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Thermal transport is a key performance metric for thorium dioxide in many applications where
defect-generating radiation fields are present. An understanding of the effect of nanoscale lattice
defects on thermal transport in this material is currently unavailable due to a lack of single crystal
material from which unit processes may be investigated. In this work, a series of high-quality thorium
dioxide single crystals are exposed to 2 MeV proton irradiation at room temperature and 600◦C to
create microscale regions with varying densities and types of point and extended defects. Defected
regions are investigated using spatial domain thermoreflectance to quantify the change in thermal
conductivity as a function of ion fluence as well as transmission electron microscopy and Raman
spectroscopy to interrogate the structure of the generated defects. Together, this combination of
methods provides important initial insight into defect formation, recombination, and clustering in
thorium dioxide and the effect of those defects on thermal transport. These methods also provide a
promising pathway for the quantification of the smallest-scale defects that cannot be captured using
traditional microscopy techniques and play an outsized role in degrading thermal performance.

I. INTRODUCTION18

Actinide and lanthanide fluorite oxides, ThO2, UO2,19

and CeO2, form an important family of high temperature20

ceramics for a variety of energy applications. UO2 forms21

the basis for the large majority of commercial nuclear22

fuels worldwide [1]. CeO2 is utilized in electrochemical23

applications, as a catalysis material due to its ability to24

store and transport oxygen, and as a solid oxide fuel cell25

material [2–4]. Given these technological implications,26

the thermophysical properties and performance charac-27

teristics of UO2 and CeO2 have been the subject of de-28

tailed study for decades [5–8]. In contrast, ThO2 has29

been less widely investigated to date despite potential30

applications as a fertile fuel in advanced, proliferation-31

resistant nuclear reactors [9–11] and as a high reflectiv-32

ity material for extreme ultraviolet optics [12]. Exhibit-33

ing similar behavior in many respects, ThO2 has several34

key distinctions from other heavy metal fluorite oxides35

that make it attractive for the above mentioned applica-36

tions including a fixed tetravalent cation oxidation state,37

extremely high melting temperature, and large electronic38

bandgap [13,14]. For many of these applications, thermal39
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transport is a key property that determines the suitabil-40

ity of a particular oxide for a particular use, controlling,41

for example, the peak center line temperature in nuclear42

fuels and heat dissipation ability in large bandgap elec-43

tronics.44

Potential operating environments for these materials45

include high radiation fields and extreme temperatures46

that promote or directly generate lattice defects in oth-47

erwise perfect fluorite structures. These nanoscale to48

microscale features have been revealed to drastically re-49

duce thermal conductivity [15–18]. However, it has been50

shown in actinide and lanthanide oxides that the largest51

effects on thermal transport are often caused by the52

smallest-scale lattice defects at the earliest stages of dam-53

age accumulation [18]. Characterizing both the size and54

concentration of these types of defects is challenging as55

statistically-significant populations of defects cannot be56

imaged directly using ultrahigh resolution microscopy.57

Therefore, indirect methods must be used to character-58

ize the presence of these sub-resolution defects. Positron59

annihilation spectroscopy (PAS) has been used to charac-60

terize defects on the smallest scales, however PAS is only61

sensitive to vacancy-type defects and cluster type dis-62

crimination is difficult [19]. Synchrotron-based methods63

including X-ray diffraction (XRD) [20] and absorption64

methods [21] have also been used to collect detailed local65
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defect structures in fluorite oxides. For both UO2 and66

