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Etudes magnéto-optiques des verres de silice dopés
par le Bismuth

Résumé

Les verres de silice dopés par le Bismuth sont très prometteurs en raison de

leurs applications potentielles en termes de lasers à fibres et d’amplificateurs op-

tiques large bande destinés aux télécommunications optiques. Toutefois, la na-

ture des centres optiquement actifs dans de tels verres demeure un sujet d’intenses

débats.

Les méthodes spectroscopiques magnéto-optiques sont des outils puissants

pour l’étude des centres paramagnétiques au sein de la matière condensée. Dans

ce travail de thèse, les techniques de dichroïsme circulaire magnétique, de polar-

isation circulaire magnétique de l’émission et de résonance magnétique détectée

optiquement ont été mises en œuvre pour étudier les verres dopés par le Bismuth.

En association avec les méthodes spectroscopiques conventionnelles, nous

avons montré la coexistence d’au moins deux types de centres optiquement actifs

dans des verres de silice dopés par le Bismuth sans autres co-dopants et de trois

types dans un verre aluminosilicate dopé par la Bismuth. L’analyse des données

expérimentales a révélé que tous les centres proviennent de systèmes ayant un

nombre pair d’électrons (ou de trous). Deux centres ont été identifiés aux ions

Bi+ et aux défauts du réseau vitreux qui interagissent via des processus de trans-

fert d’énergie. Le troisième centre est attribué aux clusters d’ions Bismuth et a été

observé seulement dans des verres aluminosilicates fortement dopés.

Pour la première fois, nous avons montré expérimentalement que l’effet laser

dans le proche infrarouge est due à une transition interdite à partir du premier

état excité d’un défaut du réseau vitreux.

Mots-clés: bismuth, verre, défaut, luminescence, spectroscopie, effets magnéto-

optiques, résonance magnétique.
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Magneto-optical investigations of Bismuth-doped
Silica glasses

Abstract

Bismuth-doped silica glasses are interesting due to the promising applications

in fiber lasers and amplifiers for the communication purposes. Unfortunately, the

nature of the optical active centre(s) in such glasses is still a subject of intense

debuts.

Magneto-optical methods of spectroscopy are very powerful tools for the in-

vestigation of paramagnetic centres in condensed matters. In this thesis, the mag-

netic circular dichroism, magnetic circular polarization of luminescence and op-

tically detected magnetic resonance techniques were implemented to investigate

Bi-doped silica glasses.

Together with the methods of the conventional optical spectroscopy, we demon-

strate the coexistence of at least two types of optical centres in a Bi-doped sil-

ica glass without other co-dopants and three types in a Bi-doped aluminosilicate

glass. The analysis of experimental data revealed that all centres originate from

systems with an even number of electrons (or holes). Two centres were identified

as Bi+ ion and some defect in the glass network that interact via the energy trans-

fer processes. The third centre is assigned to the clusters of Bi ions and it was

observed only in the highly doped aluminosilicate sample.

For the first time, we showed experimentally that the lasing related near-

infrared luminescence is caused by a forbidden transition from the first excited

state of the defect centre.

Keywords: bismuth, glass, defect, luminescence, spectroscopy, magneto-optical

effects, magnetic resonance.
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Chapter 1

Introduction

Information is one of the most important and valuable phenomena of our world.

"As a general rule, the most successful man in life is the man who has the best

information" said Benjamin Disraeli [1]. Like any other thing of value, informa-

tion needs some ways or channels to be distributed among humanity. In the early

1840s Daniel Colladon and Jacques Babinet [2, 3] proposed to use the total inter-

nal reflection for guiding and confining light — the basic guiding mechanism in

an optical fiber. Only in the second half of the 20th century the technology devel-

opment allowed the commercial production of optical fibers with essentially low

propagating losses ('1 dB/km), which led to the new communication era.

Modern optical fibers almost always are made from the high purity silica

glass. This material has the lowest light attenuation near 1.5µm. For this reason

the near-infrared (NIR) spectral region is used for the communication purposes.

However some other materials, such as fluoride, phosphate and chalcogenide

glasses, etc., are used for applications in the mid-infrared. The doping with laser-

active ions, for example rare-earth ions, allows the fabrication of fiber lasers and

amplifiers. Such devices are widely used not only in communications, but in

material processing, medicine, science as well [4].

Nowadays a huge number of high power and highly efficient fiber lasers and

amplifiers has been developed. These devices are based on the rare-earth doped
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fibers. Fig. 1.1 illustrates the operating spectral ranges of some rare-earth based

amplifiers. They have a relatively narrow operating spectral range, which do not

completely cover the near-infrared region. Moreover, Praseodymium doped fiber

lasers have low efficiency, the maximal value around 1% was reported by Guy et

al. [5]. At the same time, the spectral region around 1.3µm is important due

SiO2:Bi

(PL)

FIGURE 1.1: The operating spectral ranges of the rare earth (Yb, Pr, Tm and Er) doped
fiber amplifiers and the examples of PL spectra of Bismuth-doped alumino-,

germanosilicate and pure silica glasses [6–9].

to the promising application in the fiber communication (silica glass has zero-

dispersion at 1300 nm [10]), bioimaging [11] and phosphors [12].

In contrast to the rare-earth, Bismuth doped glasses exhibit broadband (sev-

eral hundreds of nm) photoluminescence (PL) in the range of 1100-1600 nm [13].

The characteristic decay time of this luminescence is rather long (millisecond

range). Also it is strongly affected by the co-dopants, for example it is possi-

ble to shift the NIR PL band in a wide range, as it is shown in Fig. 1.2 [7–9, 13–15].

The introduction of co-dopants in the silica matrix usually causes the shift of the

NIR PL band to the short-wavelength region. All these experimental facts show

the possibility of using Bi-doped glasses as an active medium for fiber lasers and

amplifiers in NIR.
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on NIR PL properties of Bi-doped silica
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For the first time, the continuous

wave lasing with efficiency of 14.3%

at 1215 nm in Bi-doped aluminosilicate

glass fiber was demonstrated by Di-

anov et al. [16] in 2005. Nowadays,

the lasing is obtained in the following

types of Bismuth-doped silica fibers

[13]: germanosilicate, aluminosilicate,

aluminogermanosilicate, phosphosili-

cate and pure silica.

Despite this significant progress in

the fabrication of Bi-doped fiber lasers and amplifiers, there is still a need to elu-

cidate several points. First, the amplification and lasing were observed only in

the fibers with low doping levels. As a consequence sufficiently long fibers are

necessary for the achievement of efficient devices. Another problem is a rela-

tively low efficiency of these lasers and amplifiers comparing to their rare-earth

analogues. Finally, the poor understanding of the nature of this NIR photolu-

minescence (PL) is the major fundamental problem which remains the subject of

intense controversies [17]. The different hypothesis on the origin of the NIR PL

can be summarized in three main groups:

• Bismuth in higher valency (Bi5+ and related molecules) [7, 8]

• Bismuth in lower valency and related molecules (Bi+, Bi0, BiO, Bi−2 dimers . . . )

[18–27]

• Point defects [28–32]

Also, it is possible that the NIR emitting system may result from several interact-

ing defects.
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The main aim of this thesis is to contribute to the elucidation of the origin

of NIR PL in Bismuth-doped silica glasses. Since the conventional optical spec-

troscopy is not able to solve this problem, one of the goals of the thesis was the im-

plementation of advanced spectroscopical techniques, namely the magnetic cir-

cular dichroism (MCD), magnetic circular polarization of luminescence (MCPL)

and optically detected magnetic resonance (ODMR), for experimental investiga-

tions of Bi-doped silica glasses.

All these techniques are based on the Zeeman effect which consists in the split-

ting of energy levels of atoms or ions by a magnetic field (MF). Because of the

relative technical simplicity and the richness of information that can be obtained,

the non-resonance methods (MCD and MCPL) are widespread. The investigation

of temperature and MF dependences provides a valuable information about the

ground (GS) and excited (ES) states, such as spin multiplicity, g-factor, zero-field

splitting (ZFS) [33–35]. The implementation of the photon counting technique

to study MCPL can provide some information about the correlation of the ES’s

lifetime and spin-lattice relaxation time [36]. The only disadvantage of MCD and

MCPL is their low accuracy compared to the magnetic resonance techniques. In

general, ODMR can be observed in the absorption and emission as well [37, 38].

The amplitude modulation of microwave (mw) radiation allows the direct mea-

surement of the spin-lattice relaxation time [37, 39]. However, in the case of ES

measurements some cautions must be taken into account. The spin-lattice re-

laxation time has to be less than the lifetime of this ES. Otherwise the ODMR

signal recovery (after the applied microwave pulse) may result from the optical

re-population of this excited state.

The thesis begins with a brief review of hypotheses on the origin of the NIR PL

in Bi-doped glasses (Chapter 2). The theoretical aspects of the established tech-

niques are given in Chapter 3. The methodology of the experimental data analy-

sis is explained as well in this Chapter. Chapter 4 is devoted to the description of
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the experimental setups for MCD and MCPL measurements and the specifics of

the signal acquisition and data processing. The results of MCD/MCPL investi-

gations in Bismuth doped aluminosilicate and pure silica glasses are presented in

Chapters 5 and 6, respectively, and the theoretical models of the luminescent cen-

tres in these glasses are suggested. Chapter 7 describes the ODMR spectrometer

operating in the microwave V band (58–62 GHz) and the results of experiments

on Bi-doped aluminosilicate. The final chapter gives conclusions and prospects.
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Chapter 2

Review of hypotheses of

Near-infrared photoluminescence

origin

Since the first report on the near-infrared photoluminescence (NIR PL) in Bi-

doped silica glass in 1999 [40] the nature of this PL remains unclear and it is a

subject of spirited discussion [17]. In this section the hypothesis of the origin of

NIR PL in Bi-doped glasses are reviewed.

2.1 Bi5+

The first attempts to observe the ESR (X-band, liquid nitrogen) in Bi-doped alu-

minosilicate glass was performed by Fujimoto et al. [7]. Since no ESR signal was

observed they excluded the defects with unpaired electron, such as E′ centres,

non-bridging oxygen hole centres, etc [41]. Also they excluded diamagnetic B2-

centre (also known as ODC(II)) because no visible luminescence was observed

under 250 nm (≡Si–Si≡) excitation [41]. For this reason they suggested that the

NIR emission is caused by Bi5+ ion. This ion has the singlet ground state, 1S0

term, and it cannot produce any ESR signal.
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FIGURE 2.1: Some models of E′ and
ODC(I,II) defect centres in silica. (A)

Fragment of a perfect lattice, (B)
"classical" model, refined model in the

stable (C) and metastable (D)
configurations of E′ centre; structure of

ODC(I) (E) and ODC(II) (F) defects.
Adapted from [41]

To find evidences of Bi5+ presence

in Bismuth-doped glasses Fujimoto et.

al [8] used the extended X-ray ab-

sorption fine structure (EXAFS) tech-

nique and X-ray photoelectron spec-

troscopy (XPS). As reference materials,

that contain Bi5+, Bi3+ and Bi0, they

used NaBiO3, α-Bi2O3 and Bi-metal,

respectively. EXAFS experiments have

shown that the Bi-O distances of the

first and second coordination spheres

in Bi-doped samples match those in

the reference (NaBiO3 and α-Bi2O3)

samples. Thus, the coexistence of Bi5+

and Bi3+ in Bi-doped aluminosilicate

glass was concluded. According to

the Bi (4f5/2, 4f7/2) peaks position in

XPS experiments the bonding energies

(BE) were sorted to the increasing se-

quence, as follows:

BE(Bi-metal) < BE(Bi2O3) < BE(NaBiO3) = BE(Bi-doped glass)

Because the bonding energy usually increases with the valence state, this re-

sult seems to be reasonable and, Y. Fujimoto concluded that the investigated Bi-

doped samples contain Bi5+ ions.

There are several experimental facts against the Bi5+ hypothesis. It is worth

noting among them the following:
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• At high temperatures, i.e. melting temperature of the silica glass, Bi2O3

reduces to Bi and forms Bismuth clusters and/or nanoparticles [24, 27].

• In the stable state Bi5+ ions often exist in compounds with alkali or alkaline

earth content (LiBiO3, NaBiO3, KBiO3, etc.) [22]. Nevertheless, Bi5+ easily

reduces, due to its decomposition, to Bi3+ by heating above 300 °C, that is

significantly lower than the melting temperature of Bi-doped glasses.

2.2 Bi+

FIGURE 2.2: Ligand field energy levels of
a p2 configuration as a function of the
crystal field parameter B2

0 . After [42].

Meng et al. [18] suggested Bi+ ion as

an optically active centre responsible

for the NIR PL in aluminophosphate

glass. It is also the ESR non-active

ion (ground state term is 3P0) and

they assigned the observed absorp-

tion peaks at '500 (20000 cm−1), '700

(15000 cm−1), '800 (12500 cm−1) and

'1000 nm (10000 cm−1) to the transi-

tions 3P0 −→1S0, 1D2, 3P2 and 3P1, re-

spectively, NIR PL being caused by

3P1 −→3P0 transition. Later this hy-

pothesis was used to explain the NIR emission in Bi-doped single crystals [43–

46] and silicate glasses [19–21]. In Fig. 2.2 we show the crystal field dependence

of energy levels of Bi+ ion. It is seen that levels 1S0 and 1D2 lie above 30000 cm−1

and they cannot cause the absorption at∼500 and∼700 nm. If we assume that the

NIR PL originates from the Jz = ±1 multiplet of 3P1 state, the next allowed transi-

tion will occur at'500 nm [47]. Moreover, in the case of the Bismuth doped silica
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glass without other co-dopants the energy of the first ES is'7000 cm−1 (1400 nm)

[48]. The situation is even worse in GeO2 glass where the first excited state was

found at 6000 cm−1 ('1660 nm) [15].

2.3 BiO

Ren et. al [22] investigated the influence of various alkaline-earth metal oxides

on the NIR PL in Bi-doped silicate glasses. They observed NIR emission in the

range of 1000–1600 nm. The authors showed that the intensity and position of

this PL can be adjusted by the selection of the alkaline-earth metal oxide in the

glasses. On the other hand, it is known that BiO molecules in gas phase emit

in the NIR spectral region due to the X2
2Π3/2 −→ X2

2Π1/2 transition [49]. Based

on the similarity of these two NIR emissions, Ren et al. concluded that the BiO

molecules are responsible for the NIR PL in Bi-doped glasses. Murata et al. [23]

followed this approach. They concluded that the adding of Al2O3 in the melt

favours the Bi clusters decomposition and, as a consequence, increases the BiO

concentration. At the same time, further experiments on Bi/Dy co-doped chalco-

halide glasses have contradicted this hypothesis due to the absence of oxygen

[50].

2.4 Bi dimers

Khonthon et al. [24] reported on the ESR signals with g ≈ 2.2 and g ≈ 4.7 in

Bi- and Te-doped oxide glasses and glass-ceramics. The signal corresponding

to g ≈ 2.2 appeared only in the NIR emitting samples, i.e. pink coloured zinc

aluminosilicate oxide glass and glass-ceramics. In contrast the second ESR signal

was detected in all samples and may be derived from impurities, e.g. Fe3+. So,

Khonton et al. concluded that the ESR signal at g ≈ 2.0 was related to the NIR
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emitting centre. Since ESR spectra in Bi-doped and Te2− containing glasses had

similar structure, the detected signal was attributed to Bi−2 , and Bi2/Bi−2 dimers

were proposed as the origin of NIR PL.

To verify this hypothesis Sokolov et al. [25] performed quantum-chemical

calculations of electronic states of Bi−2 and Bi2−2 dimers in aluminosilicate net-

work. The results showed that such dimers indeed can cause NIR PL, they have

similar spectra of NIR luminescence and an indexation of transition bands was

performed. Since Bi−2 has unpaired electron, it can produce ESR signal and the

corresponding g-factor was calculated. The authors found g ≈ 2.19 which was in

a good agreement with that obtained by Khonton et al. [24]. Also, Sokolov et al.

observed NIR PL in Bi-doped magnesium cordierite (2MgO-2Al2O3-5SiO2) [25].

Schwartz et al. [51] showed that in Bismuth doped magnesium cordierite two Bi

atoms, being located at neighbouring sites, can form Bi2 dimers. The glass com-

position and preparation conditions dramatically change the concentration ratio

of Bi−2 /Bi2−2 . Thus, in this model the absence of ESR signal can be explained by

the low Bi−2 concentration.

One more evidence in favour of Bi dimers hypothesis is the quadratic depen-

dence of the absorption coefficient on the Bismuth concentration observed by

Denker et al. [26, 52, 53]. Moreover, they found out that the total charge of two Bi

ions forming a dimer is equal +5. Taken into account these results and the spec-

tral similarity with irradiated Pb-doped crystals Dianov [54] suggested Bi2+−Bi3+

dimer as a possible origin of NIR PL.

2.5 Bi0

Peng et al. [27] investigated the influence of the melting temperature on the ab-

sorption and emitting properties of bismuthate glasses. They concluded that
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Bi2O3 decomposes to the elementary Bi atoms. The increasing of melting tem-

perature stimulates this process and the intensity of NIR PL increases. There-

fore the Bi0 was proposed as a possible origin of this PL. Also, the absorption

and emission properties of Bi-doped glasses have better matching with those

of Bi0 than Bi+. Absorption bands at 320, 500, 700, 800 and 1000 nm were as-

signed to 4S3/2 −→2P3/2, 4S3/2 −→2P1/2, 4S3/2 −→2D5/2, 4S3/2 −→2D3/2(2) and

4S3/2 −→2D3/2(2), respectively, and NIR PL to 2D3/2 −→4S3/2 (2D3/2(1,2) — two

crystal-field split sublevels of 2D3/2 state). It is worth noting that the ground state

4S3/2 is degenerated and the ESR signal could be detected. Nevertheless, the ob-

servation of the ESR signal was not reported.

2.6 Defects in the glass network

Sharonov et al. [28, 55] performed spectroscopical study of Bi-, Pb-, Sb-, Sn-,

Te and In-doped germanate glasses. The authors found that all samples (except

Te- and In-doped) exhibit similar absorption and emission properties and decay

times of luminescence. Also, they observed that the decay consists of a main

long- and several short-lived components. It was concluded that these fast com-

ponents are not the initial stage of the main decay but they are related to different

optical centres. The authors emphasized that Bi and Pb belong to 9th row of the

Periodic Table while Sb and Sn — to 7th. In their opinion it is doubtful that the el-

ements from different rows may have similar optical bands because of significant

difference in the spin-orbit coupling constants. For this reason they suggested to

consider the point defects and localized states in glasses as a possible origin of

NIR PL.

