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This work is aiming to understand electron transport and localization of n-type 

CeO2 where the small polaron theory mainly contributes to charge transport mechanism. 

N-type CeO2 was achieved by donor impurities doping.  The donors (Ta and W) doped 

CeO2 were prepared by solid-state reaction route with doping concentration limited to 

dilute regime 0.005	 < 𝑥 < 0.004.  

The purity of obtained ceramic samples was identified using x-ray diffraction 

while the result showed no observable diffraction of secondary phase. The lattice 

parameter from x-ray diffraction was compared with the calculated lattice parameter 

from defect compensation mechanism. The experiment and calculated parameter were 

in good agreement where Ta doped ceria is distorted as increasing doping concentration 

and W doped ceria showed expansion trend. This is because the presence of impurities 

and defect compensation play a role in lattice evolution. However, the deviation of 

lattice parameter may due to the lack of Ce3+ concentration. This is supported by the 

analysis of Ce3+ where both Ta and W doped ceria have ratio between Ce3+ and donor 

impurities lower than expected value from our model. We suggested that the Ce3+ ions 
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CHAPTER I  

INTRODUCTION 

 

1.1  Significant and rational of the research   

When consider the electrons in metal, normally the free electrons are delocalized 

electrons behaving Bloch wave. However, in some semiconductors with incomplete d 

or f orbital, when electrons are introduced, they tend to form localized states due to the 

strong interaction between electron and phonon. These localized states determine the 

metal-insulator transition of semiconductors. One approach to interpret the transport of 

localized electron is small polaron theory (SP). When extra electron is added to crystal 

structure and stay adequately long over vibrational period on the host sites, the 

surrounding atomic hosts will rearrange their position to new equilibrium due to 

influence of the presence of that electron. This distortion induces a new potential well 

and electron will be confined by a new induced potential well. This phenomenon was 

named “self-trapped” mechanism. The term “SP” generally refers to both self-trapped 

electron and atomic distortion. The SP was initiated by a short paper of L. D. Landau 

(Landau, 1933). The work suggested that the electron motion is considerably slow when 

travel in insulators such as sodium chloride and this electron could be trapped by the 

deformation of lattice.  One of the most promising properties of SP is transport 

properties through hopping process. Small polaron itinerants by phonon-assisted jump 

between the neighbor atom resulting in the overall materials electrical conductivity. The 

small polaron hopping can be enlarged by thermal energy and yields a 
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thermally activated conductivity at low temperature regime in semiconductors. 

However, it has been a puzzling work to study the actual mechanism of SP since both 

delocalized and small polaron mechanisms can yield thermally activated conductivity. 

The most obvious example of small polaron is observed in low mobility semiconductor 

such as n-type cerium dioxide (CeO2). 

CeO2 has been known as ceria, is a wide bandgap semiconductor with 

experimental bandgap of 3.2 eV (Orel and Orel, 1994). Ceria possesses the unique cubic 

fluorite structure (AB2) with a high reputation in industrial and academic applications 

due to various types of defect formation in structure. For the academic interest, n-type 

ceria represents one of the clearest examples of small polaron with two main advantages 

for studying electron localization and thermally activated conductivity: i) ceria is easily 

achieving low doping concentration and ii) ceria has empty 4f electron system. Firstly, 

since small polaron is strongly depends on the number and species of defects, the small 

doping concentration can benefit in restricting the number of defects to proper one. 

Secondly, ceria has an empty 4f electron system so the added electron will occupy at 4f1 

orbital which is easily to neglect an effect from electron-electron interaction within the 

band. Although the study of n-type ceria’s charge transport mechanism is carried out 

through decades, the SP is still not well established. The main challenge is a large 

scattering of observed electrical conductivity activation energy. This deviation is 

opposing the ideal small polaron transport which based on thermal assisted jump where 

the activation energy should be independent of impurities species. One of the theories 

to compensate the lack of understanding in deviation of activation energy is disorder 

induced random field in defective crystal structure where the interaction of effective 

positive impurities and trapped electron is significantly strong. To clarify this problem, 
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the defect chemistry plays an important role as powerful tools to study a system with 

defects. This tool is significant procedure in establishing knowledge of electron 

transport and localization in ceria since the electron localization and transport properties 

in ceria are mainly driven by defect related mechanism. 

To distinguish the puzzling mechanism of 4f electron mobility in ceria, the n-type 

ceria was prepared by establishing donors doped ceria system. The donor dopants in this 

work are comprised of a penta-valence dopant (tantalum) and a hexa-valence dopant 

(tungsten). The ceramic sample of donors doped ceria was synthesis by simple solid-

state reaction. The structural properties were investigated using x-ray diffraction 

technique (XRD) and Rietveld refinement for calculating the lattice parameter of cubic 

fluorite. While the paramagnetism was observed by superconducting quantum 

interference device (SQUID), the obtained magnetic susceptibility was then modelled 

using magnetochemistry method to reveal the accurate Ce3+ concentration. The electron 

transport properties of n-type ceria were investigated through the electrical impedance 

spectroscopy. The obtained temperature dependence of conductivity was observed and 

fitted with the Arrhenius-type behavior for calculating the activation energy. The 

assumption of defect formation and electron transport were made based on the 

experimental results together and the supporting first principle calculations precisely. 

 

1.2  Research objectives 

 The objective of this work is to establish the donors doped ceria comprises of 

pentavalent and hexavalent impurities with an aim to understand the electron 

localization and transport properties of 4f electron in cerium oxide. The investigation of 
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electron localization and defect formation are based on the experimental analysis of 

evolution of lattice parameter by X-ray diffraction spectroscopy and the Ce3+ quantity 

through magnetic study by Superconducting quantum interference devices. The 

transport properties are carried out by the analysis of temperature dependent 

conductivity obtained from electrical impedance spectroscopy. The expected results are 

expected to provided better understanding of the necessary mechanism that contribute 

to electrical conductivity in donor doped CeO2. The observed evidences could lead to 

the next step of solving electron localization and transport properties in n-type 

semiconductors. 

 

1.3 Scope of study 

This work is limited to study electron transport and localization in ceramic 

sample of n-type CeO2 where the donor impurities are tantalum (Ta) and tungsten (W) 

prepared by solid state reaction in air ambience. Since electron mobility in n-type CeO2 

is extremely low, limit experimental doping concentration (x) is limited dilute regime 

where 0.0005 < x < 0.004. All defects in this work are considered the possibility of 

occurrence at oxygen sufficient condition (PO2 = 0.02 atm). 

 

1.4 Location of the research 

 The experiments were taken at National Institute for Materials Science (NIMS), 

1-1 Namiki, Tsukuba, Japan and Advanced Materials Physics (AMP) Laboratory, 

School of Physics, Institute of Science, Suranaree University of Technology, 111 

University Avenue, Muang District, Nakhon Ratchasima Thailand. 
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1.5  Outline of thesis 

This thesis is divided into six chapters in order to systemically introduce the 

work of donors doped CeO2, coherently. In chapter I, the significant, rational and 

objective of research is presented with the limited scope so the readers can understand 

main problem and prepare for our approach to solve that problem in this thesis. Chapter 

II, the review of electron transport and localization of n-type CeO2, this chapter aims to 

draw of full picture of literature research prior to our work and pointing out a challenge 

of research in n-type CeO2. Essentially, in chapter III, the concept of small polaron 

formation and transport are gently discussed in detail where the fundament of defect 

chemistry and charge transport which are main interest in our research are presenting. 

To be noted that this knowledge is essential tools for fully understand both electron 

localization and charge transport of small polaron and related mechanism. Chapter IV 

is research methodology where the synthesis route is presenting along with basic 

concept of equipped characterization techniques for example, x-ray diffraction 

spectroscopy, superconducting quantum interference device, and electrical impedance 

spectroscopy. The most important is chapter V, the results and discussion, where all the 

experimental results are presented and discussed together with the excellent calculation 

works to indeed comprehend the electron localization and transport properties of n-type 

CeO2. This chapter evaluates the problem of lattice evolution, defect compensation and 

formation, driven force for electron localization, and charge transport of n-type CeO2. 

The last chapter is conclusion and future work. The chapter’s objectives are to 

summarize and make suggestion on the picture in electron localization and transport 

properties of n-type CeO2 and the benefit this work can contribute to semiconductor 

research. 



  

CHAPTER II  

THE REVIEWS OF ELECTRON TRANSPORT AND 

LOCALIZATION IN N-TYPE CERIUM OXIDE 

 

 This chapter is presenting the fundamental understanding of concepts and 

problems in small polaron formation, localization and transport properties from the early 

work back in 1933. Additionally, this chapter is also giving literature reviews of several 

attempts on clarifying the electronic structure and transport properties of small polaron 

in n-type CeO2. The most important point of this chapter is to point out an important of 

our effort on donors doped system. 

 

2.1  The concept of small polaron 

In 1933, L.D. Landau published an initiated work on SP discussing about the 

localization of slow moving electron in insulator crystal (Landau, 1933). While the 

electron is slowly moving in lattice, the surrounding atoms then experienced an 

existence of additional negative charge. Then, the atoms will reposition their 

equilibrium position. The deformation of atomic position is inducing a new potential 

well while the delocalized electron will experience this potential well, simultaneously. 

Specifically, when the induced potential well is deep enough, the electron is then “self-

trapped” and forming “strong-coupling polaron”. This trapped electron cannot 

overcome from the potential well without the proper amount of energy. The behavior of  
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Figure 2.1 The re-arranging of atomic position due to the small polaron formation 

(Emin, 2013). 

polaron is strongly depending on the interaction between electronic carrier and 

surrounding atoms because this interaction determines potential well’s wave function. 

