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Abstract 

Validation of multiscale microstructure evolution models can be improved when standard 

microstructure characterization tools are coupled with methods sensitive to individual point 

defects. We demonstrate how electronic and vibrational properties of defects revealed by optical 

absorption and Raman spectroscopies can be used to compliment transmission electron 

microscopy (TEM) and X-ray diffraction (XRD) in characterization of microstructure evolution in 

ceria under non-equilibrium conditions. Experimental manifestation of nonequilibrium conditions 

was realized by exposing cerium dioxide (CeO2) to energetic protons at elevated temperature. Two 

sintered polycrystalline CeO2 samples were bombarded with protons accelerated to a few MeVs. 

These irradiation conditions produced a microstructure with resolvable extended defects and a 

significant concentration of point defects. A rate theory (RT) model was parametrized using the 

results of TEM, XRD and thermal conductivity measurements to infer point defect concentrations. 

An abundance of cerium sublattice defects suggested by the RT model is supported by Raman 

spectroscopy measurements, which shows peak shift and broadening of the intrinsic T2g peak and 

emergence of new defect peaks. Additionally, spectroscopic ellipsometry measurements 

performed in lieu of optical absorption revealed the presence of Ce3+ ions associated with oxygen 

vacancies. This work lays the foundation for a coupled approach that considers a multimodal 

characterization of microstructures to guide and validate complex defect evolution models. 

Keywords: cerium dioxide, defect characterization, microstructure evolution, radiation damage.  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
99

18
9



2 
 

1. Introduction 

Physical and chemical behavior of metal oxides is important for an array of energy applications, 

including solid oxide fuel cells (SOFC), catalysis, electrical storage, and nuclear energy 

applications (1-5). For many of these applications, oxygen vacancies and cation substitutional 

impurities play an important role in determining their behavior, and therefore have been 

extensively studied in doped ceria and zirconia (6-8). However, cations’ thermal diffusion is also 

significant for grain growth and sintering of polycrystalline ceramics (9, 10). Cation defects in 

isolation have been studied to a lesser extent, due to their higher formation energies and low 

concentration under thermal equilibrium (11, 12). Therefore, the individual impact of cation 

related defects is negligible for most applications, except where the ionic compounds are exposed 

to irradiation by energetic particles (13-15). The bombardment with energetic particles displaces 

both cations and anions from their equilibrium positions (16). Under these conditions, the mobility 

of generated self-interstitials and vacancies, their mutual recombination, and clustering into 

extended defects determine the radiation stability of materials (5, 15). Thus, an improved 

understanding of materials irradiation response is intimately coupled to the availability of 

experimental methods able to characterize cation vacancies and self-interstitials. 

Commonly used methods to investigating microstructure evolution under irradiation include X-

ray diffraction (XRD) analysis (14, 17, 18), Rutherford back-scattering (RBS) spectroscopy (19, 

20), optical spectroscopy (21-23), and transmission electron microscopy (TEM) (24-27). Further 

analysis, focusing on point defects and small clusters, has been done to complement those methods, 

including positron annihilation spectroscopy (28-30), X-ray synchrotron techniques (31, 32), and 

Raman spectroscopy (33, 34). Recent applications of non-destructive methods for measuring 

thermal transport and elastic properties have emerged as attractive tools for characterization of 
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microstructure evolution (35-39). Our aim is to capture microstructural processes across multiple 

scales in a single study instead of characterizing each defect in isolation. 

In general, the extent of multiscale processes under long-term irradiation is very broad, including 

creation of dislocation networks and void formation (5, 40, 41).  Our focus here is on the early 

stage of defect evolution with an emphasis on atomic level point defects, which includes their 

atomic arrangement, electronic structure, and processes involving their migration, mutual 

recombination, and clustering into extended defects.  This work builds upon previous 

characterization of the same sample set using TEM, XRD and thermal conductivity measurement 

(42). TEM was used to characterize dislocation loops, while XRD and thermal conductivity 

measurements were used to measure the integrated influence of all defects. In this report, we 

expand the characterization to include Raman spectroscopy and optical ellipsometry (OE) to 

characterize individual point defects. Because characterization of cation defects using the 

aforementioned optical spectroscopies has not been considered in detail previously, we first apply 

rate theory (RT) modeling to understand the extent of cation defect formation and clustering.  This 

model accounts for monomer generation, recombination, and dislocation loop evolution without 

relying on more comprehensive cluster dynamics modeling (16, 43). Dislocation loop density, 

lattice constant changes, and mesoscale thermal conductivity measurements were used to 

parametrize our rate theory model for defect evolution. 

