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ABSTRACT

The optical dephasing processes of rare earth ions doped in nanocrystals
embedded in glass are studied at low temperatures with both time and frequency domain
coherent spectroscopic techniques — the two- pulse photon echo and spectral hole burning.
The temperature and nanocrystal size dependence of the homogeneous linewidth and the
optical dephasing time are investigated, and the spectral diffusion effects occurring in the
time scale of the hole burning measurement is discussed.

The quasi- linear temperature dependence of the homogeneous linewidth obtained
with spectral hole burning at low temperatures for Eu** ions doped in nanocrystals
embedded in amorphous matrices is similar in character to what is observed from the ions
directly doped in glass. This suggests that the interaction of the Eu** ions doped in
nanocrystals with the two-level systemof the glass matrix dominate the optical dephasing
of EU*" ions. For the Pr¥*:LaF; nanocrystals embedded in oxyfluoride glass, the results of
the two- pul se photon echo and spectral hole burning further support this assertion that the
interaction of the Pr** jons in nanocrystals with the two-level system of the glass
dominates the optical dephasing at low temperatures. However, a higher power term
appeared in the temperature dependence of the line width, which is observed only in the
hole burning measurement at temperatures greater than 4 K, suggesting that another new
mechanism begins to dominate the dephasing process instead of the interaction with the
two-level system. Attempts to identify spectral diffusion are made by comparing the
homogeneous broadening measured with the two-pulse photon echo and spectral hole
burning.

In addition to the homogeneous broadening, other effects on the excited state
dynamics resulting from the confinement effect of the nanocrystals and from the
interaction with the surrounding glass matrix are studied. These include the effects of the
size and the surrounding medium on the fluorescence lifetime and the effect of
confinement on the relaxation rate between two closely spaced electronic levels due to
single phonon processes.

INDEX WORDS: Optical Dephasing, Homogeneous Broadening, Two-Level System,
Rare Earth lons, Nanocrystal, Glass, Photon Echo, Hole Burning.
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CHAPTER 1

INTRODUCTION

1.1 Background on optical dephasing of ionsin crystals and glasses

The individual spectral lines of optical transitions are usually broadened
homogeneoudly and/or inhomogeneously. The homogeneous broadening results from
dynamical perturbations on the optical transition frequency and is experienced equally by
all ions in the solid. The homogeneous linewidth is controlled by dynamica process in
solids, such as phonon dynamics, nuclear or electronic spin flip-flop process, and other
interactions of the ions with their surrounding environment. On the other hand, static
effects such as lattice strains and crystal imperfections also influence the transition
frequency statistically, causing a time independent but position dependent frequency shift
which produces inhomogeneous broadening of the spectral transition. In practice, the
inhomogeneous broadening often dominates the spectral linewidth even in good quality
crystals due to the fact that no crystal is perfect. Thus the information contained in the
homogeneous linewidth is usually lost behind the inhomogeneous profile. High
resolution nortlinear techniques such as the photon echo and spectral hole burning are
effective ways to eliminate the screen of the inhomogeneous broadening so that the
wealth of information contained in the homogeneous line can be revealed. The photon

echo method measures the optical dephasing/homogeneous broadening in the time



domain, while the spectral hole burning (SHB) works in the frequency domain. In the
later case (SHB), the measurement process requires a longer time so that the effective
linewidth includes effects of spectral diffusion. The combination of the two methods is a
powerful way to study the spectral diffusion that occurs in the time scale of the spectral
hole burning.

Optical dephasing of rare earth (RE) ions doped in single crystals and glasses
have been extensively studied in the past years [1]. At low temperatures, a T’ temperature
dependence of the homogeneous linewidth in single crystals is well understood by the
two-phonon Raman process [2], and a quas-linear temperature dependence for the glass
was explained by the interaction of the ions with the two-level systems of the glass [2].
For the ions doped in nanocrystalline materials whose optical properties may have
potential applications, the optical dephasing could be very different from what is
observed in either single crystals or glasses. For example, the investigation of RE ions
doped in free-standing nanocrystals showed a strong confinement effect on the phonon
density distribution, resulting in a T® (3<a<35), rather than a T, temperature
dependence of the homogeneous linewidth for Eu** ions, which was successfully
explained by the two-phonon Raman process with enhanced coupling and a modified
phonon density of states [3]. When the RE ion doped nanocrystals are embedded in glass,
the interactions of the RE ions with the surrounding matrix also plays an important role in
the homogeneous broadening in addition to the effects of confinement on the phonon
modes. A quasi-linear temperature dependence of the homogeneous linewidth, with some
high power terms appearing at higher temperatures (from 5 to 10 °K) was reported in Ref.

[4] for Tn" ions doped glass ceramics.



1.2 Objectives

The purpose of this dissertation is to study the dynamical properties of rare earth
ions doped in nanocrystals when these nanocrystals are placed in an amorphous matrix.
The properties examined include optical dephasing, fluorescence lifetime and phonon
induced relaxation processes. All of these can be affected by confinement effects and the
interaction with the surrounding matrix. Both time domain and frequency domain non
linear spectroscopic techniques, namely the two-pulse photon echo and spectral hole
burning, respectively, are employed to investigate the optical dynamical processes of RE
ions doped in nanocrystals embedded in glass. The purpose of our study is to: measure
the dephasing rate (homogeneous linewidth) for ions doped in nanocrystals embedded in
glass and its dependence on the nanocrystal size; identify the interactions that dominate
the homogeneous broadening and optical relaxations; and explore the spectral diffusion
processes that occurs during the measurements. In addition, their optical properties
including their spectroscopy, fluorescence lifetime and single phonon relaxation rates are
also examined to obtain a more complete picture for the dynamical properties of ionsin

nanocrystals embedded in glass.

1.3 Theorganization of the dissertation

The materia in this dissertation is arranged in the following manner:
Chapter 2 is a review of the theoretical development of the optical coherent
transients relevant to this work. The density matrix, the basic Bloch vector model and the
master equations are used to present a quantum mechanical and semiclassical recipe for

deriving the photon echo signals, in order to show how the optical dephasing can be



obtained from these signals. In this chapter, some terminology related to this work is also
introduced. The optical absorption with the concept of the oscillator strength is included
in the chapter for estimating the intensity of the light required for creating expected
photon echo signals.

In Chapter 3, the experimental techniques employed in the study are discussed for
both the frequency domain and time domain experiments. The experimental setups and
the basic procedures for the spectral hole burning and the two-pulse photon echo are
described.

In chapter 4, we present the results of the investigation of the basic optical
properties and population relaxation including the fluorescence lifetime, and the one-
phonon relaxation between closely spaced levels of rare earth ions doped in nanocrystal
systems, especially as they are affected by confinement and the surrounding matrix.
Some basic characteristics of the sample and its optical transitions are aso discussed.

Chapters 5 to 7 deal with the study of the homogeneous broadening of the rare
earth ions doped in nanocrystals embedded in glass matrix at low temperatures. In
chapter 5, the theories of the homogeneous broadening in crystal and glass, the two-level
system model of the glass, and the concept of the spectral diffusion are reviewed. The
results of our experimental investigations are presented in chapters 6 and 7. In chapter 6,
the spectral hole burning method is used to study the homogeneous broadening of Eu**
and Pr** ions doped in nanocrystals embedded in amorphous glass matrices. A quas-
linear temperature dependence of the homogeneous linewidth is obtained experimentally.
The interactions of the ions in nanocrystals with the two- level system of the glass matrix,

which dominate the optical dephasing process of the ions in nanocrystals, are discussed.



The nanocrystal size dependence of the homogeneous linewidth is aso reported in this
chapter. In chapter 7, we study the optical dephasing of Pr* ions doped in LaFs
nanocrystals embedded in oxyfluoride glass with the two-pulse photon echo technique.
The optical dephasing time, T», for different nanocrystal sizes and their temperature
dependence is presented. The possible mechanisms which dominated the dephasing
process and the spectral diffusion effects are discussed.

Finally, we summarize the results in chapter 8. Here the significance of the study,

the potential applications, and the prospects for further investigation are discussed.



CHAPTER 2.

BASIC THEORY

2.1 Hamiltonian, density matrix and relaxation

The energy levels of an element, ion or molecule determine all possible optical
transitions. The structure of the energy levels is mainly governed by its electronic
configuration and the interaction of the electrons with the surrounding environment. The
later is very significant for most ions or atoms. For rare earth ions, the energy levels of
the 4f electrons are not affected very much by the environment because the 4f electrons
are shielded from external electric fields by their outer 55* and 5p® electrons.

In the study of optical spectroscopy, one usually describe the Hamiltonian, H, in
terms of an interaction term, H, (interactions between the system and the local field) and a

relaxation term Hgr

H =Ho+H +Hg . (2.1)

In addition H contains a term Hy describing the internal working of the isolated static

system that specifies the zeroth-order energy eigenstates, which is usually expressed as

H=aH° @)*aHF F)*aHar)*& Her)

(2.2)



For rare earth ions, H® is the central field of the 4f electrons, H (is the interaction among
the 4f electrons, Hy is the spin orbit interaction of the electrons, and Hcr is the
interaction with the crystal field determined by the surrounding ions. H, in Eg. (2.1) is the
contribution that is responsible for the transitions among zeroth-order energy states. In
the simplest and most common case, the matrix describing the interactions of the system
with the applied field has zeros along the diagonal and sinusoidal time dependence whose
frequency is the same as the sinusoidal applied field. In Hr the most important relaxation
processes is spontaneous emission, collisions (in gas), phonons in solids, ad in
molecules coupling between rotational, vibrational, and electronic excitations. Because of
the complexity of these phenomena, they are usually deat with in a quas-
phenomenological manner. The form of the Hamiltonian defines the state/wave function
of the element/or system through the Schrodinger equation.

The state of an ensemble is usually described by its density matrix. In the
discussion of the density matrix, we follow closely the development by Levinson and
Kano [1]. The advantage of the density matrix is that it can correctly describe the

observable properties of an ensemble of quantum-mechanical systems. For an ensemble,

if the probability of finding the state |y ) in the ensemble is Py , the density matrix is

defined by

r=anly)y| 3

where the summation is over al of the possible quantum states.



For an ensemble such that the probability of finding a system with energy E is

-E/KT

proportional to @ (k = Boltzmann constant), the density matrix is given by

e H /KT
-_€ (2.4)
Tr e— H /KT

The density matrix is Hermitian. It relates to the Hamiltonian of the system, H, by

inr =[H.,r]. (2.5)

Once the dersity matrix is determined, any measurable quantity, for example quantity Q,

can be obtained by calculating the expectation value of the corresponding operator

through the formula

@ =Tr(rQ) (2.6)

For the simplest two-level quantum-mechanical system consisting of an entity with
energy eigenstates |ayand |b) having energies E, and Ey (Ep > Ea), respectively, the most

general wave function describing a coherent superposition state is written as

|y >: a.y e—iEat/h|a>+by e—iEbt/h—ify |b> (27)

where ay, by, and f y are real numbers. Thus, the corresponding density matrix reads



& a e B Xa B by & )
— x +H E, +i(E t/n+f
r _ébv Si(E /e )%a/elE byel( )
e b Vg
P 9 +f E -goyund (2.8
:g A& ay bye yel( Bt =
-if . -
+i(E -E)t/ A 2 L
§ay by e y e |( a Eb by ﬂ

The probabilities for finding the system in two basis states is determined by the
diagonal elements of the matrix. The decay times of diagonal elements define the lifetime
of the corresponding eigenstates, T, and Ty, for the closed two-level system. They are the

decay of population out of levels a and b. The longitudinal relaxation time, named T, is
defined under the conditions that the system consists of two states |a) and |b) that relax

toward equilibrium at the rate To;1 = Tyt = it Off-diagonal elements of the density
matrix, which represent the coherence intrinsic to a superposition state, will decay toward
an equilibrium in atime that is named the transverse relaxation time, T,. T, is also called
dephasing time. It is the life time of the coherent superposition state.

The relaxation of off-diagonal elements of density matrix is not entirely
independent of that  diagonal elements. To get their dependence, we note that the

probability to bein level a must decay as

lay ®f =|ay O ™ (29)

The probability amplitude should vary in time as
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a (1) =a (0)e'w: g"Ta (2.10)

where w, = E% and wy, = E%

Likewise, the probability amplitude of being in level b must vary as
by (t) =h, (0)e'Ws'e/Ts (2.11)

Thus, the coherence between the two levels must vary as
ay (b, (1) = ay ©Ob (O)e Wa gt/ 2T A2y (2.12)

The ensemble average of g, (t)by (t) isjust the off-diagonal element r 4, Of the density

matrix r . Itsrelaxation rate is denoted as 1/T,. Therefore,
T2 =3(Ta+Th) (2.13)

This is true in the absence of pure dephasing. Under more genera conditions, they are

related by[1]

T =3 (T +To) +g, (214)
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where g is the pure dephasing rate, which is the relaxation rate due to events that perturb
only the phase of the wave functions without inducing decay of eigenstates. In other
words, it results from processes (such as magnetic dipole or multipole interactions,
electric dipole interactions in solids, or elastic collisions of ions/or atoms in gas.) that are
not associated with the transfer of population. If the lifetime of the lower level T, is

infinite, then

T2 =3To g, (2.15)

2.2 Master equation, Bloch vector, and dephasing process

The master equations are equations of motion for the elements of the density
matrix. They can be written down directly using Eq.(2.5) with the matrix representation
of H and r . Considering the interaction of a closed two-level system with an applied field

E(t)=Eycos(wt) (where w is the frequency of the field) whose Hamiltonian is

€ 0 Hy(u
Hi(t)=-mxg (1) =a 1coswt, (2.16)
| 8o 0 g
one defines the Rabi frequency c(t) as
m ° Ew
colt)= (2.17)

h
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While mrepresents the eectric dipole moment of the system. Combining equations (2.2),
(2.5), (2.8), and (2.17), we obtain the master equations of the closed two-level system in

the form of [1]

Faa™" iE[(r waCu (D= 1 5C, D)™ +e iV“)]+[HR 11 fin (2.189)
=L © 1 e, ON +e ™+ TH R T, in (2180
Fap™" i—z(rbb- ) (C, (D(E™ +e™)) +iwr +[HR.T 1 fin (2.18¢)

r'ba=+'§(r w1 e (C, O +e™) -iwr +[HRI ] fin =7, (218d)

where W = (Ea- Epn)/h =W, - W, =W, isthe transition frequency between states | a)
and |b) . All elements of the 2x2 density matrix thus can be obtained by solving the Egs.

(2.18).
Mapping the density matrix into a vector in an abstract three-dimensional vector

space, whose unit vectors are 1¢, 2¢, and 3(, makes it possible to illustrate a geometrical

picture of the interaction. For this purpose, we need to introduce the Bloch-Feynman

vector R and pseudofield vector b, which are defined as

R = u¢le+ye2¢+ we 3¢ (2.19)
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b¢=Re ¢ (O1¢+Imc” (t)2¢+w 3¢, (2.20)

respectively. Here the components of the R vector relates to the elements of the density

matrix by

ut =r ,+r, (2.219)
ve =i(r - r,) (2.21b)
we=r -1 . (2.21c)

The components in the definition of Eq.(2.20) are expressed as ¢ (t) = c ()™ . At
thermal equilibrium, most of the two-level systems are in the lower energy eigenstate and
coherence is absent so that the Bloch vector points downward along the 3¢ axis.

In order to accomplish the illustration of the geometrical picture of the interaction

of the closed two level system with the applied field, we need to know the time

dependence of the vectors R and b . Hence the equation

d Rfdt =p¢” R +[relaxation tems], (2.22)

which is the equation of the notion for the density matrix expressed in terms of R¢ and

b ¢, needs to be solved. The first term on the right side of the Eq. (2.22) suggests that

without the relaxation, the vector Rt rotates around the moving pseudofield b¢ina
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plane, where the change of the Bloch vector R¢ is aways perpendicular to the plane

defined by Rc and b¢. It is useful to set up a reference frame that rotates around the

30axis at the frequency of the applied field. In practice, the optical field is not
monochromatic so some components of the field oscillate at frequencies slightly greater
or less than the rotating frame. The movement of the Bloch vectors thus can be described

in asimple way in the rotating frame. If we name the unit vectors of the rotated reference

franeas 1, 2, and é, then the pseudofield vector can be represented as

6 =c, ®fi+D3, (2.23)

which will be aways in the plane 1-3. Here D=W- w isthe detuning from resonance.

The components of the vector R in the rotating frame thus become

u =ufcoswt +v@&nwt = 2Re(r ,_e"™) (2.249)
v = -udanwt + vlcoswt = - 2Im(r ,_e™") (2.24b)
w=wl=r -r_ (2.24¢)

The equation of motion, dﬁ/dt =b’ " R +[relaxation tems] continues b describe the

motion of the system in the rotating reference frame. The vector R now processes around
apseudofield vector b in the rotating frame.
From Egs. (2.23) and (2.24), it is seen that the R vector is paralle to the negative

3 axis in the absence of an applied field. If an optical field, whose frequency is in
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resonance with the system (D=0), is applied at time t=0, it will cause b vector to point
dongthe 1 axis(b=co1). The R vector will rotateinthe 2 - 3 plane around b until

it points along the 2 axis at time p@co. If the field were turned off at this point, the
optical field that had been applied from t=0 to t= p®Rcy would be ap® pulse Here we

introduce the concept of the pulse area that describes the angle through which the R

vector rotates when the frequency of the incident field is in resonant with the transition. It

isdefined as Q = gc,, (tgdt¢. A p/2 pulse infers a pulse that can make R vector to rotate
through an angle p/2 about theb axis. At the time t= prco, the states |ayand |b) are

evenly populated. If the optical field is not been terminated at t= p@co, the R vector will
continue to rotate until it points upward along the positive 3 axis at the time t = peo.
After this p pulse, the population of the two-level system is inverted. After an additional
time period (pe,), the R vector will retun to its initial state at time t = 2p@o. The pulse
area of thefield at this point is 2p (2p pulse). In this case, no energy has been transferred
from the applied fields to the ensemble in the whole process.

