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CHAPTER 1

Introduction

1.1 Motivation

Rare-earth elements have found applications in light phosphors [4; 5], lasers, optical ther-

mometry [6; 7; 8], telecom amplifiers [7; 9], and emerging applications in quantum infor-

mation science [10; 11]. Rare earth ions dopants have attracted growing interest because

of their intrinsic spin-phonon interfaces, atomic-like character embedded in solid-state sys-

tems and and compatibility with solid-state integration methods. This is a direct result of

the fact that the 4f-4f electronic transitions in rare-earth ions are shielded from their lo-

cal environment by the filled orbitals of 5s and 5p with are further from the nucleus than

the 4f shells. One of the rare-earth elements, erbium (Er), exhibits compelling proper-

ties because of the luminescence in the telecom band which originates from the 4I13/2 −→
4I15/2 which emits around 1.5-microns, the absorption minima of optical fibers. As a re-

sult, this transition, and by extension Er, may play a role in practical and scalable quantum

networks[12; 13].

One of the main challenges that rare earth ions present in QIS is the intrinsically low

radiative emission rate of the 4f-4f intrashell transitions. These emission rates can be im-

proved by coupling ions into nanophotonic cavities, which has lead to Purcell enhance-

ment of several orders of magnitude. One downside of this is that desired properties, such

as optical and spin coherence, are often negatively impacted due to nearby interfaces and

material defects. Additionally, well-controlled incorporation methods used in device cre-

ation like ion implantation can leave residual defects which modify the desired properties

of rare-earth emitters. However, it is notable that not all impacts from interfaces and de-

fects are necessarily detrimental. Recent works have suggested the possibility of utilizing

the defect-induced inhomogeneous broadening of rare earth optical transitions for dense
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spectral multiplexing of qubits or memories. For these reasions, important to understand

the influence of local perturbations, including nearby interfaces and defects on the desired

photophysical properties of rare earth ions. It is the aim of this thesis to to establish a base-

line of behavior for the photoluminesence properties of Er3+ in Er2O3 in preparation for

studies on the influence of local perturbations on the photophysical properties of Er3+.

The theory of rare-earth optical emission in solids, called Judd-Ofelt theory, was devel-

oped in the 1960’s [14; 15; 16; 17]. This theory states that symmetry breaking from the

crystal field of the host material gives rise to closely spaced Stark-split level with mixed

parity, between which electric dipole transitions can occur. Despite the perturbation from

the crystal field, the electrons in the 4f shell are partially shielded by filled outer shell elec-

trons and the transitions within the 4f shell retain atomic-like character with a relatively

weak dependence upon the host material.

It is well established that the 4f electrons couple weakly to the phonons of the host

material [18; 19]. Despite this, the long radiative lifetime of these transitions permits ro-

bust non-radiative processes. This has permitted many studies utilizing temperature depen-

dent photoluminescence to characterize the interactions of Er3+ with its local environment

[9; 20; 21; 22; 23; 24; 25; 26; 27; 28; 29; 30; 31; 32; 33; 34; 35]. Following the analytical

approach described by Auzel [18; 19], these studies have focused on using temperature

dependent photoluminescence to characterize the interactions of Er3+ with its local envi-

ronment, including phonon-assisted processes such as Stokes/anti-Stokes excitation, de-

excitation of Er3+ ions, thermalization of closely spaced levels, and non-resonant energy

transfer between rare-earth ions.

Despite their success, existing modeling approaches suffer from several limitations.

First, modeling of the temperature dependence of photoluminescence grouped the Stark

levels according to their respective 2S+1L j state and treated those groupings as single units

rather than the individual Stark levels. This grouping prevented incorporating multiple

Stokes and anti-Stokes excitations from the ground state. Second, the existing modeling
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approach usually invoked an effective phonon energy associated with any excitation process

rather than a phonon energy found in the host material. These limitations prevented existing

models from providing an accurate description of the observations discussed in this thesis.

It is clear that an improved model of the electron-phonon interactions is required.

1.2 Statement of Work

In this thesis, the electron-phonon interactions of Er3+ with its host lattice Er2O3 are stud-

ied using temperature dependent photoluminescence. We report new measurements of

the temperature dependent photoluminescence of the 4S3/2 −→ 4I15/2, 4S3/2 −→ 4I13/2 and

2H11/2 −→ 4I15/2 transition manifolds of Er3+ in Er2O3. We also report a newly developed

modeling approach that advances the existing modeling approach by making the following

considerations. First, the individual Stark-split levels are considered rather than grouping

them by their 2S+1L j level. Second, multiple Stokes and anti-Stokes excitations are per-

mitted between the ground state and excited state rather than a single Stokes or anti-Stokes

excitation between the 2S+1L j levels. Third, the phonon energies specific to Er2O3 are ex-

plicitly incorporated into the model rather than an effective phonon energy that is extracted

by fitting the experimental data. This approach, which can be generalized to other rare earth

ion systems, provides an accurate description of our data over the measured temperature

range.

Our modeling effort also gives rise to two important conclusions. First, the electron-

phonon coupling differs between 2S+1L j states. Second, the model predicts that the low

temperature photoluminescent behavior of Er3+ varies significantly with small changes

(∼0.1 nm) in excitation wavelength. Both conclusions have important implications for any

potential application.

1.3 Thesis Outline

This thesis is structured as follows:

Chapter 2 starts with a discussion of Er3+ in Er2O3, specifically how multiple perturba-

3



tions give rise to the electronic states relevant to this thesis. The perturbations are discussed

in turn and the relevant Stark-split states are identified. The Laporte rule is discussed along

with how the perturbation due to the crystal field of Er2O3 permits electric dipole transi-

tions consistent with Judd-Ofelt theory.

Chapter 3 presents the temperature dependent photoluminescence measurements of the

4S3/2 −→ 4I15/2, 4S3/2 −→ 4I13/2 and 2H11/2 −→ 4I15/2 transition manifolds under 532 nm ex-

citation. An analysis of this data is given which demonstrates that the temperature depen-

dent photoluminescence of a given Stark-Stark transition depends only on the temperature

dependence of the population fraction of the decaying Stark level.

Chapter 4 develops a theoretical model to predict the temperature dependence of the

excited state population fractions. In this chapter, we extend existing theory of temperature

dependence photoluminescence of rare earth ions and develop the machinery to allow con-

sideration of the Stark-split levels of the ion, multiple Stokes and anti-Stokes excitations

and incorporation of material-specific phonons. The result is a model capable of describing

temperature dependent photoluminescence of these transitions in Er3+ in Er2O3 from 4 K

to 300 K. The approach we take can be generalized and extended to other rare-earth ion

systems.

Chapter 5 applies the theoretical model developed in Chapter 4 to our observations

which were presented in Chapter 3. The influence of each model parameter on the output

is discussed as well as the implications of the fit values. The chapter concludes with a brief

discussion of a notable prediction of the model. Namely that the low temperature photolu-

minescence behavior of Er3+ varies significantly with small shifts in excitation wavelength

(∼0.1 nm).

Chapter 6 summaries the thesis and lists future directions and experiments that are an

extension of the work discussed in this thesis.
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CHAPTER 2

Er3+ in Er2O3

2.1 States of Er3+

Identifying the relevant states of Er3+ described in this thesis requires an understanding of

the electronic structure of Er 3+. We take the approach shown pictorially in Figure 2.1 and

given in [16] for Eu3+; begin with the central field Hamiltonian, H0, due to the nucleus of

the atom and add each perturbation in the order of magnitude for rare-earth ions. We will

begin with the Aufbau principle which addresses the orbital filling order due to the central

field [36; 37; 38]. Hund’s 3 rules, which address electron-electron repulsion and spin-orbit

coupling, will follow [37; 38; 39]. Finally, we will discuss the effect of the crystal field

which splits the free ion levels and permits the transitions discussed in Chapter 3.

Figure 2.1: Progression of level splitting of Er3+ due to perturbations to the central field
Hamiltonian. Note that the splittings are not uniform. It is shown this way for simplicity.

The Aufbau principle gives the filling order of the electronic shells in the ground state
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configuration [36; 37; 38]. Electrons fill the lowest energy subshells first. Applied to Er3+

gives the electronic configuration is [Xe]4f11, where [Xe] signifies that the core electrons

of Er3+ have the same configuration as xenon. This principle considers only the central

field of the nucleus in the Hamiltonian.

Hund’s 3 rules are required to further specify the ground state of a multi-electron atom

[37; 38; 39]. This is because of the electrostatic repulsion between electrons (Hund’s 1st

and 2nd rules) and spin-orbit coupling (Hund’s 3rd rule). Beginning with Hund’s 1st rule,

also called Hund’s rule of maximum multiplicity, which states that electrons are placed in

orbitals to give the maximum total spin possible [37; 38; 39]. The spin multiplicity is given

by 2S+1, where S is the total spin angular momentum for all electrons.

Figure 2.2: Filling of 4f shell based on Hund’s 1st and 2nd rule. The magnetic quantum
levels are denoted by ml

Hund’s 2nd rules states that if there are multiple terms with the same maximum spin

multiplicity, the term with the largest total angular momentum, L, is the ground state [37;

38; 39].

The states that result from applying these two rules are given a term symbol: 2S+1L.

The result of applying these rules is 4I and is shown in Figure 2.2.

Hund’s 3rd rule states that when subshells are half, the state with the lowest J has the

lowest energy [37; 38]. If the subshell is more than half filled, the state with the highest J

has the lowest energy. The value J is the total angular momentum quantum number. This

value ranges between |L−S| and |L+S| in steps of 1.