Generally, the word polaron refers to the unit consisted of a self-trapped electron and 

associated lattice deformation. The strong-coupling polaron is often referring as “quasi-

free carrier”, and it can be characterized into two types: large polaron where the self-

trapped carrier can extend over several structural unit and small polaron which a self-

trapped carrier is confined to one atomic unit. Large polaron motion is coherently 

moving through several sites and occasionally interrupting by the scattering process. 

This transport mechanism yields high mobility in materials (higher than 1 cm2/V·sec) 

and falls with higher temperature. In contrast to large polaron, small polaron transport 

has lower mobility (lower than 1 cm2/V·sec) since the transport is incoherent motion 



 
 

8 
 

driven by occasional succession of phonon-assisted jump through severely localized 

states.  

Phonon-assisted electronic hopping is classified into two types: i) at low 

temperature, carrier hopping within shallow impurities states (impurity conductivity) 

and ii) at high temperature, carrier hopping between cations (small polaron). These 

jumping processes are driven by electron-phonon (EP) interaction and hopping rates is 

proportional to thermal energy. The required hopping energy is associating with EP 

interaction. and EP interaction is strong when phonon wavelength is larger than 

localized electrons. In case of impurity conduction, the radii of shallow impurity 

normally exceed the interatomic separation, and this results the weak interaction 

between localized states and phonon. Therefore, each jump only involves an absorption 

and emission of a single long wavelength phonon during hopping between shallow 

impurity state. On the other hand, small polaron hopping at high temperature is hopping 

in the strong localized electronic states with strong electron-phonon interaction. Thus, 

this process typically requires a number of phonons in absorbed and emitted process. 

The small polaron phonon-assisted jump process can be divided into three step 

mechanism: i) surrounding atoms begin to thermally vibrate causing large atomic 

displacement at nearest a self-trapped electron, ii) with a proper amplitude of 

fluctuation, a self-trapped electron will transfer to the adjacent sites, and iii) the large 

displacement eventually relaxes and dissipates the energy to surrounding atoms. This 

hopping process is rising as temperature is increasing and when temperature exceeds 

phonon characteristic temperature, this transport mechanism will behave as the 

Arrhenius-type behavior since the motion of electronic alters to move classically. 
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2.2 Small polaron in CeO2 

CeO2 also known as ceria is a wide bandgap semiconductor with a unique cubic 

fluorite structure. Ceria is well known for technological application due to the defective 

ability in easily reversible of Ce3+ ↔ Ce4+ states. This ability raised the applications in 

catalytic properties such as three-way automotive catalytic converter ( Kašpar et al., 

1999 ) , oxygen sensors (Beie and Gnörich, 1991), low-T electrolyte for SOFC (Tuller 

and Nowick, 1975), thermochemical redox splitting of H2O (Muhich and Steinfeld, 

2017), oxygen permeation membrane systems (Stoukides, 2000) etc. Moreover, CeO2 

is widely studied as the analogue of radioactive rare earth, UO2 which shared same cubic 

fluorite structure and is unsafe for laboratory work (Stennett et al., 2013). 

 

Figure 2.2 (a) The CaF2 structure comprises of cations (Ca ions) form face-centered 

cubic structure with anions (F ions) in tetrahedral voids as simple cubic. (b) The cubic 

fluorite structure of CeO2 where blue and red sphere are cerium and oxygen ions, 

respectively (Skorodumova et al., 2002). 

a b 



 
 

10 
 

Unlike normal lattice structure, a cubic fluorite structure was named after CaF2 

where an occupancy of anion (F ions) in tetrahedral voids of cation (Ca ions) face-

centered cubic structure. CeO2 possesses fluorite structure along with other AX2 

compounds (i.e., ThO2, ZrO2, PuO2, etc.) where cerium ions form a face-centered cubic 

(fcc) structure while oxygen ions form a simple cubic structure and occupy in tetrahedral 

voids in cerium’s fcc structure. This crystal structure of ceria is strongly depending on 

defects and it gives the most promising application in several industrial usages as 

mentioned above. So, the investigation on evolution of ceria’s crystal structure has been 

interested since 1995, S. J. Hong (Hong and Virkar, 1995) demonstrated the lattice 

parameter (a) of cubic fluorite structure by using Shannon and Prewitt effective ionic 

radii (Shannon and Prewitt, 1969): 

 𝑎 = N
√P
(𝑟RSTUVW + 𝑟SWUVW) (2.1) 

Where 𝑟RSTUVW  is radii of cations and 𝑟SWUVW	 is anion ionic radii which is oxygen atoms. 

However, the study of unusual lattice evolution of Nb doped CeO2 (Kolodiazhnyi et al., 

2016) gave the modification factor of CeO2 lattice parameter based on the experimental 

results in this study that 𝑎	 = 	5.41075	Å where equation 2.1 gives 𝑎	 = 	5.427	Å. Then 

the equation 2.1 was multiply with factor 0.99699 as: 

 𝑎 = N
√P
(𝑟RSTUVW + 𝑟SWUVW) × 0.99699 (2.2) 

In 2016, lattice evolution of Ta doped CeO2 was reported by T. Charoonsuk 

(Charoonsuk et al., 2017) with the estimation of lattice parameter distortion including 

the effect from oxygen interstitial and the anion Frenkel defect pair. The 𝑟RSTUVW  is 

evaluated from the possible defect compensation of Ta and Ce3+ by using defect electro-
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neutrality. To be noted that the lattice parameter obtained from this approach was more 

accurate when included the possible oxygen interstitial and the intrinsic anion Frenkel 

defect pair term into 𝑟RSTUVW equation. This estimation led to the assumption that the 

extra electrons from donor impurities are not only compensated with Ce3+ but also 

partially contributed to other defect compensation mechanisms. 

One of the most promising academic interest of ceria is that ceria represents as 

a textbook example of studying small polaron formation and transport. Electron 

transport in n-type ceria has been widely accepted that originates from small polaron 

hopping mechanism. However, the conductivity from SP is not similar to the delocalized 

electron travel in crystal structure as in conventional semiconductors. To clarify this 

point, the electrical conductivity in materials originates from the motion of free electron 

above conduction band (delocalized electron) is depicted in figure 2.3a, this mechanism 

cause the thermally activated conductivity due to the temperature dependence of the 

electronic carrier concentration. However, the thermally activated conductivity in n-type 

ceria is a result of the small polaron hopping conductivity. Demonstrating in figure 2.3b, 

the hopping conductivity is performed the incoherent motion since every jump across 

the barrier in localized states require the energy and this is where a thermally 

conductivity arises.  

To establish the theory of electronic transport in ceria, n-type ceria generally has 

been preparing by using reducing method and doping with donor dopants. The reducing 

method, placing a pristine ceria in low PO2 atmosphere where oxygen vacancies defect 

is forming in ceria and yield a non-stoichiometry ceria. The other method is donor 
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Figure 2.3 The mechanism of Band conductivity of Bloch wave electron compared with 

hopping conductivity from motion of hopping carrier in localized (Kang et al., 2018). 

doping, a high purity ceria is substituted with higher valence cations such as Nb5+, Ta5+, 

U5+, W6+, etc. After that the successful extra electrons donating from dopants are 

occupying in a narrow band of an empty Ce 4f electron system. The localization and 

motion of localized electron play a major role in electrical conductivity of n-type ceria.  

The curiosity on the thermally activated conductivity in n-type ceria has been 

discussed since the pioneer work of H. L. Tuller in 1977 on small polaron hopping in 

reduced CeO2 (Tuller and Nowick, 1977). The experiments were carried out on D.C. 

four probe conductivity measurement at high temperature from 200 to 1150 ºC in seal-

off specimen system. The thermally activated conductivity was observed where the 

activation at small doping centration is 0.40 eV and increasing to 0.52 eV at x = 0.25. 

Following by I. K. Naik in 1978 (Naik and Tien, 1978), the polycrystalline of non-

stoichiometric CeO2 was also studied with four probes D.C. conductivity measurement. 

The obtained activation energy was increasing with doping concentration which 

supports the small polaron hopping model. I. K. Naik averred on what had been reported 

a b 
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in the earlier work that the activation energy of 0.20 eV to 0.40 eV in H. L. Tuller work 

was originated from the mistake in environmental problem of seal-off specimen set-up. 

The seal-off specimen set-up may cause the oxidation or reduction during the 

measurement and be directly affecting the conductivity of samples. In 1979, H. L. Tuller 

published another paper on wider range of non-stoichiometric CeO2 (0.00001 < x < 

0.25) to establish the role of oxygen vacancy’s favorable formation in reduced CeO2 

(Tuller and Nowick, 1979). This work provided the defect model for singly and doubly 

oxygen vacancies and quasi-free electron where the doubly oxygen vacancy is dominant 

at small concentration (x > 10-3) and lower than that concentration is the regime of singly 

oxygen vacancy. 

Other significant efforts on study n-type ceria is on donor doped ceria. I. K. Naik 

arrived with the work on penta-valence donor (Nb2O5) doped ceria (Naik and Tien, 

1979). The electrical properties were measurement from 800 to 1329 ºC with controlled 

PO2 ranging from 10-19 to 1 atm. They observed that Nb doped ceria has significantly 

improve in conductivity and this was because the reduction of Ce4+ to Ce3+ (small 

polaron). Following by the study of CeO2-UO2 solid solution by T. G. Stratton in 1987. 