Under the assumption that the initial value of the Bloch vector R is R, and the

generalized Rabi frequency is constant, the equations of motion in terms of the

components become

U=-Dv- — (2.25q)

v=Du- we,(t) - Tl (2.25h)

2
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1+w

W=c, (t)v- (2.25¢)

b

in the case the two-level atom approximation. The magnitude of the Bloch vector R will

decrease in the process of relaxation. After the excitation pulse terminates, the projection

of R aong the 3 axis relaxes toward its equilibrium value at the longitudinal relaxation

rate (1/Tp), which corresponds to the population decay. The contributions from each ion
to the components of K in the 1- 2 plane will rotate with respect to the rotating frame,
with the result that R (ensemble average) will relax towards zero at the transverse
relaxation rate (L/T)[1]. This describes the dephasing of the coherence (“pure”
dephasing). In practice, both the longitudinal and transverse relaxations occur
simultaneously during the relaxation; the dephasing time measured experimentally is the

result of both effects.

2.3 Optical transition and oscillator strength
If we define the transition probability Way, as the probability of a transition |a> to

[b> per unit time, Fermi’s Golden rule sayg[3]

al

Wy = 2, ) T () 225)

where aw = =(E, - E,), and the positive sign implies an absorption transition and the

negative sign an emission transition. (Hy)ap represents the matrix element of the
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interaction Hamiltonian H, (the interaction of the ensemble and the applied field), and
r (w) isthe field density of states. I the degeneracy of state | a)is ga and |b) is gs, then the
emission and absorption probability are related by gawap = QWha. The selection rules
governing the transition can be obtained by analyzing the matrix elements of H;.

According to the Debye approximation [4], the density of photons for the light in

acrystal with volumeV is

r(w)= (2.27)

wherev isthe velocity of the light in the crystal.

To measure or represent the strength of a transition, another dimensionless
guantity, the oscillator strength or f number is introduced in optical gpectroscopy. If M|
represents the matrix element of the electric dipole or magnetic dipole operator, the

oscillator strength f is defined as

f =

2mw 2
3ne’ M|

(2.28)
The spontaneous transition rate in an electronic dipole (ED) process can be expressed

with the f number in the form of [3, 5]

_i: 1 2\N262 EIoc 2
A(ED)—tR Zpe, e [( E) n] f (ED) (2.29)
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where Ejo/E is the local field correction in solids, which is 1(n®+2) in high local

symmetry crystals (1 is the refractive index of the material). By inserting numerical
values for the physical constants and the local field correction in terms of the refractive

index, we deduce (in Sl units)

2
I 0

f(EDYt ., =15 10 —%
(EDX [1(n*+2)]°n

(2.30)

| o is the wavelength of the radiation in the vacuum. The analog relationship for a

magnetic dipole processis
| 2
f(MD)t , =157 10“n—2, (2.31)

For| =0.5mmand n=1, f(ED)tg » 4 x 10°. Thus an alowed electric dipole transition
(f = 1) in the visible on a free atom has a radiative decay time of 4 x10° s whereas for an
electronic center in a solid for which n » 1.5, tg » 4 x 10® s. The measured radiative
decay times for dopant ions in solids are generaly longer than this, indicating that the
oscillator strengths are significantly less than unity. These transitions are either weakly

allowed electric dipole processes or magnetic dipole processes.
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2.4 Optical absorption
For a solid containing N non-interacting absorbing centers per unit volume which

absorb radiation at frequency n, the attenuation of a beam of intensity a () by a solid of

thicknessof | is given by Lambert’s law
" =15e2®) (2.32)

Where a(n) is the absorption coefficient at the frequency n. The variation of the
absorption coefficient with frequency is difficult to predict. In general, the absorption

transition has a finite width. The absorption strength, ¢a (n)dn , is related to the dersity

of absorbing centers and to the transition probability. The value of the absorption
coefficient for a particular polarization dependents upon the value of matrix elements of
H,, i.e., mE or myB. Inthe case of centersin sites of high symmetry, where the material
acts isotropically, the absorption coefficient is independent of polarization and has the

form

2

g 6 ¢ 1
=b . NbgAbaWFg(n) . (2.33)

a(n)=§?vag

a

Na and Ny are the population densities in the ground and excited states, respectively. Here

. and g ae the datistical weights of the states, g(n) is the line shape

function( ¢ g(h)dn =1), and n is the refractive index. Here Na and Ny, have been assumed
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to be invariant with time and unaffected by the absorption process. However, if Ny and Np
do change withtimethen a (n ) will vary with time.

Under weak excitation, N, can be neglected, N, = N = density of centers. If we
define s (n) =a(h)/N as the absorption cross section, then we have for the integrated

Cross section [5,6]

12g 1
& ()dn =gg—bt— (2.34)
a -0

where t is radiative lifetime of the excited state and | is wavelength of the transition in
medium. In terms of oscillator strength f, the above relation can be written in the

following form for electric dipole (ED) and magnetic dipole (MD) transition.

7 "2 AY
e2 %Eloc 9 EH

¢ ()dn = f(ED) (2.35)
4e0m0@g E g ny
and
e2
¢ (h)dn = f(MD) n (2.36)
4e,mc

where n is the refractive index of the medium.

When the absorption line has a L orentzian shape, the cross section is given by[5]

s()=+4(Dn)s,gM); s (ny) =s, (2.37)
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where

U
- N,)? +@9 a; og(n)dn =1 (2.38)

204

g(n) =

@I >

Dn &
2

and Dn is the line width at half intensity. When the absorption line has a Gaussian shape,

the cross section is

s(n)=s apl €0 - nO)J_HE; s (n,) =s, (2.39)
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CHAPTER 3

EXPERIMENTAL TECHNIQUES OF HIGH RESOLUTION SPECTROSCOPY

Optical transitions in crystals are broadened homogeneously and
inhomogeneously. The homogeneous broadening is experienced by all ionsin acrystal. It
results from dynamical perturbations on the optical transition frequency, which most
commonly are caused by lattice phonons or fluctuating nuclear or electron spins. The
homogeneous broadening provides information on the dynamical process taking place in
solids. This includes phonon dynamics, dephasing processes, spectral diffusion, hyperfine
and super-hyperfine interactions, and Stark and Zeeman splittings of nuclear or electron
spins.

In addition to homogeneous broadening, there is an inhomogeneous contribution
to the linewidth due to static lattice strains inherent in all crystals or the strains that are
produced by chemica impurities or other point defects. In practice, inhomogeneous
broadening often dominates the spectral line width of interest even in good quality
crystals. Therefore, eliminating the resolution limit imposed by inhomogeneous
broadening has become a maor goa in the field of spectroscopy of solids. Optical
spectral holeburning (SHB), fluorescence line narrowing(FLN), and optical coherent
transient methods including photon echoes, optical free induction decay (FID) etc., are

techniques developed for that purpose.
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3.1 Spectral hole burning and fluor escence line narrowing
3.1.1 Theory

SHB and FLN are two magjor methods for measuring homogeneous broadening in
the frequency domain. FLN consists of selectively exciting a narrow portion of an
inhomogeneously broadened absorption line with a narrow-band light source, and
gpectrally dispersing the fluorescence with a monochromator or a Fabry-Perot
interferometer. In resonance FLN, fluorescence arises from the same electronic transition
as that involved in the excitation process. Hence, its linewidth is determined by the
homogeneous linewidth of the transition. Inhomogeneous contributions will arise from
the lack of correlation between the inhomogeneous broadening of two different
trangitions in the nonresonant case. In resonant FLN it is necessary to discriminate
against the exciting light, usually by tempora gating, which is difficult for short-lived
levels but easy for metastable ones. FLN has been used to measure ground and excited
hyperfine splitting, energy levels, homogeneous linewidths, and energy transfer in rare
earth doped solidg[1]. The resolution of FLN measurements is limited both by the
linewidth and stability of the laser and the instrumental resolution of the analyzer.

In SHB, the bleaching of the absorption due to the removal of ions from the
ground state is observed rather than resolving the fluorescence from those excited ions.
This is done by monitoring the absorption of the bleaching laser, or possibly a second
laser, while scanning it through the frequency originally excited. Holes can be detected in
any convenient way that measures absorption of the laser. However, the holes can also be
detected by laser-induced fluorescence excitation, which allows holeburning to be used

even when absorption cannot be detected directly.
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There are different kinds of population reservoirs that can be used in holeburning
experiments. The simplest, two-level saturation holeburning, uses the excited state itself
as the reservoir[2]. The time that the hole can persist is determined by the lifetime of the
corresponding excited state. For rare earth ions, the most important population reservoirs
are provided by hyperfine splitting of the ground electronic state for rare earth ions.
These reservoirs make holes in the inhomogeneous line persist for seconds to minutes,
which is mostly determined by spin relaxation among the hyperfine levelg[3]. If the
hiperfine splittings are larger than the homogenous linewidth of the transition, which
happens to the transitions of the Pr** ions doped in LaFs crystal or oxyfluoride glass
ceramics, the population reservoir can not be provided by the hyperfine splittings of the
ground electronic state. In this case, the population reservoir can be provided by
photophysical process that involves the rearrangement of the surroundings. The
frequency stability of the laser affects the ultimate resolution of holeburning because
laser jitter directly adds to the linewidth by bleaching a hole broader than homogeneous
packet.

Both SHB and FLN can be well understood by corsidering Fig.3.1[4]. An
inhomogeneously broadened line of width Gy, is produced by many narrow components
of homogeneous width Giom << Gm), €ach component being centered at a different
frequency within the inhomogeneous line profile. If a narrow laser line ni. and bandwidth
G_ < Gyom isincident upon an ensemble having an inhomogeneously broadened linewidth
G, the resulting absorption of laser radiation depletes only that sub-assembly of excited
centers whose energies are within G,o, of the laser line frequency ni_. In other words, the

absorption signal is determined selectively by some atoms with absorption transitions
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within the overall line profile but not by others. Consequently there is a distortion of the
line shape in the neighborhood of n.. a "hole" is burned in the inhomogeneoudy
broadened line. Resolution of the homogeneous width requires that G. < Gom << Gm. In
the FLN technique, a narrow laser line is used to pump within the inhomogeneous

linewidth, Gnn. The laser interacts only with the subset of levels spanning the bandwidth

Absorption
Narrowed
laser line
_ “Hole"
Homogeneously Homogeneously
broadened broadened
line profile

?borption profile

Fluorescence

Non-selectively
excited fluorescence

/ feature

Fluorescence

narrowed line

Fig.3.1 Optical spectral holeburning (top) and fluorescence line narrowing (bottom) of an
inhomogeneously broadened spectroscopic line.
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of the laser, G_. These centers re-radiate to some lower-lying level, which may or may not
be the ground state. The fluorescence line width is then much narrower than the
inhomogeneous width, and the fluorescence linewidth approaches the homogeneous
width. In fact, for centersinvolved in aresonant transition the total FLN lineshape is a

convolution of the laser lineshape and twice the homogeneous lineshape (once for the

pump bandwidth and once for the fluorescence). The FLN linewidth, G, is then usually

written as G= G_+2G,m. The situation is more complex for nonresonance fluorescence.
Information on the dephasing of a transition can be obtained by measuring the
holewidth because it is determined by the homogeneous linewidth of the optical
transition. Since it usually requires milliseconds to seconds to burn and scan the hole, an
intrinsic time scale on that order is imposed on the experiment. Therefore, the
interactions that occur in the system on a time scale much longer than the dephasing time
T, may also contribute to the observed holewidth. Thus, in a SHB study, spectra
diffusion that happens on a time scale much longer than T, may broaden the hole. This
effect can be studied by combining SHB with time domain coherence technique such as

the photon echo.

3.1.2 Homogeneous linewidth and optical dephasing
The homogeneous linewidth, G.om, Which yields information on the relaxation

processes of excited ions, is related to the effective optical dephasing time T>

Goom = UpT2=1/2pTy + 1/ pTy (1)
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where T is the population decay time or excited state lifetime (also called longitudinal
relaxation time in magnetic resonance), and T, is pure dephasing time determined by
dynamical fluctuations at the optical transition frequency (see EQ.2.15)[5]. In crystals,
pure dephasing usually stems from coupling of the electronic transition to phonons,
interactions with surrounding magnetic or electric dipoles, etc. “Pure’” is used to
distinguish it from the lifetime broadening(which is defined as the width of the
Lorentzian line shape that results from the excited state lifetime). Since the population
decay time is usualy temperature independent (though the energy transfer and small
crysta field splitting can lead to temperature dependence too), the temperature
dependence of the decay time is mainly contained in the dephasing term alone for low
concentrations of optical active ions and at low temperatures.

The holewidth G,e, is equa to twice of the homogeneous linewidth. This is
because the laser interacts with a spectral range equal to one homogeneous linewidth
during initial excitation and the probe beam interacts with sites having a spread of Guom,
which creates a bleaching in the original absorption band at nja. The laser does not
select impurity ions in a specific environment but a set of impurity ions absorbing at the

same frequency Njaser-

3.1.3 Experimenta setup

Based on the basic theory of hole burning, the experimental setup for the hole
burning should consist of the following parts: (1) light sources (dye laser pumped by a cw
Ar® laser in our experiment); (2) function wave generator that synthesizes the desired

frequency and wave form to control the burning and scanning time of the laser on the
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hole; (3) the sample which is mounted in helium cryostat; (4) the components for
detecting and collecting the data, which include a photomultiplier tube (PMT) and digital
oscilloscope in our measurement. Fig.3.2 shows the block diagram of the experimental
setup used in our hole burning experiment. The samples were mounted in a liquid helium
cryostat during the measurement. A few mW of cw laser from a dye laser, Coherent

CR599 (frequency jitter ~ 4MHZz), was tuned to the expected transitions (for example

transitions of 7Fo - °Do transition for Eu’ or the Ha —'D, for P and loosdly (d ~
0.5mm) focused into the sample. The transient hole spectrum (lifetime seconds (Pr) to
minutes (Eu)) was obtained with a repetitive burn/scan sequence (scan time ~0.5 s) using
fluorescence detection with a PMT through appropriate interference filters or a
spectrometer. The data were averaged and stored on a digital oscilloscope. The hole
widths obtained on single-crystals, for which the homogeneous linewidth is much less
than the spectral resolution for the HB technique, were used to estimate the instrumental
contribution to the line width that was subtracted from all data A wavemeter is
introduced here to monitor the wavelength of the laser. The spectrum analyzer was used

to trace the spectral output characteristics of the dye laser.
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Setup for Hole Burning

_ Power
Oscilloscope Supply B ——
/E Wave Meter
7 Spectral HV P.S.
\aelyzs |
= P WA
Ar Laser ' ' PMT
Dye laser U \—J U i!i
Cryostat
Synthesized
Power Dyelaser | | function generator
Supply controller
|—| Photo Oscilloscope
Diode
Oscilloscope

Fig.3.2 Schematic setup for holeburning experiment.

3.2 Photon echoes and OFID

The photon echo and optical free induction decay (OFID) are techniques that the
coherent information is recorded as a signal in the time domain. This technique also
includes phase switched coherent transients and quantum beat interference experiments.
The central ingredient of these techniques is the ability to prepare ensembles of quantum

systems coherently and exam them in atime comparable to the optical dephasing time T.
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3.21 OFID

In the OFID technique, the laser coherently prepares and partially saturates a
narrow frequency “packet” within the inhomogeneous line. When the frequency of the
incident laser beam is suddenly switched to a frequency that is away from resonance with
the coherently prepared frequency packet, the coherence evolves freely. This coherence
will decay at arate that is determined by the width of the narrow saturation hole burned
in the line during the preparation of the coherence. In the OFID signal, a heterodyne beat
will be formed between the frequency switched laser beam and the radiation emitted by
the optical polarization associated with this freely evolving coherence. The frequency of
the beat is the frequency shift of the incident laser during the above process. Techniques
for observing the OFID include frequency switching with either an intracavity phase
modulator or an external electro-optic or acousto-optic modulator.

The magnitude of the OFID depends linearly on the Rabi frequency of the
incident laser beam if the absorption is not saturated. In this case, the OFID is caled the
“linear” or “first order” OFID. Practicaly, it is more complicated for an
inhomogeneously broadened system. If the laser beam intensity is sufficient to saturate
the trangition, the line-shape of the absorption will be affected by the intensity of the laser
beam and a new component will appear in the OFID signal. This new component is the
“third order” OFID. Its amplitude is proportional to the product of the depth of the hole
(which varies as ¢?) and the Rabi frequency, ¢ [6]. The third order OFID decaysin atime
proportional to T, while the first order OFID relaxes in a time T that is about the
inverse of the inhomogeneous linewidth. In most cases, T, >> T, . This difference gives

the possibility to distinguish the first and third order OFID both experimentally and
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theoretically. This also explains why the observed OFID in practice is the third order FID
signal.