CeO2, combinations of more easily-implemented bench-67

top methods including XRD [22], Raman scattering [23],68

and other optical techniques [24] have been used to char-69

acterize defect populations in these oxides. One notable70

recent example is the work of Khafizov and coworkers71

who used a combination of microscale thermal transport72

measurements and XRD to infer features of nanoscale73

defect evolution in ion-irradiated UO2 [25]. While im-74

portant inroads have been made in understanding the75

role of small-scale defects on thermal transport in UO2,76

a similar level of experimentally-validated understand-77

ing for ThO2 is lacking [16,26–29]. This deficit largely78

stems from the inability to grow high-quality single crys-79

tals of ThO2 with confirmed crystal orientation, puri-80

ties, and stoichiometries [30]. Such high-quality mate-81

rial is required for a detailed investigation of the effects82

of nanoscale defects as contributions from impurity and83

grain boundary scattering present in more commonly84

used sintered ThO2 samples may occlude conductivity85

reduction from defect formation and agglomeration.86

In this work, a series of high-quality single crystal87

ThO2 specimens are subject to ion beam irradiation as a88

tool to create a microscale region with varying levels of89

defect concentrations. These exposures are conducted at90

both room temperature and 600◦C to explore the influ-91

ence of defect recombination and clustering on thermal92

transport. Given the extremely high melting tempera-93

ture of ThO2 (Tm = 3390◦C), it is unknown a priori94

whether the high temperature exposures conducted here95

will result in recombination and clustering into nanoscale96

defect clusters or dislocation loops [15]. While some au-97

thors have identified defect annealing in ThO2 at tem-98

peratures lower than 600◦C [31,32], others have calcu-99

lated high migration energies for oxygen and thorium100

defects (1.3–2.2 eV and ∼4.5 eV, respectively), suggest-101

ing the mobility of irradiation-induced defects should be102

low [33,34].103

Following ion beam exposure, the thermal diffusivity104

of the approximately 20 µm thick defected surface layer105

is measured using an all-optical modulated thermore-106

flectance methodology at room temperature [35]. In ad-107

dition, transmission electron micrographs are captured108

of the defected layer of samples exposed at 600◦C to de-109

termine if radiation-induced dislocation loop formation110

has occurred [36–38]. Finally, top-down Raman spectra111

are collected and interpreted with respect to features ob-112

served in other heavy metal fluorite oxides to shed light113

on the character of the generated defect populations. To-114

gether, these methods provide important initial insight115

into the types of defects formed under irradiation, defect116

clustering, and how these defects impact thermal trans-117

port in high-quality ThO2.118

II. MATERIALS AND METHODS119

Single crystals of thorium dioxide were grown using120

the hydrothermal synthesis method in an inert silver121

ampoule [30]. A feedstock of 20.25 g of ThO2 powder122

(99.99% pure, International Bio-analytical Laboratories)123

was placed in the bottom of the ampoule along with124

62 mL of six molar cesium fluoride solution (Alfa Ae-125

sar, 99.99%). A silver baffle was placed in the middle of126