That resultant state is labeled by a level symbol 2S+1L j. From Figure 2.2, the shell is

more than half filled. Given that S = 3/2 and L = 6, the lowest energy state has J=15/2 and

the ground state of the free ion Er3+ is 4I15/2. It is important to note that the perturbations
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noted in Figure 2.1 mix the states together, such that the ground state is not purely 4I15/2.

Rather, in the free ion Er3+ the level is 0.985|4I15/2⟩ + 0.173|2K15/2⟩ [3]. Similar expan-

sions can be found for the levels shown in Figure 2.3 [40]. Note that these expansions are

altered slightly when Er3+ is incorporated into a material, due to the crystal field. Regard-

less, the traditional labeling scheme for the levels of multi-electron atoms omits all but the

leading term, except in the case of nearly identical contribution, then the 2 leadings terms

are sometimes noted (e.g. the 2H11/2 state is sometimes reported as (2H,4G)11/2). We will

follow that tradition in this thesis. The free-ion Er3+ level diagram for the lowest 7 levels

is given in Figure 2.3. The relevant levels for this thesis are 2H11/2, 4S3/2, 4I13/2 and 4I15/2.

Figure 2.3: Lowest 7 levels of Er3+ [3]

The final perturbation noted in Figure 2.1 is the crystal field of Er2O3. For Er3+ ions

at the sites with C2 symmetry, each level shown in Figure 2.3 is further split into j+1/2

Stark levels. These levels retain a degeneracy of 2 because there is half-integer total spin

and by Kramer’s theorem [41] the degeneracy must be 2. The energies of these levels have

7



been well-studied by Gruber et. al. [1; 42] and we note the energies of the relevant levels in

Table 2.1 using the labeling scheme originated by Gruber et. al. [1] The relevant Stark-split

levels for this thesis are shown in Figure 2.4.

Stark-split Level Energy (cm−1) 2S+1L j Level

Z1 0

4I15/2

Z2 38
Z3 75
Z4 88
Z5 159
Z6 265
Z7 490
Z8 505

Y1 6510

4I13/2

Y2 6542
Y3 6588
Y4 6594
Y5 6684
Y6 6840
Y7 6867

E1 18222 4S3/2E2 18308

F1 19033

(2H,4G)11/2

F2 19040
F3 19067
F4 19182
F5 19213
F6 19235

Table 2.1: Stark-split energy levels of Er3+ in Er2O3. The levels are identified by the
notation introduced by Gruber et. al. [1]

2.2 The Laporte Selection Rule and Judd-Ofelt Theory

The Laporte selection rule states that for electric dipole radiation, transitions between states

of the same symmetry with respect to inversion are forbidden [43]. Functionally, this means

that electric dipole transitions cannot occur between levels if the wavefunctions of those

retain well-defined symmetry and their symmetry is identical. For the case of the free
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Figure 2.4: Stark-split levels of 2H11/2, 4S3/2, 4I13/2 and 4I15/2. Labeled according to
Gruber et. al. [1] Note that 2H11/2 is often labeled as (2H,4G)11/2. The 4G is dropped for
convenience in labeling.

Er3+ ion, all of the states in Figure 2.3 possess odd symmetry [3] and there are no electric

dipole allowed transitions between levels. The observations that such transitions occurred

for rare-earth ions incorporated into solids lead to the development of Judd-Ofelt theory.

In the 1930’s that emission spectra of rare earths presented a puzzle. In 1937, an ar-

ticle entitled “The Puzzle of Rare-Earth Spectra in Solids,” [44] noted that the rare earths

had sharp spectral lines consistent with transitions occurring between levels inside the 4f

electronic shell. However, as noted above, these transitions are forbidden by the Laporte

selection rule. It was not until the early 1960s that this was resolved in papers published

by Judd [14] and Ofelt [15]. They showed that when a rare earth ion is incorporated into a

solid host material, the rare earth ion can become optically active as a result of symmetry

breaking of the host crystal field.

From perturbation theory, it is known that in the presence of a perturbation [45], to first

order the perturbed wavefunctions, |Ψn⟩, can be written as:
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|Ψn⟩= |ψn⟩+∑
m

⟨ψm|V |ψn⟩
En −Em

|ψn⟩, (2.1)

where |ψn⟩ and |ψm⟩ are the wavefunctions of the unperturbed states, En and Em are

the enegies of those states and V is the perturbation, which in this case is the crystal field.

According to Judd-Ofelt theory, the odd-order parts of the crystal field when expanded as

a series of spherical harmonics result in mixed parity states [16]. In the case of rare-earth

ions, the states of opposite parity that are mixed in originate from shells above 4f, such as

the 5d shell. Electric dipole transitions are allowed between these mixed parity states and

this is seen experimentally as transitions between the Stark-split levels.

It is convenient to discuss this in terms of the point symmetry of the site occupied by the

rare earth ion [16]. There are thirty-two crystallographic point groups. Those groups that

have inversion as a symmetry element have no non-zero odd-order parts in the expansion of

the crystal field (e.g. C3i). Therefore, the resultant states retain definite parity and electric

dipole transitions remain forbidden. It is those sites with a non-centrosymmetric crystal

field, or in other words sites lacking inversion symmetry, that give rise to mixed parity

states which allow electric dipole transitions (e.g. C2). For the present thesis, it is sufficient

to be aware of the mechanism that allows for the transitions. This is because, as will

be demonstrated experimentally and discussed in Chapters 3 and 4, there is only a weak

temperature dependence for the transition probabilities calculated using Judd-Ofelt theory

between the states considered in this thesis. For a more complete treatment of Judd-Ofelt

theory see [16; 17].

2.3 Single Crystal Er2O3

Erbium oxide is a rare earth sesquioxide which means it has a chemical composition of

Er2O3 [9]. The most common polytype of Er2O3 has a body-centered cubic (bcc) bixbyite

structure with the space group Ia3̄ [9]. The unit cell has 32 Er and 48 O atoms and the

Er atoms occupy two different symmetry sites: C2 and C3i. A total of 8 Er atoms occupy
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the C3i site and the other 24 occupy the C2 site. All of the photoluminescence described in

this thesis came from Er3+ at the C2 lattice site. This is because the C3i retains inversion

symmetry and electric dipole emission is forbidden. Magnetic dipole emission does occur

[42] but not for any of the transitions considered in this thesis. As such, this thesis will only

discuss the C2 lattice site.

The sample used in the experiments described in Chapter 3 is a single-crystal 93 nm

thick Er2O3 film grown on Si(111) using molecular beam epitaxy. This sample is shown in

Figure 2.5 along with a cartoon depiction. The growth and materials characterization were

done by a collaborator and are reported in Dodson et. al [2].

Figure 2.5: (left) Sample of Er2O3 used in this thesis. (right) Cartoon depiction of the
sample.
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CHAPTER 3

Photoluminescence from Er3+ in Er2O3

3.1 Overview and Experimental Setup

As a prelude to moving the existing theory forward in Chapter 4, we report our observa-

tions of the temperature dependence of the transition manifolds 4S3/2 −→ 4I15/2, 4S3/2 −→
4I13/2 and 2H11/2 −→ 4I15/2 under 532 nm excitation. The discussion will begin with the ex-

perimental setup and methods, followed by the experimental observations and our analysis

of those observations.

Figure 3.1: A schematic of the optics train used in the experiments. Reproduced from [2].

The measurement setup and experimental procedure were described in [2] and for com-

pleteness, we describe them again here in similar terms. We used a homebuilt confocal

microscope in a Montana Instruments CryoStation equipped with a Zeiss LD EC Epiplan-

Neofluar 100x DIC M27 objective (0.85NA) in order to vary the sample temperature be-

tween 4 K and 300 K. The excitation source was a Cobolt Samba CW 532 nm laser, mea-

sured to be 532.03±0.03 nm with a bandwidth <1 MHz (<3.3e-5 cm−1). The reported
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photoluminescence spectra were acquired with an IsoPlane SCT 320 spectrometer using

a 600 lines/mm and 2400 lines/mm grating with a Pixis 400BR eXcelon camera. Bragg

filters were used to acquire spectra within 10 cm−1 of the laser line, including a Bragg

dichroic beamsplitter and two Bragg filters in the collection optics with associated irises

used to suppress residual laser light. A schematic of the optics train is shown in Figure 3.1.

We collected the temperature dependent photoluminescence data using the following

procedure. The Montana CryoStation was cooled to 4 K with the sample mounted inside.

With the temperature stabilized, the laser was focused on the surface of the sample. This

was confirmed by using a beam splitter to redirect some intensity onto a camera. This beam

splitter is removed, and the photoluminescence data is collected. After completing the data

collection at a given temperature the focus was checked to ensure stability through the

duration of the measurement. Measurements were repeated in the rare event that the focus

drifted. The sample was then warmed to the next temperature and the process described

above was repeated. We took data at 10 K increments up to 300 K and reproduced the data

at several different locations on the sample over the course of several months to ensure the

reliability of the data.

3.2 Observed Temperature Dependent Photoluminesence

3.2.1 Transition Manifolds

Figure 3.2 shows the spectra of the transition manifolds 4S3/2 −→ 4I15/2, 4S3/2 −→ 4I13/2 and

2H11/2 −→ 4I15/2 between the temperatures of 4 K and 300 K. Within each transition mani-

fold there are numerous spectral lines that originate from individual Stark-Stark transitions.

