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INTRODUCTION

Present-day magnetooptics is a part of modern physics arising at the junction
of two branches of knowledge - physical optics and physics of magnetic
phenomena and covering a wide range of problems regarding the anisotropy
associated with optical features of materials placed in an external magnetic field H.
In fact, the disturbance of the medium by the magnetic field manifests itself as a
difference in the optical characteristics of the medium (absorption, refraction, etc.)
for clockwise and counter-clockwise circularly polarized light radiation, and as the
circular anisotropy of secondary radiation spectra (luminescence, combinational
scattering, etc.). These effects, which differ greatly with respect to both the
experimental methods used and the nature of the information extracted from the
data, have continued to attract the attention of numerous investigators over many
years.

In the early stages of the intensive development of magnetooptical studies
that began in the 1960's and 1970's, the focus of researches was directed toward
producing new magnetic rare-earth (RE) dielectrics characterized by large
magnetooptical effects and high transparency within the visible and near infrared
(IR) frequency range of the material. The astonishing results of these initial
investigations quickly led to opportunities for the development of technical
applications of these magnetooptical effects in the now well-recognized fields of
photonics, optoelectronics, and microelectronics. In addition, there is considerable
interest in the fundamental investigation of the magnetooptics of rare-earth
magnetic dielectrics, as they provide an opportunity to solve fundamental problems
in the physics of magnetic phenomena in solids. Namely, they provide the
opportunity to gain deeper understanding and interpretation of the inter-
relationship between the magnetooptical effects and magnetization, on the one
hand, and the features of the energy spectrum formed by the crystalline electric
environment of a RE-ion in these magneto-dielectrics, on the other hand. Due to
the high sensitivity of the magnetooptical effects (differential in essence) to

external physical influences, these studies have allowed the investigator to obtain



important and unique information not obtainable by other physical methods
traditionally used to study the electronic structure, energy spectra, and
wavefunctions of RE-compounds. Obvious advantages to this approach, as
described in this text, are the relatively simple modeling and calculation techniques
that are available to interpret the magnetooptical spectra. Due to the highly
selective nature and spin sensitivity of the magnetooptical effects, detailed results
become available that cannot be observed in the analyses of optical spectra
obtained from data produced by more traditional methods, including polarized
absorption and fluorescence spectra.

Nowadays, Er®* doped optical materials have attracted great interest due to
their possible application as media for the up-conversion laser, waveguide laser
and Er®*-doped fiber amplifier (EDFA), which is one of key elements used in the
wavelength division multiplexing (WDM) network system for optical
communication. Since oxyfluoride glass ceramics were applied effectively
relatively recently, oxyfluoride glass ceramics doped with RE-ions have been
researched widely in the past few decades, because they possess not only higher
chemical and mechanical stability than fluoride glass but also lower phonon energy
than oxide glass. Due to the fact that the thermal treatment close to the
crystallization temperature for the oxyfluoride glasses, transparent oxyfluoride
glass ceramics can be obtained, in which fluoride crystallites are dispersed in the
oxide glass matrix. If the RE-ions can be successfully incorporated into the
fluoride crystals which can provide a low phonon environment, rare-earth ion
doped glass ceramics will exhibit excellent luminescence properties.

In connection with that, we have examined below some interesting aspects of
the transparent oxyfluoride glass ceramics doped by Er¥/Yb® ions the
magnetooptical and optical properties due to the high optical resolution and
sensitivity of the magnetooptical methods providing the reliable detecting of the
changes in the energies and linewidths of the optical transitions are caused by an

external magnetic field and taking place in the RE-compounds.



Chapter 1. OPTICAL AND MAGNETOOPTICAL PROPERTIES
OF THE RARE-EARTH PARAMAGNETIC GLASSES

§1.1. Electronic structure of the rare-earth ions

In rare-earth (RE) compounds, the lanthanide ions (from Ce3* to Yb3®") are
usually found in the trivalent state RE3*. The ground electronic configuration of the
RE -ions may  be  written as [Xe]af",  where [Xe] =
1522522p°3523p®3d1%4s24p°®4d195s25p° is the closed-shell configuration of the noble
gas xenon, and n is the number of electrons in the unfilled 4f" shell ranging from n
= 1 for Ce®* to n = 13 for Yb3*. The characteristic magnetic moment for each RE-
ion leads to an interaction between that ion and an applied external magnetic field
H, producing interesting magnetic and magnetooptical features in the RE
compounds.

Over the years, methods of numerical analysis have been developed to
calculate the energy states of “free” RE-ions (that is, for ions that are not in a
ligand or crystal-field environment). These methods allow evaluation of the
multiplicities of states and the energy-level positions of excited electronic
configurations relative to the ground state. Energy intervals for 4f", 4f15d, 4f"16s,
and other excited electronic configurations for free RE-ions are presented in Refs.
[1-2]. Also presented are energy level schemes for the energy levels of the 4f"
configuration for all trivalent RE-ions. From these results it follows that the excited
RE-ion configurations, such as 4f"15d, 4f*6s, are separated from the 4f" ground
state by an energy interval typically on the order of 10° cm™.

The repulsion between the equivalent 4f electrons within the shell, usually
called the correlation Coulomb interaction of the RE-ion, splits the states into
terms characterized by the orbital (L) and spin (S) momenta. A term with fixed
values of L and S has (2L + 1)(2S + 1) degenerate states distinguished by the m_
and ms projections of the orbital and spin momenta. The wave functions of these

degenerate states are given by |/L.Sm ms>, where —-L <m_ <L, -S <ms< S and the



index y distinguishes between terms with the same L and S. Neighboring terms are

separated from each other by an energy interval on the order of ~10* cm™ [3-5].

To determine the ground term of the 4f" electronic configuration, one usually
applies Hund’s rules and the Pauli exclusion principle [4,6]. Hund’s first two rules
assert:

1)  For a given electronic configuration the term (i.e., a quantum state with fixed
L and S) with maximum multiplicity (i.e., with maximum S) has the lowest
energy.

2)  For a given multiplicity (i.e., S = Smax), the term with the largest value of L
has the lowest energy.

For instance, let us apply Hund's rules for the determination of the ground term of

the rare-earth Th3" ion that has eight electrons in the unfilled 4f® electronic

configuration. In this regard, we can construct Table 1.1 for the orbital (m;) and
spin (ms) momentum projections of the eight f electrons. Hund’s first rule indicates
that the first seven electrons will fill states of the same spin momentum (ms);

Hund’s second rule indicates that the eighth electron will fill one of the remaining

(opposite-spin) states having the largest angular momentum (my). This is shown in

Table 1. In spectroscopic language, the ion Th®* has a ground term of ’F, where

the conventional notation is *DL with (25+1) being the multiplicity.

Table 1. Arrangement of the orbital (m;) and spin (ms) momentum projections in
the 4f8 electronic configuration of Th3*. The maximum number of f electrons in the

shell is N = 14.
ol -3 | 2 | -1 0 | +1 | +2 | +3
A T O U O O O I A
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The quantum degeneracy of the RE-ion terms is removed by the spin-orbit
interaction Wso that has a value on the order of ~10° cm®. The effective
Hamiltonian of the spin-orbit interaction that describes the splitting of the term
with fixed values of L and S has the form,

He=¢&-L-S, (1.1)
where L and S are the operators of the orbital and spin momenta, respectively,
and ¢& is the spin-orbit coupling constant defined by the well-known Goudsmit
formula [5]. From a qualitative point of view, the spin-orbit interaction Wso
corresponds to the magnetic interaction between the spin magnetic momentum and
the magnetic field caused by the motion of the 4f electron around the nucleus. In
the one-electron approximation, Wso can be written as [7],

_ n?e?(l -35)

WSO -
2m?c?.r®’

(1.2)

where 7 is the Plank constant, m and e are the mass and charge of the electron, c is
the speed of light, r is the radius of electron orbit, and | and s are the orbital and
spin moments of the electron, respectively.

The spin-orbit interaction splits the ®S*D-terms into multiplets characterized
by the total angular momentum J (with |L — S| < J < L + S) whose wavefunctions
are spherical functions expressed in terms of |[J,M;> [8]. Each multiplet is many-
fold degenerate in terms of its angular momentum projection Myj; this degeneracy
can be removed by an external action (relative to the RE-ion), such as crystalline
electric or magnetic fields. In the case of an applied external magnetic field, H, a
complete lifting of the degeneracy takes place, with the @S*UL; multiplet split into
(2J + 1) equidistant sublevels. The energy interval between sublevels is defined by
the magnetic field intensity and by the value of the g-factor. We write the

Hamiltonian (1.1) in the form,
A, =%§-(52—E2—§2). (1.3)
For the diagonal matrix elements that define the multiplet energy E we obtain,

EQ) =%§~[J (Q+)-L(L+D)-S(S+D]. (1.4)
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From this expression, the Lande’ “rule of intervals” is determined as,

EJ)-EQ -1) =%§~[J(J +)-J@-D]=¢£-3, (1.5)

which gives the difference in energy between neighboring multiplets having the
same L and S [3].

The nomenclature of the multiplets in a term depends on the sign of the spin-
orbit coupling constant &. For the “heavy” RE-ions (from Th3* to Yb3*) with the 4f
shell more than half filled ¢ < 0, so the lowest-energy multiplet will have the
largest possible value of J for a given L and S, that is, Jo = Lo + Sp. For the “light”
RE-ions (from Ce3* to Gd**) with less than a half-filled 4f shell, £ > 0. In this case,
the lowest-energy multiplet will have the smallest possible value of J for a given L
and S, that is, Jo = |Lo — So|. This is known as Hund’s third rule, which asserts that:
3)  For the less-than-half filled shell, the state with the smallest allowed value of

J is the lowest energy state; for the more-than-half filled shell, the state with

the largest allowed value of J is the lowest energy state.

