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Inferring Relative Dose-dependent Color Center Populations in 
Proton Irradiated Thoria Single Crystals using Optical 
Spectroscopy 
Amey Khanolkar,*a Cody A. Dennett,a Zilong Hua,a J. Matthew Mann,b David H. Hurley,a and Marat 
Khafizov c†

We have utilized photoluminescence spectroscopy and optical ellipsometry to characterize the dose-dependence of the 
photoluminescence emission intensity and changes in optical absorption of thoria single crystals subject to irradiation with 
energetic protons at room- and elevated-temperatures. The photoluminescence peaks and the optical absorption bands are 
attributed to creation of new electronic states emerging from defects resulting from displacement damage. These bands are 
most likely associated with electrons trapped at the oxygen vacancy sites similar to color centers formed in other irradiated 
oxides and halides. Our experimental observations are supported by a standard density functional theory calculation of the 
electronic structure in pristine and oxygen vacancy-bearing thoria crystals. The dose-dependence of the intensity of the 
photoluminescence peaks is used to parameterize a rate theory model that estimates the concentration of color centers in 
the irradiated crystals. This parameterization provides optimized migration barrier parameters for oxygen interstitials and 
vacancies that simultaneously capture the optical response of the crystals irradiated at room- and elevated-temperature. 
These optical spectroscopy techniques offer a promising pathway to characterize the population of color centers formed at 
the sites of oxygen anion vacancies, particularly in irradiated nuclear fuels, where atomic-level defects cannot be readily 
imaged using electron microscopy. When combined with other direct and indirect characterization tools, our approach can 
provide new insight into defect formation and accumulation in energy materials over single atomic to extended length 
scales.

Introduction
Metal oxides are a class of crystalline materials that exhibit 
unique properties, such as high mechanical strength, optical 
transparency, exceptional carrier mobilities and high 
abundance, all of which make these materials attractive for use 
in a variety of technological applications.1-4 Actinide and 
lanthanide oxides in particular have garnered considerable 
attention owing to their technological relevance in energy 
materials, ranging from use as nuclear fuels in commercial and 
next generation reactors,5 catalysts for chemical reactions,6 and 
electrolytes in solid oxide fuel cells.7 The performance of these 
metal oxides in energy applications, that includes thermal and 
mass transport properties, is governed by their microstructure.2 
Under coupled extremes of temperature, energetic particles 

bombardment, mechanical stress, or corrosive environments, 
the microstructure of these materials can rapidly evolve and 
lead to the formation of atomic level as well as extended 
structural defects.8 These defects introduce distortions in the 
crystal lattice that act as scattering sites for phonons and can 
drastically alter thermal9-11 and elastic12 properties. 
Furthermore, the optical properties of metal oxides may also be 
dramatically affected by the presence of point defects.13-15 
Although ultrahigh resolution electron microscopy has been 
extensively employed to quantify the size, orientation, and 
density of extended lattice defects such as dislocation loops,16-

20 particularly in irradiated oxide nuclear fuels, obtaining 
statistically significant populations of atomic-level defects in 
such materials is challenging using microscopy-based direct 
imaging approaches.21 This has necessitated the application of 
indirect techniques to characterize lattice point defects. 

In metal oxides, point defects in the oxygen sublattice can 
comprise of a neutral interstitial Oi and vacancy VO, or a vacancy 
with one or two trapped electrons (referred to as F+ and F 
centers, respectively, or color centers in general), along with 
their complementary charged Oi

- and Oi
2- interstitial defects.14 

Cation vacancies can trap holes and transform into V- or V0 
centers (cation vacancies with one or two holes, respectively).14, 

22 Changes in the optical properties of metal oxides are 
attributed to, in part, the electronic transitions between defect 
levels created by the localization of electrons in F-center type 
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defects.14, 15 In the classical theories for optical absorption due 
to defects developed by Smakula23 and by Mollwo and Roos,24 
electrons are described as a collection of independent Lorentz 
oscillators each with a frequency-dependent polarizability. The 
oscillator strength for a transition associated with a defect is 
related to the area under its absorption band that is assumed to 
be Lorentzian.15 Optical absorption (OA) and 
photoluminescence (PL) spectroscopy have been widely used to 
probe the absorption bands and energy levels of electrons 
associated with anion vacancies.25, 26 Experimentally measured 
optical absorption and photoluminescence energies of single 
vacancy centers in metal oxides such as MgO, CaO, SrO, BaO, 
and Al2O3 have been reviewed in reference.14 A combination of 
high temperature annealing, electron spin resonance (ESR) 
spectroscopy, and optical techniques have been used to isolate 
individual contributions to absorption and luminescence from 
F+ and F centers.27-29 

Other indirect characterization techniques, such as positron 
annihilation spectroscopy (PAS),30 most effective at probing 
vacancy-type defects,31-35 and Rutherford backscattering 
spectroscopy (RBS),36 more sensitive to interstitial-type 
defects,37, 38 have also been applied for analysis of defects in 
metal oxides. Of the lanthanide and actinide oxides, optical 
characterization studies of anion vacancies include works on 
ceria (CeO2)39, 40 and urania (UO2).41 Despite the technological 
relevance of thoria (ThO2), there have been very limited recent 
experimental studies that have drawn connections between 
changes in radiation-induced optical properties and populations 
of vacancy point defects. This has been primarily due to the 
difficulty in growing high-quality single crystals of thoria 
stemming from its extremely high melting temperature.42