Dianov [32] followed this idea and by the analogy with Tl- and Pb-doped crys-

tals supposed that the three types of centres could be considered as the origin of
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NIR PL: Bi2+ ion + oxygen vacancy, Bi2+−Bi3+ dimer with Bi ion adjacent to oxy-

gen vacancy and Bi+ ion flanked by a pair of oxygen vacancy. The appearance of

these centres strongly depends on the glass composition and preparation condi-

tions. The E′ centre (oxygen vacancy with a trapped hole) is paramagnetic, thus

it is not considered. So the author decided in favour of the "Bi ion + ODC(I,II)"

structure (see common models of ODC centres in Fig. 2.1). The ODC (II) defect

has an absorption band at λ = 242 nm and under this excitation transforms to

the E′ centre [41]. Indeed, Dianov et al. [32] have shown that after the treatment

of Bi-doped germanosilicate fiber with 244 nm laser radiation the intensity of the

NIR luminescence while excited at 1460 nm significantly decreased compared to

the pristine sample. The significant enhancement of the background loss level of

absorption author explained by the UV absorption bands of E′- and other induced

centres. In our opinion, it is necessary to perform additional, magnetic resonance

related experiments before make any definitive conclusions.

According to the model of Dianov, Sokolov et al. [30, 31] performed calcula-

tions of different Bi-related centres in SiO2, GeO2, Al2O3−GeO2 and Al2O3−SiO2

hosts. Based on the matching of the calculated and measured transition bands

the authors supposed that Bi–ODCs are most likely responsible for the NIR PL.

Leaving aside the criticism of the methods of calculations one can note that the

GS of this model centre is doubly degenerate with total angular momentum J =

1/2 (See Fig.3 in [31]). It means that the centre must be ESR active, that is in the

contradiction with experiments [7, 56].

The detailed research work on the NIR PL in Ga/Bi co-doped silica glass at

extremely low doping was performed by Razdobreev et al. [29]. In the time

resolved experiments they observed unusual decay kinetics in both visible and

NIR regions. Such kinetics can occur due to the energy transfer by dipole-dipole,

dipole-quadrupole and quadrupole-quadrupole interactions between the donor

and acceptor. The fitting of kinetic curves put in evidence the energy transfer
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caused by the quadrupole-quadrupole interaction. Based on these results Razdo-

breev et al. proposed the model of two interacting centres. One of these centres is

Bi+ ion while the second one is presumably some lattice defect. Obviously, these

centres do not form a single centre, i.e. molecule.

2.7 Conclusions

It is seen from the above short review, that despite the significant number of ex-

perimental and theoretical results, there is no consensus among researchers re-

garding the nature of NIR PL in the various Bi-doped glasses. Moreover, some

experimental observations appear contradictory. It is well known that not only

the sample composition, but also preparation conditions considerably influence

its optical properties. Furthermore, it is possible to assume that the different Bi-

doped systems may have different optical centres. As a consequence, the new

advanced experiments are highly desirable to clarify the nature of the lumines-

cent centres in Bi-doped glasses.
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Chapter 3

Experimental techniques (Theoretical

aspects)

The magneto-optical methods (MCD, MCPL, ODMR, etc.) are based on the Zee-

man effect. Unfortunately, the number of textbooks on magneto-optical effects

and their application in physics of solid state is very limited. For this reason in

this chapter the introduction to the physical principles and theoretical aspects of

MCD, MCPL and ODMR techniques is given.

3.1 Zeeman effect and spin Hamiltonian

In general, Zeeman effect means the splitting of energy levels of a paramagnetic

species by a magnetic field. In the simplest case of a free atom (ion) with the elec-

tronic magnetic dipole moment µJ= −gJµBJ the Hamiltonian of its interaction

with a magnetic fieldB is:

H = −(µJ .B) = gJµB(B.J), (3.1)

where gJ is a Landé g-factor of the electronic state with an angular momentum J ,

µB is the Bohr magneton andB is a magnetic field.
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The energy of a stationary state with a magnetic quantum numberMJ = J, J−

1, . . . ,−J in a magnetic fieldB is:

W = gJµBBMJ (3.2)

Therefore an external magnetic field removes the degeneracy and the energy

separation between levels increases linearly with MF increase, as it is shown in

Fig. 3.1. However, this simple form of (3.1) and (3.2) is valid only if:

• (2J+1) levels are degenerated when B = 0;

• the groups of (2J+1) levels with different J are well separated, i.e. Zeeman

energy is much less than the energy interval to the nearest level or group of

levels

B=0 B>0
0

1/2

3/2

J MJ

g BJ Bm

+1/2

-1/2

+3/2

+1/2

-1/2

-3/2

FIGURE 3.1: Splitting of levels with
different J by magnetic field.

As opposed to the free atoms, in solids

a paramagnetic ion is affected by a strong

electrostatic field (so-called ’ligand’ or

crystal field) produced by the lattice ions.

As a consequence, the Hamiltonian in the

form of (3.1) may not correctly describe

the properties of a paramagnetic ion and

the interaction with crystal field has to be

taken into account. Usually this interac-

tion is called the fine-structure interaction.

It is essentially important for the elements

with partly filled p shells (5p, 6p groups of

the periodic table) where the energy of this

interaction can exceed the energy of the spin-orbit and Zeeman interactions [42].
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In the electrostatic potential of the crystal field the electronic levels of ions

experience a ’Stark splitting’. Since the crystal field reflects the symmetry of

the local position, the splitting of levels can be predicted by the group theory

and, in the case of low symmetry, the degeneracy may be completely removed.

Kramers formulated an important theorem concerning the residual degeneracy:

in the absence of a magnetic field the energy level is at least doubly degenerate

for half-integer spin, i.e. odd number of electrons. Such a pair of states (’Kramers

doublet’) is time conjugate and cannot be split by an electrostatic field, which has

time-even operator. A magnetic perturbation in turn is odd under time reversal,

thus removes the residual degeneracy of a Kramers doublet.

To keep the simple form (3.1) of Zeeman interaction in complexes, the concept

of an ’effective spin’ S has been introduced. An effective spin is a fictitious an-

gular momentum and its value is such that the degeneracy of a group of levels

of interest is (2S+1), for example, in the case of 3-fold degeneracy S = 1. The

use of effective spin allows to set up the ’effective spin Hamiltonian’ which can

correctly describe the behaviour of a group of levels in a similar form as for a free

atom or ion.

In most cases, the spin Hamiltonian can be written as a sum of five compo-

nents [37]:

H = HEZ + HFS + HHF + HNZ + HQ, (3.3)

where

• HEZ = µBS · g̃ ·B is an electron Zeeman interaction,

• HFS = S · D̃ · S — fine structure (FS) interaction,

• HHF = I · Ã · S — hyperfine (hf) interaction,

• HNZ = gnµnI ·B — nuclear Zeeman interaction,
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• HQ = I · Q̃ · I — nuclear quadrupole interaction,

g̃, D̃, Ã and Q̃ are tensor quantities, gn and µn — nuclear g factor and Bohr mag-

neton, respectively. The hf and nuclear quadrupole interactions occur due to the

interaction of the unpaired electron with nuclear magnetic dipole and electric

quadrupole moments of the impurity atom, respectively. Usually, the splitting

associated with HHF , HNZ and HQ are considerably smaller than those of elec-

tron Zeeman and FS interactions and can be neglected in MCD/MCPL analysis.

Thus, only the first two components of Eq. (3.3) will be considered in the follow-

ing discussions.

The influence of the crystal field is essentially strong for the elements with

unpaired p electron(s), e.g. Bi, Pb, Te, Sn, Sb, etc., because p electrons occupy the

outer shell and p orbitals are spatially extended in comparison with d orbitals

and even more with f orbitals. The energy associated with a FS interaction can

introduce the main contribution to the spin Hamiltonian (3.3) and produce the

main part of the level splitting. That is why in the next subsection this phenomena

will be discussed in more details.

3.2 Fine structure interaction

In the presence of a strong (comparing to the Zeeman interaction) ligand field

of axial symmetry, the (2S+1)-fold degenerate states will be split into (S + 1/2)

doublets if S is half-integer, or S doublets and one singlet if S is integer. In the

first case each doublet can be treated as a Kramers doublet with the effective spin

S = 1/2. The case of integer S is rather different due to the mixing of wave

functions. Moreover, the addition of a rhombic distortion leads to the removal of

the residual degeneracy. The Hamiltonian of such a system with a magnetic field

B applied at an angle θ to the symmetry axis (z-axis) can be written in the form
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as follows [57]:

H = D

{
S2
z −

1

3
S(S + 1)

}
+ E(S2

x − S2
y) + g‖µBBSz cos θ + g⊥µBBSx sin θ,

(3.4)

where g‖ = gzz and g⊥ = gxx = gyy are the parallel and perpendicular g-factors,

D and E are the axial and rhombic components of the zero-field splitting, respec-

tively.

0H = H ®
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1
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FIGURE 3.2: Energy levels and states in the assumption of the Hamiltonian (3.4).

The useful trick which significantly simplifies the solving and analysis of Eq. (3.4)

is to use as the basis (for each spin doublet) a linear combination of the form:

|+′〉 = cosα |+〉+ sinα |−〉

|−′〉 = sinα |+〉 − cosα |−〉 ,
(3.5)
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then one obtains the energy of levels (for S = 2 system) in the following form:

W± = D′ ± 1

2

√
(g̃‖µBB cos θ)2 + ∆2, (3.6)

where tan 2α = ∆/(g̃‖µBB cos θ); g̃‖ = 4g‖, D′ = 2D, ∆ = 12E2/(W2 −W0) for the

|±2〉 doublet, and g̃‖ = 2g‖, D′ = −D, ∆ = 6E for the |±1〉 doublet.

The energy levels and their magnetic field dependence are shown in Fig. 3.2.

In the limit of high magnetic fields (H � ∆) the wave functions become pure |±〉

and the energy of levels linearly depends on the MF. In the absence of magnetic

field the states have symmetric and antisymmetric wave functions 1/
√

2(|+〉 ±

|−〉) (left part of Fig. 3.2).

3.3 Rate equations and spin-lattice relaxation

In all experiments based on the Zeeman effect the measured paramagnetic signal

depends on the occupation difference of levels, so a brief discussion of the rate

equations is necessary. The rate equations for the simplest two level system with

S = 1/2 (Fig. 3.3) are:

dN1

dt
= −(W12 +R12)N1 + (W21 +R21)N2,

dN2

dt
= (W12 +R12)N1 − (W21 +R21)N2,

(3.7)

where W12,W21 are the probabilities of magnetic dipole transitions induced by a

microwave field (present in the electron spin resonance (ESR) and related exper-

iments) and R12, R21 are relaxation transition probabilities, N2 and N1 — popula-

tions of |±1/2〉 states, respectively.

Let us consider the case of absence of microwave induced transitions, i.e.

W12 = W21 = 0. In the thermal equilibrium
dNi

dt
= 0 and taking into account
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the Boltzmann distribution, from (3.7) it follows that the population difference is:

∆N0 = N1 −N2 = N tanh

(
∆E

kT

)
, (3.8)

where N = N1 + N2 is a total number of spins. This expression is valid only for

the Kramers doublets. In the general case of an effective spin S the population

difference is given by the Brillouin function [37, 57]:

BS

(
−∆E

kT

)
= BS(x) =

2S + 1

2S
coth

(
2S + 1

2S
x

)
− 1

2S
coth

( x

2S

)
(3.9)

Obviously, if S = 1/2 Eq. (3.9) transforms to the simple hyperbolic tangent.
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FIGURE 3.3: Kramers doublet with the
microwave absorption (W12), emission

(W21) and spin-lattice relaxation (R12 and
R21) transition probabilities.

After some perturbation the spin sys-

tem will exponentially return to its

thermal equilibrium with a character-

istic time T1:

∆N(t) = A exp

(
− t

T1

)
+ ∆N0 (3.10)

T1 =
1

R12 +R21

(3.11)

The characteristic time T1 is usually

called longitudinal spin-lattice relaxation time, because it deals with the longi-

tudinal magnetization along the MF direction.

The nature of the spin-lattice relaxation originates from the interaction between

spins and phonons. Due to the thermal vibrations, the adjacent magnetic atoms

create fluctuating local magnetic field with the oscillating component at the reso-

nance frequency as well. There are three main mechanisms of spin-lattice relax-

ation [37, 57–59]:

• Direct process. The spin system absorbs a phonon with the energy h̄ω12 =
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E2 − E1 which results in the spin flip (transition 1 −→ 2 in Fig. 3.4a). The

reverse spin flip (2 −→ 1 transition) leads to the emission of a phonon with

the same energy h̄ω12. The spin-lattice relaxation time changes as T1 ∼ 1/T .

• Raman process. A phonon of any energy h̄ω1 interacts with the spin and

causes a transition (up or down, see Fig. 3.4b). The scattered phonon has

the energy h̄ω2 = h̄ω1 ± h̄ω12. T1 ∼ 1/T n, where n = 5, 7, 9 for a multiplet

with a small splitting, non-Kramers and Kramers doublets, respectively.

• Orbach process. A phonon with the resonance frequency excites the spin

system to a much higher state. Then the exited spin relaxes to another

state under the emission of phonon with the corresponding energy, Fig. 3.4c.

T1 ∼ exp
h̄ω13

kT
.

FIGURE 3.4: Spin-lattice relaxation mechanisms: direct process (a), Raman process (b) and
Orbach process (c).

Though the Raman process is a second order process, it may have grater in-

fluence on the spin-lattice relaxation than the direct process at high temperatures,

i.e.
h̄ω

kT
� 1. In this temperature region the density of phonons involved in the

Raman process is higher than in the direct. Since all mechanisms have differ-

ent temperature dependences it is possible to distinguish them by measuring the
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temperature dependence of T1. However, in practice it is a very tough task, be-

cause of several reasons. Firstly, T1 varies rapidly with temperature and in a very

wide range and, secondly, usually several processes occur simultaneously. How-

ever, at low temperatures (
h̄ω

kT
� 1) the direct process predominates.

3.4 MCD and MCPL
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FIGURE 3.5: Examples of systems
exhibiting the A term. On the left: in the

MCD. On the right: in the MCPL.

The magnetic circular dichroism and

magnetic circular polarization of lu-

minescence are universal well-known

techniques for the investigation of the

paramagnetic ions and defects. In

MCD experiments, the difference in

absorption of right (σ+) and left circu-

lar (σ−) polarized light induced by a

magnetic field is measured, e.g. ∆A =

A+ − A−. The MCPL signal is defined

as ∆MCPL =
I+ − I−

I+ + I−
=

∆I

Itot
, where I±

is the intensity of σ+ and σ− compo-

nents of emitted light. In general, both effects are treated as a sum of three terms,

A ,B and C [60, 61]:

∆A

E
,
∆I

E
∼ B

[
A
∂f(E)

∂E
+

(
B +

C

kT

)
f(E)

]
, (3.12)

where f(E) is a lineshape function, B is a magnetic field.

The diamagnetic A term (Fig. 3.5, 3.6) occurs if any (initial or final) state is

degenerate. This term is field dependent only and has a derivative-like spectral

shape. The magnitude of the A term for |A〉 −→ |J〉 (MCD) and |J〉 −→ |A〉
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(a)
(b)

FIGURE 3.6: Origin of the A term

(MCPL) transitions is [35, 62–65]

MCD : A ≈
∑
A,J

(〈J |µz |J〉 − 〈A|µz |A〉)

×
(
| 〈A|m+ |J〉 |2 − | 〈A|m− |J〉 |2

) (3.13)

MCPL : A ≈
∑
A,J

(〈J |µz |J〉 − 〈A|µz |A〉)

×
(
| 〈J |m+ |A〉 |2 − | 〈J |m− |A〉 |2

)
,

(3.14)

wherem± = ∓1/
√

2(mx±imy) is σ± electric dipole moment, µz is magnetic dipole

moment and the summation is over all components of |A〉 and |J〉 states.

The first part of Eq. (3.13) and (3.14) is the difference in the Zeeman split-

ting of the final and initial states. In the absence of a magnetic field the absorp-

tion/emission of σ+ and σ− components are equal. Thus no MCD/MCPL signal

can be observed as it is shown in Fig. 3.6(a). When a magnetic field is applied the

degenerate states split due to the Zeeman effect, σ± bands linearly separate and

the signal increases with increasing of B.

The population difference of the initial Zeeman sub-levels causes a paramag-

netic C term. This term is field and temperature dependent and it is defined as
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follow [35, 62–65]:

MCD : C ≈
∑
A,J

〈A|µz |A〉

×
(
| 〈A|m+ |J〉 |2 − | 〈A|m− |J〉 |2

) (3.15)

MCPL : C ≈
∑
A,J

〈J |µz |J〉

×
(
| 〈J |m+ |A〉 |2 − | 〈J |m− |A〉 |2

)
,

(3.16)

where the notations are the same as in (3.13) and (3.14). Here the first part has

only the initial state Zeeman term. The example of a system with the paramag-

netic term is shown in Fig. 3.7(a). At low temperatures (∆E >> kT ) the lowest

Zeeman sub-level has much greater population and the |−1〉 −→ |0〉 transition is

the most intense. It results in the f(E) bandshape (Fig. 3.7(b)) of the MCD and

MCPL signal. With the increasing of temperature C term decreases and when the

population of magnetic sub-levels becomes equal, only A term contributes to the

∆A and ∆I producing the same spectral band as in Fig. 3.6(b).

(a)

FIGURE 3.7: (a) Examples of system exhibiting the C term; (b) its origin.
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The B term is a result of the field-induced mixing of |A〉 and |J〉 with the

intermediate state |K〉 [35, 62–65]:

MCD : B ≈Re
∑
A,J

[∑
K 6=J

−〈J |µz |K〉
∆EKJ

(〈A|m+ |J〉 〈K|m+ |A〉

− 〈A|m− |J〉 〈K|m− |A〉)

+
∑
K 6=A

−〈K|µz |A〉
∆EKA

(〈A|m+ |J〉 〈J |m+ |K〉

− 〈A|m− |J〉 〈J |m− |K〉)
]

(3.17)

The expression for the MCPL case is similar but |A〉 and |J〉 are swapped in

the bra-kets, e.g. 〈A|m± |J〉 −→ 〈J |m± |A〉. Both ground and excited states can be

affected, but usually B term is larger for the excited states due to the small energy

difference between mixing states. This term is field dependent but in contrast to

A term it has f(E) bandshape.

