating center and the vast amount
of information for hydrogen in silicon, to the possibility that hydrogen be a source
of conductivity in ZnO and other ionic semiconductors. The information obtained

by the muon analogue has played a major part in these investigations.

1.3.1 Hydrogen as a compensating amphoteric centre

Silicon is the system where most intensive resarch on isolated hydrogen has been
done. Two charged states have been identified: H™ at the interstitial tetrahe-
dral position and H* at the bond-centre site, together with the respective neutrals
[Hit99]. Unlike the tetrahedral site, the bond-centre position was completely un-
expected: the associated neutral was first seen in SR measurements [Bre73], and
labelled ”anomalous muonium”, in contrast with the tetrahedral "normal muo-
nium”. The identification at the bond-centre site was proposed on the basis of
chemical arguments [Cox86, Sym84| and confirmed by uSR [Kie88]. This cen-
tre was also seen in 'H-EPR [Gor87] and by deep-level transient spectroscopy?,
in implanted proton experiments [Bon99], which confirmed the site and electronic
structure assigned by uSR. The bond-centre neutral state is found to be more stable
than the tetrahedral neutral state [Est95]. Muonium thus represents an example
of interstitial metastability, i.e. coexistence of two distinct atomic arrangements
for a single charge state of a defect [Bar85, Est87].

This system has now been exhaustively scrutinized by a number of experimental
methods:

(i) after twenty years of investigations on dozens of samples from extreme p—

2The DLTS method, basically, relies on the dependence of the width, therefore of the capaci-
tance, of the depletion layer in a junction diode with the doping concentrations. The injection of
a short pulse in the forward direction injects carriers in the junction and floods the deep traps,
changing the capacitance. The return to equilibrium is afterwards observed as the time evolution
of the junction voltage. Cf. [See82], p. 129.
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type to extreme n—type, a detailed model of the muonium states and dynamics in
silicon has been put forward [Hit99], including the determination of the muonium
levels in the bandgap: the Mu(0/+) donor level was placed 0.21 eV below the
conduction band minimum and the Mu(-/0) acceptor level was estimated to lie

approximately at 0.56 eV below the conduction band minimum;

(ii) the experimental investigations with protons have progressed much more
slowly, due to the difficulties of observing isolated hydrogen and have followed two
distinct paths: either using implanted protons [Bon99, Bon02] or finding ways to
dissociate hydrogen—containing complexes and subsequently observing its behav-
iour [Her01]. The results from the latter method have the advantage of being free
from the radiolysis problematics affecting both SR and the techniques based on

implanted protons.

The positions of the (bond-centre) donor (0/4) and (tetrahedral) acceptor (-/0)
energy levels below the bottom of the conduction band, for isolated hydrogen in
silicon, are summarized in table 1.1. The pSR slight differences are expected from
differences in the proton and muon zero point motion. Similar differences, both
in magnitude and trend, have been found from path-integral molecular dynamics

simulations for hydrogen/muonium in diamond [Her06].

Method E(0/4) E(-/0)

Muon implantation 0.21 eV [Kre95] < 0.56 eV [Hit99]

Proton implantation 0.16 eV [Hol91]  0.65 eV [Bon02]
Dissociation of P-H complexes [Her(1] 0.16 eV 0.67 eV
First-principles calculations [VAW89] 0.2 eV 0.6 eV

Table 1.1: Position of the (isolated) hydrogen donor (0/+) and acceptor (-/0)
energy conversion level below the bottom of the conduction band, as determined

by several experimental methods and by first-principles calculations.
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These results, together with the associated theoretical work [Her01], allow a
rather complete view on the fundamental characteristics of isolated hydrogen in
silicon. An essential characteristic is that the acceptor level —/0, corresponding
to the ionization of the doubly charged state H™, is lower in the bandgap than
the donor level 0/4 (cf. Fig. 1.1). This apparently paradoxical result of the
larger binding energy of the second electron, despite Coulombic repulsion effects,
is explained attending to the implied change in configuration: BC for H* and T
for H™. The energy change associated with the lattice relaxation in the different

configurations explains this otherwise odd behaviour [And75, Wei82].

The Anderson U = E(0/—)—E(+/0) quantity, defined as the difference between
the energy of the 0/— level, E(0/—) and the energy of the +/0 level, E(+/0), is
therefore negative. The shortened expression negative-U is then frequently used to
express this inverted ordering of the donor and acceptor level in the bandgap. In
the positive-U or normal ordering, the energy required to ionize an electron from
the singly occupied state is larger than that required to ionize an electron from the
doubly occupied state, and therefore the donor level 0/+ lies lower in the bandgap
than the acceptor level —/0.

Another consequence from the negative-U situation is that, in thermodynamical
equilibrium, the neutral states are not stable, their formation energies being always
higher than one of the charged states. Depending on the position of the Fermi
level in the bandgap, the formation energies of the neutral states HY. and H%
are either higher than the formation energy of Hj, (for Fermi levels in the lower
midgap), or higher than the formation energy of Hy. (for Fermi levels in the upper
midgap). This means that if the material is electron-defficient (p-type), hydrogen
will tend to donate its electron to the conduction band, forming the Hj . species
and consequently acting as a donor. If the material is electron rich (n-type),
hydrogen will tend to capture and extra electron from the conduction band, forming
the H;. species, and therefore behaving as an acceptor. In short, hydrogen will
tend to always counteract the prevailing conductivity, and to act as an amphoteric

impurity.

It should also be pointed that, at some value of the Fermi level in the bandgap,
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the formation energies of the Hf, configuration and the Hy configuration are
found to be equal. This defines a transition level, loosely designated E(+/—),
which is particularly popular among theorists, because it corresponds to a tran-
sition between ground state configurations, which are easily accessible via total
energy calculations with conventional methods. Theoretical works therefore tend
to overlook the experimentally accessible neutral states and the corresponding
transition levels, by concentrating in the +/— transition level and, at most, at
the lowest formation energy neutral state. Also, it is even more difficult to ad-
dress theoretically the metastability issue of the neutral species, which is never-
theless established experimentally in firm grounds for Si and other semiconductors
[Bon02, Bon03, Est87, Hol91]. These difficulties do not facilitate the comparison
of experimental information with theoretical calculations.

The amphoteric behaviour of hydrogen is not exclusive of Si, but is common to
other technologically important semiconductors. Evidence for this, both theoretical
and experimental, have been accumulated for Ge [Bud00, Dob04], diamond, GaAs
[Lic03] and GaN [Nen95l
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Figure 1.1: Formation energies of interstitial Hj,, H} and Hy in silicon, as a
function of the position of the Fermi level in the bandgap [Her01]. The neutral
state is never stable, for any position of the Fermi level, implying that the acceptor
level —/0 lies lower than the donor level 0/+4. In this negative-U situation, the

conversion level +/— plays an important role in the theoretical conjectures.
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1.3.2 Hydrogen as a source of conductivity

Amphoteric behaviour of hydrogen in semiconductors is, as pointed above, com-
mon to many of the most technologically relevant semiconductors. It implies that
isolated hydrogen acts as a compensating centre, and not as an electrically active
impurity.

The possibility that hydrogen behaved as a source of conductivity in materials
had been raised as early as 1954 by E. Mollwo [Hei59, Mol54], who observed signifi-
cant changes in the conductivity and luminescence of ZnO crystals upon heating in
hydrogen atmosphere at high temperatures (above 500 °C). However, this subject
only reappeared in 1999, with the discovery of a muonium state in CdS with a very
small hyperfine interaction and an ionization energy of 26 meV [Gil99]. Parallel
theoretical work predicted that hydrogen behaved as a shallow donor in ZnO as
well [VAWO00]. This prompted the finding in ZnO [Cox0la] of a muonium state
similar to that found in CdS and the other cadmium chalcogenides CdSe and CdTe
[Gil01].

This field has since then known intensive developments in many fronts:

(i) the shallow donor state in ZnO has been thoroughly scrutinized by many
experimental methods and has been confirmed by EPR/ENDOR [Hof02] and IR
measurements [Lav02, McC02].

(ii) #SR investigations in ZnO and the cadmium chalcogens have characterized
exhaustively the shallow-donor muonium states [Alb01, Cox0la, Cox01b, Cox03b,
Gil99, Gil00, Gil01] and suggested its location at an antibonding site [Gil01, Shi02].
The extended atomic orbital characteristic of the shallow donor wavefunction has
also been investigated by probing the electron interaction with the nearest nuclei
[Lor01]. Measurement of the g-value of the muonium electron were done and the
results are consistent with known g-values for conduction electrons, which is a
strong support for the shallow-donor model [Lor04]; this has prompted further
technical developments in order to determine experimentally the sign of the g-
factor as well [Lor06]. Experiments in p- and n-type CdTe have addressed the role
of the interaction of the muonium states with impurities, and revealed the same

electronic structure for the muonium centers, albeit with significantly different
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formation probabilities [Cor04].

(iii) similar muonium states have been found or proposed in oxides (BaO, CdO,
CeOy, HfOy, SnO,, TiO2, WO3, Y503, ZrOs) [Cox06a, Cox06b], nitrides [Dav03,
Shi04] and chalcopyrites [Vil03b]. Such developments have been prompted by
theoretical calculations suggesting that the +/— conversion level might be located
at a fixed value in an absolute energy scale [Kil02, Rob03, VAWO03], for a wide
range of semiconductors.

(iv) hydrogen-induced surface conductivity effects were also found in diamond
[Mai00, Str04], and in ZnO [Wan05].

1.4 Isolated hydrogen in zinc II-VI compounds

1.4.1 Zinc II-VI compound semiconductors for optoelec-

tronics

The zinc chalcogenides have been considered for long as potential candidates for
use in optoelectronics applications in the blue/green region. However, progress was
hampered by the common tendency of these materials (and of II-VI semiconductors
in general) to unipolarity: ZnSe and ZnS are usually n—type and resist to p—type
doping, and the inverse happens with ZnTe [Cha94, Des98, Zha(2].

The interest in these materials, particularly in ZnSe, resurged in the 1990’s, with
the possibility of incorporating nitrogen acceptors above the equilibrium solubility,
by beam doping during molecular beam epitaxial growth [Ohk91, Par90]. This
allowed to produce reproducible p-type ZnSe films.

ZnSe has since then been thoroughly investigated, not only for the develop-
ment of laser applications in the blue-green region [Gun97], but also for infrared
optical applications [Gav03]. More recently, novel possible applications have been
considered, such as using it as the photoconductive medium for the generation
of terahertz radiation [Hol03, Kli05], or as the semiconductor layer in ferromag-
netic/semiconductor heterostructures for spintronics applications [Edd06]. ZnTe

has also appeared recently as a promising room-temperature ferromagnetic semi-
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conductor, upon being doped with chromium [Oza06].
In the following paragraphs, we shall summarize the basic characteristics of
the zinc chalcogenides, with a special emphasis on the doping problem in these

materials.

Essential characteristics

The zinc chalcogenides ZnSe, ZnS and ZnTe all crystallize in the zinc blende struc-
ture?, which has the translational symmetry of the face-centered cubic lattice. The
conventional unit cell is depicted in Fig. 1.2. The most important interstitial posi-
tions can be seen there: the cation tetrahedral cage, surronded by four cations, the
corresponding anion tetrahedral cage, and the bonding positions - bond-center,
antibonding to the cation and antibonding to the anion. Some other positions
are sometimes considered in the literature, but the above mentioned are the most
important from both the theoretical and the experimental point of view.

The cation and anion cages are particularly important in the discussion of the
interstitial hydrogen in its various charged states. Its is commonly anticipated that
the negatively charged ion H™ is stabilized in the positively-charged environment of
the cation cage and that the positively charged ion H* prefers negatively charged
regions around the anion cage. Of course, this naive view contains some heuristic
value, but is found to be broken easily for the positive species (a proton) in highly
covalent materials, where it easily forms chemical bonds within the material and
may become stable at unexpected sites such as the bond-centre. In ionic com-
pounds, it seems however that a more conventional location of H* in the anion
cage is preferred, although the existence of chemical bonds with the anion may
mean that the respective location is closer to the antibonding site than the actual
center of the anion tetrahedron.

Table 1.2 summarizes the essential physical and electronical properties of these
compounds. ZnS, ZnS and ZnTe all present a direct bandgap, whose minimum

value in the reciprocal lattice is found at the I'" point in the centre of the Brillouin

3 Actually, the prototypical compound of this crystallographical structure is ZnS, which is the

zinc blende.
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Figure 1.2: Conventional unit cell of the zinc blende structure: white circles in-
dicate the group-II cation and grey circles denote the group-VI anion. The most
important interstitial positions along the [111] direction are shown: bond-centre
(BC), anion tetrahedral (Tyr), cation tetrahedral (Tyr), anion antibonding (ABvyy)
and cation antibonding (ABy).



12 CHAPTER 1. HYDROGEN IN SEMICONDUCTORS

zone k=(0,0,0) [Ber87]. For ZnTe, the gap value corresponds to transition in the

green /blue region, and in ZnSe and ZnS these lie already in the ultraviolet zone.

Material a (A) E, (eV) x ¢ m’/my md/my p(gem3) Op (K)

ZnS 5.41 3.68 3.9 7.5 0.28 0.49 4.09 350
ZnSe 2.67 2.7 4.09* 6.82*  0.16 0.57 5.27 271
Zn'Te 6.1 2.26 3.53* 5.76*  0.11 0.6 5.636

Table 1.2: Essential properties of the zinc chalcogenides : a - lattice parameter
at RT, E, - bandgap at RT, x - electron affinity, ¢ - photoelectric threshold (¢ =
E,+x), m? - electron effective mass at the bottom of the conduction band, m{ - hole
effective mass at the top of the valence band, p - density, ©p - Debye temperature.
All values were obtained in Ref. [Mad82], except those marked with * which are
from Ref. [Swa67].

The doping problem

As mentioned above, the zinc chalcogenides in particular and the II-VI materials
in general present a strong tendency to unipolarity, and usually are easily doped
in one of the types and resist being doped in the other type. ZnSe and ZnS are
usually n—type and hard to obtain p—type; ZnTe is usually p—type, but resists to
n—type doping [Cha94, Des98, Zha02].

A phenomenological ”doping limit rule” has been proposed to explain these
differences [Zha98], depending on the position of the valence band maximum and
the conduction band minimum with respect to vacuum and to pinning levels. In
this model, it is more probable not to achieve low-resistance p-type doping with a
deep valence band maximum (e.g. ZnSe and ZnS). Also, a higher conduction band

minimum turns it more difficult to obtain shallow donor levels (e.g. ZnTe).
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A number of microscopic reasons have been raised to justify this behaviour. The
compensation by native defects is a popular topic, but it seems not to be enough
to justify the poor p—type doping in ZnSe [Lak91, Lak92], where the low solubility
of the dopant appears as a much more important factor [Neu89, VAW93b]. The
experimental success in achieving p—type doping in ZnSe has been obtained by
increasing the solubility of the dopant beyond its equilibrium value, in the already
mentioned N-doped MBE films [Ohk91, Par90]. Positive results have been achieved
as well in bulk ZnSe:Sb samples, by forming quasi-stable non—equilibrium states
via thermal treatments and subsequent quenching to RT [Pro02].

The passivation by formation of complexes with native defects and/or impuri-
ties seems to play an important role as well: the formation of DX centers hinders
n-type doping in ZnTe [Cha94]. In ZnSe, complexes of donors with zinc vacancies
have been reversibly formed by thermal annealing in different zinc atmospheres
and identified via EPR and positron annihilation [Geb02, Irm01, Pro00]; these
works clearly establish the possibility of controlling the conductivity of ZnSe by
this method.

1.4.2 Hydrogen in zinc chalcogenides
Complexes of hydrogen

Very little is known about the complexes of hydrogen in II-VI semiconductors
in general, and in the zinc chalcogenides in particular. Most of the information
concentrates on the nitrogen acceptor in ZnSe, whose interaction with hydrogen has
been thoroughly investigated, both experimentally [Ho95, Ho97, McC99, Tou00]
and theoretically [Tor03]. These investigations established the role of hydrogen in
the passivation of nitrogen in ZnSe:N. A similar role might be played regarding
other impurities in ZnSe, namely the As and P acceptors [McC99, Tor03].

More recently, post-growth H irradiation was found to passivate oxygen impu-
rity levels in ZnTe and Zn(Te,S), but not in Zn(Se,O) [Fel04, Pol04].

The research has also begun in ZnTe, where passivation of deep acceptors Or,
in bulk ZnTe [Bhu98, Bos99] and of nitrogen acceptors in MBE-grown ZnTe films
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[Pel98] was found.
In the remainder II-VI's, CdTe has received particular attention [McC99]. In

this compound, arsenic acceptors are found to be neutralized by hydrogen [Cle93].

Isolated hydrogen: terra incognita

The information about isolated hydrogen in the zinc chalcogenides up to now is even
more limited than that regarding hydrogen complexes. Up to now, only limited
exploratory work is available, both from theoretical and experimental point of view.

From the theoretical side, Kili¢ and Zunger refer having calculated [Kil03] the
equilibrium locations of HT, H® and H™ in the zinc chalcogenides to be the bond-
centre BC for the neutral and the positive species; the negative center prefers
the cation tetrahedral cage T z,. However, the detailed calculations have not been
published. These locations disagree with those presented by Van de Walle for ZnSe
[VAW02], who finds the cation antibonding site ABy, as the most stable for the

neutral and negative species. These results are summarized in Table 1.3.

Species Location [Kil03] Location [VdW02]

Ht BC BC
HO BC ABZn
Hi TZn ABZ?’l

Table 1.3: Equilibrium locations for the differently charged hydrogen states in
ZnSe, according to Kilig and Zunger [Kil03] and according to Van de Walle
[VAWO02]. Kilig and Zunger refer having calculated the same sites also for ZnS
and ZnTe. BC stands for the bond centre site and ABy, stands for the cation

antibonding site.
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In both references [Kil03] and [VAW02], the authors present results for the posi-
tion of the acceptor level (-/0) and the donor level (+/0). For convenience in their
calculations, Kili¢ and Zunger adopt a definition of the values which maximizes
its absolute value, namely referring the acceptor level with respect to the conduc-
tion band and the donor level with respect to the valence band. They thus define
I'(—/0) as the position of the acceptor level below the conduction band minimum
and I'(+/0) as the position of the donor level above the valence band maximum.
No number is quoted in both references, but these levels are both shown in fig-
ures (Fig. 6 of ref. [Kil03] and Fig. 1 of ref. [VAW02]), from where they can be
extracted.

The position of these levels is affected by the usual underestimation of the
bandgap in the LDA approach, which is calculated for ZnSe to be 1.25 eV in ref.
[Kil03] and 2.03 eV in ref. [VAWO02]; the experimental value is 2.7 eV. Kili¢ and

Zunger propose correcting the levels with the following practical expressions:

Leorr(—/0) = Tiaa(—/0) + 0.22 AE, (1.1)
Leorr(+/0) = Tiaa(+/0) + 0.67 AE, (1.2)

where the subscript corr indicates corrected values and the subscript lda denotes
the calculated LDA values. AEg:E§$p—Elgd“ is the difference between the experi-
mental bandgap E{™ and the calculated value EX*. The LDA-calculated values of
['(+/0) and I'(—/0), for the three zinc chalcogenides ZnSe, ZnS and ZnTe, as well
as the corresponding values corrected with egs. 1.2, are summarized in table 1.4.

Van de Walle refers the problem as well, but indicates no correction. However,
his Fig. 1 showing the levels plotted in a 2.7 eV bandgap (and not in a 2.03 eV
one) suggest the existence of some unexplained correction.

The values of I'(—/0) and I'(+/0) for ZnSe, extracted from Fig. 6 in ref. [Kil03]
and Fig. 1 in ref. [VAW02] are shown in table 1.5. Unsurprinsingly, attending to
the referred divergence in the equilibrium locations, the values show very large
differences. We also show the corresponding levels and bandgaps for ZnSe, ZnS
and ZnTe, taken out from Fig. 6 in ref. [Kil03].
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Material T40(—/0) Teorr(—=/0) Tiga(4+/0) Teorr(+/0) Bandgap (LDA)

ZnS 1.4 1.9 2.6 4.1 1.3
ZnSe 0.8 1.12 2.1 3.1 1.25
Zn'Te 1.2 1.24 1.3 1.4 2.1

Table 1.4: Position I'j4,(—/0) of the acceptor level below the conduction band min-
imum and position I'j4,(+/0) of the donor level above the valence band maximum
in the zinc chalcogenides, as calculated with LDA in ref. [Kil03]. The correspond-
ing values I'cop-(—/0) and T'copr(+/0) resulting from the correction with expressions

1.2 are also shown, together with the LDA-bandgaps.

Reference Method ['(—=/0) T'(+/0)
Kil03] LDA 0.8 2.1
[Kil03] LDA - corrected 1.12 3.1
[VAWO02] LDA - corrected? 2.0 2.1

Table 1.5: Position I'(—/0) of the acceptor level below the conduction band mini-
mum and position I'(+/0) of the donor level above the valence band maximum in
ZnSe.
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Despite the large differences, both agree to place the acceptor level below the
donor level in the bandgap, suggesting that hydrogen constitutes a negative-U
centre in ZnSe.

Regarding the existing experimental information, it is limited to prospective
SR measurements done in the II-VI’s in the middle 1980’s by Schneider et al.
[Sch86]. There the authors found evidence of Mu states with large hyperfine in-
teraction in ZnSe and ZnS (respectively 3456.7 MHz and 3547.8 MHz). The value
for ZnSe compares well with the calculated value (3333 MHz) for the muon at the
cation tetrahedral site [VAW93a]. However, this investigation was not pursued.

The interest in a thorough investigation of the muonium states in the zinc
chalcogenides gained a new impetus with the exciting developments in the re-
spective cadmium counterparts, together with the progresses in the theoretical
investigations of isolated hydrogen in wide bandgap compound semiconductors, as

described above. This will be the arena of the work now presented.
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Chapter 2

The SR techniques

O rodas, 6 engrenagens, r-r-r-r-r-r-r eterno!
Forte espasmo retido dos maquinismos em furial
Em furia fora e dentro de mim,
Por todos 0s meus nervos dissecados fora,
Por todas as papilas fora de tudo com que eu sinto!
Tenho os ldbios secos, 6 grandes ruidos modernos,
De vos ouvir demasiadamente de perto,
E arde-me a cabega de vos querer cantar com um excesso
De expressdo de todas as minhas sensacoes,
Com um excesso contempordaneo de vds, 6 mdquinas!*
Alvaro de Campos
Ode Triunfal

2.1 Introduction

The set of experimental techniques which use positive or negative muons as probes
in condensed matter or gases is collectively known as uSR. This acronym was
coined by Yamazaki, Nagamine, Crowe and Brewer in 1974 [Bre99]. In their own
words: "uSR stands for muon spin rotation, relaxation, resonance, research or

what have you.” .

'Free translation: ”O wheels, o gears, eternal r-r-r-r-r-r-r! Strong repressed spasm of infuri-
ated mechanisms! Infuriated inside and outside me, outside by all my desiccated nerves, by all
the taste buds outside everything which I feel with! My lips are dry, o great modern noises, of
hearing you too closely, and my head fevers from wanting to sing you with an excess of expression

of all my sensations, with an excess contemporary of you, o machines!”
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The muon (x) and its respective muonic neutrino v, constitute the second
lepton family in particle physics standard model. The muon exists in two charge
states, u™ and p~, which are antiparticles of each other. Negative muons are
attracted by atomic nuclei upon implantation, rapidly cascading to 1s muonic
orbitals with an extremely small radius (~ 250 fm) [Nag99]. Positive muons, being
repelled by nuclei, occupy positions generally much farther apart and its subsequent
behavior is essentially determined by the details of the material electronic structure.
Consequently, the commonest muon techniques for condensed matter studies are
based in the implantation of positive muons in matter, negative muon beams being
of much more restricted use [Mam99, MamO06]. In this work, only positive-muon
techniques have been used. In the remainder of this text, the shorter designation
'muon’ will always mean ’positive muon’.

The systematic description of the uSR techniques much exceeds the objectives
of this chapter. This can be found elsewhere [Bre94, Cho98, Cox87, Pat88, Sch85].
Here we shall limit ourselves to brief words on the fundamentals of the positive-
muon-based techniques and to the essential features of the subtechniques used in

this work.

2.2 u' as a light pseudo-isotope of hydrogen

" Who ordered that?”?

In this work, we use the similarity between the proton and the muon, as ex-
pressed in table 2.1, which becomes more evident when considering the corre-

sponding atoms, as summarized in table 2.2, where protium [p*,e”] and muonium

3

[uT,e”], corresponding to an electron bound to a positive muon®, are compared.

2Comment of I. Rabi, when informed about the leptonic nature of the muon [Jun99)].
3In particle physics, the designation muonium is reserved for the positive muon/negative muon

[T, ™) bound system. However, in condensed matter physics and chemistry, the historically
older designation muonium, due to Pontecorvo [Hug00, Pon58|, has been kept, with no danger

of confusion.
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muon proton

charge/e +1 +1
spin/h 1/2 1/2
mass/mp 0.1126 1
Gyromagnetic ratio (MHz T~')  135.54  42.58
Lifetime/ jis) 2.19703  stable

Table 2.1: Muon and proton properties compared. The muon’s mass is approxi-
mately 1/9 of the the proton’s mass m, and its gyromagnetic ratio v, = g, p,/h

is larger than the proton’s by approximately a factor of 3.

Mu H
Reduced mass (me) 0.995187  0.999456
Binding energy in the ground state (eV)  13.54 13.60
Hyperfine parameter (MHz) 4463 1420.4
Gyromagnetic ratio/ (MHz T~1) 135.54 42.58

Atomic radius in the ground state (A) 0.531736  0.529465

Table 2.2: Muonium (Mu) and hydrogen (H) properties compared. The factor
of 3 between the hyperfine parameter of ground state muonium and ground state
protium basically arises from the corresponding relation between the nuclei mag-
netic moments, the electron density at the nucleus being basically the same: when

scaling the hyperfine parameter of Mu by the nuclei magnetic moment relation we
obtain 1402 MHz.
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Table 2.1 summarizes the physical properties of the muon, and compares it with
the proton. The mass of the muon is only about 1/9 of the mass of the proton, but
c. 206 times larger than the mass of the electron. The corresponding gyromag-
netic ratio of the muon is therefore larger than the proton’s. Of course, from the
fundamental particle physics point of view, muons and protons are most different
particles, muons being elementary leptons and protons compound hadrons. How-
ever, from the chemical point of view, the positive muon is far closer to the proton
than to the positron, muon’s lighter leptonic counterpart. This is eloquently ex-
pressed in table 2.2, where the two hydrogenic atoms protium and muonium are
compared.

As expressed in tables 2.1 and 2.2, the positive muon can thus be seen, in the
context of condensed matter physics, as a pseudo-isotope of hydrogen, with one
ninth of its mass. The mass difference should of course be taken into account par-
ticularly when considering mass dependent properties, such as diffusion coefficients,
but the electronics and chemistry are not expected to show much difference, except
that arising from differences in zero-point energy, as we have already pointed out
in the previous chapter [Cox03b, Her06]. For mass-dependent properties, the muon

allows to extend isotopical studies into the lighter region.

2.3 Muonium

2.3.1 Preliminary remarks

As we shall see in section 2.4, the muon spin techniques rely on the possibility of
following the evolution of the muon spin polarization upon implantation of nearly
100% spin-polarized muons in samples of the material under investigation. In the
implantation process already, the possibility that the muon captures an electron,
forming paramagnetic muonium, plays an important role in the final experimental
outcome. We thus find it more adequate to begin by a summary of the essential

physics of muonium in materials, relevant to this work, before discussing the details
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of muon production, implantation in materials and subsequent thermalization.

Paramagnetic neutral muonium is easily distinguished due to the hyperfine
interaction between the muon spin and the electron spin [Bra03]*. This leads
to characteristic precession frequencies of the muon spin in the presence of the
hyperfine field. These precession frequencies of the muon present a distinctive
behaviour with an applied magnetic field, as we move from the Zeeman régime
where the hyperfine field dominates, to the Paschen-Back régime where the applied
field is preponderant. Such studies, based upon the precession (or rotation) of the
muon spin, are also designated muon spin rotation studies.

Despite the pure hyperfine frequency being observable in zero-field (the muo-
nium "heartbeat” signal [Pat78]), the observation of the characteristic applied-
field-dependence of the muonium precession frequencies requires that the applied
field has a component perpendicular to the muon spin. Such spectroscopic studies
are therefore best done in the transverse field geometry, where the external mag-
netic field is applied perpendicularly to the muon initial spin polarization. However,
as shall be detailed below, the existence of muonium dynamical processes pre— or
post—thermalization may lead to significant depolarization of the muon spin, thus
preventing its study by the spectroscopic transverse-field method. In such cases, it
is usually nevertheless possible to quench the muon polarization by application of
an external magnetic field parallel to the initial muon spin. Such longitudinal field
quenching experiments allow much insight into the strength of the depolarization
mechanism. In these experiments, the polarization decay may be observed in the
time spectrum as a polarization relaxation, thus providing access to the depolar-
ization rates. Such longitudinal-field studies are therefore usually designated by
muon-spin-relaxation studies.

The quenching of the polarization in a longitudinal field also opens the door to a
further method of accessing the final muonium states formed upon depolarization:
if the final state is thought to be diamagnetic or, being paramagnetic, its hyperfine
interaction is presumably known, then it is possible to force transitions among

the corresponding levels by means of resonant electromagnetic radiation. In longi-

4Cf., in the cited reference, its section 5.3.
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tudinal field geometry, such induced transitions will in general further depolarize
the muon spin. The presence of the muonium state under investigation will then
be established through the comparison of the longitudinal field polarization with
and without excitation by means of electromagnetic radiation. This method is far
more useful for the investigation of final diamagnetic states, since the excitation
frequency then simply corresponds to the well-known Larmor frequency. Suitable
values of this frequency fall into the radio-frequency domain (50-200 MHz). This
muon-spin-resonance subtechnique is then also usually known as radio-frequency-
SR (RF-pSR). In favourable cases where the hyperfine interaction of a paramag-
netic muonium state is known, it is also possible to perform these studies, though
then it may be preferable to use higher excitation frequencies, falling already in
the microwave region (1-2 GHz) [Kre94].

In this section we will summarize some useful theoretical considerations on the
hyperfine structure of the muonium atom and on the muonium dynamics. We leave

for the next section a brief introduction to the basic uSR techniques.