Early studies that investigated changes in the optical 
absorption spectrum of crystalline thoria induced by heating 
the samples in air and in vacuum at temperatures up to 1800°C 
were published in the 1950s.43, 44 The presence of F-centers in 
single crystal thoria subject to ionizing radiation was first 
reported by Neeley and co-workers using ESR spectroscopy in 
1967.45 Subsequent studies on single crystal thoria in the 1970s 
investigated the effects of irradiation and annealing conditions 
on the optical absorption,46, 47 photoluminescence48 and 
thermoluminescence49, 50 behavior of thoria. Regions of the 
sample exposed to ion irradiation changed color to an intense 
blue due to the formation of distinct optical absorption peaks. 
These optical absorption bands were attributed to the presence 
of electron or hole centers. Photoluminescence of arc fused 
ThO2 single crystals following excitation with UV light exhibited 
sharp line spectra, characteristic of accidentally incorporated 
rare earth impurities and broad band spectra of the host lattice 
following annealing at high temperature.48 The intensity of the 
broad asymmetric emission band at 2.76 eV (450 nm) was 
enhanced by annealing in a reducing environment due to the 
expected increase the oxygen vacancy concentration. It was 
suggested that the broad asymmetric emission band at 2.76 eV 
in the visible may be attributed to closely overlapping F and F+ 
centers stemming from oxygen vacancies in the lattice. A 
comparison of the optical absorption of flux-grown and arc-
fused thoria single crystals under different annealing 

conditions, and under gamma and UV radiation was presented 
by Griffiths and Dixon in 1992.51 Recently, Mohun and co-
workers reported in situ photoluminescence of sintered 
polycrystalline thoria pellets during alpha irradiation, where the 
appearance of PL peaks in the visible spectrum during 
irradiation was attributed to the formation of electronic defect 
states.52

While previous optical spectroscopy studies on thoria 
provided insight into the possible origins of optical absorption 
and photoluminescence bands, a systematic investigation 
involving the correlation between the magnitude of optical 
absorption and PL peaks and lattice point defect population in 
thoria has not been previously reported. Here, we perform 
steady-state room temperature PL and optical absorption 
spectroscopy on thoria single crystals following irradiation with 
2 MeV protons (H+ ions) at room temperature and at 600°C to 
surface-confined damage levels in displacements per atom 
(dpa) ranging from 0.016 dpa to 0.79 dpa. Energetic protons 
have been shown previously to produce color centers in the 
thoria single crystals46. The PL spectra reveal a broad 
asymmetric peak at ~1.67 eV and another lower intensity peak 
at ~1.92 eV. Distinct optical absorption peaks are seen at ~1.8 
eV and ~2.0 eV in the optical absorption spectra of the 
irradiated thoria crystals. Due to the lack of previous electronic 
structure calculation using density functional theory (DFT) that 
resolves the excited state of oxygen vacancies, we performed 
simplified analysis to estimate the latter. Our results suggest 
that these peaks can be attributed to the presence of neutral 
and positively charged oxygen vacancies in the lattice. The 
relative change in the intensity of the PL and optical absorption 
peaks with displacement damage dose in combination with 
previously reported extended defect characterization is used to 
parameterize a rate theory model that estimates the 
concentration of oxygen anion vacancies in the irradiated thoria 
crystals. When coupled with other experimental techniques 
such as electron spin resonance spectroscopy, PAS, Raman 
scattering and X-ray diffraction (XRD), the optical spectroscopy-
based approach will provide new insight into early-stage 
nanoscale defect evolution in metal oxide materials that cannot 
be readily resolved through electron microscopy.     

Materials and Methods
Single crystals of thoria were grown using the hydrothermal 
synthesis method,42, 53 with feedstock of thoria powder and a 
cesium fluoride mineralized solution placed in an inert silver 
ampoule. The feedstock and crystallization zones were 
separated using a silver baffle in the ampoule and were 
maintained at 750°C and 690°C, respectively, using band 
heaters placed on the exterior walls of the autoclave in which 
the assembly was placed. These conditions were maintained for 
10 days to facilitate crystal growth, before allowing the reaction 
to return to room temperature. Details of the crystal growth 
process are provided in reference.17 The crystals were mounted 
on copper blocks using silver paste with the {001} facet parallel 
to the face of the copper mount prior to ion beam irradiation. 
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Five mounted thoria crystals were exposed to 2 MeV 
protons (H+ ions) at both room temperature (two samples) and 
600°C (three samples) using the 3 MV Tandem Pelletron 
accelerator at Texas A&M University.17 The facets of the ThO2 
crystals were exposed to the proton beam that was raster 
scanned with a 20% overlap to ensure a uniform dose across the 
sample surface. The ion flux was maintained at 1.8 x 1013 
ions/cm2s. The irradiations were performed to target ion 
fluence levels in the range of 1.73 × 1017 ions/cm2 – 8.64 × 1017 
ions/cm2 for room temperature irradiations and 1.73 × 1018 
ions/cm2 – 8.64 × 1018 ions/cm2 for the 600°C irradiations.54 
Microstructural point defects are sufficiently mobile at 600°C 
and have been shown to  recombine or cluster into extended 
defects in the crystals irradiated at 600°C17. The displacement 
damage profile in the depth created by the energetic protons 
was calculated using the Stopping Range of Ions in Matter 
(SRIM) code in the full cascade mode.55, 56 The SRIM calculations 
revealed a “plateau” damage region consisting of an 18 µm 
surface layer, followed by peak displacement damage occurring 
at 24 µm in the depth from the surface. This damage depth is 
well-suited for optical spectroscopy measurements within the 
“plateau” damage region. Details of the SRIM calculations and 
the experimental parameters used in the ion irradiations are 
provided in reference.17 Table 1 summarizes the average dose 
in displacements per atom as well as the average dose rate in 
the “plateau” region for the samples investigated in this work.

Steady-state PL measurements were performed on a 
pristine (unirradiated) and the irradiated thoria crystals at room 
temperature. A 532 nm continuous wave (CW) laser beam 
emitted by a Coherent Verdi laser was used for photoexcitation 
and was focused with normal incidence on the {001} face of the 
crystal to a ~2 µm diameter spot using a 50x objective lens in a 
Horiba LabRAM HR confocal microscope. Although the 
photoexcitation energy (2.33 eV) is below the bandgap of 
thoria, the PL measurements provide the ability to probe newly-
created electronic levels in the defect-bearing thoria crystals 
with energies in the lower end of the visible segment of the 
electromagnetic spectrum. The power of the laser beam 
incident on the sample was ~450 µW. The laser beam passed 
through a confocal pinhole of diameter 400 µm, and a 
motorized slit set to a width of 100 µm. Photons emitted by the 
sample following photoexcitation were detected using a long 
focal length (800 mm) Czerny-Turner type spectrograph in the 
spectral range of 2.25 eV to 1.31 eV (950 nm to 550 nm) with a 
grating of 600 lines/mm mounted on a software-driven 
motorized turret. A multichannel air-cooled CCD detector with 

1024 x 256 pixels and a pixel size of 26 µm x 26 µm was used for 
detection. PL spectra were acquired with an exposure time of 
20 s and averaged over 2 accumulations. The spectra were 
acquired over multiple regions of the sample to ensure 
repeatability and that representative spectra were used for 
further analysis. The {001} facets of the thoria crystals being 
parallel to the copper mount ensured normal incidence of the 
photoexcitation laser beam in the photoluminescence 
experiments and enabled direct comparison of the PL 
intensities from spectra measured on different samples.