the silver ampoule to separate the feedstock zone from127

the crystallization zone in the upper section of the am-128

poule. The ampoule was welded shut and placed into129

an Inconel autoclave with counter pressure water added130

between the ampoule and the interior walls of the auto-131

clave to prevent rupturing. Band heaters were placed on132

the exterior walls of the autoclave with the height cor-133

responding with the feedstock and crystallization zones134

in the ampoule, which were held at 750◦C and 690◦C,135

respectively. This generated a pressure within the auto-136

clave of 18 kpsi. These conditions were maintained for137

10 days before the reaction was allowed to return to room138

temperature over a 24 hour period. The ThO2 crystals139

were retrieved from the ampoule and washed thoroughly140

with deionized water and acetone to remove excess tho-141

rium oxide powder and residual cesium fluoride mineral-142

izer. Impurity levels in an as-grown crystal were investi-143

gated using X-ray fluorescence spectrometry (XRF) and144

time-of-flight secondary ions mass spectrometry (TOF-145

SIMS). The impurity concentration is estimated to be146

∼0.37 at% through the bulk of the crystals, mostly from147

native impurities in the ThO2 feedstock and the cesium148

fluoride mineralizer. Details of the impurity analysis can149

be found in the Supplementary Information. Single crys-150

tals with {001} orientation were selected based on the151

morphology of the crystals and the angle between crystal152

facets and mounted on copper blocks using silver paste153

prior to ion beam exposure.154

Five mounted samples were exposed to 2 MeV pro-155

tons (H+ ions) at both room temperature (3 samples)156

and 600◦C (2 samples) using the 3 MV tandem pel-157

latron accelerator at Texas A&M University. Samples158

were exposed to a rastered ion beam with a 20% over-159

scan of each crystal face to ensure a uniform dose across160

the sample surface with a flux of 1.8 × 1013 ions/cm2s.161

The sample temperature was monitored during irradia-162

tion by a thermocouple press-fit to the copper mount-163

ing block for control at high temperatures and to en-164

sure no significant ion beam heating occurred at room165

temperature. The depth distribution of damage induced166

by the proton beam was calculated using the Stopping167

Range of Ions in Matter (SRIM) code in the full cas-168

cade mode using the theoretical density of ThO2 and169

displacement energies of Ed = 48.5 eV and 17.5 eV for170

thorium and oxygen respectively [39–41]. Prior to expo-171

sure, target ion fluence levels were selected in the range172

of 1.7× 1017− 1.7× 1018 ions/cm2 for room temperature173

exposures and 5.1 − 8.6 × 1018 ions/cm2 for 600◦C ex-174

posures based on prior measurements of thermal conduc-175
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FIG. 1. Depth-dependent damage profile of 2 MeV H+ ions
into ThO2 as calculated using full cascade SRIM simulations
scaled to the highest-fluence exposure (8.6× 1018 ions/cm2).
The “plateau” region identified for damage estimation in dpa
is shaded. Thermal penetration depths, Lth, are indicated as
dashed vertical lines for two orders of magnitude of SDTR
measurement frequencies calculated using highest measured
diffusivity of any irradiated sample (D = 3.19 mm2/s). The
hatched region indicates the approximate depth from which
TEM lamella were lifted out.