A general scheme for the energy spectrum for the 4f" configuration of the free rare
earth ion based on these energy terms is presented in Fig. 1. The ground term for
each trivalent RE-ion and the ground and first excited multiplets associated with
each of these terms in the 4f" configuration are presented in Table 2,

The classification of free-RE ion states is based on the Russell-Saunders
approximation (also called normal- or LS-coupling), which requires that the energy
separation between the terms be much greater than the value of the term-splitting
into multiplets by the spin-orbit interaction. For the ground term of the 4f"
configuration, this approximation is generally valid. However, significant deviation
from LS-coupling is observed for excited RE-ion states [3,4]. Nevertheless, LS-
coupling is still a sufficiently good approximation to calculate the energy spectra
and the classification of states for both the ground 4f" configuration and the lower
states of the first excited 4f"15d and 4f"16s configurations of the free RE-ions. As
shown by the results from direct calculations (see, for example, Refs. [9,10]), the

energy value of the d electron interaction with the f electrons of the 4f"! “core” of



the 4f"15d configuration is on the order of ~10* cm, while the value of the spin-
orbit interaction for the d electron is on the order of ~10° cm™. The lower states of
the 4f15d (or 4f"16s) configuration of the free RE ion can be described in the LS-
coupling approximation as vector sums of the quantum numbers L and S that
characterize the ground state of the 4f™! “core” with the quantum numbers | and s
of the “valence” 5d (or 6s) electron [4,5,7].

-1

E,cm
ﬂ_
AE~10°cm™ P
AE~10*m™
Y 3 -1
AE~10"m
A
Configuration Terms Multiplets

Fig. 1. Splitting scheme for the energy levels of the free rare-earth ions [3].



Table 2. Ground and first excited energy levels of the free RE-ions.

Ground
RE3* electronic Ground Ground First E1 - Eo
configuration term multiplet excited (cm™)
multiplet
Ce 4f1 2F 2|:5/2 2|:7/2 2200
Pr 4f2 3H 3H, 3Hs 2200
Nd 4f3 4 *lor2 11s 1800
Pm 4f4 5| 5|4 5|5 1600
Sm 4f5 6H 6H5/2 6H7/2 1000
Eu 4f5 F Fo F 350
Gd Af7 83 871 - -
Th 4f8 F Fe Fs 2300
Dy 4f° °H His/ *Hiz 3400
Ho 4f10 3 Slg %1, 5000
Er 4f11 4| 4| 15/2 4 | 13/2 6400
Tm 4f12 3H 3H6 3H5 8200
Yb 4f13 ’F 2F1 ’Fs), 10100

It is well-known that the crystalline environment plays an important role in the
formation of the electronic properties of the rare earth (RE) ions in crystals [3].
Due to the “shielding” of the 4f valence electrons from the environment by the
filled 5s and 5p shells (see §1.1), the crystal field (CF) interaction is substantially
smaller than the spin-orbit coupling (Wcg <<Wsp). This allows the CF to be
considered as a weak perturbation acting on a free atomic or ionic energy level,
with the multiplet structure (due to the interaction between the orbital and spin
momenta of the 4f electron system) remaining nearly constant. However, the
behavior of the RE-ions will be quite different in the presence of the crystal field,
depending on whether there is an even or an odd number of electrons in the
unfilled (4f") electronic shell. The differences in the observed spectra are explained
by the Kramers theorem [3]. That is, for ions with an odd number of electrons in
the 4f electronic shell, resulting in a half-integral total spin, the orbital degeneracy

Is removed completely by the low-symmetry CF because the crystal field directly



influences the orbital motion of the electron. The spin degeneracy is reduced by the
“pairing” of electrons with oppositely oriented spins, i.e., the RE -ion goes from a
high-spin state to a low-spin state. However, there remains one extra ‘“unpaired”
electron with spin in a degenerate state. Such degeneracy cannot be removed by
either crystalline or orbital interaction, but can be removed by an external magnetic
field (or an exchange field). By contrast, the spin degeneracy can be removed
completely for ions with an even number of electrons, as all of the electrons may
be paired up. Therefore, in a low-symmetry CF the energy levels of the Kramers
ions are split into doubly degenerate states (Kramers doublets), while the energy
levels of non-Kramers ions are split into non-degenerate or singlet states. Thus, the
symmetry of the crystal field (CF) acting on the RE-ions will define both their
energy and Wave functions symmetry characteristics in the condensed medium.
§1.2. Paramagnetism of the “free” RE-ions.

Let us consider the interaction between the “free” RE-ion (as defined in Sec.

1.1) with an external magnetic field H. An interaction Hamiltonian of the ion with

an external magnetic field (denoted the Zeeman Hamiltonian) is usually written as,
H, = 115 (C+2S ) = 1, (3 + S)H . (1.6)
If the field H is directed along the z-axis of the coordinate system, the Hamiltonian
can be written in the following form,
H, =1, (3, +S,)H . (1.7)
Based on the state wave functions, |[LSJM;>, that are distinct for each state, we can

write the matrix elements for this Hamiltonian as [3],

<LSIM, |H, |LSIM, >=g, ;M ,H , (1.8)
where g, =1+ 30 FD+SCHDZLL+D S oy0 1 ande’ factor for the multiplet of the
2J(J +1)
RE-ion,
and

<LS+D)M, | H, [LSIM, >=—g} u;H[(3 +1> =M2]"*  (1.9)

(Q+L+S+2)(L-J+S)J-L+S+D)I+L-S+1)]"
43 +1)%(23 +1)(2J +3) '

where g/ {



Let us consider now the behavior of an ensemble of free RE-ions in an
external magnetic field. In this case, the magnetic field tends to orient the magnetic
moments M of the ions, whereas the thermal motion tends to disorient them. As
M is spatially quantized, the energy of the interaction between the magnetic
moment M of the RE ion with the magnetic field must also be quantized. This
additional interaction energy W is given by the expression,

W, =-g,M,uH . (1.10)
As the projection M; of the angular momentum J takes on (2J + 1) values, with —J
< M; <J, Wy splits the (initially degenerate) energy level (multiplet) of the ion
into sublevels located above and below the unperturbed energy level. These
sublevels are equally spaced in the energy spectrum, with the energy separation
between the magnetic (or Zeeman) sublevels equal to A, =g, xzH .

The magnetization of N ion ensembles, each having similar equidistant
structure in the energy spectrum, is isotropic and can be represented as [3,11],

| =1,B,(x), (1.11)

where B;(x) is the Brillouin function [11],

B, (X)= 2‘;;1coth(2‘;;1xJ—%coth(% XJ (1.12)

and x=%. In egn. (1.11), lo = Ng, . J is the saturation magnetization of N

ion ensembles at T = 0 K (for example, for the RE-ion Gd**, lo = 7 us).
Keeping only the first terms in the series expansions of the coth(x) terms in

eqgn. (1.12) allows us to simplify egn. (1.11) for high T and a low H (i.e., x <<1) as,

2 2
| = NJ(J +1)g;us H, (1.13)
3kT

where k is the Boltzmann constant. | corresponds to the expression for the

paramagnetic susceptibility y, which can be written as,

1= (1.14)



_NI@+1)giug _ NM]
3k 3k

where C is the Curie constant! C . and Mj is the atomic

magnetic momentum. Expression (1.14) is called the Curie law, and this
expression is used in this text for several compounds in which the RE-ions can be
considered as free ions. For the most part, rare-earth compounds obey the Curie-
Weiss law [3,11,12],

y= , (1.15)

where 6, is the Weiss constant, often called the paramagnetic or Curie temperature
[10], which takes into account both magnetic and electric interactions between
magnetic ions in paramagnets.

In addition to the orientation-dependent paramagnetism just described, we
also encounter Van-Vleck paramagnetism, caused by the mixing of wave functions
of closely spaced electronic states of certain RE-ions by an external magnetic field
H. This situation is especially common in compounds containing the RE-ions Eu®*
and Sm* [3,12].

1 If the number of ions N equals Avogadro's number Ny, then we can write [I1]:
_NJI@+Dgiug 1

c =
3k

92J(J +1) and the magnetic susceptibility ym (calculated on the basis of one mole)
is: y., (cm®) = % gJZJ (J +1). We can also write the specific y magnetic susceptibility (calculated on the basis of

one gram) as: y (cm®/gram) =Zn  where M is the molecular weight. In addition, the magnetic susceptibility y,,
M

calculated based on a unit of volume (cm) is: 7 = PZn  where pis the density (in gram/cm3). In this way we see
M

that y, is a dimensionless quantity! Therefore, the magnetization My that is calculated on the basis of a unit of

volume (cm) has identical dimensionality to the external magnetic field H. But in this case, the magnetization My
can be expressed in units of Gauss (gs), whereas the dimensionality of the external magnetic field is in units of
Oersted (Oe).



§1.3. The theory of the rare-earth ions optical properties in the condensed
medium
Optical properties of rare-earth compounds: The optical properties of rare-earth
(RE) compounds are characterized primarily by electric-dipole (ED) and magnetic-
dipole (MD) transitions between electronic energy levels of the positively charged
RE ions. Multiplet levels of the 4f" electronic configuration, degenerate in the free
ion, are split by the electrostatic field (Stark effect) produced by the ligand
environment of the ion, according to the site symmetry at the host site. Valence
shell 4f electrons of the RE-ion are mostly shielded from the effects of the ligands
by the filled 5s and 5p orbitals, which accounts for the detailed and complex
character of the ion energy spectrum. Both electric and magnetic moments of the
RE-ion participate in the ion interaction with an incoming electromagnetic wave.
Interactions of moments of higher orders (e.g. the electric quadrupole) with the
incoming light are generally very weak and for that reason are not considered here.
Intra-configurational transitions between 4f" states must have even parity, as
the initial and final states have the same parity. By contrast, inter-configurational
transitions between 4f" and 4f"15d states must have odd parity. As the electric
dipole (ED) operator has odd parity, and the magnetic dipole (MD) operator has
even parity, only the MD participates in intra-configurational 4f" transitions in the
free ion. However, if the RE-ion is located in a non-centrosymmetric crystalline
(ligand) environment, then odd-parity contributions from the crystal field can
produce a parity-mixing of the 4f" electronic states, allowing the ED interaction to
participate. Because of the limited selection rules for the MD interaction, the rich
spectra for RE-ions is dominated by the ED interaction, assisted by the non-
centrosymmetric crystal field, which solves Van-Vleck’s “puzzle of rare-earth
spectra in solids” [13]. If the RE-ion is located in a centrosymmetric crystalline
environment, ED transitions between the 4f" electronic states remain forbidden,
however, ED transitions may still be observed via coupling with odd-parity
vibronics [14,15].