As noted in Chapter 2, each 2S+1L j level is split into (j+1/2) Stark-split levels. Using the

example of the 4S3/2 −→ 4I15/2 transition manifold, there will be a total of 2 excited Stark-

split levels and 8 ground state Stark-split levels. Therefore, this manifold will contain 16

individual, often overlapping, spectral lines.

In order to compare the temperature dependent behavior of each manifold, we integrate
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Figure 3.2: Observed Photoluminescence from the transition manifolds 2H11/2 −→ 4I15/2,
4S3/2 −→ 4I15/2 and 4S3/2 −→ 4I13/2 (middle) between the temperatures of 4 K and 300 K
plotted at intervals of 30 K. The legend for 4S3/2 −→ 4I15/2 is shared amongst the 3 panels.
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over each manifold and normalize to the maximum value observed over the measured tem-

perature range. This normalization is necessary because the absolute intensities of these

transitions vary over several orders of magnitude. The integrated photoluminescence data

is plotted in Figure 3.3. From the data in Figure 3.3, it is evident that the temperature de-

pendent behavior of 4S3/2 −→ 4I15/2 and 4S3/2 −→ 4I13/2 is virtually identical and suggests

that the temperature dependent behavior of a transition manifold is determined only by the

initial state.

Figure 3.3: Integrated photoluminescence from 4S3/2 −→ 4I15/2 (orange), 4S3/2 −→ 4I13/2

(green) and 2H11/2 −→ 4I15/2 (blue). Adapted from [2].

3.2.2 Temperature Dependence of Stark-Stark Transitions

This analysis of the temperature dependence can be extended to the transitions between

individual Stark-split levels within the transition manifolds. At every temperature, well-
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separated spectral lines were fit to a Lorentzian lineshape of the form:

L(λ ) =
h

2π

Γ

(λ −λ0)
2 +
(1

2Γ
)2 + y0, (3.1)

where Γ is the linewidth of the Lorentzian, λ0 is the center wavelength of the transition,

h is a rescaling factor and y0 is a vertical offset. All were permitted to be fit parameters,

however, λ0 was constrained to remain within 0.1 nm of the wavelength values calculated

from the energy levels reported by Gruber et. al.

In several cases, there were two nearly overlapping spectral lines. Those where fit to a

sum of Lorentzian lineshapes of the form:

L(λ ) =
h1

2π

Γ1

(λ −λ01)
2 +
(1

2Γ1
)2 +

h2

2π

Γ2

(λ −λ02)
2 +
(1

2Γ2
)2 + y0, (3.2)

where the variables are defined above, and the additional subscripts are associated with

one of the overlapping spectral lines.

Once again, to compare the temperature dependent behavior of each spectral line, the

fit values for h of each spectral line were normalized to the maximum value observed over

the measured temperature range. This is plotted in Figure 3.4b,c. The specific Stark-Stark

transitions are noted on an energy level diagram in Figure 3.4a. What is evident from Figure

3.4b is that the temperature dependence of individual Stark-Stark lines originating from the

4S3/2 level is grouped by the Stark level of origin. Based on Figure 3.4, we can assume

the same holds true for the Stark-Stark lines originating from the 2H11/2 level, although

it is not quite as evident. The close spacing of the spectral lines of the 2H11/2 −→ 4I15/2

transition manifold made a clearer determination difficult, but it assumed to be the case.

3.2.3 Origin of the Observed Temperature Dependence

The photon emission rate from an excited state is given by:
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Figure 3.4: (a) Er3+ level diagram showing the splitting of 2H11/2, 4S3/2, 4I13/2 and 4I15/2
due to the crystal field of Er2O3. Also shown are representative transitions. The transition
lines are color-coded to the data shown in (b) and (c). Normalized temperature dependent
intensity of peaks originating from several excited Stark-split levels in 4S3/2 (b) and 2H11/2
(c). Once normalized, the temperature dependent behavior was identical for photolumines-
cence peaks originating from the same Stark-split level. Adapted from [2].

Ii = AiNi, (3.3)

where Ai is the spontaneous emission rate and Ni is the level population fraction. Based

on the data presented above, we can conclude that the dominant driver of the temperature
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dependence of photoluminescence from Er3+ in Er2O3 is the temperature dependence of

the level population fraction, Ni, of the individual Stark level. With this conclusion, in

Chapter 4, we will expand the theoretical basis for modeling the observed temperature

dependence discussed in this chapter that expands upon the established theory for non-

resonant excitation of rare-earth ions. Then in Chapter 5 we apply the model to the observed

temperature dependent data shown in this chapter and discuss the implications of the model

output.
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CHAPTER 4

Modeling Temperature Dependent Photoluminescence

Laser-driven excitation of rare-earth ions is relevant for multiple applications. Non-resonant

excitation is common and needs to be understood to be exploited for applications such as

optical thermometry [6; 8]. The theory of non-resonant excitation of rare-earth ions is well-

established but the typical approach makes assumptions that can break down at reduced

temperatures (<150 K). Here, we advance the theory to properly model our observations

over the temperature range from 4 K to 300 K. First, we will consider the Stark-split levels

of the rare-earth ion rather than treating each Stark-split manifold as a single unit. Sec-

ond, this consideration of the Stark-split levels will allow us to incorporate both Stokes and

anti-Stokes excitations into our model instead of a single anti-Stokes excitation, which is

unable to explain non-resonant photoluminescence below ∼100 K. Finally, this will permit

us to incorporate material-specific phonon energies rather than a single effective phonon

energy, which is an approach that works well only at elevated temperatures. As will be

shown in Chapter 5, these extensions of existing theory allow us to explain the temperature

dependence of the observed photoluminescence between 4 K and 300 K.

4.1 Photoluminescence

As stated in Chapter 3, the photon emission rate from an excited state is given by:

Ii = AiNi, (4.1)

where Ai is the spontaneous emission rate and Ni is the level population. From the

discussion in Chapter 3, the spontaneous emission rate is weakly dependent on temperature

and the temperature dependence of level population fraction, Ni, is the main source of the

observed temperature dependence of the photoluminescence.
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Under steady state excitation, the temperature dependence of Ni can be attributed to

three distinct temperature-dependent processes. First, the thermalization of the Er3+ ion

between the closely space Stark-split levels of the excited states 2H11/2 and 4S3/2 as well

as the ground state 4I15/2. Second, the temperature dependence of the phonon-assisted ex-

citation cross sections which permit Er3+ ions to be excited out of the ground state. Finally,

the temperature-dependent excited state lifetime that results from the thermal coupling of

the 2H11/2 and 4S3/2 levels, which have different intrinsic lifetimes. In what follows, we

quantify these three temperature-dependent processes.

4.2 Thermalization

4.2.1 Excited and Ground State Thermalization

The Stark-split levels of Er3+ in Er2O3 are sufficiently close that a collection of Er3+ ions

in a given level of the 2S+1L j states can be described by a Boltzmann distribution. This

fact is often exploited in using rare-earth ions, including Er3+, in optical thermometry

[6; 7; 21; 46; 47]. Here we will present experimental evidence for the thermalization of the

excited states 4S3/2 and 2H11/2 and discuss the validity of extending that assumption to the

ground state 4I15/2.

The typical method to demonstrate that two excited states are in thermal equilibrium is

that the ratio of luminescence from the states can be described by an equation of the form

[48]:

I2

I1
= Ae−E21/kbT , (4.2)

where I1 and I2 are the intensities of the two levels, A is a fitting constant and E21

is the energy difference between the levels. The ratio of luminescence from the 2H11/2

and the 4S3/2 levels is plotted in Figure 4.1. The fit line is equation 4.2 using E21 = 863

cm−1, which is the difference between the center of gravity energies of these levels [1]. It

is clear from Figure 4.1 that the ratio of the luminescent intensities from 4 K to 300 K is

20



well described by Equation 4.2. Therefore, Er3+ ions in these two levels are in thermal

equilibrium and by extension the individual Stark-split levels are as well.

Figure 4.1: Ratio of the integrated photoluminescence from 2H11/2 and 4S3/2 (blue dots).
The fit line is Equation 4.2 using E21 = 863 cm−1. Adapted from [2]

This assumption of thermal equilibrium can be extended to a collection of Er3+ ions in

the ground state 4I15/2. While we have made no direct measurement, a comparison between

the energy spread of the ground state 4I15/2 and E21 is sufficient to support the assumption.

The difference in energy between the lowest lying and highest lying Stark-split states of

the Er3+ ground state 4I15/2 is 505 cm−1. This is less than E21, therefore it is reasonable

to assume that a collection of Er3+ ions in the ground state are in thermal equilibrium and

can be described by a Boltzmann distribution. We now quantify these statements.

The population of Er3+ ions in each of the ground state Stark levels is given by:
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NZi(T ) = NgPZi(T ), (4.3)

where Ng is the total population fraction of Er3+ ions in the ground state 4I15/2, and

PZi(T) is the thermal probability of an Er3+ ion being in the Zi state of 4I15/2. Similar

statements can be written for the Stark-split levels of the excited states 2H11/2 (F), and

4S3/2 (E):

NFi(T ) = NePFi(T ), (4.4)

NEi(T ) = NePEi(T ), (4.5)

where Ne is the total population fraction of Er3+ ions in the excited states, 2H11/2 and

4S3/2. Then PFi(T) and PEi(T) are the thermal probabilities of an Er3+ ion being in the Fi

state of 2H11/2 and Ei state of 4S3/2, respectively.