The decay time of OFID signal can be obtained by considering the relaxation of
dielectric polarization density in terms of components of the Bloch vector. Assuming that
N is rumber density in the ensemble, and a single frequency(w) field is applied to the
ensemble at resonance, one can write the dielectric polarization density for the two-level

system as

P(t) = NTr(nr) = N(m,,r o, +m,r,) =NRe{m, (u- iv)e " (3.2

where u and v are transverse components of the Bloch-Feynman vector in the reference
frame rotating at frequency w. If the absorption line is in the shape of g(D), where g(D)
could be a Gaussian or Lorentz distribution, the polarization density should be calculated

by integrating Eq. (3.2)

P(t) = Nm,, 5dDg(D) Re{m, (u - iv)e ™} (33

Imagine that the external field with Rabi frequency co began exciting a homogeneously
broadened ensemble of two-level system at t = -¥, so that by t = O the Bloch vector has
reached steady-state values. If the driving field is then suddenly extinguished, the steady-
state values of u, v, and w can be inserted into the corresponding equation to find the
components of the R vector at later times. By doing so, one obtains the decay of third-

order density polarization [6]
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p® (t) Ue (t/Tz)g+,[chbT2+1g (3.4)

Therefore, a heterodyne beat signal, the OFID signal, will be produced by the

interference of the frequency-shifted incident field and the field radiated by polarization
given in Eq.(3.4). The decay rate of the OFID amplitude is 2T, in the weakly saturated
regime (¢ T, <<T,'). Half of this decay rate represents the inhomogeneous broadening

due to the width of the hole burned during the preparation stage, and half results from the
intrinsic transverse decay rate of the ensemble. The jitter of the laser frequency may limit
the resolution of the OFID technique by causing a broadening of the frequency packet
that is prepared during the excitation step. Comparing to the SHB technique that requires
a much longer time for the measurement of the hole width, one measures coherence loss
on atime scale of the dephasing itself in the OFID experiment. Measurement of the OFID
decay rate as a function of temperature, pressure, etc. is one of the most sensitive means
of studying dephasing processes.

The experimental setup for the OFID is rather simple. An internal or external
phase modulator is used to create a frequency shift of the laser in an extremely short time.
The interference of the FID and the shifted laser source create a optical signa which
beats at the frequency difference and this is detected with a photo diode, avalanche
photodiode or photomultiplier. We have observed the OFID signal with the 0.5%
Pr3*:LaF; signd crystal under the excitation of 3Hs-'D»(0), but didn’t get any OFID

signal for the Pr**:LaF; nanocrystals embedded in glass.
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3.2.2 The photon echo

The discovery in 1950 of spin echoes by E. L. Hahn [7] showed that free
induction decay is easily reversed. It is not only easily reversed, but also easily reversed
long after the free induction signa has disappeared completely. Thus the echo signal,
which is the resurrected free induction signal, has the magical quality of something
coming from nothing. The principles on which the echoes are based is on the smple
possibility that each atom retains its own resonance frequency, out of all possible

resonance frequencies within the inhomogeneous line of width Gpnom , fOr times long

compared to 1/Gnhom.

In the photon echo, the sequence of the laser pulse itself removes the effect of
inhomogeneous broadening though the linewidth of the laser pulses might be really
broad. Two laser pulses that are separated by a period of timet = t, are required in the
two pulse photon echo experiment. The function of the first pulse is to create a coherent
superposition of the ground and excited state wave functions. This coherence is
detectable because it leads to a macroscopic oscillating dipole. This oscillating dipole is
capable of emitting coherent radiation. This radiation will decay at a rate determined by
the width of the broad portion of the inhomogeneous line that was excited. After the first
pulse, each excited ion will dephase at its own rate as progresses from 0 to t. The second
pulse, applied at t = t, inverts the sign of the accumulated phase for each ion. Following
an additional time t, the net phase shift is canceled out for every ion, leading to a
rephasing of the coherence and the emission of a burst of coherent radiation (see Fig.3.3
and Fig. 3.4). This burst of the coherent radiation is the photon echo. Hbwever, during

both legs of the time evolution the ensemble is also dephased irreversibly by the excited
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state lifetime and by phonon-induced pure dephasing. Therefore, by measuring the echo
intensity as a function of t, one determines the total irreversible dephasing rate, i.e., the
intensity or amplitude of the echo reflects the decay of coherence due to homogeneous
relaxation processes occurring during the time 2t, and a plot of echo amplitude versus 2t,
yields the dephasing time T,. Ideally, the first pulse should have a pulse area of p/2 so
that a coherent superposition state with equal amplitudes for being in the ground and
excited states can be created. The second pulse would have a pulse area of p in order to
perfectly exchange magnitudes and phase factors for the ground and excited states.
However, in practice, the echo signal can still be observed even when the two pulses are
not exactly p/2 and p pulses, respectively.

The photon echo can aso be pictured in terms of a vector model using the

construction of Fig.3.3 based on the theory discussed in chapter 2. In the rotating frame,
the first p/2 pulse rotates the R vectors for al the members of the ensemble to point
along the 2 axisat timet = 0. If we denote these vectors as R,(0), thenatt =0, the R,
vectors for al members of the ensemble are parallel and their total summation is nonzero.

As time goes on, the R (t) vectors of the individua members of the ensemble relax

around the 3 axis at their own rates. After a time T, the R,(t) vectors should be

0 U
uniformly distributed around the 1- 2 plane. The rotating polarization density is zero at

this point (the summation of the R, (t) vectors are zero). Inthetimeinterval between



35

(d)

=2
t=t, +t/2 =2

Fig.3.3 The photon echo process pictured by the movement of the Bloch vectors in the
rotating reference frame. (a) The first p/2 pulse rotates the Bloch vectors to point along

the 2axis a t = 0. (b) After the first pulse is turned off, the Bloch vectors begin to
dephasing at its own rate. Att = T, they are uniformly distributed around the 1-2 plane.
(c) The second pulse with pulse area p rotate each vector by an angle p about the 1 axis,
i.e., reverses the phase of each member of the ensemble. After that pulse, the phase
increase or decrease at the same rate as before, but. (d) After an additional time tp, all of
the members of the ensemble are again in phase with one another. The summation of the
Bloch vectors is nonzero that leads to the burst of the photon echo pulse.
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Fig.3.4 The evolution of the phase of typica members of the ensemble corresponding to
what illustrated in Fig.3.3.

U

_ U
pulses, the projections of the Ry(t) vectors on the 1- 2 plane rotate and shrink in

magnitude. Fig.3.4isaplot of f p(t) = Dt + p/2; the phase angle measured from i axis for

typical values of D. After time ty = t, — tp/2, a second pulse (p pulse) is applied. This

second pulse rotates the R(t) vectors through an angle of p around the i axis. The phase
angles shown in Fig.3.4 are reversed by the p pulse. For t > & + t,/2, the applied field is
off and the Ry (t) vectors evolve with the phase angle f p(t) increasing or decreasing as in
the time interval 0 <t < b + t/2. However, the initial phase at t = & + /2 is just the
negative of the phase at t = t, - t,/2 due to the second pulse that has a pulse area p. After
an additiona time interval that equals tp, al the R, (t) vectors are again parallel and R;

is again nonzero. Thus, the inhomogeneously broadened ensemble has rephased as a

whole at this point, producing a macroscopic polarization density[6]
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P(t) =-{- 1Nm, &, g(D){cos(Dft - 2tg]- $p)- isn( Dlt - 2t§] - 3p)}dDe = ™

(3.5)
that pesks at t = 2t2( =2t + t,. A pulse of radiation will be produced by the rephasing

ensemble, which is called the photon echo. As tp is varied, the amplitude of this

polarization appearing at t = 2t2( varies as

|P(2t,)| ~ e*#™ (36)

Because no field is applied to the ensemble except during the two pulses, the photon echo
decay rate (2T>'%) is independent of the incident intensity.

Spatially, the echo pulse is highly directional. When the two pulses are collinear,
the echo is collinear with lasers. The reason is that any macroscopic emitter with
dimension substantially larger than a wave length shows pronounced maxima and
minimain its radiation pattern, and the photon echo comes from the coherent radiation of
a distribution of dipoles; the maximum radiation therefore occurs along the array in the
forward direction for the collinear geometry. Although the polarization amplitude reaches
~ Nm at its maximum, the echo signal is still weak compared with much stronger
scattered light from the p/2 and p pulses. Optical alignment in the collinear geometry
makes it easier to focus two beams exactly at the overlapping point, but more careful
temporal gating (such as using more Electro-Optic Modulators) is required for
eliminating the rather strong scattering from the laser pulses. To avoid too much

scattering light from two pulses during the detection of the echo signal, a crossed-beam
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geometry, also named the small angle geometry, is introduced [8]. If IZl, IZz, and Kk

represent wave vectors of p/2, p and the echo pulse, respectively, the intensity of the echo

is found to be at maximum when the wave vectors satisfy

k- 2k, +k =0 (3.7)

i.e., the echo pulse (k) isin the plane of p/2 and p pulses (k, - k, plane) and inclined by
the same angle but to the opposite side of the p pulse (IZZ) [9]. In the small angle

geometry, the scattered light from the lasers is easier to block, but the specia alignment
is more difficult. In addition, the echo signal is generated only from the path length in
which the two beams overlap. In a weakly absorbing medium, the collinear geometry

maximizes the path length.

3.2.3 Experimental setup for the photon echo

The key point for the two-pulse photon echo experimental setup is the properties
of the two synchronized pulsed lasers. The two dye lasers which are pumped by two
different pulsed lasers separately should have an output with exactly the same
wavelength, and their intensity should be able to generate pulses of p/2 and p pulse area
in the sample, regectively. The delay between the two lasers must be varied
continuously from zero to a value that is a few times greater than T, of the transition
studied. Since the T, of Pr ions that we were trying to measure in Pr¥*:LaF; nanocrystals
is less than 100 nanoseconds, the range of the time delay we were working with is from

zero to few hundreds of nanoseconds. In a collinear geometry, the excitation lasers come
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out the sample with the echo signal in the same direction, and the later is much weaker
than the ransmitted lasers. Therefore, another crucial point in the collinear geometry is
selecting and operating the EOMs carefully in order to obtain a reasonable signal to noise
ratio by separating the echo signal from the much stronger transmitted lasers.

Fig. 3.5 shows a brief overview of our experimental setup for the two-pulse
photon echo measurement with collinear geometry. Two dye lasers from Quanty Ray,
LDL OG505 (pulse 1) and PDL-2 (pulse 2) are pumped by two Nd:YAG pulsed lasers,
GCR 100 (for pulse 1) and DCR-1(for pulse 2), respectively. The GCR 100 is used a
master trigger for the timing sequence of the two lasers. The details of the timing
procedure as well as the alignment procedure of the EOMs are described in the appendix
at the end of the dissertation.

In order to make the excitation more efficient, intracavity and external cavity etalons
were used for the PDL-2 dye laser and LDL OG505 dye lasers, respectively, which
reduced the line width of the dye lasers from 10 GHz to 3 GHz. The energies of the two
pulses were about 100 mJ at the sample. A lens of 30 cm focal- length were used to focus
the light onto the sample with a spot size of about 100 m?. A Burleigh Pulsed
Wavemeter was used for monitoring the wavelengths of pulse 1 and pulse 2. There are
three electro-optic modulators (EOMs) used in our experiment with four linear polarizers
each at 90° from the next. EOM 1 is a high speed electro-optic gating system Pockel’ s cell
(Lasermetrics 5016, driven by Krytron); EOM2 is a Pockel’s cell from high speed
electro-optic gating system generated by a solid state Pockels' cell driver (model 8251-1,

Analog Modules, Inc.); and EOM3 is 301-DM11 pulse picker (Quantum Technology,



Two-pulse photon echo with collinear geometry
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Inc.). The response time of the gate is about 10 ns for all of three EOMs. The EOMs are

triggered externally by the Q-switch output of the DCR-1. The echo signal is collected by

a photomultiplier tube (PMT) and the data are viewed and saved by TDS 460A Four

Channel Digitizing Oscilloscope (Tektronix). The pulse generators/delays in the setup

are Four Channel Digital Delay/pulse Generators (Stanford Research System, Inc.). The

sample is mounted in the helium cryostat and all of the neasurements were conducted at

helium temperature.
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CHAPTER 4

OPTICAL PROPERTIES OF TRIVALET RARE EARTH IONS
DOPED IN NANOCRYSTALS

4.1 Introduction
4.1.1 Characteristics of trivalent Rare earth ions
The 4f electronic levels of the RE ions are characteristic of each ion determined
by the number of 4f electrons. Because the 4f electrons are shielded from external electric
fidlds by the outer 55 and 5p° electrons, their energy level structure is relatively
independent of the host. In the case of free RE ions, the outer shell of electrons occupy
orbits of the (4f)" configuration. The inter-electronic Coulomb interaction leads to an
initial splitting of states and to the formation of LS terms. The electronic terms are next
perturbed by the spin-orbit coupling and under appropriate conditions the LS terms split
further into 3multiplets. The spintorbit interaction can mix J states from different LS
terms. Typically for 4f RE ions the states are labeled by 'L, where L, S, and J are
guantum numbers of orbital angular momentum, total spin angular momentum, and total
angular momentum, respectively. The characteristic energy levels of the trivalent RE ions
have been investigated by Dieke and co-works and their results are shown by the well-
known Dieke diagram[1l]. The diagram was constructed from the energy levels of
trivalent RE ions in LaCk crystals, but it is applicable to trivalent RE ions in aimost any
environment because the maximum variation of the energy levelsis, at most, of the order

of severa hundred wave numbers.
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4.1.2. Optical transitions of trivalent RE ions

The majority of optical trangitions of RE ions in solids that are observed in the
visible occur between states which belong to the same 4N configuration. Absorption and
emission originating from electronic transitions between 4f levelsis predominantly due to
electric dipole or magnetic dipole interactions. Magnetic dipole transitions are very weak
and electric dipole ff transitions in free 4f ions are parity-forbidden. When the crystal
fiddd provides an odd component to the perturbation and admixes elements of other
configurations into the 4f states, electric dipole transitions become partially allowed. But
the radiative transitions remain relatively weak. The effect of mixing is relatively small
on the energy of levels, but can have a large influence on their optical transition
probabilities.

In appropriate circumstances the weakness of the transitions implies long radiative
lifetimes and hence intrinsically very sharp transitions in the dsence of other than
lifetime broadening mechanisms. The intensity of electric dipole transitions depends
strongly on the site symmetry in a host crystal. Magnetic dipole £f transitions are not
affected much by the site symmetry because they are parity-allowed. Typical oscillator
strengths are of the order of 107 to 10°® for the weakly allowed electric dipole transitions,

and 10°® for magnetic dipole transitions.

4.1.3 Oxyfluoride glass ceramics
Fluoride glasses and crystals are desirable hosts for optically active ions because
of their good transparency, low phonon energy, and high rare earth ion solubility [2].

This makes them attractive for IR amplifiers, up-conversion lasers, and three-dimensional
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displays [3,4]. Yet, the quantum efficiency of the dass is low, and they are expensive,
toxic, corrosive and unstable, and must be processed in a dry oxygenfree atmosphere. On
the other hand, fluoride single crystals can produce narrow fluorescence line widths and
enhanced emission cross sections relative to glass, but can not be readily fiberized and
are more costly to produce.

Oxyfluoride glass ceramics, i.e., fluoride nanocrystals embedded in oxyfluoride
glass, offer the best of both worlds: the low phonon energy of a fluoride and the
durability and mechanical properties of an oxide glass. In oxyfluoride glass ceramics,
optical active ions partition into low-phonon-energy fluoride crystals that form upon heat
treatment [5,6,7]. The crystals are then protected by the oxide glass matrix that will
dominate the mechanical and physical properties of the composite (such as adequate
thermal and environmental stability), whereas the optical properties of the active ions will
be controlled by their fluoride crystal host (a lower phonon energy and high RE ion
solubility). Consequently the spectroscopy of optically active ions in nanocrystals should
be similar to that of the ions in its counterpart bulk single crystals, though it is expected
that the surrounding glass matrix will have some effect on optical spectroscopy and
dynamical processes of the ions contained in the nanocrystals [8]. In the following
sections, we will discuss the optical transition properties of trivalent RE ions doped in

nanocrystals, including their spectroscopy and decay times.

4.2 Experiments

The oxyfluoride glass ceramic samples were prepared by Dr. Matthew Dejneka at

Corning, Inc. based on the following procedure: First, an appropriate batch materials
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(802, AlbO3, N&CO3, NaNOs, BaCO3, BaNOg3, LayOs, and/or LaF3) were melted in an
air atmosphere [6,7]. After 3 hours at 1450°C, the melts were poured onto a steel plate
and then annealed for 1 hour at 20°C to 30°C below the glass transition temperature
which is about 560°C. The obtained glass patties then were heated at 10°C/min to the
crystal nucleation temperature, 600°C, and held for 4 hours to nucleate the crystals.
Finally, the sample was further heated at a 2C/min ramp to the ultimate temperatures,
usualy from 650°C to 825°C and held for 4 hours for the production of 5 to 25 nm crystal
particles, respectively. The size of the crysta particles in glass ceramics was measured by
electron and atomic force microscopy and by Xray diffraction. A measurement of the
average crystallite size is repeatable to +1.0 nm and 90% of crystal particles are within
7.5 nm the average. The volume fraction of crystals in the glass ceramics is about 10%. It
is found that for the larger RE ions such as Pr**, the concentration of RE ions in
nanoparticles is several times higher than the average concentration of the sample due to
the preferential partitioning of the larger RE ions into the crystal. But this partitioning is
reversed for the smaller RE ions since the smaller RE ions tend to remain in the glass.
Optical measurements were performed at liquid helium temperatures in order to
avoid or reduce possible thermal effects on the transition linewidth and resolve the crystal
field splittings of the energy levels. During the optical absorption measurement, a
tungsten lamp was used as the light source. The transmitted light was collected by a 0.75
m SPEX 1702 spectrometer and detected with a photomultiplier(PMT) tube. The
collected signal was analyzed using a SR 400 Gated photon counter. For fluorescence,
excitation, and time domain measurements, a dye laser operating in the red or yellow

regions pumped by the second harmonic of a Q-switched Nd:Y AG laser(Quanta Ray, 10
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ns pulse duration, and 10 Hz repetition), was tuned to excite the RE ions to selected
energy levels. A digital oscilloscope(Tektronix TDS 460A Four channel Digitizing
Oscilloscope) or a multichannel scalar (EG& G, 5 ns temporal resolution) was used to

store the data for the time resolved measurements.