Due to the irregular shape of the crystals, we perform 
spectroscopy ellipsometry measurements in lieu of optical 
absorption spectroscopy in transmission mode. The real and 
imaginary parts of the complex optical reflectance of the 
pristine and irradiated thoria crystals were measured using a 
rotating compensator variable angle spectroscopic ellipsometer 
(M-2000V, J.A. Woollam Company). This technique has been 
used previously to evaluate vacancy defects-induced changes in 
optical properties of nickel oxide, a wide band gap 
semiconductor.57 As opposed to transmission mode optical 
absorption spectroscopy that is predominantly sensitive to 
optical properties through the bulk of the sample, spectroscopic 
ellipsometry in glancing incidence reflection mode offers high 
sensitivity to surface-confined properties.58 This technique is 
therefore well-suited for measuring changes in micrometer-
thick surface damage layers created by ion irradiation. 
Spectroscopic ellipsometry data were acquired at angles of 
incidence ranging from 45° to 75°, in increments of 5°, by 
focusing polarized white light (derived from a 50 W quartz 
tungsten halogen lamp) to a ~300 µm spot on the sample. 
Changes in the s- and p-polarization state of white light after 
reflection off the sample surface were measured by directing 
the reflected light to a receiver unit that houses a polarizer 
mounted on a motorized rotational stage, and were 
characterized by the ellipsometry parameters Ψ and Δ that are 
related to the ratio of the reflectivity ρ for p- and s-polarized 
light as follows: 

𝐭𝐚𝐧 (𝚿) ⋅ 𝒆𝒊𝚫 = 𝝆 =
𝒓𝒑

𝒓𝒔

(1)

where rp and rs denote the reflectivity of the sample to p- and s-
polarized light, respectively. The  and Δ terms in Eq. (1) tan (Ψ)
represent the magnitude and phase, respectively, of the 
complex reflectivity ratio ρ. A fiber optic cable (with a 200 µm 
core diameter) was used to couple the light beam from the 
receiver unit to a detector with a UV spectrometer in the range 

Table 1. Summary of thoria single crystal samples along with the irradiation conditions. Samples have been assigned an ID for reference in the main text.

Sample ID Ion Fluence 
(ions/cm2)

Average Plateau Dose (dpa) Average Dose Rate in 
Plateau Region (dpa/s)

Irradiation Temperature

Pristine - - - -
RT01 1.73 × 1017 0.016 1.66 × 10-6 Room temperature
RT02 8.64 × 1017 0.079 1.66 × 10-6 Room temperature
HT01 1.73 × 1018 0.16 1.66 × 10-6 600°C
HT02 5.18 × 1018 0.47 1.66 × 10-6 600°C
HT03 8.64 × 1018 0.79 1.66 × 10-6 600°C

Page 3 of 13 Physical Chemistry Chemical Physics



ARTICLE PCCP

4 | Phys. Chem. Chem. Phys., 2021, 00, 1-13 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

of 1.24 eV to 3.54 eV (1000 nm to 350 nm). The spectral 
dependence of the real and imaginary parts of the refractive 
index and the complex dielectric function were obtained by 
fitting the raw reflectance data to a ‘General Oscillator’ model 
described in the next section.

DFT was used to calculate the electronic band structure of 
the thoria lattice bearing neutral and positively charged oxygen 
vacancies, following the methodology in references.59-61 The 
calculation is based on the local density approximation (LDA). A 
2×2×2 primitive cell was used as the basis for the DFT 
calculations using Perdew-Zunger LDA62 implemented within 
the Quantum ESPRESSO (QE) software.63 Calculations were 
performed on 4×4×4 k grid using an energy cut off of 950 eV and 
a convergence threshold of 1.0 × 10-7 eV. This resulted in a 
lattice parameter a = 5.512 Å, which is ~1.5% lower than the 
lattice parameter aexp = 5.597 Å measured on polycrystalline 
thoria using synchrotron X-ray diffraction.64 The impact of 
oxygen vacancies on the electronic band structure was 
considered by removing one oxygen atom from the primitive 
cell, resulting in Th8O15 stoichiometry. For neutral vacancy 
calculation the charge of the simulation cell was set to zero, 
whereas for the charged defects the charge of the cell was 
adjusted accordingly. Prior to band structure calculation, the 
structure was relaxed keeping the dimensions of the cell 
constant. The small number of atoms within the simulation cell 
allowed manual electron orbital assignment of each band 
within the vicinity of the electronic band gap based on 
symmetry analysis provide in QE. 

The results of optical characterization were compared to a 
microstructure evolution model based on rate theory (RT) that 
tracks the concentration of oxygen vacancies as a function of 
displacement damage dose and irradiation temperature.65, 66 
We implement a RT model that has been previously applied to 
study microstructure evolution under irradiation in ceria,67 
urania68 and more recently, in same set of proton-irradiated 
thoria single crystals used in this study.54  This model considers 
point defect evolution on cation and anion sublattices and 
includes interstitial-vacancy pair generation, their mutual 
recombination, and interstitial dislocation loop nucleation and 
growth.68 No voids growth were observed from electron 
microscopy in these samples and therefore this process isn’t 
considered in the RT model.54 It should also be noted that in its 
current form, this RT model doesn’t distinguish between neutral 
and charged defects. The rate theory model applicable to thoria 
has been previously parametrized based on the measurements 
of loop density and size from transmission electron microscopy 
(TEM) images in the 600°C irradiated crystals.54 

Results
Figure 1(a) and (b) show a top-down view of sample RT01, 
before and after irradiation with 2 MeV protons at room 
temperature to the lowest displacement damage dose of 0.016 
dpa, respectively. The transparent pristine thoria crystals 
developed a deep blue color in the region exposed to the proton 
beam. This is consistent with a previously reported observation 
of color change following proton irradiation in commercial arc-

fused thoria single crystals.46 The deep blue color in the 
irradiated crystals indicates the formation of color centers 
associated with point defects, where trapped electrons and 
holes contribute to emergence of new states in the electronic 
band structure.