2.3.2 Hyperfine structure of the muonium atom

The spectroscopy of muonium began [Hug60] in the domain of atomic and particle
physics, where the hyperfine structure of this exotic atom has been (and still is)
object of intense research [Bai71, Cle72, Hug00, Jun99, Liu99, Tho73] since it pro-
vides an ideal benchmark for extremely precise tests to quantum electrodynamical
models, being an atom with a purely punctual and leptonic nucleus .

Inside solids, the positive muon may eventually capture and electron, which
becomes bound by its attractive coulombian force. However, in such dense elec-
tronic media, the purely atomic description of muonium formed in vacuum or
gases no longer applies. In the simplest cases, the electron wavefunction is still
isotropic (i.e. spherically symmetric), but its density is changed with respect to
the vacuum value. But other configurations are often found, most importantly the
bond-centred configuration characterized by an axially symmetric wavefunction.
When this Mugc configuration was first observed, it was labelled ”anomalous” or

7anisotropic” muonium, by contrast to the "normal”, isotropic muonium. With
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the development of the understanding of the muonium configurations in solids,
“anomalous” muonium is now usually labelled Mugs and "normal” muonium is

identified with the tetrahedral cage configuration, thus Mury.

Isotropic ”normal” muonium

For 1s isotropic muonium, the relevant hyperfine hamiltonian simply corresponds
to the well-known Fermi contact interaction [Bra03, Sch85] between the muon spin

S, and the electron spin S.:

H = hAS, - S, (2.1)

where the hyperfine interaction A is simply proportional to the electron density at

the muon |[¥y,(r = 0)*> = 1/mad:

po 8 gubtugeptn o 8T 2
A = — = = e \Ij s - 0 22
p — 1 3 kg 1B [Wis(r = 0)] (2.2)

where g, =2, g. = 2, 1, = eh/2m,, and pp = eh/2m, are the muon gyromagnetic
factor, electron gyromagnetic factor, muon magneton and Bohr magneton, respec-
tively. po is the magnetic permeability of the free space and aq is the Bohr radius.
The value of the hyperfine interaction in vacuum is A = 4.463302765(53) GHz
[Liu99]. As mentioned, in solids this value is in general smaller, due to admix-
ture with the surrounding atomic wavefunctions, but there are also (much rarer)
examples where the hyperfine interaction exceeds the vacuum value [Cox87].

1SR techniques being usually undertaken in the presence of an external applied
magnetic field B, the muon and electron Zeeman terms should be added to the

hamiltonian 2.1:

H=hAS,-S.— M, B-M, B (2.3)

where the muon and electron magnetic moment operators M, and M, can be

explicited in terms of the corresponding spin operators as:
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My = guhuu Sy (2:4)
Me _ _geﬁ/J/LB Se (25)

where the muon magneton p, and the Bohr magneton pp are given, as usual, by:

eh

— 2.
:uM 2mu ( 6)
eh
— 2.
My 2me ( 7)

Assuming, without loss of generality, that B = BIA<, eq. 2.3 becomes:

B o in B A . .
H=hAS, S, — 2 ’;L“ §,.+2 “hB S..=hAS, S. — w8, +wS.. (2.8)

where

we = 217, B (2.9)
wy = 27y, B (2.10)

and the muon and electron gyromagnetic ratios are, respectively,

Yu = Gubtu/h = 135.53 MHz/ T (2.11)
Ye = Geptn/h = 28024.21 MHz/T (2.12)

The eigenvectors and respective eigenvalues for hamiltonian 2.3 can be found
in table 2.3, where the |m, m.) set has been used as a base of the spin space. A
characteristic field By (By = 0.1585 T in vacuum) and a reduced field x are defined

as:

A
Ye + Vu

By (2.13)
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r=2 (2.14)

o (2O Y (!
<_(1+(%)2> - (aws) )

Eigenstate Eigenvectors (base |m, m.)) Eigenenergy
1) | ++) hA | o) B
2) sin(| 4+ —) + cos(| — +) _% + h(Veﬂu)Q\/WBg
3) - ) bt s
4) cosCl4 =) —sing|—4)  —bA _ Moctw) VEER

Table 2.3: Isotropic muonium eigenvectors and eigenvalues corresponding to the
Breit-Rabi hamiltonian 2.3. By and the amplitudes of probability cos( and sin(
are defined in equations 2.13 and 2.15.

The effect of an applied magnetic field on hyperfine levels was first considered by
Breit and Rabi [Bre31]. The corresponding diagram of the hyperfine energy levels
as a function of the applied magnetic field B is therefore usually known as the
Breit-Rabi diagram. The essential physics contained in table 2.3 arises naturally

through the consideration of the asymptotic limits B = 0 and B — oo. In the
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asymptotic limit B = 0 (or in the limit of small magnetic fields B << By), the two
spins add up to a total spin F=1, yielding a triplet F' = 1 state with energy h A/4

1) = [++)=|F=1mp=+1) (2.16)
12) = §|+—>+§|—+)=|F:1,WZO) (2.17)
3) = |—=)=[F=1mp=-1) (2.18)

and a singlet F' = 0 state with energy —3h A/4

V2 V2
In the high magnetic field limit B >> By, the muon and the electron spins are
decoupled and each then has the two Zeeman levels in the presence of the magnetic

field B:

1) — [++4) (2.20)
2) — |[—+) (2.21)
3) = [=-) (2.22)
4) — [+ ) (2.23)

Of course, if A =0 (or in the limit of ugp B >> h A), the two spins are free, and
each then has two energy levels in the presence of the magnetic field B, separated
by the Larmor energy up B.

The problem of muonium formation in matter being essentially one of sta-
tistical physics of quantum systems, it is best dealt with by the density-matrix,
p(t), formalism [Lan96, Tol79, Vil98]. The quantity of interest is essentially the

polarization p),(t) of the muon spin ensemble, which arises from the known result:

P (t) = Tr[p(t)&'u] (2.24)

where the density-matrix is defined as
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p(t) = = |1+ Put) - G+ pe(t) - Ge + Y PH(t)olor (2.25)

jk

1
4
Attending to the usual initial condition arising from muonium being formed

statistically with 50% electron spin up and 50% electron spin down:

1

p(0) = 7 [1+7.(0)- 3, (2.26)

The time dependent muon spin polarization projection in the muon incoming

direction can then be proved to correspond to a sum of muonium frequencies

Pu(t) =) G €08 270t (2.27)

nm

where the precession amplitudes a, and frequencies vy, = (E, — Ey)/h are
summarized in table 2.4. The 1 — 3 and 2 — 4 transitions correspond to forbidden

transitions and are not observed [Sch85]°.

nm Anm Vnm = ‘En_Eml/h

2
12 (cos()?/2 %_f_ (%—;u)B B (ve+w);/32+30

_ (Ye—) B + (Ye+7u) V BQ+B§
2 2

34 (cos()?/2

SIS

2
14 (Sln <)2/2 é + (PYE_;}L) B _|_ (’Ye"l"Yu) 2\/ B2+BO

2
23 (sin¢)?/2 |4+ (vef;M)B n (7€+W)‘2/32+Bo

Table 2.4: Isotropic muonium precession amplitudes and frequencies.

5Cf. p. 228 in the cited reference.
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Again, much insight arises from inspection of the asymptotic limits. In the

low-field limit (B << By), one has

(’76 - 7#) B

vy — - (2.28)
vy — A (2.29)
I _27“)3 (2.30)
vy — A (2.31)

The 114 and v34 are generally beyond the experimentally accessible range. Thus
only half of the muonium precession is accessible experimentally. The vy, and
the 153 coincide, but are here independent of the hyperfine interaction, simply
corresponding to a gyromagnetic ration of 1.4 MHz/G. Measurements at low fields
are therefore most useful to identify the presence of muonium, but nothing can be
extracted about the hyperfine interaction.

In the high-field limit, we have

vy — YuB-— é (2.32)
vy — YeB+ g (2.33)
Vo — Ve B — é (2.34)
e a5

Now, the higher v14 and the o3 frequencies are generally unobservable, and the
lower 115 and the v34 frequencies are symmetrically placed around the diamagnetic
line at 7, B, its difference being a direct measurement of the hyperfine interaction
A.

In figure 2.1, we depict a Breit-Rabi diagram including a clear view of the

crossing of the energies of the |1) and |2) eigenstates, which occurs at

Ye = Tu
B=—"-A 2.36)
29 (
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| m=- 1/ 2, me:+1/ 2>
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Figure 2.1: Energy eigenvalues of the isotropic muonium hyperfine hamiltonian
2.3, as a function of the applied magnetic field B. This diagram is usually known
as the Breit-Rabi diagram. We have used a fictitious value of 7. (7. = 37,), in
order to display more clearly the essential features of this diagram. We draw as
well, as dashed lines, the asymptotes of the non-linear eigenenergies of the |2) and

|4) eigenstates.
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In order for this crossing to be clearly visible, a fictitious value of 7. (7. = 3v,)
was adopted in figure 2.1. A Breit-Rabi diagram with the real value of 7, is
shown in figure 2.2, for A = 3454.26 MHz, which, as we shall see in chapter 4,
corresponds to the hyperfine parameter of the most stable muonium state in ZnSe.
The transition frequencies corresponding to this value of A are shown in figure 2.3,
where the level crossing corresponding between levels |1) and |2) is seen to occur

at 12.7 T. The corresponding transition amplitudes are plotted in figure 2.4.

5 T T T T T T T T
A = 3454.26 MHz 11> —

Energy/(hv)

0.0 0.2 0.4 0.6 0.8 1.0
B (1)

Figure 2.2: Low-field detail of the (non-fictitious) Breit-Rabi diagram for isotropic
muonium with A = 3454.26 MHz. This value corresponds to the hyperfine inter-
action of the most stable muonium state in ZnSe, as we shall see in chapter 4. The

dashed lines represent the high—field asymptotes of the |2) and |4) eigenstates.

Anisotropic ”anomalous” muonium

The above formalism may be easily extended to the case where the electronic
wavefunction is not isotropic, as in the bond-centred state found in silicon. The
hyperfine interaction parameter now becomes a 2"4-rank hyperfine tensor and the

hamiltonian writes:

H=hS,-A-S.—M,-B-M. B (2.37)
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Figure 2.3: Hyperfine transition frequencies for an isotropic muonium state with
A = 3454.26 MHz (as in fig. 2.2), as a function of the applied magnetic field B.
The Larmor precession frequencies of the free muon and the free electron are drawn
as dashed lines, clearly showing that for high fields the 44 and the 53 frequencies
tend to v, & A/2 and that the 115 and the v34 frequencies tend to v, = A/2. The
latter is preceded by the 1 — 2 level crossing at 12.7 T.

1 A =3454.26 MHz

I

Precession amplitudes

Figure 2.4: Amplitude of the permitted hyperfine transitions for isotropic muonium
with A = 3454.26 MHz, as a function of the applied magnetic field B. The spectral
weight is seen to be transferred at high fields from the 1 — 2 and 3 — 4 transitions
to the 2 — 3 and 1 — 4 transitions.
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In the bond-centred case, the hyperfine tensor is axially symmetric and can be

written, in its proper coordinate system, as

A0 0
A= 0 A 0 (2.38)
0 0 A

where the A, perpendicular and A parallel components of the tensor can be
expressed in terms of an isotropic component A;,, and a dipolar component D as
[Sch85]:

AL = Aiso +D (239)
Aj= Ao —2D (2.40)

Though it is possible to express analytically the eigenenergies and eigenvectors
of the hamiltonian 2.37 for some important particular cases [Pat88], the general
solution can only be obtained numerically. As can easily be anticipated, the pre-
cession amplitudes and frequencies are now dependent not only of the applied
magnetic field B, but also from the angle between B and the symmetry axis of
the hyperfine center. We shall however go no further in the description of this
particularly important model, since the experimental data obtained in this inves-
tigation seem to require no more than the isotropic muonium model. For further

developments, see the ”classical” references [Pat88, Sch85].

Quenching of isotropic muonium polarization in a magnetic field

As mentioned in this section’s introduction, the quenching of the muon polarization
in an applied field parallel to the muon initial spin polarization is a powerful tool
when depolarizing mechanisms become important. Before moving on to the par-
ticulars of muonium dynamics, we present the theoretical framework for isotropic
muonium subject to no dynamical depolarization process.

We begin by noting that, in the process of muonium formation, the muon
captures an electron, forming, in the spin sub-space |m,, m.), one of the initial

states |+, +), |+, —), |—,+) or |[—, —). As can be seen in table 2.3, in the absence
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of any applied field (i.e., in zero-field), the states |4+, +) and |—, —) are eigenstates
of the Breit-Rabi hamiltonian and therefore stationary, whereas the states |—, +)
and |+, —) are superpositions of the 'Sy and 35S}, mp = 0, |2) and |4) states. For the
usual values of A, these muonium atoms formed in the latter non stationary states
will therefore oscillate with the hyperfine frequency between the |2) and |4) states
and depolarize too quickly to be observed. Thus the observable polarization is only
50%. In the high-field Paschen-Back régime, the initial states will all correspond
to eigenstates, and therefore the polarization will be preserved.

The formation of muonium may be thus probed by means of the characteristic
variation of the polarization with an applied longitudinal field. The correspon-
dent time— and field-dependent polarization is found to be, for isotropic muonium
[Pat88]:

p(t) = a) + w COS 2oyt (2.41)
where
a| = (cos2¢)* + w (2.42)

and the frequency vy is, from the values of table 2.3.

vos = (Y. +ve)\/ B? + B} (2.43)

Vo4 is in general too high to be experimentally visible and the corresponding
parcel in equation 2.41 thus simply averages out to zero. The observed polarization

then results

1 x?

R (2.44)

An example of this field-dependent polarization curve is shown in figure 2.5,
where we have once again used the value A = 3454.26 MHz. This curve reflects
once more the basic physics already discussed in the preceding section. for low
fields half of the polarization is lost, and at high fields the muonium states formed

correspond to eigenvectors and are therefore stationary, the muon spin polarization
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being preserved. Such curve is therefore appropriately known as a repolarization
curve.

Such characteristic variations of polarization with applied field constitute a very
powerful tool to probe the formation of muonium, even in cases where it is subject
to strong dynamical interactions that lead to the loss of muon spin polarization,
thus preventing its direct spectroscopical identification. This loss in muon spin
polarization is often designated "missing fraction”. In such cases, as we shall see
below, the repolarization curves can be distorted with respect to the shape of eq.
2.44.

The first identification of muonium formation in solids has actually been pos-
tulated based upon the existence of "missing fractions” and obtained by means of
repolarization curves [Ferb7, Fer60, Sen57], even before direct spectroscopic iden-

tification in transverse field was possible [Hug60].
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Figure 2.5: Dependence of the muon spin polarization with the applied longitudinal
magnetic field B, for an isotropic muonium state with A = 3454.26 MHz. The spin
polarization is shown to vary from 50% at zero-field up to 100% at high-fields. This

curve is therefore known as a repolarization curve.
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2.3.3 Muonium dynamics

If dynamical processes such as charge or spin—exchange exist, these will induce a
depolarization of the muon spin. This simply arises from the finite lifetime of the
converting state, as can be seen from the following very simple argument. If a state

1 is converting to a state 2 with a rate A = 1/7, where 7 is the lifetime of state 1:

then the polarization change dP; of state 1 in a time interval dt will be

dP, = —\ P, dt (2.46)

implying an exponential relaxation of the corresponding polarization

Pi(t) = P} exp(—At) (2.47)

If X is inside the experimental frequency window, it is possible to have access to
these conversion and/or inter-conversion processes, which appear via relaxation of
the corresponding states’ polarization. If A is too high, then the entire polarization
of the converting state is lost before it can be observed and a "missing fraction” in
the polarization is detected. In such conversion cases, the precession frequency of
the final state can nevertheless be observed and the existence of a prior conversion
process can be inferred from the shifting of the precession phase, as we shall see.

The general form of the polarization of muonium subject to interconversion
dynamical processes can then be written as a sum of exponentially relaxing phase-

shifted precession frequencies [Pat88]:

P(t) = Z A €XP (— A ) €08 (27Ut + Opim) (2.48)

nm
Muonium dynamics has been the object of intensive theoretical treatment over
the years [Cho94, Dua03, Pat88, Sch85, Smi94]. We shall not here delve it deep,
but rather concentrate on two approaches with proved much useful in the course of

this investigation: firstly presenting a simple approach to the problem of conversion
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between two isotropic muonium states, as seen in transverse field, and then sum-
marizing some essential results from the Nosov-Yakovleva theory for spin/charge-
exchange muonium dynamics, as probed by longitudinal field methods. While these
two selected examples are far from covering the entire spectrum of this ample field,
they nevertheless contain most of the essential features common to all dynamical

approaches, independently of their degree of sophistication.

Conversion between muonium states: a simple approach

The conversion of an initial state, after some lifetime, to a final state gives rise to
a change in the precession frequency. If the initial state lives long compared to the
observation time, only the spin precession of the initial state is observed. In the
other extreme of a short lifetime, one sees only the precession of the final state, but
some effects of the precursor state might still be detectable as a phase shift or a
reduction in amplitude. Since the lifetime often depends on temperature, one may
observe a transition from one extreme to the other as a function of temperature.
A general treatment of the spin precession in the conversion region is given in
Ref. [Mei82]. In the high-field case, the simple one-dimensional formula as given
e.g. in Ref. [Mos83] and Ref. [Kie86] can be applied. The polarization of muons
at state I, detected via frequency w; and with initial polarization Pj, converting at

an instant ¢’ to a state II, detected via frequency wi:

P'(t) = PO —t)coswrt + POt — t') cos [wrr(t — ') + wy t'] (2.49)
where ©(x) represents the step function

1 of >0

O(z) = { 0 it <o (2.50)

Assuming that the conversion time ¢’ follows a Poisson distribution with mean
conversion time 7, then the fraction df of muons converting from Mu; to Muy; in

the infinitesimal time interval [t', ¢ 4 dt'[ is simply:
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1 t
df = —exp (——) dt’ (2.51)
T T

The total polarization for the muon ensemble arises from the sum

P(t) = /0 " P s (2.52)

and the result of the integration is:

AP(t) = Pexp(—t/T)cos(wrt)

i cos(wir t — tan™*(Aw 7))
1+ (AwT)?
Prexp(=t/7) cos(wi t — tan™ ! (Aw 7)) (2.53)
1+ (AwT)?

where Aw = wip —wp > 0. The first term in eq. 2.53 represents the relaxation of
component I with the rate 77! corresponding to the lifetime of the state, the third
term introducing as well a phase-shift and amplitude decrease of that component,

at the the same relaxation rate 77!

. The second term gives the increase of the
amplitude of component II due to the conversion. The amplitude, if not relaxing
otherwise, is constant and depends critically on the product Aw 7. The conversion

introduces a phase shift that also depends on Aw 7.

Spin-charge exchange dynamics probed in longitudinal fields

Already in the very first muonium studies via the respective repolarization curves,
it was found that the experimental curves deviated from the simple expression 2.44,
full polarization not being attained as expected. This was interpreted as a sign of
charge-exchange processes sufficiently slow to cause enough depolarization [Fer60].
Nosov and Yakovleva [Nos63] have developed subsequently a refined density-matrix
approach assuming depolarization of the muon spin induced by electron spin-flips

at a rate 2v.

[t e 5 [t e (2.54)
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They have further assumed this depolarization process to be still a consequence
of the muon stopping mechanism, and thus to be over after a meantime 7.

Nosov and Yakovleva have explicitly considered the limiting cases of fast and
slow electron spin relaxation. In the latter case (fast electron spin relaxation,
v >> m, where w;, = 27y, B is the Larmor frequency), the muon spin

polarization is simply found to relax exponentially with time:

P(t) = exp (—@) (2.55)

the average polarization resulting as a consequence of the dynamical process is:

F:iémpﬁﬁmp(—z)gé o (2.56)

)t 1+wir/iv
In the case of slow electron spin relaxation (v << /w2 +w?), the authors find
convenient to distinguish two situations :
i)in the case v7 << 1 (i.e. meantime of the dynamical process much smaller

than spin-flip period), the average polarization results

1
2(1 + 22)

ii) in the case 7y/w¢ +w? >> 1 (meantime of the dynamical process much

larger than the muonium precession period), it is expressed as:

P= {1 + 222 + ! } (2.57)

14 (1 + 2?)wit?

1+ 222
P = 2.58
2(1+ 22 4+ v7) (2.58)

Ivanter and Smilga [Iva68, Iva71] have subsequently extended the Nosov-Yakovleva

theory for the entire range of electron spin depolarization and derived the following

formula for the muon spin repolarization in a longitudinal field:

s(A+a7)2 4272 (2?1 + () + 4
s(1+y7)2+272 (22(14¢)?) +1+ %

where x represents the reduced field defined in eq. 2.14 and + is a dimensionless

P= (2.59)

electron spin flip rate defined from the electron spin flip rate v and the hyperfine

parameter wy = 2w A:
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4
y =Y (2.60)

Wo

and ( is the ratio of the magnetic moments of the muon and of the electron:

Me
¢=He _ (2.61)
UB my,
The exponential decay of polarization with time in a longitudinal-field experi-
ment, found in eq. 2.55, is a general characteristic of isotropic muonium undergoing

cyclic charge exchange:

P(t) = Py exp (—i) (2.62)

A particularly useful analytical approximation for 7} was derived by Chow

[Cho94], for the case of different rates of electron capture and release by the muon:

Mu® — Mu* (2.63)
Ao

Mu* — Mu° (2.64)
At

the spin-lattice 1/T relaxation being found to be, in the limit 7 >> \;*:

1 1 )\0 /\:I: wg
I 2.
T 2<)\0+/\i> (/\3""*)%4 (265)

Equation 2.65 gives back the result found by Nosov-Yakovleva (eq. 2.55) when

A=Ay =vand v >> woy.

Despite its intrinsic limitations and the subsequent work on muonium dynamics,
the Nosov-Yakovleva simpler approach keeps its vitality and usefulness for the
experimentalist [Pat88].

Further approaches to the mechanisms of the muon spin depolarization include
the master-equation approach of Celio and Meier [Cel83] and the time-ordered
stochastic method adopted by Senba [Sen90, Sen93, Sen00]. Reviews of these
developments can be found, e.g., in refs. [Cho94, Dua03, Pat88, Sch85, Smi94].
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2.4 Production of polarized muon beams

Positive muons are naturally produced in the high atmosphere by nuclear reactions

of cosmic rays generating pions, such as:
p+p—p+n+m (2.66)

The pions rapidly decay into muons and neutrinos (mean life is 26 ns):

’7T+ E} M+ + v, (267)

For laboratorial experimental research, the same principle is used to produce
muons [Eat99]: protons are accelerated to high energies (typically 500 to 800 MeV)
and afterwards directed towards a target made of a light element (usually graphite
or beryllium), where the proton-nuclei reactions favour the production of pions as
in eq. 2.66. The pion decay follows according to eq. 2.67. The resulting muons are
collected, discriminated according to electric charge and directed to implantation

into the sample.

2.4.1 Muon decay

Muons are radioactive particles, decaying via weak interaction with a meanlife of

2.2 us, according to equation:

ut . et + v+, (2.68)

The usefulness of the muon as a condensed matter probe comes from its decay
reaction (eq. 2.68). In the muon’s reference frame, the positron is emitted with
a maximum kinetic energy E... = 52.3 MeV. Governed by the weak interaction,
the muon decay does not follow parity conservation, and this shows up as an
asymmetry in the positron emission direction. The probability dWW for emission
of a positron with energy in the interval [E, E'+ dE], in the directions inside the
cone with aperture angle between [, 6 + df] (defined with respect to the direction
of the muon’s spin), is defined by the expression [Jun99, Sch85]:
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G*m>
_ Bo(a 2
aw = 90 (3—2¢e)e”[1+ A(e)cosb]dedcosb (2.69)

where G//v/2 = 1.01 x 107°m,;? expresses the intensity of the weak interaction (m,,
is the proton’s mass), ¢ = F/Fy,.y is the energy of the positron normalized to the
maximum energy and A (¢) is a factor governing the asymmetry in the angular

distribution of the decay positrons.

Ae) = (2.70)

The energy spectrum of decay positrons (resulting from the integration over 6

of eq. 2.69) is show in Fig. 2.6, together with the asymmetry factor A (¢).
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Figure 2.6: Normalized energy spectrum of decay positrons (solid line) and depen-

dence of asymmetry with positron energy (dotted line).
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The angular distribution of decay positrons is represented in Fig. 2.7 for some
values of the asymmetry factor, as well as for the average asymmetry value, (a),
1

for all energies ((a) = 3).

These characteristics of the muon decay allow the monitoring of the muon spin
direction, after implantation in a material, by measuring the time evolution of the
asymmetry in the positron emission. Of course, a sine qua non condition for that
is the presence of some degree of spin polarization of the ensemble of implanted
muons (7.e., a non-zero average component in some direction of the ensemble of

muon spins).

180

270

Figure 2.7: Angular distribution of decay positrons with relation to the muon spin
direction (at 0 degrees). We represent the cases of maximum positron energy, as

well as the result of integration over all energies (red line).
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2.4.2 Polarized muon beams

Again, the physics of the particles involved gives the means to obtain not only par-
tially polarized, but even completely polarized muon beams. As a matter of fact,
the pion decays (eq. 2.67) into a muon and a muonic neutrino. But the neutrino,
being a zero-mass particle, has negative helicity (i.e., its linear momentum is nec-
essarily antiparallel to its spin).% So, as the pion has zero spin, linear momentum
and angular momentum conservation (cf. fig. 2.8) imply that, in the pion’s ref-
erence frame, the muon helicity is negative as well. The muon resulting from the
pion decay thus has its spin necessarily anti-parallel to its momentum, in the pion
reference frame. It is therefore possible to produce an almost 100% spin-polarized
muon beam by using the muons emitted in a small solid angle, by pions at rest.
Usually, the small amount of muons escaping from the target’s surface, emitted by
pions thermalized in that location, are used [Pif76]. These muons have a kinetic
energy of 4 MeV and are 100% spin-polarized in any emission direction. It is also
possible to use muons emitted by pions in flight, albeit the polarization of such

beams is smaller.

Figure 2.8: The decay of the positive pion. Conservation of linear and angular

momentum imply that the muon’s spin is antiparallel to its linear momentum.

6The superkamiokande experiment [Fuk98, Pas06] seems to indicate a non-zero mass for neutri-
nos. However, this crucial result does not affect the known experimental result that the neutrino

helicity, and therefore the muon’s, is sufficiently well defined.
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2.5 Muon implantation and thermalization

The spin-polarized muon beam is directed to the sample, where the muon implan-
tation occurs. The implantation and thermalization of 4-MeV muons in a solid is
of course a violent process, its details remaining somewhat obscure, particularly at
the final stages of thermalization, where the muon spin is often subject of powerful
interactions which lead to the loss of spin polarization. Such polarization losses
are often designated by ”missing fraction(s)”.

For the initial higher energies, the thermalization proceeds via usual ”coulom-
bian” collisions with electrons, which is adequately described by the Bethe-Bloch
theory [Fle82, Le094, Sch85]. These processes develop essentially via the electrosta-
tic interaction and therefore the muon spin is not involved, leading to a conservation
of the spin-polarization. After an extremely short time (which varies from 30 ns for
a gas like He at 3 atm [Fle82] to only about 10 ps for a solid like silicon [Pat88]),
the muon velocity approaches values close to the velocities of valence electrons
in the material (c. 35 keV, [Fle82]), so that resonant charge-exchange processes
set-in, further reducing the muon energy up to tens of eV. These charge-exchange
processes consist of cyclic capture and release of electrons of the medium by the
muon, in cyclic formation and dissociation of the muonium atom. In the gas phase,
the ionization potential of the medium plays a decisive role in muonium formation
at this stage, this being favoured on media with ionization potentials less than
13.6 eV (the ionization potential of Mu) [Ars84, Fle82, Hug70a, Hug70b]. This
charge-exchange régime is found to be extremely fast in gases (for example, about
76 cycles occur in Ar at 1 atm, lasting about 14 ps [Fle82]). Since they strongly
depend on the density, these charge-exchange processes are expected to be even
faster in condensed matter, and thus no appreciable muon-spin-depolarization is
expected (the lifetime of the neutral state in the process is much shorter than
the inverse hyperfine interaction, whose influence on the muon spin thus becomes
negligible) [Pat88, Sch85, Vai60].

The most crucial stage, which has been continuously discussed over the years,
is that of the chemical interactions of the resulting epithermal species (Mu™, Mu®

and, possibly, Mu™), which may largely influence the final paramagnetic and dia-
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magnetic fractions and lead to depolarization. This has been studied more deeply
for the gas phase: here the stopping range of the implanted muons is quite long
(about 40 ¢cm for Ar in 1 atm [Fle82]), and the depolarization processes have been

Y

frequently explained in terms of "hot chemistry” models, implying reactions of
the epithermal muon(ium) energetically unaccessible to the thermalized species
[Wal83]. However, this model deals with difficulty with the large missing fractions
observed in the condensed phase since it provides no sufficiently fast depolarizing
mechanism. An alternative ”spur model” has been proposed, by analogy to what
is known of the positron thermalization from positron annihilation experiments,
considering that the muon might interact with the products of its radiation track
[Per78], particularly the radiolysis electrons, not only by charge-exchange, but also
by spin-exchange processes [Per82]. The "spur” model for muonium formation in
gases has been object of intense debate, since the long stopping range of muons in
low-density matter seemed incompatible with significant interactions with radiol-
ysis products [Wal83].

Due to the reduction of the stopping range, the interaction with the radiation
track becomes more important for the condensed phase. In the liquid phase the
relevance of ”spur” processes over "hot chemistry” processes has been pointed
out[Ars84]. Recent studies in supercritical CO5 also suggest the predominance of
radiolysis reactions over hot Mu reactions in this high-density fluid [Gha04]. Of
course, the interaction with the track is expect to be even more important in solids,
where the stopping range is much smaller (c. 700 pm, for a 4 MeV muon implanted
in silicon [Pat88]).

Mu formation in semiconductors

Much less is known about the process of muonium formation in solids than in liquids
and gases. It has been known for long that no muonium is formed in conductive
materials [Swab8]. Here, fast charge exchange processes with conduction electrons
remain even after thermalization, and basically the muon is not kept bound to any
electron [Cha83, Vai60)].