The relative magnitudes of A , B and C terms depend on the absorption/emission

bandwidth ∆, energy distance ∆E to the closest field-induced mixing state and

temperature [60]: A : B : C = 1/∆ : 1/∆E : 1/kT . In the typical case of broad

bands at room temperature ∆ = 103 cm−1, ∆E = 104 cm−1 and kT = 200 cm−1

we get A : B : C = 10−3 : 10−4 : 5× 10−3. If the measurements are taken at 15 K

the relative magnitudes are 10−3 : 10−4 : 0.1. It is clear that at low temperatures

the C term provides the main contribution to ∆A and ∆I .

In disordered systems, such as investigated glasses in this Thesis, the orienta-

tional averaging of ∆A and ∆I must be performed [66]:

〈∆ε〉 =
1

8π2

∫ π

φ=0

∫ 2π

ψ=0

∫ π

θ=0

∆ε sin θ dθ dφ dψ, (3.18)

where ∆ε is ∆A or ∆I regarding which experiment we deal with, φ, ψ, θ are the
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Eulerian angles that give the relationship between the molecule-fixed and space-

fixed sets of axes with θ being the angle between z axes of these sets. Usually

the space-fixed z axis is defined by the direction of the external magnetic fieldB,

thus θ is the same angle as in Eq. (3.4)

The major information about the ground and excited states can be obtained

by measuring the temperature and field dependences of MCD and MCPL signals

at fixed wavelength. Usually these saturation magnetization data are presented

in two formats (Fig. 3.8, 3.10). For a magnetic field dependence the intensity

of MCD or MCPL signal is plotted versus µBB/2kT and each curve (isotherm)

represents one temperature. The temperature dependence is plotted as a function

of 1/T and each curve has fixed magnitude of the magnetic field. These saturation

curves are measured at the peak of the transition band, where the A = 0. This

approach significantly simplifies the analysis of the experimental data.
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FIGURE 3.8: MCD saturation curves for an isolated effective Kramers dou-
blet with g‖ = 2. (a) – MF dependences; (b) – temperature dependences

Let us consider the simple case when only the initial state is degenerate and

S = 1/2, i.e. Kramers doublet. The MCD C term and its orientation averaging

lead to [33]

∆A = Asat

∫ 1

0

cos θ tanh

(
g‖µBB cos θ

2kT

)
d cos θ, (3.19)
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where Asat is the maximum value of ∆A at the saturation (hereinafter we omit

the 〈〉 notations) and it scales the curves only. In the case of MCPL the effect of

photoselection must be taken into account [60, 66]. The resulting expression is a

counterpart of Eq. (3.19) but with an additional factor cos2 θ in the integrand. This

effect has only a small quantitative influence on the saturation curves, so all fur-

ther discussions are valid for both the MCD and MCPL experiments. All curves

of the µBB/2kT plot superimpose, as it is shown in Fig. 3.8(a). The increase of g‖

will cause the saturation of isotherms at lower MF. The decrease of temperature

results in the increasing of ∆ε, at low temperatures and high fields it saturates

and the curves superimpose.
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FIGURE 3.9: Energy level diagrams of the systems with D < 0. (a) - spin-
singlet GS and isolated non-Kramers doublet from S = 1 ES. (b) - both GS

and ES are spin-multiplets.

The more general case is a system described by the spin Hamiltonian (3.4).

Let’s assume that the initial state has S = 1, then the negative axial component of

the zero-field splitting D < 0 brings the MS = ±1 doublet to the lowest position

and the rhombic component 2E = ∆ removes the residual degeneracy as it is

shown in Fig. 3.9. This non-Kramers doublet produces a C term and it is isolated

if |D| � ∆. In the absence of a magnetic field the wave functions of the doublet
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are 1/
√

2(|+1〉±|−1〉). However ∆ε is non-zero only in the presence of a magnetic

field, because both MCD and MCPL require complex wave functions. If g‖ � g⊥
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FIGURE 3.10: The effect of rhombicity on the saturation curves for an isolated
non-Kramers doublet with g‖ = 2. (a,c) – MF dependences; (b,d) – temperature

dependences

the C term related MCD intensity is [33]

∆A = Asat

∫ 1

0

2g‖µBB cos2 θ√
∆2 + (2g‖µBB cos θ)2

tanh

(√
∆2 + (2g‖µBB cos θ)2

2kT

)
d(cos θ)

(3.20)

Again, to obtain the expression for MCPL, the factor cos2 θ must be added. The

example of the saturation curves calculated using the Eq. (3.20) is given in Fig.

3.10. The upper part has no rhombic component of ZFS and, obviously, it coin-

cides with the case of an effective Kramers doublet. The lower part shows the
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influence of the rhombicity with ∆ = 8 cm−1. The isotherms of the field depen-

dences exhibit well pronounced nesting behaviour and its degree is proportional

to the magnitude of ∆. In the 1/T representation the curves exhibit saturation

even at low magnetic fields and the saturation values are different for each MF.

The magnitude of the zero-field splitting defines the values of the temperature

and magnetic field at which the saturation appears: the higher ∆, the lower MF

and higher temperature. Also it is seen that the presence of rhombic ZFS compo-

nent reduces the maximum value of ∆A. The C term for a non-Kramers doublet

arises from the unequal mixing between |+1〉 and |−1〉 states and the Boltzmann

contribution among them. It is a mixing between the sub-levels of a doublet that

causes the latter effect.

The influence of the non-zero g⊥ and B term also can be taken into account

[33]. For example, to include the linear B term into consideration the adding of

simple b0B term to Eq. (3.19) or Eq. (3.20) is sufficient. Here b0 indicates the mag-

nitude of the initial state linear B term. Eventually it causes the fan out behaviour

of saturation curves plotted as a function of µBB/2kT . As a consequence, for an

effective Kramers doublet interacting with another energy level the isotherms

also do not superimpose.

MCPL technique can be utilized to study some aspects of the spin dynamics

in excited states. The idea consists in the measurement of the temporal depen-

dence of PL polarization degree ∆MCPL = ∆I/Itot as it is shown in Fig. 3.11. A

pulsed excitation creates the non-equilibrium population distribution among the

spin sublevels of ES, thus the degree of the emission polarization is also deviated

from its thermal equilibrium value. The spin relaxation forces the system to reach

the Boltzmann distribution and if the spin relaxation time T1 is less than the ra-

diative decay time, the PL polarization degree will reach its equilibrium value.
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σ−

σ+

FIGURE 3.11: Time-resolved MCPL spectroscopy in CdSe/CdS core/thick-shell
nanocrystals (After [36])

The polarization dynamics can be described by a simple expression

∆MCPL(t) = ∆0
MCPL

[
1− exp

(
− t

T1

)]
, (3.21)

where ∆0
MCPL is an equilibrium value of the polarization degree. The spin re-

laxation depends on the temperature and magnetic field as it was discussed in

Sec. 3.3. Thus the time-resolved MCPL spectroscopy allows one to study the spin

relaxation mechanism by measuring the MF and temperature dependence of T1.

3.5 Optically detected magnetic resonance

The optically detected magnetic resonance is a double resonance experiment. In

ODMR experiment we measure the changes of MCD or MCPL signal under mi-

crowave radiation at the resonant frequency:

∆ρ = ∆ε−∆ε0, (3.22)



32 Chapter 3. Experimental techniques (Theoretical aspects)

where ∆ε is MCD/MCPL signal under applied microwave pumping and ∆ε0

— in the absence of MW radiation. If the frequency of MW radiation does not

match the energy interval between spin sublevels, the ODMR signal ∆ρ = 0. The

microwave pumping at the resonance frequency tends to equalize the population

of the spin sublevels, and, as a consequence, decreases the MCD/MCPL signal.

Usually ODMR experiment can be performed in two regimes. The first one

consists in recording of the field dependence of ∆ρ in the particular MCD/MCPL

band. This regime allows to define the magnetic properties of a particular optical

centre. In the second regime the spectrum is recorded at a constant magnetic

field (Fig. 3.12). This experiment allows to distinguish the optical transitions from

different centres.

M
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D
D

r

1

2

FIGURE 3.12: MCD (curve 1) and ODMR
in absorption (curve 2) in SrF2 : Pb2+

(T = 10K,B = 1.25T, f = 24GHz)
(Adapted from [67])

The spin-lattice relaxation time T1

can be directly measured in the ODMR

experiment in ground and excited

states as well. First, the system has to

be driven out of thermal equilibrium.

It can be done by the fast change of the

temperature or magnetic field, or by

applying a microwave pulse of the res-

onance frequency. Then one observes

the recovery of the ∆ε to the equilib-

rium value. The most convenient way to disturb the system is a saturating MW

pulse. Modern sources of the microwave radiation can produce pulses with the

duration of several nanoseconds. Therefore the operating frequency of the pho-

toelastic modulator limits the shortest measurable T1 by tens of microseconds.

However, measurements of the excited states require certain precautions. The

spin-lattice relaxation time should be less than the lifetime of this ES. Otherwise
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the ODMR signal recovery (after the applied microwave pulse) is due to the op-

tical re-population of this excited state.

One important feature of the ODMR technique is its very high sensitivity. The

enhancement of the sensitivity comparing to the conventional ESR method is ap-

proximately the ratio of optical and microwave frequencies, e.g. 1015/1010 = 105,

so the sensitivity of 105 spins per mT linewidth can be achieved.

The ESR technique can be used for the investigations of magnetic properties

of excited electronic states. In such experiments a sufficient population of ES is

achieved by the continuous optical excitation, usually by a laser source. However,

successful implementation of this method was obtained only for the long-lived

excited states. If the decay time τr ≤ 1 ms the steady state population may be

too low for the ESR detection. Much higher sensitivity of the ODMR removes

this limitation and allows one to perform investigations of the short-lived excited

states.

3.6 Conclusions

Ions with p electronic outer shells (such as Bi, Pb, Sn, etc) are essentially affected

by the (fine) crystal field interaction, which may produce the main contribution

to the splitting of energy levels. In this thesis glasses with extremely broad op-

tical transitions were investigated. For this reason only Zeeman and FS interac-

tions were taken into account in the analysis of the experimental data. In general,

MCD and MCPL effects are considered as a sum of three parts: diamagnetic A ,B

and paramagnetic C terms. In the case of the broad transition bands only para-

magnetic term can be taken into account. The investigation of MCD and MCPL

saturation curves gives quantitative information about zero-field splitting energy

and Landé g-factor of the ground and excited states, respectively. The ODMR

method combines MCD/MCPL and magnetic resonance techniques, that leads
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to the high precision determination of parameters of the investigated system and

high spectrometer sensitivity. Also, ODMR experiments allow to establish the di-

rect correspondence of optical transitions to the particular defect centre. The use

of a microwave resonator, even a tunable one, results in very narrow frequency

range. As a consequence to cover the entire GHz range it is necessary to have a

set of microwave systems. It is not always possible due to the limited inner space

of a helium cryostat.
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Chapter 4

MCD/MCPL spectrometer

This chapter describes the MCD/MCPL spectrometer and some aspects of data

acquisition. Usually, MCD/MCPL experiments are performed in two main regimes:

a) spectral measurements at fixed magnetic field and temperature, and b) field

and temperature dependences at a fixed wavelength. In the latter case, the most

useful forms of the MCD/MCPL signal representation are the plots in coordi-

nate (∆A, µBB/2kT ) for the field dependence and (∆A, 1/T ) for the temperature

dependence.

MCD and MCPL are measured in the Faraday geometry, i.e. the direction of

light propagation is collinear to the external magnetic field B. In general, Si-

and Ge-based photoreceivers, coupled to a lock-in amplifier, are used for signal

detection. However, in the case of MCPL, the use of photon counting technique

very often is more preferable, because a much higher signal-to-noise ratio can be

achieved.

4.1 MCD spectrometer

Fig. 4.1 schematically shows the experimental setup for MDC measurements.

Light from the quartz tungsten or UV enhanced Xenon lamp is dispersed by

a monochromator with a spectral resolution 2.5 and 5 nm in the range 350–900
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and 900–1600 nm, respectively. After the collimating lens and exchangeable fil-

ter (LWPF) the light is linearly polarized with a large aperture Glan-Thompson

polarizer. The photoelastic modulator (II/FS20 optical head, Hinds Instruments)

acts as a dynamic wave plate oriented at 45° to the polarization plane of the in-

cident light beam. In order to transform the linear polarization of the light to

σ±, PEM periodically creates retardation δ = δ0Sin(2πfPEM t), where δ0 = λ/4 is

the peak retardation, fPEM = 20 KHz is the modulator frequency. Then the light

beam is chopped at fCH ∼300 Hz, passes through the sample and detected by a

photoreceiver.

SYNC1

PEM

Controller

PC

PEM

± λ/4LWPF GTP

Monochromator

L1/L2
SpMag

CH

PD

SYNC2

LIA

MF & T 

Controllers
Signal

FIGURE 4.1: Setup for MCD measurements. L1/L2 - UV Xenon or quartz
tungsten lamp, LWPF - long wave pass filter; GTP - Glan-Thompson polar-
izer; PEM - photoelastic modulator; CH - chopper; SpMag - cryomagnetic
system; PD - Si or Ge amplified photo-detector; LIA - multi-frequency lock-

in amplifier.

Without the chopper the signal consists of two components Vdet = VAC + VDC .

A dc component VDC is proportional to the intensity of the light passed through

the sample. A small ac component VAC is caused by a difference in absorbance

of σ± light, i.e. it is proportional to the MCD. In the case of small dichroism

∆A < 0.1 the ratio of these components can be approximated by [35]:

VAC/VDC ≈ 1.1515∆Aδ0Sin(ωPEM t) (4.1)
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and

∆A = VAC/
[
1.1515VDCδ0Sin(ωPEM t)

]
(4.2)

It is seen that MCD signal ∆A is proportional to VAC/Sin(ωPEM t). The phase-

sensitive technique with lock-in amplifier (LIA) is used to detect this small signal

at the modulator frequency. The use of the chopper and the second demodulator

of LIA locked to the chopper frequency allows the direct measurement of the VDC .

4.2 MCPL spectrometer

PEMLWPF POL

Monochromator

PMT

Start

Magnetic Field &

Temperature

Controllers

Pump

Laser

B

SpMag

POL

PEM

Controller

P7887

PC

FIGURE 4.2: Setup for MCPL measurements. LWPF - long wave pass fil-
ter; POL - polarizer; PEM - photoelastic modulator; SpMag - cryomagnetic

system; PMT - photomultiplier tube; P7887 - photon-counting cart.

The scheme of the MCPL spectrometer is shown in Fig. 4.2. The laser beam

from a pump source is polarized by the polarizer (POL) and focused on the sam-

ple. The collimated beam of PL emission, propagating parallel to the magnetic
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field B, passes through the PEM, linear polarizer and exchangeable longpass fil-

ter. Then it is dispersed by means of monochromator and detected by a photo-

multiplier (PMT). We used two different PMTs for NIR 900–1700 nm (InP/InGaAs,

R5509-73, Hamamatsu Inc.) and visible 350–900 nm (GaAs, R943-02, Hamamatsu

Inc.). The photon-counting technique is implemented to record the signal, be-

cause of its superior signal-to-noise ratio. As a pump source we used:

• Laser diode or frequency doubled tunable Ti:Sapphire (Coherent Inc.) in

the spectral region 350–460 nm;

• CW laser Verdi, Coherent Inc., 532 nm;

• Tunable Ti:Sapphire laser (Coherent Inc.) in the spectral region 700–1010 nm

FIGURE 4.3: Transformation of rcp and lcp light by a photoelastic modula-
tor (a) and methodology of MCPL signal measuring (b).
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As it was discussed in Chapter 2, in the case of the spin degeneracy of excited

and/or ground states, the emitted light consists of two circularly polarized com-

ponents — σ+ and σ−. Photoelastic modulator periodically transforms each of

them to linearly polarized light with orthogonal, vertical and horizontal, planes

of polarization, as it is shown in Fig 4.3(a). At the peak retardation δ = λ/4 rcp and

lcp are transformed to the vertical and horizontal linearly polarized light, respec-

tively, and vice versa when δ = −λ/4. In other words, after PEM the PL emission

consists of two polarization modulated components, that are analysed by the lin-

ear polarizer (Thorlabs LPVIS100 or LPNIR100 for visible and NIR, respectively)

with vertically oriented transmission axis, Fig. 4.3(b). The horizontally polarized

light is rejected by this polarizer. It is clear, that when the retardation is±λ/4, one

measures the intensity I+ or I− of σ± components, respectively.

An example of the MCPL signal measured with the use of the photon-counting

technique is shown in Fig. 4.4. In this particular case, the signal has a sinusoidal

form with a low intensity in the first half-cycle. It follows that, the σ+ component

is less intense than σ−, ∆I = I+ − I− is negative. The amplitude of this sinusoid

is ∆I/2 and the baseline defines the total intensity of photoluminescence Itot/2.

When the magnetic field is set to zero, the MCPL is absent and ∆I = 0, as it is

seen in Fig. 4.4.

The essential part of the MCD/MCPL spectrometer is a superconducting mag-

net and temperature stabilization system. In our experiments we use the helium

closed-cycle magneto-optical cryostat SpectromagPT (Oxford Instruments). The

sample is placed between the superconducting coils, which are able to produce

magnetic field up to 7 T with the homogeneity of 0.01% over 10 mm diameter

spherical volume. The temperature of the sample can be controlled in 1.4–300 K

range with a thermal stability 0.01 K, except the range 4.2–10 K, where it is not

better than 0.05 K.
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All instruments are controlled by a personal computer, which is also used for

data collection, visualisation and further processing.