The steady-state PL spectra measured following 
photoexcitation of the pristine and irradiated thoria crystals are 
shown in Fig. 2. The PL spectrum measured on the pristine 
sample show several narrow low-intensity peaks between 1.38 
eV to 1.46 eV (shown in the inset of Fig. 2(a)), along with a 
higher intensity narrow peak at ~2.1 eV. These sharp line 
features were observed in the spectra recorded from multiple 
locations of the pristine crystal and may be attributed to 
luminescence from impurities.48 Additionally, a background 
signal characterized by a gradual increase in the intensity of the 
PL spectrum with increasing photon energy is observed in the 
measurement on the pristine crystal. The PL spectra of the 
irradiated thoria crystals, on the other hand, show two distinct 
peaks – a dominant, asymmetric peak at ~1.67 eV, and another 
lower intensity peak at ~1.92 eV. The intensity of these PL peaks 
in the irradiated samples increases with increasing 
displacement damage dose and appears to saturate at high 
dose levels. To quantify the dose-dependence of the 
characteristics of the PL peaks, the PL spectra were fitted with 
multiple Gaussian peaks whose center energy Ei, amplitude Ai 
and width Bi were used as fitting parameters. An additional 
linear term was used to fit the gradual increase (background) in 
the spectrum intensity with increasing photon energy. For 
samples HT02, and HT03, two Gaussian terms were needed to 
fit the dominant asymmetric peak at ~1.67 eV. We note that 
narrow peaks in the range of ~2.1 eV – 2.25 eV, close to the 
excitation laser line, were also observed in the irradiated 
crystals. These peaks originate from Raman scattering of 
incident photons with defect clusters and have been discussed 
previously17. As such, only the peaks at ~1.67 eV and at ~1.97 
eV were analyzed further.

The Gaussian peak decomposition of the measured PL 
spectra are shown in Fig. 2. The lower intensity peak at ~1.92 eV 
was fitted with a single Gaussian term with amplitude A1, center 
energy E1 and width B1 (shown with the red dotted curve) in all 
samples. The dominant peak at ~1.67 eV in the PL spectra was 
fitted with a single Gaussian with amplitude A2, center energy 

Figure 1. Optical micrographs showing (a) colorless and transparent pristine thoria 
single crystal before irradiation and (b) deep blue color in the same crystal 
following proton irradiation at room temperature to a damage dose of 0.016 dpa. 
The silver paste used to attach the crystals to a copper mount contributes to the 
shiny background around the crystals.
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E2 and width B2 (shown with the black dotted line in Fig. 2) 
except in the case of samples HT02 and HT03, where an 
additional Gaussian term (with amplitude A3, center energy E3 
and width B3) was required to obtain an optimal fit of this peak 
(highlighted with the black and green dotted curves, 
respectively, in Fig. 2 (e) – (f)). The magenta dotted lines 
represent the linear background term fitted to the spectra. The 
sum of all fitted terms is represented by the black dashed curve 
in Fig. 2 and is plotted over the raw measured PL spectrum. 
Table 2 summarizes the values of the amplitude and center 
energy of the Gaussian terms fitted to the measured PL spectra. 

From Table 2, we see that the amplitude of the Gaussian terms 
fitted at ~1.67 eV and at ~1.94 eV increases with displacement 
damage dose and shows a saturation at high dose. The center 
of the dominant Gaussian term at that was used to fit the 
asymmetric peak at ~1.67 eV also shows a general trend – the 
energy (E2) of the Gaussian term shows a redshift with 
increasing damage dose. The center of the highest energy peak 
(E1), on the other hand, varies between 1.92 eV to 1.97 eV, and 
does not exhibit any trend with damage dose. The third peak at 
~1.48 eV fitted to the spectra of samples HT02 and HT03 was 

Figure 2. Raw PL spectra measured on the pristine and proton irradiated thoria single crystals, shown with the gray curves. For the irradiated crystals, the dashed black curve 
represents the sum of Gaussian terms fitted to the measured PL spectrum. An additional linear term (shown in magenta) was added to account for the background. The 
dominant peak at ~1.67 eV in the PL spectra measured in samples HT02 and HT03 was fitted with two Gaussian terms (shown with the dotted green and black curves).

Table 2. Summary of the amplitude, center energy and width of Gaussian peaks fitted to the measured PL spectra.

Sample 
ID

Average 
Plateau 

Dose 
(dpa)

A1 (a.u.) E1 (eV) B1 (eV) A2 (a.u.) E2 (eV) B2 (eV) A3 (a.u.) E3 (eV) B3 (eV)

Pristine - - - - - - - - - -
RT01 0.016 521 ± 9 1.92 ± 

0.001 
0.04 ± 
0.001

1377 ± 5 1.69 ± 
0.0003

0.10 ± 
0.0005

- - -

RT02 0.079 933 ± 7 1.92 ± 
0.001

0.09 ± 
0.001

2776 ± 6 1.68 ± 
0.0002 

0.11 ± 
0.0003

- - -

HT01 0.16 3534 ± 
59

1.97 ±
0.001

0.13 ± 
0.001

6308 ± 
30

1.67 ± 
0.0002

0.14 ± 
0.0005

- - -

HT02 0.47 7629 ± 
80

1.93 ± 
0.01

0.12 ± 
0.01

30089 ± 
61

1.66 ± 
0.0004

0.11 ± 
0.0004

6483 ± 
106

1.49 ± 
0.002

0.09 ± 
0.002

HT03 0.79 7464 ± 
88

1.93 ± 
0. 01

0.12 ± 
0.01

27494 ± 
66

1.65 ± 
0.0003

0.12 ± 
0.0004

4259 ± 
84

1.47 ± 
0.001

0.08 ± 
0.002
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used to capture the asymmetry in the dominant peak at ~1.67 
eV and was not analyzed further.