This work presented the hexa-valence (UO2) as donor for preparing n-type ceria 

(Stratton and Tuller, 1987) with the observed thermally activated conductivity studied 

by four probe D.C. technique. The conductivity measurement was evaluated in different 

temperature spots and varied with PO2. A hopping enthalpy of this system was observed 

to be 0.3 eV for all evaluated region. Following by P. V. Ananthapadmanabhan’s work 

on electrical properties of Ta doped CeO2 (Ananthapadmanabhan et al., 1992) where the 

electronic conductivity was reported with 0.2 eV of activation energy. M. R. De Guire  
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Figure 2.4 The obtained impedance spectra of Ce0.85Gd0.15O1.925 with the corresponding 

equivalent circuit show the contribution of bulk gain, grain boundary and effect of 

electrode (Zając and Molenda, 2008). 

also reported the electronic conductivity on donors doped ceria with pentavalent (Nb, 

Ta) and hexavalent (W) (De Guire et al., 1992). These donors doped ceria prepared by 

two synthesis techniques: a standard mix-oxide method was used for Nb- and W-doped 

ceria, and a hydroxide coprecipitated was preparing Ta- and Nb-doped. The samples 

were reported the activation energy in range of 0.32 – 0.40 eV and they gave an 

interpretation that small polaron played a role in conductivity of these donors doped 

system.  

Specifically, the electrical impedance analysis enables high sensitive approach 

to probe the electrical properties as demonstrate in acceptors doped ceria by W. Zajac 

in figure 2.4 (Zając and Molenda, 2008). The impedance spectra showed almost ideally 

semicircle impedance with three regimes: i) the high frequency is representing the bulk 
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grain resistive behavior (Rbulk) ii) the medium frequency is a results of grain boundary 

resistive behavior (Rgb), and iii) the low frequency trail show the interfacial interaction 

between electrode and prepared samples (Rct). In 2012 M. C. Gobel reported electrical 

impedance study of a thin film Nb doped ceria by pulsed laser deposition (PLD) (Göbel 

et al., 2012). This work ascribed that PO2 and microstructure contributed to electrical 

conductivity of thin film Nb doped ceria where the activation energy was found to be 

0.58 – 0.83 eV. The intriguingly idea was proposed by T. Kolodiazhnyi in 2017, the 

work challenges the role of electron localization and transport properties of ceria that 

Holstein SP framework is not sufficient for describing in this case. They proposed that 

other localization mechanism including Anderson localization and Jahn-Teller 

distortion model are needed to be discussed in order to understand charge transport in 

n-type CeO2. Moreover, the large deviation of activation energy in the previous works 

on n-type ceria is contradicting the small polaron hopping theory where 

 

Figure 2.5 The electrical conductivity of Nb and Ta doped CeO2 show the transition 

point in temperature dependent conductivity. The activation energy was derived and 

divided into two parts as high temperature and low temperature activation energy 

(Kolodiazhnyi et al., 2017).  

a b 
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the hopping is the mechanism under phonon-assisted behavior and the activation energy 

should be independent of doping species. In this approach, they depicted that the 

disorder in materials play an important part in both localization and charge transport by 

introducing the defect-induced random electric fields. 

 

2.3 The additional driven force of electron localization in CeO2 

  There are several ideas on the driven force of electron localization in disordered 

materials. Anderson localization model was proposed in 1958, by P. W. Anderson with 

the idea of localization induced by random electric field from impurities (Anderson, 

1958). The random field is initiated by the scattering of electrons and random defects 

and resulting in altered the potential. This scattering changes the eigenmodes of 

delocalized electron from being extended as Bloch wave to be formed a strongly 

localized state. This idea has been widely accepted for its contribution to localized and 

transport of electrons in defective materials.  

Recently, the attempt on combining Anderson localization and polaron state 

simultaneously was presented by F. X. Bronold and H. Fehske by using the analytical 

method (Bronold and Fehske, 2002). Since polaron transport is not well understood 

especially when consider the additional effect of disorder affecting electron localization. 

This approach presented the developing the single-particle Anderson-Holstein 

Hamiltonian with the statistical dynamical mean field approximation (statDMFA). By 

considering the typical polaron tunneling rate, the breakdown of small polaron is 

evaluated and results showed that a few of disorder in materials can immobilized the 

itinerant small polaron by Anderson localization.  
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Figure 2.6 The defect configuration of small polarons and oxygen vacancies are 

represented as (a) (V9•• − 2polaron)0, (b) (V9•• − polaron)+, and (c) V9••  where grey 

spheres are Ce atoms, small red spheres are O atoms, dark circles are oxygen vacancies, 

and small polarons represent yellow spin-up (Sun et al., 2017). 

While it has been unclear about a role of impurities affecting small polaron, L. 

Sun evaluated the formation and migration of small polarons and their interaction with 

effective positive charge defects, oxygen vacancies. Remarkably, fully ionized oxygen 

vacancy has two effective charge and can bind up to two small polarons. His calculation 

based on potential function HSE06 and DFT+U (Sun et al., 2017). In order to assess the 

interaction between small polaron and oxygen vacancy, the defect formation of oxygen 

vacancy in CeO2 and binding energy between oxygen vacancy and small polaron and 

were calculated since oxygen vacancy can form defect complex with small polaron. In 

the calculation, it was first obvious that oxygen vacancy is stable in individual doubly 

charge as V9••. Oxygen vacancy regularly donates two excess electrons to the system 

which form as small polaron and when these electron are adding back to oxygen 

vacancy, this result the defect neutral defect complex (V9•• − 2polaron)0 and positive 

complex as (V9•• − polaron)+. Defect formation with charge distribution of oxygen 
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vacancies and small polaron in bulk CeO2 is portrayed in figure 2.6.  Apart from the 

defect formation, the binding energy (EI) between small polaron and donor impurities 

(oxygen vacancy) was estimated by taken small polaron out of complex of (V9•• −

2polaron )0 one by one. The EI  to remove the first small polaron is found to be 

significantly high as 0.103 eV in HSE06, and 0.113 eV in DFT + U. The second EI to 

remove small polaron from (V9•• − polaron )+ which yield doubly charge oxygen 

vacancy and individual small polaron is 0.137 eV in HSE06 and 0.142 eV in DFT+U. 

This referred that the interaction between oxygen vacancies and small polaron 

contributes to activation energy of hopping electronic conductivity.



  

CHAPTER III  

FUNDAMENTAL OF DEFECT CHEMISTRY AND 

ELECTRICAL CONDUCTIVITY 

 

 During the 19th century, crystalline inorganic compounds are systemically 

arranged in perfect finite pattern where all structural sites are occupied. The idea of 

stoichiometry was presented that inorganic compound composition was determined by 

the valence of the constituent atom. Nevertheless, there was a discussion on that 

inorganic compound probably have variable compositions. The question was clarified 

in 1930’s where Wagner and Schottky evaluated through statistical thermodynamics to 

demonstrate that the crystal structure can deviate from the ideal structure such as the 

lattice sites can be empty meanwhile some alien atom can be located in the interstitial 

space in crystal structure. These imperfects are called “defect” and can be divided to 

four types: point defect, line defect, planar defect, and bulk defect. In this work, all 

defects were treated as point defects and the fundamental of defect chemistry is 

discussing in detail in this chapter in order to give a perspective of equipping defect 

chemistry in semiconductors. 

 

3.1 Point defect 

The deviations from ideal structure is a key parameter from developing materials 

properties since they exist naturally in all crystalline compound at any temperature. 
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Figure 3.1 The illustration of inorganic compound with possible point defect species 

in crystal structure (Tuller and Bishop, 2011). 

Semiconductor materials properties such as optical properties, magnetic properties, and 

charge transfer are profoundly depending on the presence of impurity in crystal 

structure. The crystalline solids contain several types of defects. Thus, in order to study 

and understand an influence of defects in inorganic materials, the systematic study with 

well-developed notation of point defects and related atoms is required. 

Inorganic compound contains different types of defects as illustrated in figure 

3.1. The compound is depicted which M and X stand for cation and anion atom, 

respectively. Typically, the structural defects that are limited to one structural unit and 

its vicinity are termed point defect and they can be divided into three main species: i) an 

absent of atom named vacancy, ii) a presence of atom at void site named interstitial 

defect, and iii) an alien atom substitute at any atomic site called substitutional defect.  

Vacancies (VX or VM) are the absence of atom from its own lattice site. When 

ion is sitting in void of lattice, this is called an interstitial defect (Xi or Mi), noted that 
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the interstitial can be both host and foreign atom. The presence of foreign atoms of 

dopants is directly affecting the concentration of native defects in crystalline compound. 

Mostly valence electron of foreign atom and parent compound are key parameter to 

determine the defect concentration. Defect chemistry characterizes species of foreign 

compound by their charge associated to the parent compound where dopant that has 

equal principal valence electron to host site is termed as “homovalent” while foreign 

element with unequal valence is defined “aliovalent” or “heterovalent”. The aliovalent 

impurities can be dissolved into host structure and their deviated of valence electron 

have made them easier to contribute electronic carrier to the host compound. Aliovalent 

elements are characterized as donors and acceptors whether they donate or accept extra 

electrons to host. The dopants with lower valence electron substituting on host atom will 

be named as “Acceptor” (AM) while the dopants with higher valence electron is called 

“Donor” (DM). In addition to structural defects, crystalline compound contains other 

defects called electronic defect which is electrons and electron holes. The origin of 

electronic defect can be from intrinsic excitation of valence electron or results associated 

with the presence of point defect. The concentration and type of point defect and 

electronic defect is mostly depending on environmental temperature and oxygen partial 

pressure.  

The most widely accepted model to described defect is “Kröger-Vink notation”. 

This system described defect in term of structural elements and to be more 

understandable, defect notations are writing by utilizing perfect crystal as the reference 

state and considering charge relative to this perfect crystal. This relative charge is termed 

“effective charge”. “Kröger-Vink notation” is described as a elemental symbol where 

the main symbol is indicated the impurity species, effective charge, and reference atomic 
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site. The main symbol comprises of a major letter with subscript and superscript 

(Xabcadefgh
abg%eadefgh). The main letter denotes a vacancy or an atom while superscript stands for 

located site of defect. The superscript is the effective charge of defect compared to its 

reference site and this superscript are denoted as “•” (positive charge), “/” (negative 

charges), and × (neutral).  To be clearer on effective charge of defect, this notation is 

ascribed as the difference of defect’s charge and the host’s charge of atom at reference 

site. For examples, Ta$%•  means that Ta5+ ions substitute on Ce4+ site and effective 

charge is 1+. The reason that effective charge is defined as symbol is to disentangle the 

actual charge of atom from defect relative charge. 