4.3 Conclusions

With the present spectrometer we are able to perform MCD/MCPL measure-

ments, that cover UV to NIR spectral range, namely 350–1600 nm, in magnetic

fields up to 7 T and in the temperature range 1.4–300 K. In general, it is possible

to use the phase-sensitive technique with a lock-in amplifier to detect the MCPL,

though it has significantly lower signal-to-noise ratio than the photon-counting

technique. The shorter acquisition time can be one of the reasons in favour of

phase-sensitive detection. This approach is essentially useful for measurements

of the magnetic field dependences, so that the MF can be continuously swept

during the experiment. In practice, the choice of the detection technique should

be made depending on the experimental conditions and signal magnitude. In

all our samples the intensity of the NIR PL can be characterized as too weak to

observe the variations at the 10−5 − 10−6 from base level. For this reason the

photon-counting technique was implemented to study the MCPL.
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Chapter 5

Bismuth doped Mg-Al-Si oxide glass

In this chapter we will present the results obtained from MCD and MCPL ex-

periments performed on a Bi-doped aluminosilicate glass. A series of the sam-

ples was provided by Prof. B. I. Denker from A. M. Prokhorov General Physics

Institute of Russian Academy of Science. The samples were fabricated by the

traditional crucible melting technology (see details in [52]) and they have the fol-

lowing composition: 22.2 mol. % MgO + 22.2% Al2O3 + 55.6% SiO2 + X% Bi2O3

(X raging from 0.031% to 0.5%). The samples with the dimensions of 3 × 4 × 5

mm3 were cut from the synthesized glasses. Compared to the pure silica glass,

this composition has substantially lowered melting temperature ≈1500 °C and

exhibits the spectral properties close to that of MCVD produced Bi-doped alu-

minosilicate fibers. In our experiments we investigated only one sample with

the highest concentration of Bismuth, because the magnitude of the MCD and

MCPL signals are proportional to the total number of the absorbing species. The

investigation of the influence of the Bi doping level on the MCD and MCPL is an

interesting and independent problem. The rather high concentration of Bi in the

synthesized glass results in the sufficiently intense PL, MCD and MCPL signal.
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5.1 Absorption, excitation, photoluminescence

and MCD/MCPL spectra

The absorption spectrum of Bi-doped Al-Mg-Si glass in spectral range 350–1600 nm,

shown in Fig. 5.1(a), reveals only two bands labelled D2 and B1 with correspond-

ing peaks at 500 and 700 nm1.

FIGURE 5.1: (a) Absorption spectrum; (b) normalized excitation and PL spectra measured
at 300 K;(c) MCD spectra measured at different temperatures in the magnetic field of 6 T.

Excitation spectra of NIR PL1 and visible PL2 bands, shown in Fig. 5.1(b),

were measured at 1110 and 750 nm, respectively. There are four bands in the
1Data on the absorption and excitation bands are collected in Appendix A
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excitation spectrum of the NIR PL1 band with maximums at 1030, 700, 500 and

near 310 nm (Fig. 5.1(b)). Excitation band D1 corresponds to the first excited state

of the PL centre. The emission from this ES appears as a NIR PL1 band with

the Stokes shift of ≈700 cm−1. The bands at 700 and 500 nm can be put in the

direct correspondence to the absorption bands B1 and D2, respectively. Because

both bands appear in the excitation spectrum of NIR PL1 band one may suppose

that B1 and D2 bands belong to the same optical centre. However, the excitation

spectrum of the visible PL2 band at 750 nm reveals three bands at 625, 441 and

340 nm, which do not coincide with any band in the excitation spectrum of NIR

PL1 band. This contradiction can be explained by the presence of two different

centres with the energy transfer between them. Previously reported in [29], the

presence of such an energy transfer has been shown experimentally in Ga/Bi co-

doped silica glass, which is a counterpart of the aluminosilicate glass studied in

this thesis. This energy transfer occurs due to the strong quadrupole-quadrupole

interaction of the B1 band related state with another centre.

5.1.1 MCD spectra

Contrarily to the absorption, the MCD spectrum (Fig. 5.1(c)) reveals four bands:

one negative with the peak at 375 nm (D3) and three positive peaked at 505 (D2),

940 (C2) and 1500 nm (C1). All these bands are temperature dependent. The

latter, as it was discussed in Chapter 3, indicates the spin multiplicity of the cor-

responding ground state(s). The presence of only one common band (with the

peak near 500 nm) in the MCD and absorption spectra is another strong argu-

ment supporting that the B1 and D2 bands belong to different centres. Obvi-

ously, the D2 band is due to the transition from the degenerate ground state.

The absence of any MCD signal near 700 nm certainly reveals that the B1 band

originates from the centre with a non-degenerate GS. The D2 band cannot be
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assigned to the 3P0 −→ 1D2 or 3P0 −→ 1S0 transitions of Bi+ ion as it has

been proposed by many authors, for example in [18, 68]. On the other hand

the band B1 can be attributed to the degenerate MJ = ±1 sublevel of the 3P1

state of Bi+ ion (E state in C3v local symmetry). Such an assignment is in good

agreement with the experimental fact of the absence of temperature dependent

MCD near 700 nm because Bi+ ion has non-degenerate ground state. Expand-

ing this hypothesis on the other bands of the B series we attribute the transitions

3P0 −→ 3P2(MJ = 0),3P0 −→ 3P2(MJ = ±1) and 3P0 −→1D2 to the B2, B3 and B4

bands, respectively. The temperature dependences of the MCD bands in D and C

series are rather different, therefore we assume their different nature.

5.1.2 MCPL spectra

Fig. 5.2 shows the spectra of the total (Itot) and MCPL (I+ − I−) intensities in the

NIR spectral region under excitation into the absorption band D2, λexc = 532 nm.

The MCPL spectrum is temperature dependent, thus the initial state of the emis-

sion transition is a spin multiplet. However, it is red shifted comparing to the lu-

minescence band (250 cm−1) with a peak value of polarization ∆MCPL = −0.024

measured at 1110 nm in the magnetic field B = 6.5 T at 1.48 K. This shift indicates

that the PL band consists of two transitions: the shortwavelength shoulder is

dominated by the transition from MS = 0 sublevel, while the longwave by the

component with a non-zero spin projection of the excited state with the effective

spin S. The broad shoulder near 1300 nm is, most probably, due to the presence

of Bi ions clusters.

In the visible region under the same excitation at 532 nm we observed a broad

emission band with the intensity peak at 700 nm (Fig. 5.3). The MCPL exhibits

rather complicated temperature behaviour. At low temperatures it has negative

sign with the peak at 660 nm. With increasing of temperature the MCPL changes
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its sign and shifts to the lognwavelength region with the peak at 690 nm measured

at 17 K. The change of the MCPL sign can be explained only by the presence of

two transitions at least. These transitions can occur within one centre, but also

they can originate from different centres.

-4

-3

-2

-1

0

1

2

3

4

I +-I - (c
p
s
., x

1
0

3)

800700600500400

Wavelength (nm)

-6

-4

-2

0

2

4

6

I t
o

t 
(c

p
s
.,
 x

1
0

5
)

lex= 354 nm, 12 mW

B= 6 T
 Itot

 1.43 K
 2 K
 3.39 K
 7.92 K
 17 K

FIGURE 5.4: Spectra of total (Itot) and MCPL (I+ − I−) intensities measured under
excitation at 354 nm.

Under excitation at 354 nm (B4 band) the ’red’ luminescence slightly shifts to

the longwavelength region with the intensity peak at 750 nm, as it is shown in

Fig. 5.4. Apparently, like in the case of excitation at 532 nm, this band consists of

several transitions, which is confirmed by the MCPL measurements. In addition

to the main MCPL band peaked at 700 nm, there is a weak band with the intensity

peak near 800 nm. It is seen that the polarization degree of this MCPL decays

much slower with the temperature increase. Another luminescence band has its

intensity peak at 460 nm, however, the MCPL is significantly blue shifted. The

MCPL band is temperature dependent and almost vanishes at T = 17 K.
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5.2 Saturation measurements

MCD saturation curves were recorded at the peaks of C1, C2, D2 and D3 bands.

The magnetic field dependences of the MCD bands in the visible, D2 and D3, are

shown in Fig. 5.5(a, c). It is seen that the MCD saturation curves for both bands

exhibit a very small degree of the nesting and tend towards a saturation at high

field magnitude. The temperature dependences recorded at fixed MF and plotted

as a function of 1/T are shown in Fig. 5.5(b, d). They also do not exhibit any

unusual peculiarities. The MCD signal increases with the temperature decrease.

Saturation data of the MCD recorded at 375 and 505 nm are considerably similar.

Thus it is natural to consider the D2 and D3 bands as belonging to the same

centre. At first glance, this centre should have an odd number of electrons (or

holes) since the form of the saturation curves is very similar to those inherent to

the Kramers doublet (see Fig. 3.8). However, the simultaneous fit of the curves in

Fig. 5.5(b,d) revealed the presence of a small rhombic zero-field splitting, which

is possible only for a system with an integer effective spin.

In the NIR region the increase of magnetic field causes the well pronounced

saturation of ∆A (Fig. 5.5(e, g)). This fast saturation indicates relatively high

value of g-factor, while the nesting of the isotherms in MF dependences reveals

that the ground state of C1 and C2 bands is a non-Kramers doublet. For mag-

netic fields 3 T and higher, the curves of temperature dependences (1/T plots,

Fig. 5.5(f, h)) are saturated below 5 K and they lie very close to each other. Such

a behaviour is also characteristic of systems with an even number of electrons

(integer effective spin).

In Fig. 5.6 we show the saturation curves of the MCPL in the NIR PL band

recorded at the peak of the MCPL – 1110 nm (see also Fig. 5.2(b)). The isotherms

in Fig. 5.6(a) exhibit a very high degree of the nesting and the saturation is com-

pletely absent even in the high magnetic fields and low temperatures. On the
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are global fit by Eq. (5.2) with N = 1.
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contrary, when ∆MCPL is plotted as a function of 1/T , shown in Fig. 5.6(b), the sat-

uration values of ∆MCPL are different for each magnitude of the magnetic field.

Such a behaviour of the MCPL signal can be explained by the low value of g-

factor and relatively high zero-field splitting. Similar results (shown in Fig. 5.7)

were obtained for the MCPL measured at 415 nm under excitation at 354 nm.
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FIGURE 5.8: Temperature dependences of MCPL ∆MCPL measured at 660 nm (a) and 700
nm (b). Solid lines are the global fit by Eq. (5.3) with N = 2.

Detailed investigation of the MCPL as a function of MF and temperature was

also performed in the "red" luminescence at 660 and 700 nm, corresponding to

the locations of the MCPL maximums under excitation at 532 and 354 nm, respec-

tively. The temperature dependences recorded at 660 nm are shown in Fig. 5.8(a).

They reveal a non-trivial form. It is seen that the MCPL signal increases with the

decreasing temperature and reaches its maximum value ∆MCPL = 0.016 at 17 K

and 6 T. Then the ∆MCPL decreases and changes its sign near 6 K. As it was men-

tioned above, the only way to explain the opposite signs and this temperature

behaviour of the MCPL is to assume that the emission is due to the transitions

from two excited states with essentially different zero-field splitting energies. At

first glance, the saturation curves measured at 700 nm under excitation at 354 nm,

(Fig. 5.8(b)), exhibit usual temperature dependences. They are monotonic and

do not change the sign. However, the fit of the experimental results was possible

only in the assumption of the presence of two different transitions, like in the case

of the excitation at 532 nm.

The analysis of the saturation curves were performed in terms of the effective
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spin Hamiltonian (3.4) with an axial (D) and rhombic (E) zero-field splitting pa-

rameters, caused by the crystal field interaction (see details in Chapter 3). With

the assumption that g‖ = gzz � g⊥ = gxx = gyy the Hamiltonian is

H = D

{
S2
z −

1

3
S(S + 1)

}
+ E(S2

x − S2
y) + g‖µBBSz cos θ (5.1)

In order to produce the temperature dependent C -term, the initial state must be

a spin multiplet. For the integer effective spin, for example S = 1, it is possible

only if the axial parameter D < 0. Then the spin multiplet MS = ±1 is put to

the lowest position and the rhombic component of the crystal field removes the

residual degeneracy as it is shown in Fig. 3.9.

The saturation curves of the MCD and MCPL were fitted to the following

equations:

∆A =
N∑
i=1

Asati

∫ 1

0

g̃iµBB cos2 θ√
∆2
i + (g̃iµBB cos θ)2

tanh

(√
∆2
i + (g̃iµBB cos θ)2

2kT

)
d(cos θ),

(5.2)

∆MCPL =
N∑
i=1

Asati

∫ 1

0

g̃iµBB cos4 θ√
∆2
i + (g̃iµBB cos θ)2

tanh

(√
∆2
i + (g̃iµBB cos θ)2

2kT

)
d(cos θ).

(5.3)

These are the sum of N Eq. (3.20) with the summation over all transitions from

different ES’s observed at the given wavelength; g̃i is the effective g-factor, which

is equal to 4g‖ or 2g‖ for S = 2 and S = 1, respectively. The results of the global

fit are collected in Table 5.1.

At the first stage, all the saturation curves recorded in the MCD were fitted

separately. It was found that parameters obtained for D3 and C2 bands are very

close to those for D2 and C1, respectively. For this reason they were fitted together
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TABLE 5.1: Results of the global fit

λ, nm Asat, arb. units g‖ ∆, cm−1

S = 1 S = 2

MCD (GS) 375, 505 (−33.3± 1.4)× 10−4, 0.9± 0.03 0.45± 0.02 1.36± 0.13
(Defect) (38± 0.1)× 10−4

940, 1500 (69± 1)× 10−5, 4.4± 0.02 2.2± 0.01 2.77± 0.02
(Cluster) (80± 1)× 10−5

MCPL(ES) 415 (X354) 1.66± 10.4 0.16± 0.85 0.08± 0.43 7.43± 0.37
660 (X532) −1.52± 2.4 0.2± 0.5 0.1± 0.3 7.13± 1

2.25± 0.18 0.5± 3.7 0.25± 1.85 36.3± 3.45
700 (X354) −0.21± 0.09 0.9± 0.25 0.45± 0.13 10.8± 3

0.7± 0.17 0.35± 2 0.18± 1 27± 7
1110 (X532) −0.9± 2.2 0.9± 1.2 0.45± 0.6 43.3± 1.4

by pairs. It is seen from Table 5.1 that the obtained values of the fitting param-

eters, namely the zero-field splitting energy ∆ and g-factor, are different for the

MCD bands in D and C series. It proves the above assumption that the observed

Di and Ci bands in the MCD spectrum belong to different centres, though they

both are the even-electron systems. We believe that the C bands originate from

the clusters of Bi ions due to the very high value of g-factor. Above it was men-

tioned that the saturation curves of the MCD in the D bands have a form similar

to that expected for Kramers doublet. To clarify this point we compared the fits

of D2 band saturation curves in the assumption of the Kramers (∆ = 0) and

non-Kramers (∆ 6= 0) doublets, shown in Fig. 5.9. It is seen that the results are

identical. It should be noted that this result is not surprising for very small value

of zero-field splitting predicted by the model. However, the value of χ2 (defines

how well experimental data fits a model) is less for the case of the non-Kramers

doublet. For these reasons we conclude that the MCD in the visible is due to the

transitions from the non-Kramers doublet. The relatively high energy of zero-

field splitting in GS’s is the main reason why no ESR signal can be detected in

X-band (9.8 GHz, 0.33 cm−1). It is worth noting that the obtained g-factor for the

GS associated with the MCD at 375 and 505 nm are essentially small. Summa-

rizing these experimental results we assign all the Di bands, and the NIR PL at
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1100 nm as well, to the defect in the glass network.
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FIGURE 5.9: Comparison of saturation curves fits at 505 nm in the assumption of (a)
Kramers and (b) non-Kramers doublets.

The fits of MCPL saturation curves have definitely revealed that the observed

transition bands belong to centres with an even number of unpaired electrons.

One can note the essential error in g-factor values. It is well-known that the fit pa-

rameters can be well determined only if they provide comparable contributions.

When we are dealing with a non-Kramers doublet, the energy gap between its

sublevels is a sum of two contributions — Zeeman and zero-field splitting ener-

gies. It is seen that even at high magnetic fields, the major splitting in the excited

state is provided by the crystal field. For example in the first excited state, respon-

sible for the NIR PL, the energy splitting consists of ZFS ∆ = 43.3 cm−1 and Zee-

man energy g̃µB ' 5 cm−1 at the magnetic field B = 6 T. The latter is significantly

lower, about one order of magnitude. On the contrary, the ground states investi-

gated in the MCD have comparable energies of Zeeman and zero-field splitting,

as a consequence, the fit errors are very small.

The MCPL of the ’red’ luminescence consists of two oppositely signed com-

ponents. The negative shortwavelength component has lower zero-field splitting

energy comparing to that of the positive component. That is why it was possible
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to distinguish them by measuring the MCPL spectrum at different temperatures.

At low temperatures the negative component dominates. When the tempera-

ture is high enough it decays, while the positive component still has relatively

strong polarization due to the high ZFS. As a result, the non-trivial temperature

dependence of MCPL signal was observed. The obtained values of g-factors and

ZFS energies ∆ under excitation at 354 and 532 nm are the same within the fit

error. We suppose that in both cases the excitation of the same states takes place,

though the luminescence band is slightly shifted. The magnitude of the positive

MCPL component under excitation at 354 nm is rather small. For this reason the

corresponding fit parameters are not so accurate.

5.3 MCD detected via luminescence

Our experiments on MCD and MCPL do not provide directly the information

about the degree of degeneracy of multiplets. The analysis of the transitions in

the defect in the external magnetic field revealed that the ground and excited

states of the centre may have effective spin S = 1 or S = 2 as well. To clarify

this point we performed an additional experiment on the detection of MCD via

luminescence.

In general, the idea of the experiment is to detect the influence of the MCD

on the NIR PL intensity. Due to the effect of MCD, at low temperatures and

high magnetic fields the intensity of the total luminescence under excitation by

σ− and σ+ polarizations may be different. In the frame of the simplest model

shown in Fig. 5.10(a), according to the selection rules the excitation of the first

ES at low temperature can be performed by two channels: |1,+1〉g −→ |1, 0〉e and

|1,−1〉g −→ |1, 0〉e. Due to the spin relaxation processes the total PL will consist of

transitions |1, 0〉e −→ |1,±1〉g and |1,±1〉e −→ |1, 0〉g. Because of population dif-

ference the absorption from |1,+1〉g (σ+ component) is stronger than from |1,−1〉g
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(σ− component). Obviously, this difference produces change of the total lumines-

cence intensity when the excitation polarization is switched. In Fig. 5.10(b-d) we

show more complicate cases, which involve spin quintets in the ground/excited

states. The magnitude of the effect in the cases (b) and (c) should be comparable

to that of the simplest scheme (a), since there are also only two excitation channels

with the prevailing σ+ component. The quantity we measure in the experiment is

∆I =
Itot(σ

+
pump)− Itot(σ−pump)

Itot(σ+
pump) + Itot(σ−pump)

, where Itot(σ+
pump) and Itot(σ

−
pump) are the intensities

of the PL under excitation by σ+ and σ− polarizations, respectively. The analysis

of rate equations revealed that for these three cases signal should be of order 10−2

at least.