The schematic shown in Fig. 1 depicts the early stage of defect evolution in cerium dioxide (CeO2) 

under irradiation represented by such rate theory modeling (42). Microstructure evolution is 

described by an initial linear increase in monomer concentration proportional to the generation 

rate, followed by a quasi-equilibrium state where vacancies and interstitials mutually recombine, 

and clustering of interstitials into dislocation loops. While this description doesn’t recognize 
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different charge states of ions and presence of defect clusters (44-46), it provides a simple picture 

that captures independent evolution of cation and anion defects of ions. Fig. 1 also illustrates 

characteristic features of measurement tools used to characterize point defects. The overall goal of 

this effort is to use this understanding to aid in the interpretation of our optical spectroscopy results.     

We demonstrate the potential of Raman spectroscopy and optical ellipsometry to characterize point 

defects across both cation and anion sublattices. Accordingly, this work addresses the disparity 

between experimental analysis of cation interstitials and vacancy as compared to oxygen sublattice 

and cation substitutional defects in ceramic oxides.  

 

Figure 1. Early stages of defect evolution in CeO2.  Left: Results from a rate theory model showing different 

stages of microstructure evolution.  Right: Characteristic features of point defects making them observable 

using various experimental tools.  XRD is used to measure lattice expansion, the vibration modes of defects 

are measured using Raman spectroscopy, and electronic structure of the defects is revealed using optical 

absorption measurements. 
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2. Experimental Methods 

Sample preparation by exposure to energetic ions has been previously reported in (42). The 

polycrystalline sintered ceria pellet samples were purchased from Alfa Aesar. Central regions of 

two disk-shaped  samples were exposed to protons at two different ion currents of 5 µA (LF) and 

15 µA (HF), and corresponding flux rates of 1.4×1013 and 4.2×1013 H+/cm2s to the same total 

fluence. This configuration allowed us to obtain regions of the samples exposed to environmental 

condition of the chamber but not irradiated. The ion energies applied to both flux rates were 1.5, 

2.0, and 2.5 MeV. The fluences were set as 5×1017, 7.5×1017 and 1×1018 ion/cm2 for ion energies 

of 1.5, 2.0, and 2.5 MeV, respectively. The conditions of multi energy irradiation were designed 

to reduce the amount of implanted hydrogen ions at the peak implantation depth, and thus prevent 

sample blistering. A third undamaged reference (R) sample was used to compare the effects of 

irradiation. The ion flux was chosen as the variable irradiation parameter, as it provides a broader 

defect spectrum as compared to purely dose dependent parametrization. The relevant parameters 

of all samples are summarized in Table I. 

Table I. Irradiation conditions for CeO2 samples.  

Sample 

ID 

Ion flux 

(1013 H+/cm2s) 

Dose rate  

(10-6 dpa/s) 

Plateau damage  

(dpa) 

Temperature 

(°C) 

LF 1.4 0.87 0.14 600 ± 50 

HF 4.2 2.6 0.14 600 ± 50 

SRIM-2013 code was used to estimate damage profile in units of displacements per atom (dpa) in 

a full cascade simulation mode (47). The threshold displacement energies of 44 and 33 eV were 

used for Ce and O, respectively, and the density of CeO2 was taken as 7.21 g/cm3. The calculated 

displacement damage and implanted hydrogenprofiles are shown in Fig. S1 of the Supplementary 

Information Document (SI) and the amount of damage in the plateau region is listed in Table I 
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(42). Since the vacancy concentration is significantly larger than implanted H+ ion concentration 

in the plateau damage region, the impact of implanted ions was neglected in the subsequent 

analysis. 