tivity reduction in isostructural systems at similar dose176

levels [18,38]. Given the peak displacement damage at177

24 µm, as seen in Fig. 1, a “plateau” damage region was178

identified consisting of an 18 µm surface layer of the ex-179

posed samples. For this plateau region, Table I lists the180

average dose in displacements per atom (dpa) for each181

exposure. Using this metric, the doses investigated in182

this study range from 0.016–0.79 dpa.183

Following ion irradiation, the room-temperature ther-184

mal diffusivity of the ion-modified surface layer of the185

ThO2 specimens was measured using the spatial do-186

main thermoreflectance (SDTR) technique [35]. In this187

method, an intensity modulated 660 nm continuous wave188

(CW) laser is focused to an approximately 2 µm spot189

on the surface of the sample under investigation using a190

50× objective lens. A 532 nm detection laser is used as a191

temperature probe by detecting small changes in optical192

reflectivity due to the periodic temperature field driven193

by the heating laser. The optical power at the sample194

surface for these measurements is ∼4 mW and ∼0.5 mW195

for the heating and detection laser, respectively. Lock-196

in detection is used to determine the phase lag between197

heating and detection lasers as a function of spatial sep-198

aration. In order to ensure a sufficient thermoreflectance199

response, samples are coated with a thin layer of gold200

as a transducer. The thickness of this layer varied be-201

tween 7 and 34 nm for the samples measured here. The202

thermal properties of the deposited gold films were de-203

termined from co-deposited films of the same thickness204

on pristine NBK7 substrates. The details of this proce-205

dure and the measured film properties are outlined in the206

Supplementary Information.207

For these experiments, the measured far-field thermal208

wave profiles are used to extract the thermal diffusivity of209

the irradiated layer [35,42]. The details of the parameter210

extraction procedure are described in the Supplementary211

Information. Optimized values of thermal diffusivity are212

then converted to thermal conductivity explicitly using a213

theoretical density of 10.05 g/cm3 and room temperature214

heat capacity of cp = 230.1 J/kg·K measured from pris-215

tine ThO2 using a Quantum Design Dynacool-9 system216

and the two-tau relaxation technique [43]. Temperature-217

dependent values for cp in the range 2–302 K are also218

provided in the Supplementary Information. To ensure219

that thermal properties of only the ion-modified surface220

layer are measured, the depth of the identified plateau221

region must be compared with the penetration depth222

of the applied thermal wave. This depth is given as223

Lth =
√
D/πf , where D is the thermal diffusivity and f224

is the frequency of the modulation [44,45]. To identify an225

appropriate frequency range for measurement, the ther-226

mal penetration depth for commonly-used SDTR modu-227

lation frequencies between 1 and 100 kHz are calculated228

for the irradiated sample with the highest measured diffu-229

sivity and plotted on top of the SRIM-calculated damage230

profile in Fig. 1. This analysis makes clear that modu-231

lation frequencies of 5 kHz and above are well-suited for232

diffusivity measurements of irradiated materials for these233

conditions [46,47]. Thermal diffusivity values are there-234

fore determined from 4-12 SDTR scans of 4-5 frequencies235

each in the range 5-100 kHz.236

In addition to thermal property characterization, di-237

rect imaging of any dislocation loop formation in sam-238

ples exposed at 600◦C was conducted using transmis-239

sion electron microscopy (TEM). Initial high-resolution240

TEM (HRTEM) of the highest dose sample irradiated241

at room temperature, RT03, revealed no defect clusters.242

As such, further TEM investigation of samples exposed243

at room temperature was not pursued. Cross sectional244

samples perpendicular to proton-irradiated surface taken245

from 2 µm below that surface, see Fig. 1, were prepared246

using a FEI 3D Quanta focused ion beam (FIB) system.247

This region is far enough from the surface to avoid any248

denuded zone that may be present and lies within the249

identified plateau region. Samples were thinned to a fi-250

nal thickness of roughly 40 nm using 30 keV Ga ions with251

a final cleaning conducted using 2 keV Ga ions. An FEI252

Titan Themis 200 TEM was used for bright-field TEM253

and high resolution TEM (HRTEM) imaging to observe254

dislocation loops. Image analysis and measurements of255

dislocation loop size and density were conducted manu-256

ally using ImageJ [48]. Electron energy loss spectroscopy257

(EELS) was used to determine the thickness of the FIB258

lamina using reported values of the inelastic mean free259

path for electrons in ThO2 [49].260

Finally, four of the five irradiated ThO2 specimens261

were characterized using Raman spectroscopy pre- and262

post ion beam exposure [50]. One irradiated sample was263

gold coated for thermal property characterization im-264

mediately following irradiation, precluding post-exposure265
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Sample ID
Ion Fluence[

ions/cm2] Plateau
Dose [dpa]

Irradiation
Temperature

Au Film
Thickness [nm]

pristine – – – 7
RT01 1.727× 1017 0.016 Room Temp. 17
RT02 8.635× 1017 0.079 Room Temp. 17
RT03 1.727× 1018 0.16 Room Temp. 34
HT01 5.181× 1018 0.47 600◦C 17
HT02 8.635× 1018 0.79 600◦C 17

TABLE I. Sample list including ion fluence, calculated dose in dpa, exposure temperature, and the thickness of the gold film
deposited post-exposure to aid in SDTR measurements. Samples have been assigned an ID for reference within the text.