The definitions for PZi(T), PFi(T) and PEi(T) are as follows:

PZi(T ) =
exp
(−εZi

kT

)
∑

8
n=1 exp

(
−εZn

kT

) , (4.6)

PFi(T ) =
exp
(−εFi

kT

)
∑

6
n=1 exp

(
−εFn
kT

)
+∑

2
m=1 exp

(
−εEm

kT

) , (4.7)

PEi(T ) =
exp
(−εEi

kT

)
∑

6
n=1 exp

(
−εFn
kT

)
+∑

2
m=1 exp

(
−εEm

kT

) , (4.8)

where εZi ,εFi ,εEi are the energies of the Stark-split levels in 4I15/2, 2H11/2 and 4S3/2 re-

spectively. These energies are given in Table 2.1. The partition function in the denominator

of Equations 4.6 - 4.8 are set by the levels in thermal equilibrium. In the case of the excited

state Stark-split levels of 4S3/2 and 2H11/2, Er3+ ions equilibrate among all 8 Stark-split
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levels and the partition function reflects that. Figure 4.2 shows the values of PZi(T), PFi(T)

and PEi(T) over the experimental temperature range (4 K to 300 K).

4.2.2 Temperature Dependent Lifetime

The thermal coupling of the excited states 2H11/2 and 4S3/2 results in a temperature de-

pendent lifetime for the excited states. We explicitly assume that the intrinsic excited state

lifetime of the individual Stark-split states is independent of temperature. Given the min-

imal change in Stark splitting over the temperature range from 4 K and 300 K [31], the

radiative lifetimes depend weakly on temperature. This is further supported by the ob-

servation that the dominant driver of the temperature dependence in Equation 4.1 is the

temperature dependence of the population fraction Ni which suggests that the transition

probabilities change little with temperature. The same is assumed for the nonradiative life-

times, although it is unlikely to be true. An additional complication is that these lifetimes

are likely to vary between individual Stark-split levels of the excited state. However, both

of these complications are beyond the scope of this thesis. We define the intrinsic excited

state lifetime for the individual Stark-split levels of 2H11/2 as τF and of 4S3/2 as τE .

We now give an expression for the temperature dependence of the excited state lifetime,

τ(T), that results from the thermal coupling of the 2H11/2 and 4S3/2 states. Due to thermal-

ization, an Er3+ ion in the excited state has numerous effective pathways to the ground

state and the contribution of each pathway is simply the thermal probability of the Er3+ ion

being in that state at any given temperature. Therefore, the τ(T) is given by:

1
τ(T )

=
∑i PFi(T )

τF
+

∑i PEi(T )
τE

=
τE ∑i PFi(T )+ τF ∑i PEi(T )

τFτE
, (4.9)

where all variables have been defined previously. Equation 4.9 is plotted over the ex-

perimental range (4 K to 300 K) in Figure 4.3. Having now established the temperature

dependent behavior of Er3+ ions in both the excited state and ground state as well as the

decay from the excited state to the level of individual Stark-split states, we turn our atten-
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Figure 4.2: Population fractions PZi(T) for the ground state Stark-split levels of 4I15/2 (top).
Population fractions PFi(T) and PEi(T) for the ground state Stark-split levels of 2H11/2 and
4S3/2 respectively (middle, zoomed bottom). Adapted from [2]
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Figure 4.3: Variation in τ(T ) as a function of temperature, normalized to τE . The black
lines represent τE/τE and τF/τE , respectively.

tion to establishing the temperature dependence of non-resonant excitation at the level of

individual Stark-split states.

Figure 4.4: Schematic of the proposed mechanism for the quenching of Er3+ photolumi-
nescence in thin films of Er2O3
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4.2.3 Interface Effect

Recent unpublished work has shown the possibility that there is an additional non-radiative

decay pathway that results from the interface of Er2O3 with the Si substrate and/or the

surface of Er2O3. This additional non-radiative pathway allows the Er3+ ions near the

interface/surface to decay non-radiatively significantly faster than any radiative pathway.

Then, through resonant energy transfer between nearby Er3+ ions, the near interface Er3+

ions are re-excited, deexciting the nearby Er3+ ion. The near surface/interface Er3+ ions

again decay non-radiatively. This process is continues until all the Er3+ ions throughout

the film return to the ground state, fully quenching any radiative emission from Er3+. A

schematic of this effect is shown in Figure 4.4.

Figure 4.5: Variation of the 4S3/2 −→ 4I15/2 as a function of the thickness of the Er2O3 film.

Photoluminescence from the 4S3/2 −→ 4I15/2 of Er3+ in Er2O3 films of thicknesses rang-

ing from 7 nm to 93 nm are shown in Figure 4.3. This photoluminescence is conducted at

room temperature using a 532 nm laser. Based on Figure 4.3, all emission is quenched be-
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low a thickness of ∼28 nm. A complete accounting of this effect, including the temperature

dependence, is not yet known and is therefore neglected in Equation 4.9 despite its likely

contribution to the overall temperature dependent lifetime in thicker samples. Regardless

of this omission, the effect has implications for any applications involving nanostructures

incorporating Er3+ ions which place those ions near surfaces/interfaces.

4.3 Temperature Dependent Excitation

4.3.1 Stokes and anti-Stokes Excitation

The rate of laser-drive excitation between a ground state and an excited state takes the

general form of:

Wexc =
σ I
hν

Ng, (4.10)

Where Ng is the ground state population, σ is the excitation cross section, I is the laser

intensity and hν is the photon energy of the incident light. In the present case, the temper-

ature dependence of Wexc comes from the temperature dependence of the phonon-assisted

excitation cross section σ (T) and the thermalization of the ground state Stark levels. The

former contributes to the temperature dependence only in the case of non-resonant excita-

tion, while the latter always occurs. The thermalization of the ground state Stark levels was

discussed above. Here we will discuss the phonon-assisted excitation cross section from

both anti-Stokes and Stokes excitation.

Generic phonon-assisted anti-Stokes and Stokes excitation occurs when the incident

wavelength of excitation, commonly a laser, is non-resonant with the transition energy.

When the excitation source is non-resonant with the transition, a phonon can be absorbed

from the material (Stokes) or emitted into the material (anti-Stokes) to make up the dif-

ference in energy. For the case of rare-earth ions, anti-Stokes and Stokes excitation occur

in the weak-coupling ion-lattice regime [18]. The temperature dependent cross sections,

σAS(T) and σS(T) for anti-Stokes and Stokes excitation, respectively, take on the general
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form of:

σAS(T ) = Sp
0σres

(
e

ε

kbT −1
)−p

, (4.11)

σAS(T ) = Sp
0σres

(
1− e

−ε

kbT
)−p

, (4.12)

where ε is the phonon energy, S0 is the Pekar-Huang-Rhys coupling constant, σres is

the resonance cross section of the transition and p is the number of phonons of energy ε

assisting the transition [18; 19; 27; 28; 34]. The temperature dependence of both cross

sections is given in Figure ?, with p=S0=σres=1 and εl = 316.4 cm−1 - one of the phonon

energies in Er2O3. It is important to note that while the temperature dependence of both

Stokes and anti-Stokes is the same, the non-zero offset of the Stokes transitions at reduced

temperatures means that any observed emission near 0 K is a direct consequence of only

Stokes excitations.

In what follows, we will introduce additional prefactors to Equations 4.11 and 4.12 and

set p=1 consistent with experimental observations and existing literature [27]. The final

form is:

σAS(T ) = S0gpσi j,res fbw,l

(
e

εl
kbT −1

)−1

, (4.13)

σAS(T ) = S0gpσi j,res fbw,l

(
1− e

−εl
kbT

)−1

, (4.14)

where gp is the degeneracy of the phonon mode l, σi j,res is the resonance cross section

of the transition between subscripted levels, εl is the energy of phonon mode l, fbw,l is a

factor to account for the mismatch between Er2O3 phonon energies and the energy required

to facilitate a phonon-assisted transition at the incident laser energy. It is defined below.

All other variables have been defined previously. In what follows, each additional factor of
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Figure 4.6: Temperature dependence of Stokes and anti-Stokes transitions between 4 K and
300 K for a phonon energy of 316.4 cm−1

Equations 4.13 and 4.14 is discussed.

4.3.2 Pekar-Huang-Rhys Constant

The Pekar-Huang-Rhys coupling constant, S0, characterizes the electron-phonon coupling

in a system. This constant quantifies the change in lattice equilibrium between the ground

and excited states. An upper bound for S0 in a rare-earth system can be estimated from

observed photoluminescence spectra in the following way. The ratio of the probabilities

between the zero-phonon line (P(0,T)) and single phonon line (P(1,T)) at a given tempera-

ture is given by [19]:
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P(0,T )
P(1,T )

=
1

S0(n̄+1)
(4.15)

where n̄ is the occupation number of the mode with energy εl and is given by:

n̄ =
(

e
εl
kT −1

)−1
. (4.16)

At 300 K, n̄ ≈ 2 for the lowest energy phonon in Er2O3, therefore:

P(0,300K)

P(1,300K)
=

1
3S0

. (4.17)

There are no phonon replica peaks evident in the spectra at 300 K. Based on the noise

level that allows us to constrain S0 ≤ 0.01. This is consistent with the typical value of S0

for rare earth ions in materials is ∼0.02-0.04. From Equation 4.11 and 4.12, it is obvious

that single-phonon processes will dominate. Therefore, it is reasonable that we confine our

focus to p=1, consistent with published work for the transition considered [27].