In insulators and semiconductors, two basic models, inspired in the above men-
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tioned ”"hot-model” and ”spur-model”, concur for the understanding of muonium

formation [Sto99a]:

i) prompt (epithermal) muonium formation: the implanted muon suffers charge-
exchange processes with the solid at the end of the thermalization process, the yield
of Mu*, Mu® and Mu~ being determined by the fraction of muons which, being
at these charge states at some point of the thermalization process, do not have
anymore enough energy either to ionize the lattice molecules, or to release the

captured electrons;

ii) delayed muonium formation: the muon thermalizes at some charge state after
the charge-exchange process described above, eventually capturing an electron from
the radiolysis track left behind.

These two processes are generally intermixed and are not easily separable ex-
perimentally. A privileged access to delayed muonium formation is by application
of electric fields in the kV/cm range, parallel to the muon linear momentum, dur-
ing the uSR experiment. The electric-field either favors or hinders the capture of
electrons from the track by the muon. Using this electric-field-uSR method, de-
layed muonium formation has been established for some insulators and cryocrystals
[St097], notably solid nitrogen [Sto99a], as well as for GaAs [Sch05]. Delayed muo-
nium formation is also a strong hypothesis for the electric-field-puSR dependence

in CdS [Esh03] and GaP [Sto03].

An alternative explanation of the electric-field data without the need of consid-
ering delayed muonium formation considers capture at highly-excited (Rydberg)
states, which is inhibited in the presence of the electric-field. This has been pro-
posed upon observation of a feeble frequency shift in the shallow muonium ioniza-
tion in CdS [Sto01], and the generalization to other systems was proposed as well
[Sto04], in particular to GaAs [Sto05]. However, careful experiments revealed no
phase shift of the observed Mu%,, state in GaAs, as expected if it proceeded from
a precursor shallow state [Sch05]. The evidence from electron capture from the
track and its suppression with electric fields must then find its root in alternative

explanations, e. g. electron capture to the ground state, from an exciton [Sch05].

Recently, the use of pulsed radio-frequency techniques has arised as a possibility
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to access directly the muonium formation [Cot03]. However, this technique fights

with narrow time-windows, which make its use very limited up to now.

Mu~ formation

Of course, the same reasoning just presented for muonium formation can be applied
to Mu~ formation. However, the problem of verifying Mu~ formation in uSR is
preceded by the problem of its direct identification.

A fundamental problem in pSR studies is the extreme difficulty in discerning
Mu™ from Mu~ spectroscopically. In fact, as we have already pointed out above,
the muon is essentially sensitive to the local magnetic field, which is of course
very different in the case of the existence of a muon—electron hyperfine interaction
(Mu") or in its absence (Mu™). However, if the s orbital is doubly occupied (Mu™),
then the electronic cloud magnetic moment is null and the total wavefunction is
diamagnetic. So, the interaction of the muon spin with the electronic cloud for the
Mu~ situation is therefore undistinguishable from Mu" by purely spectroscopic
means. This problem has usually been circumvented in semiconductors either
by doing experiments in highly doped samples, in order to force Mu~ or Mu*t
formation [Cho95, Cho96, Daw00], or by educated guess [Kre95, Hit99]. In the
latter case, Mu~ formation, either prompt or delayed, has been proposed in the
framework of an elaborate interpretation model.

However, the capture of two electrons by a muon thermalizing in a solid is by
no means an uncommon or unobserved phenomenon. Mu~ formation has been
directly observed by means of magnetic time-of-flight spectrometry after firing
muons through thin metal foils [Kua87, Kua89].

The formation of H™ in solids is also a well-known phenomenon. Older measure-
ments on hydrogen beams equilibrated in solid Be and Al foils show significant H™~
formation [A1158]7. More recently, H™ formation has been observed by backscatter-
ing of 1-600 eV protons in dielectric surfaces [Bor00], and ionic compounds [Sou99],
notably LiF [Ron99]. Significant differences have been found as well for the scat-

tering in Al and AlF3 surfaces, underlining the importance of the surface band

7 Cf. section V. B, p. 1159.
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structure [Lug05a, Lug05b]. This suggests that the capture of two electrons by the
implanted muon may become more important with increasing ionic character of

the host.

”Post-thermalization” processes

The question of whether the muon actually achieves thermal equilibrium with the
lattice in its lifetime remains an open question, particularly for the delicate para-
magnetic muonium fractions. For example, the paramagnetic muonium states are
observed at low temperatures in silicon, albeit they correspond to no stable ther-
modynamical states of this negative-U system. The charged states corresponding
to the thermodynamically stable states are nevertheless observed at higher temper-
atures, and the study of the temperature dependence of these states allows access
to the conversion levels. Thus, the observation of the metastable neutral states,
more than an hindrance, becomes a strength of the muon techniques.

After ”thermalization”, the muon may be involved in dynamical processes aris-
ing from its interaction with the material. For example, we have already mentioned
the extremely fast charge-exchange processes in metals, where the muon captures
and releases conduction electrons in such a fast way that the muonium bound
state is unobservable, the process itself being too fast to cause any appreciable
depolarization [Vai60]. This charge— and/or spin—exchange processes may however
become important depolarizing processes in undoped or lightly—doped semicon-
ductors, when the charge/spin-exchange rates are sufficiently small so that the
depolarization in the bound-muonium state is no longer negligible. Of course, such
depolarizing mechanisms are both extremely dependent on the concentration of
free carriers, hence on the doping and temperature.

Another important dynamical mechanism is that concerned with the muon’s
diffusion, which for sufficiently high temperatures and high concentrations of imper-
fections even allows the muon to be trapped at impurities and/or defects. For ex-
ample, in the ternary chalcopyrite semiconductor CulnSe,, diffusion data strongly
suggest the muon to be trapped at copper vacancies [Vil02, Vil03a], whereas the

muon analogue of the passivation of a zinc-acceptor in GaAs by hydrogen was
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identified[Cho01]. Diffusion studies have thus played an important role in the
modelling of hydrogen in semiconductors via uSR [Lic99a]. However, these studies
rely on the interaction of the muon spin with nearby nuclei magnetic moments.
The small density of nuclear magnetic moments in the zinc chalcogenides unfor-
tunately prevents any useful research on this domain, justifying the absence of
this important information in this work. It is possible to obtain information about
paramagnetic Mu diffusion from motional narrowing behaviour in anisotropic states
[Dua03, Dua06], but as we have already pointed out in section 2.3, only isotropic

species are observed in this work.

2.6 Muon spin rotation, relaxation, resonance

2.6.1 Basic experimental setup

The basic experimental setup for muon experiments is drawn in Fig. 2.9. A
spin-polarized muon beam is directed towards a sample of the material under
scrutiny. A minimum of two positron detectors is adequately placed around the
sample, usually in the forward (F) and backward (B) positions with respect to the
upcoming beam. The basic sample environment includes adequate instruments
for temperature dependence studies (cryostats, furnaces). External magnetic fields
may be applied to the sample region, as will be detailed in the following sections.

In quasi-continuous muon sources such as PSI and TRIUMF, the start of the
chronometer is set by an incoming muon crossing a thin cintilator placed before
the sample. In pulsed sources such as ISIS, the approximation is assumed that
the time zero coincides with the center of the muon pulse (which is 80 ns wide at
ISIS); this approximation works well if the evolution of the implanted muon spin
polarization takes place at a longer timescale than the muon pulse width [EMU04].
The stop of the chronometer is defined by the arrival of the corresponding decay
positron at a given detector. A time histogram for each detector is henceforth
accumulated. In some experiments, time-integral measurements may be enough,
and the time histogram associated with time-differential measurements becomes

unnecessary.
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Figure 2.9: Basic setup of a muon experiment. Spin polarized muons are im-
planted in a sample and decay into detected positrons and undetected neutrinos.
In the simplest arrangement, two positron detectors are placed in the forward and
backward direction with respect to the incoming beam. The arrival of a single
muon or muon pulse starts a chronometer, which is stopped upon detection of the

corresponding decay positron. Time histograms for each detector are gathered.
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The number of counts Np in detector D may be described by the expression
(see e.g. [Bre99))

ND :BD+N0€D [1j:APZ (t)} exXp (—i) (271)

Tu

where:

e Bp is a factor describing the spurious (background) counts in the detector,

which in principle are time-independent;

e Ny, multiplied by the number of detectors, corresponds to the number of real

events at time zero;

e cp is the detection efficiency, relating not only to the detector intrinsic effi-
ciency, but also to the geometrical disposition (for example, a detector placed

farther away detects less positrons, thus decreasing ¢;

e A is the intrinsic asymmetry of the detector arrangement. For detector B,
the count rate is proportional to (1 4+ A), in the case of fully polarized muons
with polarization in the detector’s symmetry axis; in the same circumstances,

the count rate is proportional to (1 — A) for detector F;

e P, (t) is the time evolution of the z component of the muon spin polarization

(where the z axis is defined by the incoming beam direction);
e 7, is the muon lifetime;

In a SR experiment, we are interested in obtaining P, (¢). This is usually done
in two steps, by obtaining (i) the asymmetry A P, () in the experiment proper and
(ii) the intrinsic detector asymmetry A in calibration measurements.

The intrinsic asymmetry A is in general less than the maximum theoretical
value of 1/3 [Sch85]. It can be determined by calibration measurements on a
sample where the muon spin polarization is known. Silver is usually used for this
purpose, since 100% of the muons implanted on this metal are known to form an
easily identifiable non-relaxing diamagnetic fraction. Low-transverse field (20 G)

measurements on Ag are thus commonly used for these calibrations.
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An experimental asymmetry is obtained through the difference between the
number of counts in detectors F' and B (after subtracting the background counts),
normalized to the total number of counts (for more complex detector dispositions,

simple generalizations apply):

(2.72)

However, due to different detector efficiencies, the expression 2.72 does not give

us A P,(t) directly, but instead (after considering eq. 2.71):

(2.73)

where

€B
== 2.74
o - ( )

It is therefore necessary to correct the experimental asymmetry 2.72, which is

usually done by computing:

Acorr () = Ng (t) + aNg (t)

— AP.(t) (2.75)

The quantity o depends both on the intrinsic detection of the detectors and
the geometrical details of the experimental setup, including positron absorption
factors such as the sample thickness and the cryostat walls. o must therefore be
determined for each case, usually together with the calibration measurements for

the intrinsic (maximum) asymmetry A.
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2.6.2 Muon spin rotation

The simplest experimental geometry corresponds to the case where an external
magnetic field B is applied perpendicularly to the initial muon spin polarization,
as depicted in Fig. 2.10. In this situation, and in the simplest situation where the
muon spin is subject only to the Zeeman interaction with the applied magnetic
field, a simple precession of the spin occurs around B, with the Larmor frequency

vy,

vy =, B (2.76)

In this case, the polarization component in the initial direction z has a sinusoidal

temporal evolution:

P, (t) = Ppax cos (2mvpt + ¢) (2.77)

where the phase ¢ depends on the definition of time zero ¢t = 0, and is trivially
associated with precession frequencies high enough (compared with the experimen-
tal resolution) for a non-negligible rotation of the polarization to occur between
the initial cintilator and the sample [Ama05]. These trivial phase shifts present no
temperature dependence and are simply proportional to the applied field. More
significantly, the existence of a temperature-dependent phase-shift is a clear sign
of conversion between states, as discussed already in section 2.3.

This subtechnique based upon the muon spin precession is commonly designated
muon spin rotation and, as mentioned in the beginning of section 2.3, is most
adequate for muonium spectroscopy.

In Fig. 2.10 we show a particularly simple example, for calibration measure-
ments on a silver sample. The individual time histograms for detectors F and B are
shown, together with the corresponding asymmetry. The geometrical factor a can
be extracted from these type of measurements as follows: the different detection
efficiencies originating o # 1 imply, in these TF measurements, that the experi-
mental asymmetry oscilates with time around an average value different from zero.

Fits to the time spectra are performed after correction of this offset by the fitting
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Figure 2.10: The basic muon spin rotation experiment. In the left side we sketch the
basic setup: spin-polarized positive muons are implanted into a sample, in a region
subjected to a magnetic field B, perpendicular to the initial muon spin, surrounded
by two positron detectors in the forward (F) and backward (B) direction. The
asymmetric probability for positron emission rotates with the muon spin and is
drawn for three different times. The positrons are detected by detectors F and B,
forming histograms like those shown in the right side. The corrected asymmetry
Acorr(t) = (Ng — aNp) /(N + aNF) is shown as an inset.
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routine.

In muon spin rotation measurements, the presence of paramagnetic muonium
is easily identified by its characteristics precession frequencies. A typical experi-
mental test for the presence of paramagnetic muonium is done at low-field, where
the characteristic 119 = 193 precession at 1.4 MHz/G is observed. An example is

shown in figure 2.11.

0.0 0.2 0.4 0.6 0.8
Time (Us)

Figure 2.11: Time spectrum of a ZnSe sample at T=2 K and transverse field
B=20 G. The characteristic muonium v = 53 precession at 28.6 MHz is ob-
served. This precession frequency allows verifying the presence of muonium, but it
is not adequate for its characterization, since it is independent of the hyperfine in-
teraction. In this particular example, the muonium precession is seen to be heavily

damped, which is a clear sign of muonium dynamical behaviour.
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2.6.3 Muon spin relaxation

Relaxation studies are best done at longitudinal geometry, by applying an exter-
nal magnetic field parallel to initial polarization. In this case, the alterations to
polarization arise from muon spin-flips in the presence of the magnetic field, by
interactions with the lattice. Such spin-flipping motivate a gradual loss of polar-
ization, generally visible via a relaxation in asymmetry, as was discussed in section
2.3.3; an example is shown in Fig. 2.12. In such longitudinal field measurements,
the geometrical parameter @ may eventually change with the magnitude of the
applied field, due to the alteration of the positron trajectories, particularly for
high-fields, where the charged particles trajectories may be significantly changed.
In these cases, it may be necessary to perform a silver calibration in the entire field
range.

As mentioned as well in section 2.3.3, and will be shown in the forthcoming
chapters, such longitudinal field measurements also prove much useful for the in-
vestigation of the strength of depolarizing mechanisms via quenching of the muon

spin polarization.

Asymmetry

ZnSe, T = 80 K, LF = 4500 G % ]

0 T T T T T T T T T T T
0 2 4 6 8 10 12
Time (Us)

Figure 2.12: Time spectrum of a ZnSe sample at T=80 K, subject to a longitudi-
nal field of B=4500 G. The appearance of a relaxation in this nuclear-magnetic-
moment-free compound is a sign of dynamical processes envolving the muonium

states.



2.6. MUON SPIN ROTATION, RELAXATION, RESONANCE 29

2.6.4 Muon spin resonance

As we have pointed out in section 2.3.1, the occurrence of muon spin depolarization
in the muon thermalization process and/or the existence of muon charge/spin dy-
namics may lead to a "missing fraction” in the polarization, as seen in transverse- or
longitudinal-field measurements, thus hiding the nature of the final state. However,
if a given state is present, albeit depolarized, its presence may be demonstrated by a
change in the longitudinal field polarization induced by forcing transitions between
the corresponding spin levels, by means of resonant electromagnetic radiation.

In this muon-spin resonance method, one basically begins with a longitudinal-
field configuration, and then force the transitions between the spin energy-levels in
the presence of the static longitudinal field, by means of electromagnetic radiation.

For the most common case where the final-state, analyzed through this method,
is a diamagnetic state, the spin-level transitions are determined (as will be further
detailed below) by the muon gyromagnetic ratio v, = 135.5 MHz/T and thus
fall on the radio-frequency domain. This subtechnique is thus also commonly
designated radio-frequency-uSR (RF-uSR). However, final-state analysis of para-
magnetic states is also possible, despite being harder and less common, in which
case the much higher energy differences between hyperfine levels for a given field
are best dealt with microwave radiation [Kre94]. The principle is nevertheless the
same and the acronym RF-uSR will be often used throughout this work even for
the microwave case.

As we shall see, this method allows the extraction of quantitative information
about the state under investigation. In this work, we shall concentrate on the
usual RF in diamagnetic or deep paramagnetic states. The details for the novel
shallow muonium states found in the cadmium chalcogenides may be somewhat
different, in spite the principles being the same. However, the extreme low values
of the hyperfine interaction in these materials scale down the corresponding Breit-
Rabi diagram several orders of magnitude, and reveal some subtleties unknown
to the usual studies, such as excitation of the ESR levels and the corresponding
RF-induced repolarization features [Cox03b, Lor04]. Usually, though, the forced

transitions in muon-spin-resonance methods further depolarize the muon spin.
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Basic principle

The basics of the RF technique are more easily explained in a (pseudo)-classical
precession model in a rotating reference frame [Kre90].

As known, a magnetic moment g = 7f subject to a static magnetic field
B = Bk precesses around the field due to the torque dJ Jdt = [i x E, with the
Larmor frequency wy = v B. The magnetic moment precesses in a constant-energy
conical surface with constant angle with the applied field, so that its component
in the k direction remains constant. When applying a circularly polarized radio-

frequency field B, ¢ perpendicularly to the static field

By (t) = By [cos(wt + ¢) 7 + sin(wt + ¢) J] (2.78)

the effective field becomes, in a reference frame {ig, jg, R} rotating with the rf-field

frequency w around R,

wWo — W

k+ B p (2.79)

where p = p(¢) = cos pig + sin ¢ jg.

From eq. 2.79, we regain the trivial Larmor precession in the trivial case where
no rf-field is applied, B; = 0, so that the muon spin precesses with frequency
wo — w in the frame rotating with frequency w. This implies the spin is static
when w = wy, which corresponds to precession at the Larmor frequency wy in the
laboratory frame.

If the rf-field is at resonance with the magnetic moment precession (i.e., w =

wp = 7 B), then

Bu = Bip (2.80)

and the spin precesses, in the rotating reference frame, around the p direction with
frequency w; = v By.
In the general off-resonance case, the effective field in the rotating reference

makes an angle # with the k direction, defined by:
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w
tanf = !

2.81
o (2.81)

so that

B.g = cos 0k + sin 0p (2.82)

Considering the longitudinal field configuration, where the initial spin polar-
ization P = Pk is parallel to lA<, we have, in the general off-resonance case as
seen through the rotating reference frame (please refer to fig. 2.13), a polarization
component P = P cos 6 parallel to the effective-field which is kept constant. The
polarization component P, = P sinf perpendicular to the effective-field precesses

around Beg, with the effective frequency weg:

Weft = \/(wo —w)?+w? (2.83)
Ak
P,
PH Beff
0
Pi

Figure 2.13: Polarization considered on a rotating reference frame: the polariza-
tion component P, precesses around the effective-field B.g, whereas the parallel
component P is locked. The final polarization z component in the laboratory

reference frame is composed of the corresponding projections of P, and Pj.
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So, the component P, of the polarization in the k direction becomes:

P, = Pjcosf + Py cos(wegt) sin O

= P (cos® 0 + sin® f cos(wer t) ) (2.84)

Generally, radio-frequency measurements are done in time-integral mode:

Pe = vy / Py (00829+Sin26’cos(weff t)) e vt dt
0

2
v
= Pycos’d + Pysin® 05— (2.85)
v

2
T W

So, the difference between the polarization when the radio-frequency is applied
(RF-on), P,,, and the polarization when the radio-frequency is off (RF-off), P,

becomes:

2

2 .2 v
Pg—P, = Py— Fycos® 0 — Pysin QZ—“Q
Vu+weﬁ
2
w
= Pysin?—0 2.86
oS Vﬁ‘"wgﬁ“ ( )

and, attending to eq. 2.81 (implying that sin? § = w? /w?;), we obtain

wi
OVI% + w? + (wy — w)?

This represents a lorentzian-shaped curve centered in the resonance frequency.

Py — Pon = (2.87)

At resonance (w = wy), for wy >> v, the initial polarization P, arises directly.
This implies B; >> 33 G, which is however usually not the case.
An alternative way to the simple computation of the difference between the RF-

on and RF-off situations, is to define a RF-asymmetry as follows [Kre90, Kre95]:

Nfrn _ le;ff Nl%n . Ngff

A= -
rf Ngn _ N;ff Ng)n _ Ngff

(2.88)
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The RF-asymmetry in eq. 2.88 is most commonly used and can be demon-
strated [Kre90, Kre95] to have the same lorentzian dependence shown for the po-

larization difference 2.87.

Experimental praxis

Detailed descriptions of the radio-frequency setup at the ISIS Facility and of the
microwave setup at TRIUMF, which were both used in this work, can be found
in references [Jon04] and [Kre94]. Here we shall limit to some essential points in
the conduction of a typical RF experiment. Pulsed muon sources provide here less
problems due to RF-heating, since the RF excitation may be turned on and off
synchronically with the beam pulses [Cot00].

A specific RF cavity is needed for these experiments, where the sample is placed
inside a non-ferromagnetic non-conducting target cell. There, the sample (itself
non-ferromagnetic and non-conducting) is surrounded by a coil (usually designed
as a solenoid) which produces the B field created by the RF current delivered by
an appropriately matched RF signal generator and amplifier. The sample holder
itself should be non-conducting non-ferromagnetic. For the experiments at ISIS,
mylar sample holders specifically cut for each sample were used. The sample was
glued at the sample holder with varnish, after being involved in (insulating) kapton
tape, and subsequently in adhesive copper tape, used as the solenoid coil. This
copper tape was further connected to the RF circuit.

In order to obtain calibration of the intrinsic asymmetry o the setup, a non-
conducting calibration material must be used. Polyethene is a usual choice, with a
polarization from a diamagnetic state of about 66%. The calibration measurements
for each sample are performed in two steps: (i) measurement of the diamagnetic TF
polarization of a polyethene sample cutted with the same shape of the sample under
research, by comparison with a silver sample; (ii) measurement of the maximum
RF asymmetry for the polyethene sample, by means of a resonance curve.

We present in figure 2.14 an example of a lorentzian resonance observed for
polyethene. The usual experimental procedure is to fix the excitation frequency

and vary the amplitude of the static field. This turns out to be simpler and more
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reliable than changing w;. Thus, after fixing the excitation radio-frequency w; and
the corresponding excitation power at some adequate value in order to be able to
appropriately define a resonance curve within the values of the static field accessible
experimentally. The static field is thus varied around the resonance field (wy /7, for
RF-uSR studies of diamagnetic states). In the course of the experiment, different
histograms are accumulated for the RF-on and the RF-off situations. An example

is shown in figure 2.15.

Usually, the information is extracted from the time-integrated RF asymmetry
Agrp. However, as can be seen from fig. 2.15, the weak precession about the B
field can nevertheless be observed in the RF-on time spectrum. Some authors
have therefore dedicated some effort to the interpretation of the time-differential
RF-uSR data, particularly regarding the determination of parameters of muonium
conversion [Cot03, Mor86, Nis85]. However, such studies are seldom used, due to its
extreme statistics-accumulation demands in order to clearly define the precessions
around the B; field.
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Figure 2.14: A lorentzian resonance curve obtained for polyethene at T=290 K.

The excitation frequency is 26.2 MHz.
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Figure 2.15: Radio-frequency uSR time spectrum for polyethene at T=290K. Black
circles denote "RF-on” and white circles represent "RF-off”. The static field is
B=1934 G, corresponding to the lorentzian’s peak in fig. 2.14, matching the reso-
nance condition 277y, B = 26.2 MHz for the applied RF' excitation frequency.
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2.6.5 User facilities and spectrometers

The muon production process requires a proton accelerator capable of reaching
hundreds of MeVs. Such accelerators exist only in large-scale installations. Cur-

rently, the following muon user facilities exist in four laboratories around the world:

e ISIS pulsed muon facility [ISI07] at the Rutherford Appleton Laboratory, in
the United Kingdom;

e Laboratory for muon spin spectroscopy [PSI07] at the Paul Scherrer Institut,

in Switzerland;

e Centre for molecular and materials science [TRI0O7] at the Tri-University Me-
son Facility (TRIUMF), in Canada;

e Meson science laboratory [KEK07] at KEK, in Japan. This muon facility
has been shut down on March 31, 2006 [Kad07], and a new facility (J-PARC
Muon Facility) is currently under construction, muon beam delivery to users

being planned to 2009 [Miy06].

In this work, we have used the spectrometers EMU [ISI04] at ISIS, HELIOS and
HITIME at TRIUMF, and GPS [Ama05] and DOLLY at PSI. Each has particular
characteristics and capabilities. We shall describe them briefly now and point the

specific use of each facility in this work.

ISIS

The ISIS facility at the Rutherford—Appleton Laboratory, in the United King-
dom, has a pulsed 800 MeV proton beam. The simple pulse has a full width at
half-maximum of 80 ns; such width limits the maximum observable frequency to
about 10 MHz. Muons are produced by proton collisions on a few-millimeters
graphite target, placed at 45° with the proton beam. Surface muons with momen-
tum 26.5 MeV/c and c. 3.2 MeV are extracted, corresponding to a stopping power
of about 100 mg/cm?. The muon beam intensity is about 4 x 10° muons/s, which
is divided among the three experimental areas EMU, MuSR and DEVA, allowing

typical accumulation rates of 10-20 millions of events per hour.
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EMU The EMU instrument is optimized for measurements in zero field and
longitudinal field. The positron detectors are basically 32 cintillating segments
placed in two circular rows of 16 detectors each. The rows are placed so that
the incoming beam coincides with the symmetry axis. The detectors signal is
transferred by light guides to nearby photomultipliers, so that local magnetic fields

do not affect the electronics.

It is possible to apply longitudinal fields up to 4000 G (0.4 T) with a set of
Helmholtz coils. A set of ancillary coils allows transverse-field measurements up to
100 G (0.01 T). A further set of ancillary coils does the automatic compensation
of the Earth’s magnetic field with a precision better than 30 mG.

A wide range of temperatures is accessible with the available cryostats and
furnaces. A simple closed-cycle cryostat allows measurements in the 2 K - 360 K
range. Two other cryostats allow reaching temperatures as low as 350 mK. A
furnace allows extending the temperature range from room temperature up to
1000 K.

A fly-past method has been developed at EMU in order to allow measurements
almost with no background, even in the smallest samples: this flypast method
simply consists of a long tube placed longitudinally after the sample, so that muons
which do not hit the sample fly to the tube and decay there, therefore minimizing
as much as possible its contribution to the background. This implies a sample
holder specifically designed to be as thin as possible and be entirely covered by

even the smallest samples, so that muon stopping in the holder is prevented.

In recent years, radio-frequency facilities have been developed at ISIS, taking
advantage of the pulsed nature of the beam, which prevents the heat-up problems
found at continuous sources [Cot00, Cot03]. An optical reflector furnace has most
recently been developed that allows measurements above room temperature, up to
1300 K. This was used for muon-spin resonance measurements in the course of this
work, and the experimental data acquired with this new capability count among

the very first results obtained with it.
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PSI

The Paul Scherrer Institut, in Switzerland, has a quasi-continuous beam of 590 MeV
protons. 28 MeV /c muons are gathered in a beam with polarization greater than
95%. Before arriving to the sample, the muon beam is directed through a spin-
rotator, which turns the muon spin—polarization with respect to the linear momen-
tum from an angle variable between 6 and 60°.

Unlike ISIS, the proton beam at PSI is continuous, so that the time resolution is
limited essentially by the resolution of the positron detectors, thus allowing access

to much higher frequencies (typically hundreds of MHz).

General Purpose Instrument (GPS) and its clone DOLLY The GPS spec-
trometer, and its clone DOLLY, are optimized for transverse-field experiments.
They have 5 positron detectors, placed in the forward (F), backward (B), up (U),
down (D), and right (R) positions (all the positions are referred to the incoming
beam direction). The setup also includes a muon detector before the sample (which
starts the clock) and two veto detectors (veto-B and veto-F). The veto-B detector
is a pyramidal cintilator with a small 7 x 7 mm hole in front of the muon detector.
This detector serves for collimating the muon beam, and rejects the muons (and
the corresponding positrons) missing the hole. The wveto-F detector rejects the
muon (and respective positron) signal for muons that do not stop in the sample,
and is particularly useful for investigations on small samples. For samples large
enough, this detector can be coupled to the F detector, and used to enlarge the
solid angle for detection.

In order to deal with the high beam-borne background typical of a high repeti-
tion rate quasi-continuous source, a " Muons-On-REquest” setup is available, which
reduces the background by at least a factor of 100 [Ama05].

The experimental setup includes a continuous He-flow cryostat, for the 2 to
300 K range, and a set of coils for magnetic fields up to 6000 G (0.6 T) in the
direction of the incoming beam. Compensation of the Earth’s magnetic field is
usually better than 0.1 G in every direction. A furnace is also available, allowing

to extend the temperature range up to 800 K.
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TRIUMF

Similarly to PSI, TRIUMF has a quasi-continuous muon beam. Two dedicated
beamlines, M15 and M20, are used for positive-muon spin investigations. We have
used the HITIME spectrometer in the M15 line and the HELIOS spectrometer in
the M20 line.

HITIME at the M15 beamline. The M15 beamline is dedicated to surface
pt from a lem graphite or beryllium proton target. The muon’s momentum range
goes from about 19 MeV /¢ to 40 MeV /c. Dual spin-rotators in the M15 line both
separate positrons from the beam and rotate the muon spin to be perpendicular
to the beam direction.

The High-Time spectrometer is based on a superconducting magnet dedicated
to studies with high transverse fields and high frequencies. The magnet is a su-
perconducting split solenoid delivering 7.5 T at its maximum current of 100 A.
The cryostat is a hybrid between a gas flow and cold finger cryostat as the helium
flow is through a ring around the sample area - the sample is cooled by helium
exchange gas surrounding it. The counters are small size cintilators, adequate for
high-time resolution at high transverse fields. Spin rotated muons are used. The
HITIME spectrometer has been designed so that a 8 x 8 mm sample is enclosed
inside the cintilators. This ingenious design, together with the extremely high
field attainable, transform this spectrometer into an extremely powerful tool for

high-resolution spectroscopic measurements.

HELIOS, in the M20 beamline Although it can be used as a (high momen-
tum) decay muon beamline, M20 is, effectively, a dedicated (low momentum: 29
MeV/c) surface-muon channel. It takes muons from a 10-cm Be target. Its spin
rotator can provide clean beam with longitudinal or transverse (spin-rotated) po-
larization.