Raman measurements. Raman spectra were collected in266

a top-down geometry with excitation lasers focused at267

the crystal surface using Renishaw Invia Reflex system268

with a 50× long working distance objective and a 65 µm269

slit width. Spectra were collected using both a 632.8 nm270

excitation laser at ∼4 mW coupled to a 1200 l/mm grat-271

ing and a 532 nm excitation laser at ∼2.5 mW coupled272

to a 1800 l/mm grating for each sample. Gratings were273

centered at 1000 cm−1 and each spectrum is the accumu-274

lation of three 5 sec exposures. The Raman system was275

calibrated to single crystal silicon prior to each measure-276

ment. To ease in interpretation of defect-induced Raman277

features, raw spectra were baseline corrected using the278

adaptive iteratively reweighted Penalized Least Squares279

(airPLS) algorithm [51]. Raw Raman spectra as well as280

a graphical example of the baseline subtraction process281

are provided in the Supplementary Information.282

III. EXPERIMENTAL RESULTS283

A. Thermal transport analysis284

The results of SDTR thermal transport analysis of pro-285

ton irradiated ThO2 are summarized in Fig. 2. Example286

SDTR scans at 5 frequencies on the most highly irra-287

diated sample under consideration (HT02) are shown in288

Fig. 2(a). The region between the vertical lines denotes289

the near-field thermal wave region and is set as 8 µm290

(four times the convolved laser spot size) for all samples291

except RT03, which was measured prior to an optical sys-292

tem optimization and appears to have a larger effective293

spot size. For that sample only, the near-field region is294

extended to 10 µm. The overlaid dashed lines represent295

the 10 segments (2× the number of frequencies measured)296

which are co-optimized to a single value of ThO2 diffusiv-297

ity. For all SDTR measurements, this global optimization298

results in slopes which quite accurately capture the far-299

field phase lag for multiple frequencies simultaneously.300

The average Jacobian estimate of the 2σ confidence in-301

terval on the optimized thermal diffusivity values across302

all measurements is 6.5%. The measured thermal dif-303

fusivity values for all samples averaged across multiple304

spatial locations are given in Table II.305

Fig. 2(b) compares phase profiles for three samples306

(pristine, RT01, HT02) at 20 kHz. As the phase lag in-307

Sample ID
Measured Diffusivity[

mm2/s
] κ/κ0

Pristine 8.06± 0.55 –
RT01 2.06± 0.14 0.26± 0.03
RT02 1.58± 0.09 0.20± 0.02
RT03 1.77± 0.32 0.22± 0.04
HT01 3.19± 0.21 0.40± 0.04
HT02 3.05± 0.31 0.38± 0.05

TABLE II. Measured room temperature thermal diffusivity
and fractional conductivity for each of the exposure condi-
tions investigated. Uncertainties in measured diffusivity are
given as the standard deviation of between 4 and 12 spatially-
varying multi-frequency SDTR measurements, and uncertain-
ties in fractional conductivity account for input uncertainties
in both pristine and defected diffusivity measurements.

creases as thermal diffusivity decreases, this comparison308

shows clearly that HT02 has retained a greater thermal309

diffusivity than RT01 despite receiving more than fifty310

times more ion fluence, as listed in Table I. The thermal311

conductivity as a function of the received radiation dose312

in dpa is plotted in Fig. 2(c). The room temperature con-313

ductivity of the pristine single-crystal thoria is measured314

as κ0 = 18.6 W/m·K, which matches previously-reported315

values from Mann and coworkers on similarly-grown sin-316

gle crystal specimens [30]. All three samples irradiated at317

room temperature show a dramatic decrease in thermal318

conductivity to only 20-25% of the pristine value. In con-319

trast, samples irradiated at 600◦C retain approximately320

40% of the thermal conductivity of pristine ThO2. The321

fractional conductivity, κ/κ0, for each exposure condition322

is listed in Table II.323

B. Transmission electron microscopy324

TEM characterization carried out on ThO2 samples325

exposed at 600◦C reveals a high density of radiation-326

induced dislocation loops. Fig. 3(a) and (c) show bright327

field (BF) images of both HT01 and HT02 samples. The328

dislocation loop size and density were measured from329

these BF images. For HT01 the average dislocation330

loop radius is 3.1 ± 0.9 nm and for HT02 that radius331

is 2.6 ± 0.6 nm where the uncertainty is given as the332

standard deviation in measured loop sizes. The disloca-333
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FIG. 2. (a) Example SDTR data including the output of
the global far-field optimizer for Ds as measured on HT02.
(b) Comparison of 20 kHz phase profiles for pristine, RT01,
and HT02 samples showing that samples exposed at 600◦C
retained a higher thermal diffusivity than those exposed at
room temperature. (c) Thermal conductivity as function of
plateau region radiation dose in dpa in single crystal ThO2.