4.3 Resultsand discussion
4.3.1 Spectroscopy of trivalent RE ions in nanocrystals embedded in glass
The space group of LaF; crystalsis Dj, (p3cl) and the RE ions occupy sites of

C, symmetry with identical electrical environments [9]. There are six such sites per unit
cell of the crystal, related by six-fold rotationreflection (Sg) operations about the ¢ axis
of the crystal. The G axes for each of the sites are perpendicular to the c axis of the
crystal. When the RE ions are doped in a LaF; crystal, the free ion states respond to the
lowering of symmetry by showing additional splittings. Because the RE ions are shielded
by higher quantum shells 5s* and 5p°, effects of external perturbations (such as crystal
fields) are relatively weak compared to the Coulomb and L-S interactions. The JF
multiplets are split into manifolds where the local energy level structure within is each
manifold is determined by the local symmetry and the strength of the crystal field which
produce admixing of J values and can alter radiative selection rules. In crystal field
theory, the effect of the crystal field is treated as a perturbation on the optically active
electrons. The consequence of this perturbation is the shifting of energy levels, the lifting
of the 2J+1 degeneracy and the alteration of radiative transition probabilities. Due to the
low site symmetry(C,) of RE ions in LaFs, the degeneracy of energy levels of RE ions is

completely lifted by the crystal field for even electron ions, and for odd electron Kramers
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ions, only the two-fold spin degeneracy remains. Even at the lowest temperatures and in
the best of crystals, transitions of impurity ions have line widths which reflect extrinsic
contributions [10] that lead to inhomogeneous broadening. In solids, the sources of
inhomogeneous broadening can have a complex origin as might result from clustering
occurring during crystal growth, compositional disorder or defects of the lattice if the
crystal is not perfect. These perturbations explain the intrinsic linewidth of transitionsin a
single crystal.

Optical transitions of RE ions in a single crystal occur in groups of sharp lines.
The position of the center of gravity of each group is about the same for any compound
for the same RE ion. Each group corresponds to transitions between the ground J
manifold and an excited X manifold level of the free ion. The structure within the group
results from the crystal field splitting of each manifold. In LaF; glass ceramics, similar
optical spectroscopy has been observed. Fig.4.1 shows the absorption spectrum of Pre*
doped LaF; nanocrystals embedded in a glass matrix, i.e., Pr** doped glass ceramics with
an average size of 15 nm LaFs crystalline particles. Splittings of excited manifolds by the
crystal field for the °Py, °P,, and 1D,, are clearly exhibited by the sharp and well resolved
absorption transitions. The fluorescence spectrum in Fig.4.2 shows the splittings of the
3H, ground state which corresponds to the transitions of the lowest level of D, to most of
the sublevels of H,. The excitation spectrum in Fig.4.2 shows the first two sublevels of
1D,; the lowest energy one is lined up with the highest energy fluorescent line indicating
that this is the metastable fluorescent level. The transition energies observed in Fig.4.2
are listed in Table 4.1. For the purpose of comparison, the corresponding transitions in

the counterpart single crystal are also cited in the table. Shiftsin transition energies are no
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more than a few wave numbers relative to the transitions in the single crystal. Combining

the results of Figs. 4.1 and 4.2, one can say that the energy levels of RE ions in these

glass ceramics are essentially the same as that of RE ions in their counterpart single

crystals. The similarities between the optical spectra of RE ions doped glass ceramics and

single crystals strongly suggests that the LaFs nanocrystals are essentially identical to the

bulk material, i.e., there are well ordered single crystals.
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Figd.1 The absorption spectra of Pr®* doped in LaF3 nanocrysta in glass ceramics.
Essential transitions from ground state 3H, to excited states *Po, 3P1, °P, and 1D, are
displayed. The size of the crystal particle is 15 nm. The concentration of Pr** is 0.5%.
The measurements were conducted at 1.5 K.
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Figd.2 The excitation (a) and fluorescence (b) spectra of Pr** 1D,-3H, transitions in the
glass ceramics. The average size of the crystal particle is 15 nm. The concentration of
Pr3* is 0.1%. The measurements were conducted at 1.5 K.
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Table 4.1 Optical transitions of Pr** in LaFs nanocrystals of glass ceramic and in the
single bulk crystal (Corresponding transition energies observed in Fig.4.2)

Transition energy Transition energy Wavelength
Transition in glass ceramics in single crystal insingle crystal
(wavelength) (wavelength) (fromref.[4.22])
(from Fig.4.2) (fromref.[4.21])
D, - 16876 cm* 16873 cmt 16873 cmit
SA() (592.56 nm)
D, - 16823 cm* 16816 cmi* 16816 cm*
3H4(11) (594.42 nm)
D, - 16780 cm* 16761 cm* 16761 cm*
3HA(11) (595.24 nm)
D, - 16740 cm* 16737 cmt 16736 cm*
3HA(IV) (597.37 nm)
D, - 16676 cm* 16678 cm* 16677 cm*
3Ha(V) (599.67 nm)

Additional broadening occurs for RE optica transitions in glass ceramics

compared to the case in single crystals. Fig.4.3 shows the excitation and fluorescence

spectra of Ho®* for the °Fs — °lg transition in oxyfluoride glass ceramics containing

LaFs:Ho®>" nanocrystals. It can be seen that the spectra of LaFs:Ho®*" nanocrystals are

amost identical to that of the bulk single-crystal, which is consistent with what was

suggested by Figs.4.1 and 4.2. Yet, there is anadditional broadening for the RE transition

in the glass ceramic with respect to the transitions in the counterpart single crystal; the

amount of the broadening is size dependent. Considering that the crystal particlesin glass
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ceramics are embedded in a disordered glass matrix, a further inhomogeneous broadening
that increases with a decrease of the size of crystal particles suggests that this broadening
is due to the increasing fraction of nanoparticles close to the crystallite surface or to the
random gress experienced by the nanoparticles in the matrix. The existence of some
broad fluorescence background results from the presence of some RE ions directly in the

glassy component of the samples.

Fluorescence spectra
H —--T=11K
T=1.5K
cm™
31.3
B 5|:5 14.5
—3—0
E
—
g T —sT—55
% 5. | TS 46
E |8 ——— 4.4 e
© | | | | |
o
c
[]
o —
a Excitation spectra
B - | ] " 7 nm
> :% — - - 23nm
L i . single crystal
;'}TI:-"
2o
-k i
N I
i llll it
- . )I ‘s. J L
v IV
| _&n\}‘ I\"u Nt '} Ak ! B
o) SNl | N N :ﬁ; 3
0 AN e AR |
636 638 640 642 644 646

| (nm)

Figd.3 (a) The excitation spectra of Ho®>" °Fs - °lg fluorescence (I =643.2 nm) in
oxyfluoride glass ceramics containing LaFs:Ho®" nanocrystals of different size and of a
LaFs:Ho®" single crystal. Inset: energy level scheme (simplified) of the °Fs and °lg states
of Ho®" in LaFs. (b) The fluorescence spectra of Ho®* °Fs — °lg transition in oxyfluoride
glass ceramics containing LaFz:Ho®" nanocrystals (I exc=639.2 nm). The concentration of
Ho®*" is 0.1%. T = 1.5 K. Insert: energy level scheme (simplified) of °Fs and °lg states of
Ho®*" in LaFs.
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4.3.2 Fluorescence lifetimes

As we have discussed above, the energy levels of RE ions, determined by their local
environment, remain nearly the same except for an increased inhomogeneous broadening
seen for the nanoparticles embedded in the glass ceramics. However, the dynamical
processes of the RE ions can be very different for ions contained in nanocrystalline
particles than for the ions in the crystallographically equivalent sites in bulk single
crystals. Due to the finite size of nanocrystal particles, confinement can affect the
dynamical process significantly. These confinement effects include additional dephasing
due to the enhanced electron-phonon interactiong[11], a slowing down of the single
phonon relaxation [12], and changes in their radiative transition rateg13]. Also, if the RE
ion-doped nanocrystals are embedded in glass, the surrounding glass matrix also may
interact with the RE ions and therefore influence the lifetime of the transition in addition
to the confinement effects.

(1) The medium dependence

In Ref.[13] it was shown that the radiative lifetimes of excited states of RE ions in
nanocrystalline materials is significantly longer than that in the bulk and that the radiative
rates strongly depend on the effective refractive index of the media consisting of
nanoparticles and the substance filling the space between them. The radiative lifetime
modification is quite sensitive to changes of the index of refraction of the media. The

expression

ty~ _ .
f(ED) iel(n , +2)l;1 (4 1)
&g

N g
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successfully described the dependence of the radiative lifetime of the electronic
transitions of the ions to the refractive index of the medium[14,15]. Where the effective
index of refraction, ngs, was calculated as an average of the refractive indices of
nanocrystalline material mc and the media Mneq, @ Nggr (X) = X XN +(1- X) My
The "filling factor" x describes the volume fraction occupied by the nanoparticle
aggregates in the surrounding medium averaged over the wavelength of light. f(ED) is the
oscillator strength for the electric dipole transition and | ¢ is the wavelength in vacuum.
The dependence of tr on ny, arises from (i) the change in the density of states for
photons in the medium of reduced light velocity and (ii) the modification of the
polarizability of the surrounding medium[14].

A similar effect is described for the oxyfluoride glass ceramics containing isolated
LaFs:Pr** nanocrystals [15]. In this case the index of refraction of the glass is very close
to that of bulk LaFs (n=1.60). The measured D, radiative lifetime at T=1.5K is increased
to tr=0.64 ms in LaFs; nanocrystals embedded in the oxyfluoride ceramics (0.005%Pr)
compared to tg=0.56 ms in LaF3:0.01%Pr single crystals. The measurements were
performed at low temperature in order to guarantee that all radiation occurs from the
lowest D, sublevel. The measurable difference in lifetimes using Eq.4.1 yields a 4%
lower index of refraction of the glass-ceramics (n«r=1.54) relative to that of LaFs, which
is in a good agreement with the refractive index of the residual glass [16]. It should be
noted that the measurements of radiative lifetimes provides a method of locally probing

the index of refraction of the glass ceramics.



53

(2) The nanocrystal size dependence

The averaged nanoparticle size dependence of the lifetime of °Fs excited state was
aso studied with the glass-ceramics containing LaFs:Ho** nanocrystals. Fig.4.4 shows
the dependence of the excited state lifetime on the crystalline diameter. Again, the
measurements were performed at 1.5K in order to avoid the contribution of the higher
excited state sublevels to the radiative relaxation rate. The results show that the lifetime is
shorter than that of the bulk and it increases with an increase of the nanoparticle size,
reaching the bulk value for the largest nanoparticles. For the samples studied, the index of
refraction of the glass, surrounding the nanoparticles was ny=1.55 [6]; thus the observed
dependence cannot be explained by the modified index of refraction which would predict

alarger lifetime.
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Fig. 4.;1 The dependence of the °Fs fluorescence lifetime, tgr, on the crystalite size for
+

theHo in LaFs nanocrystals in glass ceramics. The solid line shows the lifetime for bulk

s’ngle—crystals. The average size of the crystal particles is 23 nm. The concentration of

Ho°"is0.1%. T = 1L.5K.
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A possible explanation of the nanoparticle size dependence of the lifetime is
connected with the role of increased inhomogeneous broadening of the transitions in
nanocrystals. Only the “ideal” centers in the single-crystal possess exactly C, symmetry.
The ions forming the inhomogeneous profile of °Fs ® °lg transition are in distorted sites,
which, strictly speaking, possess only C; symmetry. This reduction of the C, symmetry
may change (increase in this case) the radiative transition probabilities for most of the
ions in the inhomogeneously broadened transition and thus be responsible for the shorter
lifetimes observed. The assumption that “norrided” ions have a short lifetime was
confirmed by the observation of the decrease of the lifetime in the wings of the
inhomogeneowsly broadened transition contour as shown in Fig.4.5. Such an effect was
aso observed for Pr** in glass-ceramics, but there the effect of the modified index of
refraction played the dominant role. For the case of Ho®" in LaFs nanoparticles in glass-
ceramics it seems that the competitive effects of distortions accompanying the
inhomogeneous broadening become dominant. These results are published in Ref.18.

(3) The temperature dependence

Two modes are involved in the relaxation of an excited state, radiative and non
radiative. In the usual case both radiative and nonradiative processes operate to relax an
excited state. For the D, state of Pr** in nanoparticles the relaxation was nearly purely
radiative. The relation between the total fluorescence lifetimetr of the state and radiative

and nontradiative relaxation rate can be expressed as

(t R)_l =Ar+Wrt (42)
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The lifetimes measured at different frequencies
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Fig.45 The lifetimes measured with the different excitation frequencies inside the
inhomogeneously broadened °lg — °Fs line. Full circles— 23 nm particles, Open circles— 7
nm nanoparticles.

where Ay is the radiative rate and Wr is the sum of the rates of various nonradiative
processes. The non-radiative relaxation can lead to depopulation of an excited level to
lower-lying levels. Both processes can have a temperature dependence which would, in
general, be different from one another.

Fig.4.6 shows temperature dependence of tg for different sizes of Ho®":LaFs
crystalline particles in glass ceramics and for the counterpart single crystal. The data were
taken by measuring the fluorescence decay time of °Fs-°lg transition of Ho®*" ions in the
crystal phase. In both glass ceramic and single crystal samples, the °Fs state lifetime

decreases by 30% when temperature increases from 1.5K to 30K. The similar



56

temperature behavior of the excited state lifetimes in nanocrystals and in the bulk crystal
makes it unlikely that the reduced lifetime results from additional nonradiative processes
in nanocrystals, which would usually have a different temperature dependence than that
of the radiative rate. However, such a temperature dependence can be ascribed to the
increasing contribution of transitions from the higher sublevels of the excited state, which
may have shorter radiative lifetimes. These contributions would be similar for Ho®* ions
in bulk and nano crystals since their energy level structure and radiative transition rates

are very similar.
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Fig 4.6 The temperature dependence of fluorescence lifetimes of the °Fs state of Ho3+ in
LaF; for various crystal sizes. The solid circles shows the lifetime for bulk single-
crystals. The average size of the crystal particle is 23 nm. The concentration of Ho®* is
0.1%. T = 1.5K.
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4.3.3 Relaxation between closely spaced electronic levels

When considering the population relaxation among electronic levels of RE ions
doped in nanoparticles that are embedded in glass, two modifications relative to the
single phonon direct process in bulk crystals need to be considered: (i) the modification
of the vibrational spectrum of the nanoparticles due to size restriction, and (ii) the role of
the interaction with the vibrational excitations of the glassy matrix. Here we will explore
what processes dominate the electronic relaxation between the closely spaced (separation
~ 10 cmi* or ~100 GHz) electronic levels of RE ions contained in nanoparticles when
these particles are enbedded in a glass matrix by studying the relaxation between the °Fs
excited state sublevels of Ho®* in LaF3 nanocrystals in glass.

It has proven very difficult to probe the direct process for RE ions in glasses using
optical techniques because the inhomogeneous broadening makes it very difficult to
study populations of specific crystal-field levels. This inhomogeneous broadening leads
to a wide energy distribution of crystal-field levels and as a result to broad spectra in
which the individua crysta field levels are not resolved. However, for RE ions doped
into insulating nanoparticles, sharp line optical spectra remain and these spectra are
essentially identical to those of the structurally identical bulk single crystals. This occurs
because the RE spectra are governed by the local environment which is the same for all
RE ions in the nanocrystals as is the case for bulk crystals. However, for electronic
relaxation of RE ions doped in nanoparticles surrounded by the glass, longrange
interactions may make it possible for the single phonon direct process involving he

phonon modes of the glass to make an important contribution to the relaxation rate.
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The direct observation of the relaxation between the two lowest °Fs sublevels was
performed under excitation of the upper sublevel at | =640.5 nm. Transitions from both
sublevels to one of the ground °lg state components were observed in fluorescence at
| =642.6 nm and | =643.2 nm which served as a measure of the sublevel populations.
Initially after excitation, the population of the Ho®* ions is predominantly in the secord
sublevel, 14.5 cmi* above the metastable state (see Fig.4.3). The population then decays
through the single-phonon direct process producing a 14.5 cmi* phonon and an ion in the
lower level. The time dependence of the luminescence decay of the upper level and the
buildup of the emission from the lower level 5-ns temporal resolution) reveal the
sngle-phonon decay rate (see inset in Fig.4.7). The populations will relax to a
quasiequilibrium value given by the effective temperature, as discussed in Ref.[17].
Because the 14.5-cmi® splitting between the excited state sublevels (phonon energy) is
large compared to the excited volume effective temperature, which in these experiments
was estimated as 5 K, it is easily possible to follow the direct process relaxation of the
phonon occupation. The relaxation times were determined from both the higher sublevel
decay and lower sublevel buildup curves and the average values were used to find the
experimental relaxation times Ty, i.e., the longitudinal relaxation time as we have defined
in chapter 2. These relaxation times as a function of the size of the nanoparticles
embedded in the oxyfluoride glass ceramics are shown in Fig.4.7. The corresponding
annealing temperatures are shown on the top axis. The value of T; decreases with a
decrease of the nanocrystal size, whereas for the largest nanoparticles it approaches the

single-crystal value.
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The observed dependence of the relaxation time on nanocrystal size may be
explained by assuming an important role for the interaction of the electronic states of RE
ions in the nanoparticles with the excitations of the glass matrix. In glass, low-lying
vibrational modes of a nontacoustical nature are present[18,19]. These are responsible for

an enhancement of the density of vibratiorel states relative to that in crystals. It is well
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Fig4.7 Times of relaxation between the two lowest °Fs state sublevels of Ho®" in
nanocrystals of different sizes embedded in oxyfluoride glass ceramics. Solid line: the
relaxation time value for single crystal. Inset: typical time-resolved fluorescence decay
and buildup curves.

known that the interaction with these modes makes a contribution to the homogeneous

broadening of optical transitions for impurity ions in glasg18,20]. The excitation of these
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modes may also be the dominant mechanism in the direct relaxation process between the
closaly spaced levels of RE ions in the nanocrystals embedded in glass [21] At the
frequency of 14.5 cm! (0.44 THz) the density of vibrational states of the glass is
significantly greater than the density of statesin crystals, at this same frequency, based on
a Debye model [18,19]. The vibrational modes of the glass may, together with the
phonon modes of nanoparticles, form new mixed vibrationa states, which may take part
in the single-phonon direct relaxation process. The exact nature of these states and their
vibrational wave functions are not known and their interaction with the RE ions will
depend on the location of these ions with respect to the surface of the naroparticle. An
additional relaxation mechanism connected with the interaction of RE ions with TLS's
can not be excluded though they are usually considered dominant in processes having
smaller characteristic energies. In any case, the experimental results of Fig.4.7 clearly
suggest that the interaction with the glassy matrix becomes significant for the
nanocrystals smaller than 25 nm and that these new modes lead to enhanced single

phonon relaxation rates.
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CHAPTER 5.