The most complicate case is shown in Fig. 5.10(d). In contrast to the previous

cases, the excitation of the ES can be performed by four channels: |1,+1〉g −→

|2, 0〉e, |1,−1〉g −→ |2, 0〉e, |1,−1〉g −→ |2,−2〉e and |1,+1〉g −→ |2,+2〉e. It is clear,

that optical pumping produces a spin polarization within the ES. Nevertheless,

because of the spin relaxation processes the equilibrium population distribution

will be reached, though this process does not influence the total emission inten-

sity. Like in the case of the excited state with S = 1, shown in Fig. 5.10(a), the

absorption from |1,+1〉g state is stronger than from |1,−1〉g (C term in MCD). It

is important that the absorption from the lowest GS sublevel with MS = +1 may

be caused by lcp and rcp light as well. The associated with C term difference in

absorption of σ+ and σ− polarized light is

∆A =N+1| 〈1,+1|gm+ |2, 0〉e |2 +N−1| 〈1,−1|gm+ |2,−2〉e |2−

N+1| 〈1,+1|gm− |2,+2〉e |2 −N−1| 〈1,−1|gm− |2, 0〉e |2,
(5.4)

whereN±i is the population of corresponding state andm± = ∓1/
√

2(mx±imy) is

the transition operator. Let us denote the probabilities | 〈1,±1|gm± |2, 0〉e |2 = A10
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and | 〈1,±1|gm∓ |2,±2〉e |2 = A12. Then Eq. (5.4) can be rewritten

∆A = N+1A10 +N−1A12 −N+1A12 −N−1A10 = ∆N(A10 − A12), (5.5)

where ∆N = N+1 −N−1 is the population difference in the GS. It is seen that the

difference in absorption of σ± light caused by MCD C term can be observed only

if ∆N 6= 0 and A10 6= A12. Therefore, the magnitude of the effect associated with

the MCD C term can be extremely low or even absent if the transition probabil-

ities A10 and A12 are equal. Even so, the analysis of rate equations showed that

the changes in the total PL intensity of order 10−6 can be detected due to the dia-

magnetic A term of MCD. The measurements of magnetic field dependences at

different temperatures can distinguish contributions of A and C terms.

FIGURE 5.11: Experimental setup. LWPF - long wave pass filter; POL -
polarizer; PEM - photoelastic modulator; SpMag - cryomagnetic system;

PMT - photomultiplier tube; P7887 - photon-counting cart.

The scheme of the experimental setup is shown in Fig. 5.11. The beam of the

pump laser (Ti:Sapphire, Coherent Inc.) tuned to 1010 nm is polarized vertically

by the Glan-laser prism. The PEM with its birefringent axis oriented at 45° to the
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plane of polarization of the light periodically transforms it to the σ+/σ− polarized

light, as it was explained in Chapter 4. We take the following measures in order to

weaken the influence of the pump beam in the recorded luminescence. First, the

incident beam is slightly deviated (∼1–2◦), so that it is focused at 2–3 mm from

the entrance monochromator’s slit. Then it passes through the interference long

wave pass filter with the edge wavelength 1086 nm and optical density >6 (Sem-

rock, BLP01-1064R-25). Finally, we install the depolarizer to avoid the appearence

of the polarization effect of the monochromator. Since we expected very low sig-

nal level, the photon-counting technique was implemented.
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FIGURE 5.12: Spectrum of luminescence in Bi-doped Ma-Al-Si glass under
excitation at 1010 nm.

In Fig. 5.12 we show the spectrum of the NIR PL recorded under excitation

at 1010 nm at T = 1.6 K. Apart from the influence of the filter, this spectrum does

not exhibit any particular features and it is similar to one shown in Fig. 5.2(a)

(λexc = 532 nm).

The example of the recorded signal is shown in Fig. 5.13. It is seen that the

total PL intensity is different for σ+ and σ− polarizations of the excitation light.

The signal has a cosine form with a high intensity in the first half-cycle. It follows
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that, the absorption of the σ+ component is higher, which agrees with the sign of

the MCD measured near 500 nm. The observed signal is very weak. For example

at T = 1.6 K and in the magnetic field B = 6 T ∆I = (2.4± 0.6)× 10−4.

3.0040

3.0035

3.0030

3.0025

3.0020

In
te

n
s
it
y
 (

c
p
s
.,
 x

1
0

7
)

120100806040200

Time (mks)

I(s
+
)

I(s
-
)

 lex = 1010 nm

Pex = 45 mW

 ldet = 1100 nm

T= 1.6 K, B=6 T

FIGURE 5.13: Intensity of total luminescence measured at 1100 nm under
polarization modulated excitation. T = 1.6 K, B = 6 T.
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To check the origin of this signal we performed the measurements of the mag-

netic field dependences at various temperatures. In Fig. 5.14 we show the MF

dependences recorded at T = 1.6 K and T = 200 K. It is seen that at low tempera-

ture the signal increases with the increase of MF. As it was mentioned above the

field dependence of ∆I can be produced by any of the MCD terms. However,
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at T = 200 K the signal magnitude fluctuates near its zero value within the exper-

imental error. The total signal quenching is associated with the equalization of

populations of the magnetic (spin) sublevels in the ground state. Thus, our ex-

periment unequivocally proves that the GS of the centre associated with the NIR

PL is a spin multiplet. Since the small magnitude of the signal was expected

only for the case (d), we conclude that the ground and excited states of the defect

centre are the spin triplet and quintet, respectively (Fig. 5.10(d)).

5.4 Model of the luminescent centres

In the previous sections we have shown experimentally that the transition bands

of the D and B series in the absorption, excitation and MCD spectra should be

assigned to the transitions within the defect and Bi+ ion, respectively. We started

the development of the consistent model of the optically active centres in Bi-

doped aluminosilicate glass with the quantitative analysis of the electronic states

of the Bi+ ion. We performed the numerical calculations in terms of the theory

of ligand field splittings of p2,4 configurations following Davis et al. [42]. In this

approximation the ligand field potential is a sum of the axial B2
0 and rhombic B2

2

components. The energy of the electronics states were calculated by the diagonal-

ization of the Hamiltonian matrix (see details in Appendix B). This matrix was set

up using the full basis set of 15 states because of the strong spin-orbit coupling,

which can be comparable to the crystal field interaction.

In Fig. 5.15(a) we present the results of these calculations. The spin-orbit inter-

action splits the ground term 3P into three levels 3P0,
3P1 and 3P2. The axial com-

ponent of the crystal field B2
0 further splits them producing two non-degenerate,

A2 (3P1(0)) and A1 (3P2(0)), and three doubly degenerate, E (3P1(±1), 3P2(±1) and

3P2(±2)) excited states. In the notations used by Griffith [47, 69] these states are



5.4. Model of the luminescent centres 61

FI
G

U
R

E
5.

15
:

(a
)

En
er

gy
le

ve
ls

of
Bi

+
io

n
in

th
e

lig
an

d
fie

ld
as

a
fu

nc
ti

on
of

th
e

ax
ia

lp
ot

en
ti

al
pa

ra
m

et
er
B

2 0
.

H
or

iz
on

ta
ll

in
es

co
rr

es
po

nd
to

th
e

ex
pe

ri
m

en
ta

lp
os

it
io

ns
of

th
e

ba
nd

s
B1

,B
2,

B3
.

(b
)

Th
e

m
od

el
of

th
e

op
ti

ca
lly

ac
ti

ve
ce

nt
re

s
w

it
h

en
er

gy
tr

an
sf

er
pr

oc
es

se
s

be
tw

ee
n

th
em

in
di

ca
te

d
by

th
e

da
sh

ed
lin

es
.

Pu
m

pi
ng

at
∼

50
0

nm
le

ad
s

to
th

e
ex

ci
ta

ti
on

of
th

e
de

fe
ct

.
It

is
fo

llo
w

ed
by

in
tr

ac
en

te
r

lu
m

in
es

ce
nc

e.
Pu

m
pi

ng
at

∼
70

0
nm

le
ad

s
to

th
e

di
re

ct
ex

ci
ta

ti
on

of
Bi

+
io

n
an

d
it

is
fo

llo
w

ed
by

th
e

en
er

gy
tr

an
sf

er
to

th
e

de
fe

ct
(p

ro
ce

ss
ET

).



62 Chapter 5. Bismuth doped Mg-Al-Si oxide glass

labelled as 1Σ−, 2Σ+, 1Π, 2Π and 1∆, respectively. The ground state A1 (3P0) cor-

responds to 1Σ+ notation. Varying the values of the Slater electron-repulsion in-

tegral F2, spin-orbit coupling constant λ and potential parameter B2
0 we fitted en-

ergies of states to the positions of corresponding bands in B series, namely 14285

(700 nm), 15974 (626 nm) and 22727 cm−1 (440 nm). The best fit was obtained for

F2 = 1135 cm−1, λ = 5312 cm−1 andB2
0 = −26920 cm−1. It is worth noting that the

obtained values of F2 and λ are close to those of free Bi+ ion, 1175 and 5840 cm−1,

respectively [70]. This indicates that Bi+ ion occupies the interstitial position and

it does not form the chemical bond with the environment.

The calculations revealed that the band B1 should be assigned to the transi-

tion from the ground state 1Σ+ to the 1Π doubly degenerate excited state, B2 and

B3 — to the 1Σ+ −→ 2Σ+ and 1Σ+ −→ 2Π transitions, respectively. As it was

pointed out by Bartram et al. [47] the transition A1 (1Σ+)←→A2(1Σ−) between GS

and the first ES is rigorously forbidden in C3v local symmetry, in which the state

A2(1Σ−) is a pure state. The rhombic distortion will admix other states to that

involved in this transition making the latter slightly allowed. Apparently, this is

the reason why we were able to observe this transition in the anti-Stokes PL in

Ga/Bi co-doped silica glass [71] (B1’* band in Fig. 5.16). Nevertheless, it remains

very weak and difficult to observe. The similar arguments are valid for the tran-

sition A1 (1Σ+)←→E (1∆). In C3v local symmetry the state E (1∆) is degenerate

and consists mainly (about 90%) from the atomic state |112± 2〉 with admixture

(about 10%) of the components only with MJ = ±2 of the term 1D2 (|022± 2〉)2.

Obviously, the above transition is electric- and magnetic-dipole forbidden. The

rhombic distortion makes this transition only slightly allowed. For this reason it

is also very difficult to observe. While in Pb0(2) centre in the crystalline SrF2 [47,

2Coefficients of the linear combinations of Russell-Saunders states are shown in Tab. B.2 of
Appendix B
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67] A1 (1Σ+)←→E (1∆) transition was not observed for obvious reason, in the dis-

ordered silicate glasses it is hidden in the absorption and excitation spectra by the

strong allowed transition at 500 nm in the lattice defect.

The estimated value of the axial potential parameter B2
0 ' −27000 cm−1 is

relatively high. The energy of 1D2 states calculated in the frame of our presented

model lies above 35000 cm−1, while the transition energy associated with the B3

band is around 30000 cm−1. We believe that at such a strong crystal field the

model is at the limit of its applicability, at least for the high energy UV states. For

this reason we still assign B4 band to the transition 3P0 −→ 1D2 of Bi+ ion.

In Fig. 5.15(b) we show schematically the energy levels of the interacting de-

fect centre and Bi+ ion together with the MCD and excitation spectra. The pro-

cesses of energy transfer are also shown. It is seen that this diagram allows to

rationalize all the peculiarities in the spectra. The NIR PL occurs as a transition

|1〉 −→ |0〉 from the first excited state of the defect. This emission can be also
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observed under excitation at 700 nm into the E (1Π) ES of the Bi+ ion due to the

energy transfer process labelled as ET.

The absence of any absorption band in the NIR region indicates the forbidden

character of the intracenter |0〉 −→ |1〉 transition in the defect, which results in

the millisecond lifetime in the first excited state. At the same time, it was shown

in [72] that the transition |1〉 −→ |2〉 should be allowed due to the strong ES ab-

sorption from the first excited state |1〉 for the wavelengths shorter than 1000 nm.

Therefore the transition |2〉 −→ |1〉 appears as a longwavelength shoulder of the

NIR PL.

Usually so-called ’red’ luminescence (Fig. 5.3) in Bi-doped materials is as-

signed to the transition 2P3/2 −→2P1/2 in Bi2+ ion. This ion is a system with odd

number of electrons (one unpaired electron), so it cannot exhibit zero-field split-

ting. However, our experimental results on MCPL revealed that this PL origi-

nates from two excited states with different ZFS energies. For this reason, Bi2+

ion cannot be considered as the origin of ’red’ luminescence. In the frame of our

proposed model this PL should be caused by the transition |2〉 −→ |0〉 in the de-

fect. It is worth noting that the transition |3〉 −→ |1〉 should have its intensity

maximum near 650 nm, thus it also can contribute to the ’red’ PL band.

In Fig. 5.17 we show the simplest possible energy level diagram of the ’defect’

centre. This model successfully explains the unusual temperature dependence

of the MCPL measured at 660 and 700 nm (Fig. 5.8). In the frame of this model,

all states are the spin triplets (S = 1) except the first ES, which has the effec-

tive spin S = 2. The pump at 532 nm excites two relatively close-lying states

|2〉 and |2′〉. These transitions can be observed as a band D2 in the absorption

and MCD spectra with the maximum intensity near 500 nm. Two MCPL bands

centred at 660 and 690 nm with opposite circular polarizations occur due to the

transitions from the lowest spin sublevels MS = +1 and MS = −1 of the |2〉

and |2′〉 states, respectively, to the ground state |0〉. The MCPL selection rules are
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FIGURE 5.17: The energy level diagram to explain the origin of NIR and red luminescence.
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∆MS = Mf −Mi = −1 for lcp and ∆MS = +1 for rcp light. Therefore, the σ− com-

ponent of the MCPL corresponds to the transition from the MS = +1 sublevel

of the high energy state |2〉 to the MS = 0 sublevel of the ground state. The σ+

MCPL component originates from the transition |2′〉 (MS = −1) −→ |0〉 (MS = 0).

Pumping at λexc = 354 nm excites the third ES |3〉. The relaxation from this state

can be performed by three channels. First channel is the transition |3〉 −→ |0〉 and

it was observed as PL band around 450 nm with MCPL at 415 nm (Fig. 5.4). Sec-

ond channel |3〉 −→ |2, 2′〉 should be observed in NIR at wavelength longer than

1.8 µm and, to our knowledge, it had not been observed yet. The processes of

spin-lattice relaxation cause the filling of the lowest sublevels of states |2〉 and |2′〉.

As a result, two components of MCPL appear, like in the just discussed case of

excitation at λexc = 532 nm. Third relaxation channel is the transition |3〉 −→ |1〉

and it should have its intensity maximum at wavelengths near 650 nm. In the

frame of proposed model, the emission from the lowest sublevel MS = −1 of the

state |3〉 consists of two components, σ+ (|3〉 (MS = −1) −→ |1〉 (MS = 0)) and

σ− (|3〉 (MS = −1) −→ |1〉 (MS = −2)), of comparable intensities. Therefore, total

polarization of luminescence should be close to zero.

The model also explains the particular behaviour of the NIR PL kinetics. It

had been shown that in the Bi-doped aluminosilicate glass it consists of the slow

(τr ' 800µs) and fast (τr ' 2µs) components [26]. Similar behaviour was re-

ported in Ga/Bi co-doped silica glass [29]. According to our model the NIR PL

must consist of two components: transition from the first ES to GS |1〉 −→ |0〉

and from the second to the first ES’s |2(2′)〉 −→ |1〉. To prove this hypothesis

we recorded the time resolved spectra under sub-nanosecond pulse excitation

at 532 nm (micro-chip single longitudinal mode laser with ∆ν ' 1GHz) in the

wavelength range 900–1600 nm shown in Fig. 5.18. At the initial stage of PL, due

to the intensive monochromatic excitation, one can observe the fluorescence line

narrowing in the spectrum, which is dominated by two fast components. As it
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FIGURE 5.18: Time resolved spectra under pulsed excitation at 532 nm.
Inset: fast kinetics measured at 1550 nm.

was mentioned before, the transition |1〉 −→ |0〉 is forbidden, while |2〉 −→ |1〉 is

the allowed one. It is seen that the short and long cut-off wavelengths of the for-

bidden transition are∼950 and 1500 nm. In the inset of Fig. 5.18 the luminescence

kinetics measured at 1550 nm is shown. The fit of this kinetics revealed the single

exponential decay with the lifetime τr = 0.64±0.01µs. Summarizing these exper-

imental facts we assign the slow NIR luminescence to the |1〉 −→ |0〉 transition

and the fast one to the |2(2′)〉 −→ |1〉.

5.5 Conclusions

The detailed investigation of the Bismuth doped aluminosilicate glass was per-

formed using the MCD and MCPL spectroscopies for the first time. Together

with the methods of the conventional optical spectroscopy, we demonstrated the

coexistence of at least three optically active centres.
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The analysis of the magnetic field and temperature dependences of the MCPL

and MCD revealed that all the three centres originate from the systems with an

even number of electrons (holes). Two centres have degenerate ground states

and they are responsible for the observed MCD signals. According to the MCD

experiments, one of the centres exhibits a high value of g-factor in the ground

state. For this reason we suppose that the NIR MCD bands Ci are originated

from the clusters of Bismuth ions. Two other centres were identified as Bi+ ion

and some defect in the glass network that exchange their energy via the energy

transfer.

The developed model of the optical centres successfully explains all the pe-

culiarities observed in the experiments. In the frame of this model the NIR PL

is a forbidden transition from the first excited state of the ’defect’ centre. Due

to the energy transfer this photoluminescence can be also observed under exci-

tation into the ES’s of the Bi+ ion (700 nm). Also it was shown that the ’red’ PL

originates from the ’defect’ centre due to the relaxation from its second ES.
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Chapter 6

Bismuth doped pure silica glass

This chapter is devoted to the presentation and discussion of experimental results

obtained on a Bi-doped silica glass without other co-dopants. The nanoporous sil-

ica glass in form of cylindrical rod with pores of mean diameter 24 nm was fabri-

cated using the sol-gel technique [73, 74]. This xerogel rod was doped by Bismuth

using the conventional solution doping technique. After the dehydroxylation

procedure under chlorine/oxygen atmosphere the rod was sintered at 1300°C un-

der He atmosphere. The bulk sample with the dimensions 2 mm×4 mm×5 mm

was cut from this transparent, colourless monolithic preform. The molar ratio

Bi/Si around 400 ppm was measured using the wavelength dispersive x-ray spec-

troscopy. The relatively high concentration of Bismuth in the synthesized sample

results in the sufficiently intense PL, MCD and MCPL signal.