In the first approximation, the RE-ion interaction with its ligand
environment is considered electrostatically, with the electric field of the
surrounding ions considered simply as point electric (usually negative) charges. In
this ligand environment, the RE-ion spectra reveal a shift in energy relative to the
“free ion” energy levels due to the effects of the crystalline electric field and
possibly other lattice and magnetic perturbations. Since the 4f" electrons are
strongly localized near the ion core and are electrostatically screened by the filled
5s and 5p electron shells, the interaction of the crystal field (CF) acting on the 4f"
electrons is relatively small (on the order of ~ 102 cm™) [3]. On the other hand, the
spin-orbit interaction acting upon the 4f" electrons is approximately an order of
magnitude larger. This means that the CF splitting of the Stark levels within each
@S*D; multiplet is generally small compared to the energy separations between the
4f" multiplets. According to the Lande’ rule, these energy separations are given by

AE, =(J+1)¢&, where & is the spin-orbit constant and J is the total angular

momentum. Hence, although the CF interaction produces some J-mixing of the
Stark levels, from a physical point of view, J may still be used as an approximate
quantum number.

Because of the parity-forbidden nature of the transitions, the intensities of
the 4f" — 4f" electric-dipole transitions are 10%*-10° smaller than for the ED-
allowed 4f" — 4f"15d transitions. Based on these observations and the results
presented earlier in Chapter 1 for RE free ions (see §1.1), we see that the
absorption spectra of RE-compounds contains sharp absorption lines representing
transitions inside the 4f" electronic shell in the visible and infrared spectral range,
and that very strong absorption bands associated with inter-configurational 4f" —
4f15d transitions are observed in the ultra-violet (UV) spectral range [16-18].
Absorption bands associated with the allowed 4f" — 4f15d transitions typically
have line widths in the range ~ 10% + 10° cm? which strongly depend on the
symmetry of the crystalline environment of the RE-ion, since the excited 5d
electron has a much greater interaction with the ligand environment compared to
the “shielded” 4f electrons [18].



Optical absorption bands associated with the ED-allowed 4f" — 4f"15d (f —
d) transitions are observed for a number of trivalent RE-ions in different crystalline
hosts [19-22]. The smallest energy separations between the ground 4f" and excited
4f"15d configurations occurs for the Pr3*, Nd®*, Ce3* and Th®" ions, allowing the f
— d bands of absorption and luminescence for these ions to be observed within the
transparency range of a wide class of crystalline hosts. For other RE-ions, the f —

d transitions are observed much further into the UV.

Selection rules for the ED- and MD-transitions: Selection rules (or transition
rules) in quantum mechanics formally limit the allowed transitions in the atomic
system from one quantum state to another [23]. The selection rules in the optical
spectra follow from various laws of conservation of physical values: the
conservation of impulse momentum, its quantization axis projection, the
conservation of parity, and so on. Selection rules for the quantum number J are
connected with a change in the ion impulse momentum at the emission of a photon,
AJ = £1. As J is the vector sum of L + S, the change of quantum number J can be
connected either with a change in S or L. Electric-dipole (ED) transitions do not
change the value of the spin angular momentum, S. Similarly, magnetic-dipole
(MD) transitions do not change the value of the orbital angular momentum, L.
Therefore ED-transitions arising in the free RE ion between quantum states of
opposite parity are connected with changes of the quantum numbers S, L, and J in
the following way,
AS=0,AL=0,+1,and AJ =0, +1

(transitions from J = 0 to J’= 0 excluded). The ED transitions arising between
quantum states of the same parity are “forbidden” due to the fact that an odd-parity
ED operator cannot connect two states of like parity. However, when the ion lies
in a non-centrosymmetric site in the crystalline lattice, odd rank terms in the
crystal-field Hamiltonian can cause parity-mixing of the initial and final states,
allowing “forced” ED transitions. The quantum number selection rules for these

forced ED transitions then becomes,


http://en.wikipedia.org/wiki/State_of_matter

AS=0,AL <6,and AJ <6.
Similarly, MD-transitions arising in the free RE ion between quantum states
of the same parity are connected with changes of the quantum numbers S, L, and J,
as,
AS=0,AL=0,and AJ =0, £1
(transitions from J = 0 to J = 0 excluded). The S, L, and J are the corresponding
spin angular momentum, orbital angular momentum, and total angular momentum
for the multi-electron 4f* system. MD-transitions are allowed in both
centrosymmetric and non-centrosymmetric point group symmetry. However,
transitions allowed by the magnetic-dipole mechanism are rare, because of the
selection rule AJ = 0 or AJ = 1 (but not 0 <> 0). The best-known MD-transitions

are for transitions 'F; — °Dg and 'Fy — °D; of Eu®*.

Judd-Ofelt theory: The optical spectra of the trivalent rare-earth ions in different
hosts, including the glasses [24], to mention a few, display a wealth of numerous
transitions at relatively low energies of excitation (<40000 cm™). These spectra are
due to 4f — 4f transitions that are forbidden in the electric-dipole approximation,
based on the requirement of a change in parity in the transition. However, Judd
[25] and Ofelt [26] proposed mixing states of opposite parity in the wavefunctions
for these transitions through the odd terms in the crystal-field Hamiltonian that
arise when the ion lies at a non-centrosymmetric site [27].

The crystal field removes some, or for certain RE®* ion, all the degeneracy
associated with the total angular momentum quantum number, J, split by the
crystal field. The crystal-field splitting wavefunctions, based on the even-terms of
the 4f" Hamiltonian only, represented as the initial | i > and final |j > states, are
constructed from the same 4f" configuration and therefore possess the same parity.

Thus, the electric-dipole (ED) operator for a many-electron system, namely,

b=e}r;, (1.16)



cannot connect states within the same configuration, and we have as a first
approximation, <i|D® |j>=0. This is merely a consequence of the well-known
Laporte rule. To obtain non-vanishing matrix elements for the components of D@,
however, it is necessary to admix into |i> and |j> states that are built from
configurations that have opposite parity to the 4f". One of the most important
mechanisms for this mixing is the coupling of states of opposite parity (for
example, 4f15d or 4f™-15q) by the odd terms in the crystal field potential or crystal-

field Hamiltonian, H.. =-eV.., which is generally expressed in terms of the

spherical coordinates (ri, &, ) of electron i,
Voga = D, A,DY (1.17)

472'
D:)t) :zrt Ytp(gi’¢i)i

where, (Ayp)” = At-p and Yy, are spherical harmonic operators, with the sum being

over the individual electrons of the system. The ED moment of a given electron

DY =31 \F V6.0, (1.18)

where g = 0, £1, and represents the polarization of the incident light.

can be represented as,

The Ay coefficients in Eqn. (1.17) depend on the symmetry of the host
crystal lattice. For example, when the site symmetry of the RE-ion is D; (e.g., the
garnets), the odd terms in the crystal field potential are given by the following
expression [28],

= A,(Dy? DY)+ A, (D;” -D7) + A, (D;” - DY)

+A,(D;" = D7) + Ayy(D}” - DY) + A (Dg” - DY)
This particular theoretical description of the strengths of the parity-forbidden (ED)
transition was established by Judd [25] and Ofelt [26]. The matrix elements of the

(1.19)

@ i
D" operator are given by,
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(1.20)
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The parameters =(t,1) represent the 4f — 4f transition intensity in the Judd-Ofelt

theory and have a following form,

_ A1 2 )1 1Yt D<nl|r|nl"><nl|[r® |n'l'>
2t A) =221 +1)) (21" +1)(-)"™! .(1.21
tA)=2 ”2:( A {I I |}[0 0 oj[o 0 oj (E. —E.) (1:21)

where in expressions (1.20) and (1.21), the (r:; 2 13] are 3j-symbols [25,26];

2 3

{T E ;} is the 6j-symbol connecting symmetry elements [25,26]; J' and J are

the total angular momenta of the excited and ground multiplets of the RE3* that are
connected by the ED 4f — 4f transition; M’ and M are their projections; A = 2,4,6
are the transitional moments in the Judd-Ofelt theory [25,26]; t = A £ 1, p are the
indexes of the odd spherical harmonics [25,26]; and < f"@ |[UY || f"¢J’ > are the
reduced matrix elements of the 4f — 4f transition tabulated in [25].

For our calculations, | = 3 (f) and "= 2 (d) or 4 (g) are the orbital moments
for one-electron systems of opposite parity; <nl|rjn1% is the radial integral; En1-
and En are the energies of the mixing states (by the odd components of the
crystalline electrostatic potential, Voqq) Of the RE-ion. The other notations used in
eqgns. (1.20) and (1.21) are the same as given in Ref. [25]. In deriving the above
expressions, the summations over all the perturbing states are made by making the
approximation of replacing the energy denominators by a single denominator
A(n17 nl), followed by making closure over the perturbing states. Although this
“closure approximation” may lead to substantial uncertainty in the calculations,
this approximation is a valid starting point for perturbation expansions, where the
energy denominator differences are accounted for in the higher-order terms of the

perturbation expansion.



Following Condon and Shortley [29] we can define the “line strength” S(a,b)

between the two levels a and b as,

S(ab)=>kalA| B>, (1.22)
ap

where A may be either the electric D, or magnetic M dipole moment operator,
and « and S are the components of states a and b, respectively. The magnetic-
dipole moment (MD), and the electric-dipole moment (ED) operators for the

many-electrons system are given by,

~ e _ ~ — ~
M ——R(L+28), L—Zli and s_iZsi
and D=>d,, d, =—ef (1.23)

respectively, where e is the electron charge and m is its mass, the subscript i is
summed over the electrons, and I and s are single-electron operators are expressed
in units of 7.