The modification of semiconductor generally involves the population of 

electronic defect or charge carriers. Most of semiconductors contains intrinsically 

defects. In order to conserve overall electrical charge neutrality and thermodynamic 

equilibrium of crystal structure, when charged defects are formed, there will always be 

a complimentarily opposite charged defect, coincidentally. These defects normally form 

as defect pairs. Two defect pairs that are important in metal oxide are Schottky pair and 

Frenkel pair. The Schottky pair is a pair of opposite charge vacancies as (Vi
// − Vk••). 

This pair are likely to form at outer and inner surface and diffuse into compound 

structure until compound meet equilibrium. Frenkel pair is a pair of metal vacancies and 

metal interstitials as (Vi
// − MU

•• )  which likely to happen directly inside materials 

structure. These defect pair can be from simultaneously, but one specie is normally 

dominating. The difference is what Schottky are preferring materials that cation and 

anion are comparable in size but Frenkel pair favored compound that cation and anion 

size are significantly different. 



 
 

23 
 

3.2 Shallow impurity 

 One of the most important process in semiconductor is the doping which allow 

us to gently control the concentration of dopant for controlling semiconductor 

properties. Shallow level impurity generally refers to the substitutional defect such 

donor and acceptor whose energy level is determined by the long-range Coulomb part 

of the ion-core potential and the extended wave function is in an order of Bohr radius. 

These doping species can position within the band gap of interested semiconductor.  

 The acceptor is a substitutional defect whose valent electron is lower than the 

host site. This impurity will accept an electron and leave the missing electron (hole) in 

valence band i.e. the case of Arsenic (III-group) doped Si where As has one valence 

electron lower than Si atom. In order to from tetrahedral bond within Si, As atom need 

one more electron and this electron is then borrowed from electron gas by creating a 

hole carrier. When a hole is ionized to conduction band, the As is leaving with one 

negative charge as shown in figure 3.2. 

 

Figure 3.2 The demonstration of acceptor impurities shows Boron as acceptor and 

Silicon is host lattice (Grundmann, 2015).  
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 The donor impurities are typically the substitutional defects with higher valent 

electron then after form bonding within their lattice site, they will contain extra electron. 

These extra electrons will likely be donated to crystal structure. For example, we will 

discuss the As doped Si as depicted in figure 3.3 when As has 5 valent electron when 

As successfully substituted Si site, the tetrahedral bond is formed and As has remained 

one extra electron. When an extra electron of As is ionized, the a positive charge will 

remained at As. In electronic level, donor energy level normally found located at the 

upper position of band gap near the conduction band and this impurity donate electron 

to the conduction band. 

 The crystal structure generally needs to maintain their electro-neutrality. In case 

of materials with defect presence, the neutrality is managed through compensation 

mechanism. When donors and acceptors are coincidentally existed, the recombination 

between electrons from donors and holes from acceptor will perform. This can 

determine the types of semiconductor due to the quantity of electron (n-type) and hole 

(p-type). The charge-neutrality is considered charge from all situation both intrinsic and 

extrinsic. The most general charge-neutrality is defined as: 

 −𝑛 + 𝑝 + 𝑁p − 𝑁q = 0 (3.1) 

Where n and p are number of electron (n-type) and hole (p-type) in semiconductor, ND 

and NA is quantity of electron and hole from donor and acceptor, respectively. 
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Figure 3.3 This illustration is Arsenic as donor impurity in Silicon semiconductor 

(Grundmann, 2015). 

 

3.3 Electrical conductivity  

 The electrical conductivity is used to describe the electrical character of 

materials that indicates how easy which materials can conduct an electrical current. 

Specifically, electrical conductivity arises from the motion of mobile charge carriers 

under the influence of electric field. Ohm’s law illustrates the basic concept of the 

relation of electrical current flowing through materials: 

 𝑉 = 𝐼𝑅 (3.2) 

where 𝑉  is the applied voltage and 𝑅  is the resistant of materials which current is 

passing. The resistant is materials geometry dependence parameter that can be expressed 

in term of resistivity (𝜌) by: 

 𝜌 = 𝐴
𝑙x ∙ 𝑅 (3.3) 
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where 𝐴 is cross sectional area perpendicular to the direction of current and 𝑙 is the 

length of materials where the voltage is measured. Then, electrical conductivity (𝜎) is 

simply the reciprocal of resistivity: 

 𝜎 = 1 𝜌x  (3.4) 

The origin of electrical conductivity in materials is the motion of free electron 

due to a presence of electrical field and the value of conductivity depends on a number 

of electrons that available to move. This number of electrons directly relates to nature 

of materials, electronic structure, the arrangement of electronic states respected to 

energy levels. Electrical conductivity is important materials’ properties since materials  

 

Figure 3.4 The conductivity process in semiconductor and insulator where (a) at T = 0 

K, valence band and conduction band are separated by band gap and (b) the electron is 

excited from top of valence band across band gap to the conduction band resulting in 

free electron (Callister, 2007). 

a b 
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classification is relied on how capable materials can conduct the electrical current.  

Metals are known as a good conductor because of the abundant number of free electrons 

in their structure. In contrast to metal, insulating materials exhibit the ultimately low 

conductivity because the small concentration of available mobile carriers. 

Semiconductors are positioned between metals and insulators where the origin of charge 

carriers in semiconductors come from motion of intrinsic and extrinsic charge carriers.  

Principally, the semiconductor transport can be pictured by considering energy 

position of valence band (occupied states), conduction band (empty states), and the 

distant between these two bands (band gap). The pictorial process of conductivity in 

semiconductor is depicted in figure 3.4 At T = 0 K, figure 3.4a demonstrated the position 

of the valence band, conduction band and band gap of materials. In order to free electron 

from occupied states, an occupied electron at top of valance band needs to  

 

Figure 3.5 The conductivity process of n-type semiconductor arises from impurities 

state termed donor states where (a) this state positions at below the conduction band and 

(b) capable of donating electron to conduction band (Callister, 2007). 

a b 
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be activated with amount of energy to promote electron across band gap which can be 

up to several electron volts. When electron is excited with the proper energy, mobile 

electron is liberated from localized states as shown in figure 3.5b. The mentioned energy 

normally comes from an external source such as thermal energy. The possibility that 

electron can be free is depending on the width of band gap while the wider means the 

higher energy is needed. Increasing temperature is resulting in increasing thermal 

energy for activated electron to conduction band which raises a number of electron and 

yields higher conductivity. 

Under the electrical filed, the mobiles are accelerated and influenced of 

periodicity of crystal lattice. In this circumstance, mobile electrons extend in motion of 

Bloch oscillation as shown in figure 3.7 and should be accelerated as long as electric 

field is applied. The continuity of carriers’ movement is interrupted by the scattering 

events with imperfect in crystal structure, dislocation, and thermally vibration of atoms. 

This process lessens electron kinetic energy and alters the direction of electron. The net 

motion of mobile charge against electric field direction is term “current”. This scattering 

process is responsible for the resistivity in materials and the extent of scattering event is 

described by “mobility” of electron:  

 𝜎 = 𝑛|𝑒|𝜇~ (3.5) 

where |𝑒| is magnitude of electron electrical charge, 𝑛 is electron concentration and 𝜇~ 

is electron mobility. Electrical properties of semiconductor are controlled by the 

concentration and types of charge carrier. The extrinsic semiconductor is semiconductor 

that electrical conductivity normally is determined by the presence of impurities. The 

conductivity in extrinsic semiconductor is defined as: 
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 𝜎 = 𝑛|𝑒|𝜇~ + 𝑝|𝑒|𝜇J (3.6) 

where 𝑝 are concentration of holes, and 𝜇J are mobility of electrons holes, respectively. 

In case of n-type semiconductor, the non-bonding electron which is usually from donor 

impurity is bound by weakly electrostatic interaction within the forbidden band gap 

below the conduction band. In this case the activation energy refers to the energy 

required to excite electron from impurity states to conduction band. Since this impurity 

states donate an electron to conduction band, the state is named “donor state”. In order 

to excite a number of electrons from donor states, only thermal energy at room 

temperature is sufficient then the major carriers from this type of semiconductor are 

extrinsic electrons (𝑛 >> 𝑝). Then equation 3.5 can be reduced as: 

 𝜎 = 𝑛|𝑒|𝜇~ (3.7) 

 

Figure 3.6 The conductivity process of n-type semiconductor arises from impurity 

states termed as acceptor states where (a) this state positions at above valence band and 

(b) capable of accepting an electron from valence band and leaving electron holes 

(Callister, 2007).  

a b 



 
 

30 
 

On the other hand, p-type semiconductor is extrinsic semiconductor that hole is 

major carriers. Mostly p-type semiconductors are prepared using acceptor impurities. In 

band model view, acceptors introduce an energy states within the forbidden gap at nearly 

top of valence band. By introducing amount of thermal energy, electron at top of valence 

band jumps to localized at impurities states. This creates the deficiency of electron or 

holes within valence band. This impurity state is called acceptor states since it capable 

of accepting electron and leaving hole in valence band. In p-type semiconductor electron 

holes are the majority electronic defect species (𝑝 >> 𝑛), then equation 3.5 can be 

written as: 

 𝜎 = 𝑝|𝑒|𝜇J (3.8) 

Apart from delocalized electron wanders through crystal structure, there is other 

movement that also contribute to charge transport in semiconductor which is a hopping 

motion. When coherent motion of delocalized electron is interrupted by the presence of 

strong localized states or impurities, electrons are losing their coherent properties and 

their motion turn into incoherent. The incoherent transport is the discrete movement that 

requires amount of energy to perform the motion. Fundamentally, hopping conductivity 

is driven by electron-phonon interaction in transition of electronic carriers between the 

localized states. Hopping conductivity can be divided into two regimes: i) an impurity 

conduction where carrier is hopping between the shallow impurity states at low 

temperature and ii) carriers hop between cation site at high temperature. This kind of 

motion is manifested as a reason for conductivity rising in wide band gap 

semiconductor. 
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Figure 3.7 The graph represents electron wave function of a Bloch oscillation 

(Grundmann, 2015). 