THEORY OF HOMOGENEOUS BROADENING
AT LOW TEMPERATURES

5.1 Phonon-induced homogeneous broadening in crystalline materials

In crystaline materials, homogeneous broadening is often determined by
relaxation processes mediated by lattice phonons. The ion-lattice coupling strength and
the phonon density of states determine the magnitude of the homogeneous linewidth, and
its temperature dependence reflects the phonon occupation numbers and the type of
process such as direct, Raman, and Orbach relaxations. One-phonon direct relaxation
process happens between two adjacent energy levels (|a> and |b>) whose energy
difference is in resonant with the energy of the phonons, i.e., with the phonon energy
hw = |Ep-Ea|. The relaxation rate, T,”, isproportional to (n+1)T,* and nT,* for the upper
(b>) and lower (ja>) levels, respectively. Where n=(e™ ¥ - 1) is the phonon
occupation number and T,* represents the rate of the spontaneous emission of the tpper
energy level.

Raman and Orbach relaxation are both two-phonon relaxation processes in which
one phonon is absorbed and a second is emitted. The Raman relaxation dominates most

of the relaxation processes in our study. In the Debye approximation, the number density

of occupied states is proportiona to WZM g which has a maximum at w » KT/ .

When the energy gap to the nearest crystal field level is such that kT<<7aw = |Es-Ey), the
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number of phonons available for a single phonon decay is very small and the single
phonon relaxation rate is negligible. In such a case the Raman process may play the

maor role. This process involves the absorption of a phonon at frequency
W, =B - Ea% and the emission of a phonon at frequency w, =1E- B lh such that

W, - W, =w . Here the state [> can be a real (Orbach) or virtual (Raman). The Raman
process makes use of al the phonons available at a given temperature. The initial and
final levels (Ja> and |b>) involved in the Raman process are usually ground or metastable
states. If Aw,and 7w, are much larger than 7w, one can assume wi = w, and a
calculation of the homogeneous linewidth based on the Debye modd for phonons, in the
long wavelength approximation for the matrix elements of the orbit-lattice interaction,
leads to the expression [1]

Tb

UT, =CT7 o3t e - I kix (5.)
0

in the case for which T<<Ty, =#Aw, /k. Here C is a constant, Tp is the Debye
temperature, and x = #w / KT. Here the integral is nearly independent of T. Thus a T

dependence of the relaxation rate is obtained at low temperatures in the approximation of
kT<<hAw = |E+Ey. This theory successfully explains the T’ temperature dependence
found in crystalline materials at low temperatures.

Another possible nonradiative process is the multiphonon process, which can take

place between two levels whose energy difference is greater than the greatest energy of
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the available phonons. However, this is a high order process, and it may be safe to
assume that these processes are less probable the larger is the number of emitted phonons
required for energy conservation, namely, the greater is the energy gap of the two levels
involved in the transition. For metastable states with large energy gaps to the next lower
level, multiphonon processes will not contribute significantly to the homogeneous
linewidth, although it may be important for population relaxation.

At low temperatures, in the case of EU®" doped single crystals, the two-phonon
Raman relaxation process dominates the optical dephasing (ho mogeneous broadening) of
the °Dy-'Fy transition due to the lack of sublevels in the ground (‘Fo) and excited (Do)
energy states. However the one-phonon direct relaxation plays the major role in the
optical dephasing of the transitions of 'D,-2Hs and 3Py-2H, for Pr** doped single crystals
due to the presence of nearby crystal field levels in their manifolds: *Hs ground state (57

cm?) and the 1D, excited state (23 cm?).

5.2 Homogeneous broadening in glass

As an amorphous material, glass is characterized by the absence of any long-
range order; i.e. no positional order exists over a macroscopic distance. From this basic
definition, one may assume that no local or lattice symmetry nor any periodicity is
expected in a glass. The solid state physics of disordered materials shows qualitatively
different features as compared to the well-known behavior of ordered materials such as
single crystals [2]. These qualitatively different physical behaviors basically result from
the fact that disorder leads, in general, to broad distributions of the relevant physical

parameters which, in turn, results in non-exponential relaxation patterns and non-ergodic
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behavior [3]. In optical spectra, strongly inhomogeneously broadened optical absorption
and emission profiles occur in glasses caused by the structural disorder. Thus, as opposed
to many crystalline systems, the homogeneous linewidth is ailmost always obscured by
the inhomogeneous linewidth that is associated with a static distribution of transition
frequencies mirroring the variation in electrostatic (crystalline) fields at the sites of the
optically active ions. To extract the information on optical dephasing or homogeneous
broadening, one needs to overcome the extreme inhomogeneous broadening of optical
transitions in impurity-doped glasses. Fluorescence line narrowing (FLN), spectra hole
burning (SHB), and photon echo experiments are widely employed in the study of
homogeneous broadening/dephasing in glasses [2-4]. Many experimenta investigations
have been carried out in inorganic and organic glasses, and a number of theories have
been proposed to model the dynamic processes in glasses [5].

In inorganic, organic and ceramic glasses, there are two observed general features
of dephasing that distinguish the situation from that of bulk crystalline materials. The first
one is the many orders of magnitude increase of the homogeneous linewidth, Giom,
compared to crystalline systems for the temperature range well below the Debye
temperature. The second is the specific form for the temperature dependence of Gyom in
this regime. Reviewing investigations on optica dephasing carried out in glasses [5-6],
one finds that the temperature dependence of the homogeneous linewidth for optical
transitions associated with impurities is characterized by two regimes. a low temperature
regime where the width varies as T°, with 1 £ a £ 1.3, and a high temperature regime,
observed primarily in inorganic glasses, where the width increases with temperature as

T°, with b @2. In doped ceramic glasses containing nanocrystals and for nanocrystals
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embedded in polymers, an increased magnitude and similar quasi-linear temperature
dependence of homogeneous linewidth is aso observed at very low temperatures [7-8].
There is strong evidence for two distinct dephasing mechanisms/ homogeneous
broadening in glasses. Most frequently observed is the Raman mechanism — a two
phonon process, similar to that found in crystalline materials, where the dephasing arises
from the random modulation of optical transition frequency coming from the incoherent,
quasi-elastic scattering of phonons by the optically active ions. The second mechanism
involves a dipole-dipole interaction, probably elastic, between the optically active ions
and an array of thermally excited tunneling systems that are associated with local changes
in the configuration of ions i.e. two-level systems (TLS). The former has successfully
explained the dephasing in glass in the high temperature regime as well as the dephasing
in crystalline materials (for oth high and low temperatures). The second one (TLYS)

describes dephasing in glasses at low temperatures.

521 Two Leve Systems(TLS)

The term two-level system is an abbreviated way of characterizing loca
configurationally changes in the glass. Associated with the configurationally changes are
discrete energy levels. In the simplest model, only two states are considered. According
to the classical picture, transitions between the states involve thermal excitation over a
barrier; whereas in the quantum mechanical picture, tunneling between static
configurations is allowed.

TLS were originaly introduced to provide the additional density of low energy

excitations required for an explanation of the anomalous magnitudes and linear
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temperature dependence of the specific heat and thermal conductivity of inorganic
glasses [9-10]. In the structural phase space, the model can be described by an ensemble
of independent double well potentials [3,6,9]. A specific double well potential
characterizes a specific local group of atoms of the disordered material under
consideration. The local group is structuraly metastable, it can exist in two different
energy minima. Disorder is reflected in the fact that one allows for a broad distribution of
the relevant parameters.

By limiting consideration to two levels, we can use a pseudospin 1/2 formalism to
characterize the states and transitions of the system. The energy levels of the double well
potential correspond to spinrup and spinrdown states of the pseudospin (S, = +1/2).
Trarsitions between the states can be interpreted as spin flips. Ultrasonic studies have
established that the tunneling systems are strongly coupled to the low-lying acoustic
modes; relaxation processes (spin flips) involve the emission and absorption of phonons
with energies equal to the energy difference of the double well [6].

The coupling of the tunneling system to the strain field generates a long-range
elastic dipole interaction in the sense that a pseudospin flip perturbs the strain field a
distance r away, with the strength of the perturbation varying as r™>. In addition, since the
configurational changes can involve redistributions of charge, the spin flips aso modulate
the dectric fields in the sample, with the long-range effects being determined by the

electric dipole moment of the configuration [6].
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5.2.2 Homogeneous broadening in glass at low temperatures

For the purpose of rationalizing and understanding the observed homogeneous
linewidths of molecules and ions in glasses at low temperatures, a number of different
theories have been developed [5,6,11]. The basic premise of all of these is that dephasing
in glass is due to the interaction between the optical activeionsand TLS [5,6,12-15]. The
stochastic and linear response theories are two examples of the models proposed. These
two different approaches reach the same temperature dependence at low temperatures for
dipole-dipole coupling, but they give different results if other types of coupling are
considered. As stated in [16], it is difficult to pinpoint the discrepancy; it appears that it
arises from differences in the approaches followed in incorporating the randomness in the
gpatial distribution of tunneling systems.

The stochastic theory is based on the idea of spectral diffusion of the qtical
trangition due to flipping of the TLS. The interaction responsible for homogeneous
broadening is represented by a randomly fluctuating term in the optical transition

frequency that is of the form

Dw(t) = S Dw(t) (5.2)
where

Dwi(t) = (A /159 st (53)

Here A is a constant, and 1; is the distance between the jth tunneling system and optical
active ion. sj(t) denotes a stochastic variable associated with the jth tunneling system
taking on the values +1. The time dependence of s;(t) models the spin flip transitions

between the two eigenstates of the tunneling system that are induced by phonons, the
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interaction of two level systems, and the strain field. The parameter A is proportional to
the difference between the diagonal matrix element of the iontunneling system
interaction evaluated in the excited state of the opticaly active ion and the same matrix
element evaluated in the ground state. Although the elastic dipole coupling is believed to
be primarily responsible for the broadening, Dw; is written in terms of an arbitrary
multipolar interaction (1. With s = 3(dipole-dipole interaction), a Lorentzian shape for

the homogeneous line is obtained with a dephasing rate [13]

1T, = CNoAT (5.4)

where C isaconstant and Ny is the spatial density of thermally excited tunneling systems.
This linear temperature dependence of the dephasing rates that follows from the model
calculations is a consequence of taking the normalized density of states for the tunneling
systems r (E,| ) to be constant, and by only considering the contribution from thermally
excited tunneling systems. If this assumption is relaxed by assuming & (E,I ) dl (wherel
is the tunneling/overlap parameter of the TLS, i.e., €' represents the overlap between the

wave functions for the two potential wells) to vary as E", then [5,13]

1T, = CNoA T (Hms/3 (5.5)

For s = 3, we get /T, p TH™ According to this result, the variety of quasilinear
temperature dependences (1T, ~ T with a from 1 to 1.3) that are observed
experimentally for the dephasing rates may reflect nothing more than small differencesin

the probability distribution, r (E,l ), of the tunneling systems.
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The linear response theory is based on assumptions as to the specific form of the
microscopic Hamiltonian. The Hamiltonian in such an approach includes model terms for
the interaction between the TLS and the optical center, and between the TLS and
phonons. Based on this theory, homogeneous broadening results from the modulation of
optical levels caused by coupling to the diagonal as well as off-diagonal elements of the
two-level modes. The main contribution to the dephasing arises from diagonal
modulation of abundant but weakly coupled two-level modes. For a general density
distribution r (E) p E™, a Green's function approach arrives at a temperature dependence

of the homogeneous broadening given by [5,6,17]
1/T2 u T m+4-9/s (56)

In the case of dipole-dipole coupling, s = 3, the temperature dependence becomes T+™ It
agrees with that obtained by stochastic theory. For a dipole-quadruple coupling (s=4) a
large T behavior is obtained with m= 0.

In the approach of calculating the homogeneous broadening caused by the
flipping of a TLS [11,14,16], the homogeneous linewidth for impurity ions in glass is

expressed as

r 2
c NaA“ ¥
G, =4pRN 5 o r2dr +2p—cl)? or2= 2Ngy

e

(5.7)

when the interaction between the TLS and opticaly active ions is in the form of A/r" (an

arbitrary multipole interaction). Here R is the relaxation rate of the tunneling systems and
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r. is a cut-off distance given by A/r" = R, below which the TLS-ion interaction is

considered distance independent. From Eq. (5.7) we obtain
G= 20N, [2R 213+ A2r 2 [(2n- IR|= (20 /9N, AP"RE¥"(an- 3)2n- 3 (5.9)

If we assume the density of states of the tunneling systems varies as r L E", then the

gpatial  density of thermaly excited tunneling systems No ~ TLm

(N, =rn(T) = Em;u mm@- 141 ) B THE™ 4 %01 TH™), Making the usual
€ e

KT/e _ 1

assumptions that R is identified with the relaxation rate for tunneling systems for which E
» 2kT, and that for those TLS, R ~ T, one can get that the linewidth G~ T+™9s,

We have to point out that though a number of theories have been developed,
including the stochastic and linear response theory, none of them is advanced enough to
be a general theory to explain al of the experimental results obtained in glasses. Another
guestion is. how do the mechanisms expected to dominate at high temperatures (i.e. two-
phonon Raman processes) cross over to those active at low temperatures (e.g. two-level
systems), though both mechanisms always operate (one is dominant at low T and the
other dominates at high T)?

The homogeneous broadening for the ions doped in glass ceramics, which is the
main interest of our study, is dill under exploration. Our investigations for the
homogeneous broadening of RE ions doped in nanocrystals embedded in glass with

frequency and time domain techniques will be discussed in detail in chapters 6 and 7.
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5.3 Spectral Diffusion

The time dependence of T, or G,om due to the frequency excursions of the optical
dipole is generally referred as “spectra diffusion”. It results from slower dephasing
processes. A well understood example is the magnetic interaction between an ion and the
nearby nuclear spins, which form a frozen core that undergoes slow spin flips in a single
crystal [17,18]. Another example, of special interest to this study, is the time dependence
of the spectral diffusion in glass due to the large ensemble of TLS's with a broad
distribution of tunnel parameters and energy separations between the two levels, which
would cause a broad distribution of fluctuation rates.

One way to study spectral diffusion is to conduct optical dephasing measurements
for the same system with techniques which require different time scales. For this purpose
the photon echo and SHB are frequently employed due to the very different time scales
required for these two optical dephasing measurements.

Investigations on the Pr*:LaF; single crystal suggested that optical dephasing of
Pr’* is due © fluctuating loca fields at the Pr** ion due to '°F nuclei. The spectral
diffusion process induced in the time scale of the SHB measurement was interpreted by
the “frozen core’ picture. In this picture, most of the loca field at the Pr** ions is
considered as static on the time scale of the coherence memory, it behaves as an
inhomogeneous broadening. Since the echo is insensitive to inhomogeneous
contributions, its decay was determined by the portion of the local field which was
dynamic on the time scale of the hyperfine T». 1°F nuclei nearest the Pr3* ions experience
aloca field from a large enhanced moment of the Pr3* ion. They are thus detuned from

resonance with the bulk fluorine spins and are not able to undergo resonant flip-flop (spin
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diffusion) processes. The local field due to these frozen spins is static, the homogeneous
dephasing of the hyperfine transition being due to more weakly coupled but freely
flipping fluorine spins. If the time scale of the measurement (seconds to minutes) was
long emough to give the frozen core enough time to undergo spin flips as well, then
spectral diffusion would occur during the measurement time of a SHB experiment.

For the nanocrystal system, because of confinement effects on the phonons,
surface effects on the finite boundaries or the interactions with the environments in which
the nanoparticles are embedded, spectral diffusion processes could be very different from
the case when the ions are doped in single crystals or are contained directly in glass. The
study of spectral diffusion in the homogeneous broadening for RE ions doped in
nanocrystals embedded in glass is one of our objectives in the study of the oxyfluoride
ceramics. SHB, the frequency domain technique, and the two-pulse photon echo, the

time domain method, are used in this investigation.
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CHAPTER 6.