Raman spectra were collected using a Renishaw® inVia confocal Raman Microscope in 

backscattering geometry using a 457 nm wavelength laser, corresponding to 2.71 eV, below the 

band gap of ceria (3.4 eV). The spectra were collected over a 250-1500 cm-1 window that captures 

known CeO2 Raman peaks. A 50× high magnification objective was used to achieve few m 

spatial resolution and ensure a small Rayleigh depth limiting signal collection to the damaged 

portion of the sample. In the case of irradiated samples, the spectra were collected from two 

different regions, one from the area exposed to the ion beam and another from a region not 

impacted by the ion beam. This was done to isolate the effects of exposing the samples to the high 

temperature vacuum environment of the irradiation chamber. The peaks observed in the spectra 

were fitted using a Gaussian function to determine peak intensity, position, and width. 

Optical dielectric constant characterization of the samples was performed using an alpha-SE 

ellipsometer (J.A. Woollam Co., Inc.) in the wavelength range from 370 - 850 nm (1.45 - 3.35 eV), 

with an angle of incidence of 70° for the reference sample, and 65° for the LF and HF samples. 

The optical permittivity of the damaged region was extracted using CompleteEASE® software 

(J.A. Woollam Co., Inc.) based on known optical properties of bulk ceria (48-50). The size of the 

OE beam was on the order of 1 mm and larger than the unirradiated rim region, not allowing us to 

probe this part of the sample.    
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3. Results 

Characterization of extended defects using TEM, lattice constant change measurement using XRD, 

and thermal conductivity measurement of these samples were previously reported in (42) and 

summarized in Table II. These results were used to parametrize the RT model for dislocation loop 

evolution, whose output can also be used to quantify point defects (15, 23).    Raman spectroscopy 

and optical ellipsometry were performed to characterize the point defects in order to provide 

further validation for the rate model. Visual appearance of the irradiated samples allowed us to 

isolate the regions that were exposed to the ion beam.    

Table II. Summary of TEM, XRD  and MTR results (42) 

Sample 

ID 

Dislocation loops 

(TEM) 

XRD MTR 

 diameter 

(nm) 

density 

(1022 m-3) 

Swelling 

(104
 a/a0) 

Thermal 

conductivity 

(W/mK) 

R - - - 14.10.2 

LF 3.58 ± 0.99  0.65  7 ± 5 11.80.1 

HF 4.00 ± 1.01 1.18  32 ± 5 10.70.1 

 

3.1 Raman Spectroscopy 

Representative Raman spectra are shown in Fig. 2. All spectra exhibit a peak at 464.8 cm-1, which 

is characteristic of fluorite structures and corresponds to a phonon mode with F2g symmetry (20). 

In addition, a broad feature was observed at 580 cm-1 in the irradiated samples (Fig. 2), which we 

refer to as the defect (D) peak for the remainder of the article. This peak was not resolvable in the 

regions of the irradiated samples that were not exposed to protons. Finally, a third peak at 1194.5 

cm-1 was only detected in the unirradiated sample. This peak has been assigned to the second order 

longitudinal optical (2LO) phonon, which is the overtone of the first order LO. 
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Figure 2. (a) Raman spectra of the ceria samples. Fitting parameter of the experimental spectra using 

Gaussian function (b) location of F2g peak (c) FWHM of F2g peak (d) position of D peak (e) FWHM of D 

peak. Subscripts i refers to irradiated section of the sample and r refers to part of the samples only exposed 

to high temperature environment of the irradiation chamber.     

 

Careful examination of the spectra reveals that the intensity and width of F2g peak depends on the 

sample treatment. To investigate this further, we performed a detailed analysis of the peak position, 

intensity, and FWHM of the F2g and D peaks using Gaussian peak fitting. The graphs shown in 

Figs. 2 (b) and (c) display the trends related to the F2g peak. The peak position and FWHM of the 

unirradiated region of the samples are comparable to that of the R sample, indicating that the 

vacuum inside the irradiation chamber has notably lower impact on the observed changes, and 

irradiation damage is the dominant mechanism for microstructure evolution. Additionally, the 

redshift and broadening of F2g peak in irradiated samples are in agreement with the previous reports 

on irradiated or doped CeO2 (20, 51).  Peak shift is larger in the HF than in the LF sample, 

consistent with lattice expansion previously revealed using XRD (Table II). 
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Table III. Summary of Raman spectra analysis. 