We adopt here the irreducible tensor description given by Racah [30] and
follow by using the tensor set of the components of a vector (or first rank tensor) A
as given by [30],

A=A 4AICY

AD == (A, +iA) 4 ACY (1.24)

1 .
AY = (A -iA)AICT

where C{is a spherical tensor operator (q = 0, £1) normalized like the Legendre
polynomials [30]. In this notation the egns. given in (2.9) become,

M = (L7 +259) . and

O ®
D _Zr.C. ,

i~iq

and the line strength for a transition between the « and £ components of states a

and b can be written as,

S(a.p) =D l<alA | B>Ia<al AY | B> +lca| AY | B> +I<a | AP | B>, (1.25)
q



where A may be either M® or DO,
Let us now consider the line strength for the transition from multiplet (LSJ)
to the multiplet (L'sJ’) within the 4f" configuration. For this purpose, we can

rewrite eqn. (1.20) in a more compact form as,

~ _ \] /1 ‘J, ey’
<LSJ,M DY |L'SY',M >=§(—1)” M{_M . M,J< LSIUA IL'ST > 92, (1.26)
where,
» - paf LA T 1.27
Ppa = 2, (22+1D)-A,E(t A)-(-1) : (1.27)
t qg -p-q p
Now we can write the following expression for the line strength for this transition
as,
S=>|<alD{ [b>=>|<LSI,M DY |L'ST ,M'>. (1.28)
abq qMMm’

We can now find the square of the matrix element given in egn. (1.28) and obtain
the following expression by taking into account that the index q and the

momentum projections M, M “are fixed so that,

- NI S LA I AR &
< LSJ,M | DY [L'SY' M >[*=¢? Z(zml)(u'u)-(—1)2”“”( ¥ Mj[ M o M,j'
27N — + —_ +
App'tt p q p q (1-29)

1 4 tyr 2t ,
-A,p,Ap[ ][ g p,ja(t,/l)a(t',/l')<LSJ U L'ST ><LSIU™ | L'ST' >
g -p-q pAq -p'-

At the fixed values of q, M, and M”we have an obvious equality, p = p’ which
follows from the property of 3j-symbols [29] that the sum of projections (m; + m;
+ m3) = 0. Now we can sum egn. (1.29) over the momentum projections M, M’

(p+q), and q indices as follows,

- NI L R A |
Y KLSIM DY LS M >f =e® ) (24 +1)(2/1'+1)~(—1)2“M[ j[ j
MM, Mg -M p+g M'A-M p+q M

p+q q

(1.30)

1 4 tyr 1ot .
-A\,pﬁ\p[q g p)[q g pj-E(t,ﬂ)-E(t',/l’)<LSJ JUP LS ><LSIU) | L'SY >



Eqgn. (1.30) can be simplified by using the orthogonality conditions,

0 N R T
&G\ -M p+q M'\-M p+q M) (2i+D) ¥

1 A ty1l A t’
and, 3 ( ]( j: 1 5.
ar\d —P—-d pAgd -p-q p) (2&+1

that follow from the general orthogonality rule for 3j-symbols [29],

| PR I R P | 1
Y 5.0 -
m;m, ml mZ m ml mZ m (ZJ + 1)

Eqgn. (1.30) then becomes,

—2
Sl LSI,M [ DO [L'SY, M’ >P=e2(24+1) < LSI U | 'S’ 5’ Z| a 2204 (1.31)
MM, (2t+2)

(p+a)

Now the expression for the line strength in the Judd-Ofelt approximation for
ED transitions, Seq, Which is proportional to the square of the matrix elements

<f"@|UP || f"¢J’ > can be written as,

S =€" > Q KLSIUP | L'ST >, (1.32)
where Q, = (24 +1)Z|A[p I ?Zt(t 11)) are the Judd-Ofelt parameters [25,26].

The Q, parametrization is the most general one-electron, spin-independent
scheme possible. For integrated multiplet-to-multiplet intensities, this
parametrization scheme has been applied successfully to rationalize experimental
results for hundreds of data sets [31].

Similarly, the A_Z(t,2) parameters may be used directly [32] to calculation

transition intensities between individual crystal-field (Stark) levels within each

multiplet. For simplicity, a new parameter, A; = WJLDA[pE(t,/I) iIs commonly
defined, giving the following identification with the Judd-Ofelt parameters,

In practice, the A; parametrization is more general then the A =(t,2) definition

given above, because the =(t,4) implicitly assume separability of the individual



ligand-metal interactions (commonly called the “superposition model”
approximation), and thus ignores possible contributions from other sources, such
as ligand polarizability [32]. Additional parameters with t = A are included in the

most general A; calculation, giving the following reduced restrictions: A = 2, 4, 6;

t=A—1, A, A+1; and p <t 1s restricted by the group theoretical rules determined by
the site symmetry of the RE-ion [31].

The Judd-Ofelt intensity parameters are found by experimental methods.
Extensive reviews have also been reported by Weber [33] and Carnall [34]. The
wide application of the Judd-Ofelt parameters Q; in the optical spectroscopy of
RE-ions in crystals has been greatly assisted by the definite character of the

doubly-reduced tensor operators < f g u® | f"¢3’>, which are generally taken to be

host invariant [34]. The Judd-Ofelt parameters Q, (A = 2, 4, 6), for a given rare-
earth ion — host combination, are determined from eqgn. (1.33) by fitting the
observed oscillator strengths f for the integrated multiplet-to-multiplet transition
from (LSJ) to (L 'S3J"), written as,

2mw,;,

F(LSI:L'ST") = S,
( ) 3n(2J +1)e?n? L7

(1.34)

where n is the mean refractive index and yeq is the Lorentz correction for the RE-
ion at the wavelength of the absorption representing the transitions between the

=2 2
manifolds. For ED transitions, y., =%.

Once the Judd-Ofelt parameters are determined, they can be used to
calculate the oscillator strengths, and other transition properties between ground
and excited states of the RE-ion in condensed medium. For instance, the
spontaneous relaxation rate A corresponding to an ED transition from the multiplet
(LSJ) to the multiplet (L 'S‘J”) can be related to the line strength by the expression,

3273

A(LSI;L'STY = — 27
( )= 33, v

S, (LSJ;L'ST"). (1.35)

The radiative lifetime of a multiplet, 7.4, is related to the radiative decay rate

through,



1

=> A(J;d9, (1.36)

Trad

where the summation is over multiplets of energy lower than the radiative level.
Since magnetic dipole radiation is also observed in the optical spectra of the
RE compounds, it is also necessary to calculate matrix elements of the magnetic

dipole operator, M = 4, > (I, +25,) = 5 (L + 2S) . This is straightforward, since the MD

operator connects states of the same parity. Thus, the matrix elements of the MD

operator can be written as [25,26,29,31],

i o J 1 J
<a|Mq|b>:IuB<LSJ’M|(L+28)q|L’S'J’,M’>=ﬂ85LL’5SS'(_1)JM( v g M,]

x<LSJ[|L+2S|L'SJ >

(1.37)
where | a > and | b > are the initial and final 4f" states and s is the Bohr magneton.
As an example, in Eu®*" ion MD transitions between states °D; and 'F; are
prohibited since these transitions involve AL = 1 and AS = 1. However, due to the
spin-orbit interaction, the wavefunctions of the D, and ’F, multiplets are mixed,
leading to the appearance of MD-transitions between these states.

Explicit expressions of the reduced matrix elements in an SLJ scheme are
given by Condon and Shortley [29] and have the following form,

JA+D)+S(S+)-L(L+D
2J(J +1)

<LSI||L+2S| LSI >= h(1+ J-\/J(J +1)(2J +1) (1.38)

(S+L+1)?][92 —(L-5)?]
23

h\/[(\] +1)2—(S— L) [ [(L+S+J+2)(S+L+J)]
23 +1

Note that the radiative MD transition probability between states a and b can be

<LSJ||L+2S| LS -1) >=h\/

(1.39)

<LSI||L+2S|LS(J +1) >=

(1.40)

determined by the following expression,

40’k l<alMg|b>f

A@.b) = 3nc, Zb‘g (23 +1)

, (1.41)



where nis the index of refracton and (2J + 1) is the order of degeneracy of the
initial state of the radiative transition.

It is important to note that the expression given in eqn. (1.31) for the matrix
elements of the parity-forbidden ED 4f — 4f transition can be used successfully for
the calculations of the oscillator strengths (or line strengths) between Stark
sublevels of the ground and excited multiplets of the RE-ion in the condensed
medium (including rare-earth paramagnetic glasses [24]).

§1.4. Optical properties of the rare-earth paramagnetic glasses

The spectroscopic properties of the rare-earth paramagnetic glasses (including
fluoride glasses doped by RE-ions) have been studied extensively during the past
two decades [ ]. However most studies are however restricted to optical absorption
and luminescence data. Only a few MCD studies of lanthanide ions in vitreous
matrices have been reported until now: Boccara [ ] investigated the MCD of Eu®*
ions in barium-crown glass. Collocott et al. studied the magneto-optical properties
of Er¥* [ ], Pr3* [ ] and Ho3" [ ] in soda glass. Valiev et al. [ ] and Klochkov et al. [ ]
have published the MCD spectra of Er®* doped phosphate glass. Binnemans et al. [ ]
recently have studied the magnetic circular dichroism spectra of Eu®" in
fluorophosphate glass [ ]. Also in the next paper Binnemans et al. [ ], they reported
the magnetic circular dichroism (MCD) and optical absorption spectra of a Pr3* ions
doped to the fluorozirconate (ZBLAN) glass. They noted that the advantage of a
glass matrix over a solution is that the magnetoopiical properties of randomly
oriented lanthanide systems can be studied also at low temperatures. In addition to
the MCD spectra, the optical absorption spectra have been recorded too. The
intensities of the 4f—>4f induced electric dipole transitions have been parametrized
in terms of three Judd-Ofelt intensity parameters.