Helios is a superconducting magnet, which provides 6.7 T at its maximum
current of 70 A. The main counter array is for solid state work in narrow cryostats,

and there is another set of counters for larger samples such as gas cells. Both sets
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have long light guides and poor timing resolution (> 1 ns). All access is axial, but
the large bore makes this a versatile magnet, allowing experiments in longitudinal
field and transverse field. A microwave setup has been developed for using with
this spectrometer. This setup pioneered muon spin resonance measurements in
paramagnetic states [Kre94] and keeps its status as the best instrument for such

investigations.

Final remarks

In short, the specific advantages of each facility may be summarized as follows: high
resolution, low background, spectroscopic measurements are possible at TRIUMF
with its high magnetic field capabilities. The extension to high-temperatures is
however only possible at PSI, which, despite lower fields, has a versatile furnace
setup. ISIS, as a pulsed source, can not compete with such high resolutions, but the
existence of pulsed radio-frequency capabilities from liquid-helium temperatures up
to much above room temperature (c. 1300 K), allows deeper research by RF-uSR

final-state analysis of diamagnetic states.



Chapter 3

Sample characterization

Contar-te longamente as perigosas

Cousas do mar, que os homens ndo entendem,
Subitas trovoadas temerosas,

Relampagos que o ar em fogo acendem,
Negros chuveiros, noites tenebrosas,

Bramidos de trovoes que o mundo fendem.
Nao menos € trabalho que grande erro,

Ainda que tivesse a voz de ferro.t

Luis Vaz de Camoes
Os Lustadas, V, 16

3.1 Introduction

The samples used in this work were obtained either commercially or from other
investigation groups which had previously done research on these materials. Not
much information was available about the samples, particularly for the ones ob-
tained commercially, except for very general descriptions such as "nominally un-
doped”.

'Free translation: ”Tell you extensively the dangerous things of the sea, that men do not
understand, sudden frightening storms, lightnings firing the air, dark rains, tenebrous nights, the
roar of thunders breaking the world. It is no less effort than big mistake, even if I had an iron

voice.”
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In the course of this investigation, an urgency for sample characterization grew
immensely with the accumulation of uSR experimental data on different samples of
the same material (especially ZnSe), which showed different features related to the
interaction of the muon with electrons in the material, as will be described in detail
in Chapter 4. The need was particularly felt to have basic transport measurements
(resistivity and Hall-effect) which might give some information regarding the con-
centration of conduction electrons. Conscious of the many experimental difficulties
associated with this kind of measurements, particularly those related to establish-
ing ohmic contacts in highly-resistive samples, the first efforts were directed to
find other research groups specialized in these measurements, in order to establish
some colaboration. However, establishing ohmic contacts in bulk ZnSe seems to
be a rare and disappearing art.

Already at the final stages of this work, and attending to the simplicity of
the basic experimental physics involved in doing Hall-effect and resistivity mea-
surements, the decision was taken of trying to establish a modest Hall-effect and
resistivity setup in Coimbra and thus try to obtain at least order-of-magnitude val-
ues for the resistivity of our ZnSe samples. Despite the difficulties and the limited
results obtained up to now, this setup allowed to estimate the resistivity of our
samples, and may thus be considered as a declaration of capability, to improve in
the future. The obtained results, although minimal, already shine much light on

the observed sample differences.

3.2 Samples

3.2.1 ZnSe

In the beginning of this work, the samples were simply acquired commercially
from usual suppliers, such as Crystec and Alpha-Aesar. The initial uSR measure-
ments were performed in two nominally undoped single crystals from these two
companies, labeled 7 AA” and ” Ctec”. In order to have the possibility of inves-
tigating anisotropy effects, oriented single crystals from the same batch, cutted

along different crystallographic orientations, were bought as well. The crystallo-
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graphic orientations were checked by X-ray diffraction with the help of the physical

crystallography group at Coimbra. All these samples are nominally undoped.

Later on, we established a contact with the team of K. Irmscher and D. Siche at
the Institut fiir Krystal-Forschung Berlin (IKF-Berlin), who had done some work
on the growth of ZnSe in the 90’s. Though the research topic of this team has
meanwhile moved towards other interests, they have kindly gave us three ZnSe
samples: two samples grown by chemical vapour transport (CVT) and one grown
by the Bridgmann method. The chemical agent used in the CVT growth is Iy
[Bot01], which implies always a doping, even if unwanted, with the iodine donor
[Chi83]. Thus the two CVT samples (labelled " CVTu” and ” CVT:I”) are doped:
C'V'Tu undeliberately and C'VT:I deliberately.

We should emphasize that, in spite of the absence of intentional doping in all
the samples except C'VT:I, we expect all the samples to be n-type, as known for
ZmSe and discussed in chapter 1. Of course, different concentrations of free car-
riers are expected, according to the different concentration of electrically active
impurities and defects, whose presence is evidenced by photoluminescence mea-
surements to be presented, and according to the degree of compensation. Among
the compensating centres, the zinc vacancy Vz, plays a special role in ZnSe, as
mentioned in chapter 1: it has been shown to form complexes with donors, and
this process can be reversibly controlled by thermal annealing in zinc atmosphere
[Geb02, Irm01, Pro00], thus allowing to control the concentration of conduction
electrons and therefore the conductivity. This has prompted us to try to change
the concentration of conduction electrons of one of the samples, in order to change
the formation probability of the muonium states observed. In this context, we
have annealed a piece of the [100] Ctec sample in zinc atmosphere, for 100 hours at
900°C. For the annealing, the sample was sealed in primary vacuum, together with
2 mg of zinc (99.9998% purity) in a 6-mm diameter quartz tube with about 8 cm
length. The resulting sample was labelled Ctec:Zn and the degree of compensation
by zinc vacancies is expected to be less than in the original Ctec sample, thus

presenting a smaller resistivity and a higher "net” concentration of free carriers.

A résumé of the used ZnSe samples can be found in table 3.1.
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Name Company /Laboratory Doping Other information

AA Alpha-Aesar undoped -

Ctec Crystec undoped [100], [110] and [111] orientations
Ctec:Zn Crystec undoped Ctec [100] annealed in Zn atmosphere
CVTu IKF-Berlin "undoped” CVT grown

CVT:I IKF-Berlin Iodine doped CVT grown

B IKF-Berlin undoped Bridgmann-grown

Table 3.1: Monocrystalline ZnSe samples used in this investigation. Though all the
samples, except C'VT:I are nominally undoped, ZnSe presents n-type conductivity,
as mentioned in chapter 1. In the case of the CVTu sample, the CVT growth

implies unintentional doping with the shallow donor iodine.

Basic photoluminescence characterization

A very basic characterization by photoluminescence was done with the photolu-
minescence apparatus at the Physics Department of the University of Aveiro. All
the samples in table 3.1 were checked, except the Ctec:Zn piece resulting from an-
nealing the Ctec sample in zinc atmosphere. The measurements were done inside
a closed-cycle cryostat at 15 K. The 325 nm ultraviolet line of He-Cd laser was
used for the optical excitation. The study of the dependence of the intensity of
the luminescence light was done as usually [Mon05] by means of a photomultiplier

attached to a monochromator.

The results for the near band edge photoluminescence are shown, for samples
AA, Ctec, CVTu, CVT:I and B, in Figs. 3.1, 3.2, 3.3, 3.4 and 3.5, respectively.

The essential features of the spectra can be readily interpreted, with the help
of the vast amount of photoluminescence literature on ZnSe.

The F, peak is associated with the free exciton and is an intrinsic property of

the samples, usually associated with crystalline perfection [Su01, Tri96]. We find it
at 2.8038 eV for the AA and Ctec samples and at 2.8013 eV for the C'VTu sample.
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Figure 3.1: Near-band-edge photoluminescence spectrum of the undoped ZnSe
single crystal from Alfa Aesar (AA sample), at 15 K. The free-exciton F, line, the

donor-bound exciton I line, and the deep-acceptor-bound exciton [; line (with its

phonon replicas), may be readily identified with the existing literature support.
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Figure 3.2: Near-band-edge photoluminescence spectrum of the undoped ZnSe

single crystal from Crystec (Ctec sample), at 15 K. The same basic features present

in the AA sample (see Fig. 3.1) are visible.
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Figure 3.3: Near-band-edge photoluminescence spectrum of the "undoped” (i.e.,
undeliberately doped with iodine) ZnSe single crystal grown by CVT and obtained
from the IKF-Berlin group (CV7Tu sample). The spectrum was obtained at a
temperature of 15 K. Aditionally to that observed in the AA (Fig. 3.1) and in the
Ctec (Fig. 3.2) samples, a strong donor-acceptor pair (DAP) line and its phonon
replica is observed. Of note, the strong intensity of the free-exciton F, line, a sign

of crystalline perfection. It probably overwhelms the weaker I line.
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Figure 3.4: Near-band-edge photoluminescence spectrum of the (deliberately)
iodine-doped ZnSe single crystal grown by CVT and obtained from the IKF-Berlin
group (CVT:I sample). The spectrum was obtained at a temperature of 15 K.
The luminescence of this sample is very weak, but [; and I, emission seem to be

present. A peak of unknown origin is observed at 2.764 eV.
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Figure 3.5: Near-band-edge photoluminescence spectrum of the undoped ZnSe
single crystal grown by the Bridgmann method and obtained from the IKF-Berlin
group (B sample). The spectrum was obtained at a temperature of 15 K. F,, I,

I (with replica) and DAP (with replica) lines, as in the previous samples, are

observed.
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Such small variations between samples are also found in the cited literature. This

emission is also visible in the B sample as a "shoulder” in the I, emission.

The %" emission is followed by longitudinal-optical-phonon (LO) replica at
intervals of 31 meV. We observe it at 2.786 eV for the B sample, at 2.785 eV for
the C'VTu sample, at 2.784 eV for the AA and Ctec and, possibly, at 2.783 eV
for the C'VT:I sample. Two origins seem to coexist for this emission: an exciton
bound to a deep Zn vacancy (Vz,) acceptor or to a copper impurity substituting

at a zinc site C'uy, [Iss88].

I5 emission is found at 2.798 eV in the Ctec sample and at 2.799 eV in the
AA, B and CVT:I samples. It “has been attributed to the exciton bound to a

substitutional neutral donor, such as Al, Ga, In on the Zn site or Cl and F on the
Se site” [Su01].

In the CVTu and B samples, donor-acceptor pair(DAP) emission is also present
(at 2.699 eV in the CVTu and at 2.698 eV in the B), together with the respective
LO replica with 31 meV intervals. Su et al. identify it with the DAP associated
with the Li or Na acceptor [Su01].

In these brief photoluminescence measurements, we have observed intense deep-
level emission as well, visible in the lower energy region of the photoluminescence
spectra. These are depicted in Figs. 3.6, 3.7, 3.8, 3.9 and 3.10, for samples AA,
Ctec, CVTu, CVT:I and B, respectively. Please note that the band-edge emission
part (2.57 - 2.82 eV) of these figures has already been represented in figs. 3.1, 3.2,
3.3, 3.4 and 3.5.

Three main bands appear, usually known in the literature as the "red band”
(c. 1.94 eV), the "yellow” band (c. 2.17 eV) and the "green” band (c. 2.34 eV)
[Mal88, Par72, Pla00, Pla03, Str68].

The "red” band arises from a superposition of luminescence with two different
origins [Pla03]. One contribution is from self-activated luminescence arising from
a complex involving a zinc vacancy and a group-III or group-VII donor: such
complex behaves as an acceptor and the luminescence arises from recombination
of donor electrons with the acceptor holes [Bou75, Pla03]. The other contribution is

from the well-known transitions either from the conduction band or from shallow—
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Figure 3.6: Deep-level photoluminescence emission for the ZnSe AA sample, at
15 K. "Red” (c. 2.0 eV) and "green” (c. 2.3 V) bands are observed and, possibly,
also an "yellow” (c. 2.1 eV) band.
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Figure 3.7: Deep-level photoluminescence emission for the ZnSe Ctec sample, at
15 K. A strong "red” (c.

clearly distinguishable.

2.0 eV) and a weaker "green” (c.

2.3 eV) bands are
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Figure 3.8: Deep-level photoluminescence emission for the ZnSe C'VTu sample, at

15 K. As in the Ctec sample (Fig. 3.7), the "red” band is the strongest. The
7green” band is barely present.
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Figure 3.9: Deep-level photoluminescence emission for the ZnSe C'VT:I sample, at

15 K, with the characteristic "red” and ”green” bands.
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Figure 3.10: Deep-level photoluminescence emission for the ZnSe B sample, at

15 K. Of note, the similar intensities of the "red”, ”yellow” and ”green” bands.

donor levels to the empty Cug, center [Str68]. We observe this "red” band in
all samples, with peak energies ranging from 1.946 eV to 2.01 eV. Again, we find
similar differences in the literature. The adopted analysis may also shift slightly

the position of the peaks, depending on the number of contributions considered.

The "green” band is associated with an acceptor defect that contains a zinc
vacancy [Heu92, Pla03]. Again, it is present in all samples, with peak energies
ranging from 2.281 eV to 2.396 eV.

Finally, the ”yellow” band is ocasionally observed [Bou75, Mal88, Par72] and
has been attributed to a defect involving aluminum and an alkaline impurity

[Bou75]. We observe it for the B sample at 2.139 eV and, eventually, also for
the AA sample at 2.1 eV.

These brief photoluminescence measurements already provide some insight into
the samples properties. Particularly, they clearly display the extremely rich inter-
play between defects and impurities in this material, where the same basic features
seem to be present in all samples (eventually with the exception of the doped
CVT:I sample), with small diferences arising from the incorporation of impurities

at the growth process.
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3.2.2 ZnS and ZnTe

We have also investigated monocrystalline samples of the two other zinc chalco-
genides, ZnS and ZnTe. As mentioned in Chapter 1, these play nowadays a lesser
role in the technological applications, but its study imposes itself by fundamental

reasons and also in a systematic approach.

Two factors conjugate in the slighter weight of ZnS and ZnTe in this investi-
gation. The first arises from the pSR data itself: as will be shown in Chapters 4
and 5, we find in ZnSe a wealth of phenomena requiring deeper research. Secondly,
the research focus on ZnSe over the recent past has provided a vast amount of

information on this compound which allows more significant insight.

The ZnS and ZnTe samples investigated were all from commercial origin and
are compiled in table 3.2. Again, we should stress that, despite the samples are
nominally undoped, the already mentioned tendency of the II-VI semiconductors

to one type of conductivity is also present in ZnS, tipically n—type, and in ZnTe,

tipically p—type.

Name Company/Laboratory Doping Other information
ZnS Crystec undoped [110] and [111] orientations
ZnTe Crystec undoped  [100],[110] and [111] orientations

Table 3.2: ZnS and ZnTe samples used in this investigation. Albeit they are
nominally undoped, ZnS is known to be n-type and ZnTe is known to be p-type.
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3.3 Resistivity and Hall effect in ZnSe

As mentioned in this chapter’s introduction, the most delicate issue regarding the
aimed resistivity /Hall-effect measurements, is the establishing of ohmic contacts
in the material. We first discuss this point, before presenting the measurement

apparatus proper and discussing the obtained results.

3.3.1 Ohmic contacts

The electronics at a metal-semiconductor interface can be described in a simple way
by the simple Schottky model [Mil72, Nea97, Sze81]. For the case of a metal with
a work function ¢,, larger than the work function ¢g of a n—type semiconductor,
ém > ¢s (Cf. Fig. 3.11 (a)), the thermal equilibrium condition (same chemical
potential Ep over the metal-semiconductor system) implies a flow of electrons
from the semiconductor to the metal, leaving a depletion region of positively—
charged donors at the interface. As illustrated in Fig. 3.11 (b), this gives rise to a
barrier ¢,, — xs for electrons flowing from the metal to the semiconductor and to a
barrier ¢,, — ¢gs for electrons flowing from the semiconductor to the metal, yg being
the electron affinity of the semiconductor. Whereas the metal-to—semiconductor
barrier ¢,, — X is insensitive, in idealized conditions, to a potential difference across
the metal-semiconductor interface, this is not the case for the semiconductor—to—
metal barrier ¢,, — ¢g, which is reduced if a positive potential is applied to the
metal with respect to the semiconductor (forward bias), and is increased in the
opposite situation (reverse bias) [Nea97]%. Such metal-semiconductor contact is
therefore a rectifying contact, and this junction acts as a metal-semiconductor
diode, which happens to be one of the oldest known semiconductor applications,
dating from 1904 [Sze81]>.

If the metal work function ¢,, is smaller than the semiconductor work function
¢s, as depicted in Fig. 3.11 (c¢), we will now have a flow of electrons from the metal

to the semiconductor, creating a negatively—charged layer at the semiconductor

2Cf. pp. 308-312 of the cited reference.
3Cf. p. 245 of the cited reference.
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Figure 3.11: Energy level diagrams for a metal-semiconductor (type n) interface,
as in ref. [Mil72]. In the top, the situation for the case where the metal’s work
function ¢, is larger than the semiconductor’s work function ¢g (and the semi-
conductor electron affinity yg) (a). After establishing the contact (b), conduction
electrons face barriers ¢,, — xs from the metal to the semiconductor and ¢,, — ¢g
from the semiconductor to the metal, and the junction is rectifying. Below, the
corresponding situation for the case where ¢, < ¢g (c): no significant barriers

exist (d) and the contact is ohmic.
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Figure 3.12: Energy level diagrams for a metal-semiconductor (type p) interface, as

in ref. [Mil72]. In the top, the situation for the case where the metal’s work function

¢m is smaller than the semiconductor’s work function ¢g (and the semiconductor

electron affinity xg) (a).

After establishing the contact (b), holes face barriers

Xs — ¢m from the metal to the semiconductor and ¢g — ¢,, from the semiconductor

to the metal, and the junction is rectifying. Below, the corresponding situation for

the case where ¢, > ¢g (c): no significant barriers exist (d) and the contact is

ohmic.
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interface, affecting the band levels as in Fig. 3.11 (d). In this situation, electrons
can flow easily in each direction when a voltage (either positive or negative) is
applied to the metal with respect to the semiconductor. This junction is therefore

an ohmic contact.

The discussion above can easily be reproduced, mutatis mutandis, for a junction
between a metal and a p—type semiconductor. The corresponding energy diagrams

are shown in Fig. 3.12.

In order to access the electrical transport characteristics of a semiconductor,
electrical metal contacts with ohmic behaviour are required. At such contacts, and
for a not too small voltage range, the threshold voltage for zero current is negligible
with respect to the applied voltage and the proportionality between current and

voltage does not vary measurably with voltage [Kr656].

However, as pointed out by Sze, " it us difficult to make ohmic contacts in wide-
gap semiconductors. A metal does not generally exist with a low-enough work
function to yield a low barrier. In such cases the general technique for making an
ohmic contact involves the establishment of a heavily doped surface layer such as
metal-nt-n or metal-p™-p contact by various methods, such as shallow diffusion,
alloy regrowth, in-diffusion of a dopant contained in the contact material, double

epitazy, and ion implantation” [Sze81]%.

The investigation and development of ohmic contacts is therefore a task specific
to each semiconductor and which, despite the overall principles being basically un-
derstood for long [Kr656, Smib5], still occupies a considerable amount of research
effort, particularly in the wide—gap materials such as ZnSe, CdS and CdTe [Dar98|,
and focusing recently in ZnO [Che06, Hu06, Kan06]. Of course, such investigations
are far off the main trend of this work, where we aimed at achieving but reason-
able ohmic contacts to ZnSe, in order to have some basic characterization of the

transport properties of our samples.

4Cf. p. 306 of the cited reference.
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3.3.2 Ohmic contacts to ZnSe

The basic mechanism of formation of ohmic contacts to ZnSe has been investigated
by Kaufman and Dowbor [Kau74] and, despite recent improvements [Par99], it can
be taken as a guide for our objective. These authors build upon an already quite
established practice of obtaining ohmic contacts in ZnSe and other II-VI semi-
conductors by means of contacting with In metal [Ave63, Ave65, Dub70, Swa69],
either pure or alloyed with other elements. They suggest that, upon heating, In
dissolves ZnSe, forming a liquid-phase epitaxial layer which provides the ohmic
contact after cooling.

For the formation of such layer, Kaufmann and Dowbor emphasize the absolute
necessity of the In wetting the crystal, as evidenced by experiment. Therefore, the
optimum conditions for the formation of the contact include a clean surface and
the fusion of the In at the surface at a low temperature (around 300°C). The
presence of an inert atmosphere prevents the oxidation of the surface, hydrogen
being a usual choice (as it may act as an oxygen getter): Aven and Segall [Ave63]
electrode ZnSe with ” In dots fused-in under Hy atmosphere at 300°C”, Dubenskii
et al. refer that the 7 In alloying was carried out in an atmosphere of purified Ho
with rapid heating and cooling” [Dub70], Swank et al. inform that their samples
"were provided with ohmic contacts of indium, fired in hydrogen at 300°C' for 30
s” [Swa69], Ray and Kroger acknowledge having heated the crystals ” for 2-3 min
to 300°C' and then cooled to room temperature” [Ray78]. Introduction of hydrogen
into the sample (thereby affecting the electrical properties) is not expected to occur

for low temperatures and reduced annealing times [Hei59, Mol54].

Etching

Prior to applying the indium, the surface of the ZnSe crystals must be appropriately
cleaned. Again, many recipes are available in the literature, also due to the impor-
tance of having appropriate surfaces for optical studies. Though the earlier studies
only mention ”simple” procedures such as chemical polishing in hot concentrated
NaOH [Ave63], more recently many workers find adequate a multi-stepped etching,

in order to remove different kinds of surface imperfections [Nak97, Wen99]. We
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adopted the following procedure: after degreasing the samples with standard sol-
vents (ethanol, acetone), we submitted them firstly to a chemical etching step in a
K5Cry07/H5S0,4/H50 solution [Pro02, Sch94, Wen99|. Afterwards, the reduction
of the oxide layer was taken by etching in a HCI-H,0O 1:1 solution and subsequently
in a 1:3 NH,OH(29%)-methanol solution [Chi83, Nak97]. The former is thought
to dissolve SeO,, and the latter ZnO, [Kim93]. The mentioned etching times vary
between 3 minutes [Pro02, Sch94] and 10 minutes [Chi83]. We adopted the latter

value for all steps.

After the etching, indium metal contacts (purity 99.998%) were placed, when-
ever possible, in the corners of the sample, as illustrated in Fig. 3.13. The samples

were then immediately placed in a quartz tube, in a Hy atmosphere.

Figure 3.13: Indium contacts on a ZnSe sample, placed at the four corners in order
to allow Hall-effect /resistivity measurements using the van der Pauw method. The
sample is shown before the thermal treatment applied in order to provide the ohmic

contacts.
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Heat treatments

We have thus tried to obtain ohmic contacts by annealing the samples, prepared as
described previously, for some minutes at 300°C. A high-impedance electrometer,
for resistance measurements up to 210 T2 (as well as corresponding DC current
and voltage measurements), was used to inspect the contacts electric behaviour:
the electrometer was used in current mode in order to measure the current through

the sample and contacts by applying a fixed dc voltage.

Rather unexpectedly, we found no linear behaviour, even for a sample annealed
for 30 minutes at 300°C (Fig. 3.14), but rather a non-ohmic I-V curve similar
to that obtained for a sample where the In contacts were simply soldered to the

sample.

However, we did find ohmic behaviour when annealing at 400°C for 30 minutes,

as shown in Fig. 3.15.

At 400°C, there should be no alteration of the conductivity of ZnSe due to dif-
fusion effects. The diffusion of In for the effect of doping is reported to occur only
at 900°C [Chi83]. Takenoshita et al. have measured the diffusion depth for this im-
purity and indicate only 10 pum, after a diffusion time of 10 hours at 600°C [Tak86].
Regarding self-diffusion in ZnSe, the respective coefficients have been measured by
Henneberg and Stevenson [Hen71] to be Dz, = 9.8 exp(—3.0eV/kT) cm?s™! and
Dg. = 0.13 exp(—2.6 eV/kT) cm?s™*. For estimating the corresponding diffusion
depth , we may use the simple relation between the diffusion coeficient D, the
diffusion depth X and the diffusion time ¢ [Cra86, Jon94]

D= i (%)2 (3.1)

From equation 3.1, the self-diffusion depth in ZnSe at 400°C, after annealing for

30 minutes, also corresponds to only some micrometers.
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Figure 3.14: I-V curve obtained for a pair of contacts at a ZnSe sample annealed

for 30 minutes at 300°C. An unexpected non-linear behaviour shows up.
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Figure 3.15: I-V curve obtained for a pair of contacts at a ZnSe sample annealed
for 30 minutes at 400°C. A piece of the same sample as that shown in Fig. 3.14

was used.
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Conclusion: adopted procedure

We have thus adopted the following procedure for obtaining ohmic contacts to
ZnSe:

e degrease the sample in acetone;

e chemical etching in KyCryO7/H5SO4/H50 solution for 10 minutes;
e ctching in HCI-H5O 1:1 solution for 10 minutes;

e etching in 1:3 NH,OH(29%)-methanol solution for 10 minutes;

e immediately applying In contacts at the surface (as in Fig. 3.13) and placing

sample in a quartz tube at Hy atmosphere;

e heating in Hy atmosphere for 30 minutes at 400°C.

3.3.3 Resistivity and Hall effect measurements

We shall here briefly describe the basic principles and method used for the resistiv-
ity and Hall-effect measurements. These are standard techniques, and an essential
part of any semiconductor textbook, at all levels [Ash76, See82, Yu99]. Here, we
closely followed the procedure recommended by the US National Institute of Stan-
dards and Technology (NIST) [Ast00, Nis06], which is based upon the van der
Pauw four-point method [vdP58a, vdP58b].

Basic Hall effect

The basic Hall effect was first observed by E. H. Hall in 1879, while in a research
program to find magnetoresistive effects [Ash76]°. The Hall effect has since then
played a major role in the development of solid state physics, becoming a standard
technique for obtaining basic transport parameters, and being simultaneously at
the forefront of research, as is eloquently expressed by the unveiling of phenomena
as the quantum Hall effect (K. v. Klitzing, Nobel prize 1985) and the fractional

5Cf. pp. 11 and 12 of the cited reference.



92 CHAPTER 3. SAMPLE CHARACTERIZATION

quantum Hall effect (D. C. Tsui, H. L. Stérmer and R. B. Laughlin, Nobel prize
1998) [K1i86, Lau99, Sto99b, Tsu99].

The basic Hall-effect measurement is depicted in Fig. 3.16. A magnetic field
B=B, k is applied perpendicularly to the face of a flat sample, subject to an
electric current due to an applied electric field E=F, 1. The charge-carriers in the

sample will be deflected in the y direction due to the Lorentz force

FpL=qvxB (3.2)

y
Z;x
-evX B

+ &+ F + + ¥ +++++++ +
ﬁ /Ey :
—_—— S - - m = = = = = = = = - ]x
d

Figure 3.16: Schema of the basic Hall effect: a current j=j, 1 flows due to the
application of an electric field E=F, 1, while the material is subject to an external
magnetic field B=8B, k. The negative-charge carriers situation is depicted, where
the Lorentz force and the Hall electric field, in the reference frame of the figure,
point in the negative y direction. The width w and depth d of the sample are also

indicated.



3.3. RESISTIVITY AND HALL EFFECT IN ZNSE 93

The charge therefore accumulates in one of the y faces of the sample, thus
creating a y-component of the electric field against the Lorentz force. A potential
between the two y faces arises, named Hall potential. In the steady state, these
two forces in the y direction mutually cancel. The velocity of the charge carriers,
in this situation, is v=v, 1. The current density, in the steady state, is also only

in the x direction, according to

j=ngqv (3.3)

The sign of the final Hall potential depends on the sign of the charge carriers.
As a matter of fact, for positive charge carriers such as holes, we have (see the
referential in Fig. 3.16) v, > 0, (¢v x B), < 0 and therefore E, > 0; for negative
charge carriers such as as electrons, it is v, < 0, (¢v x B), < 0 and therefore
E, < 0; this last case is illustrated in Fig. 3.16.

In the classical relaxation time approximation (Drude model) [Ash76], the dy-
namics of negative charge carriers is described by (similarly to positive charge

carriers):

P_ _E-“pxB-P (3.4)
m

where p/7 is a friction term and 7 is the mean collision time. In the steady-state,
dp/dt =0 and v, = 0. Eq. 3.4 becomes

—eE, =1 (3.5)
T
e
ek, = —Pa B (3.6)
and, attending to eq. 3.3, we finally get:
, ne’r
1 .
E,=—-—Bj, (3.8)

ne

The same result for j, and E), is obtained if positive charge carriers are consid-

ered.
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The conductivity® o becomes:

ne’r
= 3.9
o="C (39
and the Hall coefficient, defined as Ry = E, /(B j,), is
Ry = — ! (3.10)
= he '

Unlike the metal case, where n is temperature independent, for semiconductors
the temperature dependence of the conductivity arises both from the increase of
the carrier concentration with temperature (increasing o) and from the decrease
of the collision time with temperature (decreasing o). It is therefore customary to
separate these two contributions by defining the mobility p as the proportionality

factor between the drift velocity and the applied electric field:

Uy = pu By (3.11)

The conductivity thus becomes:

o=-nep (3.12)

and, from eqgs. 3.10 and 3.12 the relation of the mobility to the conductivity and
the Hall coefficient is simply expressed by

i=Ryo (3.13)

The Hall mobility pug given by eq. 3.13 may not correspond exactly to the
mobility p defined by eq. 3.11, when the assumption that all charge carriers have
the same energy is no longer valid. In that case, the relation between the two is
adequately described by [Yu99]":

fH = =3 1 (3.14)

S0 = 1/p, where p is the resistivity.
TCf. pp. 226 and 227 of the cited reference.
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van der Pauw method

The most common method for measuring the resistivity and the Hall coefficient
of a material "us based upon a theorem which holds for a flat sample of arbitrary
shape if the contacts are sufficiently small and located at the circumference of the
sample” [vdP58a]. The sample must be singly connected (no geometrical holes).

Two "resistances” are defined as (see Fig. 3.17):

Vp — Vo

Rynop = (3.15)
IMN
Ve =V,
Ryo.pv = % (3.16)
NO

where V; — V}, is the potential difference between contact j and contact k and i,

is the intensity going from contact [ to contact m.

Figure 3.17: Essential features for the application of the van der Pauw theorem:

a flat sample with no (geometrical) holes, in which border four electrical contacts
M, N, O and P are established.
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This theorem, named after van der Pauw, states that the resistivity p of the
sample, assumed to have thickness d, relates to the resistances defined in eq. 3.16

by the expression:

Td wd
exp ( T RMN,OP) + exp ( s RNO,PM) =1 (3.17)

Thus, by measuring Ry op and Ryo py one immediately obtains p by solving
equation 3.17. This has to be done numerically, as it is not possible to express p
analitically from eq. 3.17. An algorithm for the corresponding computation may
be found in appendix ?7?.