In addition to PL, spectroscopic ellipsometry was used to 
elucidate irradiation-induced changes in optical properties by 
measuring the spectral dependence of the complex dielectric 
function and the real and imaginary parts of the refractive index 
of the pristine and irradiated thoria crystals. Figure 3 shows the 
raw Ψ and Δ parameters measured on the six samples at angles 
of incidence of 55°, 60° and 65°. In the case of the ellipsometry 
data obtained from the high temperature-irradiated samples, 
shown in Fig. 3(d) – (f), we observe distinct features at ~1.8 eV 
and ~2.0 eV. These features indicate the emergence of new 
peaks associated with radiation-induced lattice defects. A 
zoomed-in view of these features observed in the raw Δ data 
acquired at 65° angle of incidence on samples HT01, HT02 and 
HT03 is shown in the insets of Fig. 3(d) – (f), respectively.

To characterize the impact of radiation induced defect on 
the dielectric constants, we analyze the raw ellipsometry data 
by fitting the measured spectral dependence of the Ψ and Δ 
values to a ‘General oscillator’ model that utilizes Lorentz 
oscillators with center energy Eo, amplitude Ao, and width Bo to 
capture electronic transitions. The complex dielectric function 
is modeled using Lorentzian oscillators defined by the 
relation:69 

𝜺 = 𝜺𝟏 + 𝒊𝜺𝟐 = 𝜺∞ +
𝑨𝒐𝑩𝒐𝑬𝒐

𝑬𝟐
𝒐 ― 𝑬𝟐 ― 𝒊𝑬𝑩𝒐

(2)

Here,  represents the static contribution to the real part of 𝜀∞

the dielectric function and was used as a fitting parameter in 
the model. The values of the Lorentzian oscillator center energy 
Eo, amplitude Ao, and width Bo were also kept as free 

parameters while fitting the raw data to the model. In the case 
of the pristine sample, the general oscillator model comprised 
a single Lorentz oscillator whose center energy was fixed at 5.4 
eV, corresponding to the band gap energy of thoria.70 The width 
of this oscillator was fixed at 0.4 eV, in accordance with 
previously reported value.70 This oscillator represents the 
fundamental valence-to-conduction band electronic transition 
(i.e., the O-2p to Th-6d or Th-7s transition). The amplitude of 
this Lorentz oscillator was left as a free parameter when fitting 
the raw data from the pristine sample to the General oscillator 
model. The substrate-ambient boundary condition was used in 
this case, in which the thoria single crystal is treated as an 
optically thick, quasi-infinite half-space.69, 70 The model also 
considered surface roughness as a fitting parameter. An 
“effective” roughness layer is added to the model whose optical 
constants are derived by mixing the optical constants of the 
underlying material with those of a “void” with n = 1, k = 0. The 
Bruggeman effective medium approximation is used to 
calculate the optical constants of the “composite” surface 
roughness layer by assuming 50% void content. This effective 
medium approximation is valid when the size of the surface 
roughness is much less than the optical wavelength range in the 
measurement.69 The raw Ψ and Δ data acquired at all angles of 
incidence were used for fitting to the ‘General oscillator’ model. 
An ‘angle offset’ term was also included in the model to specify 
an offset to the nominal angle of incidence in the experiment. 
The Ψ and Δ values obtained from the fit to the raw pristine 
sample data are plotted in Fig. 3(a) with the dashed black lines. 
Good agreement is seen with the experimentally measured Ψ 
and Δ values and this confirms the validity of using a single 

Table 3. Summary of amplitude, center energy and width of Lorentzian peaks fitted to the measured complex reflectance data in spectroscopic ellipsometry.

Sample 
ID

e∞ Surface 
Rough 
(nm)

Ao1 

(a.u.)
Eo1 
(eV)

Bo1 (eV) Ao2 
(a.u.)

Eo2 (eV) Bo2 (eV) Ao3 
(a.u.)

Eo3 (eV) Bo3 
(eV)

Pristine 3.62 ±  
0.008

4.54 ± 
0.01

9.43 ± 
0.07

5.4* 0.4* - - - - - -

RT01 3.49 ± 
0.006   

6.70 ± 
0.01 

11.76 ± 
0.06

5.4* 0.4* 0.013 ± 
0.002

1.75 ± 
0.01

0.3* ± 
0.15

0.012 ± 
0.004 

2.04 ± 
0.02

0.3* ± 
0.15

RT02 3.05 ± 
0.004

6.49 ± 
0.01 

16.64 ± 
0.05

5.4* 0.4* 0.020 ± 
0.002

1.75 ± 
0.01

0.3* ± 
0.15 

0.007 ± 
0.002

2.00 ± 
0.02

0.3* ± 
0.15

HT01 3.60 ± 
0.004

2.05 ± 
0.01

10.35 ± 
1.6

5.4* 0.4* 0.023 ± 
0.002

1.80 ± 
0.03

0.1* ± 
0.05

0.018 ± 
0.002

2.02 ± 
0.01

0.17* ± 
0.05

HT02 3.52 ± 
0.008

1.09 ± 
0.01

13.26 ± 
0.08

5.4* 0.4* 0.025 ± 
0.004

1.82 ± 
0.01

0.075* ± 
0.1

0.035 ± 
0.008

2.03 ± 
0.01

0.12* ± 
0.1

HT03 3.68 ± 
0.008

3.42 ± 
0.01

11.02 ± 
0.09

5.4* 0.4* 0.076 ± 
0.002

1.77 ± 
0.01

0.3* ± 
0.02

0.060 ± 
0.002

2.03 ± 
0.01

0.3* ± 
0.02 

*  fixed parameter
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oscillator for modeling the valence-to-conduction band 
electronic transition in pristine thoria. 