6.1 Absorption, excitation, photoluminescence

and MCD/MCPL spectra

The absorption and attenuation spectra were presented previously in [48] in the

Bi-doped silica preform and fiber, both fabricated using the same sol-gel techno-

logy. In Fig. 6.1(a) we show the absorption spectrum of the bulk preform recorded

in the spectral region 300–750 nm. This spectrum consists of two bands with
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FIGURE 6.1: (a) Absorption spectrum of Bi-doped pure silica sol-gel pre-
form. (b) Attenuation spectrum of Bi-doped pure silica fiber in the range
625–1750 nm. Inset: Detailed view of the spectrum in the range 850–

1300 nm. After [48]
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maximums near 380 and 420 nm. Each of these bands can be deconvoluted to

three sub-bands as it is suggested by the Gaussian multi-peak fit also shown in

Fig. 6.1(a). The Bismuth doping level and length of the bulk sample are too low

to observe other absorption bands in visible and NIR regions. To overcome these

difficulties the attenuation spectrum of the 3.4 m long piece of Bi-doped fiber was

recorded in the range 600–1750 nm and it is shown in Fig. 6.1(b). It reveals the

presence of two bands labelled B2 and D1 centred at 810 and 1386 nm, respec-

tively, and a very weak band B1 at 910 nm1.

The conventional optical spectroscopy of the bulk fiber preform prepared us-

ing the sol-gel method was performed by Razdobreev et al. [75]. Under excita-

tion at λexc = 405 nm three luminescence bands were observed: two strong with

peaks at 830 and 1393 nm and a weak band peaked at 906 nm. The PL spectrum

recorded in the NIR region at λexc = 808 nm was very similar to that obtained

at λexc = 405 nm. Under excitation at 532 nm authors reported on five PL bands

peaked at 663, 860, 939, 1068 and 1402 nm.

In Fig. 6.2 we show the spectra of photoluminescence recorded under excita-

tion at 375 nm. We observed two strong luminescence bands with the intensity

maximums at 1440 and 830 nm labelled PL1 and PL2, respectively. Fig. 6.2 also

shows the excitation spectra of these bands recorded at 1440 and 830 nm. There

are two bands in the excitation spectrum of the luminescence band PL2 recorded

in the spectral region 275–600 nm — bands B3 and B4 with intensity peaks at

415 and 375 nm, respectively. These bands can be put in correspondence to the

peaks 3 and 4 of the Gaussian decomposition of absorption spectrum shown in

Fig. 6.1(a). The excitation spectrum of the NIR PL1 band reveals similar two

bands centred at 375 and 420 nm but with well-pronounced short- and longwave-

length shoulders.

1Data on the absorption and excitation bands are collected in Appendix C
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FIGURE 6.2: Normalized excitation and photoluminescence spectra.

The luminescence spectrum recorded in the region 540–900 nm under exci-

tation at 532 nm consists of two bands labelled PL3 and PL4, as it is shown in

Fig. 6.3(a). The most intense band PL4 has the intensity maximum at 650 nm and

the emission band PL3 is centred at 840 nm. In Fig. 6.3(a) we also show the exci-

tation spectrum of the PL4 band. It consists of two bands with peaks at 465 and

350 nm labelled D2 and D3, respectively. These bands cannot be put in correspon-

dence to the bands B3 and B4. Therefore, we conclude that the bands B2–B4 and

D2, D3 belong to different centres. Alternatively, D2 and D3 bands can be put in

direct correspondence to the peaks 1 and 6 of the Gaussian decomposition of the

absorption spectrum shown in Fig. 6.1(a).

The MCD spectra recorded at B = 6 T and different temperatures are shown in

Fig. 6.3(b). They reveals the presence of two bands that coincide with D2 and D3

bands. In the magnetic field B = 6 T and T = 1.45 K we measured ∆A = −0.63× 10−3
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FIGURE 6.3: (a) Normalized excitation and photoluminescence spectra; (b)
MCD spectra recorded at the magnetic field of 6 T and different tempera-

tures

and 1.27 × 10−3 at 350 and 465 nm, respectively. The MCD spectrum is temper-

ature dependent, which definitely indicates the spin multiplicity of the corre-

sponding ground state(s). The MCD bands exhibit the same temperature depen-

dence, so they should originate from the same optically active centre. In Chapter 5

the Bi-doped aluminosilicate glass was investigated and we observed additional

two MCD bands in the NIR region. These bands were assigned to clusters of

Bismuth ions. In Bi-doped silica glass no MCD signal was detected within the

spectral region 550–1600 nm. This indicates that in the present sample Bi ions do

not form clusters due to relatively low doping level.

The NIR luminescence band PL1 is often assigned to the transition 3P1 −→3P0

of Bi+ ion [18–21]. However, we have shown in Chapter 5 that in the ligand field

approximation the crystal field cannot lower the energy of 3P1 state so much (see

also Chapter 2 and [42]). On the other hand, the absence of any MCD signal
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near 810 nm indicates that the B2 band originates from the centre with a non-

degenerate GS. For this reason and because Bi+ ion has a non-degenerate ground

state, we assign the band B2 to the transition 3P0 −→3P1(MJ = ±1) of the Bi+

ion. Following this hypothesis we assign bands B1, B3 and B4 to the transitions

3P0 −→3P1(MJ = 0), 3P0 −→3P2(MJ = ±1) and 3P0 −→1D2 in Bi+ ion, respec-

tively.
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FIGURE 6.4: Normalized excitation spectra recorded at 650, 830 and
1440 nm.

In Fig. 6.4 we show the comparison of the normalized excitation spectra re-

corded at 650, 830 and 1440 nm, corresponding to the intensity maximums of the

luminescence bands PL4, PL2 and PL1, respectively. It is seen that the bands

D2 and D3 appear in the excitation spectrum of the NIR PL (1440 nm) as short-

and longwavelength shoulders, respectively. This indicates the presence of the

energy transfer between Bi+ ion and the centre responsible for the bands in D

series. One can notice a weak peak at 465 nm in the excitation spectrum of PL2

band (830 nm). Most probably this peak should be assigned to the excitation of
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the broad luminescence band PL3 centred at 840 nm, which overlaps with PL2

band.
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FIGURE 6.5: Spectra of the total intensity Itot and MCPL I+ − I− in NIR
recorded at B = 6 T, T = 1.48 K.

The detailed investigation of excited states was performed using the MCPL

technique. Fig. 6.5 shows the spectra of the total (Itot) and MCPL (I+ − I−) in-

tensities in the NIR spectral region under excitation at 375 nm. The MCPL is

slightly red shifted comparing to the luminescence band (250 cm−1) with the peak

value of polarization ∆MCPL = −0.28 measured at 1440 nm in the magnetic field

B = 6.5 T and T = 1.48 K. It is worth noting that the MCPL band is narrower than

the PL band. The longwavelength side of bands almost coincide, while the short-

wavelength side of MCPL is red shifted. This indicates that the PL band consists

of two transitions: the shortwavelength shoulder is dominated by the transition

from MS = 0 sublevel, while the longwavelength by the transition from the spin

degenerate sublevel of the excited state with the effective spin S. It is one more

result which denies the assumption that this NIR PL originates from the 3P1 state

of Bi+ ion. From Fig. 2.2 and Fig. 5.15(a) it is seen that the energy separation be-

tween MJ = 0 and MJ = ±1 components of 3P1 state of Bi+ ion increases rapidly
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with the increase of the axial potential component B2
0 of the crystal field. For ex-

ample, if the degenerate state MJ = ±1 is lowered even to 9000 cm−1 (1110 nm),

the energy of MJ = 0 level reaches 20000 cm−1 and, as a consequence, the energy

gap between these substates should be much more than the measured 250 cm−1.

FIGURE 6.6: Spectra of the total intensity Itot and MCPL ∆I recorded un-
der excitation at 375 nm, B = 6 T, T = 1.45 K.

Spectra of PL and MCPL recorded in the region 780–900 nm under excitation

at 375 nm are shown in Fig. 6.6. The PL spectrum consists of a strong band with

the intensity peak at 830 nm and a longwavelength shoulder (see also Fig. 6.2).

The strong positive MCPL band is centred at 830 nm with the maximum degree

of polarization ∆MCPL = +0.016 measured at B = 6 T and T = 1.45 K. Also there

is a weak, broad MCPL band with I+ − I− < 0. This negative weak MCPL

component should be assigned to the weak residual emission of the band PL3

observed under excitation at 532 nm. Gaussian multi-peak fit of the recorded

PL spectrum is shown in Fig. 6.7. The deconvolution reveals the presence of

three bands. The low energy band peaked at 11792 cm−1 (848 nm) causes the

longwavelenth shoulder of the luminescence spectrum. The PL2 band consists
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of two sub-bands with peaks at 12054 cm−1 (830 nm) and 12092 cm−1 (827 nm).

Below we will show that the measurements of the MCPL saturation in this band

also reveal the presence of two transitions in PL2 band.

FIGURE 6.7: Gaussian multi-peak fit of the spectrum of total intensity Imtot

recorded under excitation at 375 nm, B = 6 T, T = 1.45 K.

In Fig. 6.8(a) and Fig. 6.8(b) we show the spectra of the luminescence (Itot)

and MCPL (∆I) recorded in the spectral range 550–900 nm under excitation at

532 and 450 nm, respectively. In the first case, there are two luminescence bands

with the intensity peaks at 650 and 830 nm. The MCPL spectrum recorded in the

magnetic field B = 6 T and temperature T = 1.47 K consists of two negative bands

with peaks at 640 and 840 nm. It is seen that with increasing of the temperature

the band at 640 nm changes its sign and slightly shifts to the longwavelength re-

gion with the peak at 650 nm at T = 13 K. In contrast, the longwavelength weak

band at 840 nm exhibits simple temperature behaviour. Its polarization only de-

creases with increase of temperature and does not change sign. Under excita-

tion at 450 nm (Fig. 6.8(b)) the luminescence bands PL4 and PL3 are blue shifted
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and reveal a similar behaviour to those recorded under excitation at 532 nm. The

strongest MCPL band exhibits the same unusual temperature dependence that

one seen in Fig. 6.8(a). It changes the sign with temperature increase and the

maximum intensity shifts from 580 to 583 nm. As it was shown in Chapter 5, such

a behaviour of the MCPL can be explained only by the presence of at least two

transitions. An additional narrow, well pronounced PL band peaked at 818 nm

appears in the spectra, as it is seen in Fig. 6.8(b)). Obviously, it corresponds to the

band PL2 observed under excitation at 375 nm.
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FIGURE 6.9: Normalized excitation spectra recorded at 580 and 650 nm.

To show that the yellow-red luminescence observed at the excitation wave-

lengths of 532 and 450 nm are of the same origin, we recorded their excitation

spectra. In Fig. 6.9 we show the normalized excitation spectra recorded at 580 and

650 nm, corresponding to the locations of the PL maximums measured under ex-

citation at 450 and 532 nm, respectively. It is seen that the excitation bands almost

coincide. This indicates that the corresponding PL bands belong to the same type

of centres and the difference can be explained by the non-homogeneous broad-

ening. Usually this luminescence is assigned to the transition in Bi2+ ions [20, 44,

68, 76]. Relying on the experimental results we will show below that it cannot

originate from Bi2+ ion.



80 Chapter 6. Bismuth doped pure silica glass

6.2 MCD and MCPL saturation experiments

6.2.1 MCD saturation

Magnetic field dependences of the MCD, recorded at the peak of the positive

band D2 (465 nm), are shown in Fig. 6.10(a). These dependences are plotted as

a function of µBB/2kT and it is seen that the saturation curves exhibit a small

degree of the nesting. The isotherms do not superimpose and tend towards the

saturation at high MF and low temperature.
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FIGURE 6.10: Magnetic field (a) and temperature (b) dependences of MCD
at 465 nm. Solid lines in (b) represent the fit by Eq. (5.2) with N = 1

Fig. 6.10(b) shows the temperature dependences of the MCD recorded at fixed

magnitudes of the external magnetic field and plotted as a function of 1/T . They

also do not show any unusual peculiarities. The MCD signal increases with a

decrease in temperature and it becomes saturated at high magnetic field and low

temperature. The presence of the temperature dependence of the MCD definitely

indicates the spin multiplicity of the ground state of the corresponding optical

centre. At first glance, this centre should have an odd number of electrons (or

holes) since the form of the saturation curves is very similar to those inherent to

the Kramers doublet (see Fig. 3.8). However, the simultaneous fit of the curves
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in Fig. 6.10(b) revealed the presence of a small rhombic zero-field splitting, which

is possible only for a system with an integer effective spin. MCD spectra shown

in Fig. 6.3(b) revealed the same temperature dependence of D2 and D3 bands.

Furthermore, in Chapter 5 we have shown that in Bi-doped Mg-Al-Si oxide glass

two MCD bands in visible belong to the same GS.

6.2.2 MCPL saturation

The saturation curves of the MCPL in the NIR PL1 band recorded at the peak of

the MCPL (1440 nm) are shown in Fig. 6.11. The isotherms in Fig. 6.11(a) exhibit

a well pronounced nesting and there is a tendency towards the saturation at high

MF and low temperatures. When the MCPL signal is plotted as a function of 1/T ,

the saturation values of ∆MCPL are different for each magnitude of the magnetic

field, as it is seen in Fig. 6.11(b). Such a behaviour of the MCPL signal can be

explained by the relatively high zero-field splitting.
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FIGURE 6.11: (a) Magnetic field dependences of ∆MCPL measured at dif-
ferent temperatures; (b) temperature dependences at fixed MF’s. λexc =
375 nm, Pexc = 7 mW, λdet = 1440 nm. Solid lines in (b) are global fit by

Eq. (5.3) with N = 1.

Detailed investigation of the MCPL in PL4 band as a function of MF and tem-

perature was also performed at 640 and 580 nm, corresponding to the locations of



82 Chapter 6. Bismuth doped pure silica glass

FIGURE 6.12: Temperature dependences of ∆MCPL at 640 nm (λexc =
532 nm) (a) and 580 nm (λexc = 450 nm) (b). Saturation curves are fitted

using Eq. (5.3) with N = 2.

the MCPL maximums under excitation at 532 and 450 nm, respectively. The tem-

perature dependences recorded at 640 nm are shown in Fig. 6.12(a). They reveal

a non-trivial form. It is seen that the MCPL signal increases with the tempera-

ture decrease and reaches its maximum value ∆MCPL = +0.04 at T = 17 K and

B = 6 T. Then ∆MCPL decreases and changes its sign near T = 6 K. As it was shown

above, the only way to explain such an unusual temperature behaviour of the

MCPL is to assume that the emission is caused by the transitions from two excited

states with significantly different zero-field splitting energies. Saturation curves

recorded at 580 nm under excitation at 450 nm exhibit the same temperature be-

haviour. Moreover, the global fit of the temperature dependences at various MF

in Fig. 6.12(a) and (b) results in very close values of the zero-field splitting and

g-factor with the difference within the experimental error. This unambiguously

proves the above assumption that the PL bands at 640 and 580 nm originate from

the same type of excited states. The presence of ZFS indicates that PL4 lumi-

nescence band originates from the even-electron system. As a consequence, this

orange-red PL cannot be assigned to Bi2+ ion.

Saturation curves of the MCPL in the luminescent band PL3 were recorded at

850 nm under excitation at 532 nm to reduce the influence of the strong PL4 band.
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FIGURE 6.13: Temperature dependences of ∆MCPL measured at (a) 850
nm and (b) 830 nm. Saturation curves are fitted using Eq. (5.3), withN = 2.

Fig. 6.13(a) shows the MCPL signal ∆MCPL plotted as a function of 1/T . At first

glance, the MCPL has rather simple temperature dependence. The MCPL signal

does not change sign and remains negative in the whole measured temperature

range. Nevertheless, the fit of the experimental results was possible only in the

assumption of the presence of two different transitions.

In Fig. 6.13(b) we show the temperature dependences of the MCPL measured

at 830 nm, that corresponds to the PL and MCPL band PL2 under excitation at

375 nm. These saturation curves are monotonic, though the saturation effect oc-

curs at rather high temperature, namely around 20 K. It is worth noting that the

global fit of the temperature dependences revealed the presence of two transi-

tions.

6.2.3 Analysis of saturation curves

The analysis of the saturation curves were performed in terms of the effective

spin Hamiltonian (5.1) with an axial (D) and rhombic (E) components of the zero-

field splitting (see details in Chapter 2 and 5). The saturation curves of MCD

and MCPL were fitted to Eq. (5.2) and (5.3) and the results of the global fit were

collected in Table 6.1.
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TABLE 6.1: Results of the global fit

λ, nm Asat, arb. units g‖ ∆, cm−1

S = 1 S = 2
MCD (GS) 465 (2.8± 0.03)× 10−3 1.08± 0.02 0.54± 0.0 1.22± 0.11
MCPL(ES) 580 (X450) −1.8± 0.3 0.7± 0.08 0.35± 0.04 5.1± 0.4

11± 0.6 0.22± 3 0.11± 1.5 17± 2
640 (X532) −1.4± 0.2 0.64± 0.07 0.32± 0.04 4.5± 0.3

7.6± 0.5 0.28± 4 0.14± 2 21± 2.5
830 (X375) (1.32± 1)× 10−2 2.19± 1.23 1.09± 0.62 6.9± 1.5

1.26± 0.08 0.7± 10 0.35± 5 97± 6
850 (X532) −0.25± 0.9 0.15± 0.6 0.08± 0.3 2.1± 3.2

−7.3± 0.7 0.22± 4.1 0.11± 2.05 25.5± 3
1440 (X375) −1.38± 0.06 2.14± 0.07 1.07± 0.04 6.18± 0.24

It was shown above that the saturation curves of the MCD have a form sim-

ilar to that expected for the case of Kramers doublet. To clarify this point we

compared the fits of MCD saturation at 465 nm in the assumption of the Kramers

(∆ = 0 cm−1) and non-Kramers (∆ 6= 0 cm−1) doublets. The results of these two

fits are shown in Fig. 6.14. It is seen that they are almost identical. It should be

emphasized that this is not surprising and can happen in cases of a small value of

the zero-field splitting energy. Nevertheless, the value of the function χ2 (defines

how well experimental data fits the model) is less for the case of the non-Kramers

doublet. Moreover, it is seen from Table 6.1 that all the observed MCPL bands

exhibit zero-field splitting. This reliably indicates that all emitting centres are

the even-electron systems. For these reasons we assign the observed MCD to

the transitions from the non-Kramers doublet of the ground state. The obtained

value of the GS g-factor is very small. Summarizing these experimental results

we assign all the Di bands, and the NIR PL at 1440 nm as well, to the defect in the

glass network.

The modelling of the MCPL saturation curves have definitely revealed that

the observed transition bands belong to centres with an even number of electrons

or holes. One can notice the significant error in the obtained values of g-factors.
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FIGURE 6.14: Comparison of saturation curves fits at 465 nm in the as-
sumption of (a) Kramers and (b) non-Kramers doublets.