In his seminal paper [vdP58al, van der Pauw showed as well that the Hall
mobility ug of the sample can be determined by measuring the resistance change

ARpyn,op when applying a magnetic field B perpendicularly to the sample:

_ i ARynop

3.18
120:4 B P ( )
From eqgs. 3.13 and 3.10, the density of carriers is thus given by:
1
n=— (3.19)
qapku

Resistivity measurements and apparatus

In order to proceed with the aimed measurements, we began by soldering metal
wires to the contacts with indium. The contacts were labelled 1 to 4, in the direct
rotation order, as shown in Fig. 3.18. Such ordering is important in order to clearly
define the sign of the Hall voltage and therefore that of the charge carriers. The
sample was subsequently placed inside an improvised metal Faraday cage, on top
of a dielectric polystirene sheet. The cage was thin enough in order to be placed
between the poles of the electromagnet to be used in the subsequent Hall-effect
measurements. [t was provided as well with holes, in order to allow the wires to
be connected to the remainder apparatus.

For each measured sample, we verified the linear dependence for the pairs 1 —3
and 2 — 4, as in Fig. 3.15.
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The resistivity measurements were done according to the procedure recom-
mended by the U.S. National Institute of Standards and Technology [Nis06]. This
procedure recommends using a stabilized current source to set a current I, enter-
ing the sample in contact j and leaving through contact k£, and measuring simul-
taneously the potential difference V;,,, = V; — V,,, between contact [ and contact m,
by means of a sensitive electrometer. However, we did not have access to such a
current source and used another high-impedance electrometer instead: this brings
an operational difference, since the current [j; is not set but measured. For highly
resistive samples such as ours’, this constitutes an important source of experimental

error.

Figure 3.18: Metal wires soldered with indium to the In ohmic contacts on a ZnSe

sample. The contacts are labelled 1-4 in the direct order.
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For the resistivity measurements, we proceeded as follows: for each pair of
adjacent contacts we established a tension Vj; with electrometer A and measured
the corresponding current ;. The tension V},, between the remaining two contacts
was simultaneously measured. A resistance associated with this measurement was
computed:

Rjpm = 2 (3:20)
m

We have also determined Rjjy, from an independent measurement of V,,,; and
ik, as recommended in order to check systematic errors. We have thus obtained
the four resistances Rig43, Ra314, R3421, and R4y 32, together with its respective
reverse order counterparts [o; 34, [i32.41, [l43,21, and R4 93.

As a result of the reciprocity theorem, well-known from elementary circuit

theory [Mit49], we have

Rjiim = Rim jik (3.21)

and, it follows immediately that
Ro1 34 + Ri243 = Ry312 + Raa (3.22)
Rs2 41 + Roz 14 = Ria23 + Ra1 32 (3.23)

Two characteristic resistances to be used within the van der Pauw theorem can
then be estimated experimentally from the average of each quartet expected equal

resistances in egs. 3.22 and 3.23:

_ Ro1 34 + Ri2.43 + Rz 2 + R3a o1

R4 1

(3.24)

_ R3pa1+ Ragjpa + Rig2s + Rap 3o
N 4

Rp (3.25)

The resistivity follows immediately from eq. 3.17.
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Hall effect measurements and apparatus

For the Hall-effect measurements, the Faraday cage described above was placed
in the uniform field region between the poles of a Helmholtz-coils electromagnet.
This device can provide a maximum field of 1 T (10000 G), though this extreme
can be maintained only for a few seconds due to extreme heating. However, few
thousand Gauss offer no difficulties and we decided to use the compromise value
of 0.6 T (6000 G). It is possible as well to reverse the direction of the field by
reversing the direction of the input current. The calibration of the direction dial
was done by simple checking of the deviation, in the presence of the magnetic field,
of a thin aluminum-foil band subject to a known current.

The magnetic field in the sample location was measured by a gauss-meter,
previously placed inside the cage and next to the sample.

The measurements now imply establishing a known current 7, from contact j
to contact k and measuring the voltage V},,, = V; — V,,, in the other pair of opposite
contacts, in the presence of a magnetic field perpendicular to the sample face. As
in the resistivity measurements, it is also advisable to measure i;; and V;,; as well.
Again, we used a high-impedance electrometer to measure ¢;, due to an established
voltage Vjy.

For non-symmetrical contacts placed in samples with odd geometries, the volt-
age Vi, has in general two contributions: the Hall-voltage proper and an offset
voltage arising from the non-symmetry, and which is generally much larger than
the Hall voltage. The accuracy of the measurements is usually improved by mea-
suring V},, for both possible directions of the magnetic field, denoted P and N, as
sketched in Fig. 3.19. We denote the corresponding tensions Vj,,p and Vj,,n.

We have thus measured the following pairs:

e (i13,Vo4p) and, correspondingly, (is1,Vizp);
e (ia4,V31p) and, correspondingly, (ig,Visp);
o (i13,Vo4n) and, correspondingly, (iz1,Vien);

o (i24,V31n) and, correspondingly, (i40,Vi3n).
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Here, due to the hindrance arising from using an electrometer instead of a cur-
rent source, we took particular care to ensure that all the currents were measured
to be equal, within a minimum dispersion of current values, in order for the con-
centration of carriers be more easily determined afterwards (see eq. 3.30 below).

The offset voltage can be removed by computing the following differences:

Vo = Vaup — Vaan (
Vp = Viap — Vion (3.27
Ve =Visp — Visn (
Vi =Vaip — Vain (

The sum V = Vi + Vp + Vi + Ve directly gives the sample type, determined
to be p-type if ¥V > 0 and n-type if ¥V < 0. Each of the parcels in the sum V
corresponds to twice the Hall potential Vg, so that V = 8 V.

Figure 3.19: Sketch of P and N directions of magnetic field in Hall-effect measure-

ments.
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The concentration of carriers n (or p, for p-type samples), in SI units, can also

be obtained immediately from eq. 3.10 and the definition of the Hall coefficient, :

81B
n—= ——
qdV

where we used j, = [/(wd) and V,, = E, w (see Fig.3.16).
From egs. 3.30 and 3.18, the Hall mobility follows as well.

(3.30)

3.3.4 Results

We present in table 3.3 the obtained results for the resistivity, free-carrier concen-
tration and mobility, where possible, for the six ZnSe samples we presented in the

begining of this chapter.

Sample p (Q.cm) n (em™3) py (em?V-1is™)

AA > 101! - -
Ctec 7 x 10? - -
B 9 x 108 2 x 100 0.33
Ctec:Zn 7 x 10® 3 x 10%° 0.27
CVTu 1 x10° 3 x 1012 0.02
CVT:I 1 x 10% 1 x 10 0.06

Table 3.3: Resistivity p, free-carrier concentration n and Hall mobility uy for the

ZnSe samples presented in the beginning of the chapter.

The first remark regarding the results of table 3.3 respects to the extremely
high-values of the sample resistivities. This is not a surprise, since similar values
are presented in the literature for as—grown ZnSe crystals. Hartmann and Siche
quote typical high resistivities for ZnSe as 10" — 102 Q.cm [Har94]. ZnSe has

even been used as a test sample for demonstrating the performance of apparatus
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for high-resistivity measurements [Hem73]. Correspondingly small values for the
free-carrier concentration appear, consistent with similar measurements for high-

resistivity samples [Col68, Hem73].

Here, we should point the high experimental difficulties arising from trying to
measure such extreme values with our improvised apparatus. The essential sources
of error, both random and systematic, relate to the long transients associated with
the involved high resistances and to the deficient electrical isolation from external
sources, which become a hindrance when measuring nA and pA currents. All this
adds up to underline the due caution at looking at the values, which should not
be taken to contain more information than the order-of-magnitude. However, even
this may be considered to be successfull enough and even beyond expectation: for
example, Gebauer et al. [Geb02] mention that the detection limit of their setup is
10° Q.cm.

The above-mentioned experimental difficulties prevented the Hall-effect mea-
surements for the highest-resistive samples, for which we therefore do not have an
estimation for the charge-carrier concentration. This is nevertheless expected to
be < 10 em 3. Also, from the differences in the measured resistivities of the A4
and the Ctec samples, we expect the charge carrier concentration of the AA sample
to be significantly smaller than that of the Ctec sample. For all the other sam-
ples, the corresponding sign of the carrier confirms, as expected, n—type, and we
expect nothing but that for the AA and Ctec samples, given the known difficulty
of obtaining p—type ZnSe, mentioned in Chapter 1.

The high-resistivity of our samples may be the key to understand the procedure
differences we had to adopt, with respect to the older literature on the subject,
in order to obtain ohmic contacts in ZnSe. Particularly, we were unable to ob-
tain ohmic contacts by simply annealing at 300°C for a short time, as was done by
Swank [Swa69] and by Ray and Kroger [Ray78]. However, most of the samples used
in these older researches were previously subject to a ”purification” treatment by
annealing in liquid Zn at 1000-1050°C for one to two days [Ave62]. This treatment
basically removes the compensating zinc vacancies and reduces the resistivity to

values as small 107! Q.cm [Har94]. One may speculate that the liquid-phase epi-
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taxial layer formed by In dissolving ZnSe, as proposed by Kaufmann and Dowbor
[Kau74], and which is essential to attain ohmic contact, is more easily formed for
lesser concentrations of zinc vacancies.

A final word on the mobility values, which are all quite small compared with the
maximum values found in the literature, where numbers between 500 cm =2 V=1 571
and 600 em ™2V ~!s7! are accessible, close to the theoretical limit [Pro00]. This
points to the presence of electron scattering at impurities and/or defects. The

above mentioned zinc vacancies are obvious candidates, and its role is stressed by

the differences observed between the Ctec sample and the Ctec:Zn sample.

Conclusive remarks

As mentioned in chapter 2, the concentration of conduction electrons plays a role
in the formation probability of the neutral muonium state or even of the doubly
charged state Mu~. The electrical transport information now obtained, in spite
of its unsophisticated nature, will prove to be essential in the reasoning and in-
terpretation of the uSR measurements on ZnSe that constitute the core of this
investigation and that will be presented in the next chapter. The brief photolumi-
nescence characterization adds finer microscopic information from the viewpoint
of the type and nature of the impurities and defects present, adding important

qualitative information for the discussion of the data.
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Chapter 4

Experimental results and

discussion 1I: ZnSe

Hd-de tomar o pregador uma sé matéria, hd-de defini-la para que se conheca;
hd-de dividi-la para que se distinga; hd-de provd-la com a FEscritura, hd-de
declard-la com a razdo, hd-de confirmd-la com o exemplo, hd-de amplificd-la
com as causas, com 0s efeitos, com as circunstancias, com as conveniéncias

que se hdo-de sequir, com os inconvenientes que se devem evitar.'

Pe. Anténio Vieira

Sermao da Sexagésima

4.1 Introduction

We will now present and discuss the experimental information obtained about the
muonium states in ZnSe, by means of the uSR techniques. As we shall see, the
physics of muonium in ZnSe is very rich, and a vast amount of different phenomena
and interactions is unveiled in temperature-dependent studies. This doesn’t ease

the experimentalist’s work and, in order to disentangle the physics, it is sometimes

'Free translation: ”The preacher shall take a single subject, he shall define it so that it is
known; he shall divide it so that it is distinguishable; he shall prove it with Scripture, he shall
declare it with reason, he shall confirm it with example, he shall amplify it with the causes,
with the effects, with the circumstances, with the conveniences that shall be followed, with the

imconveniences that should be avoided.”
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necessary to focus in specific parts of the experimental data, which more clearly
display the particularities of a given phenomenon. In the following, we have cho-
sen to present the experimental data in comprehensive sets grouped essentially
according to the experimental subtechnique used. This has the advantage of al-
lowing a broader view first, before moving to particular details, thus facilitating the
interpretation path. Of course, there is physical thought before and after experi-
mental data, and the disadvantage of this presentation scheme is that the identified
processes become somewhat scattered across the chapter. A final synthesis is then
needed and this will be tried in the end of the chapter.

In the course of this work, the samples AA and Ctec have been the most inten-
sively investigated. As seen in the previous chapter, these are the most intrinsic
samples, and so they prove the most adequate for access the "basic” physics of
muonium /hydrogen in ZnSe. However, even these samples show already some sig-
nificant differences, thus pointing clearly the importance of the interactions with

charge carriers even at this lower extreme doping limit.

We start by presenting high-transverse field (7 T), high time resolution experi-
ences at TRIUMF for the AA and Ctec samples, which allowed the discovery of a
novel muonium state in ZnSe, as well as deep insight into the paramagnetic muo-
nium conversion at low temperatures. Low-transverse field (5 — 10 G) experiments
at PSI, presented subsequently, revealed additional dynamics of the diamagnetic
components at about 60 K, which was further explored wvia final-state analysis
with RF-uSR. These two sets of data, together with the respective interpretation,

constitute the core of this chapter.

We present also additional experimental information, which further supports
the interpretation of the above mentioned data, and whose associated work was
only begun: the spectroscopy at high-temperatures (above room temperature), the
further insight into muonium dynamics by longitudinal field techniques, and the
low-transverse field investigations of the other ZnSe samples, which constitute the

beginning of doping-dependent studies in this material.
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4.2 High-transverse field spectroscopy

4.2.1 Novel deep muonium center in ZnSe

High-field, high time resolution muon spin rotation experiments were performed
using the HITIME spectrometer in the M15 beam-line at TRIUMF, in Vancouver,
Canada. The AA and Ctec samples were investigated. The positron counts in
the four detectors, arranged in a box-like configuration around the sample, were
analysed in a rotating reference frame. A typical time-spectrum (for the AA sam-
ple, T=2 K, at B=7 T) is shown in Fig. 4.1, for a reference frame rotating at
670 MHz. The superposition of two precession frequencies (692.1 MHz and 776.8
MHz, in the case of figure 4.1), is clearly visible in the time spectrum. The corre-
sponding Fourier spectrum is shown in Fig. 4.2, where the lower frequency line is

seen to be significantly broader than the upper line.

Each frequency signal was analysed using an exponentially-damped cosine func-
tion of the form A exp(—At) cos(wt+¢). The fractions of the two states compared
to all muons were calculated from the measured puSR amplitudes assuming that
only half of the weight is expected in the observed v,y transition, the second half
being contained in the unobserved higher-frequency v, transition (please refer to
section 2.3). Instrumental effects that lead to a decrease in the amplitude of the
signals at high-fields are corrected by comparing with the muon precession signal

in silver at the same frequency.

Only the vq5 transition in muonium being observable at high fields, in the
experimentally accessible range, the observation of the two lines indicates either
two distinct muonium centers with different isotropic hyperfine interactions or a
single muonium center with an anisotropic hyperfine interaction. In the latter
situation, the two lines could arise from different angles between the applied field
and the symmetry axis of the hyperfine interaction. We have thus undertaken
an orientation dependence study of these lines, in order to check the anisotropy

hypothesis.
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7086; ZnSe  a—Aesar 6.9T 2.5K (1,3,2,4) RRF

Q 0.05

Complex Asymmetry (RRF)
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Figure 4.1: Time spectrum obtained for ZnSe at T=2.5 K, B=6.9 T. In order to
facilitate the visual inspection, the data are plotted in a rotating reference frame
at 670 MHz. The superposition of the 692.1MHz and 776.8 MHz frequencies is
seen. Note the higher relaxation of the lower frequency. The line is a fit with a

sum of two exponentially-damped cosine functions, as described in the text.
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Figure 4.2: Fourier transform uSR spectrum of ZnSe (AA sample) at B =7 T
and T = 2.07 K. Two different states, Mu; and Muy; are observed. The two lines
correspond to two different isotropic hyperfine interactions, as discussed in the

text.
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Orientation dependence study

In order to check the orientation dependence of the muonia precession lines, we have
used three oriented ZnSe single crystals from the same Ctec batch, cut on the main
crystallographic orientations. In these experiments, the magnetic field was applied
parallel to the [100], [110] and [111] crystallographic orientations, respectively. The
precession frequencies at high-fields for these three samples, together with those for
the AA sample, are summarized in table 4.1. The frequencies are either equal, at
the same applied field, or shift with the characteristic 135.5 MHz/T ratio expected
for purely isotropic centers, for different fields. We thus find that the hyperfine
frequencies are independent, within experimental errors, of the direction between
the applied field and the three major crystallographic directions [100], [110] and
[111].

Sample T (K) TF(T) f (MHz) f;; (MHz) A; (MHz) A, (MHz)

AA 1.9(6) 6.899968 692.1(2)  776.80(8) 3454.6(2)  3282.2(4)
Ctec [111] 5.1(9) 6.899968 692.1(2) 776.82(7) 3454.7(1)  3282.2(4)
Ctec [110] 4.8(12) 6.77999 707.96(19) 792.60(8) 3454.2(2)  3281.9(4)
Ctec [110] 4.86(3) 5.999996 811.9(3)  896.31(8) 3454.3(2)  3282.0(1)
Ctec [100]  2.8(2) 6 812.5 896.25  3454.2(2)  3283.3(4)

Table 4.1: Orientation dependence of the muonium precession frequencies. The
corresponding isotropic part of the hyperfine interaction, as obtained from equation

4.1, is also included.

We therefore conclude that two distinct Mu centers, Mu; and Muyy, with dif-
ferent isotropic hyperfine interactions are responsible for the observed spectra.
We include in table 4.1 the corresponding hyperfine interactions, obtained from

the following expression, easily derived from table 2.4:

_ 2767%32 - 2V122 + 2V12(7€ - PYM)B

A
(7@ - ’Y,u)B - 27/12

(4.1)
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where the corresponding error o4 is given by:

A
o4 =2 + 1|0, (4.2)
(’76 - VM)B - 2V12

From the average value of the hyperfine parameters in table 4.1, we estimate the
corresponding values of the hyperfine interactions to be A; = 3282.1(1) MHz and
Ap = 3454.4(1) MHz at the lowest measured temperature. These values correspond
to 73.5 % and 77.4 % of the vacuum value, respectively.

From the maximum observed difference of the hyperfine interaction values in
table 4.1 and eqs. 2.40 and 2.39, we may obtain a maximum limit for the value
of a presumed dipolar component D in the hyperfine interaction, obtaining D; <
0.5 MHz and Dy < 1.4 MHz.

4.2.2 Temperature dependence of the paramagnetic states:

A A sample

We now address the temperature dependence of the paramagnetic lines, as observed
in these high-field muon spin rotation experiments. We present firstly, in this
section, the results for the AA sample, which allow deeper insight, and leave for
the next section the corresponding results for the Ctec sample.

Figure 4.3 shows the fractions of the two muonium states in the AA sample, as
a function of temperature. Up to 40 K, both states coexist, Muj being nearly twice
as intense as Muy, and the total muonium fraction being 79£1%. Above 40 K,
Muy disappears and the fraction of Muyy increases strongly in a narrow temperature
interval. This indicates a conversion of Mu; to Muyy, the latter being the only state
visible at higher temperatures. The total intensity of visible muonium signals
decreases strongly above the conversion region. This probably is an effect of muon
spin depolarization during the time between implantation and formation of the
final state, since no appreciable change in the diamagnetic signal is observed in the
entire temperature range. The diamagnetic signal strength is extremely small and
consistent with zero diamagnetic fraction arising from the ZnSe sample. This signal

can probably be entirely accounted for by muons stopping outside the sample, at
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all temperatures below 300 K. We shall come back to this point.

The temperature dependence of the depolarization rates A of the two states can
be seen in Fig. 4.4. The most obvious feature is the strong increase of \ for Muy
between 10 and 40 K. This is attributed to the temperature activated conversion of
state I to state I1. The relaxation of Muy is also rather large (about 14 p s~1) before
the onset of the conversion process perhaps due to a rapid spin fluctuation of Muyj.
The relaxation of state Muy; is very low and does not change up to approximately
200 K, which includes the region of the conversion of state I to state II. Above

200 K an increase of the depolarization of Muyy is seen.

The phases of the signals in each detector are governed by the detector geometry
with respect to the muon spin polarization prior to implantation. However, as was
discussed in chapter 2, additional phase shifts are introduced if the muon exists for
some time in a precursor state before it forms the final configuration. Such phase
shift effects are seen in Fig. 4.5 for Muy as a dip around 50 K and as the gradual

decrease above 100 K.
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Figure 4.3: Fractions of the two muonium states, Mu;y (a) and Muy; (b), observed
for the AA sample at TF 7 T, as a function of temperature. Muy is seen only up

to approximately 40 K.
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Figure 4.4: Depolarisation rates of the two muonium states, observed for the AA

sample at TF 7 T, as a function of temperature.
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Figure 4.5: Phases of the two muonium states, observed for the AA sample at

TF 7 T, as a function of temperature.
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Temperature dependence of the hyperfine interaction

Before discussing the above-mentioned results in more detail, we begin by ad-
dressing the temperature dependence of the hyperfine interaction Ay, for Muyy, as
shown in Fig. 4.6. Such data are often modelled assuming an interaction with
long-wavelength phonons which are treated within the Debye model [Pat88].

In this model, the decrease with temperature of the hyperfine interaction is
usually explained by admitting that the atom ground state configuration is mixed
via orbit-lattice interaction with excited configurations of the form ns by a dynamic
phonon-induced field [éim66], where the lattice vibrations are treated within a
Debye model. The temperature dependence of the hyperfine interaction is proved

to be, in this description:

A=A

0p/T 23
1-oT1t / dx (4.3)
0

et —1

where A is the hyperfine interaction at T'= 0 K, T is the absolute temperature,
fp is the Debye temperature of the material and C' is a temperature-independent

parameter.
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Figure 4.6: Temperature dependence of A, of state Muy, observed for the AA
sample at TF 7 T. The red solid line is a fit with a (first-order) Einstein model.
The black line is a fit with a Debye model.
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In the present case the fit to this model, which is shown in figure 4.6, gives a
Debye temperature of Tp = 160 K. The Debye temperature for the ZnSe matrix
from the literature is 275 K [Bir75]. Similar discrepancies in a ratio of roughly 2
to 3, were also found for several other semiconductors [Lic04, Pat88]. However,
the fit with the Debye model is rather poor for the high temperature points in the
current case.

We should note that this model was developped by Simanék and Orbach specif-
ically to explain the temperature dependence of the hyperfine interaction in 3d°,
65 paramagnetic ions such as Mn?*. In the case of muonium, we have a 1s! ground
state configuration, which is admitted to be mixed, in the framework of this model,
with 2s!, 3s!, etc configurations. Perhaps part of the explanation of the failure
lies in the possible mixture with 2p configurations. Or else, the underlying Debye
model does not apply entirely.

A different approach to the problem is to assign the temperature dependence
to a local vibrational mode (e.g. the oscillation of muonium in the potential pro-
vided by the matrix) and assume that the change of the hyperfine interaction is

adequately described by a series on the mean square displacement < u? >:

A(T) =ap+ ay <u® > +ag <u*> +... (4.4)

Within this harmonic oscillator model, the temperature dependence can be
obtained from a Boltzmann distribution. Admitting, for simplicity, a single vibra-
tional frequency v (Einstein model), one arrives at the following formula for the

temperature dependent isotropic hyperfine interaction A(T):

Cl + C'2
exp(hv/ET)  (exp(hv/ET))?

A(T) = Ay + (4.5)

where Ag is the hyperfine interaction at 7' = 0 K and v is the single vibration
frequency in an Einstein model. The coupling constants C; and Cy are assumed
temperature-independent. Eq. 4.5 corresponds to the first three terms of the
formula given in reference [Rod95] and reference [Mor94]. Without the second

order term, a fit with this model, shown in figure 4.6, did not describe well the
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data points at the higher temperatures, indicating a deviation from the simple

proportionality between A and < u? >.

The fit (solid line in Fig. 4.7) gives an energy hv = 8.0 4+ 0.1 meV. Such a low
vibrational energy, if attributed to the oscillation of muonium in the cage, would

correspond to an extremely flat potential.

The limited temperature range for observation of Mu; does not allow any de-
tailed determination of the temperature dependence of the respective hyperfine

interaction.

34254 Mu 7
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Figure 4.7: Temperature dependence of A, of state Muy;, observed for the AA
sample at TF 7 T. The solid line is a fit with an Einstein model, as described in
the text.
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Mu; to Muy; conversion

A second important aspect in these high-field experimental data relates to the
conversion of Muy to Muy;. We have analysed this aspect with the simple conversion
model presented in chapter 2. There, we found the following expression for the
polarization change AP(t), in the case where state I, detected via frequency wr,

converts to a state II, which is detected via frequency wrr:
AP(t) = Arexp(—t/T)cos(wrt+ ¢r) (4.6)
A
1+ (AwT)?
Arexp(—t/7)
1+ (AwT)?

where 7 is the mean lifetime of the initial state and Aw = wip — wy > 0. For 7 an

cos(wir t + ¢r — tan™H(Aw 7))

cos(wr t 4 ¢ — tan ™ (Aw T))

Arrhenius ansatz 7 = 7,5 exp(E,/kT) was used, with E, the activation energy. An
acceptable global fit of all data using a unique set of parameters for the conversion
could not be obtained. The increase of the relaxation of Mu; and the rise of the
fraction of Muy; (Fig. 4.8) are too far separated in temperature to be fitted with
a single activated conversion process. A similar discrepancy was observed for the
conversion of Muy to Muy; in CuCl and CuBr [Kie86]. The reason is probably
that in the stage before the actual conversion, local motion of muonium and of the
lattice atoms change dramatically and result in an increase of the spin relaxation.

In Fig. 4.8(b) and Fig. 4.8(c), the solid lines show the fit to the amplitude
and phase of Muy;. In the fit we assumed that the amplitudes of Mu; and Muy; do
not change in the conversion temperature range and that their values are the same
as at low temperatures. This, however, is not completely correct and leads to the
overestimation of the Muyy fraction above 60 K in Fig. 4.8(c). From this fit, we
obtain E, = 17 meV and 7,y = 1.1 X 10~* us. These values should be considered
as a first approximation for the Mu; to Muy; transition, since any other dynamic
process involving either state has been left out of this simple model. With the
same fitted parameters as in Fig. 4.8(b) and (c), the solid line in Fig. 4.8(a) is
calculated. The discrepancy indicates again that the conversion process is more
intrincate than assumed in our model. The possible existence of a pre-conversion

dynamics, as discussed above, may justify the difference.
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Figure 4.8: Relaxation rate of Muj, phase shift of Muy, and fraction of Muyy,
observed for the AA sample at TF 7 T, as a function of temperature. The solid
lines are fit curves assuming activated conversion of Mu; into Muyy, as described in
the text.
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”Missing fraction”

At low temperatures, ~ 21% of the muons are not observed in high transverse-
field. Figures 4.3 and 4.8 show that the total muonium fraction, above 60 K
represented by the fraction Muy, decreases with temperature. As pointed out
above, no corresponding change is observed in the diamagnetic fraction. A possible
explanation for the "missing fraction” is that the donor electrons of ZnSe, which
become activated [Dev67] at around 60 K, cause a depolarization of the muon spin
in a precursor stage during the thermalization process, i.e. in the time between

the implantation and the formation of the final state.

As indicated in Fig. 4.4 and Fig. 4.5, there is a dramatic change in the
relaxation and phase of the Muy signal above about 200 K. Aditionally, in the
same temperature range, up to room temperature, the muonium fraction becomes
temperature independent (fig. 4.3). Above 200 K, donor ionization is essentially
complete and any process that depends critically on conduction electron concen-
tration begins to saturate. We note that a conversion from a precursor stage can
not lead to an increase in the relaxation of the final state. Therefore, the increase
of the depolarization of Muy above 200 K (Fig. 4.4) must be due to a process

acting on Muyy directly.

It is also unlikely that the increase of the relaxation is due to the onset of a
conversion of this state to another state since, as we shall see in section 4.5.3,
Muy; is observed up to 550 K. This observation is not consistent with an activated

conversion setting in already at 200 K.

Additionally, the observed change in the phase of Muy; above 150 K (Fig.4.5) is
not related to the Mu; to Muy; conversion since that transition has already become
very rapid well below that temperature. These features imply that additional
dynamics are present for both Muy; and a precursor state which is not necessarily
Mu;. Thus an interaction with conduction electrons might be the cause of the
relaxation and the phase shift must be caused by some process in the precursor

stage. We shall come back to this in section 4.4.
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4.2.3 Temperature dependence of the paramagnetic states:

Ctec sample

We show in figures 4.9 to 4.12 the result of similar temperature dependence stud-
ies in high-field muon-spin rotation experiments, undertaken with the Ctec [100]
sample.

Though the basic characteristics of the two muonium states are the same, as was
already pointed out in table 4.1, these data nevertheless show some enlightening
differences:

(i) as show in figure 4.9, the total muonium fractions observed at the lowest
temperature is now 91(1)% (79(1)% for the AA sample), and the additional fraction
is essentially due to Muy;

(ii) above 25 K, the Muy state is now seen to broaden (fig. 4.10) and its
amplitude to decrease to zero at 60 K (fig. 4.9), whereas the Muy state is no longer
observable due to extreme broadening, as seen in figure 4.10;

(iii) the two states cease to be observed before any significant phase shift ap-

pears, as seen in fig. 4.11.
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Figure 4.9: Fractions of the two muonium states, Mu;y (a) and Muy (b), observed
for the Ctec sample at TF 7 T, as a function of temperature. Muy is seen only up

to approximately 20 K and Muy; up to 50 K.
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Figure 4.10: Depolarisation rates of the two muonium states, observed for the Ctec
sample at TF 7 T, as a function of temperature. The line in (a) is a fit with an

Arrhenius activated function, yielding an activation energy of 6(1) meV.
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Figure 4.11: Phases of the two muonium states, observed for the Ctec sample at

TF 7 T, as a function of temperature.
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These features point to the presence of an additional process besides Mu; —Muy;
conversion. This conversion is still present, and is signed only wvia the broadening
of the Muj state seen in fig. 4.10, similarly to that observed for the AA sample 4.4.
However, the onset at 25 K of the new process involving Muy; and leading to its
disappearance already above 50 K prevents the observation of the characteristic
phase shift in the Muj precession frequency. Also, as seen in fig. 4.12, only a
hint of the the temperature dependence of the hyperfine interaction Ay is seen.
Thus, only the increase of the relaxation rate remains as sign of conversion, which
has been fitted to a simple Arrhenius activation, yielding an activation energy of
6(1) meV. This should be compared to the value obtained when fitting the same
process to the corresponding increase in the AA sample (fig. 4.4), where we obtain
an energy of 7(1) meV, much smaller than the 17 meV obtained in the global fit
of fig. 4.8.