tion loop density is also calculated by using the EELS-334

measured lamella thicknesses (∼32 and ∼43 nm, respec-335

tively, for HT01 and HT02) as (3.5±0.7)×1022 1/m3 for336

HT01 and (5.2 ± 0.8) × 1022 1/m3 for HT02 where the337

standard deviation is calculated using counting statistics338

and assuming a 10% error in the measured thickness [52].339

No voids or vacancy clusters have been observed. High-340

resolution TEM, Fig. 3(b), of HT01 shows that some341

loops reside on the {111} family of planes. In two works,342

Khafizov and Chauhan have observed similar {111} loops343

in CeO2 irradiated with protons at 600◦C and 700◦C and344

identified them as faulted Frank loops [15,53]. In CeO2 at345

600◦C and 0.14 dpa, loops are observed with a larger av-346

erage size of 3.6 nm and lower density of 0.65×1022 1/m3
347

compared to the ∼3 nm radius and 3–5 × 1022 1/m3
348

density observed here at 0.47 and 0.79 dpa [53]. A fur-349

ther detailed analysis of the dislocation loops formed in350

these samples to identify their nature in detail, Burg-351

ers vector, habit plane, etc., is beyond the scope of the352

present work. Without this detailed information, the av-353

erage loop size calculation performed here may be consid-354

ered an estimate and the density calculation considered355

a lower bound on the total loop density possibly present.356

C. Raman spectroscopy357

Raman spectra collected from the pristine, RT01,358

RT02, HT01, and HT02 samples are shown in Fig. 4 for359

both 532 and 633 nm laser excitation. For pristine ThO2,360

the fluorite lattice structure contains only one Raman-361

active mode, the T2g, which is observed in both the362

532 nm and 633 nm data at approximately 465 cm−1 [54].363

All baseline-corrected Raman spectra in Fig. 4 have been364

normalized to the intensity of this T2g peak. As defects365

are generated under irradiation exposure, new peaks are366

generated in broad bands from 135 to 210 cm−1 and 500367

to 645 cm−1 which have been shaded for ease of view.368

These peaks can broadly be denoted as “defect peaks” as369

they only occur in the defective fluorite structure. Quali-370

tatively, at both wavelengths the intensity of these defect371

peaks increases relative to T2g as the ion fluence is in-372

creased. The effect of increasing defect density is also ob-373

served in the broadening of the T2g peak with respect to374

the pristine spectra. At the highest fluences, the 532 nm375

spectra also show evidence of shoulder/doublet formation376

within the T2g peak itself. Due to the top-down geome-377

try used in this investigation, this shoulder/doublet may378

be due to the Raman response of the damaged surface379

region and the undamaged bulk being captured simulta-380

neously.381

A detailed analysis of the observed defect peaks is com-382

plicated by the lack of previous detailed Raman inves-383

tigation into defect-bearing ThO2. However, available384

literature on defected isostructural systems with similar385

characteristics, primarily UO2, but also CeO2 and PuO2,386

allow us to make an initial interpretation of the Raman387

spectra captured here. Defect peak locations observed in388
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FIG. 4. Raman spectra of pristine and post-irradiated single crystal ThO2 collected with both (a) 532 nm and (b) 633 nm
laser excitation. All data are baseline corrected and normalized to the intensity of the only Raman-active mode of the initial
perfect fluorite structure, T2g. This peak and bands of defect peaks are shaded for ease of identification.

Fig. 4 largely correlate with a mixture of hypo- (ThO2−x)389

and hyperstoichiometric (ThO2+x, Th4O9) defect clus-390

ters [23,50,55–62]. Unlike uranium, however, thorium391

has a stable tetravalent oxidation state in oxides and thus392

would be unlikely to adopt a Th4O9 structure. However,393

both Tracy [63] and Palomeras [64] have postulated local394

regions of hypo- and hyperstoichiometric defects to ex-395

ist in a nominally stoichiometric ThO2. The existence of396

stable dimers, peroxides, and other charged oxygen in-397

terstitial defects in the ThO2 lattice around regions of398

hypo- and hyperstoichiometry have also been predicted399

via DFT calculations [65,66].400

Should these local non-stoichiometric regions be401

present, the Raman peak observed at ∼630 cm−1 is likely402

due to interstitial-type defect clusters with cuboctahedral403

coordination reflecting a Th4O9 complex [57,67]. The404

low wavenumber peak observed at roughly 175 cm−1 has405

similarly been attributed to longer-range M4O9 coordina-406

tion in uranium dioxide [57]. In addition to these defect-407

cluster-correlated peaks, the peak observed strongly in408
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the 532 nm spectra and more weakly in the 633 nm spec-409