Absorption spectra of fluorozirconate (ZBLAN) glass doped by Pr¥* ions
recorded by Binnemans et al. [ ] on an AVIV 17DS spectrophotometer in the 400-
2500 nm range. The MCD spectra were recorded on an AVIV 62DS circular
dichroism spectrometer, extended with an electromagnet (Oxford Instruments). The

magnetic field strength was 0.9 Tesla {9000 Gauss). The wavelength range for the



MCD measuremente was 400-650 nm. The spectral band width for both the
absorption and MCD spectra was 0.10 nm. Spectra of ZBLAN:Pr3* (1%) have been
recorded at the different temperatures between 4.2 K and room-temperature. The
room-temperature (293 K) absorption spectra of ZBLAN:Pr¥* in [ ] was recorded
between 15000 and 25000 cm™. The transitions were assigned by comparing the
band positions in absorption spectrum with the energy level scheme of LaFs:Pr3*,
published by Carnall et al. [ ]. All transitions, in the absorption spectrum of Pr3*
start from the *H4 ground state. The spectral transitions can be divided into four
groups: transitions to the 3Hs, 3F», 3Fs and *F4 manifolds in the infrared spectrum, the
weak transition to the Gy, state at 9895 cm, the *H; = !D, transition at 17024
cm ™ and the complex group of the transitions to the 3Po, 3Py, 3P, and I manifold in
the violet-blue region. The latter group is responsible for the green color of Pr3* ion.
The 3P; and the ls overlap and cannot be even resolved at low temperatures. At
cryogenic conditions the 3P, levels show distinct crystal-field splitting.

The dipole strengths of the 4f—>4f transitions were determined by integrating

the absorption bands and using the expression [ ]:

p- - [Alg, (1.42)
108,9-C-d 1%

where D is the dipole strength (in Debye?), C is the concentration of the lanthanide
ion (in mol/L) and d is the sample thickness (in cm). The concentration of Pr3* ions is
0,3166 mol/L. It is assumed that all ions are in the Hs ground stale at ambient
temperature, so that the Boltzmann population factor is unity. Notice that for oriented
systems (e.g., single crystals), the definition of the dipole strength contains an
additional factor 1/3 in the right hand side of equation (1.42) [ ]. The dipole strength
D is related to the often used oscillator strength (dimensionless):

| 2127-10° - f

Vo

D (1.43)

where v, (in cm™) is the barycenter of the absorption band.

According to the Judd-Ofelt theory [ ] the dipole strength D of an induced electric

dipole transition is:



D
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J. 9n 2=2,4,6

where Q,(41 = 2,4,6) are the phenomenological Juudd-Ofelt intensity parameters

which have to be determined by a least-squares fit of the experimental data. The
I <¥/IIUW 1" > /% are squared reduced matrix elements between the ground state ¥
and the excited state ¥, and U is the unity tensor operator. The reduced matrix elements
are relatively insensitive to the environment and can be considered as constants for
a given lanthanide ion. We used the reduced matrix elements reported by Carnall
et al. [ ]. For the overlapping transitions 3Hs = 3P; and 3Hs = 'lg a combination of
the respective matrix elements has been taken. ga. is the degeneracy of the ground
state and is equal to (2J+1). J is the total angular momentum, n is the refractive index,
e is the charge of the electron (e =4,803-1071° esu). The factor 10% is necessary to
convert calculated intensity from esu?.cm? into Debye?.

The intensity transitions parameterization is performed in [ ] using the room-
temperature absorption spectrum, because of Judd-Ofelt theory requires that all
crystal-field levels of the ground state are equally populated. Authors of [ ] was
found that parameter (2, is positive, but €2, is larger than (. It is interesting to
note that the situation when 2, >(% is also often found for the PbO-PbF; glasses [
]. Moreover it is important to note also that the intensity of the absorption spectra
of ZBLAN:Pr¥* shows that Judd-Ofelt theory has in the case of trivalent
praseodymium only limited validity for the description the dipole strengths of the
intraconfigurational 4f->4f transitions. This is mainly due to the small energy
“gap” between states of the ground 4f® and the excited 4fM5d configurations. In
addition, the £, parameters may show the considerably spread depending on the

number of transitions included in the fit.



§1.5. Magnetooptical properties of the rare-earth paramagnetic glasses

It is well-known that the Judd-Ofelt theory [1] provides an effective
quantitative description of the parity-forbidden intra-configurational 4f — 4f
transitions observed both in the visible and near ultraviolet spectrum ranges in
various rare-earth (RE) compounds. The parity prohibition is removed from such
transitions at the expense of odd (static or dynamic [1]) crystal field admixture by
the neighboring (n1) states of different parity belonging to excited (4f*5d or 4/
15g) ion configurations mixed with states of the ground 4f" RE-ion configuration.

A similar mechanism of 4f — 4f transition “permission” seems to play an
essential role in the magnetooptics of RE compounds, as well. For instance, in
Refs. [67,68,69], a theoretical scheme similar to that of the Judd-Ofelt theory
[19,20] was used to interpret the magnetooptical spectra caused by the forbidden 4f
— 4f transitions. This scheme contains several phenomenological parameters F;
(usually there are three, i.e., A = 2, 4, 6, but in some cases there may be fewer)
depending on the asymmetrical field of the RE ion environment in the crystal.
These parameters can be determined from the magnetooptical experiment itself,
and are common for all electronic transitions within the RE ion 4f" configuration.

Let us now consider the theoretical scheme for interpretation of the
magnetooptical spectra [62-64] that is caused by the parity-forbidden intra-
configurational 4f — 4f transitions in more detail, and apply this scheme to the
specific case of the magnetooptics of RE paramagnetic glasses.

Magnetic circular dichroism (MCD) is the differential absorption of left-
circularly polarized (LCP) and right-circularly polarized (RCP) light. It is caused
by induced optical activity by an external longitudinal magnetic field, where the
magnetic field lines are parallel to the propagation direction of the light beam. The
MCD formalism has been worked out by Stephens [70] and extended by Piepho
and Schatz [71] (see §3.5). Application of the MCD theory on rare-earth ions in
crystals and paramagnetic glasses can be found by Gorller-Walrand et al. [72,73],
Collocott et al. [74], and Edelman et. al. [75]. As shown by Stephens [70], the

general expression for MCD is,



A df C

Aaz(a+—a_):7yBH|:E da)+(B+E)f:| (1.45)

where H is the magnetic field strength (in gauss), f = f (v,w) is the function of
the absorption band contour, w is the light frequency (in s), yis a constant [70], k
Is the Boltzmann constant, us is the Bohr magneton, and o+ and o. are the
absorption coefficients for clockwise and counter-clockwise circularly polarized
light radiation, respectively.

A, B and C are the Faraday parameters (or MCD parameters [70]). The
occurrence of an A-term indicates that there is a degeneracy of either the ground
state or excited state levels. The C-term gives evidence of degenerate ground state
levels and reflects a population difference between the Zeeman levels from which
the left- and right-circularly polarized light is absorbed. The B-term appears when
there is a magnetic-field induced mixing of the levels involved, but it is only
important in the absence of A- and C-terms, i.e., when there are no degenerate
crystal-field levels.

The A- and C-members of the MCD or Faraday effect (FE) characterize the
contributions to the MCD (or FE) of the magnetooptically-active transitions of a
type “singlet — doublet” and “doublet — singlet”, respectively, and can be

expressed in the general case by the matrix elements of these transitions [70],

1 ~ ~ ~
C=Cy~Cyy = 2l<alDY [b>F-feal DY (b} <al g, |a> (1.46)

0 ab

1 ~ ~ ~ ﬁ
A=A A, =5 Dli<al DY [b>f-kal B |b>]-(<al i |a>-<bl & |b>), (1.47)

0 ab

where ﬁzzég" =g, <alJ,|a> is the operator of the z-projection of the doublet

state magnetic moment (expressed in Bohr magnetons u5); do is the degeneracy

order of the ground state [a>; g,= g,is the z-component of the g-tensor of the

doublet (z||H); D,, are components of the dipole moment operator; and |a> and |b>

are the wavefunctions of the Stark sublevels of the initial and final states of the

magnetooptical transition, respectively.



Substituting the expression for the matrix element of 4f — 4f transition
from eqn. (1.26) into the formula (1.46), let us rewrite it in more convenient form
for the further calculations, using the following notations: L=1L,,S=S,,J=1J,
and L'=1L1,J'=17J,8'=5,.