From these data, not much can be extracted about the nature of this process,
except that it is related to the greater abundance of charge carriers in the Ctec
sample (please refer to table 3.3 and subsequent comments). This larger concen-
tration of charge carriers in the Ctec sample is apparent in the larger fraction of
muons that capture an electron at low temperatures, as expressed in the total muo-
nium fraction. The reason why only the formation probability of Mu;y is affected

is however not clear.
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Figure 4.12: Temperature dependence of Ajy, of state Muy, observed for the Ctec
sample at TF 7 T. Only a hint of the corresponding decreasewith temperature is

present, before the disappearance of the Muy; frequency.
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4.2.4 Discussion

The high-field muon spin rotation experiments have revealed a new muonium state
in ZnSe at low temperatures, the presence of which accounts for a large portion of
the muon fraction that was missing in previous experiments. The detection of this
state was made possible only in a high time resolution setup, by the application
of a high magnetic field in which the depolarization of the state is sufficiently
slow to allow for its observation. The two states observed here have characteristics
very similar to those reported[Kie86, Sch90, Sch92] for CuCl. In these publications,
after a detailed characterization of the local surroundings of muonium, definite site
assignments were determined via interaction with the abundant nuclear moments,
placing both Mu centers in the tetrahedral cage with Cu nearest neighbors but with
different lattice relaxations and different specific locations and motional properties
for Mu.

A similar situation may exist for both Mu; and Muy; in ZnSe. By analogy, we
expect both centers to reside in the same region, i.e. in the tetrahedral interstitial
cage surrounded by four nearest neighbor Zn ions. In this case, Mu; corresponds
to muonium embedded in the not yet relaxed lattice. It finds potential minima
slightly off the center position and tunnels among the different sites. A muonium
impurity at an off-center location within the tetrahedral cage should have some
anisotropy in its hyperfine interaction. The dynamical effect of tunneling would
average out this anisotropy and could explain the rather large depolarization of
Mu; discussed above. In the CuCl analogy, Muy; can be assigned to muonium in
the center of the Zn cage after lattice relaxation has occurred in reaction to the
presence of the muon. There is apparently a barrier between the two configurations
which is overcome thermally in the range where the conversion from Mu; to Muy;
is observed. A separation of singlet and triplet tunneling states for muonium
delocalized over four cation-related sites has also been proposed as an explanation
for such a barrier [Cox87].

Another interpretation of the two signals could be that they correspond to two
different sites, one to muonium in the anion tetrahedral cage and the other to

muonium in the cation tetrahedral cage of ZnSe. In a theoretical paper [VAW93a/,
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isotropic hyperfine interactions of 3333 MHz for Mu in the Zn cage (Tz,) and of
3248 MHz for Mu in the Se cage (Ts.) were predicted, which are remarkably close to
our experimental values. In this second interpretation, Mu; would correspond to a
deep-donor state at Ts., where a neutral and a positively charged muonium center
can be located. Muy; corresponds in this interpretation to a deep acceptor state at

the Ty, site, where a neutral and a negatively charged center can be located.

In the zincblende structured II-VI materials, which have considerable ionic
character in the bonding, the anion cage becomes competitive with the bond-
centered location for both the neutral and positively charged donor states. The
strong evidence here for conversion from Mu; to Muy; would then imply that the
Ty, acceptor site is the more stable location for Mu in ZnSe. This experimental
evidence also implies that, in the two-site model, the site-change transition is faster
than Muy ionization below roughly 50 K. However, if the Mu; deep-donor ionization
rate were competitive and increasing rapidly with temperature, then ionization of
Muy prior to conversion to Muy; could provide an explanation for the decrease in
Muy; amplitude that is observed between 60 and 150 K (Fig.4.3). This is also
consistent with a second exit route from Muj as inferred from the mismatch of the

Mu; relaxation results when compared to the fits to the data of Fig. 4.8.

The present experiment confirms that normal muonium at an acceptor site,
here called Muyy, is the stable muon configuration in ZnSe. The only other neutral
signal in ZnSe is Mu; which converts to Muy;. Here, no sign of the shallow effective-
mass donor has been found. Thus ZnSe belongs to the class of semiconductors in
which the shallow donor is absent and instead one or more deep muonium centers
are observed, as is the case for Si or for GaAs [Cho98, Pat88]. These high-field
data provide no clear experimental evidence for ZnSe, as there was for CuCl, on
which to base an independent choice between the two-site and single-site models;
thus, it is not definite at this juncture whether or not a deep donor state is also
observed in addition to the deep acceptor ground state. However, several arguments
favour the single-site model: the Muj relaxation rates, the very close resemblance of
ZnSe to the CuCl system (both from the crystallographical and the ionic character

point of view), as well as the similarity of the respective muonium experimental
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data, together with the definite assignment of the two Mu signals to the same
T-site cage in CuCl. All these advocate rather strongly in favour of the single-site

interpretation.

4.3 Low-transverse field spectroscopy

The investigation of the above-noted difference among the AA and Ctec samples
was continued at low-transverse-fields at PSI. The AA sample was investigated at
the GPS instrument, with a transverse field of 5 G, and the Ctec [111] sample was
investigated at the DOLLY instrument, with a transverse field of 10 G. Both sam-
ples were implanted with muons polarized in the backward (B) direction, and the
transverse field was applied in the left-right (L-R) direction. As usual, all directions
are referred with respect to the incoming muon momentum. Time histograms were
accumulated in the detectors placed in the forward (F), backward (B), up (U) and
down (D) positions. Again, each histogram was fitted with one or two exponen-
tially damped sinusoidal function with the form Aexp(—At) cos(2mvt + ¢). Silver
calibration measurements were used to obtain the instrument maximum asymme-
try. Typical spectrums for the AA and Ctec samples are shown in figs. 4.13 and
4.14.

4.3.1 AA sample

As is eloquently expressed by fig. 4.13, in the AA sample we observe essentially a
paramagnetic fraction, although a marginal diamagnetic fraction is present as well
in the spectra.

We present in figures 4.15 and 4.16 the results for the paramagnetic and dia-
magnetic fractions and relaxations. A very small diamagnetic fraction is observed,
presenting no temperature dependence, and which may be attributed to back-
ground.

At these low-fields, the muonium r45 and 1»3 precession frequencies are inde-
pendent of the hyperfine interaction, and it is therefore not possible to distinguish

the paramagnetic Mu states spectroscopically. However, the observed state is iden-
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Figure 4.13: Time spectrum obtained for the AA sample, at T=55 K and TF=5 G.
Only the first 400 ns are shown, where a 8 MHz oscilation, due to muonium, is

visible. The line is a fit with a lorentzian damped 8 MHz oscillation.
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Figure 4.14: Time spectrum obtained for the Ctec sample, at T=55 K and
TF=10 G. Unlike what is observed for the AA sample (fig. 4.13), the muonium
oscillation is no longer visible at this temperature, instead a significant 0.14 MHz

diamagnetic frequency is seen. The line is a fit with an unrelaxed 0.14 MHz oscil-

lation.
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Figure 4.15: Paramagnetic (Muy) and diamagnetic fractions, observed for the AA
sample at TF 5 G = 0.5 mT, as a function of temperature.
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Figure 4.16: Depolarisation rates of the paramagnetic (Muy) and diamagnetic

fractions, observed for the AA sample at TF 5 G = 0.5 mT, as a function of
temperature.
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tified with Muyy, since the high relaxation of the Mu; state, as seen under the 7 T
field, does not allow its direct observation in the lower resolution setup at PSI.
Also, the experimentally observed Mu precession frequency presents no tempera-
ture dependence, as expected at low fields where the v and o3 frequencies are

independent of the hyperfine interaction, as discussed in section 2.3.

We note, in fig. 4.15, the difference in the paramagnetic Muy fraction at the
lowest temperature ( 17%, vs. 25% at 7 T, see fig. 4.3). This may be due to
the repolarization of part of the missing fraction. We note that this can not be
attributed to the field dependence of the converted asymmetry, since we expect it

to be smaller in high fields.
The 50 K peak observed in the high transverse field data (fig. 4.3), is here

observed at the same temperature and is again identified with Mu; —Muy; con-
version. The decrease of the Muy; fraction above 50 K is also present, with no
apparent impact in the diamagnetic fraction. The corresponding relaxations are
shown in fig. 4.16. Despite no significant changes are observed in the respective

temperature dependence, a quite broad relaxation of the Muy; state is observed.

Again, the dynamical process above 200 K makes itself visible via a slight
reincrease of the Muy; fraction, which amounts to ¢. 12% of the total muon spin

polarization at 300 K.

It looks therefore that these low-field data bring no new information with re-
spect to the high-field data at TRIUMF and are, in some sense, redundant. How-

ever, three types of reasons impose the need to consider them here:

(i) the contrast with the Ctec low-field TF data, shown in the next section, and

which have, unlike these data, new information;

(ii) the spectroscopical investigations of the processes undergoing at higher
temperatures (above room temperature) can only be done at PSI; these data thus
provide us with a coherent set of data from liquid-He temperature, to the highest
temperature attainable at PSI; we leave the presentation of these high temperature

investigations to a later moment;

(iii) finally, these data confirm our previous high-field data and interpretation.
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4.3.2 Ctec sample

We present in figures 4.17, 4.18, 4.19 and 4.20 the results for the corresponding low
field (TF10G) muon spin rotation measurements of the Ctec sample, undertaken at
the DOLLY instrument at PSI. Unlike the case for the AA sample, we now observe
a significant diamagnetic fraction (see fig. 4.14), peaking at about 60 K (fig. 4.17).
This had not been observed in the 7 T measurements, which stopped, for this
sample, at 45 K. The diamagnetic fraction is seen to increase with temperature
from 3% at 30 K up to 25% at 65 K. This increase matches the corresponding
decrease in the paramagnetic fraction, identified once again with Muy. Of note,
the low-temperature Muy; fraction now observed is equal to the one seen in the
high-field experiments (cf. fig. 4.9), indicating that the low-temperature dynamical
process leading to the missing fraction in the AA sample is now absent.

Other signatures of conversion from Muyy to the diamagnetic fraction, in the 30
- 60 K region, include the relaxation increase in the Muy; signal (figure 4.18) and
the pronounced phase-shift in the diamagnetic signal (figure 4.19).

Above 60 K, another process sets in, leading to the disappearance of the dia-
magnetic fraction, and an increase of the diamagnetic relaxation is observed (fig.
4.20), though it is obscured by the almost complete disappearance of this fraction
above 100 K.

Discussion

The data just presented for the Ctec sample at TEF 10 G clearly display signs of
conversion of the paramagnetic fraction (presumably, and most reasonably, Muyy)
to a diamagnetic fraction. This occurs as a thermally activated process from about
30 K to 60 K and, as the difference among the two samples indiciates, is observed
mostly in the sample with higher concentration of conduction electrons.

As in the conversion of Muy to Muyy, discussed in the previous section, the con-
version of the paramagnetic fraction to the diamagnetic fraction is visible through
the increase of relaxation of the converting state, and as an asymmetry increase

and phase-shift of the converted state.
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Figure 4.17: Paramagnetic (Muy) and diamagnetic fractions, observed for the
Ctec sample at TF 10 G = 1 mT, as a function of temperature. The line in
the diamagnetic fraction graph is a fit assuming an activated electron capture, as
discussed in the text. The line in the paramagnetic fraction graph is a simulation

for the corresponding variation of the paramagnetic fraction.
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Figure 4.18: Paramagnetic relaxation, observed for the Ctec sample at TF 10 G
= 1 mT, as a function of temperature. The line is a fit assuming an activated

electron capture, as discussed in the text.
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Figure 4.19: Phase of the diamagnetic component, observed for the Ctec sample
at TF 10 G = 1 mT, as a function of temperature. The line is a fit assuming an

activated electron capture, as discussed in the text.
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Figure 4.20: Relaxation of the diamagnetic component, observed for the Ctec sam-

ple at TF 10 G = 1 mT, as a function of temperature. The increase at c¢. 60 K is

a sign of the onset of a second process, leading to the decrease of the diamagnetic

fraction.

At first sight, three processes may be considered as candidates to supply an

interpretation of these conversion data:

e simple electron ionization: Mu}; —Mu™ + e~. However, this activated ion-

ization of the Mu electron should not differ among samples; also, such a
fundamental process is also expected to occur at much higher temperatures

for such compact centers;

hole ionization MuY —Mu~ + h*: this case corresponds to an activated
electron promotion from the valence band (or hole ionization). Again, such
activated process is expected to be the same for the two samples, except
that it implies a previous hole capture, at possibly different cross-sections.
However, the hole capture is roughly proportional to hole concentration [h],
which is a negligible quantity at these temperatures. Nevertheless, from
the law of mass-action, the concentration of holes is related to the intrinsic
concentration of conduction electrons, n;, and to the actual concentration
of electrons, n, by [h] = n?/n. So, [h] is expected to be larger for the AA

sample, again in apparent contradiction with the data.
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e second electron capture Mu¥; + e~ —Mu~, which seems to be the most

physically sensible process and which readily makes the data understandable:

— this implies the capture of a second electron occurring after the ioniza-
tion of the donors of the material, possibly after the muon thermaliza-
tion;

— it seems likely that this delayed capture may be even more delayed if
the concentration of donors is smaller, and this might explain why the
diamagnetic fraction is not observed in the AA sample; the second elec-
tron takes too long, and/or this capture is preceded by spin fluctuations
that depolarize the muon spin and lead to a (much smaller) decrease of
the paramagnetic amplitude, without the corresponding increase of the

diamagnetic amplitude.

— at the lowest temperatures, as pointed out in the preceding section, only
a small percentage of the muons implanted in the Ctec sample manage
to capture the second electron; the process becomes more important as

donors are ionized and more conduction electrons become available.

Analysis of second electron capture by Muy

We have analysed the relevant parameters (paramagnetic relaxation, diamagnetic
fraction, diamagnetic phase) with the same model applied to the Mu; to Muy
conversion (eq. 4.6).

In the Mu¥; + e~ —Mu~ model, the lifetime 7 of the Muy state is the inverse
of the capture rate v, of the second electron. In the simplest approach, v, is
expected to be proportional to the concentration n of conduction electrons and to

the respective velocity v,:

Ve = 0pUe N (4.7)

where o is the cross section for the capture and the mean thermal velocity is given
by [Rei65]?:

2Cf. eq. 7.10.16 of the cited reference.
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13kT
= 4.
Ve m? (4.8)

The temperature dependence of the concentration of conduction electrons in the

conduction band, for a compensated n-type semiconductor with N, compensating
acceptors and N, donors with spin degeneracy 3 (usually taken to be § =1/2) at

the single donor ionization energy Fy, is given by [Bla62]>:

n(n + Ny) Eq
———— =N, —— 4.9
No—N,—n " eXp( k;T) (4.9)
where N, is the effective density of states in the conduction band and is given
by[Bla62]*:

. 3/2
N, =2 (”;—I;;QT) (4.10)
T

and m = 0.16 mg is the electron effective mass in this compound [Mad82].
This formula can be further simplified at low temperatures, assuming Ny >>

n >> N,:

E
N = N €XP (—ﬁ) (4.11)

where

Moo = /BN, Ny (4.12)

An exponential, Arrhenius-like, dependence for the capture rate 4.7 is therefore
expected in this approximation, with an activation energy which is about half of

the donor energy Fy:

E E
Ve = O¢ Ve Moo €XP <—ﬁ> = v exp (—ﬁ) (4.13)

In the final analysis, we have used this exponential approximation, and fixed

the donor energy to 30 meV (i.e., the Arrhenius activation energy to 15 meV),

3Cf. p. 138, in the cited reference.
4Ct. p. 80, in the cited reference.
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which is a usual value for donors in ZnSe [Mad82]. Thus, the only free parameter
is the pre-exponential factor v2°, which results v2° ~ 3 GHz. This points to capture
cross-sections of about 10° A2, The common fit to the diamagnetic fraction and
phase, as well as to the paramagnetic relaxation, is shown in figs. 4.17, 4.18 and
4.19, respectively. In fig. 4.21 we represent together the diamagnetic fraction and
phase, in order to more clearly display their inter-relation.
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Figure 4.21: Diamagnetic phase and asymmetry, fitted with a function assuming

an activated electron capture, as discussed in the text.
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4.4 Final-state analysis experiments

The low-field experiments presented above prompted us to investigate more thor-
oughly the diamagnetic fraction in ZnSe. From eq. 4.6, it is clear that the ampli-
tude of the diamagnetic final fraction is expected to vary with 1/ \/m,
from which we may expect a rough variation with the inverse of the applied mag-
netic field. This effect, which corresponds to the dephasing of the converted state,
explains why the diamagnetic fraction is seen only in low applied fields.

The final state can be best investigated by means of the muon spin resonance
technique presented in Chapter 2, which, being in its essence a longitudinal field
technique, is free from the dephasing problems.

We have thus undertaken final state analysis of the diamagnetic fraction in the
Ctec and the AA samples, by means of RF-uSR measurements. These measure-
ments were performed at ISIS, with the RF setup. The flypast setup was used
in order to reduce background. Polyethene calibration measurements were done
in order to obtain the maximum experimental asymmetry, thus allowing to ob-
tain the fraction of muons thermalizing in the diamagnetic state in the sample
under investigation. The corresponding temperature dependences of the measured
diamagentic fractions are represented in figs. 4.22 and 4.23, respectively.

These measurements were further complemented in the same sample with muon
spin resonance measurements of the paramagnetic Muy; fractions state, performed
by Prof. Roger Lichti and Dr. Kim Chow with the microwave setup at TRIUMF.
In these microwave measurements, no calibration of the maximum asymmetry was
done, which prevents to determine the observed muonium fractions. However,
at the lowest temperature, the fraction of the Muy; state observed in the muon
spin resonance measurements should not be inferior to the fraction observed in
high-transverse field (unlike the situation at temperatures above the conversion to
diamagnetic, where the relaxation of Muy; may disguise the total integral asym-
metry). We have thus taken the asymmetry of the lowest temperature point in
the microwave measurements to correspond to the Muy; fraction observed at the
lowest temperature in TF 7T. This has been used as our ”calibration” and we

have thus estimated the corresponding Muyy fractions. It should be stressed that
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Figure 4.22: Temperature dependence of the diamagnetic fraction in the Ctec

sample, as measured by muon spin resonance methods at I[SIS.
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Figure 4.23: Temperature dependence of the diamagnetic fraction in the AA sam-

ple, as measured by muon spin resonance methods at ISIS.
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Figure 4.24: Temperature dependence of the paramagnetic Muy; fraction in the

Ctec sample, as measured by muon spin resonance methods at TRIUMF.
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Figure 4.25: Temperature dependence of the paramagnetic Muy fraction in the

AA sample, as measured by the muon spin resonance method at TRIUMF.
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these correspond to a lower limit, admitting the entire Muy; asymmetry is observed
in the resonance measurements at the lowest temperature (8 K). The estimated
paramagnetic Muy; fractions, are represented in figs. 4.24 and 4.25 for the Cltec

and the AA sample, respectively.

4.4.1 Discussion

We start the discussion of these results by the most informative data of the Ctec
sample, and afterwards reason about the data of the AA sample.

For the Ctec sample, the diamagnetic RF experiments proved most successfull
and full diamagnetic fraction is observed at 60 K, soon followed by a rapid decay
up to 100 K. This increase of the diamagnetic fraction appears in relation to the
observed decrease of the paramagnetic Muy; fraction, which is observed in the
microwave experiments. Also, it correlates with the relaxation of the Muy fraction,
observed in the spectroscopic studies (cf. figs. 4.10 and 4.18).

All this is readily understood if we admit that the growth of the diamagnetic
fraction is due to the delayed capture of a second electron, available via ionization
of the donors in the material, as discussed for the low-transverse field data.

Regarding the low temperature diamagnetic fraction (9.9%), which is not ob-
served in the spectroscopic 7 T data, it may be argued that it too corresponds to
slowly-formed Mu~, unobserved at high-fields due to dephasing. If it corresponded
to muons thermalizing directly as Mu™, there seems not to be any reason for it
being invisible at 7 T.

In the AA sample, with its lower concentration of conduction electrons, this
delayed capture of a second electron by Muy; is almost suppressed, and instead the
effect of the ionization of donors and subsequent increase of conduction electrons
is a depolarization of the muon spin, eventually by spin-exchange dynamics before
thermalization. This causes a decrease of the observed Muy; fraction both by purely
spectroscopic means (as was already pointed out in the discussion of the missing
fraction of the 7 T data) and by muon-spin-resonance methods.

These muon spin resonance experiments allow us to clearly establish a third

process in the Ctec sample, corresponding to the disappearance of the diamag-
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netic fraction in the 60-100 K region which, as we shall see below, may be related
to the increase of the paramagnetic Muy; fraction, observed at somewhat higher
temperatures in the microwave experiments.

The disappearance of the diamagnetic fraction above 60 K, together with the
late reappearance of the paramagnetic fraction can be thought of as either:

(a) hole capture: Mu~ + h™ — Mu®

(b) (second) electron ionization: Mu~ — Mu® + e~

Regarding (a), this process is again dependent on the hole concentration, pre-
sumably negligible at these temperatures. Also, it is reasonable that the second
electron may be somewhat loosely bound, meaning a not very intense potential
well at the muon site. We therefore prefer the second electron ionization as the
best candidate model to explain the decrease of the diamagnetic fraction observed
in the RF experiments at the Ctec sample, although we have no clear experimental

evidence in favour of process (b), or against process (a).

Capture and Release model for T>60K

We now present a very simple model that tries to describe the essential features in
figs. 4.22 and 4.24, while trying to extract some essential quantitative information,
particularly the most relevant ionization energy. We start with a capture and
ionization model trying to grasp the details in the T>60 K region.

We therefore assume that, above T>60 K, both capture and release of a second

electron occur:

Mul + e~ — Mug; (4.14)
Muyy — Mul; + e~ (4.15)

where the capture rate v, and the ionization rate v; are assumed to be given by:

Ve = N0 (4.16)
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E.
= e [~ 41
Vi = U; exp ( k‘T) (4.17)

As done previously, when the expression 4.16 was first presented (eq. 4.7), we

have used its simpler form 4.13:

E E
Ve = O Ve Moo EXP (_Qk_dT) = v exp (_%_dT) (4.18)

where o, is the cross-section for electron capture and the mean thermal velocity of

conduction electrons is given by

3kT ms1
v, = 1| —— = 16 857.69 VT 4.19
Vo "] (119

the electron effective mass in the bottom of the conduction band of ZnSe being

m; = 0.16 my.

Regarding the ionization rate 4.17, we assume it to be essentially a thermally
activated process, governed by the activation energy FE;. In our interpretation,
this corresponds to the energy required to promote an electron from the doubly
occupied Muyy 1s orbital to the bottom of the conduction band. This parameter is
thus identified, in this interpretation, with the depth of the (-/0)7 conversion level
below the conduction band.

From equations 4.14 and 4.15, the paramagnetic and diamagnetic fractions f,
and f; may be derived, taking into account that a fraction converting at rate v
decreases exponentially with exp(—wvt). The following set of coupled equations can

therefore be written:

) = e b [ fury e ar (4.20)
0

fat) = fle™" + v, / fo(r) e dr (4.21)
0

where fﬁ and f9 are the initial paramagnetic and diamagnetic fractions, respec-

tively.
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In a muon spin resonance experiment, the time-averaged fractions are bound

to be observed. The time average f of a fraction f(t) is:

f=v, | ft)e " 'dt (4.22)
/

However, the observation of the fractions in a muon spin resonance experi-
ment may be obscured in the presence of dynamical phenomena leading to further
depolarization of the states under research, such as those discussed in chapter 2.

Unlike the capture stage, evidence for the existence of such aditional dynamical
phenomena is abundant for the ionization stage:

(1) the reincrease of the paramagnetic fraction in the Ctec sample occurs higher
in temperature than the concomitant decrease in the diamagnetic fraction;

(ii) in the AA sample, the corresponding variations occur primarily in the para-
magnetic fraction; as pointed out before already, this is taken as a sign of spin
dynamics taking place in the presence of a concentration of conduction electrons
small enough to almost completely suppress electron capture;

We have included these dynamical phenomena assuming it leads to further
depolarization of the states. This has been included as an ad hoc depolarization

rate vy in eq. 4.22:

f=uv / f(t) ettty (4.23)
0
Furthermore, we have taken v; with a Chow’s dependence (cf. eq. 2.65):

Ve Vy wg
Q(Vc + Vi)(Vz + W(% + (277-(76 + ’V;L)B))Q
where (Ve + 7,) = 28127873 MH2T!, wy = 27 x 3454.26 Mrads™* and B =
0.1955 T for the diamagnetic data and B = 0.8746 T for the paramagnetic data.

The resulting average fractions become:

vV =

(4.24)

_ 10 Y - Vi

= +
pVC+VM+V1 fdyc_*—yl_‘_yu

I (4.25)
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[P P S —— (4.26)

Vi + v, + 11 v +v,+ 11

and, after solving this linear system of two equations and two unknowns, we get:

f_p: m fg())(yi+yu+yl) + fc(l]V’L (427)

Vy + 11 i 7 e it S e ol 28

— 0 Ve+v,+1vy) + OI/C
fd: V/,L fd( 12 1) fp (428)
v, + 1 vy + v+t

Capture model including Mu;

The above model may be further improved by including the third known process
involving the muonium states in ZnSe, which is the conversion between the para-

magnetic states Mu; and Muyy:

Mu§ —— Mub, (4.29)

Vijir

where the conversion rate vy/rr is again taken as

E
Vijir = Vi) exp (— kféfl) (4.30)

The time-dependent fractions of the paramagnetic and diamagnetic states now

become:

fr(t) = f et (4.31)

oo

f[[(t) = f?[ €_Vct + l/[/][ /f[(T) e_yc(t_T) dr + v /fd(T) e e (t=7) dr (432)
0 0

fult) = £3+ e [ futr)ar (4.33)
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We note that the conversion from Muj to Muy; is already finished by 40 K, well
before the ionization of Muy; sets in, so that these two extreme processes may be
thought not to coexist. During the conversion of Mu; to Muy, we may thus set
v; = 0. Consequently the relaxation arising from the ionization/capture process
is negligible, and 1y, = 0 as well. The average fraction is given by the simpler eq.
4.22.

The average fractions, with the assumptions above, become:

- 0 Uy
=f___# 4.34
fr=1i ey (4.34)
- 0 vy - Vi
= 4.35
frr quchVqufIVchV“ (4.35)
J— 0 — U,
fa=fa + fir — (4.36)
Vu

and, after the solution of the above system of three coupled equations is:

Y

- 0
— f0___H 4.37
fr=1 Vi + vy ( )
. 0o Y 0 VuVI/Ir

— + 4.38
T o+ v e v (438)

_ 0 Ve 0 VeVi/11 0
- + + 4.39
fd fII v, I Vu f[ (VI/II + l/,u)(l/u + VC) fd ( )

Analysis with the model

We have used the above models for the analysis of muon spin resonance data of the
Ctec sample. We started by the low-temperature (up to 60 K) data shown in figs.
4.22 and 4.24, which were analysed with eqs. 4.39 and 4.38, respectively. Despite
the success of the fit to the diamagnetic data, the model does not describe accu-

rately the paramagnetic data, as can be seen in fig. 4.26, where total paramagnetic
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fraction observed in the high-transverse (7 T) field is also shown for comparison. In
the fit, we allowed the Mu; to Muj; conversion parameters to vary with respect to
the previous parameters obtained from the high-transverse field data and obtained
Ey/rr =13(1) meV and py/rp = 0.09(5) x 10*° MHz. Regarding the capture parame-
ters, the fit to the diamagnetic fraction improves very much if we allow the capture
energy to vary. We obtain v2° = 2.6(3) GHz and E. = 20.8(4) meV, slightly below
the expected value for the donor energies in ZnSe, which are measured between 26

and 30 meV [Mad82].

We have fitted the high-temperature part separately with eqs. 4.28 and 4.27.
We obtained, for the ionization parameters, v = 5(2) x 103 MHz and E; = 178(2)
meV. Though the fit to the diamagnetic fraction works well by fixing the capture
parameters from the low-temperature part, yielding similar values, the fit to the
paramagnetic fraction works better by allowing the capture parameters to be let
free, converging to new values (v2° = 5.4(9) x 10° MHz, E,. = 69(1) meV). We take
this as a sign of the frailty of the model, more than of any substantial evidence
for an actual change of the capture process. The result of the corresponding fit is
shown in fig. 4.27.

A visual summary of the overall analysis is shown in fig. 4.28.

A A sample

It is clear from the discussion above that the model we used for analysing the muon
spin resonance data of the Ctec sample is not expected to describe adequately
the corresponding AA data. Here, the capture of the second electron is strongly
suppressed due to the lower concentration of conduction electrons, and this seems
to be substituted by temperature-dependent spin-dynamics. We have nevertheless
used eq. 4.39 to fit the muon spin resonance data for the diamagnetic fraction,
by fixing the parameters obtained for the Ctec sample, except the concentration
dependent parameter v2°. We obtained v2° = 0.45(2) MHz (to be compared with
ve® = 2.6(3) GHz for the Ctec sample), which is a very sensible lower value. The
resulting fit is shown in fig. 4.29.
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Figure 4.26: Diamagnetic (white circles) fraction and paramagnetic Muy (black
circles) for the Ctec sample, as obtained by muon-spin-resonance methods. The
half-black circles represent the total paramagnetic fraction observed in the spec-
troscopic 7 T experiments. Solid lines are fits with eqs. 4.39 and 4.38, respectively,
using common parameters for the muonium interconversion and second electron
capture. Dashed lines are simulations with the same capture parameters, but as-
suming the entire paramagnetic fraction is due to Muy, which allows to evidence

the contribution of each process.
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Figure 4.27: Diamagnetic (white circles) fraction and paramagnetic Muy; (black
circles) for the Ctec sample, as obtained by muon-spin-resonance methods. The
half-black circles represent the total paramagnetic fraction observed in the spec-
troscopic 7 T experiments. Solid lines are fits with egs. 4.28 and 4.27, respectively,
using common parameters for the muonium ionization and second electron capture.
Dashed lines are simulations with the same capture and ionization parameters, but

seting the ad hoc relaxation vy (eq. 4.24) to zero.
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Figure 4.28: Diamagnetic (white circles) fraction and paramagnetic Muy (black
circles) for the Ctec sample, as obtained by muon-spin-resonance methods. The
half-black circles represent the total paramagnetic fraction observed in the spec-
troscopic 7 T experiments. Solid and dashed lines are the superposition of the

corresponding fits and simulations presented in figs. 4.26 and 4.27.
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Figure 4.29: Diamagnetic fraction for the AA sample, as obtained by muon-spin-

resonance methods. The line is a fit with eq. 4.39, as explained in the text.
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4.5 Further experimental information

We now present additional experimental information gathered in the course of this
work and which, despite its somewhat fragmentary nature, allows further signifi-
cant insight either into the processes already discussed in the previous sections, or

into new processes.