As it was explained in Chapter 5, this error appears because of the significant

difference in the energies associated with the Zeeman and zero-field splittings.

For example, the excited state, associated with the positive MCPL at 640 nm (PL4

band), has a relatively high value of the ZFS energy ∆ = 21 cm−1 and low contri-

bution from Zeeman energy g̃‖µBB = 1.7 cm−1 at B = 6 T. On the contrary, when

the Zeeman and ZFS energies are comparable the fit errors are small.

The analysis of the MCPL saturation curves at 580 and 640 nm confirmed the

presence of two oppositely signed components. The negative shortwavelength

component has low zero-field splitting energy comparing to the positive compo-

nent. For this reason it was possible to distinguish them by measuring the MCPL

spectrum at different temperatures. At low temperatures the spectral component

with negative MCPL dominates. With an increase in temperature its polariza-

tion decays faster than that of the component with positive MCPL. The reason is

clear from the comparison of ZFS: ∆− ' 5 and ∆+ ' 20 cm−1. As a result, the

non-trivial temperature dependence of the MCPL signal with the maximum near

17 K was observed. The obtained values of g-factors and ZFS energies ∆ under

excitation at 450 and 532 nm are very close with the difference within the fit error.

It is another confirmation that in both cases the excitation of the same states takes
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place, though the luminescence band is slightly shifted.

The fit of MCPL saturation curves recorded at 830 nm under excitation at

375 nm (Fig. 6.13(b)) results in two components with positive polarization. Obvi-

ously, they correspond to the peaks 1 and 2 of Gaussian decomposition shown in

Fig. 6.7. Unfortunately, these MCPL component cannot be distinguished by mea-

suring the MCPL spectrum at different temperatures because they both have pos-

itive polarization. The strong component has very high ZFS energy ∆ = 97 cm−1,

while for the weak one we obtained ∆ = 6.9 cm−1. The magnitude of the strong

MCPL component is two orders higher than that of the weak one. For this reason

the corresponding fit parameters are not so accurate.

6.3 MCD detected via luminescence

The detection of MCD via luminescence can directly prove that the NIR PL band

is originated from the defect centre. In Chapter 5 we discussed in details the the-

oretical aspects of such an experiment. Briefly, the idea of the experiment is to

detect the influence of the MCD on the NIR PL intensity. At low temperature the

MCD can be regarded effectively as a modulation of the pump intensity. This

effective modulation will cause the periodical changes of the luminescence inten-

sity. In general, both diamagnetic A and paramagnetic C terms can affect the PL

intensity. For this reason, it is necessary to record magnetic field dependences at

different temperatures to distinguish the contributions from A and C terms.

The experimental setup was described in Chapter 5 (Fig. 5.11). In the present

experiment we used the laser diode (1270 nm, LD-1270, Innolume GmbH) as an

excitation source. The long wave pass filter was replaced by the bandpass one

(FB1400-12, ThorLabs) with the centre wavelength at 1405 nm and full width at
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half maximum ∆λ = 12 nm. The quantity that we measure in the experiment is

∆I =
Itot(σ

+
pump)− Itot(σ−pump)

Itot(σ+
pump) + Itot(σ−pump)

, (6.1)

where Itot(σ+
pump) and Itot(σ

−
pump) are the intensities of the PL under excitation by

σ+ and σ− polarizations, respectively.

In Fig. 6.15 we show the spectrum of the NIR PL recorded under excitation at

1270 nm at T = 1.5 K. The band pass of the filter is relatively narrow, as a conse-

quence, the spectrum replicates the transmission curve of the filter.
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FIGURE 6.15: Spectrum of photoluminescence in Bi-doped silica glass un-
der excitation at 1270 nm with the bandpass filter.

Magnetic field dependence of ∆I was recorded at the peak of PL intensity

λdet = 1405 nm and it is shown in Fig. 6.16. It is seen that even at the tempera-

ture T = 1.5 K the signal magnitude fluctuates near its zero value within the ex-

perimental error. At first glance, one can assume that the ground state is non-

degenerated and the NIR PL cannot be assigned to the defect centre. However,

the experiments on the MCPL definitely revealed the spin multiplicity of the ex-

cited state in the NIR transition. Therefore, we should be able to observe a signal
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FIGURE 6.16: Magnetic field dependence of ∆I at 1405 nm and 1.5 K.

associated with the diamagnetic A term at least, which is field dependent. For

this reason, we believe that the low doping level of the available sample and low

absorption at 1270 nm are the main reasons for the negative result in this experi-

ment.

6.4 Model of the luminescent centres

In previous sections we attributed the transition bands of the D and B series in

the spectra to the transitions within the lattice defect and Bi+ ion, respectively.

Following the approach described in Chapter 5, we calculated the energy levels

of Bi+ ion in pure silica glass and tried to fit them to the positions of the bands in

B series. In the frame of the ligand field theory the agreement of the calculated

and experimental data was not satisfactory. We believe that the main reason of

this failure is a rather strong interaction of Bi+ ion with the environment, so that

the crystal field approximation becomes inaccurate. Therefore, we still assign

the bands B1, B2, B3 and B4 to the transitions A1 (1Σ+,3P0) −→ A2 (1Σ−,3P1),

A1 (1Σ+,3P0) −→ E (1Π,3P1), A1 (1Σ+,3P0) −→ E (2Π,3P2) and A1 (1Σ+,3P0) −→
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A1 (3Σ+,1D2) in Bi+ ion, respectively. In Chapter 5.4 we explained that in the case

of Bi-doped aluminosilicate glass the transition A1 (1Σ+) −→ A2 (1Σ−) is strictly

forbidden in C3v local symmetry, in which the state A2 (1Σ−) is pure. However, in

Bi-doped sample investigated in the present Chapter the first excited state of Bi+

ion A2 (1Σ−) is not pure due to the mixing with other states. Therefore, this tran-

sition occurs as a weak peak at 910 nm in the attenuation spectrum. The lumines-

cence from this level was also observed previously in [75]. Narrow luminescence

band PL2 observed under excitation at 375 nm consists of two transitions as it

have revealed Gaussian multi-peak fit (Fig. 6.7) and analysis of MCPL saturation

data recorded at 830 nm. In the frame of our model, these two components are

caused by transitions 2Π −→ 1Π and 1Π −→ 1Σ+ in Bi+ ion. Excited states 1Π

and 2Π are degenerated (MJ = ±1), so both transitions exhibit magnetic circular

polarization.

In Fig. 6.17 we show schematically the energy levels of the interacting defect

centre and Bi+ ion together with the MCD, excitation and attenuation spectra.

The process of energy transfer is also shown. This model is close to that suggested

for the Bi-doped aluminosilicate glass in Chapter 5. It is seen that this diagram

allows to rationalize all the peculiarities in the spectra. The NIR PL occurs as a

transition |1〉 −→ |0〉 from the first excited state of the defect. This emission can be

also observed under excitation into the excited states of Bi+ ion due to the energy

transfer process labelled as ET.

The weak absorption band D1 in the NIR region, shown in Fig. 6.1(b), indi-

cates the forbidden character of the intracenter |0〉 −→ |1〉 transition in the defect,

which results in the millisecond lifetime in the first excited state. At the same

time, as it was discussed in Chapter 5.4, the transition |1〉 −→ |2〉 should be al-

lowed. Therefore, the transition |2〉 −→ |1〉 appears as a luminescence band PL3.

Moreover, it is seen from Table 6.1 that the values of g-factor and ZFS ∆ obtained

from the measurements at 640 and 850 nm under excitation λexc = 532 nm are
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FIGURE 6.17: The model of the optically active centres with energy transfer
process between them indicated by the dashed line. Pumping at ∼532 nm
leads to the excitation of the defect. It is followed by intracenter lumines-
cence to the states |1〉 and |0〉. Pumping at ∼800 nm and ∼375 nm leads to
the direct excitation of Bi+ ion. In the latter case the intracenter transitions

precede the energy transfer to the defect.
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close within the fit error. This clearly indicates that the luminescence bands PL3

and PL4 originate from the same excited state |2〉 of the defect centre.

It is worth noting that the PL4 band is much more intense than the band PL3.

It indicates that the main channel of the relaxation from state |2〉 is the radiative

transition to the ground state |0〉. As a consequence, population of the first ES

|1〉 under excitation at λexc ' 460 nm (D2 band) is low and NIR PL band is very

weak. Moreover, the low intensity of the emission band PL2 (830 nm) under same

excitation into the D2 band (' 460 nm) indicates that the energy transfer between

the states |2〉 of defect and 2Π of Bi+ ion is weak. For these reasons, the excitation

spectrum of NIR PL1 band mainly consists of excitation bands of Bi+ ion.

In Fig. 6.18 we show the simplest possible energy level diagram of the ’defect’

centre, which is a counterpart of the model proposed for bismuth doped Mg-Al-

Si glass in Chapter 5. This model successfully explains the unusual temperature

dependence of the MCPL recorded at 580 and 640 nm (Fig. 6.12). In the frame of

this model the ground |0〉 and |2〉 , |2′〉 excited states are the spin triplets (S = 1)

barring the first ES |1〉, which has the effective spin S = 2. The pump at 532 nm

excites two relatively close-lying states |2〉 and |2′〉. Transitions |0〉 −→ |2, 2′〉 can

be observed as a band D2 in the MCD spectra with the maximum intensity near

460 nm. Two MCPL bands centred at 640 and 650 nm with different circular po-

larizations occur due to the transitions from the lowest spin sublevels MS = +1

and MS = −1 of the |2〉 and |2′〉 states, respectively, to the ground state |0〉. The

MCPL selection rules are ∆MS = Mf − Mi = −1 for lcp and ∆MS = +1 for

rcp light. Therefore, the σ− component of the MCPL corresponds to the transi-

tion from the MS = +1 sublevel of the high energy state |2〉 to the MS = 0 sub-

level of the ground state. The σ+ MCPL component originates from the transition

|2′〉 (MS = −1) −→ |0〉 (MS = 0).

Transitions |2′〉 −→ |0〉 (650 nm) and |2′〉 −→ |1〉 (850 nm) have different circu-

lar polarizations. It is possible only if the final states |1〉 and |0〉 of these transitions
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FIGURE 6.18: The energy level diagram to explain the origin of NIR and
red luminescence.
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have different effective spins. For this reason we assume that the first excited

state of the defect centre is a spin quintet. According to our model at low tem-

perature the MCPL at 850 nm should consist of four transitions: |2,+1〉 −→ |1, 0〉,

|2,+1〉 −→ |1,+2〉, |2′,−1〉 −→ |1, 0〉 and |2′,−1〉 −→ |1,−2〉. The global fit of the

saturation curves recorded at 850 nm under excitation wavelength λexc = 532 nm

revealed that the main contribution to the degree of emission polarization is pro-

duced by the transition from the excited state with higher ZFS, e. g. |2′〉 state.

Unfortunately, the detailed structure of the defect centre is unknown yet, thus

we cannot estimate the transition probabilities. Nevertheless, taking into ac-

count the experimental results we assume that transitions |2,+1〉 −→ |1,+2〉 and

|2′,−1〉 −→ |1,−2〉 (dashed arrows in Fig. 6.18) are weak and they do not make

observable contribution to the MCPL.

6.5 Conclusions

The detailed investigation of the Bismuth doped silica glass without other co-

dopants was performed using the MCD and MCPL spectroscopies for the first

time. Together with the methods of the conventional optical spectroscopy we

demonstrated the coexistence of at least two optically active centres.

The analysis of the magnetic field and temperature dependences of the MCPL

and MCD revealed that all the centres originate from the systems with an even

number of electrons (holes). These centres were identified as Bi+ ion and some

defect in the glass network that interact due to the energy transfer process. The

’defect’ centre has a degenerate ground state and it is responsible for the observed

MCD signals.

The developed model of the optical centres satisfactorily explains the main

peculiarities observed in the experiments. In the frame of this model the NIR PL

is a forbidden transition from the first excited state of the ’defect’ centre. Due to
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the energy transfer this photoluminescence can be also observed under excitation

into the excited states of the Bi+ ion (375, 415, 800 nm). Also it was shown that

the ’red’ PL near 600 nm originates from the ’defect’ centre due to the radiative

transition from its second ES. Unfortunately, the low doping level of the sample

did not allow us to detect the MCD via luminescence in the NIR spectral region.
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Chapter 7

Optically detected magnetic

resonance in a Bi-doped

aluminosilicate glass

This Chapter describes the ODMR spectrometer operating in the microwave V band

(58–62 GHz) and the results of ODMR experiments performed on the Bismuth

doped aluminosilicate glass. In the ODMR experiment we detect the electron

spin resonance by measuring the changes in the MCD or MCPL under reso-

nance microwave radiation. It is clear that the ODMR signal is proportional to

the MCD/MCPL intensity, thus bulk samples are desirable. On the other hand,

large samples may significantly change the resonator parameters. Firstly, the in-

troduction of a bulk sample shifts the resonance frequency. Secondly, the large

samples dramatically impairs the coupling of the cavity to the waveguide. That

is why the choice of the sample size is a compromise between the signal inten-

sity and conservation of the cavity parameters. The bulk sample investigated in

Chapter 5 was cut in two pieces and one of them was gradually ground off. We

found that the optimal dimensions of the sample was 4×1×0.75 mm. It does not

shift the loaded resonator frequency out of the microwave generator operating

limits and keeps the coupling at sufficient level.
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In Chapter 5 we measured the energy of zero-field splitting and g-factor of the

ground and excited states. It is seen from Table 5.1 that due to the high ZFS in

the excited state the ODMR measurements in V band and at available MF 0–7 T

are possible only in the ground state. For this reason, we performed the ODMR

experiments only in absorption — so-called MCD ’tagged’ by ESR [37].
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FIGURE 7.1: Evolution of ∆I under modulated
microwave radiation.

One of the main purposes of the

ODMR experiment is the measure-

ment of the spin relaxation time. For

such experiments the implementation

of the photon-counting technique is

strongly desirable. For this reason we

decided to detect the ODMR in the

ground state via luminescence. The

idea of the experiment is based on the fact that the MCD influences the total

intensity of the corresponding PL band (see details in Chapter 5.3 ’MCD detected

via luminescence’). The resonant microwave radiation leads to the equalization

of populations within the spin sublevels of GS. As a result, the influence of MCD

on the PL intensity (∆I) decreases, as it is shown in Fig. 7.1. In this Chapter we

demonstrate the possibility of the ODMR detection in MCD via luminescence.

This is the first step toward the experiments on the spin relaxation time. We

recorded the ODMR spectra at different values of the incident microwave power.

Such experiments require the continuous sweep of the magnetic field. Hence, at

this stage we used the phase-sensitive detection to record the spectra.

7.1 Microwave cavity

The microwave cavity is one of the substantial components of the spectrometer.

It concentrates the microwave power and provides an oscillating magnetic field
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B1 with a component perpendicular to the static magnetic field B. Only this com-

ponent of microwave field induces magnetic dipole transitions between Zeeman

levels.

FIGURE 7.2: (a) Diagrammatic sketch of the TE011 cylindrical resonant cav-
ity mode. Adapted from [77]. (b) Normalized intensity of z-component of
the B1 magnetic field. The static magnetic field B is applied in xy plane.

In general, in ODMR spectrometers the rectangular or cylindrical resonators

are used. We decided to use a cylindrical design with the TE011 mode. Such

a resonator has much higher quality factor Q comparing to a rectangular cavity

[78]. TheQ factor of cylindrical resonator depends on the diameter to length ratio

d/l. The maximum value of Q can be achieved when the diameter is equal to the

length of the resonator d = l, though the decrease of d/l leads only to the weak

reduction of the quality factor. Fig. 7.2(a) schematically shows the distribution

of electric and magnetic fields of the TE011 mode. In our experimental setup the

external magnetic field B is applied in the xy plane. Therefore, the transitions

between spin levels are induced by z-component (Bz) of the microwave field B1.
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Fig. 7.2(b) shows the intensity distribution of Bz in xz plane; it is invariant under

rotation around z-axis. The maximum field strength can be achieved along the

resonance axis. For this reason the sample should be placed at the centre of the

cavity. It is worth noting that there is no rf current flow between the cylinder and

end walls. Moreover, the electric current flows only in the angular direction since

TE011 mode has only angular component of the electric field. It allows to use the

adjustable end wall (tuning plunger) for the frequency tuning. Also if there is a

small gap between the piston edge and the wall other modes will be suppressed

B1

E

FIGURE 7.3: End plate method of cou-
pling to the TE011 mode in a cylindrical

resonator.

since they require the current flow across this

gap. This useful trick helps to reduce the TM111

mode that is degenerated by the TE011 mode.

Therefore, such a cylindrical cavity with the

TE011 mode is considered as the best option for

the ODMR experiments. Another advantage

of a cylindrical resonator is the relatively sim-

ple fabrication. The cavity interior is a hollow

cylinder and it can be easily turned from a bulk

work piece. Usually, the inner surface is silver

or gold plated to improve the conductivity and

quality factor Q.

In ODMR experiments the strongest signal

is obtained when the magnetic dipole transi-

tions between spin levels are saturated. In or-

der to fulfil this condition the resonant cavity

must be coupled to the waveguide so that the

reflected power is minimal. Usually it is done

by means of an iris. The diaphragm is located at the point with the maximum

of magnetic field in the waveguide. The maximum coupling to the cavity can
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be obtained if the iris is also placed at the point where the magnetic field in the

resonator is oriented in the same direction as the field in the waveguide. In our

cryostat, due to the limited inner space, the resonator can be placed only ver-

tically and the coupling to the waveguide is performed through the iris in the

upper wall, as it is shown in Fig. 7.3. The waveguide axis is shifted from the

resonator axis where the radial component of B1 is minimal. In this coupling

method the B1 vector at the cavity side can be regarded as a natural continuation

of the MF vector at the waveguide side of the diaphragm. The maximal value of

the microwave field Bz (in units of G) in the centre of cavity can be calculated by

the following equation [78]:

B2
z = 24.66× 10−3PwQL

Vw
Vc
, (7.1)

where Pw is the incident power in mW, QL is the loaded Q factor, Vw and Vc are

the volume of a section of waveguide one guide wavelength long and the cavity

volume, respectively. It is seen that the straightforward way to increase the mag-

netic field in the cavity is to increase of the source power. However, in the case

of helium cryostat it can cause the increase of temperature. The situation is even

worst for a closed loop cryostat like one used in our setup. For this reason, the

only possible approach is to improve the resonator quality.