Then we find that?,

1 A ty(1 a1 ot 9o <Jp Il I 11J, > A A1
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Here we used the following condition: AM =M —M, =(p+1), and:
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(1.49)

where go is the Lande’ factor of the ground multiplet and

<Jo 131130 >=+3,(J, +1)(23, +1) is the doubly reduced matrix element of angular
momentum [76]; in (2.34) has been used that: AM =M —M, =—(p+1).
For the fixed values of g and M, My we have in (1.48) and (1.49) an obvious

equality: p = p, which follows from the well-known properties of 3j-symbols [47],

2 Doubly reduced matrix elements < f " ||[U™® || f"¢J" > satisfy to the following relation [47]:
<UD | 20 = ()7 < g0 U | £ > >



I.e., the 3j-symbol equals zero unless the sum of the projections is equal to (m; +
m, + m3) = 0. Note that the summation of the eqgns. (1.48) and (1.49) over the
momentum projections M and My, was obtained by using the following identity
[47],

Z (_1)|1+|2+|3+;41+y2+;13(j1 |2 |3 ]( Il j2 |3 j[ Il |2 jSJ:(jl j2 j3 j{]l j2 J3}
Ittt m i, —p \— My g Nty —H, My m m, m)[l 1, I

(1.50)
By using the relation given in (1.50) in eqns. (1.48) and (1.49), we can apply the

following replacements: g =-M{, u,=-M,, u,=-M, m; = — (p+1) (or (p+1) in
(1.50)), my = (p+1) (or —(p+1) in (1.50)), m3 =0, j=1, j,=4", j,=1,and |, =J,,
l,=J,, I,=J. It is important to note that in the summation in the egns. (1.48) and
(1.49) over the momentum projections M, My, we have added the formal
summation over the momentum projection My’ that does not change the final
result. Therefore, substituting (1.48) and (1.49) into the formula (1.46), we find

that egn. (1.46) can be rewritten in the following compact form [67-69],

1 | R o ,
C=——>F (D" 0, <Jd 1 INI. > < LS, J, JUP|LST S, 1.51
(2J0+1);A( ) {‘]0 3 9o <Jo 131135 > < LeSpdp U™ | ( )

where parameters F, are equal to,

3 A A 1), w e
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A'=2, used in eqns. (1.48), (1.49) and (1.46) follows from a consideration of the

2
j . Note that an obvious equality,

triangle condition A(2,2'1) for the 3j- and 6j-symbols in egns. (1.48) and (1.49). In
addition, the equality, t'=t, can be obtained by a simultaneous carrying out of the
relation A'=2 and the triangle condition A(4,t,1) for the 3j-symbols in eqns. (1.48)
and (1.49), for which t=(1+1).

Valiev et al. [68,69] have shown that the Judd-Ofelt mechanism of removing
the forbidden character from intra-configurational 4f — 4f transitions plays an

important role in the magnetooptics of disordered RE-compounds (solutions and



paramagnetic glasses). According to their investigation, the main factor
determining the features of an energy spectrum and wavefunctions of the RE-ions
in disordered media are the fluctuations of the local parameters of both the even
and odd crystal field. Indeed, supposing that the CF-parameter fluctuations are
independent, and that they carry the statistical average of the odd CF coefficient
combinations Ay #Atp- (wWhich are included in egn. (1.52) for the F parameters)
over all possible orientations of RE centers in disordered media, we can obtain

the following useful expression [69],

21
:\EZ(zml){l . ;}Qﬂ(t), (1.53)

where Q,(t) is the partial contribution to the Judd-Ofelt parameter @, due to a

specific value of t, i.e., Q, => Q,(t).

We can characterize the magnetooptical activity (MOA) of a single electron
transition by the magnitude (and sign) of the ratio of the paramagnetic C-term
(2.36) to the D-term, the dipole strength (or “line strength” S from eqn.
(1.22)) of the transition. In this case, the expression for C/D is proportional in
general to the magnetic moment of the RE ion ground state in the crystal [70].
Consequently, it is easy to determine the C/D ratio from the numerical
integration of the temperature dependence of the MCD and the optical
absorption bands, accordingly to method of moments [70]. On the other hand,
by using egns. (1.51), (1.53) and (1.22), we find the ratio of the partial

contributions to C and D for the S,L,J,— SLJ transition can be represented as,

(tfl) 3o+ A2 U4, ‘]_ OoMp .
- VfgoyB<J HE ><zz+n{1 ) t}{% ; 1} N (ST S

L300+ -3,03, +) - 22 +1)]
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This simple analysis shows that the tolerable limiting C/D factor is,

»E
D

As the index t has two values t =4 + 1 at fixed A, we can obtain from (1.54),

1
<S03+ Dus (1.55)
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(1.55)

so that the corresponding ratios always have different signs. By taking into
account that D(t,4) > 0, it is possible to conclude that the terms in C with
different t always compensate each other, given a specific 4. If any term of the
odd CF (with definite index t) plays an essential role in the mechanism to
remove the forbidden character of the 4f — 4f transition, the C/D ratio may be

written as follows,

Yoklg B 9] _ _ . ) (2) 2
C(t):;w/m)[t(ul) AA+D) -2 J+)-3,(3, +D) - AA+D)]-Q, (1) |< SyLody U | LSI 5| (1.56)

D(t) 2.0, (0 [« SoLydg (U LSI >
A

where Q, (t) is the partial contribution of the term with a specific t to the Judd-Ofelt
parameter Q, .

As a consequence, the corresponding comparison between the
experimentally determined value of the C/D ratio and the theoretically calculated
values of the corresponding partial contribution ratios, yields important
information, not only on the application limits of the Judd-Ofelt theory, but also
on the role of the different odd CF terms in the mechanism of removal of the
forbidden character from 4f — 4f transition. Indeed, the excellent agreement
between the theoretically calculated ratio C/D and the experimental data for the
paramagnetic phosphate glass Er(POs)s; obtained in Ref. [69] testifies to the
dominant contribution of admixing between the excited 4f*5d (I'=2)
configuration states and the states of the ground 4f" configuration. This
assumption considerably rationalizes the results of interpretation of MCD data
observed for the 4f — 4f transitions to excited *Fs;» and *Fs;, multiplets of Er®* in
the paramagnetic phosphate glass, Er(POs)s.

Thus, we see that the theoretical scheme developed in [67-69] and based
on the three-parameter Judd-Ofelt theory [19,20] can be used successfully for
the quantitative description of the MCD (and Faraday effect) spectra in RE

paramagnetic glasses through the use of the phenomenological parameters F; (14



= 2, 4, 6) determined by experimental methods. In addition, based on these
assumptions, it seems reasonable to conclude that the static character of the
odd CF terms provides a satisfactory explanation for the removal of the parity
prohibition from the 4/ — 4f ED transitions, with the dominant contribution of
mixing coming from an excited-state configuration (4/"-'5d or 4/-15g) of the RE
ion.

The experimental MCD spectra have been treated using the highly efficient
method of moments [39,40], which permits one to connect the observed changes of
the integrated parameters of the MCD bands (such as band area, bandwidth, etc.)
with the electronic micro parameters of the magnetic ions (magnetic moment of
the ground state, etc.). In particular, the temperature of the MCD band zeroth
moment <&> can be related along with the temperature-dependent paramagnetic
contribution (C-term) to the magnetooptical activity (MOA) by [39,43],

<0, >= —;/I:% + B} | (1.57)

where C and B are the partial contributions of the paramagnetic and mixing

terms of the MOA, respectively, and y=(2z*N/3cn#)-(0*+2)*/9. In the latter

equation, N is the number of magnetoactive ions (per cm®) and @ is the average
index of refraction of the medium.

At the same time, the C, B and A-terms of the MOA can be calculated (see
also Refs. [39,40]) by using specific models of the energy structure and the
wavefunctions of the RE-ion ground and excited states. In addition, the MOA of
the electronic transitions can be characterized by the factor C/D defined as the ratio
of the paramagnetic C-term of the MOA to the dipole transition strength D pro-
portional to the oscillator strength f of the optical transition [39,40,43]. The
magnitude of the C/D factor is determined by the ground state magnetic moment
of the RE-ion, while its sign is related to the symmetry of the electronic
transition [39,40]. On the other hand, both the magnitude and sign of the C/D
factor can be determined by numerical integration of the MCD and the absorption

bands at different temperatures [43],



2=% > _ —i[£+ B} (1.58)
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where <ap> is the zeroth moment of absorption band.

The method of the MCD moments has been applied for the determination of
the Faraday parameters: A, B and C of fluorozirconate (ZBLAN) glass doped by
Pr3* in [ ] gave reproducible results only for the B and C parameters, but not for A.
A linear relation between the zeroth moment of the MCD and 1/T was found for the
temperature interval 77 — 300K. For example, the result of the moment analysis for
the transition *Hs—>3P, showed that the value of C/D factor is C/D =-0,91us. It is
important to note that the theoretical calculation of this ratio C/D for given 4f >
4f transition executed with use of equation (1.56) at 1 =4,t=5,Jo=4and J =
0 shows that C/D = - 1,6 us, i.e. found value of C/D ratio is in satisfactory
agreement with an experimental estimation. At the same time, B/D ratio is small

for all observed transitions.



Chapter 2. EXPERIMENTAL DEVICES.
SAMPLES

§2.1. Paramagnetic glasses samples and their preparation

The precursor glasses and glass ceramics doped with Er¥*/Yb3" were prepared
with the following compositions (in mol%): 30SiO,(16-x)Al.0340PbF,10CdF;
XEr,034Yb,03 (x = 0.5, 1.0, 2.0, 4.0) [36]3. For each batch, starting materials of
about 20 g were fully mixed and melted in a covered platinum crucible in air at 1000
°c for 2 h, and then cast onto a steel plate. The precursor glasses obtained were then

annealed for 8 h at the glass transitions temperature to induce crystallizations.
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Fig. 2. XRD patterns of (a) the oxyfluoride glass, (b) the oxyfluoride glass ceramic and (c)
standard S-PbF; crystals [36]. Inset: TEM image of oxyfluoride glass ceramic.

The X-ray diffraction (XRD) patterns of the precursor glass and treated glass
were recorded, as shown in Figs. 2(a) and 2(b). Figure 2(c) is the standard XRD of
[-PbF, crystals. Compared with the standard S-PbF, crystals, the diffractive peaks of
the glass ceramics doped with Er¥*/Yb®" in Fig. 2(b) are clearly shifted. This implies

% The samples of the paramagnetic rare-earth glasses were prepared in Novel Fluorescent Materials and
Devices Laboratory at APS, TEDA, Nankai University (China).


http://teda.nankai.edu.cn/aps/english/lab/Novel%20Fluorescent%20Materials%20and%20Devices%20Lab.htm

that the nanocrystals are a mixture of SPbF, and fluoride of rare-earths Er¥*/Yb3*
ions were doped into fluoride nanocrystals. The size of fluoride nanocrystal is about
20nm according to the Sheerer formula. The inset in Fig.2 is an image from the
transmission electron microscopy (TEM). It shows that the fluoride nanocrystal
doped with Er¥*/Yb®* was dispersed well in the host matrix. The oxyfluoride glass
after thermal treatment, with fluoride nanocrystal doped with Er¥*/Yb®*, was called
oxyfluoride glass ceramic doped with Er¥*/Yb3* [36].