Sample 

ID 

Raman Shift 

(cm-1) 

FWHM 

(cm-1) 

Intensity ratio (ID/IF2g) 

   Oxygen 

vacancy, D1 

MO8 

complex, D2 

R 464.85 ± 0.02 8.55 ± 0.05 - 

LFr 464.62 ± 0.05 8.66 ± 0.09 - 

HFr 464.69 ± 0.04 8.70 ± 0.07 - 

LFi 464.43 ± 0.02 9.05 ± 0.07 0.038±0.002 0.050±0.005 

HFi 464.24 ± 0.03 9.86 ± 0.13 0.019±0.001 0.082±0.004 

The 2LO peak is only present in the R sample and is absent in irradiated samples. It is termed as a 

fingerprint for the quasi-perfect fluorite structure (52, 53). Activation of this 2LO mode can be 

attributed to the multiphonon relaxation by the resonance Raman effect (54). The disappearance 

of the 2LO peak in the LF and HF is likely owed to the accumulation of radiation-induced defects, 

as it has been previously reported that the presence of dopants or non-stoichiometry in the structure 

leads to a decrease in the intensity of the 2LO peak (55).  

The D peak appears only in the presence of defects and in general has been attributed to the 

breakdown of Raman selection rules (56). Many studies have assigned the D band to the LO mode 

with F1u symmetry, which is an infrared active and Raman-forbidden mode in the ideal fluorite 

structure. However, localized vibration modes of defect complexes are able to satisfy necessary 

symmetry requirements for Raman activity (57, 58).   
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3.2 Optical Ellipsometry 

 

Figure 3. Raw and model data from optical ellipsometry measurements. Data points represent 

experimental (a) 𝜓 and, (b) 𝛥 values, while the solid lines represent the model lines after fitting as 

explained in the main text. 

Optical ellipsometry measures the amplitude ratio 𝜓 and phase difference Δ between incident and 

reflected light for s- and p-polarizations, from which the complex dielectric function 휀̃(𝜔) =

휀1(𝜔) + 𝑖휀2(𝜔) is determined (59). The raw data shown in Fig. 3 was analyzed by considering a 

number of electronic transitions each described by Lorentz oscillators identified by peak position 

(𝐸𝑜), width (𝐵𝑜), and oscillator strength (𝐴𝑜) using (23, 50, 59): 

휀 = 휀1 + 𝑖휀2 = 휀∞ +
𝐴𝑜𝐵𝑜𝐸𝑜

𝐸𝑜
2 − 𝐸2 − 𝑖𝐸𝐵𝑜

(1) 

All samples were assumed to be homogeneous across the probing depth. This is justified when one 

considers relatively uniform damage profile across top 10 µm (Fig. S1) and a smaller optical 

penetration depth 𝛿𝑝 estimated to be less than 1 µm across the investigated spectrum (1.45 to 3.35 

eV). Analysis of ellipsometry results also considered surface roughness as a fitting parameter. Th
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Data fitting for the pristine sample R was done considering only two oscillators, each 

corresponding to intrinsic electronic transitions of perfect ceria (49). Prior to fitting the 

ellipsometry data, previously published data from Patsalas et. al. was used to identify the location 

and the widths of the intrinsic transitions of unirradiated ceria (50). The positions of the intrinsic 

oscillators were found to be 𝐸𝑜~4.1 eV and ~8.3 eV. The lower energy oscillator corresponds to 

the O2p→Ce4f electronic transition, while the higher energy oscillator corresponds to the 

O2p→Ce5d transition (49). Once both the width and centroid of the peaks were obtained from the 

literature, CompleteEase was used to fit the oscillator strength of the intrinsic bands together with 

휀∞.  

 

Table IV. Fitting of the spectroscopic ellipsometry results using Lorentz oscillators model (Eq. 

1). 

Sample ID R LF HF 

𝝐∞ 1.050.01 1.100.05 1.10.05 

Ao1 7.960.06 9.70.2 8.70.2 

Bo1 (eV) 0.45* 0.45* 0.45* 

Eo1 (eV) 2p→4f 4.07* 4.07* 4.07* 

Ao2 4.50.1 3.80.1 4.20.2 

Bo2 (eV) 6.33* 6.33* 6.33* 

Eo2 (eV) 2p→5d 8.35* 8.35* 8.35* 

Ao3 (a.u.) - 0.270.01 0.240.01 

Bo3 (eV) - 2.00.2 2.00.2 

Eo3 (eV) defect - 1.90.1 1.90.1 

* - Fixed parameters obtained from Patsalas et. al.(50) 
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The irradiated samples were fitted using three Lorentz oscillators, where the positions (𝐸𝑜) and 

width (𝐵𝑜) of the intrinsic oscillators were fixed based on the parameters for sample R, while 𝐴𝑜 

of the intrinsic oscillators and all parameters of the 3rd oscillator were used as fitting parameters. 