In our experimental setup we use the cylindrical cavity with diameter d =

0.6 cm. The bottom wall is adjustable (a tuning plunger) which allows the fre-

quency tuning by changing the cavity length in the range 0.5–1.6 cm. The res-

onator was fabricated from the beryllium bronze and its inner surface was silver

plated. Two coaxial apertures for optical access were drilled at 2.5 mm below the

upper plate. A set of irises with different diameters was fabricated. We found that

the optimal diameter of the iris for our resonator was 1.2 mm. This diaphragm

provides good coupling and does not decrease quality factor Q.
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FIGURE 7.4: Calculated (lines) and measured (dots) mode frequencies as a
function of the cavity length l in air at T = 300 K.

The frequency of the TEmnp mode in a cylindrical resonant cavity with no aper-

tures in the walls can be calculated using the following equation [78, 79]:

fmnp =
1

d

√(cxmn
π

)2
+
(cp

2

)2(d
l

)2

, (7.2)

where (x)mn is the n-th root of the first derivative of the m-order Bessel function

Jm(kcr), c is the speed of light in the medium inside the resonator. In Fig. 7.4

we show the calculated and measured mode frequencies as a function of the cav-

ity length. The observed modes where identified as TE112, TE212, TE113, TE114,

TE213, TE115 and TE011. It is seen that the measured frequencies of TE11p modes

are shifted relative to the theoretical ones. This type of modes are affected by the

strong influence of the apertures due to the particular field distribution.
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FIGURE 7.5: Resonance curves of TE011 mode at T = 300 and 1.6 K.

In Fig. 7.5 we show the measured resonance curve of the TE011 mode at room

temperature and T = 1.6 K with the sample of Bi-doped aluminosilicate glass at-

tached to the top plate of the cavity. The average reflection base level about

−13 dB indicates that the power loss in the waveguide section is 6.5 dB. At T = 300 K

we measured the full width at half maximum ∆f = 25 MHz which corresponds

to the loaded quality factor Q = 2500. Because of the thermal expansion the

inner volume of the cavity decreases with decreasing temperature. For this rea-

son at T = 1.6 K the resonance curve is shifted by'100 MHz to higher frequencies.

Also, the resonance is slightly narrowed so that the loaded quality factor becomes

higher Q '3000. Substituting the numeric values Eq. 7.1 can be simplified so that

Bz ' 3
√
Pw G. The output power of our microwave source at 61.8 GHz is about

40 mW. Taking into account the 6.5 dB losses in the waveguide section, the inci-

dent power should be about Pw ' 10 mW. Thus, the magnetic field in the centre

of cavity can be estimated as Bz = 9.5 G.
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7.2 ODMR spectrometer

PMT

monochromator

FIGURE 7.6: Experimental setup for ODMR measurements. GTP – Glan-
Thompson polarizer, PEM – photoelastic modulator, SpMag – cryomag-
netic system, LWPF – long wave pass filter, PMT – photomultiplier, SG –
signal generator, LIA1, LIA2 – lock-in amplifiers, A – variable MW attenu-

ator.

The experimental setup for the optical detection of magnetic resonance is

shown in Fig. 7.6. The beam of the pump laser (532 nm) is polarized vertically by

the Glan-Thompson polarizer (GTP) and it propagates along the external mag-

netic field B. The photoelastic modulator (PEM) with its birefringent axis ori-

ented at 45° to the polarization plane of light periodically transforms it to the

σ+/σ− polarized light at the frequency fPEM = 20 KHz (see Chapter 4 for details).

Then the polarization modulated light is focused on the sample placed in the mi-

crowave resonator. The collimated beam of the PL emission passes through the

long wave pass filter (LWPF) and is focused on the entrance slit of the monochro-

mator coupled to the GaAs photomultiplier (R943-02, Hamamatsu Inc.). The sig-

nal generator (DG645, Stanford Research Systems) generates two TTL signals at

the frequency fmodmw � fPEM . These pulses are used as reference signals for the
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microwave source (G4-60/1E, Elmika Inc.) and second lock-in amplifier (SR830,

Stanford Research Systems). The photocurrent of photomultiplier is converted to

the voltage by the current to voltage amplifier (C7319, Hamamatsu Inc.) In this

experimental arrangement, the signal from PMT is doubly modulated. At the

first stage the signal is demodulated at the frequency fPEM and it is proportional

to the MCD intensity. Then it is demodulated at the low frequency fmodmw by the

second LIA. The microwave power is guided by the ’nickel silver’ waveguide

that significantly lowers the hit flow to the measuring section.

The quantity we measure in the experiment is

∆ρ =
∆I0 −∆Imw

∆I0 + ∆Imw
(7.3)

∆I = Itot(σ
+
pump)− Itot(σ−pump), (7.4)

where ∆I0 and ∆Imw stand for ∆I in the absence and presence of the microwave

radiation, respectively; Itot(σ+
pump) and Itot(σ

−
pump) are the intensities of the PL un-

der excitation by σ+ and σ− polarizations, respectively.

7.3 ODMR spectra

In Chapter 5 we have shown that the defect centre responsible for the NIR PL

has a strong MCD band at 500 nm (Fig. 5.1). The radiation emission from this

level to the ground state is observed as a luminescence band at 700 nm shown in

Fig. 5.3. We used this photoluminescence to record the ODMR spectra, namely

the magnetic field dependences of the quantity ∆ρ in Eq. 7.4. From the MCD

saturation measurements we obtained g‖ = 0.9±0.03 and ∆ = 1.36±0.13 cm−1 for

the ground state (Table 5.1). The energy gap between the sublevels of MS = ±1

doublet of the ground state is given by Eq. 3.6. According to this equation the

electron spin resonance should occur at the magnitude of the external magnetic
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FIGURE 7.7: ODMR spectra measured at T = 1.6 K and different microwave
power attenuations.

fieldB0 = 1.83±0.14 T when the cavity is tuned to fmw = 61.823 GHz. The ODMR

spectra recorded at several values of the microwave power are shown in Fig. 7.7.

The resonance curves are extremely wide and exhibit non-symmetric form, which

is not surprising for glasses. For example, in the ODMR experiments on rare-

earth-doped glasses performed in [80–83] authors recorded very broad ODMR

spectra using a technique based of the Faraday effect (Fig. 7.8).

The measured resonance magnetic field B0 = 1.87 T, at the microwave source

power P = 10 mW, is in good agreement with the predicted value based on the

MCD experiments. However, at higher attenuation level it is shifted to lower

MF’s so that B0 = 1.6 T. The increase of the microwave power level leads to the

signal increase. We measured ∆ρ = 1.96 × 10−2 at B = 1.87 T and A = 6 dB. This

indicates that the relative change of MCD induced by the microwave radiation
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FIGURE 7.8: Examples of recorded ODMR spectra using a technique based
on the Faraday effect in glasses doped by different ions. Magnetic field is

given in units of T. After [81]

is less than 2%. It is clear that there is no saturation of the transitions between

spin sublevels of the GS. The subsequent increase of the MW power leads to the

temperature increase of the sample.

There are two important remarks concerning the recorded ODMR spectra:

they have (a) well-pronounced background signal that does not depend on the

MF and (b) non-zero signal at low magnetic fields. Both effects are considered as

a result of the microwave electric field absorption and they should not be associ-

ated with the defect or impurity centres [83, 84]. Since these undesirable signals
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glass

are of non-magnetic origin, they can be directly eliminated by the modulation

of magnetic field. The double field modulation approach is the most useful. In

this method the magnetic field is amplitude modulated at high frequency (10–

100 KHz), then it is ’chopped’ at low frequency (0.1–1 KHz). The ODMR signal is

obtained by the demodulation at the low frequency. Such a technique was imple-

mented in [83]. Authors compared two ODMR spectra recorded under modula-

tion of the microwave power and magnetic field. They found that the main differ-

ence was the absence of the ODMR signal at low MF’s in the spectrum recorded

using the second technique.

7.4 Conclusions

The ODMR spectrometer for the microwave V-band (58–62 GHz) was created

built on the basis of the helium closed-cycle magneto-optical cryostat. This spec-

trometer allows to perform the ODMR experiments in the UV–NIR spectral range,

namely 350–1600 nm, in magnetic fields up to 7 T and in the temperature range

1.6–300 K. We showed that the ODMR in the ground state can be detected via lu-

minescence. The next step toward the experiments on the investigation of spin

relaxation processes is the implementation of the photon-counting technique in-

stead of the phase- sensitive detection.

The ODMR spectra in Bi-doped Mg-Al-Si oxide glass were measured at dif-

ferent levels of the incident microwave power. The spectra are very wide, which

is the usual case of doped glasses.
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Chapter 8

Conclusions and Prospects

8.1 Conclusions

Magneto-optical methods of spectroscopy are very powerful instruments for the

investigation of condensed matter. Advanced spectroscopical techniques, such

as MCD and MCPL, allow performing qualitative and quantitative investigations

of paramagnetic centres. These non-resonant methods are widespread due to the

relative technical simplicity and the variety of information that can be obtained.

We developed the experimental setup for MCD and MCPL measurements that

cover UV to NIR spectral range, namely 350–1600 nm, in magnetic fields up to 7 T

and at temperatures 1.4–300 K. On the basis of this setup the ODMR spectrometer

operating at the microwave V-band (58–62 GHz) was also built.

For the first time, Bi-doped silica glasses were studied using the MCD and

MCPL spectroscopies. We have shown experimentally that all optically active

centres in Bismuth-doped Mg-Al-Si oxide glass and Bismuth-doped silica glass

without other co-dopants originate from the systems with even number of elec-

trons or holes. This indicates that systems with unpaired electrons, such as BiO

molecules, Bi0 atoms, Bi−2 dimers, cannot be responsible for the NIR photolumi-

nescence.

Our experimental results revealed that both investigated samples have two
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centres — one with a degenerate and another with a non-degenerate ground

states. An additional type of centres associated with the clusters of Bi ions was

observed in the aluminosilicate sample due to the high doping level. The exper-

iments on a detection of the MCD via luminescence definitely proves that the

ground state of the centre associated with the NIR photoluminescence is a spin

multiplet. Therefore, Bi5+ and Bi+ ions cannot be considered as an origin of this

luminescence, as it was suggested in many anterior works, for example in [18,

68]. Also this indicates that, in general, the ESR signal can be detected. However,

all the ESR experiments in Bismuth-doped glasses were performed using the con-

ventional spectrometers operating in the microwave X-band (9.8 GHz). It is seen

from Table 5.1 and Table 6.1 that this microwave frequency is too low to match

the ZFS ('40 GHz). Another complication consists in the extremely large width

of the resonance lines. As a consequence, the amplitude of the ESR signal is be-

low the sensitivity of the spectrometer. In such conditions, the optical detection

of the magnetic resonance should be implemented.

We suggested a model of Bi+ ion and some defect centre in the glass network

interacting through the energy transfer processes. In the frame of this model, the

near-infrared photoluminescence is a forbidden transition from the first excited

state of the defect centre. Point defects or localized states caused by the presence

of 6p (Bi, Pb) and 5p (Sn, Sb) ions were considered as an origin of the NIR PL

for the first time by Sharonov et al. [28, 55]. Authors also emphasized that the

main absorption and emission bands can originate from different optical centres.

Recently, Dianov et al. [31, 32] proposed a model where Bi2+ ion and oxygen

deficiency centre ODC (II) form a single molecular unit. According to the model,

this centre is an even-electron system with the total angular momentum J = 1/2

in the ground state. Obviously, this model contradicts our experimental results

obtained from the MCD and MCPL studies.

Usually, the so-called ’red’ luminescence with the peak intensity at 650 and
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700 nm in the Bi-doped silica and aluminosilicate glasses, respectively, is assigned

to Bi2+ ion [20, 44, 68, 76]. We have shown experimentally that it cannot be Bi2+

ion, since it has one unpaired electron and the ground state 2P1/2 is a Kramers

doublet. In the frame of our model this luminescence appears as a radiative tran-

sition from the second excited state of the defect centre.

We have demonstrated the possibility of the ODMR detection in the ground

state via luminescence. The implementation of the photon-counting technique

will allow us to study the spin relaxation processes. Particularly, the investigation

of the temperature and field dependences of the spin relaxation time T provides

useful information about the spin-lattice relaxation mechanisms.

8.2 Prospects

The main achievement of this thesis is that we have directly connected the MCD

active defect centre with the NIR PL. However, the exact nature of this defect

remains unclear. In our opinion, the most probable route of the formation of

optically active defect is the transfer of two electrons from the oxygen vacancy

to Bi3+ ion, thus forming a positively charged oxygen vacancy V2+
O and Bi+ ion

in its environment. Obviously, the further studies have to be devoted to the in-

vestigation of the microscopical structure of the defect and the mechanisms of its

formation. Usually, this problem is solved by means of the ESR based techniques.

Unfortunately, in Bi-doped oxide glasses the conventional ESR methods are not

applicable due to the extremely large width of the resonance line.

The range of measurable spin relaxation times T1 in our ODMR spectrom-

eter is limited by the switching rate of the light polarization, i.e. by the PEM

frequency, so that the minimal T1 that can be measured is around 50µs. The

straightforward solution is the usage of a high speed modulator. However, the

recent development of the high speed acquisition electronic devices allows the
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implementation of so-called spin noise spectroscopy (SNS), that also removes this

limitation.

In the spin noise spectroscopy we deal with the fluctuation of spins at thermal

equilibrium. In general, the fluctuation-dissipation theorem [85, 86] gives the

relationship between the response of the system to a small perturbation and its

thermal equilibrium fluctuation. In application to the magnetic medium this the-

orem states that the Fourier transform of the correlation function of magnetic mo-

ments is proportional to the imaginary part of the susceptibility. In other words,

the fluctuation of spins carries an information about the dynamics of the spin

system.
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FIGURE 8.1: Basic experimental setup for SNS in the Faraday rotation

In Fig. 8.1 we show the basic experimental principles of the spin noise spec-

trometer based on the Faraday effect. The linearly polarized light propagates

through the sample placed in the magnetic field. Due to the Faraday effect the

spin noise is transformed to the fluctuations of the Faraday rotation angle θF (t).

The noise power spectrum is obtained by the Fourier transform of the signal from

a balanced photoreceiver. The peak position of the spectrum yields the Larmor

frequency, the width of the curve is inversely proportional to the transverse spin

relaxation time T2 and the area under the curve is proportional to the spin noise
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power. The main technical problem in the conventional SNS is the relatively low

bandwidth of the balanced detectors — the commercially available models oper-

ate below several GHz making such an approach suitable for the investigations

of effective Kramers doublets with relatively long spin dephasing times (ns-µs

region). However, in Bismuth-doped oxide glasses the strong crystal field creates

large zero-field splitting, so even in low magnetic fields the Larmor frequency is

much higher than the receiver’s bandwidth. Fortunately, there are several ad-

vanced experimental techniques that extend the frequency range to the THz re-

gion.

Another promising area of research is the study of the MCD/MCPL depen-

dence on the Bismuth doping level of samples. Such experiments can provide

some additional information on the defect formation processes.
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Appendix A

Transition bands in Bi-doped

Mg-Al-Si glass

Band WL (nm) E (cm−1) Observed in

B1 700 14285 A, X

B1’∗ 780 12820

B2 626 15974 X

B3 441 22727 X

B4 340 29412 X

D1 1030 9709 X, M∗

D2 500 20000 A, X, M

D3 375 26667 M

C1 1400–1500 6667–7143 M

C2 900–920 10870–11111 M

A — absorption spectrum

X — excitation spectrum

M — MCD spectrum

M∗ — MCD observed via luminescence

B1’∗ — observed in the anti-Stokes PL in Ga/Bi co-doped silica glass
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Appendix B

Matrix elements between

Russell-Saunders states of p2 electron

configuration in the crystal field of C2

symmetry.

The energy of electronic states of Bi+ ion were calculated by the numerical diag-

onalization of the Hamiltonian matrix with elements collected in Table B.1. The

diagonalization was performed using the Wolfram Mathematica software with

the built-in functions ’Eigensystem’ and ’Eigenvalues’.
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configuration in the crystal field of C2 symmetry.
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Appendix C

Transition bands in Bi-doped silica

glass

Band WL (nm) E (cm−1) Observed in

B1 910 10990 A

B2 810 12346 A, X

B3 415 24100 A, X

B4 375 26667 A, X

D1 1386 7215 A, X, M∗

D2 465 21505 A, X, M

D3 350 28571 A, X, M

A — absorption/attenuation spectrum

X — excitation spectrum

M — MCD spectrum

M∗ — MCD observed via luminescence
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Appendix D

List of publications

Papers

1. O. Laguta, H. El Hamzaoui, M. Bouazaoui, V. Arion and I. Razdobreev,

"Anti-Stokes photoluminescence in Ga/Bi co-doped sol-gel silica glass", Op-

tics Letters, 40(7), pp. 1591–1594 (2015).

2. O. Laguta, H. El Hamzaoui, M. Bouazaoui, V. Arion and I. Razdobreev,

"Magnetic circular polarization of luminescence in bismuth-doped silica glass",

Optica, 2(8), pp. 663–666 (2015).

3. O. Laguta, B. Denker, B. Galagan, S. Sverchkov and I. Razdobreev, "Mag-

netic optical activity in Bi-doped Mg-Al-Si glass", Optical and Quantum Elec-

tronics, 48(2), p. 123 (2016).

Conferences

1. O. Laguta, H. El Hamzaoui, V. Arion, M. Bouazaoui, I. Razdobreev, "On the

optical centers in Bi/Ga(Al) co-doped silica glass", International conference

on Advanced Laser Technologies, Cassis, France, October 6–10, 2014.

2. O. Laguta, H. El Hamzaoui, M. Bouazaoui, V. Arion, I. Razdobreev, "Mag-

netic circular polarization of luminescence in Ga/Bi and Al/Bi co-doped

silica glasses", The European Conference on Laser and Electro-Optics, Munich,

Germany, June 21–25, 2015, Paper # CE_P_14 (Poster).
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2015, Paper # CE_P_15 (Poster).

4. O. Laguta, B. Denker, B. Galagan, S. Sverchkov and I. Razdobreev, "Mag-

netic optical activity in Bi-doped Mg-Al-Si glass", International conference

on Advanced Laser Technologies, Faro, Portugal, September 7–11, 2015, Paper

#LS-I-9 (Invited talk).

5. O. Laguta, B. Denker, B. Galagan, S. Sverchkov, I. Razdobreev, "Magneto-

optical investigations of bismuth-doped Mg-Al-Si glass. On the nature of

near-infrared luminescence", Russian Fiber Lasers, Novosibirsk, Russia, Sep-

tember 5-9, 2016 (Invited talk)
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