An oxyfluoride glass samples containing a small concentration of the fluoride
nanocrystal doped by Er¥*/Yb®* clusters have been cut in the form of thin plates of
thickness ~ 1Imm. After that these thin plates have polished with using of diamond
pastes with slowly thinning grain (up to ~1 pm) for the performing of optical and

magnetooptical studies.

§2.2. Experimental device for the measuring of an optical absorption

The absorption spectra in non-polarized light of the oxyfluoride glass
samples doped by Er¥*/Yb®* ions were recorded in the region of the some absorption
bands of the Er** ion at 85K and 300K on a modified single-beam
spectrophotometer, which was made on the base of a double diffraction
monochromator MDR-23% The absorption spectra (to be specific, the spectra of
optical density D) were recorded with a spectral resolution of 2-3 cm™ (or better)
using the technique of stabilization of the average photomultiplier (PMT)
current. In this case, one records in the course of scanning the spectrum under
study a signal that is proportional to the high voltage applied to photomultiplier
dynodes. Due to the feedback, which encloses a photomultiplier and a HV source,
and a nonlinear current-voltage characteristic of the PMT wused in the

measurements (PhM - 71, 100), the change of dynode voltage AUp, corresponds

4 The absorption spectrum of the oxyfluoride glass samples doped by Er¥*/Yb* ions in the visible and near-
infrared spectral region at T = 300K was recorded on the spectrophotometer “Hitachi U — 4100” in Novel
Fluorescent Materials and Devices Laboratory at APS, TEDA, Nankai University (China).


http://teda.nankai.edu.cn/aps/english/lab/Novel%20Fluorescent%20Materials%20and%20Devices%20Lab.htm

to the relative change of the PMT photocathode illumination %, which is

caused by light absorption in the crystal, and we have [37]:

AuD=K.%=K.D (2.1)

where @ is the light flux and K is the scale factor.

To cool the sample, it was placed in a liquid nitrogen bath of an optical
cryostat between two quartz bars (~ 50 mm) having the polished surfaces on the
ends of bars. The polished external ends of the quartz bars are heated by means of

the wire stoves to avoid their freezing in the measuring process.

§2.3. Experimental devices for the measuring of the magnetic circular
dichroism and magnetic circular polarization of luminescence

MCPL The MCPL (and luminescence) spectra of the oxyfluoride glass samples
doped by Er¥*/Yb3* ions were studied in the vicinity of the radiative transition
*Faz = “*l1s12 (the "red" band of the fluorescence) with spectral resolution ~ 5-10
cm™? near 15400 cm in the temperature range 90 - 300 K using a highly sensitive
measurement apparatus performed on the base of the double diffraction
monochromator MDR-23. Both the excitation and observation of the luminescence
were done in “transmission” geometry for longitudinal (relative to light
propagation) magnetization in the external field H (up to 10 kOe). Non-polarized
photoexcitation was produced by a mercury lamp (250W) with a UV filter UVB -
d.

The degree of circularity of the luminescence, P = : — : , Where 1. are the
+1_

+

intensities of the right- and left-circularly polarized components of the
luminescence) was measured using a (phase-) controlled "circular analyzer [38],
which was a photoelastic modulator of the light radiation with optical feedback
[39] and was located in front of the exit linear polarizer, and its plane of the
transmission was oriented at an angle of 45° relative to the induced axes of the

active element of the modulator. The MCPL spectra were recorded using a PhM -



71 photomultiplier whose dc photocurrent was stabilized to within ~ 2-3 %. The ac
component of the photocurrent, which is proportional to P (in relative units), was
amplified, synchronously detected, and recorded with using of PC. The error in
determining the degree of MCPL was ~ 3-5 % in the central region of the
luminescence band and increased to ~ 7-10 % at the band edges. The temperature

of the sample, which was located in an optical cryostat, varied by no more than 1K.

MCD In the magnetooptical experiments (MCD, FE) on a through-passing light
was used a high-aperture geometry of experiment in which natural (i.e. completely
nonpolarized) light radiation is projected onto the sample under study placed in an
external magnetic field 4. In this case the MCD degree due to the difference in the

absorption coefficients «, and «_for clockwise- and counterclockwise-polarized

radiation (per length unity) was defined by measuring the frequency dependencies

of the circularity degree P of partially polarized light appearing while passing

through the magnetized sample the natural |ight3P:%(a+ —a_) [37]. These studies

were carried on with the experimental installation completely identical to that used
to measure the MCPL degree spectra with a Xe-lamp instead of a mercury one
being a continuum spectrum source.

MCD spectra were recorded at different temperatures between 85 K (liquid
nitrogen) and room temperature on a magnetic circular dichroism
spectrophotometer performed on the base of diffraction monochromator MDR-23
extended with an electromagnet. The optical design of this instrument coincides
with the design of conventional MCD spectropolarimeter [38]. Light radiation from
a water-cooled high intensity 200 W xenon arc falls through fused silica lens on the
sample is placed in the pole gap of an electromagnet. The gap is large enough to
contain the sample compartment of the optical dewar. In the poles, a hole is
drilled for the light beam. The magnetic field strength is approximately 10000 Oe
(1,0 Tesla). If the magnetic field is switched off, the instrument can be used to

measure of circular dichroism (CD). After sample the light beam is focused on the



entrance slit of double diffraction monochromator MDR-23. The wavelength
mechanism of MDR-23 operates from 200 to 850 nm. The wavelength accuracy is
0,1 nm from 200 to 850 nm. The wavelength resolution is = 0.05 nm at 500 nm.
The dispersed light radiation from the exit slit of the monochromator passes
through a special achromat lens into a photoelastic modulator, which converts the
linearly polarized light to left- and right-circularly polarized light. The light beam
Is alternating between left- and right-circular polarization. After the modulator, the
modulated light beam passing a linear polarizer is focused by a fused silica lens on
the cathode of a photomultiplier tube whose dc photocurrent was stabilized to
within ~ 2-3 %. The ac component of the photocurrent, which is proportional to the
degree of partially polarized light, P (in relative units), is amplified, synchronously
detected, and after corresponding processing of the experimental data with using of
the special software (“Origin 6,1” and etc.) on a PC these data are recording in the
PC memory. The sensitivity of this instrument is better than 0.5 millidegrees,
which corresponds to 1,5-10° absorbance units. A spectral band width of 0.1 to
0.2 nm was used. The sample can be cooled in an optical cryostat, which operates
in the temperature range from 85 K to room temperature and which can be used

for both absorption and MCD (or MCPL) measurements.



Chapter 3. EXPERIMENTAL DATA AND DISCUSSION

§3.1. Optical absorption experimental data.

Absorption spectra of the oxyfluoride glass ceramic doped with Er¥*/Yb3* ions
were measured between 350 and 1600 nm, representing transitions from the
ground-state multiplet manifold *l15, to the high-energy manifolds #1132, %o, *1s/2,
2Hy15, and *Giy of Er®* ions ground 4f'-configuration (see Fig. 1). Absorption
spectra of Yb®" ions were also obtained between 900 and 1050 nm, representing
transition from ground multiplet manifold 2F7, to the high-energy 2Fs;,; manifold.

belonging to the Yb®*" ions ground 4f'3-configuration. Spectra were recorded at

Er’*/Yb> doped in oxyfluoride glass ceramics
T = 300K
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Fig. 1. Optical absorption spectrum of oxyfluoride glass ceramic doped with
Er**/Yb** ions measured at T = 300 K.

sample temperature 300 K with using of the spectrophotometer “Hitachi U-
4100 controlled by a desktop computer and located in Novel Fluorescent

Materials and Devices Laboratory at APS, TEDA, Nankai University (China).
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Spectra were recorded at 0.1nm wavelength intervals with an average spectral
bandwidth of 0.2nm over the wavelength range investigated. Due to instrumental
limitations, we were not able to extend the wavelength measurements further into
the near ultraviolet (UV) region to observe the absorption spectrum for the optical
transitions to the *Gz2, 2Kisp2, 2Kz and other high-energy multiplet manifolds.

To probe the unresolved spectra of the doped by Er¥*/Yb® ions ordinary
oxyfluoride glass and oxyfluoride glass ceramic obtained from “Hitachi U- 4100”
spectrophotometer, we used a high-resolution double diffraction monochromator
MDR Model 23 (“LOMO”, Russian) located in the magnetooptical laboratory of
Faculty of Physics (NUUZz). The instrument has a spectral resolution generally
better than 0.05 nm over the wavelength range covered from the *l1s2 = *lg;2 to

1152 = 4Gz absorption (Fig. 2) and the fluorescence from the *lg;; to *l1s
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Fig. 3. Measured spectrum of the luminescence *ls; = *l1s2 band in oxyfluoride glass
ceramic doped with Er¥*/Yb®" ions is shown for the two different optical resolutions at
temperature T = 85K.

multiplet manifolds (370 - 680 nm). For these studies, samples were immersed
directly into liquid nitrogen (78K) or cooled to 85K in a conduction dewar filled

with liquid nitrogen. The absorption spectrum of *li5o = 2Hiip, *lise = 4172 and



1152 = 4S32 was obtained by placing the oriented sample between two quartz light
guides and immersing it into a liquid nitrogen bath. A calibrated photomultiplier
tube and a 200W xenon lamp were used for detection and as the excitation source
for the absorption spectra, respectively.

For measurements of the fluorescence spectra with using of double diffraction
monochromator MDR Model 23, a 250W mercury lamp with assorted UV filter
(UVB-5) was used. Note that for the more visibility, the spectrum of luminescence
*laz = *1152 band observed in oxyfluoride glass ceramic doped with Er¥*/Yb3 ions
Is shown in Fig. 3 was recorded for the two different optical resolutions at T =
85K.

§3.2. Magnetooptical experimental data and their discussion.