For the ellipsometry data measured on the irradiated thoria 
samples, the General oscillator model was modified to include 
two Lorentz oscillators in addition to the intrinsic Lorentz 
oscillator representing fundamental valence-to-conduction 
electronic transition. These additional Lorentz oscillators were 
used to capture changes in optical properties in the 1.7 - 2.2 eV 
range (Fig. 3) attributed to electronic transitions induced by 
lattice point defects within the damage layer. Like in the case of 
the pristine sample, the center energy and width of the intrinsic 
oscillator for the irradiated crystals were fixed at 5.4 eV and 0.4 
eV, respectively, while the amplitude of this oscillator was left 
as a free parameter. The amplitude and center energy of the 
two additional oscillators that represented intermediate defect 
electronic states were kept as fitting parameters. Although 
distinct features were not discerned in the spectral dependence 
of the raw Ψ and Δ curves corresponding to the crystals 
irradiated at room temperature, the General oscillator model 
with two defect peaks was nevertheless used to fit these data. 
We hypothesize that the low concentration of lattice defects in 
the crystals irradiated at room temperature makes these peaks 

indiscernible from the background. In this case, the fitting range 
of  was limited to 1.75 – 1.85 eV for the first defect peak, and 𝐸0

to 1.9 – 2.15 eV for the second defect peak.  Our observation of 
PL peaks measured in the room temperature-irradiated crystals 
in the vicinity of these spectral locations further justified the 
inclusion of peaks for fitting in the spectra range of 1.75 – 1.85 
eV and 1.9 – 2.15 eV. The width of the additional peaks in the 
data corresponding to the 600°C irradiated crystals was 
estimated from the Ψ and Δ curves and not used as fitting 
parameters in the model. The width of the defect peaks in the 
room temperature-irradiated crystals was fixed at the upper 
bound of 0.3 eV. In all cases, the value of , the surface 𝜀∞

roughness and the angle offset term were kept as free 
parameters for fitting. From Fig. 3, we see that the General 
oscillator model with two defect oscillators captures the peak-
like features in the Ψ and Δ values measured on the irradiated 
samples. In the case of samples HT02 and HT03, shown in Fig. 
3(e) – (f), although the fitted model reproduces the 
experimentally-measured Ψ values with reasonable accuracy, 
we see some deviation from the experimentally-measured Δ 
values in the spectral regions away from the peak-like features. 
Table 3 summarizes the parameters obtained by fitting the 

Figure 3. Raw ellipsometry Ψ and Δ values measured on the (a) pristine, (b) – (c) room temperature irradiated and (d) – (f) 600°C irradiated thoria samples at angles of incidence 
of 55°, 60°, and 65° in the spectral range of 1.24 eV to 3.5 eV. The dashed line denotes the corresponding values obtained from the General oscillator model fit to the raw data. 
The insets in panels (d) – (f) show zoomed-in views of the features in the raw values of Δ acquired at 65° angle of incidence in samples HT01, HT02, and HT03, respectively.
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General Oscillator model to the ellipsometry data. The fitted 
surface roughness parameter varied between 1-7 nm across all 
samples. The fitted values of  were all within ~2% of each 𝜀∞

other. The fitted offset in the angle of incidence was less than 
1° in all cases. Although accurately fitting the spectra 
dependence of Ψ and Δ is challenging, particularly for capturing 
sub-band gap absorption features associated with defect 
centers,71 we only use the model fit to estimate the amplitude 
of the defect peaks at ~1.8 eV and ~2.0 eV in the raw data.

Figure 4(a) and (b) illustrate the real (ε1) and imaginary (ε2) 
parts, respectively, of the complex dielectric function obtained 
from the fitting of the raw Ψ and Δ values to the General 
Oscillator model. From Fig. 4(a), we observe bipolar peaks at 
~1.8 eV and ~2.0 eV in the spectral dependence of ε1 for the 
irradiated samples. The spectral dependence of ε2 in the 
irradiated samples shows peaks centered at ~1.8 eV and ~2.0 eV 
that are characteristic of optical absorption. We postulate that 
the intense blue coloration in the irradiated samples stems from 
these optical absorption peaks. The amplitude of the optical 
absorption peaks at ~1.8 eV and ~2.0 eV also increases with 
displacement damage dose. 

Our DFT based calculations of the electronic band structure 
of pristine thoria are consistent with previous reports.72 Figure 
5(a) shows a schematic representation of the band diagram 
which is characterized by the O-2p orbital in the valence band 
and closely overlapping Th-7s and Th-6d orbitals in the 
conduction band. The calculated electron band structure 
diagram is shown in the supplemental information.73 The 
energy gap of 6.5 eV between the O-2p valence band to the 
overlapping Th-6d/7s conduction bands obtained from our DFT 
calculations is ~22% higher than the experimentally measured 
band gap of 5.4 eV,70 while lower values of the band gap have 
been reported previously using DFT.74 DFT calculations of the 
electronic structure of the defected supercell show the 
emergence of new bands (Fig.5 (b-c)). One s-like band 
corresponding to the ground state of the F-center is located 
within the band gap. The location of this band is consistent with 
the previous DFT calculation in thoria that only reported the 
density of states.74 A p-like band corresponding to an excited 
state of the F-center is resonant with the conduction band of 
pristine thoria. While the current result shows the formation of 
intermediate electronic levels in the band gap by neutral and 
charged oxygen vacancies on the order of the observed optical 
absorption energies,61, 75 more accurate first-principles 
calculations that consider the many-body and exciton effects 
could provide better agreement with experimental 
observations. However, this exercise is beyond the scope of this 
experimentally focused paper.  

Discussion
We investigate the dose dependence of the PL and optical 
absorption intensities. A summary of the dose-dependence of 
the PL intensities and the dose-dependent optical absorption is 
presented in Fig. 6. Figure 6(a) shows the amplitude of the 
Gaussian peaks centered at ~1.67 eV and ~1.94 eV obtained by 
fitting measured PL spectra to broadened Gaussian terms. 
While the amplitude of each of the Gaussian terms increases 
with damage dose, we observe a saturation in the amplitude at 
high doses in the 600°C-irradiated samples. A similar trend of 
increasing amplitude with dose is seen in the amplitude of the 
Lorentz oscillators at 1.8 eV and 2.0 eV obtained by fitting the 
optical ellipsometry data, plotted in Fig. 6(b). A comparable 
dose-dependent trend involving a linear increase in optical 
absorption at low doses, followed by saturation at high dose, 
has been reported in alkali halides irradiated with swift heavy 
ions.76, 77 The PL intensity and the strength of the Lorentz optical 
oscillator are both proportional to the number of available 
electronic states that facilitate the transitions of electrons from 
lower to higher energy levels, and vice-versa.15 We 
parameterize the microstructure evolution model based on rate 
theory54, 66 using the dose-dependent PL peaks to estimate the 
concentration of oxygen vacancies that create F- and F+-centers 
at a given radiation dose level. The primary defect generation 
rates are calculated using SRIM by taking the applied ion beam 
dose rate as an input.54 The model is parametrized by optimizing 
a conversion factor relating the intensities of the 1.67 eV and 
1.94 eV PL peaks. The concentration of oxygen vacancies 
parametrized using the PL peak intensities in the rate theory 
model is shown in Fig. 6(c).