  

CHAPTER IV  

RESEARCH METHODOLOGY 

 

4.1 Ceramic sample preparation by solid state reaction 

Our study consisted of 2 different dopants (M = Tantalum (Ta) and Tungsten 

(W)). The Ce1-xMxO2 (M = Ta and W) with x = 0.0005-0.004 were prepared by using 

CeO2 (99.99% purity, Tokai-Chemy, Japan) as source of CeO2 while the dopants were 

derived from Ta2O5 (99.99% of CERAC Inc, USA) and WO3 (99.99% purity, High 

Purity Chemical, Japan), respectively. The precursors were mixed with ethanol and 

glided in Y-stabilized mortar and pestle until ethanol totally evaporated for several 

times. Then, the dried powder was compacted into 20 mm diameter pucks. 

After that the pellets were heat-treated at 1300 ˚C for 10 h in air. Afterward, the 

pucks were crushed into powder, glided in ethanol, and drying them overnight. The 

small amount of 5% polyvinyl alcohol (PVA) binder was added to the dried powder 

before pressing them under 20 MPa in the WC (Fujiloy, Japan). The pellets were stacked 

on top of each other, placed in pure CeO2, and covered by inverted alumina crucible 

then sintered in air at 1650 ̊ C for 20 h in Ta samples and 1600 ̊ C for 10 h in W samples, 

then fast-cooled the furnace to room temperature. Then, the sintered samples were 

obtained.  
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Figure 4.1 The flow chart shows synthesis procedure of ceramics n-type donors doped 

CeO2. 

 

4.2 Characterization 

4.2.1 X-ray diffractometer (XRD) 

The XRD is the most famous characterization techniques in materials field based 

on the diffraction of x-ray light through solid materials’ crystal structure. When the 

beam of parallel, monochromic, coherent x-ray is penetrating materials and incident on 

the planes of atoms that separated by interplanar space (𝑑J��), the resulting diffracted 

beam is occurring at specific angle (𝜃) of beam and plane. By collecting the intensity 

and position of those diffracted beam, the crystal structure of materials is revealed. 

Moreover, XRD also can identified the characteristic diffraction profiles, lattice 

  

The precursors are mixing 
with ethanol and glided in 
Y-stabilized mortar and 
pestle until ethanol totally 
evaporated. 

 

First heat-treated at 1300 ˚C 
for 10 h in air (Calcination 
process) 

The obtained pallets are 
crashed into powder 
following by the gliding in 
ethanol. Then, let the 
powder dry overnight. 

 

Dried overnight at 
room temperature  

The dried powders are 
mixed with PVA and then 
pressed by under 20 MPa. 

 

Second heat-treated 
(Sintered process) 

Ta doped CeO2 is heating at 
1650 ˚C for 20 h in air 

 

W doped CeO2 is heating at 
1600 ˚C for 10 h in air 
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parameter, and geometry of materials. The x-ray diffraction is determined by Bragg’s 

law: 

 2𝑑J��𝑠𝑖𝑛𝜃 = 𝑛𝜆 (4.1) 

where 𝑑J��  is the space between diffraction plane, 𝜃  is the incident angle, 𝜆  is 

wavelength of the light source. As shown in figure 4.2b, the diffractometer is 

functioning to find angle of which diffraction occur where T is light source for x-ray, S 

is interested specimen, O is rotation axis and C is detector. While the specimen and 

beam are rotating at 𝜃, the detector is moving at 2𝜃 to maintain the equal of incident 

and reflection angles. 

In this work, we used the commercial diffractometer Rigaku Mini-Flex600 

diffractometer with Cu Kα x-ray source. A crystallographic program, JANA2006, was 

employed to perform analysis on the diffraction profile and Rietveld analysis of 

prepared samples. 

 

Figure 4.2 The figure shows a schematic of x-ray diffraction (a) and diffractometer (b) 

(Callister, 2007). 

a b 
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4.2.2 Superconducting quantum interference device (SQUID). 

 SQUID is known as the highly sensitive magnetic flux-to-voltage transducer 

operated under the superconducting theory with highly sensitivity that is enough to 

probe even the biological samples. The superconductivity is a core mechanism of 

SQUID system and DC SQUID is comprising of two parallel Josephson junctions in a 

superconducting loop. The property of superconductivity is that when the system is 

cooled down below a critical temperature, superconductor will generate dc voltage with 

zero resistance. The maximum current at zero resistant is called the critical current. The 

mechanism under the measurement employed a quantization of flux through the 

superconducting loop. The enclosed superconducting loop will contain certain amount 

of magnetic flux as integer unit of flux quantized which is: 

 Φ� = 2.07 × 10��� Wb (4.2) 

 The flux through the loop is held as constant by superconducting current. Thus, 

the variation of flux applied to superconducting loop will trigger the current flow to 

resist the change and cause a phase difference across the junction. The phase difference 

then gives increasing of measurable voltage across the loop. This causes by the 

Josephson equation (Jenks et al., 1997): 

 I = I�sin	(θ� − θ�) (4.3) 

The magnetic properties are measured from the alteration of magnetic flux as a 

function of responded current in superconducting loops. Our measurement is carried out 

by the commercial instrument, the magnetic property measurement system (MPMS, 

Quantum design), equipped with SQUID at operated temperature range from 2 to 350 

K with external magnetic field of 5000 Oe.  
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Figure 4.3 The represent of SQUID system where (a) the Josephson junction and DC 

SQUID contained two Josephson junctions (adapted from Jenks et al., 1997) and (b) the 

experimental measurement system of MPMS equipped with SQUID (Quantum design). 

4.2.3 The electrical impedance spectroscopy 

 The electrical impedance spectroscopy is one of the most powerful in studying 

physical properties. In the measurement, the alternate voltage v(t) = V sin (ωt) is applied 

to the system as the stimulus, then the resulted current will be measure as i(t) = I sin (ωt 

+ θ). The impedance will be calculated: 

 𝑍 = |𝑉|
|𝐼|x ∙ 𝑒�(�����) (4.4) 

Where Z is complex impedance, |𝑉| is voltage amplitude, 𝜃� is phase of voltage, 

|𝐼|  is resulted current amplitude, and 𝜃D  is phase of current. The obtained complex 

impedance is separated into real part (Re|Z|) and imaginary part (Im|Z|) from the 

relations: 

superconductor superconductor 

Josephson junction 

DC SQUID schematic 

Insulator layer 

V 

I 

I 

V 

Josephson

 

Josephson
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 Re[Z] = |Z|cos(θ) (4.5) 

 Im[Z] = |Z|sin(θ) (4.6) 

The result of electric impedance spectroscopy normally plotted in the complex 

plane of -Im|Z| as y-axis and Re|Z| as x-axis. As show in fiuger 4.x, the semicircle is 

found as the result of phase different where θ = 0 mean the pure resistive behavior. The 

interception at x-axis yields the resistant (R). Then the expected parameter σ 

(conductivity) was estimated from equation 3.4. 

 Our set-up is using the alpha impedance analyzer (Novocontrol Technologies) 

together with the Physical Property Measurement System (PPMS). The Ag paint was 

deposited into two side of sample pellet surface as the conductive electrode. The Z 

complex was measured from 1 Hz to 1 MHZ frequency range with temperature range 

of 2 to 350 K. 

 

Figure 4.4 The schematic measurement of Alpha-A impedance analyzer (Friedrich 

Kremer, 1999).  



  

CHAPTER V  

RESULTS AND DISCUSSION 

 

 This chapter is demonstrating the evidences that donor impurities play a role in 

lattice distortion and respond for the thermally activated conductivity in n-type CeO2. 

The chapter is divided into three separated parts. The first section is experimental result 

aiming to explain the microstructure and defect chemistry of donors doped CeO2. This 

section provides the view of electronic of donors doped ceria and the effect from 

presence impurities. Second section focuses on the investigation of electron transport 

properties by using electrical impedance spectroscopy. In this part the experimental 

activation energy is evaluated through linear fitting from temperature dependent 

conductivity. The first two sectors present the approach and assumption of experimental 

results. The last section is discussion section where all the experimental result is 

analyzed combined with the supportive first principle calculation from our recently 

published paper (T. Kolodiazhnyi, 2019). The discussion is analyzing of the favorable 

defect structure in each sample and the effect of impurities on small polaron hopping 

conductivity of donors doped ceria where the impurities induced potential well play a 

role in localization of small polaron.  

 

5.1  Microstructure and defect chemistry of donors doped CeO2 

5.1.1 Phase purities and lattice parameter refinement 

Electronic structure of donors doped CeO2 was first investigated for checking  
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the samples’ purity and the effect of impurities to crystal structure. Unfortunately, we 

observed the severe evaporation of tungsten samples in heat-treatment procedure. To be 

accurate on doping concentration for W samples, the Inductive Coupling Plasma optical 

emission spectrometer (ICP-OES) was used to quantify the accurate concentration of W 

ions in Ce1−xWxO2 samples. The concentration of W in ceria was quantified by ICP-

OES (Hitachi ICP-OES PS3520 UV-DD, Japan). Then, in the following discussion, the 

doping concentration of W doped ceria will be concentration obtained from ICP. The 

powder XRD together with Rietveld refinement was performed to clarify the phase 

purity and lattice parameter evolution. To be noted that the XRD samples were prepared 

with an internal standard, LaB6, for a better resolution in lattice parameter refinement. 