4.3.3 Finite Phonon Bandwidth

The term fbw,l is defined as follows:

fbw,l =
Ll(∆i j,Γ)

Ll(εl,Γ)
, (4.18)

where ∆i j is the difference between the incoming phonon energy and the i −→ j Stark-

Stark transition energy (see Table 4.1), εl is the center energy of the phonon, Γ is the energy

bandwidth (FWHM) of the phonon and Ll(ε,Γ) is the Lorentzian function centered at εl

and defined as:

Ll(ε,Γ) =
1

2π

Γ

(ε − ε0)
2 +
(1

2Γ
)2 , (4.19)

A visual depiction of fbw,l and Ll(ε,Γ) is given in Figure 4.7.
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Figure 4.7: A schematic representation of fbw,l . Reproduced from [2].

The factor, fbw,l , is needed for two main reasons. First, phonons have finite lifetimes

and therefore have finite energy bandwidths. By looking at a well-studied phonon mode in

Lu2O3, which like Er2O3 is a rare-earth sesquioxide with C-type bixbyite structure, we can

see that the linewidths of phonons are expected to be on the order of several cm−1 [49].

Therefore, phonon modes with energies that are close to matching the energy required to

facilitate a Stokes/anti-Stokes can occur and the term fbw,l allows us to address that possi-

bility. The second reason is an extension of the first. With 532.03 nm excitation, there are

very few phonon energies in Er2O3 that closely match (<0.5 cm−1 difference) the energy

required to facilitate a Stark-Stark transition from the ground state of Er3+. If limited to

only the so-called “close matches,” there is negligible excitation and by extension negligi-

ble photoluminescence below 15 K. That is inconsistent with the observed data plotted in

Figure 3.2 which clearly slows emission from the E1 state of 4S3/2. This inconsistency can

be resolved by allowing the phonons of Er2O3 to have finite energy bandwidth. In what

follows, we use observations to give a rough estimate for the phonon bandwidths in Er2O3.

At temperatures below 15 K, Equation 4.6 predicts that the ensemble of Er3+ ions will

be in the lowest energy level of 4I15/2, called Z1. Therefore, any observed photolumines-
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cence can only result from exciting Er3+ from this level. At these temperatures, there is no

thermal bath of phonons, therefore any phonon-assisted excitation will be a Stokes transi-

tion. It can be shown that at the experimental excitation wavelength, there are two possible

Stokes transitions: Z1 −→ E1 and Z1 −→ E2. At the incident wavelength, a phonon of energy

574 cm−1 is required for the former and one of 488 cm−1 is required for the latter. Accord-

ing to Table 4.1, the closes phonon energy in Er2O3 to 574 cm−1 is at 576.1 cm−1, a shift

of 2.1 cm−1. The closest phonon energy to the required 488 cm−1 is at 494.3 cm−1, a shift

of 6.3 cm−1. Therefore, if the phonons do not have a finite energy bandwidth, there is not

a phonon of the correct energy in Er2O3 to facilitate either transition from Z1 at these low

temperatures. Therefore, to explain the observed photoluminescence at these temperatures

the phonons of Er2O3 must have a finite energy bandwidth on the order of several cm−1. To

account for this and incorporate those transitions into a model consistent with conservation

of energy, the term fbw,l is required.

4.3.4 Stark-Stark Resonance Cross Sections

Figure 4.8: Fit of optical constants to ellipsometry data of the 93 nm thick Er2O3

To derive the resonance cross sections that will be used in the Equations 4.13 and 4.14,

we use the method given in Aull, et.al. [50] and stated below in equation 4.20. It is

important to note that the spectral variations of the host refractive index are negligible

over the wavelengths for these transitions; an assumption necessary to use Equation 4.20.
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Figure 4.8 shows the results of fitting ellipsometry data for the 93 nm thick Er2O3 film.

The variation in the index of refraction, n, over several nanometers of wavelength is <0.01.

Therefore, we can use the following relation between resonance cross sections:

I ji(ν)

I j′i′(ν ′)
=
(

ν

ν ′

)3 N j

N j′

σ ji

σ j′i′(ν ′)
, (4.20)

where I ji is the fluorescent intensity of the j −→ i transition, ν is the frequency of the

emitted light, N j is the population density of j and σ ji(ν) is the emission cross section for

the j −→ i transition. The emission and absorption cross sections are related by:

σ ji(ν) =

(
gi

g j

)
σi j(ν), (4.21)

where σ ji(ν) is the absorption cross section for i −→ j and gi and g j are the degeneracies

of i and j respectively. All of the Stark-split levels are doubly degenerate [41] so for our

case the absorption and emission cross sections are equal.

The values used for I ji(ν) for the 2H11/2 −→ 4I15/2 were found by fitting the spectra

in Figure 4.7 with a sum of Lorentzian distributions of the form Equation 3.1. The cen-

ter wavelengths for each distribution are taken to be the wavelengths calculated using the

energy levels in Table 2.1. The fitting was done using data taken at temperatures that max-

imized the photoluminescence from these transitions. There was a systematic calibration

error that caused a uniform shift of 0.2 nm relative to the calculated wavelength values. The

values for h obtained for each peak are used as I ji(ν) for that transition. A similar approach

was taken for the 4S3/2 −→ 4I15/2 transition.

Once the values for I ji(ν) are extracted, those values along the Z1 −→ Excited State (for

instance E1) cross sections, σi,Z1 from Gruber et. al. [51] can be used with Equation 4.20

to calculate the remaining cross sections. Although these are the cross sections for Er3+ in

Y2O3, the crystal field in Y2O3 is sufficiently similar to justify their use here [42]. Using

the known cross sections simplifies the application of Equation 4.20 because in each case
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Figure 4.9: Observed 2H11/2 −→ 4I15/2 fit with a sum of Lorentzian distributions.

j=j’so that N j
N j′

= 1. The calculated cross sections that will be used in the model are given in

Table 4.1.

4.3.5 Phonon Energies and Degeneracies

According to DFT calculations conducted by collaborators [2], there are 48 distinct phonon

energies of varying degeneracies, gp, in Er2O3. Table 4.2 gives the theoretical values of

the phonon energies along with published values for a majority of the phonon energies.

The phonon symmetry symbol identifies both the degeneracy, and the subscript indicates

the symmetry upon reflection. For the symmetry symbol A, gp = 1, for E, gp = 2 and

for T, gp = 3. For the subscript u means ungerade, the German word for odd, and the

subscript g means gerade, the German word for even. Note that any of these phonons

can facilitate a transition, assuming the phonon energy is sufficiently close to the energy

mismatch between the exciting laser and required transition energy, consistent with the

finite bandwidth described above.

Using both experimental observations that show the phonon energies between 4 K and
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300 K and the DFT calculations referenced above, the phonon energies of Er2O3 shift uni-

formly to lower energy by around 3-4 cm−1 [52; 53; 54]. In the experimental works, much

of the observed shift occurred above 80 K. If we look at a well-characterized phonon mode

of Lu2O3 which is another rare-earth sesquioxide with the same C-type bixbyite crystal

structure like Er2O3, we see that for that phonon mode, much of the energy shift occurs

above 200 K [49]. Turning our attention to the transition energies of Er3+ in Er2O3. It has

been shown that the transition energies between the Stark-split levels of Er3+ in Er2O3 shift

by ∼3 cm−1 to lower energies. Given that both the phonon energies and the Er3+ transi-

tion energies shift nearly identically to lower energies as the temperature increases and that

most of the shift occurs above 200 K, we will take both quantities as constant between 4

K and 300 K and use the values reported at low temperature (∼10 K). This is also moti-

vated by the fact that not all the phonon modes have experimentally reported values, which

means that the theoretical values, which were calculated at 0 K, have to be used. Adopting

the experimental values as close to 0 K as possible provides consistency.

The column named ’assumed value’ in Table 4.2 is the energy of the phonon mode

used in Equations 4.13 and 4.14 to calculate the temperature dependent cross sections. In

order to obtain these values, we did the following. First, if there was no experimental

measurement of the phonon mode, we took the theoretical value, rounded to the nearest

0.1 cm−1. Those theoretical values are calculated at 0 K. For any mode that has been

measured experimentally, we averaged over the low-temperature experimental values, once

again rounded to the nearest 0.1 cm−1. Most of the experimental values for the phonon

energies have a spread of ∼1-2 cm−1, which gives low uncertainty in the phonon energy

incorporated into the model. However, there are several modes where the experimental

values have a spread of up to 10 cm−1, leading to greater uncertainty. In Chapter 5, we will

demonstrate the effect of this greater uncertainty on the output of the model.
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4.3.6 Final Form of Wexc(T)

There are 64 potential transitions from the 8 ground state Stark levels of the 4I15/2 level to

the 8 excited state Stark levels of 2H11/2 and 4S3/2. There are also 48 distinct phonon

energies that can facilitate these transitons. Accounting for all possible laser-induced

phonon-assisted Stark-Stark excitations between the ground state 4I15/2 and the excited

states 2H11/2 and 4S3/2 and all the distinct phonon energies, the final form of Wexc(T) is:

Wexc =
I

hν
Ng

8

∑
i=8

PZi(T )

(
48

∑
l=0

(
6

∑
j=1

σZi,Fj,l(T )+
2

∑
k=1

σZi,Ek,l(T )

))
, (4.22)

where σZi,Fj,l(T) and σZi,Ek,l(T) are the temperature-dependent phonon-assisted excita-

tion cross sections using a phonon of energy εl for the Zi −→ Fj transition and Zi −→ Ek

transition, respectively. The other variables have been defined previously. It is important

to note that a majority of the σi jl(T)≈ 0 because for a majority of possible transitions,

fbw,l ≈ 0. This is because ∆i j is not within the finite energy Lorentzian envelope of the

phonon mode with energy εl . However, for conciseness and completeness, Wexc(T) is writ-

ten this way. In Chapter 5 the relative contributions of each Stark-Stark transition as a

function of temperature will be shown.