HOMOGENEOUS BROADENING OF RE IONSIN NANOCRYSTALS
EMBEDDED IN GLASS-FREQUENCY DOMAIN STUDY

6.1 Introduction

The dynamical processes of optical active ions have different features and
behaviors for the crystaline materials and amorphous glasses. The temperature
dependence of the homogeneous broadening, which is an effective way to study the
dynamica process, follows different rules for the ions in crystal and glass, and is
dominated by different mechanisms. In crystaline materials, relaxation such as two-
phonon Raman process usualy is dominant, while it is governed by the interactions of
the ions with the two-level systems of the glass (TLS) in glass materials. Experimental
studies show that at low temperatures the homogeneous line widths of RE ions in glass
obey a power law in temperature, G,~T? with 1<a<2, while it is G,~T’ for the ions in
crystals. Theoretical investigations suggest that this behavior can be explained by
interactions with the TLS of the glass [1-5]. With the recent availability of nanocrystals
containing RE ions embedded in glass, it is of great interest to determine whether the rare
earth ions, separated from the glassy TLS by the crystalline nanoparticle in which they
are contained, also exhibit interactions with TLS. This may provide an independent test

of the TLS model and determine the length scale of the interactions.
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Materials consisting of insulating nanocrystals doped with RE ions embedded into
amorphous (glassy) matrices possess spectral properties very similar to those of bulk
crystals including sharp line optical spectra and efficient fluorescence [6]. The sharp line
spectra, which allow one to spectrally isolate ions in the nanoparticles from those in the
amorphous matrix, laid the basis for applying high-resolution spectral hole burning and
FLN techniques to study the dynamical properties of impurity ions doped in the
nanocrystals.

Mechanisms responsible for changes in the dynamical properties of the excited
states of RE ions in insulating nanocrystals embedded in amorphous matrix, compared to
single crystals, can be grouped into two categories: (i) those connected with size
restriction effects and (ii) those caused by the interaction of RE ions with the amorphous
environment surrounding the crystallites. The effects of the first kind are due mainly to
the modification of the phonon spectrum of the nanocrystals at low frequencies, which is
the nature of the confinement effects. Such effects have been studied in “free-standing”
nanocrystalline materials produced by a variety of techniques [7-9]. The effects of the
second kind require mechanisms whose effective length scale is larger than the crystallite
size. The interaction of RE ions in nanocrystals with excitations of the surrounding glass
matrix is an example of the second and is the object of chapter 6 and 7. In order to
determine the dominant mechanisms of the optical dephasing in these materials, low
temperature homogeneous broadening of electronic trarsitions of RE ions in nanocrystals
embedded in amorphous matrices are studied by frequency domain techniques (SHB and
FLN in chapter 6), and by time domain methods (photon echo in chapter 7). A smple

calculation of the interaction of the RE ions with the TLS of glassy matrix which
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excludes the nanocrystal volume containing the RE ions provide evidence that it is the
interaction with the TLS that dominates the homogeneous broadening of RE ions. The
long range nature of the interaction with the TLS in nanocrystals embedded in glass

matrix is demonstrated by the results.

6.2 Experiments

Two types of samples are studied. Monoclinic Y.Os:Eu** nanocrystals dispersed in
siloxane polymer, which were produced by condensation after laser evaporation [10],
were selected for comparing the homogeneous broadening of nanoparticles embedded in
matrix with that of free nanoparticles. In the second case, samples of Eu** and Pr** doped
LaF; nanocrystals embedded in transparent oxyfluoride glass ceramics [6] were studied
for nanoparticles sizes in the range of 10-23 nm. The concentration of RE ions was
0.05% for which the nanoparticles are contained in oxyfluoride ceramic samples, and is
0.1% for monoclinic Y»Os:Eu** nanocrystals. Due to segregation effect, the concentration
of RE ions in the LaF; nanocrystals is actualy a few times higher than the average and a
fraction of the RE ions is dways present in the matrix. Despite the drastic differences in
preparation, both of these materials (Y203 and LaFs) consist of insulating nanocrystals of
similar sizes (~10-25 nm) embedded in an amorphous matrix. We interpret their general
properties in terms of the same mechanism that applies to both despite their independent
preparation techniques and the difference in the amorphous matrix. This is supported by
the fact that the dynamics of ions and molecules in amorphous media seem to show a

universal behavior for awide range of glassy media[11-12].
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The spectral HB and FLN measurements were performed with samples mounted in

a liquid helium cryostat. For the HB experiments, the 'Fy - °Dy transition of Eu3+ and the
3H, — D, transition of Pr** were selected. A few mW of cw light from the dye laser,
Coherent CR599 (frequency jitter ~2MHz), was tuned to the corresponding frequencies
and loosaly (d ~ 0.5mm) focused on the samples. The transient HB spectrum (lifetime
seconds (Pr) to minutes (Eu)) was obtained with a repetitive burn/scan sequence (scan
time ~0.5 s) using fluorescence detection with a PMT through appropriate interference
filters or a spectrometer. The data was averaged and stored on a digital oscilloscope. The
hole widths obtained on single-crystals, for which the homogeneous linewidth is much
less than the spectral resolution for the HB technique, were used to estimate the
instrumental contribution to the line width that was subtracted from all data.

For (FLN) measurements, the same laser, resonant with the *H, —'D, transition of
Pr3*, provided ~30mW output power was employed. The resonant FLN fluorescence was
selected with an interference filter and analyzed with a scanning Burleigh RC-140 Fabry-
Perot interferometer. In order to block the excitation light from the detection system
during the collection of fluorescence, an acoustic-optic modulator (AOM), which was
electronically synchronized with the chopper wheel in fluorescence collection path, was
introduced into the setup. Because the lifetime of the ‘D, state, which is the time region
allowing the observation of resonant FLN signal, is ~0.6 ms, the period of light on/off

were set at < 0.5ms.
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6.3 Results and discussion

There are three sites, A, B, and C for EU®* ions in Y203 monoclinic crystallites [13].
The coordination of two cation sites (site C and site B) can be described by six oxygens
at the spaces of atrigonal prism with a seventh oxygen lying along the normal to a face.
The coordination of the third site (site A) is described as a distorted octahedron with a
seventh oxygen along a three-fold axis at very long distance. Fig. 6.1 shows the

temperature dependence of the width of spectral holes, Gyg, burned in the ‘Fo - °Dy

transition of Eu’" ions located on the C sites ( =582.8 nm) in 23nm Y,O3 monoclinic
crystalites [10] dispersed in siloxane polymer. These results are compared with the
analogous SHB data obtained with the free-standing, as-prepared, nanocrystals of the
same size [8]. The hole burning occurs due to redistribution of the population of the
ground state hyperfine levels of those ions whose hyperfine transitions are resonant with
the laser [8,12]. The sample with nanocrystals embedded into the polymer matrix
exhibited a drastic increase in hole width. A very different power law behavior for the
temperature dependence of the hole widths relative to those of the same isolated
nanoparticles is obtained too. The ~T® temperature dependence of the hole width
observed for isolated nanoparticles [8-9] becomes ~T for nanoparticles embedded in the
polymer. Although the ~T2 behavior is not clearly evident for the 23 nm sample studied
here, it is much more evident in the samples with smaller nanoparticles [8-9]. The nearly
linear temperature behavior of Gyg in nanoparticles surrounded by the polymer matrix is

very similar to that observed for EU** doped glasses [12].
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Fig.6.1. Temperature dependence of the hole width for EL®* in Y,O3 nanocrystals. Solid
lines: Gyg~T (embedded in polymer) and Gug ~T° (isolated, as prepared).

The hole-burning results, which reflect the homogeneous linewidth G,(T) of
electronic transitions (G,=Gys/2) suggest that the dominant mechanism for the
homogeneous broadening of the 'Fp - °Dg transition of Eu in Y203 nanocrystals

embedded in the polymer is identical to that which is responsible for homogeneous

broadening found for ions in glasses. In glasses below 10K it is typically observed that
Gh~Ta (1<a<?2). Asdiscussed above, such atemperature dependence of the homogeneous

line width has been interpreted in terms of the interaction of an impurity ion with two-
level systems (TLS) [1-5]. Since the TLS — rare earth ion interaction is usually assumed

to be of an elastic dipole-dipole nature [1-2, 4-5] it is relatively long-range. We consider
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the possibility that such a long-range interaction may be effective at distances as large as
the size of these nanoparticles and hence may be responsible for the homogeneous
broadening of the optical transitions of RE ions contained inside the nanocrystals.

In order to examine whether this temperature dependent broadening is in fact a
general property of RE-doped nanocrystals in amorphous media, oxyfluoride glass
ceramic samples containing LaFz nanocrystals (0.05%Eu) were also studied. In Fig.6.2
the temperature dependencies of widths of holes burned in the ’Fy - °Dy transition of Eu**
(1 =578.2 nm) are shown for a series of samples containing different particle sizes
obtained with different annealing temperatures as discussed earlier in section 4.2. The
temperature dependence of the hole width for EL®* ions contained directly in the glassy
matrix is also shown (some amount of rare earth impurity ions aways remains in the

glass matrix). The nearly linear temperature dependence of the hole width, G ;~T, as

well as the spectral dependence of the hole width as the laser is tuned inside the broad 'Fo
- °Dy transition of the glassy component (not shown) is very similar to that observed for
other Eu** doped glasses [12]. The character of the temperature dependencies of the hole
widths for EL®* ions in nanocrystals embedded in the glass and for those ions contained
directly in the glass matrix is smilar (Gyg ~T), but the line width for the latter is
significantly larger. It is important to note that the broadening decreases with an increase
of nanocrystal size. The hole widths of the ceramic samples containing 17 and 19 nm
average particle sizes were indistinguishable and for the 14 nm average particle size
sample, the holes only survived to 2 K so that their temperature dependence could not be

obtained.
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Fig.6.2. Temperature dependence of the hole width for EU** in LaFs nanocrystals of
different size embedded in oxyfluoride glass ceramics and for EU®* directly doped into
the glass matrix. Solid lines: Gyg ~T.

For the *Hs~'D, transition of Pr** (I =592.5 nm) doped in LaFs nanocrystals
embedded in oxyfluoride glass, the SHB results (shown in Fig.6.3) arelittle different at T
< 4 K from what was observed with EU** ions as shown in Fig.6.1 and 6.2. However,

above 4K, a rapid non-linear increase in G with temperature appears, as previously

observed for Tnt* in these oxyfluoride ceramics [14]. We have therefore fit the data
with the sum of a quas- linear plus a power law term. The best fits to the data gives us the

temperature dependencies of
G ('D,) = (42+ 4) +(6.4+ 0.5 xT % + (0.005 + 0.001) 3T **? (MHz) for (b)

and G, ('D,) = (18+ 6) + (1.0+ 0.4) 5T ® + (0.0036 + 0.0003) xT ' (MHz) for (c),
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which gtill suggests the presence of a quas-linear temperature dependence of the hole
width at T<4K for RE ions doped in glass ceramics. This quasi linear (~T*3) dependence,
which is similar to that observed for Pr** ions in glasses (as shown in Fig. 6.3(a)), where
it was found [12] that Gue~T™, further supports the idea that interactions of RE ions
contained in the nanocrystals with the TLS of the glass dominate the optical dephasing.
The higher power term in the hole width will be discussed in chapter 7 where the

linewidth is obtained with time domain techniques such as the two- pul se photon echo.

700

o (b): Pr3* in glassceramics1,23 nm
600 - (c): Pr3* in glassceramics2, 20 nm
(a): Pr3* in glass
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Fig.6.3. Temperature dependence of the hole width for Pr** directly doped into the glass
(a); and for Pr®* in LaFs nanocrystals embedded in oxyfluoride glass ceramics (b) and (c).
Solid lines: (a): Gug ~ T*2.

(b): Gz ('D,) = (42+ 4) + (6.4 £ 0.5) XT** + (0.005 + 0.001) xT **2 (MHz).
(©): Gz ('D,) = (18£6) + (1.0+ 0.4) X ** +(0.0036 + 0.0003) XT **» (MHz)

Note: the glass ceramics 1 and 2 content different glass components.
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The results of these hole burning measurements suggest that the homogeneous
broadening of optical transitions of RE ions in nanocrystals embedded in amorphous
materials is determined by interactions with the TLS of the amorphous matrix. The
drastic effects on the magnitude and temperature dependence of the hole line width upon
embedding the nanocrystals into a polymer (Y»O0s:EW*") and a glass (LaFs:Eu™,
LaFs:Pr*") support this suggestion and provide direct evidence for the longrange
character of the TLS-RE interaction.

In order to obtain a semi-quantitative description of the dependence of the
homogeneous broadening on the size of the nanocrystals we apply EQq.5.7 to calculate the
homogeneous broadening caused by the flipping of the TLS. In this approach the
homogeneous broadening is calculated as a sum of contributions of each TLS. It has the
advantage that it provides a smple means to calculate the dependence of the
homogeneous broadening on the nanoparticle size since it makes it possible to exclude
the nanocrystal volume about the RE ion that does not contain any TLS. For the case of
dipole-dipole interactions (~A/r’), Eq.5.7 gives homogeneous linewidth for an ion in

glass as

) NoAZ¥
G, =4p RN, °dr +2p ‘:Q or “dr (6.1)
0

fe

The first term describes the contribution of “near” TLS; the second accounts for
interactions with more distant TLS whose interaction with the RE ions falls according to
the dipole-dipole nature of the interaction. In order to exclude the nanocrystal volume
that contains no TLS, the integration should be performed excluding r <ro (ro — the

nanoparticle radius). For this semiquantitative description we consider al RE ions to be
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located at the center of the nanocrystals. We also neglect the difference in eastic

properties of the glass and crystal in calculating the elastic interaction. Then we have

;}ZpNOA- %NORrj (b <r)
G=i . (6.2)
BNAL o)

1.0e
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Fig.6.4. The dependence of homogeneous linewidth on nanocrystals radius (normalized
to Gy=1 for ions in glass). Solid line — equation (1), circles — experimental data for EU®*
(solid) and Pr** (open) in LaFs nanocrystals in oxyfluoride glass ceramics. Dashed line -
the ~ ro™ behavior of Gy(ro).

In Fig.6.4, Gy(ro) of Eq. (6.2) is plotted vs. ro/rc normalized so that G,=1 at r,=0. On

the same figure, the experimental hole widths (T=5K) obtained with oxyflouride glass
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ceramic samples containing LaFg,:Eu3+ nanocrystals of different sizes (Fig.6.2) are
normalized to G,(r,=0)=1 (G,=1 for ions in glass) and fitted to the curve (Eqg.6.2) using r¢
as an adjustable parameter. The hole widths were estimated from the experimental data
(Fig.6.2) by fitting the linear Gy(T) dependence to the experimental hole widths in the
vicinity of T=5K. The temperatureT=5K was chosen because around this temperature we
have the mog complete set of data for al nanoparticles sizes. At the same time the data
do not suggest a significant temperature dependence of . A reasonable fit of the
experimental data to Eqg. (6.2) occurs a re=9nm which may be considered as an
independent estimate of r. for Eu doped oxyfluoride glass. The more limited set of data
(obtained with the samples with different chemical compositions) for Pr** doped samples,
also shown on Fig.6.4, is also consistent with Eqg.6.2 assuming the same value of r;=9nm.
The dashed curve in Fig.6.3 presents the ~ro™ behavior of G(ro) appropriate for the case
ro>rc (normalized) which would correspond to the situation in which the dominant rolein
homogeneous broadening belongs to the TLS located at the nanocrystal-glass interface if
their concentration was much greater than that in the bulk. Data for larger nanocrystals
are necessary to exclude (or confirm) such a possibility.

While the calculation using EQ.6.2 is not very rigorous, it does provide an
estimate of the dependence of the homogeneous broadening of the optical transitions of
RE ions on the size of nanocrystals. The result of the calculation supports the hypothesis
that the homogeneous line width is dominated by interactions of RE ions with the TLS of
the glass matrix [15]. A more careful theoretical treatment as well as experimental studies

with nanocrystals of larger size are necessary to further test this hypothesis.
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FLN experiments were performed with oxyfluoride glass ceramics containing Pr*
doped LaFs nanocrystals. The transition from the upper sublevel of the two lowest D,
excited states to the ground state is p-polarized and lies at 591.7 nm, whereas the 592.5
nm transition from the lower sublevel is s-polarized (inset in Fig.6.4). Previous studied
of Pr** in LaF3 crystals show that the one-phonon relaxation process is responsible for the
homogeneous broadening of the fluorescent transitions between the sublevels of excited
and ground states [10]. In nanocrystals the low-frequency phonon spectrum is modified
and the one-phonon relaxation rate between the excited state sublevels may be changed
compared to that of single-crystals. The change of the relaxation rate could be reflected
by the homogeneous broadening of the upper sublevel.

Fig.6.5 shows the temperature dependence of the homogeneous linewidth of the
'D,—3H, p- transition for LaFs:Pr** 23 nm nanocrystals in oxyfluoride glass ceramics
doped with 0.05% Pr, and that of the same transition in a LaF3:0.1%Pr* single-crystal.
No difference in the homogeneous linewidth was observed between the embedded
nanocrystals and the single-crystal, which suggests that the phonon spectrum in
nanocrystals is not significantly modified at 23 cmit. This may be because the size of
nanocrystals is not small enough to cause significant changes their phonon spectra at low
frequencies. Comparing these FLN results with the HB results obtained in the previous
section, the interaction between Pr®* ions and the TLS system, which significantly
modified the homogeneous linewidth of the s transition at T<5 °K, seemsto play no role

in relaxation between the excited state sublevels at T>10 °K.
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Fig.6.5. Temperature dependence of the fluorescence line narrowed width for Pr3* in LaF;

nanocrystals embedded in oxyfluoride glass ceramics ard for Pr** in LaFs single-crystals.

The hole burning data for the glass ceramics are aso shown. Thin solid lines —theoretical
curves from Ref.[2].