MCD Using of the optical absorption spectra allows us to directly study the
multiplet levels of the 4f" and 4f"15d (or 4f"15g) configurations of the trivalent
lanthanide ions observed at higher energies [1-3,17]. But in some cases the MCD
spectroscopy, which measures the differential absorption of left- and right-
circularly polarized light passing through the sample magnetized by a longitudinal
magnetic field H can help resolve complicated spectroscopic problems arising in
the optical measurements.

The fundamental principles of MCD spectroscopy in detail were described by
Stephens [40] and Binnemans et al. [31]. They noted that the major advantage of
MCD spectroscopy compared to absorptive Zeeman spectroscopy is that the
individual crystal-field levels, which are not resolvable in the absorption spectra
can be successfully distinguished in the MCD spectra in cases where the
absorption band width is larger than its Zeeman splitting [31,35,37]. On the other
hand, at the simulation of MCD spectra it is possible to determine the symmetry
and reliability of the wave functions of the quantum states connected by
magnetooptically active absorptive transitions [22,37,40].

MCD spectroscopy uses the numerical integration of the MCD spectral
dependence within absorption band for the obtaining of the detailed information

regarding the values of the temperature-dependent (~1/T) so called “paramagnetic”



(C-term), and temperature-independent “diamagnetic” (A-term) and “mixing” (B-

term) contributions to the MCD [31,35,37,40].
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Fig. 4. MCD spectra of the doped by Er¥*/Yb** ions the ordinary oxyfluoride glass and
oxyfluoride glass ceramic measured at temperature T = 300 K on the 4f > 4f
transitions: *l1s2=> *lsi2, *l1s2> Hiz and #lis;z = *Ss, bands.

The MCD spectrum is a superposition of three terms: an A-term with the
shape of the first derivative of an absorption band, and a B-term, and a C-term
with the shape of an absorption band. MCD signal have a sign. According to the
conventional notations [31,35], an A-term is positive if the left circularly polarizes
light is absorbed to the Zeeman component at high energy. This corresponds to a
positive lobe at the high wavenumber side of the MCD spectrum. Both a B-term,
and a C-term are positive if the corresponding MCD signal shows a positive sign.

Thus the MCD of the doped by Er**/Yb®* ions ordinary oxyfluoride glass and

oxyfluoride glass ceramic measured at T 300 K (Fig. 4) shows a positive A-term



100

80

60

Absorption (a.u.)

20 4

404~

Er’/Yb**
glass ceramics
T=85K H=5kO0e

spectral width = 0,25nm

______

-20 4

-40 -

MCD (a.u.)

-60 4

-80
483

T
484

r T T T T T T T 1
539 540 541 542 543

Wavelength (nm)

T T T ; SO | 1
520 522 524 537 538

Wavelength (nm)

1 1 I I 1 1
485 486 487 488 489 518

Wavelength (nm)

Fig. 5. MCD spectra of the oxyfluoride glass ceramic doped by Er**/Yb®" ions measured at temperature T = 85 K on the 4f = 4f transitions: *l15,=>

*1sr2, *l1s2=> 2Hu12 and *lis2 = *Sayp bands, respectively.



on the 4f = 4f transition *l1s,=> 2Hi12, and a negative A-terms on the *li52=> “lsp2
and 115> “Sgp, transitions. It is well-seen in Fig. 5, that *l15=> *ls2 and *lisp=>
Sz, MCD features are of the C-type (negative C-terms), since these features have
a strong temperature dependence.

In our opinion, the MCD method can be used for the finding of the fluoride
nanocrystals doped by the RE-ions in the oxyfluoride glasses, because of the MCD
spectrum measured at T = 300K in the oxyfluoride glass ceramic doped with
Er¥*/Yb®* ions shows a well-resolved structure in contrast to unresolved structure of

MCD spectrum measured on an ordinary oxyfluoride glass (see also Fig.4).

MCPL It is well known that the luminescence spectra are suitable for detecting
crystal-field levels of the ground and low-energy excited multiplet manifolds of the
4f" and 4f"15d (or 4f"15q) configurations of the trivalent lanthanide ions [1,2,4,17].
However, in some cases the magnetooptical spectra can help resolve more
complicated spectroscopic problems arising at the investigations of the emission
spectra. In particular, in this section we explore the possibilities of the magnetic
circular polarization of luminescence (MCPL) spectroscopy, which measures the
degree of the circular polarization of emission of left- and right-circularly polarized
light emitted by the sample magnetized in the longitudinal magnetic field H [37,
40].

The major advantage of MCPL over traditional Zeeman luminescence
spectroscopy is that MCPL spectra can be recorded in cases where the band width
of emission line is larger than its Zeeman splitting. In other words, individual
crystal-field levels, which are not resolvable in the luminescence spectra, can be
clearly distinguished in the MCPL spectra [37, 40]. At the same time the modeling
of MCPL spectra can establish the symmetry and check the reliability of the wave
functions of the states connected by magnetooptically active radiative transitions
[40].

The spectra of the degree of MCPL recorded in the vicinity of the “red”

luminescence band caused by radiative transition *lg,=> “lis2 in the oxyfluoride



glass ceramic doped by Er¥*/Yb® ions at T = 90 K, is shown in Fig. 6. Comparison
of the spectra of the MCPL degree and luminescence (fluorescence) shows the
some structure of the observed magnetooptical spectra P(v) on the line - 2 of
secondary radiation in oxyfluoride glass ceramic due to radiative transition *lg,=>
*1152 in the Er®* ions. At the same time, a more complex structure of the observed

MCPL spectrum in oxyfluoride glass ceramic on the luminescence line - 1 can be
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Fig. 6. MCPL spectrum of the oxyfluoride glass ceramic doped by Er¥*/Yb** ions measured at
temperature T = 90 K on the 4f = 4f transition *lg,=> *l15.. Decomposition of the
luminescence band at 650 - 675 nm observed at T = 90 K is obtained using five Lorentz
band profiles.



approximated by the overlapping of the two spectral dependences of linear - type
having same values of the slope angle of the P dependence is proportional to the
“effective” Zeeman splitting Ezeem. Of the quantum states that are connected by the
radiative magnetooptically active 4f - 4f transition and defines value a
temperature-independent “diamagnetic” contribution (A — term [37,40]) to the
MCPL degree on this transition (see also Fig. 6). Note that, the characteristic sharp
bend of the MCPL degree feature observed at 655 nm in the oxyfluoride glass
ceramic doped by Er¥*/Yb® ions at T = 90 K is clear evidence of the existence of
this overlapping (Fig.6).

This dependence is shifted from the line center on the value of the frequency-
independent “paramagnetic” pedestal that determines simultaneously the
amplitudes of the C- and B-term of the MCPL degree [37,40]. The contribution of
the “paramagnetic” C-term of the MCPL degree depends on a difference in
sublevel occupations of the initial (or emitting) state of the radiative
magnetooptically-active transition, whereas temperature-independent B-term
corresponds to a contribution to the MCPL degree of so called mechanism of
“mixing” by an external magnetic field H of the RE- ion quantum states that are
connected by the radiative magnetooptically-active 4f - 4f transition [37,40].

Thus, we find that our measurements obtained from the oxyfluoride glass
ceramic doped by Er**/Yb®* ions at T = 90 K shows that on the line - 1 two
magnetooptically-active transitions between Stark sublevels of *lgp and “lisp
multiplet manifolds appear simultaneously that may demonstrate an existence of
the quantum cutting effect. The effect in the visible spectrum appears to be a result
of energy transfer (so called “down conversion”) in the visible region between
neighboring electronic states of Er¥* and Yb®" ions in the ceramic glass [41]. The
effective energy transfer may be carried out through Er®* excited states assisted by
the numerous excited states of Yb®* ions. A similar energy transfer is necessary for
the realization of so called “quantum cascade emission” (also called by effect of
"quantum cutting" [41]), getting more than one photon out for every UV photon

absorbed, which is useful at the creation of UV lasers and scintillators.



Therefore, the result of our magnetooptical measurements show, that more
interesting method that is useful to establish for the detecting of visible quantum
cutting effect in the RE-compounds can be method of the magnetic circular
polarization of the luminescence (MCPL). The appearance of two quantum
transitions in the RE-ions can be accompanied by an essential change of the

integral (and other) characteristics of the MCPL line contours.



CONCLUSION

1. We have observed some interesting aspects of the transparent oxyfluoride
glass ceramics doped by Er®*/Yb** jons the magnetooptical and optical properties
due to the high optical resolution and sensitivity of the magnetooptical methods
providing the reliable detecting of the changes in the energies and linewidths of the
optical transitions are caused by an external magnetic field and taking place in the
RE-compounds.

2. The absorption spectra in non-polarized light of the oxyflouride glass
samples doped by Er®*/Yb** jons were recorded in the region of the some
absorption bands of the Er®* jon at 300 K on a modified single-beam
spectrophotometer, which was made on the base of a double diffraction
monochromator MDR-23.

3. The MCPL (and luminescence) spectra of the oxyfluoride glass samples
doped by Er¥*/Yb3* ions were studied in the vicinity of the radiative transition
*Faz = *l1s12 (the "red" band of the fluorescence) with spectral resolution ~ 5-10
cm™? near 15400 cm in the temperature range 90 - 300 K using a highly sensitive
measurement apparatus performed on the base of the double diffraction
monochromator MDR-23.

4. To probe the unresolved spectra of the doped by Er¥*/Yb® ions ordinary
oxyfluoride glass and oxyfluoride glass ceramic obtained from “Hitachi U- 4100”
spectrophotometer, we used a high-resolution double diffraction monochromator
MDR Model 23.

5. The MCD method can be used for the finding of the fluoride nanocrystals
doped by the RE-ions in the oxyfluoride glasses, because of the MCD spectrum
measured at T = 300K in the oxyfluoride glass ceramic doped with Er**/Yb** ions
shows a well-resolved structure in contrast to unresolved structure of MCD

spectrum measured on an ordinary oxyfluoride glass.
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