4.5.1 Probing Mu dynamics with LF

From the discussion of the muon spin resonance data, it is clear that our model,
despite describing already the essential features of the muon spin resonance data
for the Ctec sample, requires further refining in order to allow a confident and
accurate determination of the relevant energy levels, which correspond o a major
objective in this investigation, as discussed in chapter 1. A problem which was
already partially adressed is that of the muonium spin dynamics in the course of
the relevant electronic processes. As mentioned in chapter 2, a way of probing this
spin dynamics is by verifying the field dependence of the average polarization and
of the muon spin relaxation in longitudinal field geometry.

We have only begun to adress this question experimentally, by investigating the
Ctec sample longitudinal fields at ISIS (EMU), in the temperature interval between
60 K and 100 K (corresponding to the range where the process we identify with
ionization occurs). As usual in these measurements, a silver calibration was done
in the entire field range (up to 4500 G), in order to obtain the (field-dependent)
maximum asymmetry A,,q..

A typical time spectrum is shown in fig. 4.30, where a relaxation is ob-
served in the initial instants of the asymmetry. The time-averaged polarization
T fgm” A(t) exp(—t/7,)dt/Apmaz, as a function of applied longitudinal field, is
shown for four temperatures in fig. 4.31. In fig. 4.32, we depict the corresponding
relaxations, obtained by fitting a two-component function A; + Ay exp(—At).

As expected, we observe in fig. 4.31 the typical field-dependent polarization
behaviour in the presence of dynamical phenomena (as discussed in the context of

eq. 2.59). However, the average polarization is seen to decrease pronouncedly with
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Figure 4.30: Muon spin relaxation time spectrum, obtained for the Ctec sample,

at T=80 K, under an applied longitudinal field LF=10 G
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Figure 4.31: Longitudinal-field-quenching (repolarization) curves, obtained for the

Ctec sample, for four distinct temperatures. Solid lines are fits with eq. 2.59.
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increasing temperature, relating to the increasing relaxation. The repolarization
curves are adequately fit with eq. 2.59: values for the charge-exchange rate v about
10" MHz and for the duration of the charge-exchange cycle 7 in the microsecond
range are obtained, with a large error.

Fits to the relaxation data in fig. 4.32, with the refined Chow’s model for the
1/T; relaxation (eq. 2.65), allow to further extract the paramagnetic to diamag-
netic conversion rate Aoy and its converse A\gy. In the interpretation used for the
muon spin resonance data in the previous section, Aoy corresponds to the capture
rate v, and Ay corresponds to the ionization rate v;. The results of these fits are
shown in fig. 4.33, together with the corresponding values predicted by the para-
meters obtained by fitting eq. 4.13 to the RF data. The obtained correlation is
quite sucessfull. These data therefore suggest that a thorough longitudinal field
study may allow to improve the estimation of the conversion levels, by using direct

information about the temperature dependent conversion rates.

10 65 K
ZnSe, Ctec ;g E
Q¢ 5
14 3
: |

Figure 4.32: Relaxation rates corresponding to the repolarization curves in fig.
4.31. For 100 K, the relaxations are much close to the high limit of the experimen-
tally accessible range and are not included in the plot. Solid lines are fits with eq.

2.65.
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Figure 4.33: Ionization rate v; and capture rate v., obtained from longitudinal-field
(LF) measurements and from RF-uSR measurements. Black circles represent the
values resulting from eqs. 4.13 and 4.17, with the parameters extracted with the
analysis to the muon-spin resonance (RF) data. White circles represent the values
extracted from the muon spin relaxation (LF) measurements (fig. 4.32), by fitting
with the Chow’s formula (eq. 2.65).
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4.5.2 Development of doping-dependent studies

We extended the previous spectroscopical studies to the more strongly doped sam-
ples presented in Chapter 3: the chemical-vapour-grown (CVT) samples, delib-
erately or undeliberately doped with iodine (CVT:I and CVTu, respectively), as
well as a Ctec sample annealed in Zn vapour, in order to reduce compensation by
vacancies (Ctec:Zn). These studies, which still have a preliminary character, have
been done at low transverse fields (10 G), at PSI.

We depict the temperature dependence of the diamagnetic fraction observed in
all samples in fig. 4.34. For clarity, the AA sample is excluded, the corresponding
diamagnetic fraction being residual (see fig. 4.15).

We note that, for the Ctec:Zn sample, the peak in the diamagnetic fraction
attributed to delayed capture of a second electron is slightly higher both in height
(26% vs. previous 23%) and in temperature (75 K vs. 65 K). We take this fraction
increase as a sign of the expected larger capture rate. As mentioned in chapter 3,
this sample was annealed in zinc, which reduces the concentration of zinc vacancies
and the compensation associated with these defects. The concentration of free
electrons is thus expected to increase, favouring the capture of a second electron
by muonium and therefore increasing the diamagnetic fraction.

However, the most remarkable effect is observed for the low-temperature dia-
magnetic fraction observed in the CVT-grown samples, which is already much
larger from the lowest temperatures, without even peaking. This is expected, in
our interpretation, for these higher concentrations of conduction electrons, which
correspondingly increase the capture rate.

Such high concentrations of free carriers and of impurities/defects, eventually
leading even to impurity-band conduction, trigger or enhance processes whose pres-
ence is just unveiled by the current experiments. Particularly, it should be noted
that no paramagnetic fraction is observed for the CVT-grown samples, in these
TF 10 G experiments. A paramagnetic fraction (amounting to 30% at 45 K) is
observed in the Ctec:Zn sample (not in the CVT-grown samples), representing
already a significant difference with respect to what was observed before the an-

nealing (cf. fig. 4.17). Even more strikingly, the diamagnetic fraction of the CVT:I



4.5. FURTHER EXPERIMENTAL INFORMATION 153

sample is observed to grow above 100 K to nearly 100%, and a similar trend is
observed in the C'VTu sample. These two samples also present an increasing relax-
ation of the diamagnetic fraction above 250 K (fig. 4.35). The presence of a second
relaxing diamagnetic component in the C'VT:I sample seems to occur (amounting
to 4% at room temperature, with a relaxation rate around 7 us™!). No relaxation

is observed in the Ctec:Zn sample.

It is possible that the above mentioned features above 200 K correspond to
the high-free-carrier-concentration limit of the corresponding dynamical features
observed for the more intrinsic samples, as discussed in the previous sections. Or
they may be the sign of entirely new processes setting in only at high concentrations
of conduction electrons. Processes such as muon and muonium diffusion, trapping
at impurities/defects can not neither easily be ruled out or confirmed, attending

to the low-density of nuclear moments in ZnSe, as discussed in section 2.5.

An adequate modelling for these phenomena is still lacking, and its interrelation
is poorly understood. These data therefore constitute more a departure than an

arrival point.

Most significantly, we take the mentioned correlation of the observed diamag-
netic fraction at the lowest temperatures with the concentration of free carriers as

a very positive qualitative confirmation of the delayed second capture model.

Aditionally, we should mention that we also undertook very brief measurements
at an hydrogenated piece of a Ctec sample from the same batch. This piece was
annealed in Hy atmosphere (16 atm, 500° C, for 22 h, Cf. [Hei59, Mol54]), and no
mass difference was found before and after the treatment, thus giving a maximum
introduced concentration of [H] < 5 x 10 ecm™3). Hydrogen being amphoteric
in ZnSe, it is expected to decrease the concentration of conduction electrons, and
thus also decreasing the delayed formation of Mu~. In the three experimental
points obtained (5 K, 55 K and 300 K, at low-transverse field - 10 G - in the GPS
instrument, PST), the diamagnetic fraction was observed to drop below 6%, which

we again take as further confirmation of our interpretation.
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Figure 4.34: Temperature dependence of the diamagnetic fraction observed by

muon spin rotation measurements (TF=10 G) for the Ctec, Ctec:Zn, CVTu and

CVT:I samples (see chapter 3 for sample reference).
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Figure 4.35: Temperature dependence of the diamagnetic relaxation observed by

muon spin rotation measurements (TF=10 G) for the CVTu and CVT:I samples.

No significant relaxation is observed for the Ctec and Ctec:Zn samples (see chapter

3 for sample reference).



4.5. FURTHER EXPERIMENTAL INFORMATION 155

4.5.3 High temperature investigations

As we have seen, the paramagnetic fraction is observed by muon-spin resonance
methods in the Ctec and AA samples and is observed spectroscopically in the A A
sample up to room temperature. The question of its thermal stability is a most
relevant one with respect to the determination of the hydrogen levels in the band

gap of this material.

However, as is abundantly expressed in the previous section, this determination
is hindered by the coexistence of a profusion of phenomena affecting the muon spin.
We have nevertheless started investigations above room temperature in the Ctec

and AA samples, in the two possible experimental directions:

(i) probing spectroscopically the thermal stability of the paramagnetic fraction
which is observed at room temperature in the AA sample; this requires the inves-
tigation at low transverse fields at PSI, where it is possible to extend spectroscopic

studies up to 700 K;

(ii) final state analysis, by the muon spin resonance technique, of the diamag-
netic fraction observed in the Ctec and AA samples; this is possible at ISIS, where

a high-temperature RF setup has been recently developped.

Low transverse field spectroscopy

We have therefore extended the previous low-transverse field (5 G) investigations
of the paramagnetic fraction of the AA sample up to 700 K. This is observed to
disappear completely at 600 K, a concomitant reappearance of the diamagnetic
fraction being observed as well (fig. 4.36). These data suggest that the Muy; state
might not be at all stable above 600 K.
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Final state analysis

The temperature dependence of the diamagnetic fraction was further detailed by
the muon spin resonance technique, using the high-temperature RF setup at ISIS.
Both RF measurements and usual TF20G measurements were done. We present
the corresponding results for the Ctec sample and the AA sample in figs. 4.37 and
4.38, respectively.

The most simple process able to explain these data, at the light of the previous
interpretation, is of course muonium ionization by promotion of the muonium

electron to the conduction band:

Mu® — Mu® + e~ (4.40)

These data, together with the current state of the interpretation, are not enough
to clearly establish process 4.40. Another simple process that might explain the

increase of the diamagnetic fraction at these temperatures is hole ionization:

Mu® — Mu~ + h* (4.41)

However, this seems less reasonable, as it implies formation again at high tem-
peratures of the Mu~ state, which is most likely to become thermally unstable
already at 60 K. Nevertheless, the possibility that muonium behaves as a recom-
bination centre, as is the case if process 4.41 occurs, has been considered in order
to explain high-temperature data for GaAs [Cho96] and, more recently, for InSh
[Sto06].

Despite the case for muonium ionization (process 4.40) still needing further
experimental work in order to be established in more firm grounds, we have nev-
ertheless tried to analyse the RF data with an electron capture and release model

similar to the one used for the low temperature data.



158 CHAPTER 4. ZNSE

1004 ZnSe, Ctec T i
s O RF 1
® TF20G o
o
504

S

Diamagnetic Fraction (%)

300 400 500 600 700 800
T (K)

Figure 4.37: Diamagnetic fraction, observed for the Ctec sample above room tem-
perature, at ISIS, by muon spin rotation measurements (black circles) and by muon
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Figure 4.38: Diamagnetic fraction, observed for the Ctec sample above room tem-
perature, at ISIS, by muon spin rotation measurements (black circles) and by muon

spin resonance measurements (white circles).
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We therefore assume that the increase of the diamagnetic fraction is essentially
due to electron loss to the conduction band at a rate v;, with possible recapture at

rate v, t.e.:

Mul, + e — Mul,; (4.42)
Mug; — Muf, +e” (4.43)

where the corresponding rates are simply taken to have an Arrhenius-type temper-

ature dependence:

E
=0 = 4.44
E,
=10 - 4.45
Ve = UV €xp ( kT) (4.45)

Similarly to eqs. 4.28 and 4.27, the paramagnetic and diamagnetic fractions f,

and f; can be expressed as:

) = e kv [ falr) e r (1.46)
0

fat) = fle ™ + v / folm) e dr (4.47)
0

The corresponding average fraction f, relevant in muon spin resonance mea-

surements, is once more given by:

F=v, [ flt)e ity (4.48)
/

where we have introduced again an ad hoc relaxation v; given by eq. 4.24. We

thus obtain:

_ 40 Yu - Ve

= +
Prvitv,+mn fdl/i+yu+y1

I (4.49)
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fo=f)—2r 4 f (4.50)

VC—I—VM_’_VI VC+VH,+V1

and the solution of the above system of equations is:
— OWetvy+11) + fov
fp _ v, fp< c M 1) fd c (451)

vy +1 Vy+Ve+ v+

v, fiwitvat+n) + v
vy + 11 Vy+ v+ + 11

We have fitted both RF data-sets with this model, imposing the same value for

fa= (4.52)

the ”ionization” energy F; and fixing the capture energy to the value obtained in
section 4.4.1 (E. = 69 meV). We obtain values in the order of n? = 1 x 103 MHz
and E; = 1 eV. For the capture prefactors, which were let free, we obtain n! =

6 x 10*' MHz for the Ctec sample and n? = 1 x 10'° MHz for the AA sample. The
resulting fit is shown in fig. 4.39.
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Figure 4.39: High-temperature diamagnetic fractions observed in the Ctec and AA
samples by muon spin resonance. Solid lines are a fit as described in the text. The
dashed line is a simulation of the diamagnetic fraction for the AA sample setting

the ad hoc relaxation vy to zero (no significant difference is found when doing the

same for the Ctec fraction).
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4.6 Conclusive remarks

We now summarize the essential results obtained for ZnSe in the course of this
investigation. Some of these results have already been included in a number of
publications, either dedicated specifically to ZnSe [Vil05b], either dedicated to
the more general context of muonium/hydrogen in II-VI semiconductors [Cox03a,
Lic06, Vil06, Vil07a, Wei03a, Wei03b]. Other aspects are presented here for the
first time, the respective publication in peer-reviewed journals being currently (Jan-
uary/2007) in preparation [Vil07b].

At low temperatures, in high-precision transverse-field measurements, two muo-
nium states Mu; and Muyy are observed with isotropic hyperfine parameters of A;
= 3282.63+0.51 MHz and Ay = 3454.26+0.02 MHz (74 % and 77 % of the vac-
uum value, respectively). State I is thermally unstable and converts to state II at
approximately 40 K. State II is stable up to 600 K. We assign Muy; to the cation
interstitial tetrahedral site and discuss the possibility that Mu; may correspond
either to muonium at the same site but in the unrelaxed lattice or to the anion
interstitial tetrahedral site. The temperature dependence of the hyperfine interac-
tion of Muy; was fitted with a local vibrational model giving an oscillator energy
of approximately 8 meV.

Low-transverse field measurements, performed in a sample with a slightly higher
concentration of free-electrons allowed to identify a conversion of the Muy state
to a diamagnetic fraction, in the temperature range 20-60 K, which we assign
to delayed capture of a second electron forming Mu;;. Muy is thus acting as a
trapping center, although this designation should be taken with care, given the
thermodynamical instability of this center.

This diamagnetic fraction was further investigated by muon-spin-resonance,
and it was shown to become thermally unstable above 60 K, and a recovery of the
paramagnetic Muy fraction was observed as well in related muon-spin-resonance
measurements. We identify this process with ionization of the second electron of
Muy; to the conduction band. Analysis with a simple model yields an ionization
energy of 178 meV, which in this interpretation corresponds to the distance of the

acceptor level -/0 to the bottom of the conduction band. However, this process is
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obscured by the existence of dynamical processes of the muon spin, which remain
largely unexplored and poorly understood. Thus, alternative interpretations to
ionization to the conduction band (such as hole capture) can not be entirely ruled
out.

Muon spin relaxation methods, together with the extension to the investigation
of doped samples, may allow deeper insight to these dynamical phenomena, thus
providing more firm grounds to the level -/0 acceptor level assignment.

Muon spin spectroscopy and resonance measurements above room temperature
unveil the thermal instability of the paramagnetic fraction above 400 K, together
with a concomitant increase of the diamagnetic fraction. We tentatively assign
this process to Muyj ionization to the conduction band, in which case the +/0 level
should lie ¢. 1 eV below the conduction band bottom. As the caveats expressed
above clarify, this should be understood as a new resarch route to be pursued in

the future.
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Experimental results and

discussion II: ZnS and Zn'Te

Nem sempre sou igual no que digo e escrevo.
Mudo, mas ndao mudo muito.

A cor das flores nao € a mesma ao sol

De que quando uma nuvem passa

Ou quando entra a noite

E as flores sdo cor da sombra.

Mas quem olha bem vé que sio as mesmas flores.!

Alberto Caeiro
O guardador de rebanhos, XXIX

We now present the experimental data obtained for the other two II-VI zinc
chalcogenides ZnS and ZnTe. As discussed in Chapter 1, these two compounds
also present the characteristic doping unipolarity, ZnS growing as n-type and ZnTe
growing as p-type. At the light of what we learned already of the role of charge
carriers in ZnSe, we thus expect to observe identical phenomena in ZnS to those

of ZnSe, but not in ZnTe. This is effectively the case, as we shall now see.

'Free translation: ”I'm not always the same in what I say and write. I change, but I do not
change much. The colour of the flowers is not the same under the sun than when a cloud is going
by or when the night sets in and the flowers have the colour of the shadow. But he who looks

attentively sees the same flowers.”
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5.1 7ZnS

For presenting the ZnS data, we follow the same scheme adopted for the ZnSe data
in Chapter 4: we begin by the transverse field spectroscopy, both at high and low
fields, and then move to the muon spin resonance information. Complementary
experimental information (muon spin resonance, muon spin relaxation) is left to

the end and followed by overall conclusive remarks.

5.1.1 High transverse field spectroscopy

High-transverse field (7 T) spectroscopic measurements have been performed on
the [111] sample, at the HITIME instrument at TRIUMF. In this experiment, the
magnetic field was applied parallel to the [111] crystallographic orientation. A typi-
cal time spectrum is shown in fig. 5.1 and the corresponding fast-Fourier frequency
transform is depicted in fig. 5.2. These should be compared with the respective
correspondent for ZnSe (figs. 4.1 and 4.2, respectively). In ZnS, a single frequency
line (at 808 MHz) is seen at 2 K, corresponding to a deep isotropic muonium state
with a hyperfine interaction A = 3545(1) MHz. Similarly to the high-field data for
7ZnSe, no diamagnetic component is observed in these experiments.

The frequency signal was analysed, as before, using an exponentially-damped
cosine function of the form A exp(—At) cos(wt + ¢). We estimated the muonium
fraction by using the same silver calibration used for the ZnSe measurements, since
the sample geometrical parameters and the spectrometer are the same. We thus
estimated the muonium fraction at 2 K to be 20%. A very large fraction of the
muon spin polarization is therefore missing at low temperatures. The observed
value of the paramagnetic fraction in ZnS is curiously similar to that of the Muy;
state in ZnSe, so that it is sensible reasoning to assume that the missing fraction
may correspond to a depolarized Muy state in ZnS.

The temperature dependence of the (estimated) muonium fraction is shown in
fig. 5.3, where it can be seen that it decreases sharply above 50 K. These high-field
measurements were not pursued above 160 K.

The temperature dependence of the relaxation of the paramagnetic line is de-

picted, up to 80 K, in fig. 5.4, showing no appreciable change. At the higher
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Figure 5.1: Time spectrum obtained for ZnS at T=3 K, B=7 T. In order to facilitate
the visual inspection, the data are plotted in a rotating reference frame at 807 MHz.

A single precession line at 808 MHz is seen.

0.08 4 B

0.06 E

0.04 R

FFT power

0.02+ i

000 Wwwmw

500 600 700 800 900 1000

Frequency (MHz)

Figure 5.2: Fourier transform pSR spectrum of ZnS, at B=7 T and T=2 K. Only

one line at 808 MHz, corresponding to a single isotropic Mu state, is observed.
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Figure 5.3: Temperature dependence of the (estimated) paramagnetic fraction in

ZmS, at TF=T7 T. The paramagnetic state becomes negligible above 100 K.
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Figure 5.4: Temperature dependence of the relaxation of the paramagnetic com-
ponent, observed in transverse field 7 T experiments. No significant variation is

observed.
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measured temperatures, due to the low asymmetry, it is impossible to extract
sensible values for the relaxation A and the frequency w. We can not therefore
establish any eventual increase of the relaxation above 80 K, due to the low value
of the paramagnetic asymmetry.

A temperature decrease of the paramagnetic frequency with temperature, as
noted for the Muy; state in ZnSe (fig. 4.6), is observed here as well. In fig. 5.5
we plot the corresponding temperature dependence of the isotropic hyperfine in-
teraction A;s, (obtained with eq. 4.1). This has been analysed with both models
presented in chapter 4. Assuming an interaction with long-wavelength phonons,
treated within the Debye model [Pat88] (eq. 4.3), we obtain a Debye temperature
of 225 K, again in a rough 2 to 3 ratio to the known Debye temperature in ZnS
(350 K, as quoted in ref. [Bir75]). If we instead assume the temperature depen-
dence to arise from a local vibrational mode, treated within an Einstein model (eq.
4.5), we obtain for the vibrational energy hv = 13.3 + 0.1 meV, where it is suffi-
cient to use eq. 4.5 up to first order. The obtained vibrational energy, similarly to
the result obtained for the Debye temperature, is correspondingly larger than the
8 meV obtained for the ZnSe case. Unlike the ZnSe case, both models adequately

describe the experimental data in the entire measured temperature range.
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Figure 5.5: Temperature dependence of the isotropic hyperfine interaction A, in
ZnS, observed in TF=7 T. The line is a fit with a model assuming interaction of
the muonium atom with long-wavelength phonons treated within a Debye model,
as described in the text. A fit with an Einstein model looks similar and is equally

successful in describing these data.
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5.1.2 Low transverse field spectroscopy

We have investigated the same sample at low transverse fields (15 G), at the
DOLLY instrument at PSI. The temperature dependence from liquid-helium tem-
perature up to room temperature was investigated. The same basic features found

for the ZnSe samples are visible, as we will now present and discuss.

A paramagnetic fraction is observed, amounting to c. 29% at 2 K, and the
diamagnetic fraction at the same temperature is 3%. These two fractions are
observed up to room temperature, with varying amplitude, relaxation (for the

paramagnetic fraction only) and phase (for the diamagnetic fraction only).

In fig. 5.6 we present the temperature dependence of the diamagnetic and
paramagnetic fractions. The paramagnetic fraction is depicted only up to 80 K,
where it is seen to decrease to c¢. 22%. Above this temperature, the paramagnetic
fraction seems to remain constant at least up to 210 K, and was fixed, in this
temperature range, to a constant value in the analysis in order to reduce the

uncertainty of the correlated parameters.

Similarly to what was observed for the ZnSe Ctec sample, we observe for ZnS
a modest increase of the diamagnetic fraction with increasing temperature from
40 K to 70 K (fig. 5.6), a significant phase-shift of this fraction being observed
as well (fig. 5.7). A concomitant increase of the relaxation of the paramagnetic
fraction is also present (fig. 5.8). Above 200 K, the diamagnetic fraction is found
to decrease again, and this is possibly followed by an increase of the paramagnetic
fraction (not represented in fig. 5.6, due to very significant uncertainty) and the

respective relaxation.

The above-cited features somehow mimic those seen in ZnSe (figs. 4.17, 4.19
and 4.18), and we therefore make use of the same interpretation scheme developped
in chapter 4, taking the under-100 K phenomena to correspond to the capture of
a second electron by the paramagnetic Mu state and the above-200 K features to
correspond to the ionization of this second electron to the conduction band. We

leave a more quantitative analysis to the next section.
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fraction in ZnS, as seen in TF 15 G experiments. The paramagnetic fraction is
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Figure 5.7: Phase of the diamagnetic fraction, as observed in temperature depen-

dent studies under an applied transverse field of 15 G.
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Figure 5.8: Temperature dependence of the relaxation of the paramagnetic com-
ponent, observed at TF=15 G.
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5.1.3 Final-state analysis of the diamagnetic fraction

The product of a conversion reaction such as Mu® + e~ — Mu~ is affected by
dephasing in usual transverse-field measurements, as discussed in chapter 4, and
the analysis of the final-state is best done by muon-spin resonance experiments.
We have undertaken, as for ZnSe, muon spin resonance experiments on the
diamagnetic fraction of ZnS. These were done with the RF setup with flypast
at ISIS, and complemented with calibration measurements on polyethene. The
temperature dependence of the resulting diamagnetic fraction is depicted in fig.
5.9, where again a clear recovery up to nearly 100% is observed at c. 90 K. This
has been analysed with the following equation, which results directly from eq. 4.39
in the case of the capture of the second electron occuring for a single paramagnetic

species:
VC

Ve + vy,

fa= 1, + f] (5.1)

The limiting equation 5.1 follows directly from eq. 4.39 with the trivial limit
f? = 0 (and the total identification f, = f;;). However, it follows as well as the
limiting case for extremely fast conversion from Mu; to Muy; (i.e. vy >> 1), in
which case we have fz? = fY+ f? instead. We find the latter a more convincing
description of the underlying physics. The resulting fit with eq. 5.1 to the data
of fig. 5.9 yields v* = 19(3) MHz and E. = 17(1) meV (where f) was fixed to
79%, corresponding to the complement to 100% of the low temperature value of
the diamagnetic fraction). The activation energy compares favourably with known
donor energies in ZnS (c. 14 meV [Mad82]) and the pre-exponential factor is
intermediate between the values found for the ZnSe AA and Ctec samples.

In fig. 5.9, a significant decrease of the diamagnetic fraction is observed only
above 180 K. This was analysed with eq. 4.28, assuming it corresponds to the
ionization of the muonium’s second electron to the conduction band, as discussed in
chapter 4. The capture parameters were fixed to the values obtained in the previous
fit to the low temperature capture. We obtain, for the ionization parameters,
v? = 8(6) x 10° MHz and E; = 249(17) meV. The resulting fit is shown in fig.
5.10, where it can be seen to describe the experimental data only in the interval
180 — 280 K, besides the fixed capture part in the range 30 — 70 K.
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Figure 5.9: Temperature dependence of the diamagnetic fraction in ZnS, as mea-

sured by muon spin resonance methods at ISIS. The line is a fit with eq. 5.1.
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Figure 5.10: Temperature dependence of the diamagnetic fraction in ZnS, as mea-
sured by muon spin resonance methods at ISIS. The line is a fit with eq. 4.28, as
described in the text.
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5.1.4 Probing Mu dynamics with LF

As mentioned previously, measurements in longitudinal field geometry may pro-
vide further insight into the muon-spin dynamics, either by the longitudinal field
quenching repolarization curves, either by the field dependence of the asymmetry
relaxation. We have only begun these studies at ZnS, obtaining the field depen-
dence of the average polarization and of the asymmetry relaxation at 13 K, in
measurements performed at ISIS. These are represented, respectively, in figs. 5.11
and 5.12. In fig. 5.11 we include as well a tentative fit with equation 2.59 (yielding
v =1.22(1) x 10" MHz and 7 = 0.331(3) us™!). Of course, at this low temperature,
this model is not expected to be adequate to describe the expected Mu; to Muyy
conversion. Most likely, the apparent step in the low-field points of fig. 5.11 is
now associated with the corresponding decrease observed for the relaxation in fig.
5.12. In this last figure, we include as well a fit with equation 2.65 (where we find
Xod = 2.2(3) x 106 MHz and Az = 8(2) x 10°> MHz), where the above caveats
equally apply. These data can nevertheless provide useful hints for the pursuit of

this research path.
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Figure 5.11: Longitudinal-field-quenching (repolarization) curve, obtained for ZnS
at 13 K. The line is a fit with eq. 2.59 to the points above 80 G.
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Figure 5.12: Relaxation rate corresponding to the repolarization curve in fig. 5.11.

The line is a fit with equation 2.65.

5.2 ZnTe

In chapter 1, we have seen that ZnTe contrasts with ZnSe and ZnS, growing nat-
urally p-type and being difficult to dope n-type. Such fundamental difference is
bound to provide substantial differences in the muonium experimental data and
interpretation. In this compound no neutral muonium state was observed to date
[Pat88].

5.2.1 Spectroscopic measurements
Search for spectroscopic evidence of muonium

Zn'Te was investigated at TRIUMF using the high-magnetic field capabilities. Both
a high-purity powder and a monocrystalline sample ([110] orientation) were inves-
tigated: two high-statistics points (2.5 K and 100 K) were taken for the pow-
der sample at a transverse field of 5 T; five high-statistics points were taken at
selected temperatures from 5 K to room temperature for the single crystal, at

7 T. In all cases, the only spectroscopic is that of a diamagnetic component,
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with temperature-dependent amplitude. Still searching for paramagnetic muo-
nium signs, high-statistics measurements were taken as well at PSI (2 K, 50 K and
100 K), with low-transverse fields (20 G), again revealing nothing but a diamag-
netic component. This diamagnetic component was subsequently investigated at
the GPS instrument at PSI, for the [110] crystal, in the 2 — 300 K range.

Temperature dependence of the diamagnetic fraction

A typical asymmetry time spectrum for ZnTe is shown in Fig. 5.13. Maximum
obtainable asymmetry is, for this instrument, A,,.. = 23.1%, as determined by
measurements on silver. Figure 5.13 informs us that most of the asymmetry is not

seen in Zn'Te, constituting a missing fraction.