We note that the dose-dependent amplitudes of the Lorentz 
oscillators representing optical absorption bands were not used 
in the parameterization of the rate theory model due to the 
uncertainty in the amplitudes of the absorption peaks in the 
room temperature irradiated samples. Our rate theory model 
predicts a saturation of oxygen vacancies to a concentration of 
~4.5 x 10-6/atom at very low levels of radiation dose for proton 
irradiation at room temperature, while for the samples 
irradiated at 600°C, the radiation dose needed to reach 
saturation of oxygen vacancies is much higher. The model 
shows that the concentration of oxygen vacancies is ~1.5 x 10-

4/atom at the highest radiation dose of 0.79 dpa and continues 
to slowly rise with dose for proton irradiation at 600°C. A larger 
concentration of oxygen vacancies at higher temperatures 
appears counterintuitive if one considers only oxygen-
interstitial recombination process for damage recovery. 
However, we recognize that the achieved dose of high 
temperature samples corresponds to a dislocation loops growth 
regime, where an alternative pathway for interstitials 

Figure 4. The spectral dependence of the (a) real (ε1) and (b) imaginary (ε2) parts of the complex dielectric function in pristine and irradiated thoria obtained from the ‘General 
Oscillator’ model fit to the measured ellipsometry data.
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characterized by absorption of interstitials by dislocation loops, 
limits the recombination of Frenkel pairs, leaving behind a 
population of oxygen vacancies increasing until onset of void or 
vacancy cluster formation.54, 65 Evaluating the dose dependence 
of the PL intensities at higher doses than considered here could 
provide further insight into the evolution and recombination of 
oxygen vacancies at elevated temperatures. 

The Gaussian broadened PL peaks in the spectra measured 
in this work have similar characteristics to those reported 
previously in metal oxides with oxygen vacancy-type point 
defects such as thoria,48 MgO,27, 28 and Al2O3.78 It has been 
hypothesized that the broad and asymmetric PL bands may be 
due to closely overlapping F- and F+-centers.48 Rinke and 
coworkers combined density functional theory with a many-
body perturbation theory by including the electron-hole and 
electron-phonon interactions to calculate the optical 
absorption and luminescence spectra of the oxygen vacancy in 
MgO in all three charge states.75 Their calculated optical 
absorption and luminescence bands agreed well with 
corresponding experimental data. Although our DFT 
calculations neglect many-body and exciton effects, we see that 

the separation between s- and p-like electronic levels created 
by the removal of an oxygen atom in the supercell are 
comparable to the photon energy associated with the observed 
PL and optical absorption peaks. The limitation of the simplified 
analysis conducted here has been recognized in the 
aforementioned reports in other oxides but serves as a 
reasonable initial step considering the lack of first-principles 
studies of color centers in thoria. Based on our preliminary 
analysis, we attribute the lower ~1.67 eV PL peak and the ~1.8 
eV optical absorption peak to the presence of F-centers, while 
the higher ~1.94 eV PL peak and the ~2.0 eV optical absorption 
peak may be attributed to the generation of F+-centers under 
irradiation. We suggest that these new electronic levels that are 
created due to neutral or charged oxygen vacancy sites in the 

lattice lead to the observed PL and optical absorption (OA) 
bands. We note that the energy of the PL bands is slightly lower 
than that of the absorption bands. This may be attributed to 
many-body effects where upon transition of the electron to the 
excited state, the system equilibrates to a lower energy 
configuration. When the excited electron relaxes, the transition 
to a ground state has a lower energy.59, 75 

In addition to DFT, the optical absorption energy  due to 𝐸𝑎𝑏𝑠

color centers can be estimated using a modified version of the 
empirical Mollwo-Ivey relation, ,24 that is based on 𝐸𝑎𝑏𝑠 =  𝐶𝑑 ―𝑛

the ‘particle in a box’ model. Here,  eV is a 𝐶 = 17.3 ± 1.7
universal prefactor, d is the lattice parameter in Angstroms, and 

.79, 80 Using the experimentally determined 𝑛 = 1.81 ± 0.1
lattice parameter of a = 5.597 Å,64 we obtain = 2.47 eV. This 𝐸𝑎𝑏𝑠

value is marginally higher than the ~1.8 eV and ~2.0 eV optical 
absorption peaks measured using ellipsometry. Future studies 
utilizing DFT calculations of the electronic structure that include 
many-body and exciton effects could provide further insight 
into electronic band structure, and subsequent changes in PL 
and optical properties induced by F-, F+-, or F2+-type anion 
vacancy centers and other defects.81 Based on the experimental 

observations and our DFT calculations, we present a schematic 
representation of the possible electronic transitions in the 
defect-bearing thoria crystals due to F- and F+-centers using a 
one-dimensional configuration coordinate diagram82 shown in 
Fig. 7. The potential curves shown in orange in Fig. 7 represent 
the intermediate electronic levels created by electrons trapped 
at the color center sites.