This analysis replicates the procedure previously outlined in (23). 

The model values of 휀1 and 휀2 are plotted in Fig. 4, (corresponding values for 𝑛 and 𝑘 are available 

in Fig. S2 of SI ) and Lorentz peak parameters are listed in Table IV.  

 

Figure 4. The calculated values of dielectric constants from the model as described in the main text. (a) The 

real part of the dielectric constant, 𝜖1 and (b) the imaginary part of dielectric constant, 𝜖2, and individual 

contribution of model dielectric constants by oscillator for low flux sample.  

The strength of the oscillator is proportional to the number of available electronic states from 

which electrons originate and transition to (60). It can be observed that the intensities of intrinsic 

peaks undergo slight changes (Table IV). While 2p-4f oscillator strength increases, the intensity 

of 2p-5d transition becomes weaker. Unfortunately, the sensitivity analysis suggests that these 

values do not represent the unique solution, primarily due to the fact that these transition energies 

lay outside of the experimental window and any observed trends have a large uncertainty to be 

able to attribute those to a particular physical process. Nevertheless, the defect peak is located 
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within the experimental window and has a higher certainty. We observe that the defect peak is 

stronger in the LF sample. 

 

4. Discussion 

To put the above optical spectroscopy results in perspective, we need to consider microstructure 

evolution under irradiation in detail. The TEM results provide a direct, quantifiable information 

on the characteristics of the extended defects, however the interpretation of spectroscopy results is 

not trivial. While we postulate that lattice expansion and the emergence of additional peaks in 

Raman and dielectric optical spectra are indicators for point defects, assignment of these features 

to a particular defect type requires further analysis.  

We assume that the primary defects generated upon irradiation of CeO2 with protons are 

interstitials and vacancies on both sublattices, namely oxygen interstitial (OI), oxygen vacancy 

(VO), cerium interstitial (CeI), and cerium vacancy (VCe) (61). This assumption carries with it any 

charge compensation associated with defects’ stable configuration (42, 62). Depending on their 

mobilities and efficiencies of various processes, these monomers either mutually recombine or 

form defect clusters.  

4.1 Microstructure evolution model 

Current knowledge of defects in ceria is limited to defects that are relevant to SOFC applications, 

which do not involve cation vacancies and self-interstitials as well as anion self-interstitials (49, 

50, 63, 64).  Thus, to gain further insight into the concentration of cation defects and anion 

interstitials, we implement a rate theory model (42, 65, 66). This is an important step that helps us Th
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gauge the impact of a larger subset of radiation defects on Raman spectroscopy and ellipsometry 

(23). 

Our RT model applied to low dose proton irradiation provides a simplified description of the 

microstructure evolution in this ionic compound by considering three processes, which include 

monomer generation on cation and anion sublattices, independent recombination of interstitial-

vacancy pairs on each sublattice, and defect clustering into stoichiometric dislocation loops (42, 

65). Loop nucleation is explicitly considered in the model and is governed by a formation of di-

interstitials as the rate limiting species. It neglects intermediate clustering steps and charge states 

of ions in different defect configurations(46, 67, 68).  Consideration of more comprehensive 

modeling that accounts for ion charge and defect clustering is beyond the scope of this work, 

however this simplified analysis provides a pathway for validation of such a comprehensive model. 