The XRD spectra clearly confirm the purity of our ceramic samples with no observable 

of secondary phase as shown in figure 5.1. The spectra are plotted as red cross (+) 

symbol indicated the main peak of ceria and green vertical bars (|) indexes the major 

peak position of LaB6.  

To study the effect of donor impurities on lattice distortion, Rietveld refinement 

was employed to calculate lattice parameter (a) from XRD results by using Jana 2006 

software. Figure 5.2 shows the quality of experimental data and fitting results where 

experimental data and fitting results are plotted as + symbols and solid line, respectively. 

The solid line at bottom of figure 5.2 shows the difference between the fit and 

experimental data while the insertion of figure 5.2 is high diffraction peak indicates the 

slightly distortion of lattice parameter in each sample. The obtained lattice parameters 

from Rietveld refinement indicates the evolution of lattice parameter where Ta doped 

ceria show the contraction trend and W doped ceria’s lattice parament is expanding as 

a function of doping concentration. This question is strongly depending on a presence  
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Figure 5.1 The XRD spectra of Ta and W doped CeO2 compared with main peaks of 

pure CeO2 and internal standard LaB6. 
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Figure 5.2 The fitting of Rietveld refinement with (insert) shifting of peak at high angle 

diffraction of each compositions. 
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of impurities in each sample. To understand the distortion of lattice parameter of donors 

doped ceria, we employed the defect chemistry as a tool to model the distortion by 

considering a defect compensation mechanism under defective environment.  

 First, an electro-neutrality condition for point defect in Ta doped CeO2 is 

described as: 

 [Ta$%∘ ] + [V9∘] + 2[V9∘∘] 	= 	 [Of&] + 2[Of&&] + 4[V$%&&	&&] + 3[V$%&&	&] + 2[V$%&& ] + [V$%& ] +

[Ce$%& ]  (5.1) 

The electro-neutrality condition for W doped ceria is: 

 [W$%
• ] + 2[W$%

•• ] + [V9• ] + 2[V9••] 	= 	 [Of&] + 2[Of&&] + 4[V$%&&	&&] + 3[V$%&&	&] + 2[V$%&& ] +

[V$%& ] + [Ce$%& ]  (5.2) 

The electro-neutrality shows all possible defect species in interested compound 

but in heat treatment, our synthesis system was performed at air ambient (PO2 = 0.02 

atm) where oxygen condition is in sufficient condition then defects related to oxygen 

deficiency condition can be eliminate. In this treatment, we presumed that donor 

impurities considered as dominant species and the substitution of donor impurities cause 

a major distortion to Ta and W doped ceria. Hence, the lattice parameter modelling is 

initially considering the simplest criteria of compensation mechanism in Ta and W 

doped ceria involving individually between donor defects and electronic defect. The 

hypothesis is an electron from Ta$%•  defect is compensated by one Ce4+ forming Ce$%&  

while two electrons from W$%
••  defect are forming two Ce$%&  as listed below: 

 [Ta$%• ] = [Ce$%& ] (5.3) 

 [W$%
•• ] = 2[Ce$%& ] (5.4) 
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This treatment obeyed the Shannon and Prewitt ionic radii when an ideal lattice 

parameter of fluorite structure is: 

 𝑎 = N
√P
(𝑟RSTUVW + 𝑟SWUVW) × 	0.99699 (5.5) 

From equation 5.3, 𝑟SWUVW for Ta doped ceria is: 

 𝑟SWUVW = 𝑥𝑟CS�� + 𝑥𝑟�~�� + (1 − 2𝑥)𝑟�~��  (5.6) 

From equation 5.4, 𝑟SWUVW for W doped ceria is: 

 𝑟SWUVW = 𝑥𝑟� � + 2𝑥𝑟�~�� + (1 − 3𝑥)𝑟�~�� (5.7) 

where 𝑟SWUVW = 𝑟¡¢£ = 1. 380	Å ,  𝑟CS�� = 0.74	Å , 𝑟�~�� = 1.14	Å , 𝑟�~�� = 0.97	Å , 

and 𝑥 is doping concentration. All mentioned cations have coordination number (CN)  

 

Figure 5.3 The lattice estimation from defect equation compared with results from 

Rietveld refinement. 
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of 8; however, the Shannon and Prewitt ionic radii has no data for  𝑟� � having 8 CN. 

We then did the linear fitting for radii and the result is 𝑟� � = 0.78	Å. All fitting results 

from equation 5.6 and 5.7 were plotted against data from Rietveld data as a function of 

dopant in figure 5.3. The Rietveld lattice parameter of Ta doped ceria shows distraction 

trend and W doped ceria lattice parameter is enlarging as a function of doping 

concentration. 

5.1.2 Magnetochemistry treatment 

The magnetic properties of donors doped ceria were measured by MPMS system 

equipped with SUIDs to observe the response of magnetic properties under an influence 

of external magnetic field. Then, the magnetic susceptibility (𝜒) is calculated from the 

relation of magnetization (𝑀) and external filed (𝐻): 

 𝜒 = 𝑀
𝐻x  (5.8) 

The inverse magnetic susceptibility as a function of temperature of Ta and W 

doped ceria is showed in figure 5.4. Remarkably, magnetic susceptibility showed 

paramagnetism behavior and at low temperature 𝜒 showed dramatically increase, Curie-

like tail. The Curie-like tail is resulting from the donor species inducing unpair electrons 

(4f1) in form of Ce3+ ions followed equation 5.3 and 5.4. This clarified that magnetic 

properties of CeO2 is depending on concentration of Ce3+. To quantify the concentration 

of Ce3+, we equipped the Magnetochemistry. This method was introduced by T. 

Kolodiazhnyi (Kolodiazhnyi et al., 2016) in his work on pure and Nb doped ceria. The 

origin of paramagnetism in n-type ceria arises from i) the origin of partially covalence 

nature of ceria, ii) van Vleck paramagnetism. While the concentration of Ce3+ induced 

by donor dopants plays an important role in drastically decreasing of susceptibility at 



 
 

45 
 

low temperature. Thus, the fitting of magnetic susceptibility can gain the quantity of 

Ce3+. This approach quantified concentration of Ce3+ by consider the free-ion form Ce3+ 

has 6-fold degenerate ground state separated from first excited multiplet by 0.28 eV 

(Herrmann et al., 1966). The model of magnetic susceptibility, that the first and second 

order of Zeeman terms are included by the perturbation method in which a weak 

magnetic field from thermal energy is applied along z-axis, is introduced by the van 

Vleck fomula: 

 𝜒�§K =
¨©ª«
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where 𝑁q is an Avogadro’s number,	𝑔Æ is a Landau g-factor, 𝜇Ç is a Bohr magneton, 

|𝜓W,�¹ is n-th state relative to the wave function k, 𝐸W is energy of n-th state, 𝜔W is the 

multicity and Z is a partition function given by: 

 𝑍 = ∑ 𝜔WW 𝑒�
½»
¾¿

	 (5.10) 

In order to solve the susceptibility of van Vleck paramagnetism, the crystal 

electric filed (CEF) treatment was utilized. In the treatment, the symmetry of free-ion 

form Ce3+which has 6-fold degenerate ground states (J = 5/2) will split into 4-fold 

degenerate states (Γ@) and 2-fold degenerate excited states (ΓA) by crystal electric filed. 

As the Ce3+ ion is in a cubic fluorite crystal the Γ@  will be ground state. The wave 

function and energy of each states were solved using Hamiltonian from Stevens operator 

equivalents: 

 𝐻$ÉÊ = ∑ ∑ 𝐵¡Ì𝑂¨ÌW
W¼�

Î
W¼�  (5.11) 
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where 𝑂¨Ì  are the Stevens operators and 𝐵¡Ì  are the CEF parameters. The calculated 

wave function of Ce3+ in cubic symmetry from Steven operator was substituted into 

equation 5.9. The results of magnetic susceptibility contributed from Ce3+ is equal to 

 𝜒$ÉÊ =
¨©ª«
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£ Ð
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where	𝑐 is Ce3+ concentration, 𝛥 is energy gap between Γ@ and ΓA magnetic multiplets, 

𝐾Ç  is a Boltzmann constant, and 𝑇  is the absolute temperature. Consequently, the 

obtained temperature dependent magnetic susceptibility is given by: 

 𝜒CVTS� = (𝜒CDE + 𝜒$ÉÊ) − 𝜆 (5.13) 

where 𝜒CVTS�  is total magnetic susceptibility, 𝜒CDE  is temperature-independent 

paramagnetism susceptibility, 𝜒$ÉÊ is a crystal field effect magnetic susceptibility and 

𝜆 is molecular field constant. 

 Figure 5.5 shows calculated parameters obtained through magnetochemistry 

method. Figure 5.5a show the Ce3+ content where in W doped samples, the ratio between 

Ce3+ ions and W6+ ions seem to better agree with 1:1 ratio rather than 2:1 as it was 

expected from the lattice parameter prediction. Moreover, the ratio in Ta5+ ions to Ce3+ 

ions is also lower than expected ratio (1:1). Thus, the results imply that not all excess 

electrons from donor impurities are charge compensated by Ce3+. Figure 5.5b, the 

crystal field splitting energy show an almost independence of doping concentration 

because the interaction between donor ions and Ce3+ is considerably weak in both Ta 

and W doped ceria. Figure 5.5c, the temperature-independent paramagnetism constant 

(TIP) is observed in all samples this can be the reason of partially covalent nature in  
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Figure 5.4 The inverse temperature dependent magnetic susceptibility of Ta and W 

doped CeO2. 
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samples chemical bonding of ceria. In figure 5.5d, molecular field constant indicated 

the nature of the exchange interaction of Antiferromagnetism materials. 