tra at approximately 585 cm−1 corresponds closely to410

the T1u symmetry IR-active longitudinal optical (LO)411

mode determined by optical ellipsometry on similarly-412

grown pristine ThO2 single crystals [68]. This mode is413

not Raman-active in a pristine fluorite lattice, but has414

been shown to become Raman active in defected UO2 and415

CeO2 due to a breakdown in selection rules [23,55,69,70].416

The addition of scattering sites away from the Brillouin417

zone center caused by vacancies or point defect pairs has418

been proposed as a likely cause for this selection break-419

down [60,71,72].420

A significant peak observed in both 532 and 633 nm421

spectra at 535 cm−1 does not correspond to either of the422

assignments above. Similarly-located peaks have been423

observed in both ion irradiated UO2 (denoted U1 at424

∼530 cm−1 [73]), self-damaged PuO2 (at 540 cm−1 [74]),425

and rare-earth doped UO2 (at ∼530 cm−1 [75]). In UO2426

specifically, this peak has been attributed to polyhedra427

with U3+ coordination [73]. However, a consensus for428

the origin of this feature has not been reached in other429

isostructural actinide oxides [74]. Accordingly, we will430

not propose an assignment of this peak to a particular431

defect type in ThO2 but simply note that similar fea-432

tures have been observed in other defected fluorite ac-433

tinide oxides. In addition, a final peak appears in the434

defected spectra around 515 cm−1 as a shoulder on the435

535 cm−1 peak in all 633 nm data as well as faintly in436

the HT02 532 nm spectrum. This peak lacks a strong437

corollary with any vibrational Raman mode observed in438

defected UO2 or other isostructural systems. A detailed439

peak-fitting analysis to determine defect peak intensities440

as a function of ion fluence is not appropriate for the441

present data due to complications arising from uncertain442

signal collection depths, as mentioned above.443

IV. DISCUSSION444

Our assignment of the 175, 585, and 630 cm−1 Ra-445

man peaks observed here as directly defect-correlated in446

keeping with previous studies of UO2 and CeO2 con-447

flicts with conclusions by Mohun and coworkers on the448

Raman spectra of sintered ThO2 exposed to 21 MeV449

He2+ ions [76]. In that study, peaks at 514, 539, 590,450

and 622 cm−1 under 633 nm excitation were attributed451

to luminescence induced by the laser. The authors of452

that study conclude a luminescence effect as the most453

likely cause due to in situ observations of ion beam lu-454

minescence during irradiation, color change in the as-455

irradiated specimens, and a shift in the Raman peak loca-456

tions from 532 to 633 nm laser excitation. In the present457

data, although relative peak intensities are observed to458

shift between 532 and 633 nm excitations consistent with459

wavelength-dependent Raman responses in similar sys-460

tems [50,57,74], the peak locations are not observed to461

vary dramatically between excitation wavelengths. Spec-462

tra are captured here with a significantly higher signal-463

to-noise ratio than Mohun’s data given enhanced qual-464

ity of our single-crystal starting material, particularly at465

532 nm. It should be noted, however, that we do ob-466

serve the same color change from translucent to deep467

blue in the as-irradiated samples as observed by Mohun468

and other authors [76,77]. Given the similarity to work in469

UO2 and CeO2, we believe that the majority of the fea-470

tures observed here should be correlated with cuboctahe-471

dral clusters and point defects in ThO2. The 515 cm−1
472

peak observed both here and by Mohun, however, does473

not have a counterpart in other defected fluorite oxides.474

The observed differences in conductivity reduction475

most likely stem from differences in defect recombina-476

tion and clustering at the two different exposure tempera-477

tures. While the HT samples received higher doses (0.47–478

0.79 dpa), the retained conductivity is uniformly higher479

than the RT samples (0.016–0.16 dpa). This suggests480

clustering of irradiation-induced defects and an overall481

reduction in phonon scattering for the high tempera-482

ture samples. The nature of clusters in ThO2 smaller483

than the observed dislocation loops has received little484

attention relative to isostructural systems, particularly485

UO2 [78,79]. However, a recent study by Jin et al. pro-486

vides some insight, suggesting that cuboctahedral clus-487

ters may be a prevalent and stable cluster geometry for488

ThO2 [67]. That conclusion is supported by the features489

observed in the Raman analysis undertaken here, specif-490

ically peaks at 175 and 630 cm−1 related to M4O9 com-491

plexes.492

Considering the Raman spectra, TEM micrographs,493

and thermal conductivity together allows some insight494

into the overall formation, agglomeration, and recombi-495

nation pathway of irradiation induced defects. Qualita-496

tively, the intensity of major irradiation-induced Raman497