Briefly, the rate model is captured by a set of ordinary differential equations of the form (15): 

𝜕𝐶𝑖
𝜕𝑡

= 𝑔 − 𝑆𝑖𝑗𝐶𝑖𝐶𝑗 (2) 

Equation 2 evolves the concentration of each defect type, where indices (i,j) represent monomers 

OI, VO, CeI, and VCe and loop (L). 𝑔 is the generation rate defined by the displacement damage 

for monomers and di-interstitial formation for loop nucleation (42, 66). Mutual interaction 

between defect pair 𝑆𝑖𝑗 represents recombination for (OI, VO) and (CeI, VCe) pairs, di-interstitial 

formation for two CeI acts as loop nucleation. Terms 𝑆𝑖𝐿 capture absorption of monomers by 

loops and contribute to loop growth or shrinkage subject to conservation of atoms (15) 

𝑑

𝑑𝑡
(
𝜋𝑏

3Ω0
𝑅𝐿
2𝐶𝐿) = 𝑆𝑖𝐿𝐶𝑖𝐶𝐿 , (3) 
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where 𝑅𝐿 is loop radius, b is Burger’s vector and  Ω0 volume per atom. Each non-zero 𝑆𝑖𝑗 

depends on monomer diffusion coefficient and geometrical factors capturing atomic structure of 

defects (65). 𝑆𝑖𝑗 were defined in previous publications (42) and are reproduced in full form in SI. 

This model has been parametrized based on the experimental data obtained from TEM, XRD, and 

thermal conductivity measurements (27, 42). The diffusion coefficients are represented using 

Arrhenius type dependence 𝐷 = 𝐷0𝑒
−𝐸𝑚 𝑘𝐵𝑇⁄ . Prefactors 𝐷0 for O monomers are chosen based on 

molecular dynamics simulations for CeO2 (69), while,  𝐷0 for Ce monomers are based on the cation 

parameters reported for UO2 (45, 70). Migration energy barriers 𝐸𝑚 values are reported in Table 

V. It should be noted that cation interstitial migration is lower than typically obtained from first 

principles calculations. This effectively lower value has been attributed to an intricate behavior 

not captured by this simple model where extended defect growth is in fact controlled by the 

migration of anti-Schottky trios which are found to be more mobile than cation interstitials (67, 

71). 

Table V. Point defect diffusion coefficients used in microstructure evolution modeling.  

Defect type Prefactor,  

𝐷0 (cm2/s) 

(45, 69, 70) 

Migration 

barrier, 𝐸𝑚 

(eV) (42) 

Cerium vacancy 0.65 5.0 

Cerium interstitial,  0.01 2.66 

O vacancy 0.02 0.84 

O interstitial 0.01 1.18 

 

Figure 5 shows monomer concentration evolution under two different doses matching the 

experimental conditions (14). Concentrations of both VCe and CeI gradually increase and saturate 

at values determined by quasi-equilibrium condition, where their production and mutual 

recombination are equal. Notably, the equilibrium concentration is large for the HF sample. 
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Concentration of OI is very small owing to its high mobility and tendency to cluster to dislocation 

loops unless it recombines with the VO. Concentration of VO gradually increases over this dose 

range. It is orders of magnitude lower than that for VCe and CeI, and this value reflects fraction of 

VO defects that have not undergone recombination. Interestingly, VO concentrations for two cases 

are comparable and appear to be marginally larger in LF case.   

 

Figure 5. Microstructure evolution in proton irradiated CeO2 using RT model. Concentration of (a) CeI, (b) 

VCe (c) VO, and (d) OI. 

 

4.2 Vibrational properties 

In this section, we discuss the sensitivity of Raman spectra to different defects. First, we discuss 

the mechanism responsible for each defect peak. Then, we compare their intensities to defect 

concentration suggested by the RT model. Raman spectra of CeO2 and similar fluorite structure 

oxides such as UO2 and ThO2 are governed by vibrations within the anion sublattice (63). The F2g 

peak characterized by out-of-phase vibrations of the nearest neighboring oxygen atoms (Fig. 6c) 
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is triply degenerate and consists of one longitudinal and two transverse optical modes at the Γ-

point of the Brillouin zone (20, 72). Alternatively, this vibration has been described by the bending 

of adjacent Ce-O bonds.  

The F2g mode peak broadening and shift seen in Fig. 2 (b and c) is consistent with a disorder 

induced phonon confinement effect (56, 64). Under this effect, dispersive optical phonons in the 

vicinity of the 𝛤-point with non-zero momentum become Raman active and the extent of peak-

shift and broadening has been previously correlated to defect concentration (20).  

The impact of defects on vibrational spectra of doped ceria has been extensively investigated. 