Figure 5. Electronic structure under independent particle approximation for (a) perfect crystal, (b) F-center, and (c) F+ center in thoria.
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The results of the optical characterization can be put in 
perspective of microstructure evolution under irradiation 

previously discussed in reference.54 Even though the existing RT 
model applied to describe the behavior of this system lacks the 
additional details of neutral and charged vacancies, it allows us 
to gauge the utility of these results in understanding 
microstructure evolution in this system. For example, the 
migration barrier parameters optimized for the analysis of 
600°C irradiated crystals in reference54 are unable to 
adequately capture the optical response of both low- and high 
temperature-irradiated crystals simultaneously. However, after 
performing further parametrization of the model by refitting 
experimental data (including measurements of the size and 
density of dislocation loops imaged using TEM) from reference54 
with data from photoluminescence measurements in this work, 
we obtain a model that captures the optical response of both 
low- and high temperature-irradiated crystals (Fig. 6c). The new 
parametrization keeps the migration barrier for the thorium 
interstitial practically unchanged but provides more noticeable 
adjustments to migration barriers of oxygen defects. The 
adjusted values of the migration barriers obtained by 
parameterizing the PL measurements in this work are compared 

to those used in the RT model in reference54 and listed in Table 
4. It should also be noted that the thorium vacancies are 

immobile under the considered irradiation conditions. 
The optical spectroscopy techniques utilized in this study, 

when combined with other characterization techniques, could 
provide a multimodal pathway to understanding defect 
formation, clustering, and recombination mechanisms. In 

addition to defect characterization, multimodal techniques can 
also be applied towards assessing the impact of microstructural 
defects on pertinent material properties. For instance, the 
degradation in the thermal conductivity of the same set of 
proton-irradiated thoria crystals was measured using a 
modulated spatial-domain thermoreflectance technique.17, 54 
The large reduction in the thermal conductivity of thoria crystals 
irradiated at room temperature, compared to the lower 
reduction in the thermal conductivity of the thoria crystals 

Figure 6. Dose dependence of the (a) PL intensities and (b) Lorentz oscillator amplitudes that represent optical absorption (OA) bands in the thoria crystals irradiated with 
energetic protons at room temperature and at 600°C. The concentration of oxygen vacancies with radiation dose is estimated from the PL peak intensities using rate theory 
and is shown in panels (c).

Table 4. Migration barriers (in eV) for thorium interstitials (Thi), oxygen interstitials 
(Oi), and oxygen vacancies (VO) for the RT model.

Thi Oi VO

Dennett et al. 54 2.86 0.72 1.49
Current work 2.83 0.56 1.76

Page 10 of 13Physical Chemistry Chemical Physics



PCCP  ARTICLE

This journal is © The Royal Society of Chemistry 20xx Phys. Chem. Chem. Phys., 2021, 00, 1-13 | 11

Please do not adjust margins

Please do not adjust margins

irradiated at 600°C was attributed to defect clustering and an 
overall reduction in phonon scattering for the 600°C-irradiated 
samples.17 Transmission electron microscopy (TEM) can be used 
to obtain the size and density of extended defects such as 
dislocation loops.83 X-ray photoemission spectroscopy (XPS) has 
been previously used to determine the oxidation state of 
soluble impurities in thoria,84 and could be used as a 
complimentary tool to optical spectroscopy by verifying 
changes in electron binding energies from lattice defects. 
Raman spectroscopy has been used to infer the defect structure 
and chemical composition from the vibrational modes of small-
scale defect clusters in proton-irradiated actinide oxide 
crystals17, 37 and urania pellets with varying stoichiometry.85 X-
ray diffraction (XRD) has also been applied to infer radiation-
induced volumetric changes to lattice, in combination with 
mesoscale thermal transport measurements and transmission 
electron microscopy in ion-irradiated urania86, 87 and ceria,67 
and other ceramic materials.86 Combining the optical 
spectroscopy approach presented here, with other techniques 
such as modulated thermoreflectance, Raman spectroscopy, 
TEM and XRD offers the potential for a comprehensive 
characterization of the nature and population of point- and 
extended defects in irradiated metal oxides. Besides serving as 
a route to characterize early-stage radiation-induced defects in 
insulators, this multimodal approach may also be applied for 
quantifying the size and density of defects seeded in the 
microstructure in a controlled fashion with the objective of 
tailoring the refractive index of semiconductors and insulators 
for practical applications in microelectronic devices and sensors 
such as high-performance optical waveguides in lithium 
niobate,88 or sapphire-based optical fiber claddings for harsh 
environment sensing.89, 90  

Conclusions
We have studied the dose-dependence of photoluminescence 
and optical absorption intensity in thoria single crystal 
irradiated with energetic protons to displacement damage 
levels ranging from 0.016 dpa to 0.16 dpa at room temperature 
and at 600°C. We observe a broad, asymmetric peak at ~1.67 
eV, and another lower intensity peak at ~1.94 eV in the PL 
spectra. The optical absorption measurements show two 
distinct absorption bands at ~1.8 eV and ~2.0 eV in the crystals 
irradiated at 600°C. The PL and optical absorption intensities 
increase with radiation dose, and approach a saturation limit in 
the high temperature, high dose regime. Using simple density 
functional theory calculations of the electronic band structure, 
we attribute the observed PL and optical absorption to 
intermediate electronic transitions associated with electrons 
trapped in neutral and charged oxygen anion vacancies in the 
lattice, known as F- and F+-centers, respectively. We apply a 
microstructure evolution model based on rate theory to 
estimate the dose-dependent concentration of oxygen 
vacancies in the defected lattice. The rate model predicts a 
saturation at low dose levels for irradiations at room 
temperature, while for irradiations at 600°C, the saturation limit 
for the population of oxygen vacancies occurs at a significantly 
higher dose. By utilizing the dose-dependent 
photoluminescence intensities in the irradiated thoria crystals, 
we obtain optimized migration barrier parameters for thorium 
and oxygen interstitials and oxygen vacancies that 
simultaneously capture the optical response of the crystals 
irradiated at room- and elevated-temperature. When combined 
with other characterization techniques, such as modulated 
thermoreflectance, XPS, XRD, TEM, and Raman spectroscopy, 
the proposed approach could provide new insight into defect 
formation, accumulation, and recombination on length-scales 

Figure 7. Schematic configuration coordinate diagram depicting possible electronic transitions due to (a) F- and (b)  F+-center oxygen vacancy defects in the irradiated thoria 
crystals resulting in the observed optical absorption and photoluminescence phenomena. (VB: valence band, CB: conduction band, Eabs: optical absorption energy, EPL: 
photoluminescence energy).
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ranging from the single atomic level to extended defects on the 
order of several nanometers. This could also enable a 
fundamental understanding on the thermal transport 
mechanisms and other phenomena that contribute to a 
degradation of performance of energy materials in extreme 
environments.  
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