Time (Us)

Figure 5.13: Asymmetry time spectrum obtained for a monocrystalline ZnTe sam-
ple on an applied transverse field TF=20 G, at T=2 K, TF=20 G. Only a diamag-

netic precession is observed.
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The observed asymmetry oscillations correspond to the Larmor precession of
the muon spin at the given applied field, with a gyromagnetic ratio corresponding
to diamagnetic muonium. These spectra were fitted with a simple cosine function,

for all temperatures, since no relaxation was observed:

A(t) = Ao cos (2mfr + ¢o) (5.2)

where Ag is the asymmetry, f; the Larmor frequency and ¢, the phase parameter.
The temperature dependence of this diamagnetic fraction was followed from 2 K
to 300K under a transverse field of 20 G. The observed diamagnetic fraction, as
obtained from fits after normalizing to the maximum asymmetry, is depicted in Fig.
5.14. The diamagnetic fraction is seen to decrease from the lowest temperature to
50 K, and afterwards increasing from 100 K up, not reaching yet a plateau at room
temperature, keeping to values less than 22%. Thus, even at 300 K, c¢. 80% of the
muons polarization is not seen, constituting a missing fraction. We also observe
variations of the phase of the asymmetry oscillations above 50 K, which are plotted
in Fig. 5.15.

Discussion

We first concentrate on the rise of the diamagnetic fraction from 100 K up to
room temperature. The existence of a phase shift of the diamagnetic asymmetry
oscillations denotes that this fraction is not formed promptly, and that between
the time of muon implantation and the diamagnetic fraction formation, the muon
spin is subject to interactions which are strong enough to induce the spin rotation,
causing the observed angular shift. These interactions do not destroy completely
the muon polarization, which is afterwards detected, suggesting that the delay
should not exceed the nanosecond range. From the value of the shift, one may
therefore estimate the strength of the interaction, which points to a gyromagnetic
ratio of the order of GHz/T.? Deep muonium states present gyromagnetic ratia

with this order of magnitude, which suggests that a rather strong interaction is

2An angular shift of ¢ = 60° = /3 rad, occurring within At = 1 ns, in the presence of a
magnetic field of B = 20 G corresponds to a gyromagnetic ratio v = ¢/ (2rAtB) = 83 GHz/T.
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Figure 5.14: Temperature dependence of the diamagnetic fraction on ZnTe, ob-

served under an applied transverse magnetic field of 20 G.
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Figure 5.15: Phase of the diamagnetic asymmetry oscillations, as a function of

temperature. The applied transverse magnetic field is 20 G.
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involved in this case as well. Evidence of such deep state is bound to show up in
longitudinal field repolarization measurements, as will be seen below.

One must also consider that the phase shift appears already above 50 K, at a
temperature below the associated rise of the diamagnetic fraction at 100 K. This
is also a sign of delayed formation. The diamagnetic fraction is hence expected to
be growing before 100 K, the result of the growth not being visible in transverse
field geometry due to dephasing of the muon’s polarization. If this is the case, such
diamagnetic fraction shall appear in RF-pSR measurements, and this is effectively
the case, as we shall see.

Thus, the rise of the diamagnetic fraction from 100 K up, being the result of
delayed formation, is observed only at temperatures high enough for the muon-
polarisation dephasing to be negligible. The actual rise of the fraction occurs
already at somewhat lower temperatures. Holes becoming mobile at about 100 K
in Zn'Te, suggests that as the paramagnetic muonium atom has a chance of meeting
a hole, recombination occurs, by occupation of the non-occupied valence band state
by the muonium electron. This process can not occur before acceptors ionization,
since the muonium atom is expected to thermalize at an intrinsic environment, and
the probability to be stopped near a localized hole is negligible. In this model, the
muonium atom is behaving as a compensating (deep) donor.

The behaviour of the diamagnetic fraction below 50 K is most probably related
to muon spin interactions in the precursor stage before thermalization. These

processes, which lead to the missing fraction as well, are still not clearly identified.

5.2.2 Final-state analysis of the diamagnetic fraction

The above results prompted us to investigate the diamagnetic fraction by means
of the final-state analysis allowed by RF-uSR (see section 2.6.4). The RF-uSR
capabilities at ISIS were used. The same Crystec [110] sample used at PSI was
investigated with this technique. The sample was mounted on a mylar flypast
sample holder. The RF frequency was set to 23 MHz (resonance expected at
LF = 1697 G, for the diamagnetic state) and the power to 114W, and a temperature

scan was carried out from 2 K to 300 K. A polyethene sample with the same shape



5.2. ZNTE 179

of the ZnTe single crystal was used for calibration of the maximum RF average

asymmetry at resonance.
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Figure 5.16: Diamagnetic fraction in ZnTe as seen by RF-uSR (open circles) and
usual TF-uSR (closed circles). The line is a fit with the model described in the
text, with F, = 8949 meV, N, = (8 £ 83) x 107 cm ™3, o = (90 + 5) x 10~7 A2,
pd=4.9+0.4%. The donor concentration parameter was fixed to Ny = 2.8 x 1013

cm ™3 and the initial paramagnetic fraction p§ was forced to be pJ = 100% — pg.
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Discussion

The diamagnetic fraction in ZnTe, as determined from the RF temperature scan
is depicted in Fig. 5.16, together with the corresponding diamagnetic fraction
observed in the TF studies performed at PSI. The RF data clearly demonstrate
that the missing fraction in ZnTe is completely recovered at 150 K.

In the interpretation suggested by the transverse-field data shown in the pre-
vious section, the muon is thought to try to form the deep muonium state at the
tetrahedral interstitial site but, this configuration being unstable in this p-type
material, it converts to the stable configuration at the anion-bonded location. The
present RF data demonstrate that the suggested anion-bonded configuration gives
a full account of the muon fraction. In this interpretation, the growth of the dia-
magnetic fraction in ZnTe (fig. 5.16) is related to the concentration of holes in the
valence band. As the acceptors in the material ionize, holes become increasingly
mobile, and the probability of meeting the muon increases, thus favouring electron

recombination at the muon, in the process

Mu® + h™ — Mu™* (5.3)

The hole capture rate v, (i.e., the recombination of the muonium electron with
the empty state in the valence band) is assumed to be proportional to the hole

concentration ny, the hole velocity vy, o being the cross-section of the process:

Ve = Np VRO (54)

The temperature dependence of the concentration of holes in the valence band,
for a compensated p-type semiconductor with N; compensating donors and N,
acceptors with spin degeneracy [ (usually taken § = 2) at the single acceptor

ionization energy F,, is given by [Bla62]3:

np(nn +Na) Ny Eq
_— = —— 5.5
Ny — Ng—np, &4 P ( kT) ( )

3Cf. p. 139, in the cited reference.
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where N, is the effective density of states in the valence band and is given by[Bla62]*:

mikT\*?
N, =2 (W) (5.6)

and m} = 0.6 mg is the hole effective mass in this compound [Mad82]. Solving eq.

5.5 as a function of n;, we obtain:

2 (Na + f)?
where
E,
f=0CT%?exp (—ﬁ) (5.8)
and

2 (mik 3/2

The mean-square velocity is given by [Rei65]°:

3kT

*
m'U

(5.10)

Vp =

We can once again model the evolution of the muon polarization in process
5.3 by a simple model, where the paramagnetic polarization is assumed to decay

exponentially with time at rate v,:

po(t) = pyexp(—vet) (5.11)

and the diamagnetic polarization increasing correspondingly as:

t
pa(t) = pg + I/C/ po(T)dr = pg + p8 (1 — exp(—r.t)) (5.12)
0

The average diamagnetic polarization is observed in a RF-uSR experiment:

4Cf. p. 81, in the cited reference.
5Cf. eq. 7.10.16 of the cited reference.
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1%

Py = Vu/o pa(t) exp(—v,t)dt = pi +pol/u——|fVc (5.13)

We have fitted the data in fig. 5.16 with this model. In order to decrease the
number of free parameters, and since the RF diamagnetic fraction is observed to
recover to 100 %, we have forced the initial paramagnetic fraction p§ to be pJ =
100% — pd. The donor concentration parameter, initially released, was henceforth
fixed to N; = 2.8 x 10 cm™3, obtained from preliminary fitting, and which is a
reasonably small number (the fit is nevertheless much insensitive to it). We have
obtained, for the remainding free parameters, E, = 8949 meV, N, = (8483)x 10'7
em™3, 0 = (90 £5) x 1077 A2 pd = 4.9 + 0.4%, and show the corresponding
fit in figure 5.16. The obtained acceptor energy FE, compares well with known
acceptor energies for ZnTe (which vary between 58.3 meV for Li and 272 meV
for Au [Mad82, Mag79]). Despite the acceptor concentration N, being not known
for this sample from Hall-effect measurements, the obtained value of N, is also
a sensible number, sufficiently large to justify the experimental impossibility to
directly observe the paramagnetic muonium fraction, which is known to disappear

as the metal limit is approached in materials.

5.2.3 High-temperature spectroscopic incursion

The inverse process to 5.3, where an electron from the valence band is thermally
promoted to the muonium donor level, is expected to occur at much higher tem-

peratures

Mut + ey — Mu° (5.14)

This process is dependent on the Boltzmann factor exp (—Eo /+/ k:T) and the
position of the donor level above the valence band (expected to be larger than
1.7 €V, even for an extremely deep donor). We have extended the transverse field
measurements at PSI up to the highest possible temperature (760 K, at date) and

verified that the diamagnetic fraction is quite stable with temperature (figure 5.17),
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which further supports the identification of this state as a donor. Interestingly, a

plateau at c. 27% is observed in these data, whose nature remains puzzling.
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Figure 5.17: Temperature dependence, up to 760 K. of the diamagnetic fraction in
Zm'Te, as observed under an applied transverse magnetic field of 20 G. White circles
correspond to measurements up to room temperature and black circles correspond

to measurements above room temperature.
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5.2.4 Probing Mu dynamics with LF

Despite its spectroscopical (TF) signature not being visible, the presence of para-
magnetic muonium can nevertheless be inferred from longitudinal-field repolariza-
tion curves (see section 2.3.3). We have only began these studies at ISIS, where
two repolarisation curves were obtained at 4 K and 100 K.

In Fig. 5.18, a representative time spectrum is shown, where there is no sign
of relaxation, similarly to the transverse-field data. These spectra where hence
fitted with a simple constant line, the value of the constant representing the time-
averaged asymmetry. We represent the 4 K and the 100 K longitudinal-field de-
pendence of this asymmetry in figures 5.19 and 5.20, respectively.

The maximum asymmetry in these experiments was determined from a 20 G
transverse-field run on silver, yielding A,,.. = 22.4. No correction to the slight
maximum asymmetry variation with applied field was taken.

Both curves show distinctive repolarization behaviour, again demonstrating the
presence of strong, paramagnetic-like, interactions. This is much more pronounced
at 100 K. Both curves were fitted with eq. 2.59, and hyperfine interactions of the
order of 3000 MHz seem plausible, together with 10" MHz electron spin-flip rates

in the first hundred nanoseconds.

Asymmetry

Time (Hs)

Figure 5.18: Asymmetry time spectrum obtained for a monocrystalline ZnTe sam-
ple on an applied longitudinal field LF=4500 G, at T=100 K. No significant relax-

ation is observed.
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Figure 5.19: Longitudinal field repolarization of the muon spin for ZnTe at 4 K.
The line is a fit with equation 2.59, with A=3.2(2.8) GHz, v = 3.6(3.2) x 10" MHz

and 7 = 0.43(36) ps. However, the fit is rather poor and many other parameter

combinations are possible.
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Figure 5.20: Longitudinal field repolarization of the muon spin for ZnTe at 100 K.
The line is a fit with equation 2.59, with A=3.5(1.1) GHz, v = 1.2(4) x 10" MHz

and 7 = 0.15(5) ps.
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5.3 Conclusive remarks

The muon spin experiments for ZnS and ZnTe presented and discussed in this
chapter highlight the expected similarities of n-type ZnS with ZnSe and the ex-
pected differences of p-type ZnTe. We now briefly present the essential results of
these investigations. Again, some of these results have already been included in a
number of publications [Cox03a, Vil05a, Vil06, Vil07a, Wei03a, Wei03b], whereas
other aspects are presented here for the first time, the respective publication in
peer-reviewed journals being currently (January/2007) in preparation [Vil07h].

In ZnS, our experimental data basically mimic what was presented in the pre-
vious chapter for ZnSe. An important difference is found at high-fields and low
temperatures, where a single paramagnetic muonium state is found, assigned to an
hyperfine interaction A;s, = 3545(1) MHz at T'= 0 K, together with a substantial
missing fraction. This state most likely corresponds to the Muy; acceptor-like state
in ZnSe, the missing fraction corresponding to highly-relaxing (therefore unobserv-
able) Muy. The temperature dependence of Aj, was fitted to the interaction with
a local vibrational model with an oscillator energy of approximately 13 meV. A
phase-shifted diamagnetic fraction is observed in low-transverse field experiments
and is observed to correspond at 80 K to nearly 100% of the total fraction, in
muon-spin resonance experiments. The temperature dependence of the diamag-
netic fraction observed in these RF-uSR experiments has been analyzed assuming
the same interpretation developed for ZnSe, i.e., second electron capture upon
ionization of the donors in the material (occurring up to 80 K) and subsequent
ionization to the conduction band of the second electron captured by muonium.
An ionization energy of c. 250 meV has been fitted to this latter process. Again,
evidence of additional muon-spin dynamics is present and is not fully understood.

The experimental data for ZnTe contrast strongly with those for ZnSe and
7ZnS in the sense that no paramagnetic state is directly observed, despite extensive
searches. Only a phase-shifted diamagnetic fraction is observed, which corresponds
to 100% of the total polarization at temperatures above 150 K, where the acceptors
in the material are fully ionized. The data suggest that muonium in this compound

may correspond to a deep donor.



Chapter 6

Conclusions and perspectives

Mas escuta! Onze horas! Onze horas ligeiras estdo dancando, no meu velho
reldgio, o minuete de Gluck. Ora esta carta jd vai, como a de Tibério, muito

tremenda e verbosa, verbosa et tremenda epistola; e eu tenho pressa de a

findar, para ir, ainda antes do almoco, ler os meus jornais, com delicia.l

Eca de Queiroz

Correspondéncia de Fradique Mendes, XV

6.1 Towards a final synthesis

In chapters 4 and 5 we have presented a detailed account of our experimental
data on ZnSe, ZnS and ZnTe, together with the respective particular analysis
and discussion. The essential conclusions of these particular studies have already
been summarized in the end of chapters 4 and 5, in a rather focused way. We
will now try a global synthesis, envisaging to draw some guidelines emerging from
the current work, in the broader context of the physics of muonium/hydrogen in
semiconductors.

Of course, the information on muonium states on semiconductors is significant
per se. However, as stressed in chapter 1, it can become of much wider significance

to the physics of semiconductors due to the muonium/hydrogen analogy.

'Free translation: ”But listen! Eleven o’clock! Eleven lively hours are dancing already, in my
old clock, the Gluck’s minuet. Yet this letter is by now, as that of Tiberius, too cumbersome and
verbose, verbosa et tremenda epistola; and I'm hurrying to finish it, so that, even before lunch, I

can read my newspapers, with delight.”
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6.1.1 Configuration model

Hydrogen may be incorporated basically in two different ways in II-VI compounds
(see Fig. 6.1, left side): (a) It may be bound to one of the negatively charged anions
(e.g. to S~ in CdS), hydrogen itself having the character of a positively charged H*
center, or (b) it may be embedded interstitially between four positively charged
metal atoms, behaving like H™ in metal hydrides. We will limit the discussion
to these two basic configurations, although other configurations (or variants of
the above mentioned) can not be excluded completely on the basis of the present

knowledge.

The geometrical configurations in Fig. 6.1 (left side) are associated with elec-
tronic configurations as shown in the right side of Fig. 6.1: a shallow donor +/0

level for the bonding configuration and a 0/- level for the interstitial incorporation.

As presented in chapter 1, a shallow donor state was identified in CdS by uSR.
Similar shallow donor states were found as well in CdTe, CdSe and ZnO. The
shallow donor behavior of this configuration can be understood qualitatively if one
considers that the strongly bound anion-hydrogen ”molecule” resembles in some
respect an atom with an atomic number one higher than that of the anion (e.g. O-
H resembles F in ZnO). Such atoms (with an extra unit charge) are typical donors
in semiconductors and thus give a rationalization of the observed donor behavior.
In ZnS, ZnTe and ZnSe, no state with the shallow donor characteristic was found
in ©SR, indicating that this configuration is not stable in the neutral electronic
state. However, from the general considerations above, we would expect that these
hypothetical conversion levels would also lie close to the conduction band in these

materials.

In contrast, the character of the interstitially embedded muonium (Fig. 6.1
(b)) is that of an almost free muonium atom with a spherical and strong hyperfine
interaction. In this work, such states were observed by pSR in ZnS and ZnSe. The
corresponding 0/- acceptor levels are proposed to be placed c¢. 178 meV below the
conduction band edge for ZnSe and c. 249 meV below the conduction band edge
for ZnS.



6.1. TOWARDS A FINAL SYNTHESIS 189

:
N

Cation Anion

(b)

‘ Cation

0
®© © =

Figure 6.1: Basic configuration model for muonium /hydrogen in II-VI semicon-
ductors: (a) muonium bonding to the anion, giving rise to a +/0 donor and (b)

Mu at the cation cage, introducing a 0/- acceptor level.
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6.1.2 Energy levels

A rationalization of the position of such deep levels across materials is best achieved
by referring such levels to the vacuum state, and not only to the host material band
edges [Cal84, Led82]. This requires knowledge about the position of the band edges
with respect to vacuum, which can in principle be obtained experimentally by
photoelectron emission spectroscopy measurements, the position of the conduction
band edge corresponding to the electron affinity and the position of the valence
band edge corresponding to the photothreshold energy [Yu99]2. Although such
measurements exist for the II-VI semiconductors [Swa67], it is not always clear how
should surface effects be separated from bulk properties. In building a diagram of
the position of the band edges for the II-VI semiconductors, we have thus followed
the approach proposed by Cox [Cox03b], who used the valence band offsets for
I1-VI semiconductors, presented in ref. [Wei98], and the calculated position with
respect to vacuum of the valence band of ZnO, presented in ref. [Kil02], in order
to place the valence band edges. The position of the conduction band edges were
then simply obtained by addition of the experimental bandgap, from ref. [Mad82].

The corresponding band scheme is shown in Fig. 6.2 and allows a very simple
view on the hydrogen behavior in II-VI compounds. There, we also include the
known experimental energies of the shallow donor levels in the cadmium chalco-
genides and ZnO, together with the proposed acceptor energies in ZnSe and ZnS,
obtained in this work.

The position of the bottom of the conduction band (the electron affinity of the
material) with respect to vacuum seems to play an essential role in the formation of
the shallow muonium state, associated with hydrogen behaviour uniquely as donor.
A significant 7 (deep) muonium threshold” line is drawn just above the conduction
band edge of CdTe. For compounds with larger electron affinity (CdS, CdSe, CdTe
and ZnO), the shallow muonium is observed, whereas for compounds with lower
electron affinity (ZnSe, ZnS and possibly ZnTe), the acceptor state is observed,

which we take as a sign of amphoteric behaviour.

2Cf. p. 426 of the cited reference. In this context, it is also useful to define the work function,

referring the position with respect to vacuum of the chemical potential (Fermi level).
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Figure 6.2: Band alignments for the Cd chalcogenides and the Zn chalcogenides and
oxide. The Mu threshold level is plotted at 3.6 eV below the vacuum. Effective-
mass donor levels determined experimentally are depicted (lines), together with

the acceptor levels proposed in this work (open circles).
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In the amphoteric behaviour case (ZnS, ZnSe and ZnTe), the two conversion
levels lie in the band gap. If the Fermi level is close to the conduction band (n-
type), the electron rich Mu~ state is formed, i.e. electrons are taken away from
the conduction band and cannot contribute to conductivity. Similarly, if the Fermi
level is close to the valence band (p-type), electrons from the Mu center fall to the
Fermi level, therefore compensating the holes and thus reducing the conductivity.
In the unique donor behaviour case (CdS, CdSe, CdTe and ZnO), only the donor
state lies within the band gap, whereas the electron rich 0/- configuration is always
unbound and thus is not formed.

The position of the deep acceptor level 0/- is possibly controlled by a vac-
uum pinning rule, such as that proposed in earlier studies of transition—metal
impurities [Cal84, Led82]. Currently, such pinning rules have been proposed for
hydrogen in semiconductors and oxides in at least three slightly different ways
[Kil02, Rob03, VAWO03]. The simplest possible way to address this question is the
straightforward application to hydrogen of the spirit of the initial transition—metal
pinning rules, and therefore consider that the binding energy of the second electron
in H-/Mu~ can be thought of as approximately constant with respect to vaccum
in all materials. Such simple consideration does not necessarily stand over more
detailed models such as those of references [Kil02, Rob03, VdAW03] but it has nev-
ertheless some heuristic value. With respect to the vacuum the binding energy
of the second electron of Mu™ in ZnSe is approximately 3.4 eV, which may be
compared with that of H™ in vacuum (E = 0.756 eV). The stronger binding of the
embedded atom is reasonable since the positive cation environment provides some

extra binding.

6.2 Future developments

The present investigation contains significant unresolved issues that require further
clarification, either from the experimental point of view and /or from the theoretical
side. It also touches upon other related unsolved problems in the field of hydrogen

in semiconductors, whose investigation may gain from the insight of the present
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work. In the following section, we will try to both summarize the former, giving

possible directions to its clarification, and to point some of the latter.

6.2.1 Open questions

The synthesis presented in the last section also gives us the essential questions that
should be clarified in order to allow a more conclusive contribution of the muonium
investigations to the physics of hydrogen in the zinc-chalcogenide semiconductors.
These points relate to the configuration of the muonium states, to the placement of
the donor and acceptor levels, and to the rationalization of these levels in vacuum-

pinning-levels.

Muonium configurations

Regarding the configuration assignment, we have assigned the deep muonium cen-
tres in ZnSe and ZnS to the cation tetrahedral cage based upon sensible arguments,
but a direct identification is still missing. Also, most importantly, from this investi-
gation we know nearly nothing about possible site-changes and diffusion processes.
The use of the avoided-level-crossing technique [Cho98] can in principle elucidate
about the position of the muonium atom, through the investigation of the inter-
actions with nearby nuclear magnetic moments, but this is particularly difficult in

these materials with a very low density of such magnetic moments.

Muonium levels

Similarly, the assignment of processes which allows to estimate the position of
the levels in the bandgap requires further insight into the muon spin dynamics
which is revealed particularly in the measurements on ZnSe and ZnS. At this
point, we should remember that at present a satisfactory model is available only
for silicon, and that this model was built after two decades of investigations on
dozens of samples from extreme p-type to extreme n-type, which is, at least for
the bulk, seemingly an impossible task in the current stage of sample preparation.

It is doubtful that such advanced stage may ever be achieved for any of the II-
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VI compounds. However, possible research directions (some of which are already
making its way to new proposals in the muon facilities) include:

(i) detailed muon-spin relaxation measurements on longitudinal fields, at the
relevant temperature ranges identified in the present work; these investigations
may provide also more accurate measurements of the energy-levels from the field-
dependent polarization and muon-spin relaxation, upon full adequate modelling
[Cho94].

(ii) muon-spin-resonance measurements on the doped ZnSe samples (particu-
larly ZnSe:I), in order to clarify the intriguing behaviour above 200 K;

(iii) extension of the ZnS and ZnTe research into both doping limits: (a) by
using the current undoped samples, upon annealing in vacuum and/or in hydrogen
atmosphere in order to increase compensation and reduce the concentration of free
carriers; (b) by using other doped samples;

(iv) investigation of the paramagnetic state in ZnS by muon spin resonance
(microwave) measurements; the question of the existence of a second paramagnetic
state in highly-resistive samples should be taken into account, together with point
(iii);

(v) further insight into the second electron capture and Mu~ formation in ZnSe

and ZnS, by means of muon-spin investigations under applied electric fields [Sto97].

Testing ”vacuum-pinning-levels”

Of course, the experimental test of any of the existing vacuum pinning models
requires a thorough survey on many materials, such as those began by Lichti [Lic06]
or Cox [Cox03b, Cox06a, Cox06b]. This is also hindered by the problem that the
positions of the band edges with respect to vacuum are poorly known for many
materials.

However, two possible directions seem plausible within the scope of II-VI semi-
conductors:

(i) investigation of the muonium configurations formed by varying the Fermi
level position from extreme p-type to extreme n-type; the obvious candidate for

this investigation is CdTe, the only II-VI semiconductor where both types of doping
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can be achieved; interestingly, signs of the coexistence in this compound of deep
and shallow muonium states have been found [Cor04, Gil01], which may be related
to a particularly delicate balance of metastable states;

(ii) investigation of the muonium configurations in ternary compound series
such as 7Zn,Cd;_,S with z varying between 0 and 1; this would allow to deter-
mine the x interval where the transition of the shallow state to the deep state
occurs, and the corresponding position of the conduction band edge; of course,

this investigation direction fights with the need of adequate high-resistive samples.

6.2.2 Related investigations
Theoretical digressions: H vs. Mu in the zinc chalcogenides

As mentioned in chapter 1, the existing theoretical calculations in the zinc chalco-
genides are very incipient and mutually contradictory. A thorough calculation of
the hydrogen and muonium configurations and transition levels in the zinc chalco-
genides therefore appears as a most interesting and needed research work. The work
now presented provides substantial amount of experimental information which was
not previously available and which may work as a guide in the development and
improvement in the corresponding theoretical work. For the interested theorist, the
modelling of these deep compact states can also be undertaken as an easier prelim-
inary step to address the extremely difficult problem of the theoretical modelling

of shallow states in the cadmium chalcogenides counterparts.

Nitrogen-hydrogen interactions in MBE-grown ZnSe layers

Despite the fundamental interest of muonium/hydrogen behaviour in bulk semi-
conductors, which was pursued in this work for the II-VI zinc chalcogenides, the
current technological applications of these materials relate essentially to thin-film
structures. Up to now, the study of these two-dimensional systems was not avail-
able to uSR. As we have pointed out in chapter 2, the typical range of the implanted
4 MeV muon in a solid is above 100 pgm, which precludes the investigation of lower

dimension structures. However, a slow-muon facility has been developed in the
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last few years at the muon-spectroscopy laboratory at the Paul Scherrer Institut
[Bak04]. Muon implantation energies between 0 and 30 keV have been achieved
with high intensities, allowing a controllable mean thermalization length between
a fraction of a nm and a few hundred nanometers [Pra05, PSI07]. This facility has
been opened to proposals by users in 2006.

This facility opens new and exciting research perspectives and some related
results include the observation of conduction electron spin polarization in the non-
magnetic spacer layer between two ferromagnets [Lue03] or the investigation of
the spin-glass transition in a polimeric film [Pra05]. However, the research of
semiconductor heterostructures with this technique is only giving its first steps.

Regarding the zinc chalcogenides in particular, the investigation of the role of
hydrogen in MBE grown p-type films of ZnSe doped with nitrogen may be a partic-
ularly useful research direction. As mentioned in chapter 1, ZnSe is usually n-type
and is not easily doped p-type. So, much excitement was created around p-type
doping of ZnSe with nitrogen, achieving net acceptor densities of 10" cm=3 [Par90].
This was accomplished on molecular-beam-epitaxy-grown (MBE) epitaxial layers.
Nitrogen substituting on a selenium site introduces an acceptor level located 110
meV above the top of the valence band [Dea83]. However, the incorporation of hy-
drogen in the films was shown to increase dramatically the resistivity of the films
[Ho95]. The acceptor compensation is most probably due to hydrogen passivation
[Kam93|, where hydrogen most likely sits at the bond-centre location in the H-N
complex [Tor03].

In this context, uSR could shine much light on the microscopic details of the
nitrogen-hydrogen interaction in ZnSe. In bulk samples, the trapping of hydrogen
at defects has been observed for chalcopyrites [Vil02, Vil03a] and GaAs [ChoO1].

Related II-VI materials for Blue/green light emitters - Be and Mg

chalcogenides

The magnesium and beryllium II-VI chalcogenides seem to be emerging as promis-
ing candidates as base materials for blue and green light—emitting laser diodes,

together with the respective alloys with the zinc chalcogenides [Has06, Nur97,
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Seg03, Waa96]. Although this field remains very incipient, particularly with re-
spect to the sample growth, it has already stimulated interesting experimental
developments [P1a00, Pla03, Waa96]. The investigation of the beryllium and mag-
nesium chalcogenides may provide a new field, up to now completely unexplored,
for further experimental explorations of the vacuum-pinning level models. Calcu-
lations of the respective band offsets have already been published [Seg03, Wei98].
The beryllium chalcogenides also present an additional advantage: natural beryl-
lium consists of a single isotope (°Be) with nuclear spin 3/2 and a relatively large
magnetic moment of -1.1779 pxn [Web07], which allows a more direct localization
of the Mu states, as well as other experimental studies such as the extraction of

diffusion parameters.

Magnetic semiconductors for spintronics

As mentioned in chapter 1, both ZnSe [Edd06] and ZnTe [Oza06] are strong candi-
dates for spintronics applications, upon doping with adequate ferromagnetic atoms.
1SR can play a role in the elucidation of the eventual complexation of such impu-
rities with the ubiquitous hydrogen atom. Also, the muon being a magnetic probe
par excellence, it may become an extremely useful probe of the spin current in spin-
tronics devices. This field, already far-off the main trend of this work, promises the
most exciting developments, particularly if using the slow-muons facility in parallel

with bulk techniques.
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Appendix A

Calculation of resistivity in equation 3.17

As mentioned in chapter 3, the Van der Pauw theorem states that the resistivity p
relates to the sample thickness d and to the characteristic resistances Ry op and

Rno.pu by the equation (eq. 3.17):

wd Td
exp ( - 7 RMN,OP) + exp < — 7 RNO,PM) =1

It is not possible to express p analytically from eq. 3.17, so it must be computed

numerically. We have adopted the following algorithm, proposed by NIST [Nis06]:

e Initialization:
21n2

7 (Runop + Ryo.pum)

20 =

e Cycle to be repeated until § = 0.0005:

1. *" iteration of y:
1 1

exp(m zi—1 Runop)  exp(m zi—1 Ryo,pum)

Yi =

199
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2. ith iteration of z:

(1—yi)
L — _ ™
Zi Zi—1 Ryn,op Rno,pu
exp(mzi—1 Run,op) | exp(mzi—1 Rno,pm)
3. Relative difference ¢:
Zi — Zi—1
0= ———
Zi—1
e The resistivity is

d
p=—
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