Particularly, the origin of the two separate peaks at ~560 cm-1 and ~590 cm-1 has been debated. It 

has been reported that, in case of an A4+ tetravalent ion substitution (Ce1-xAxO2), a D2 peak at 590 

cm-1 emerges, whereas for a B3+ trivalent ion substitution (Ce1-xBxO2-0.5x), an additional D1 peak 

at 560 cm-1 emerges (20, 56, 64, 73).  The D1 peak centered at 560 cm-1 has been attributed to 

vibrational modes of an oxygen-vacancy complex represented by an overlapping OvO6 octahedron 

and OvCe4+
4-xA3+

x tetrahedron complexes (Fig. 6d) (73, 74). On the other hand, the D2 peak has 

been attributed to the vibration modes of an MO8 complex associated with cation substitutions 

(Fig. 6e) (55, 73-75). An alternative description for the origin of defect peaks suggests that D1 and 

D2 are attributed to the stretching vibration of Ce3+‒O‒Ce4+ and M3+/4+‒O‒Ce4+ bonds (76). 

Assignment of these peaks have been supported by theoretical calculations as well (63, 77, 78). 
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Figure 6. (a) D-peak fitting with the Dl and D2 peaks contribution shown separately, (b) ratio of intensities of 

defect peaks with the F2g peak. (c)  F2g vibration mode of perfect CeO2, (d) atomic complex associated with 

oxygen vacancy contributing to D1 peak, (e) MO8 complex associated with D2 peak. M represents a cation 

vacancy of either of atoms in the octahedral interstitial sites. Arrows indicate relative motion of the oxygen 

atoms in (c) F2g mode, (d) and(e) A1g breathing modes of defect complexes. Note that A1g mode is identified 

for illustration purpose only and does not necessarily correspond to a motion of atoms associated with D1 

and D2 peaks. 

While these two distinct peaks are not visibly identifiable in our experimental data (Fig. 2a), the 

previous reports provide sufficient justification to perform the additional peak fitting of the broad 

D peak in irradiated samples with two isolated Gaussian peaks as shown in Fig. 6(a). The bar plot 

in Fig. 6(b) summarizes fitting results for D1 and D2 peak intensities, whose positions were fixed 

at 550 and 590 cm-1. We can quantify relative defect density by taking the ratio of the intensity of 

D, D1, and D2 defect peaks to the intensity of the intrinsic F2g peak (79). Using a peak assignment 

consistent with previous reports, the ID1 /IF2g ratio shown in Fig. 6(b) suggests that concentration 
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of oxygen vacancies is larger in the LF sample as compared to the HF. On the other hand, the 

concentration of defects represented by MO8 complex is larger in the HF than in the LF sample. 

Considering absence of dopants and lack of the D2 peak in the pristine sample, MO8 complex peak 

in irradiated samples is likely representing both or either of CeI and VCe defects. The larger 

magnitude of ID2 /IF2g in the HF sample is consistent with RT predictions for CeI and VCe 

concentrations (Fig. 5). However, the concentration of VO in irradiated sample is not fully 

consistent with RT predictions. Instead, modeling suggests that VO concentrations are comparable 

under both irradiation conditions. It should be noted that during the model parametrization, it was 

observed that some sets of diffusion parameters predicted a larger concentration of VO in the LF 

sample. However, this behavior remains unexplained. The overall conclusion from Raman analysis 

is that the likely source of the D2 peak in the LF and HF samples are cerium sublattice defects, as 

both have similar MO8 complex configuration (Fig. 6e). 

4.3 Electronic structure of defects 

Optical spectroscopy is best suited to study the electronic structure of defects (21-23). The narrow 

1.4 -3.4 eV range of the ellipsometer used in this work prevented us from complete and optimal 

characterization of the intrinsic electronic transitions in defect free ceria described by two 

prominent O2p→Ce4f at 4.1 eV and O2p→Ce5d at 8.3 eV optical transitions (Fig. 7a) (80). 

Nevertheless, the measured dielectric constant spectra of the defect-free sample was found to be 

consistent with those intrinsic transitions (Fig. 3a). 
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Figure 7. Electronic band diagram of ceria associated with (a) Ce4+ ion in Oh environment, (b) Ce3+ ions in 

C2v environment and (c) Ce3+ ions in D4h environment. 