4.4 Full Temperature Dependence of Ni(T)

Combining all of expressions above, the temperature dependent population fraction, Ni, is

given by:

Ni(T ) = A
8

∑
m=8

PZm(T )

(
48

∑
l=0

(
6

∑
j=1

σZm,Fj,l(T )+
2

∑
k=1

σZm,Ek,l(T )

))
×Pi(T )

1
τE ∑i PFi(T )+ τF ∑i PEi(T )

,

(4.23)

where A is a constant combining all the temperature independent constants and all other

variables have been defined previously. As stated at the start of this chapter, Ni(T) is the
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dominant drive of the temperature dependence of the emission from the Er3+ ions in the

excited state. Therefore, this expression can be normalized and compared to the normalized

photoluminescence given in Chapter 3. That will be the focus of Chapter 5.
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Table 4.1: The difference (∆i j) between the transition energy (εi j) and the laser energy (hν)
at 532.03 nm for all potential Stark-Stark transitions is given. Also given are a majority
of the σi j,res. Note that we only include cross-sections for 50 cm−1 ≤ |∆i j| ≤ 650 cm−1

because transition with ∆i j outside that range are not expected to contribute to Wexc(T) at
the experimental laser energy. Transitions with ∆i j > 0 would be anti-Stokes transitions
and ∆i j < 0 would be Stokes transitions. Reproduced from [2].

Stark-Stark Transition σi j,res (1e-20 cm2) ∆i j (cm−1)

Z1 −→ E1 0.2 -573.9

Z1 −→ E2 1.00 -487.9

Z1 −→ F1 1.40 237.1

Z1 −→ F2 1.65 244.1

Z1 −→ F3 1.56 271.1

Z1 −→ F4 4.55 386.1

Z1 −→ F5 0.90 417.1

Z1 −→ F6 5.07 439.1

Z2 −→ E1 1.34 -611.9

Z2 −→ E2 1.37 -525.9

Z2 −→ F1 2.81 199.1

Z2 −→ F2 1.07 206.1

Z2 −→ F3 1.28 233.1

Z2 −→ F4 8.11 348.1

Z2 −→ F5 3.17 379.1

Z2 −→ F6 3.48 401.1

Z3 −→ E1 0.54 -648.9

Z3 −→ E2 1.38 -562.9

Z3 −→ F1 1.06 162.1

Z3 −→ F2 1.77 169.1

Z3 −→ F3 1.97 196.1
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Table 4.1 – continued from previous page

Stark-Stark Transition σi j,res (1e-20 cm2) ∆i j (cm−1)

Z3 −→ F4 10.25 311.1

Z3 −→ F5 18.20 342.1

Z3 −→ F6 3.49 364.1

Z4 −→ E1 - -661.9

Z4 −→ E2 2.67 -575.9

Z4 −→ F1 2.43 149.1

Z4 −→ F2 0.98 156.1

Z4 −→ F3 0.66 183.1

Z4 −→ F4 19.29 298.1

Z4 −→ F5 15.06 329.1

Z4 −→ F6 1.52 351.1

Z5 −→ E1 - -732.9

Z5 −→ E2 - -646.9

Z5 −→ F1 1.44 78.1

Z5 −→ F2 1.19 85.1

Z5 −→ F3 0.40 112.1

Z5 −→ F4 6.57 227.1

Z5 −→ F5 3.00 258.1

Z5 −→ F6 1.08 280.1

Z6 −→ E1 - -838.9

Z6 −→ E2 - -752.9

Z6 −→ F1 - -27.9

Z6 −→ F2 - -20.9

Z6 −→ F3 - 6.1
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Table 4.1 – continued from previous page

Stark-Stark Transition σi j,res (1e-20 cm2) ∆i j (cm−1)

Z6 −→ F4 3.01 121.1

Z6 −→ F5 3.28 152.1

Z6 −→ F6 1.21 174.1

Z7 −→ E1 - -1063.9

Z7 −→ E2 - -977.9

Z7 −→ F1 10.10 -252.9

Z7 −→ F2 5.25 -245.9

Z7 −→ F3 1.55 -218.9

Z7 −→ F4 6.26 -103.9

Z7 −→ F5 3.65 -72.9

Z7 −→ F6 1.22 -50.9

Z8 −→ E1 - -1078.9

Z8 −→ E2 - -992.9

Z8 −→ F1 16.45 -267.9

Z8 −→ F2 12.10 -260.9

Z8 −→ F3 3.64 -233.9

Z8 −→ F4 7.17 -118.9

Z8 −→ F5 7.31 -87.9

Z8 −→ F6 0.89 -65.9
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Table 4.2: Calculated phonon frequencies along with their symmetries and degeneracies.
We compare our results with previous experimental values and find good agreement. Re-
produced from [2].

Symmetry
Frequency (cm−1)

Present

Theory

[55] [52] [56] [53] [57] [54] [58] Assumed

Value

Au 82.05 82.1

Tu 89.00 90 90 90

Eu 97.33 99.7 99 100 96 99 97.3

Tg 97.62 99.6

Tg 102.34 102.3

Tu 115.03 115

Ag 119.82 123.2 122 120 122 121.8

Tu 126.28 126 128 128 127.3

Tu 133.41 133 135 134 134

Tg 137.01 136 139 139

Tu 146.28 147 146 146.5

Eg 147.15 148 147 145 148 147.5

Au 174.35 174.4

Tg 177.95 178

Eu 181.89 181.9

Tu 183.25 184 183 183.5

Tg 183.32 183.3

Tu 221.47 221.5

Tu 287.26 287.3

Au 311.71 311.7

Tu 318.01 316.4 316.4
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Table 4.2 – continued from previous page

Symmetry
Frequency (cm−1)

Present

Theory

[55] [52] [56] [53] [57] [54] [58] Assumed

Value

Tg 322.97 323 322 321 322 322.3

Tg 329.51 329.5

Tu 333.24 335 334 334.5

Eg 340.35 336 337.9 338 336 338 338

Tu 357.48 357.5

Eu 358.42 358.4

Tg 360.25 359 359 359

Tu 367.36 375 375

Ag 371.48 374 375 380 381 378

Tg 390.42 391 390 381 381 386

Eu 396.64 395 395 395

Eg 396.94 391 392 391

Tg 405.93 403 404 405 405

Tu 414.56 414.6

Ag 432.19 433.6 434 436 434.8

Tg 442.78 441 441

Au 451.18 451.2

Tu 466.94 475 476 475

Tg 479.34 479 475 480 485 480 480 479.8

Tu 494.34 494.3

Au 513.22 513.2

Tg 534.54 534.5
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Table 4.2 – continued from previous page

Symmetry
Frequency (cm−1)

Present

Theory

[55] [52] [56] [53] [57] [54] [58] Assumed

Value

Tu 560.38 565 466 565.5

Ag 574.35 576.1 576.1

Eg 580.36 580 580 580

Eu 589.77 589.8

Tg 598.68 598.3 596 600 600 598 598.5
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CHAPTER 5

Fitting Observed Temperature Dependent Photoluminesence

In this chapter, we will show the fitting of the model developed in Chapter 4 to the temper-

ature dependent photoluminescence data presented in Chapter 3. We will begin with the

fitting procedure and then discuss in turn each parameter; how the parameter affects the

model output, what the fit value is, and any conclusion we draw from the values of the fit

parameters.

5.1 Fitting Procedure

Embedded in Equation 4.23, there are 4 fitting parameters. They are the lifetimes τF and

τE of the Stark states 2H11/2 and 4S3/2, respectively, the Pekar-Huang-Rhys constant, S0,

for the Stark-Stark excitations involving 4S3/2 and the phonon energy bandwidth Γ. The

fitting was conducted only on the photoluminescence observed from the E1 transitions.

As shown in Figures 5.2-5.4, the effect of each parameter is seen in different temperature

ranges and only emission from E1 is observed to have non-zero emission over the entire

temperature range. Regardless, it is important to note that the fitting parameters that give

good agreement with E1 give good agreement with the data from the other emission lines.

The fitting is done in the following way. A library of curves is generated over a wide

Parameter Fit Value

REF 1111±68
Γ 1.86±0.62 cm−1

S0 (4S3/2) 0.0045±4e-4

Table 5.1: Fit values and uncertainties due to the uncertainty in the laser wavelength. Units
are noted.
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range of possible values for the fit parameters. The curves are compared to the observed

data from E1 (shown in Figure 3.4) using a least squares regression. The range of fit param-

eters is then narrowed around the best fit and the step size for the parameters is reduced.

This is repeated until the step size is roughly an order of magnitude smaller than the desired

uncertainty. Note that there is additional uncertainty introduced by the measured valued of

the laser wavelength (532±0.03 nm). This is addressed by performing the above procedure

between 532 nm and 532.06 nm in steps of 0.01 nm. The resultant parameters and uncer-

tainties are then combined appropriately. The result of these fittings is given in Table 5.1.

The model output using the fit values of the parameter are plotted in Figure 5.1.