The width of the holes burned in *D,—*H,4 s transition as well as the theoretical
homogeneous linewidth of s and p transitions [10] are also plotted in Fig.6.5. A good
agreement of the experimental data with theoretical predication is clearly displayed. At
higher temperatures T>20 °K the homogeneous widths of s and p transitions are getting
similar, therefore the FLN data obtained for p transition may be used for the s transition.

Thus, the HB data on the s transition together with the FLN data on the p transition (with
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some interpolation) give an estimate of the homogeneous broadening of D—2H, s
transition in Pr** jons in nanocrystals embedded in glass.

It may be concluded that at low temperatures the homogeneous broadening is
determined by the interaction of RE ions in nanocrystals embedded in the glassy matrix
with TLS of the glass, whereas a higher tempeatures the one-phonon processes
dominates the homogeneous broadening [16]. In addition, for nanoparticles ~ 20 nm in
size, the phonon density of states for 23 crri* phonons and their coupling to the electronic
states of the RE ions in nanoparticles are nearly identical to those in bulk single crystals.

At the end of this chapter, we need to point out that there could be some spectral
diffusion effects that contribute to the homogeneous linewidth in the frequency domain
methods such as SHB and FLN, for which a long time scale is required for the
measurement. A discussion on the contribution of spectral diffusion to the linewidth will
be presented in chapter 7 following the time domain measurement of the homogeneous

broadening.
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CHAPTER 7

HOMOGENEOUS BROADENING OF RE IONSDOPED IN NANOCRYSTALS
EMBEDDED IN GLASS-TIME DOMAIN STUDY

7.1 Introduction

The photon echo method has been an excellent technique for studying coherent
optical phenomena such as homogeneous broadening in many materias [1]. A
comparison of the results of this technique with that of spectral hole burning (SHB),
enables one to minimize the effects of spectral diffusion, which occur on the time scale of
SHB measurements. The photon echo method is also employed to gain information on
the physical properties of the system hosting the echo generating species, though initially
it was designed to investigate the nature of coherence itself [1,2]. Since optical coherence
is very sensitive to fluctuations in the environment, photon echoes can be used for
investigating the dynamical processes that result from the ubiquitous “two-level systems’
(TLS) [3-6]. The high optical frequency selectivity of rare earth (RE) doped inorganic
crystals, whose homogeneous linewidths can be of the order of kHz, combined with the
high frequency resolution of the photon echo technique has rendered possible the study of
phenomena not amenable by other techniques.

For RE ions doped nanocrystals embedded in glass, our study of SHB, as
presented in the previous chapter, suggests that at low temperatures, the interaction of RE

ions with TLS of the glass dominates the optical dephasing [7]. The homogeneous line
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widths are sensitive to the size of the nanocrystals, and they exhibit a quasi-linear
temperature dependence. Since a rather longer time scale (ms) is necessary in the
dephasing measurement of SHB, the effects of spectral diffusion can contribute to the
obtained homogeneous linewidth. This possible spectral diffusion effect can be
minimized with the photon echo technique, and the spectral diffusion can be investigated
by combining the study of photon echo and SHB. In this chapter, the optical dephasing
process of RE ions doped in LaFs nanocrystals embedded in oxyfluoride glass is studied
by the two-pulse photon echo technique. The optical dephasing time T, of Pr** ions
contained in different size LaFs nanocrystals embedded in the glass ceramics is
presented. An exponential temperature dependence of the echo intensity is observed and
a quasi- linear temperature dependence of the dephasing time is obtained. We also discuss
the possible spectral diffusion effects involved in the optical dephasing during the time

scale of SHB measurement.

7.2 Experiments

Samples used for the photon echo studies are 0.5 mol % Pr** doped LaFs
nanocrystals embedded on oxyfluoride glass annealed at different temperatures. The
specific fabrication procedure of the Pr¥* doped glass sample is the same as discussed in
section 4.2. The glass samples were annealed at 750 °C and 725 °C for 4 hours in air,
respectively, to obtain the different size nanocrystals. The characterization of the samples
anneadled at different temperatures was made by XRD (X-Ray Diffraction). We will
denote the sample annedled at 750 °C for 4 hours, which looks cloudy after the

annealling, as 750-4 (cloudy). The one annealed at 750 °C for 4 hours, but looks clearer,
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is named as 750-4 (clear). 725-4 refers to the sample annealed at 725 °C for 4 hours. The
samples were mounted in a liquid helium cryostat, and all of the measurements were
conducted at 1.3 K. The measurement on the temperature dependence of echo intensity
were carried out under temperatures from 1.3 K to 8 K.

The experimental apparatus consists of a pair of Nd:Y AG-pumped dye lasers and
three electro-optical modulators (EOMs) with a response time of less than 10 ns. The
specific setup and detailed synchronization is the same as discussed in section 3.2.(3).
The timing of two dye lasers were set in such a way that the delay of the second beam (p
pulse) with respect to the first one (p/2 pulse) is continuously adjustable from zero to
hundreds of ns. The two pulses are completely overlapped in frequency and spatial
configuration. The two collimated and superimposed pulses were focused at the sample
with a 30 cm focal lens. The size of the foca point a the sample is about 0.2 mn¥, and
the energy of the lasers at the sample are about 100 mJ for both pulses. Three EOMS,
acting as fast shutters, are synchronized with the laser pulses so that the scattered light
from the sample can be effectively gated from the echo signal by properly choosing the
trigger position of the EOMs. The echo signals were detected with a PMT and a digital
oscilloscope was used to display and collect the data of the echo signal. During the
photon echo measurements, the two laser pulses, which have a 3 GHz bandwidth for
both, are tuned so as to be resonant with the lowest H, to 3P, optical transition of Pr3*

ions in the LaFz nanocrystals (I =477.8 nm).
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7.3 Resultsand discussion
7.3.1 Optical dephasing of Pr* ions in LaFs nanocrystals embedded in

oxyfluoride glass

As a group, the RE ions with an even number of 4f electrons, when doped into
crystalline sites of less than axial symmetry, show long optical coherence times at low
temperatures. This is because their f transitions are between nonmagnetic electronic
levels and optical dephasing at low temperatures is magnetic in origin, arising from
nuclear- or electronic-spin fluctuations of host lattice nuclei or paramagnetic ions. The
system of Pr** doped LaF; crysta is a good example of the case. For Pr*'LaFs; single
crystals, the previous study of SHB and the photon echo has shown that the dephasing
time, T2, is 6 M8 (Ghom = 53 kHz ) for the®H, — 1D, transition and 2.4 ms (Guom = 133 kHz)
for the 3Hs — 3Py transition [1]. The similarity of T for these two transitions is to be
expected since the dominant contribution comes from magnetic interactions within the
ground state (magnetic interactions between the Pr** ions and surrounding *°F nuclei, or
at higher temperatures, by phonon induced dephasing). The study of modulations of the
photon echo decay of the 3P, transition revealed the splitting of the ground and excited
states[§].

For Pr** ions doped in LaFs nanocrystals embedded in oxyfluoride glasses, SHB
and FLN (fluorescence line narrowing) studies on the *D; transition exhibit much broader
homogeneous linewidths (10 to 100 MHz) than that of the transition in a single crystal
[7]. This corresponds to a ~10' nanosecond dephasing time, To.=UpGm. For the 3Py
transition, our two-pulse photon echo study also suggests a similar optical dephasing time

of Pr** ions in nanocrystals embedded in the glass ceramics. Fig.7.1 shows the photon
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echo signal obtained at various delay times. Since the photon echo is aways just
following the second pulse, we need to exclude the possible overlap of the second pulse
on the echo signal when we measure the intensity of the echo signal. In Fig. 7.1, the solid
lines are the echo signal with two laser pulses, and the dash lines are isolated second laser
pulses that were obtained with the first laser pulses blocked. The intensity of the photon
echo is obtained as the peak height of the echo signa (solid line) after subtracting the
corresponding peak height o the isolated pulse 2 (dashed line). No echo signal was
detected when the delay time was increased above 55 ns for the sample with the biggest
available nanocrystals (sample 750-4 (cloudy)). We did not observe any echo signal for
the samples annealed at 700 °C or lower even with the shortest practical delay time (15 to
20 nanoseconds). Fig.7.2 shows the photon echo decay of the *Hs-P, transition at 1.3 K
in 0.5%Pr3*:LaF; nanocrystals embedded in oxyfluoride glass annedled at different
temperatures. The ®lid lines are exponentia fits to the experimental data (shown by
circles in the figure). The results of the data fit to the decay of echo intensity gives
dephasing times of , =48 + 3 ns, 36 + 3 ns, and 32 + 2 ns for samples of 750-4
(cloudy), 725-4, and 750-4 (clear), respectively.

The previous SHB study showed that the homogeneous line width increased as
the size of the nanoparticles decreased, i.e., the dephasing time, T,, increases with
nanoparticle size. In principle, bigger nanocrystals should be nucleated from higher
annealing temperatures. The T, values in Fig.7.2 are not consistent with this statement
since the 750-4 clear sample has a shorter T, value than that of the 725-4 sample.

Therefore, we attempted to measure the size of the nanoparticles by X-Ray Diffraction
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(XRD). The results of the characterization done at Corning on the samples used in the

photon echo study are shown in table 7.1.
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Fig.7.1: Two-pulse photon echo for 3Hs-3Py transition of Pr** ions with different delay
times. The sample is 0.5%Pr3*:LaF; nanocrystals embedded in oxyfluoride glass ceramics
annealed at 750°C for 4 hours (750-4 (cloudy)). T = 1.3 K.



94

1 4
7 750-4(clear), T=1.3 K
] T,=31+2 ns
0.36788 —
0.13534 ]
0.04979 | O
A ' L E— L E— L |

15 20 25 30 35 40 45 50 55

1_
2 |
o 0.36788 — 725-4,T=1.3K
S ] T,=36+2 ns
o
£ 013534 — @)
(@) _
<
O 0.04979 —
L i

— 1 r 1 r 1 ' T ' 1 T T T T T 1

15 20 25 30 35 40 45 50 55

750-4(cloudy), T=1.3 K

0.36788 T=48+3ns

0.13534 —

0.04979 —

15 20 25 30 35 40 45 50 55
Delay time (ns)

Fig.7.2: The echo intensity versus delay time for 3H,;->Py transition of Pr** ions. The
samples are 0.5%Pr3*:LaF; nanocrystals embedded in oxyfluoride glass ceramics
annealed at 750 °C for 4 hours (750-4 (cloudy)) (a); 725 °C for 4 hours (b); and 750 °C
for 4 hours (clear) (c), respectively. T = 1.3 K. Solid lines data fit results. The T»
obtained form the data fit are 48+3 nsfor (a), 36+2 nsfor (b), and 31+2 nsfor ().
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Table 7.1 Characterization of the samples with XRD

Sample Particle size (nm) Particle size (nm) Particle size (nm)
(Low angleline) (High angle line) (Average)
750-4 (clear) 34.1 39.7 36.9
725-4 37.1 36.2 36.6
750-4 (cloudy) 36.4 345 354

The XRD results show that the three samples have average sizes that are
essentially indistinguishable. Obviously, the XRD results do not give us the distribution
of nanoparticle sizes as we expected from the values of T, in Fig.7.2. This might be
explained by considering the following factors. Firstly, there is a broad size distribution
for nanoparticles in glass obtained by the heat treatment of the glass sample. Usually,
about 90 % of the particles are within 7.5 nm of the average. Next, the nanoparticles
obtained through heat treatment of the glass sample are inhomogeneously distributed in
the glass matrix. There could be a significant difference in the region where the echo was
produced from where the characterization of the sample was done by the XRD. In
addition to these uncertainties, the photon echo experiment only was able to be carried
out with the samples annealed over avery limited range of the annealing temperature,
namely, around 725 °C to 750 °C in our study. If the annealing temperature goes too high,
the sample becomes so opaque that it will not be possible to transmit enough light to
detect the echo and scattering increases. Samples with lower annealing temperatures do
not have enough absorption to create the echo signal due to the smaller volume fraction

of nanocrystals nucleated in the glass matrix. Furthermore, the smaller nanoparticles will
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reduce T, even further, making the observation of the photon echo signal more difficult.
As shown in Fig.7.2, our photon echo study was only done with the samples annealed
from 725 °C to 750 °C. Considering fluctuations of the actual temperature during the heat
treatment process, we can see that within this narrow range of temperatures it is hard to

characterize the particle size based on the annealing temperature.

7.3.2 Temperature dependence of T, and corresponding homogeneous broadening

The observed T’ temperature dependence of the homogeneous broadening at low
temperatures for EU** ions doped in single crystals has been well described by the two-
phonon Raman process [9]. For Pr¥* ions, the direct single-phonon process coupling the
nearby electronic levels, determines dephasing in bulk LaFs. However for the
nanocrystals at low temperature, coupling with the TLS dominates the direct process
which therefore does not play a significant role as explained in detail later. As the size of
the crystal is reduced to the nanoscale, the dynamical properties of the homogeneous
broadening exhibit very distinct behaviors. For isolated free nanocrystals doped with RE
ions, the homogeneous broadening follows a T* (where a is 3 ~ 4) temperature
dependence at low temperatures due to the discrete acoustic-phonon modes energies with
a low-frequency gap, which is a result of the confinement effect of the nanoscale size
[10]. When the nanocrystals are embedded in glass, a T° (b is 1 ~ 2) temperature
dependence of the homogeneous broadening is observed [7] for RE ions doped in the
nanocrystals, which is similar to what happens when the ions are directly in the glasses
[11]. The interaction of the RE ions doped in nanocrystals with the TLS of the glass in
which the nanocrystals are embedded can explain the observed quasi-linear temperature

dependence [3-7]. Since spectral diffusion might contribute to the broad G,,m over the
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time scale of a frequency domain method such as SHB, it is also necessary to investigate
the dynamical process of the homogeneous broadening with a time domain method, for
which along time scale measurement is not required.

To explore the mechanisms governing the dynamical properties of T, using the
photon echo measurement, we measured the temperature dependence of the photon echo
intensity at a fixed optical delay. Fig.7.3 shows the photon echo intensity versus
temperature with a fixed 18.5 ns delay for the sample 750-4 (clear). No photon echo
signa was observed when the temperature T is over 8 K. Since the echo intensity is

proportiona to exp(-4t/T,), where t is the delay time of the second laser pulse, the best
data fit to the experimental data presented in Fig. 7.3 with the function of the echo
intensity| = Ae * /™2 (solid line in Fig.7.4) gives us a temperature dependence of T, as
UTo p TH,

If the homogeneous linewidth Gyom has a temperature dependence Giom= A +
B*T?, as found from the SHB results, then the parameters A, B, and a can be determined
by fitting the experimental data. Considering that T, isrelated to G,om by To=1/p Gom, and

the echo intensity | = Ae"* /2 | the best fit to the experimental data plotted in Fig.7.3 and

Fig.7.2(c) gives the temperature dependence of the homogeneous broadening as

Mo (3p ) =(7.3+0.6) + (L.4+ 0.1)T “*°9 (MHz) (7.1
for the 3Hy - 3P, transition. A quasi-linear temperature dependence of the homogeneous
broadening is obtained with the two-pulse photon echo technique for Pr* ions in

nanocrystals embedded in glass.
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As discussed previoudly for SHB, this quasi-linear temperature dependence can be
explained by assuming that the RE ions doped in nanocrystals are dipolar coupled to a
bath of two-level system (TLS) of the glass [5, 12-14], i.e., by the interactions of RE ions

with TLS of the glass.

0.0 4
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-0.5 4 on 3HA—BP0 transition at 18.5 ns fixed delay
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Fig.7.3: Temperature dependence of the echo intensity of *Hs->P transition of Pr3* ions
with fixed 18.5 ns delay. The sample is 0.5%Pr°*:LaF; nanocrystals embedded in
oxygluoride glass ceramics annealed at 750 °C for 4 hours (750-4 (clear). Open circles:
the experimental data; Solid line: best data fit to the experimental results with leno =
A*exp(-4*B*t*T?) , where a = 1.1 from the data fit. A and B are constants.

We have to point out that the one-phonon direct process contributes to the
temperature dependence of the homogeneous broadening too, but this contribution is

small and can be neglected in the study. For the Py — ®Hg transition, since the ®Py level is
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well isolated from adjacent levels, the one-phonon direct processes which may contribute
to the homogeneous broadening occurs mainly from the two higher sublevels of the 3H,
ground state manifold (57 cm* = 82 K) and 3H. (76 cmi* = 109 K). Considering that the
spontaneous emission rate for *Hy (57 cm?) and *Hy (76 cmi?) levels are As; = (20 ps)™
and Az = (8 ps)?, respectively [15,16] we get the total homogeneous broadening

resulting from one-phonon direct process of these levels at temperature T as

dret = A _P(82) + A, P(109) @60 >e #'T +125xe %' T (GHz) (7.2)

om

where p = }é ot € DIKT From Eq.6.3, G isonly 9.1x10%° +3.4x10°%" MHz at

T=15 K and 1.77+0.15=1.92 MHz at T=8 K. This justifies the assumption that the
homogeneous broadening induced by the direct phonon process is weak enough in the

ceramics to be ignored in the investigation of 3Py — 3H, transition at low temperatures.

7.3.3 Possible spectral diffusion effects involved in the time scale of SHB measurement
To investigate the contribution of the spectral diffusion effects to the homogeneous
broadening, it is better to study the linewidth of the same transition with techniques such
as SHB and the photon echo due to their different time scales required for the
measurement. However, because a single frequency source was not available at ~478 nm,
we were not able to conduct the SHB experiments for the >Py transition. While we have
observed nice photon echo signals for the *H, - D, transition with 0.5 % Pr* doped the
LaFs; single crystals, the photon echo from the D, transition for Pr** ions doped in

nanocrystals embedded in glass was not observable due to the very weak absorption of
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the lowest 1D, sublevel (~5 % absorption even for 6 mm long sample as seen in Fig. 4.1).
But the comparison of the homogeneous broadening of the H, - 1D, transition by SHB
and that of the 3H, - >Ry transition with the two-pulse photon echo still may provide us
important information on the spectral diffusion that occurs with the ions doped in

nanocrystals embedded in the glass.