The observed spectra in irradiated samples allowed us to identify a new defect induced peak 

located at 1.9 eV (Fig. 4a). This peak has been previously attributed to the formation of Ce3+ ions 

associated with VO (81, 82). Irradiation damage induced defect peaks in ceria thin films has been 

previously reported by Costantini et al., where the origin of this peak has been attributed to a 

Ce4f→Ce5d transition that becomes possible in Ce3+ ions (Fig. 7b) (80). In Ce4+, the 4f orbitals 

are empty, however when VO is created by removal of an oxygen atom, two extra electrons remain. 

Each of these two electrons are localized at the two nearest Ce ions, by becoming Ce3+ ions and 

partially populating 4f orbitals of the respective ions. This localization of electrons is accompanied 

by additional crystal field splitting of the 5d orbital. The Ce5d bands of Ce4+ are already split in 

two bands of Eg and T2g symmetry owing to octahedral symmetry of perfect CeO2. The formation 

of two Ce3+ ions next to the VO changes the local symmetry around the defect to C2v with a strong 

crystal field effect (83). This further splits the 5d-bands apart and pushes one of them closer to the 

4f-band making a low energy 4f-5d transition possible (Fig. 7b).  
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Analysis of the defect peak’s oscillator strength provides further support for the assignment of this 

peak to oxygen vacancies. Intensity of the defect peaks (Table IV) suggest a comparable 

concentration of Ce3+-VO type defects in LF and HF samples, which is consistent prediction of RT 

model. 

One aspect that may appear contradictory is the lack of CeI in the optical spectra, which, based on 

previous lattice expansion analysis coupled with the RT model, suggests that it should also contain 

Ce3+ ions (42). Presence of Ce3+ ions associated with the localization of 4 extra electrons when CeI 

is introduced has been also supported by ab-initio electronic structure calculations (84). However, 

the atomic arrangement of Ce3+ ions around CeI is likely to have D4h symmetry. A weaker crystal 

field effect in this environment is not expected to push the 5d band down closer to 4f as in the case 

of C2v environment, thus explaining lack of 1.9 eV peak associated with CeI, despite the presence 

of Ce3+ ions. The weaker crystal field splitting results in a 5d band more similar to pristine Ce4+ 

ceria. The bandgap energy is the difference between 2p→5d and 4f→5d, 4.2 eV. Due to the pristine 

2p→5d bandgap in pristine ceria being similar at 4.1 eV, this additional peak would mostly result 

in a broadened 4.1 eV peak, as opposed to a distinct separate peak.  

A summary of defect characterization is depicted in Fig. 8, where we compare the results presented 

in Figs. 5 and 6 and Tables III and IV in normalized form. All the quantities are normalized to 

larger value between LF and HF.  Fig. 8(a) compares VCe and CeI concentrations from the RT 

model (Fig. 5) to the magnitude of the F2g peak shift (Table III), as well as the normalized intensity 

of D2 peak (Fig. 6), to emphasize similar dependence of the depicted quantities on proton flux. 

Similar comparison of features related to VO are shown in Fig. 8(b), which includes prediction of 

the RT model (Fig. 5) and intensities of the Raman D1 peak (Fig. 6) and defect peak from 

ellipsometry (Table IV).   
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Figure 8. Comparison of optical and Raman spectroscopy and RT model results. Comparison of features that 

are proportional to (a) cation defect concentrations and (b) oxygen vacancies. Measured values are displayed 

as textured. Red and blue shades correspond to LF and HF samples, respectively.  

5. Conclusions 

In conclusion, we applied multiple characterization tools to characterize point defects in proton 

irradiated CeO2. A rate model was parametrized based on the dislocation loop characterization 

using transmission electron microscopy, lattice constant measurement using XRD, and thermal 

conductivity.  Optical ellipsometry exhibits sensitivity primarily to oxygen vacancies accompanied 

by formation of Ce3+, whereas Raman spectroscopy appears to provide a much broader 

perspective. While F2g peak broadening and shift provides an integral measure of disorder, the 

defect peaks have sensitivity to local atomic structure of the defects. At this stage of development, 

our analysis of the two optical spectroscopies employed is able to reveal qualitative information 

on defect densities. Further work is needed to establish a correlation that allows defect 

quantification for optical spectroscopies and Raman peak analysis in ceria and related fluorite 

oxides.   
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Supplementary Material 

Supplementary material document includes figures for ion beam damage profile and optical index 

of refraction and a complete set of equations for the RT model.  
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