 

Figure 5.5 The fitting parameter obtained from magnetochemistry method where red 

rectangular (■) and green circle (●) symbol indicate Ta and W doped CeO2, 

respectively. Each row indicates different fitting parameter where row a is concentration 

of Ce3+ (c), row b is crystal field splitting energy between Γ@ and ΓA, row (c) is the 

susceptibility of temperature-independent paramagnetism constant (𝜒CDE) and row d is 

molecular field constant (𝜆). The solid lines at row an index compensation ratio of 

Ce3+:Donors where red line is ratio 2:1 and blue line is ratio 1:1. 
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Figure 5.6 The selected impedance spectra of W doped CeO2 at 200 K demonstrated 

the semicircle behavior of bulk grain resistance and low frequency effects of electrode 

interface effect. 

 

5.2 Electron transport properties 

Impedance analysis were performed to obtain electrical temperature dependence 

of conductivity of samples. The obtained impedance spectra were showed in figure 5.6. 

By consider semicircle behavior of bulk gain resistance of samples, we them selected 

the point on x-axis (Re[Z]) of characteristic arc corresponding to bulk gain resistance. 

At this point, the impedance was simply assumed that samples exhibited  

pure resistive behavior (the phase different is zero). Then, the selected Re[Z] was 

converted into electrical conductivity (ρ). 
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The obtained electrical conductivity showed in figure 5.7a presented the 

temperature dependence with simple Arrhenius-type behavior as shown below: 

 𝜎 = 𝜎�𝑒
Ü�§Ý °Cx Þ, (5.14) 

where σ is electrical conductivity, σ0 is conductivity constant, and 𝐸H is conductivity 

activation energy. This activated process occurs through the transport in ceria may 

originate from two different mechanism: i) small polaron hopping conductivity and ii) 

the bound small polaron due to interaction of donor impurities. So, the activation energy 

is defined as: 

 𝐸H = 𝐸J + 𝐸I, (5.15) 

Where 𝐸J  is small polaron hopping conductivity and 𝐸I  is binding energy of small 

polaron and donor impurities caused bound small polaron (BSP). As illustrated by T. 

Kolodiazhnyi (Kolodiazhnyi et al., 2019), the bound small polaron (BSP) is the small 

polaron state that confine with the impurities state due to the Coulomb interaction. Thus, 

the energy requires to escape from this potential well is higher than expect from SP 

individually. 

To find the total activation energy of donors doped ceria, the conductivity from 

equation 5.15 is modified into:  

 𝑙𝑛𝜎 = −𝐸H(
�
°C
) + 𝑙𝑛𝜎� (5.16) 

The conductivity activation energy can be obtained by performing linear fitting 

of temperature dependent conductivity. The activation energy of each donor species  

 



 
 

51 
 

 

 
Figure 5.7 The temperature dependent conductivity of Ta and W doped CeO2 with 

obtained activation energy from equation 5.11(a). The activation energy of Ta doped 

ceria show two distinct activated process in high and low temperature regime (b). 

a 

b 
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are showed in the label in figure 5.7a where the activation energy at each substitutional 

concentration insignificant difference. To clarify the different of 𝐸H, all observed 𝐸H are 

plotted together in figure 5.7b including some of preliminary work done by Dr. Taras 

Kolodiazhnyi. It is remarkably clear that the conductivity of Ta doped ceria showed two 

slopes with the transition energy near ~ 150 ± 10 K. This indicates that in this observed 

temperature Ta doped ceria has two different processes that contribute to charge 

transport. The 𝐸H in Ta doped ceria are denoted as 𝐸ßC  and 𝐸àC for activation energy in 

high temperature and low temperature, respectively. The high temperature activation 

energy (𝐸ßC) is 0.177 eV and low temperature regime (𝐸àC) is 0.113 eV. Surprisingly, 

in W doped ceria the activation energy is 0.298 eV which is almost two time higher than 

EHT of Ta doped samples. 

 

5.3  Discussion  

All the major diffraction peaks observed in XRD spectra were well fitted with 

ICSD database no. 182988 for pristine CeO2. The lattice distortion obtained from 

Rietveld refinement obtained from XRD data shows the evolution of unit cell where Ta 

doped ceria is contracting as increasing the doping concentration and W doped ceria is 

expanding against doping concentration. Our lattice parameter model derived from 

defect compensation has similar trend with results obtained from the refinement. 

According to equation 5.6, Ta ions are dominant species in the system, and these yield 

the distraction in Ta doped ceria samples. Conversely, the W doped ceria is expanding 

because Ce3+ ions induced by W6+ ions are dominant, and the ionic radius is bigger than 

surrounding atoms. The deviation showing in figure 5.3 is because the concentration of 
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Ce3+ is partially compensated with other relatively positive defect such as oxygen 

vacancies which is supported by the lattice evolution treatment (Charoonsuk et al., 

2017) and the appearance of oxygen interstitial observed from nuclear magnetic 

resonance (NMR) (Heinzmann et al., 2016). 

The hypothesis that Ce3+ is only partially compensated with donor impurities is 

also supporting by the result from magnetochemistry as depicted in figure 5.5a. The 

fitting lines of ratio between the concentration of donor and Ce3+ are showed. These 

lines aim to indicate the ratio of compensation where one Ta5+ ion is expected to 

compensate with one Ce3+ ion and one W6+ ion compensates with two Ce3+ ions. 

However, both Ce3+ concentration is low than the expected line. This may interpret that 

certain amount of Ce3+ is compensated with other defects as stated above. 

 In conductivity analysis, the donors doped ceria both obey the simple Arrhenius-

type behavior of temperature dependent conductivity where the obtained activation 

energy is showed in figure 5.7b. In Ta doped ceria, the conductivity shows two separated 

mechanism with the transition temperature around 150 ± 10 K. This may come from the 

different types of hopping conductivity rising in two temperature regimes. As mentioned 

in the earlier section, the small polaron and impurity conduction are dominate differently 

because the different in required hopping energy relates to EP interaction. In small 

polaron, the interaction between electron and phonon is stronger than the EP interaction 

in impurity conduction. This mean small polaron requires much higher energy to excite 

from localized states than impurity conduction. So, at high temperature conductivity of 

Ta doped ceria is considered as small polaron hopping and at low temperature regime, 

impurity conduction is dominant. To be comparative of 𝐸H, we will limit the discussion 
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to activation energy of Ta doped ceria only at high temperature regime (𝐸ßC). Next point 

to discuss is the different in 𝐸H between Ta and W doped ceria. What contradicting the 

SP is that the high activation energy of W doped ceria which is almost two time higher 

than 𝐸ßC of Ta doped samples. The discussion on additional driven forces for electron 

localization in n-type ceria is needed to be discussed since the hopping of small polaron 

are the phonon-assisted mechanism and this should be independent of dopant species. 

The reason responds for that deviation is that driven forces of localized electron are 

more than single process of small polaron. The idea of impurities induced potential well 

is considered as illustrated in figure 5.8, this idea was proposed by T. Kolodiazhnyi et 

al., 2019. The top row of figure 5.8 shows incoherent transport of small polaron transport 

with hopping energy (𝐸J) corresponding to EP interaction. The middle row of figure 5.8 

depicts the picture of trapped electron by Coulomb potential induced by donor 

impurities with energy barrier 𝐸� . The bottom row of figure 5.8 draws our hypothesis 

that the potential induced by donor dopants enlarge self-induced potential of small 

polaron. When mobile small polaron faces the distortion of potential, the self-trapped 

electron is then bound to deeper induced potential well and termed as the bound small 

polaron state (BSP). BSP requires higher energy to hop across the new induced potential 

which equal to sum of small polaron hopping energy and binding energy due to 

Coulomb interaction between self-trapped electron and donor as mentioned in equation 

5.16. To determine the effect of donors to the activation energy from the hypothesis, the 

activation energy of donor doped ceria is plotted against effective charge (∆𝑞) of each 

donor species. 1987. Since the observed activation energy of hexa-valence is two time 

higher than penta-valence, we assume that the activation energy is proportional to: 
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Figure 5.8 The bound small polaron that confines in potential well induced by lattice 

distortion (small polaron model) (at top), by the presence of donor (at the middle), and 

by combing both lattices distort and donor effect (at bottom) (Kolodiazhnyi et al., 2019). 

 𝐸 ∝ ∆𝑞 𝑟x  (5.17) 

where 𝑟 is the distance between impurity and self-trapped electron. To gain a complete 

set of data, we included the activation energy from literature reviews of penta-valence 

(Nb) donor doped ceria from Kolodiazhnyi et al., 2017 and hexa-valence (U) doped 

ceria from Stratton and Tuller, 1987. The linear fitting of activation energy is performed 

against effective charge of donor as shown in figure 5.9. At ∆𝑞 = 0 where no impurity 

contributes to activation energy, the pure activation energy of small polaron was 

obtained to be ~ 66 ± 20 meV while 𝐸�  for pent-valent and hexa-valent dopant are 121 

and 243, respectively. 
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To discussion electron localization and charge mobility in ceria, we employed 

the first principle calculation from the recent published paper in Physical Reviews B 

titled “Disentangling small-polaron and Anderson-localization effect in ceria: 

Combined experimental and first-principles study” (Kolodiazhnyi et al., 2019). The 

calculation was done by Mr. Thanandon Kongnok, Assoc. Prof. Sirichok Jungthawan 

from School of Physics and Dr. Suwit Suthirakun from School of Chemistry, Suranaree 

investigate electron localization in donors doped CeO2 base on density function theory 

(DFT) The exchange and correlation energies functional is Perdew-Burke-Ernzerhof 

generalized gradient approximation. This calculation of polaron in donor doped ceria is 

in the super cell size of 2 x 2 x 2. The plane-wave expansion’s cut off energy as 400 eV 

 

Figure 5.9 The activation energy plot of donors doped ceria combined the data of U 

doped ceria from the literature (Stratton and Tuller, 1987) and other Nb from 

(Kolodiazhnyi et al., 2017). 
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and 2	 × 	2	 × 	2	 mesh of special k-point was utilized. For better accuracy in density of 

states (DOS) calculation, a denser 3	 × 	3	 × 	3	 k-point was employed. In case of Ce 4f 

orbitals, a Hubbard-like term was used for on-site Coulomb interactions (𝑈	%ãã	 =

4.5	eV) because of the lack of Coulomb self-interaction. 