5.2 Effect of Each Parameter

5.2.1 Stark level lifetimes τE and τF

Starting with the lifetimes τF and τE . When we vary these lifetimes, we find that the tem-

perature where the maximum of the normalized temperature dependent photoluminescence

occurs for the Stark levels E1 and E2 depends only on the ratio τE
τF

, which we will call REF .

We also observe that the predicted temperature dependent behavior of photoluminescence

from the Stark levels of 2H11/2, called F1−6, is relatively insensitive, as compared to E1 and

E2, to the ratio REF . In addition to REF , our data also allows us to extract the ratio of the

radiative lifetimes:

REF,rad =
τE,rad

τF,rad
. (5.1)

Using Equation 4.1, we can make a rough estimate of REF,rad . Using the definition

Ai =
1

τr,i
we note that the ratio of radiative lifetimes can be rewritten as:

REF,rad =
AF

AE
. (5.2)

Using Equations 4.1, 4.4 and 4.5, we see that:
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Figure 5.1: Model fits (solid lines) to the normalized measured PL observed (dots) from
lines originating from (top left) E1 and (top right) E2 of 4S3/2 and (bottom left) F1 and F2

of 2H11/2

REF,rad =
IF

IE

∑PE(T )
∑PF(T )

(5.3)

where Ii is the integrated intensity of the respective transition manifold and the summa-

tions are over the thermal probabilities given in Equations 4.7 and 4.8. Photoluminescence

from the F manifold is readily observed only above 200 K, so this value is calculated be-

tween 200 K and 300 K and plotted in Figure 5.1. The average value of REF,rad is 8.6 and
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Figure 5.2: Variations in model output as a function of REF (lines, value noted in the
legend) for E1 (top left), E2 (top right), F1−3,ave (bottom left) and F6 (bottom right). The
dots are the measured experimental data. The other fit parameters are set to the values
reported in Table 5.1

is observed to slowly decrease with increasing temperature.

It is notable that REF,rad and REF differ significantly. Given that REF incorporates both

the radiative and non-radiative lifetime, the difference between REF,rad and REF demon-

strates that Er3+ in the F levels decay non-radiatively at a much faster rate than Er3+ in the

E levels. This is consistent with the finding by M. Dammak et. al. [59] who demonstrated

that the 2H11/2 levels of Er3+ have a stronger electron-lattice coupling that the 4S3/2 levels
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Figure 5.3: REF,rad between 200 K and 300 K for the 4S3/2 −→ 4I15/2 and 2H11/2 −→ 4I15/2
transition manifolds.

which would lead to an enhanced phonon-assisted decay for Er3+ in the 2H11/2 levels.

5.2.2 Pekar-Huang-Rhys Constant, S0

Next is the Pekar-Huang-Rhys constant, S0. In the previous chapter, we constrained S0 ≤0.01.

As noted above, work by M. Dammak, et. al. [59], showed that the electron-phonon cou-

pling for the 4S3/2 state of Er3+ is smaller than that of 2H11/2. To account for that possibil-

ity, a separate S0 value for excitations involving 4S3/2 is introduced as a fitting parameter.

In Figure 5.3, we see the effect of varying this value on the model output. The predicted

emission from E1 is affected most strongly, followed by E2 and the F levels, which show

little variation. The main effect is that with increasing S0, the predicted low temperature

photoluminescence from E1 increases. Further, the temperature where E1 and E2 shift to

lower temperatures and the overall distribution broadens. The reason for this variation is

that all of the phonon-assisted excitation at low temperatures (<100 K) involves transi-

tions between 4I15/2 and 4S3/2 (Figures 5.7 and 5.8). Therefore, changes in the value of

S0 involving those transitions would be most evident at reduced temperatures. The best fit
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for this parameter is S0 =0.0045 and is reported along with the uncertainty in Table 5.1.

This value is consistent with the expectation that the electron-phonon coupling to the 4S3/2

levels is smaller than the coupling to the 2H11/2 levels.

Figure 5.4: Variations in model output as a function of S0 of the 4S3/2 levels for E1 (top
left), E2 (top right), F1−3,ave (bottom left) and F6 (bottom right). The other fit parameters
are set to the values reported in Table 5.1

5.2.3 Phonon Bandwidth, Γ

Finally, there is the phonon bandwidth Γ. It is important to note that the phonon bandwidth

likely varies between phonon modes and varies with temperature. Those complications are
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Figure 5.5: Variations in model output as a function of Γ for E1 (top left), E2 (top right),
F1−3,ave (bottom left) and F6 (bottom right). The other fit parameters are set to the values
reported in Table 5.1

beyond the scope of this thesis and studies to explore them will be suggested in Chapter

6. For the purposes of this thesis, the phonon bandwidth is assumed to be identical for all

Er2O3 phonon modes and to be constant with temperature. In Figure 5.5, we show the effect

of varying Γ on the model output. Note that REF and S0 are held constant at the values given

in Table 5.1. From this figure it is clear that changing Γ produces appreciable changes in

only the predicted emission from the E1 and that increases in Γ lead to increases in predicted
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emission for E1 below ∼75 K. The reason for this variation in the model output is as

follows. At reduced temperatures, only a few transitions contribute to the excitation of Er3+

and their values of ∆i j are large, relative to the average ∆i j among all potential transitions

at higher temperatures. For larger values of ∆i j, increasing Γ raises the contribution of that

transition more than for a transition with smaller ∆i j. The average ∆i j among contributing

transitions drops with temperature as more transitions participate. Therefore, increasing Γ

increases the predicted photoluminescence more at reduced temperature than at elevated

temperatures. The best fit for this parameter is 1.86 cm−1 and is reported along with the

uncertainty in Table 5.1.

5.3 Discussion

5.3.1 Effect of Variation in Phonon Energy

In Chapter 4, it was mentioned that the experimental values for several phonon modes

spanned a range of up to 10 cm−1. In order to show the effect of the added uncertainty on

the output of the model, we will examine the Tg mode. This mode has a theoretical energy

of 390.4 cm−1 and the experimental values range between 381 cm−1 and 390 cm−1. Using

the fit values in Table 5.1, we plot the output of our model as a function of energy of this

mode. This is shown in Figure 5.6. It is clear that the model output is relatively insensitive

to the uncertainty in this mode. This is because transitions facilitated by this phonon mode

are all anti-Stokes at this excitation wavelength. At temperatures where anti-Stokes tran-

sitions facilitating this mode become appreciable, the fractional contribution to the overall

excitation rate is small. Hence, the model output is insensitive to variations in energy for

this mode. If this phonon mode was facilitating Stokes transitions, the effect of the un-

certainty would be significant because at reduced temperatures the fractional contribution

of Stokes phonon-assisted transitions is large. However, none of the phonon modes which

facilitate Stokes transitions have such uncertainty and additional experiments at different

exctation wavelengths would be required to interrogate this issue further.
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Figure 5.6: Variations in model output as a function of energy of the Tg mode discussed in
the text (lines, value noted in the legend). This is shown for E1 (top left), E2 (top right),
F1−3,ave (bottom left) and F6 (bottom right). The dots are the measured experimental data.

5.3.2 Contributions of Each Stark-Stark Transition

As noted in Chapter 4, there are 64 transitions between the ground state 4I15/2 and the two

excited states 2H11/2 and 4S3/2 that can potentially be facilitated by the 48 distinct energies

of the phonon modes in Er2O3. Using the fit values in the model, we can show the frac-

tional contribution of each individual Stark-Stark transition as a function of temperature.

Following the form of Equation 4.22, for a given Zi the fraction contribution of a given
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Figure 5.7: Fractional contributions of transitions to E1 (top left), E2 (top right), F1 (bottom
left) and F2 (bottom right) from the ground state Stark levels Z1−8 as a function of temper-
ature.

transition is given by:

WZi,Fj(T )
Wexc(T )

=
I

hν

NgPZi(T )∑
48
l=0 σZi,Fj,l(T )

Wexc(T )
, (5.4)

WZi,Ek(T )
Wexc(T )

=
I

hν

NgPZi(T )∑
48
l=0 σZi,Ek,l(T )

Wexc(T )
, (5.5)
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Figure 5.8: Fractional contributions of transitions to F3 (top left), F4 (top right), F5 (bottom
left) and F6 (bottom right) from the ground state Stark levels Z1−8 as a function of temper-
ature.

for the Stark levels of 2H11/2 and 4S3/2, respectively, and Wexc(T ) is given by Equation

4.22. These fractional contributions are given in Figures 5.7 and 5.8. From this we see that

below ∼30 K, several transitions dominate and all of the transitions are Stokes transitions.

As the temperature is increased, anti-Stokes transitions begin to participate and the number

of excitation pathways increases. By 300 K, most of the 64 potential transitions between

the Stark levels in the ground state 4I15/2 and the excited states 4S3/2 and 2H11/2 contribute
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to the overall excitation rate.

5.3.3 Conceptual Discussion

Figure 5.9: Level populations of the Stark-levels of the excited state at several different
temperatures. The population fractions at 150 K are multiplied by 10 to show their pres-
ence.