defect bands seem to grow with respect to T2g as the498

total ion fluence is increased for all samples. In addi-499

tion, TEM analysis shows that at high temperatures a500

significant dislocation loop density has been generated501

under these conditions. High anion defect mobilities in502

ThO2 have been observed experimentally previously by503

Palomares and coworkers. Over multiple studies on swift504

heavy ion irradiated ThO2 with a low theoretical den-505

sity, they have shown significant defect annealing oc-506

curs at temperatures above approximately 275◦C and507

attribute this annealing to co-migration of anion vacan-508

cies and interstitials as cation mobilities are assumed to509

be low [31,32,34]. The effect observed here, improving510

thermal performance by concentrating defects into larger511

structures and reducing the total number of phonon scat-512

tering sites, has been observed previously in both ceram-513

ics and metals [26,36,80]. Therefore, we postulate that it514

is the retained non-loop defect clusters, likely with cuboc-515

tahedral coordination, in the 600◦C irradiations that are516

primarily responsible for the continued increase in rela-517

tive Raman peak intensity with dose.518

The average size and density of dislocation loops ob-519

served in HT samples also allow us to draw relative con-520

clusions about cation defect mobilities in ThO2 com-521
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pared to isostructural systems. {111}-type stoichiometric522

Frank loops as observed in these samples are comprised of523

three alternating layers of oxygen-metal-oxygen intersti-524

tials in the fluorite structure [81]. This implies that not525

only are anion defects highly mobile, but also that cation526

interstitials have sufficient mobility at 600◦C to nucle-527

ate these loops; the mobility of these cation interstitials528

should be the rate-limiting step to loop formation and529

growth given the difference in previously-calculated mi-530

gration energies [33,34]. Other mechanisms for stoichio-531

metric loop formation in ionic crystals with low cation532

mobilities have also been proposed, such as the “coer-533

cion” mechanism of Hobbs et al. [82], which could play534

a role in the formation process of these loops. Neverthe-535

less, the high loop density and smaller loop size observed536

here in ThO2 at 600◦C compared to those observed in537

CeO2 and UO2 at similar conditions is consistent with the538

assumption that thorium defects should have relatively539

larger migration energies compared to cerium and ura-540

nium defects due to their fixed oxidation state [15,53,83].541

However, that loops are observed in these conditions with542

radii on the order of 3 nm and densities on the order of543

1022 1/m3 implies that cation defect mobilities are possi-544

bly higher under these specific ion-irradiation conditions545

than suggested by modeling [34].546

V. CONCLUSIONS AND FUTURE547

In this work, the initial study of the effect of548

irradiation-induced lattice defects on the thermal con-549

ductivity of high-quality, single crystal thorium diox-550

ide has been presented. By using spatial domain ther-551

moreflectance, the thermal transport properties of a mi-552

croscale region exposed to lattice damage via energetic553

protons was investigated. Post-exposure transmission554

electron microscopy of the high temperature samples re-555

vealed a high density of small dislocation loops and top-556

down Raman spectroscopy showed characteristic features557

of defected heavy metal fluorite oxides. This experimen-558

tal works serves to narrow the future parameter space559

of interest for low-dose defect effects on transport in560

ThO2 as well as define additional investigative pathways561

to more thoroughly determine the structure and concen-562

tration of irradiation induced defects. Moving forward,563

future studies will include temperature dependent ther-564

mal transport measurements to isolate scattering mecha-565

nisms, more detailed, depth dependent TEM and (cross-566

sectional) Raman analysis of defects, and luminescence567

studies to interrogate the charged defects likely present568

in ThO2. The combination of methodologies employed569

here, used on high quality single crystal ThO2 specimens,570

promises a route to accurately treat the complexity of571

thermal transport in the presence of irradiation-induced572

defects and to generate insight into the formation and573

agglomeration pathways of those defects.574

SUPPLEMENTARY MATERIAL575

See the supplementary information for impurity anal-576

ysis of the as-grown ThO2 crystals, a description of the577

optimization process for determining thermal diffusivity578

from SDTR data, measured thermal conductivities of579

thin deposited gold films, temperature-dependent heat580

capacity of pristine ThO2, and a description of the Ra-581

man baseline subtraction and normalization process.582
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