120 — 0.01 % Pr3+:LaF3 nanorystal in glass, 775-4
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Fig.7.4: Temperature dependence of the homogeneous linewidth from SHB
measurement for 'Dp->Hy transition of 0.01 % Pr** ions doped in LaFs nanocrytsals
embedded in oxyfluoride glass ceramics annealed at 775 °C for 4 hours. Solid line is the
data fit results with the formula of Gyg = P1+P2*T>+P4*T™, where P1 to P5 are
parameters determined from the data fit process.

As shown in Fig.7.4, the temperature dependence of the hole width, Gyg obtained

from the SHB measurement is different from that which is obtained from the two-pulse
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photon echo measurement (see Fig.7.3). The best data fit to the experimental results of

hole width presented in Fig.7.4 is

S8(D,) = %GHB(lDZ) =(9+3)+(0.5+0.2) XT3 + (0.0018 + 0.0002) XT & (MHz)
(7.3)

for the 0.01 % Pr>*:LaF; nanocrystals embedded in oxyfluoride glass annealed at 775 °C
for 4 hours (Fig.7.4).

In Fig. 7.5 we compare the best fits for the homogeneous linewidth for ions doped
in nanocrystals embedded in glass obtained with SHB on the D, transition (curve c) and
the photon echo results on the P, transition (curve b) with that of the previous
measurements [16] on the 1D, transition in bulk single crystals (curve a). An obvious
increase in the homogeneous linewidth relative to bulk single crystal is seen for the
nanocrystals based on both the photon echo and SHB results. It is seen that besides the
guasilinear term, an additional broadening occurs during the SHB study when the
temperature is above 4 K. A much higher power temperature dependence dominates the
homogeneous broadening for T > 4K. But for T < 4K, this high power terms becomes
insignificant. The quasi-linear part, which dominates the line width of the SHB

measurement a T < 4 K, is similar to what we have observed with the photon echo

method for the H, - 3P, transition. However G3'B('D,) is always greater than that of

m
G=°(3R)). In the temperature range above 4 K, the higher power term (T®Y) beginsto

make the major contribution to the broadening in the SHB study, while the broadening

remains quasi- linear in the photon echo study.
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Experimental Homogeneous Linewidths in Pr**-doped
LaF, bulk crystals and nanocrystals embedded in Glass and
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Fig.7.5: (a): the temperature dependence of the homogeneous linewidth for Pr¥* ions
doped in LaF; single crystal from ref [22]; (b) the data fit results of the temperature
dependence of the homogeneous linewidth with the photon echo method for *Po-Ha
transition of Pr* ions doped LaFs nanocrytsals embedded in oxyfluoride glass ceramics
(Eq.7.1); (c) the data fit results of the temperature dependence of the homogeneous
linewidth with the SHB measurement for D,-3H, transition of Pr’* ions doped LaFs
nanocrytsals embedded in oxyfluoride glass ceramics (EQ.7.5).

Let's first consider the possible contribution of spectral diffusion in the

temperatures below 4 K. In Fig. 7.5, comparing curve (c) for the ®Hs - *D» transition with

the curve (b) for the 3H, - 3Py transition, we find that G;8('D,) and G=°(°R)) are

similar. Since the oscillator strength, which is proportional to the square of the transition
dipole moment, of the *H, - D, transition (3x10°®) is smaller than that of the 3Hy - 3Py

transition (1x10°"), one would expect a weaker coupling of the TLS to the 1D, transition;



103

thus a Slower dephasing rate and a smaller homogeneous linewidth is expected for the *D;
transition. The fact that the G32('D,) isaslarge as G=M°(3R,) suggests that a spectral

diffusion process may be occurring on the time scale of the SHB measurement. This can
be understood from the point of the TLS model. In the TLS model, the glass should be
thought to consist of a large ensemble of TLS's with a broad distribution of tunnel

parameters and energy separations between the two levels, which would cause a broad
distribution of fluctuation rates. Apart from being able to explain the quas-linear
temperature dependence of the thermodynamic properties of glasses, this model aso
predicts that these quantities will be time dependent. This dispersive time behavior traces
back to a very broad distribution of tunneling rates of the TLS. The underlying physical
phenomenon is that glass dynamics not only comprises very fast fluctuations around an
equilibrium structure, but also includes an evolution of the glass structure as a whole on a
much dower time scae. Thus, the optica dephasing time T, and the homogeneous
broadening Giom can be time dependent, and the experimental studies of the
homogeneous linewidth will depend on the time scale of the observation.

Unfortunately, the indication for the role of spectral diffusion cannot be argued
with great confidence here as a result of a number of differences between the two
samples used in the two different techniques. It was not possible to perform the echo
experiments on the samples used for SHB since the Pr** concentration was too low. The
higher concentration samples that were available for the photon echo studies were
prepared from a different glass composition so that the density of TLS and their coupling
to the RE ions might be dightly different than in the samples used for SHB. Finadly, in

order to obtain sufficiently strong echo signals, it was necessary to work with larger
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particle sizes (~35 nm) than those used in the SHB experiments (~23 nm). The larger
average particle size will lead to smaller homogeneous linewidth, working in an opposite
manner to the effect of the larger dipole transition moment of the *Hs-°P, transition. It is
not clear which of these effects will dominate. Clearly, future work will require that these
two methods be used on identical samples in order to define the role of spectral diffusion.

The higher power component that contributes most to the linewidth observed in
our SHB study was also reported by Macfarlane and Dejneka for Tnt* ions in these
oxyfluoride ceramics [17]. For the ions doped in the nanocrystals embedded in glass
matrix, in principle, both the TLS of the glass matrix and the two-phonon Raman process
modified by the confinement effects on the phonon density of states contribute to the
homogeneous broadening at the temperatures of our study. The point is which one will
play the key role in the broadening as a result of the competition between these two
mechanisms.

Macfarlane and Dejneka [17] proposed that the modified two-phonon Raman
process, like that observed in isolated nanoparticles, is the maor contribution to the
broadening for T > 4 K. The previous investigation of the frequency spectrum of the
spheroidal and torsional modes of the nanocrystals and the homogeneous line broadening
due to two-phonon Raman scattering for free-standing crystallites gave Guom ~ T° [18].
The calculation of the phonon density of states for different nanoparticle sizes in [10]
suggests that the lowest confined mode frequencies for our samples are about a few wave
numbers. In ref. [17], the authors attributed the presence of the higher exponent
temperature dependence of the linewidth above 5 °K to the excitation of the confined

modes of the approximately spherical nanocrystal. They argued that the suppression of
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the amplitude of the lowest-frequency surface modes due to the glass matrix [19]
increases the onset temperature for contributions of those confined modes so that they
only began to appear above 4 K.

However, there are some concerns if we use the arguments proposed in ref. [17]
to explain our results observed in SHB study at the temperatures above 4 °K. The thermal
excitation of the confined modes proposed in ref. [17] is a modification of the two-
phonon Raman process, which is a fast process and should show up in the photon echo
technique as well. But it doesn’t based on the observation of the quasi-linear temperature
dependence in our photon echo study at temperatures up to 8 °K. In addition, the higher
power term observed in our study is~T°, whereas it is T° for free-standing nanoparticles.
Considering the confinement effects and surface defects at the boundary of the
nanoparticles embedded in glass, we aternatively attribute the high power temperature
dependence of the linewidth to the interaction of local defect modes at the surface of the
nanocrystals with the RE ions located in the nanoparticles embedded in the glass. For
glasses, the multi-average (over both the phonon energy and the distance between the
TLS and the RE ions) of the interaction with many TLS in the surrounding glass gives the
guas-linear temperature dependence. However, here the interaction with individual
strongly coupled modes near the surface could contribute a much higher power
dependence [14]. These are effectively additional local modes at the boundary between
the nanocrystals and glass with certain resonant frequencies that are thermally activated
with an exponential temperature dependence. Further investigation is needed for

eva uating this suggestion.
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A zero temperature 9 MHz homogeneous linewidth, extrapolated from the
behavior of linewidth to zero temperature is observed in our SHB measurements.
Macfarlane and Deneka [17] suggest that one can attribute this width to spectrd
diffusion resulting from slowly varying strain fields. While there could be some spectral
diffusion effects at zero emperature as suggested in [17], this can not be the only
contribution since a similar zero temperature homogeneous line width (7 MHz) is aso
observed in the photon echo experiment. Therefore there must be another important
contribution to the linewidth which does not depend on the time scale of the

measurement.
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CHAPTER 8

CONCLUSIONS

The optical dynamical processes of rare earth ions doped in nanocrystals
embedded in amorphous matrix have been studied with coherent spectroscopic
techniques and conventional spectroscopic methods. In this work, we mainly focused on
the properties of the optical dephasing and /or homogeneous broadening for ions doped in
nanocrystals embedded in glass. The work reported herein can be summarized as follows:

The first approach to the investigation of the homogeneous broadening at low
temperatures was done with the spectra hole burning (SHB). The homogeneous
linewidth; its temperature dependence and nanocrystal size dependence have been
obtained by measuring the correspording hole width of the Eu®* ions and Pr** ions doped
in nanocrystals embedded in glass matrices. It was found that the homogeneous
linewidths are about 10 to 40 MHz for the "Fo-"Dy transition of EU** ions and are 10 to
100 MHz for the 1D,-2H, transition of Pr** ions in nanocrystals embedded in glass in the
temperature range of 0 °K to 10 °K. The linewidths increase with a decrease of the
nanocrystal size, and at low temperatures they follow a quas-linear temperature
dependence. We explained the observed phenomena by the interaction of the ions with
the two-level system (TLS) of the glass matrix and suggested that the interaction of the
TLS dominates the optical dephasing of the ions doped in nanocrystals embedded in

glass. From the faster increase of the homogeneous linewidth for T > 4 °K for Pr* ions



108

doped in LaFs nanocrystals embedded in glass, we found that in the time scale of the
SHB measurement, another process, in addition to the interaction with the TLS of the
glass, begins to dominate the homogeneous broadening as the temperature goes above 4
°K. We have attempted to explore the mechanism that results in the high power term (T°)
in the temperature dependence of the homogeneous linewidth, and we suggested a role of
local modes at the nanocrystal-glass interface. Further investigation is needed for
understanding and modeling the process.

In addition to the SHB, two-pulse photon echo technique, which measures the
optical dephasing directly in time domain, was aso employed in the study of the
homogeneous broadening. With the collinear two-pulse photon echo experiment, we
measured the decay time of the photon echo intensity on the 3P, - H, transition of Pré*
ions doped in LaFs nanocrystals embedded in oxyfluoride glass. The dephasing time, T,
was obtained as 32 ns to 47 ns for the 3Py - 3H; transition of Pr** doped nanoparticles of
size about 35 nm LaF; nanocrytsals embedded in glass, which is about 50 to 100 times
shorter than that of the T, ( 2.4 ms) obtained from the Pr**:LaFs single crystal. A quasi-
linear temperature dependence of the homogeneous linewidth was obtained from the
temperature dependence of the dephasing time, which further supports the conclusion
from the SHB study that it is the interaction of the TLS dominate the dephasing of the
Pr3* ions doped in nanocrystals embedded in glass at low temperatures.

Since a longer time period is required for the SHB measurement, spectral
diffusion resulting from slower processes may contribute to the homogeneous linewidth.
An effective way to investigate the spectral diffusion process is to use both the photon

echo and SHB methods in the same study. Ideally, one wants to work with the same
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transition of the same sample in the study of the dephasing with SHB and photon echo.
Unfortunately, we were rot able to do it exactly that way due to practical difficulties of
the laser sources and the available samples. But the results obtained from our SHB and
photon echo study for the Pr3*:LaF; nanocrystals embedded in glass, especialy the higher
power term detected in the temperature dependence of the homogeneous linewidth from
the SHB, still provides us important information on the spectral diffusion that occurs in
the time scale of the SHB measurement. Further confidence in this conclusion would be
obtained if the SHB and photon echo study could be done with the identical transition
and identical sample.

Besides the intensive study on the homogeneous broadening with both SHB and
photon echo techniques, other dynamical properties of the trivalent RE ions doped in
nanocrystals embedded in amorphous matrices were also studied. It was found that the
fluorescence lifetime of the RE ions doped in nanocrystals depends on the medium that
surrounds the ions and nanocrystals, the size of the nanocrystals, and the temperature.
The individua spectra lines are inhomogeneously broadened compared with the lines
from the single crystals and the width of the line increases with the decrease of the
nanocrystal size. The relaxation between two closely spaced electronic levels has also
been studied, and a size dependence of the relaxation rate was reported, suggesting the
role of vibrational modes of the glass in relaxation processes among electronic levels of
ions in the nanoparticle. Thisimplies that a similar role for these vibrational modes must
occur for RE ion contained directly in glasses.

Further studies will require photon echo and SHB measurements on the same

sample and transition. A likely prospect is the *Hg(1)->F3(1) transition of Tnt* in LaFs



110

nanocrystals embedded in glass. This transition has aready been studied in SHB and

should have sufficient absorption for photon echo studies.
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APPENDI X

SYNCHRONIZING OF THE PULSED LASERS AND THE ALIGNMENT OF

THE EOMSIN THE TWO-PULSE PHOTON ECHO EXPERIMENT

1. Synchronizing of the two pulsed lasers

As it is shown in Fig.3.5, the delay of the two pulses was accomplished by
synchronizing two Nd:YAG pulsed lasers. Initially, one wants to trigger the DCR-1
pulsed laser externally by the GCR-100 since the delay between the lamp and the Q-
switch in the DCR-1(280 rs) is longer than that of the GCR-100 (180 nrs). But due to the
output problem of the Q-switch of the laser GCR-100, we had to do it in another way. As
shown in Fig. A1 and A2, we use the DCR-1 as the master laser in the triggering
sequences. The lamp out put of GCR-100 externally trigger the blank lamp of the DCR-1

in the next period of the pulses after it is delayed by atime of T+T(GL)-[T(DB)+T(DL)],

which is about 96.90 ms in our experiment. Here T = 100 ms is the reputation period of
the two pulsed lasers. T(GL) = 180 ns and T(DL) = 280 ns are the delays between the
lamp and Q-switch of the GCR-100 and the DCR-1, respectively. T(DB) = 3 ms is the
delay between the blank and the lamp of the DCR-1. For the trigging of the Q-switches,
we use the variable output of the DCR-1 to externally trigger the Q-switch of the GCR-
100. Adjusting the variable output of the Q-switch of the DCR-1 varies the delay between

the two pulses.
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2. Thealignment of the EOMs

Three EOMs (EOM1 to EOM 3), with four linear polarizers that perpendicular its
next (LP1 to LP4), have been used in our two-pulse photon echo experiment (see
Fig.3.5). The following outlines the basic procedures for the alignment of the EOMs.

(2). Adjust the spatial position of the pulsel and pulse2 so that they are completely
overlapped all the way after the Beamsplitter (BS) next to the cryostat. Meanwhile, the
beam should be horizontally reach the entrance of the PMT, which is necessary for the
alignment of the EOMs.

(2). Insert the LP1, EOM3. The direction of the polarization of the LP1 is along the
polarization of the lasers. Connect all of the cables for operating the EOM3, but leave the
power and trigger switches off. Adjust the spatial position and rotation of the EOM3 until
the complete light spot hitting on the entrance of the EOM3 is observed without any
distortions.

(3). Place the LP4 in a way that its polarization is perpendicular to that of the LP1.
This can be optimized by minimizing the light intensity after the LP4. If the EMO3 and
the LP4 are well aligned, a very weak light spot with a dark line crossing it should be
observed behind the LP4.

(4). Turn on the power and the trigger of the EOM3, Adjust the bias and you should
see the changes of the intensity of the light spot after the LP4 and the movement of the
dark line crossing the spot. If this does not appear, further adjustment of the spatial

position of the EOM3 and the polarization of the LP4 is necessary.
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(5). Turn on the trigger of the EOM3 and adjust the trigger voltage to a proper leve.
Varying the delay time of the trigger, one should see the “on” and “off” of the light after
the LPA4.

(6). Insert the EOM2. Adjust it spatial position so that the light spot can go through it
without any obstacles (it is better to let the light go through the center of the entrance
window and exit window of the EOM). Insert LP3 and make its polarization
perpendicular to that of the LP1. Further adjust the position of the EOM2 and the
polarization of the LP2 until a pattern of dark cross over the weak spot is seen after the
LP3.

(7). Turn on the power supply and the trigger of the EOM2. Adjust the delay time of
the trigger until the light “on” and “off” is seen after the LP3 during the variation of the
trigger delay time. Leave the delay time in a position where the light after the LP3 is
‘on”.

(8). Insert the EOM1 and LP2. Repeat the steps (6) to (7). Here the polarization of the
LP2 should be aligned in away that its polarization perpendicular to that of the LP1.

(9). Until now the individua alignment for each EOM is basically done. To get them
work together, the polarization of the LP3 should be adjusted so that its polarization is
perpendicular to its neighbors Lpl and Lp3. Turn on the PMT and open its shutter (make
sure the light is switched off by EOMs before turn the PMT). Adjusting the delay time of
three EOMs one should see the light on and off on the oscilloscope through the PMT.
Further spatial and timing alignment can be done by monitoring the signal on the

oscilloscope.
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In the above process, the master trigger for the triggering pulses of the EOMs is from

the variable Q-switch output of DCR-1 |aser.