We can now give a conceptual understanding of the temperature dependence of the

emitted luminescence for a given excited state Stark level. Over the entire temperature

range, the Er3+ ions in the excited state rapidly thermalize, relative to the excited state life-

time, between all the Stark levels of 4S3/2 and 2H11/2. This thermalization occurs prior to
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any decay to the ground state 4I15/2. Therefore, based on Figure 4.2, below the tempera-

ture of around 30 K, any Er3+ ions in the excited state are only in the E1 level of the 4S3/2

excited state and radiative emission from only this state is observed. As the temperature is

raised above 30 K, thermalization causes an appreciable fraction of Er3+ ions in the excited

state to populate the E2 level of 4S3/2 and radiative emission arising from decays of Er3+

in this state is observed. As the temperature is raised above ∼150 K, Er3+ in the excited

state begin to populate the 2H11/2 Stark-split levels, called F1−6, and radiative emission

begins to be observed from those states as well. The population fraction of all the excited

state levels at these temperatures is illustrated in Figure 5.9. This accounts for the onset of

emission from each individual Stark-split level.

Figure 5.10: Wexc(T) (blue) between 4 K and 300 K and normalized to Wexc(300 K). This
represents a sum over all 64 transitions (plotted here) out of the ground state 4I15/2 that are
potentially facilitated by the 48 unique phonon energies of Er2O3
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All observed increases of photoluminescent emission with increasing temperature re-

sults from the monotonic increase of the excitation rate, Wexc(T), with temperature as

shown in Figure 5.10. This increase is evident at all temperatures for the Stark states of

2H11/2 once thermalization begins to populate those levels. However, for the Stark states

of 4S3/2, this effect is only evident up to around 140 K. This is a direct consequence of the

thermalization of states with different intrinsic lifetimes and is described by Equation 4.9.

For the present case, the model fit states that the lifetime of Er3+ in the 4S3/2 levels, called

τE , is significantly longer than the lifetime of Er3+ in the 2H11/2 levels, called τF . As a

result, with increasing temperature, Er3+ in the 4S3/2 are increasingly emptied via thermal

excitation and subsequent decay through the Stark levels of 2H11/2. This effect overtakes

the monotonic increase of Wexc(T) at around 140 K and the emission from 4S3/2 begins to

decrease with temperature. A pictorial representation of this effect is given in Figure 5.11

for Er+3 ions in the E1 level. The emission is initially weak, increases in strength up to 150

K, then begins to fall because of the competing decay pathways.

Figure 5.11: Pictorial representation of the decay pathways of Er3+ ions in the E1 state
as a function of temperature. The relative strength of emission (green arrows) from each
level and thermal excitation to each level (black arrows) is depicted by the thickness of the
arrow.
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In addition to this conceptual understanding, it is important to note that the observation

of non-zero photoluminescence below ∼30 K is a direct consequence of Stokes excitation

(Figure 4.6.) If only anti-Stokes excitation is included, which is common for modeled

experiments reporting above 150 K [27], the observations cannot be accurately described.

This is shown in Figure 5.12, where only a single anti-Stokes transition is incorporated

between Z4 and F1 using εl = 149.1 cm−1, the Er2O3 phonon energy closest to ∆Z4,F1 .

This transition is chosen because it is the first anti-Stokes transition to produce non-zero

excitation as the temperature is raised from 4 K. Note that REF is set to 850 to fit the model

output to the peaks of E1 and E2 and provide a better comparison. The same is true for the

case described below.

Figure 5.12: Model output for a single anti-Stokes excitation (blue) and for a single anti-
Stokes and Stokes excitation (orange) for E1 (top left), E2 (top right), F1−3,ave (bottom left)
and F6 (bottom right).
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In addition, we find that if Stokes excitations are incorporated, it is necessary to include

multiple anti-Stokes excitation pathways to correctly describe our observations above 100

K. Figure 5.12 shows the result of including Z1 to E1 transition using εl = 576.1 cm−1,

the Er2O3 phonon energy closest to ∆Z1,E1 . The Z4 to F1 transition used above is also

incorporated. The transition Z1 to E1 is chosen because it is the weaker of the two excitation

pathways that produce non-zero emission at 4 K. In essence, multiple Stokes and anti-

Stokes excitation pathways are required to accurately model the observations over the entire

temperature range of 4 K to 300 K. This is an important conclusion of this work.

5.3.4 Wavelength Dependence

The model developed in Chapter 4 predicts that under narrowband excitation, such as the

laser used in our experiments, the low temperature behavior of photoluminescence from

Er3+ varies significantly with small shifts (∼0.1 nm) in laser wavelength. Figure 5.6 shows

the predicted variation of low temperature photoluminescence over the manufacturing un-

certainty of the laser used in the experiments in Chapter 3. While untested, this prediction

has important implications for the practical application of optical thermometry systems uti-

lizing two different species of rare earth ions in this temperature range. In fact, recently

published paper [8] actually explored this effect for wide bandwidth sources. We are cur-

rently working to validate this prediction.

5.4 Conclusion

As a result of fitting the model to the observations in Chapter 3, we are able to draw sev-

eral important conclusions. First, it is clear that accurate modeling over the measured

temperature range requires incorporating multiple Stokes and anti-Stokes phonon assisted

transitions. This further requires that we treat the individual Stark-split levels and incorpo-

rate the material specific phonons of Er2O3 in that model. Second, we are able to conclude

that the electron-phonon coupling of Er3+ is stronger for the Stark-split levels of 2H11/2 as

compared to those of 4S3/2. Finally, we are able to show a notable prediction of the model
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Figure 5.13: Variation in predicted temperature dependence of E1 (a) and E2 (b) transitions
as a function of excitation wavelength. Note that these are normalized to show the variation
in temperature dependent behavior. The predicted absolute values vary by ∼10x for E1 (a)
and ∼5x for E2 (b). Dots are measured experimental data. Reproduced from [2].

we developed. Namely, the low temperature photoluminescent behavior of Er3+ ions in the

Stark levels of 4S3/2 varies significantly with small shifts (∼0.1 nm) in excitation wave-

length – an untested prediction with important implications in applications such as optical

thermometry.
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CHAPTER 6

Conclusions and Outlook

In conclusion, we have studied the electron-phonon interactions of Er3+ in Er2O3 by report-

ing and modeling new measurements of the temperature dependence of the photolumines-

cence from the 4S3/2 −→ 4I15/2, 4S3/2 −→ 4I13/2 and 2H11/2 −→ 4I15/2 transition manifolds

of Er3+ in Er2O3. Our modeling approach advanced and improved existing approaches

and yielded important insights into the electron-phonon interactions of Er3+ with its host

lattice.

Specifically, in Chapter 3, we established experimentally that the observed tempera-

ture dependence of each individual Stark-Stark transition within each transition manifold

was dominated by the temperature dependence of the population fraction of the decay-

ing level, Ni(T). This motivated considering the individual Stark-split levels of the 2S+1L j

states. Further, the observation of non-zero photoluminescence below 30 K demonstrated

that Stokes excitation is required. Then in Chapter 4, we advanced existing theory to ac-

curately model our observations over the entire temperature range from 4 K to 300 K and

in Chapter 5, we fit that model to the data observed in Chapter 3. In doing so, we showed

the necessity of the following considerations: First, one needs to consider both Stokes

and anti-Stokes excitations rather than a single Stokes or anti-Stokes excitation from the

ground state. Omitting either type of transition prevents an accurate description over the

measured temperature range. Second, because both Stokes and anti-Stokes excitations must

be considered, the individual Stark-split levels in both the excited and ground states must

be treated instead of grouping them into their respective manifolds. Finally, because multi-

ple phonon-assisted Stokes and anti-Stokes excitations are required, one must consider the

Er2O3-specific phonon modes rather than an effective phonon energy for the material.

Besides showing the necessity of the above considerations, we were able to demonstrate
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differences in the electron-phonon coupling of the 2H11/2 and 4S3/2 states. Additionally,

we discussed an important untested prediction of the model. Namely, the prediction that the

low temperature PL behavior of Er3+ in Er2O3 varies significantly with small shifts (∼0.1

nm) in excitation wavelength. This possibility has only recently been acknowledged in the

literature [8] and it has important implications for rare-earth optical thermometry in this

temperature range, especially schemes that utilize multiple ion species. Further, it suggests

that one can use wavelength and temperature dependent photoluminescence to probe the

interactions between individual Stark levels and specific phonon modes of a material. This

is a capability our group is actively pursuing.

6.1 Future Studies

The work described in this thesis suggests the following promising research projects:

(i) As discussed above, the model predicts a significant variation in the low temperature

photoluminescence behavior of Er3+ photoluminescence as a function of excitation

wavelength. Rare-earth optical thermometry is a growing field and understanding

the influence of excitation wavelength on expected photoluminescence behavior is

vital for system design and implementation. Further validating this model under a

variety of excitation conditions would prove useful to that field and provide a tech-

nique, namely wavelength and temperature dependent photoluminescence, to study

electron-phonon interactions.

(ii) Another direction, alluded to in Chapter 4, is the dependence of Er3+ photolumi-

nescence on the thickness of the Er2O3 single crystal thin film. Depending on the

mechanism for this effect, there are likely significant implications for applications

that seek to use nanostructures to enhance rare-earth emission rates including emerg-

ing applications in quantum information science.

(iii) Finally, our group has observed a significant enhancement of Er3+ photolumines-

cence after ion irradiation. This effect does not occur for every observed transition
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manifold and is contrary to almost all known light emission/solid state systems. It

warrants further study given the potential for defect engineering and in light of pro-

cessing schemes that incorporate Er3+ via ion implantation. Both of which have

implications for emerging applications of Er3+ in quantum information science.

(iv) Our group is uniquely suited to conduct these studies give our use of coherent acous-

tic phonon (CAP) spectroscopy to study material properties in the near surface region

of both damaged and undamaged materials [60; 61; 62; 63; 64].
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