Since the most remarkable behavior in SP is self-trapping mechanism, the 

calculated self-trapped energy (𝐸äC) of polaron in supercell was defined as: 

 𝐸äC = 𝐸TVT(𝑝𝑜𝑙𝑎𝑟𝑜𝑛) + 𝐸TVT(𝑑𝑒𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛) (5.18) 

where 𝐸TVT(𝑝𝑜𝑙𝑎𝑟𝑜𝑛)  is the total energy of supercell with small polaron and 

𝐸TVT(𝑑𝑒𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛)  is the total energy of supercell with delocalized electron in 

conduction band. Another problem is a defect structure in donors doped ceria, in order 

to understand the formation of defect, the formation energy (𝐸è ) of impurities 

substitutes at Ce atom is calculated as: 

 𝐸è = 𝐸TVT(𝑀é) − [𝐸TVT(𝑏𝑢𝑙𝑘) + 𝜇Ì − 𝜇�~] + 𝑞(𝐸�ÇÌ + 𝐸K) + ∆é (5.19) 

where 𝐸TVT(𝑀é) is the total energy of supercell containing defect of charge state q, 

𝐸TVT(𝑏𝑢𝑙𝑘) is the total energy of perfect bulk ceria with the same supercell and 𝜇Ì is 

chemical potential of dopant M (M = Ta and W) that substitute in Ce atom with a 

chemical potential 𝜇�~. Fermi energy and the valence band maximum of bulk ceria were 

denoted as 𝐸�ÇÌ and 𝐸K, respectively while the charge-state dependent correction due 

to the finite size of super cell is ∆é. 

It is well known that the bandgaps calculated from DFT are usually 

underestimate. As mentioned earlier, the experimental ceria bandgap is 3.2 eV where in 

the calculated bandgap from this DFT calculation is 2.56 eV. Generally, ceria is known 
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for the flat conduction band of Ce 4f. As shown in figure 5.10 DOS of Ta and W doped 

CeO2 showed additional defect states of Ce 4f at slightly below the fermi level where 

the excess electron from donor impurities can then localized and forming small polaron 

formation. In addition to the electronic structure, the self-trapping energy for ceria was 

calculated as -0.14 eV while the calculation by L. Sun showed higher results as -0.30 

eV in HSE06 and -0.54 in DFT+U. 

The formation of defect structure was carried out by calculating formation 

energy and plotting against fermi energy (𝐸K) as depicted in figure 5.11. In Ta doped 

CeO2, figure 5.11a, the most stable defect formation at high 𝐸K  is neutral charge of 

defect pair that contain tantalum being ionized as 5+ and donate an extra electron to the 

nearest neighbor Ce ions forming defect pair (Ce$%& − Ta$%• )0 as shown in figure 5.11b. 

Similarly, in W doped CeO2 the most stable defect structure at high 𝐸K  is 

(2Ce$%& − W$%
•• )0 as illustrated in figure 5.11b. After that the favorable configurations 

were employed to calculate the spin density where only one spin occupied in impurity 

state as seen in DOS in figure 5.10. The favorable defect structure with calculated spin 

density is illustrated in figure 5.12. For Ta doped ceria, figure 5.12a, the polaron is 

localized at nearest-neighbor Ce atom where W doped ceria has the two polaron 

localized at nearest-neighbor Ce atom and another at the nearest-neighbor Ce atom that 

close to the first one as shown in figure 5.12b.  

As L. Sun demonstrated in his work on the interaction between oxygen vacancies 

and small polaron in reduced ceria. the EI as in order to remove first and second small 

polaron from defect complex between small polaron and effective positive charged 

defect is: 
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𝐸I�íT = 𝐸TVT[𝑀�~
WÏ 	−	(𝑛 − 1)	𝑝𝑜𝑙𝑎𝑟𝑜𝑛�Ï] + 𝐸TVT(𝑝𝑜𝑙𝑎𝑟𝑜𝑛) − 𝐸TVT[𝑀�~

WÏ −

𝑛	𝑝𝑜𝑙𝑎𝑟𝑜𝑛�] − 𝐸TVT[𝑏𝑢𝑙𝑘] (5.20) 

and: 

𝐸I�Wî = 𝐸TVT[𝑀�~
WÏ 	−	(𝑛 − 2)	𝑝𝑜𝑙𝑎𝑟𝑜𝑛�Ï] + 𝐸TVT(𝑝𝑜𝑙𝑎𝑟𝑜𝑛) − 𝐸TVT[𝑀�~

WÏ −

(𝑛 − 1)	𝑝𝑜𝑙𝑎𝑟𝑜𝑛�] − 𝐸TVT[𝑏𝑢𝑙𝑘] (5.21) 

The calculated 𝐸I for Ta doped ceria is 0.516 eV and for first and second polaron 

in W doped ceria is 0.256 and 1.107 eV. These number are in good agreement with our 

hypothesis that the interaction between polaron and donor impurities need to be 

considered when study the localization and transport of small polaron motion in ceria. 

All the works need to be summarized both theoretical and experimental work for 

better understanding of defect formation and electron transport properties of n-type 

ceria. The favorable formation of defect structure of Ta and W doped ceria was proposed 

Figure 5.10 The density of states (DOS) of (a) Ta and (b) W doped CeO2, respectively. 

The VBM positioned as zero and dash line indicated the Fermi level where both figure 

show defect state of small polaron is slightly below the conduction band (Kolodiazhnyi 

et al., 2019). 
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from defect chemistry approach that one small polaron should compensated one extra 

electron from Ta$%•  and formed as defect pair (Ce$%& − Ta$%• )0. Meanwhile two small 

polarons should compensated two extra electrons from W$%
••  and form a strength line of 

defect complex as (Ce$%&  −	W$%
•• − Ce$%& )0. These assumptions agree with favorable 

defect formation of Ta doped ceria since small polaron is likely sitting at nearest 

neighbor to Ta5+ ion. However, W doped ceria are slightly interesting since small 

polaron form the complex of two Ce3+ and the near each other as (2Ce$%& − W$%
•• )0 rather 

than form the strength line of defect complex.  

In conductivity analysis, the first principle calculation was confirming two 

important evidences to electron localization and transport properties in n-type ceria. The  

 

Figure 5.11 The calculated formation energy of each configurations compared with 

fermi energy. This assured that in (a) Ta doped ceria (Ta$%•  - polaron)0 is the most stable 

structure while (b) (W$%
••  - 2polaron)0 is W doped ceria favorable defect complex 

(Kolodiazhnyi et al., 2019). 
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existence of localized state as small polaron in 4f electron system were portrayed in 

DOS and spin density calculation showing the occupied 4f1 electron localized in 

forbidden gap near conduction band. Additionally, the effect of Coulomb interaction 

between donor impurities also was confirmed to be significantly large compared to small 

polaron hopping activation energy which opposes the conventional SP. According to 

defect complex formation, the effective charge can be reduced by the formation of 

defect. This leads to an assumption that the small polaron hopping energy (𝐸J ) is 

vanishing and value of 66 ± meV is settled as the upper bound of 𝐸J. Meanwhile, the 

experimental works on activation energy also give another remarkable assumption while 

the effect from 𝐸I is larger as increasing effective charge (∆𝑞). This concludes that at 

higher ∆𝑞  the affect from donor impurity is dominant compared to small polaron 

hopping process.  

 

Figure 5.12 The calculated spin density of favorable configuration of defect complex: 

(a) (Ta$%•  - Ce$%& )0 and (b) (W$%
••  - 2Ce$%& )0 (Kolodiazhnyi et al., 2019). 

Ce4+ Ce3+ Ta5+ Ce4+ Ce3+ W6+ 

Ce3+ 
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CHAPTER VI  

CONCLUSION & FUTURE DIRECTION OF WORK 

 

6.1 Conclusion 

The studies of evolution of lattice parameter obtained from Rietveld refinement 

and defect chemistry treatment is in the same trend as Ta doped samples show the 

contraction and W doped samples are expanding. The deviation suggests that there is 

other defect compensation in our samples such as oxygen vacancies. This supports with 

the concentration of Ce3+ obtained from magnetochemistry where the ratio of donor ions 

and Ce3+ is lower than the expected ratio (1:1 for Ta sample and 2:1 for W sample). 

Moreover, the crystal field splitting energy shows the deviation as plot against doping 

concentrations where this can presume that the interaction between donor impurities and 

Ce3+ should be considered. In conductivity analysis, donors doped ceria both obey the 

simple Arrhenius-type behavior of temperature dependent conductivity with the 

different activation energy. As combining our results with data from literature reviews, 

the individual activation energy for small polaron effect is obtained by the linear fitting 

of activation energy against effective charge of donor (∆𝑞) where at ∆𝑞 = 0 implies no 

effect of induced-potential well from donor impurities an upper bound for 𝐸J	~	66	 ±

	20 meV. This can be more clearly by coincidentally considering the supportive works 

based on first principle calculations. The result of the calculations shows the EI between 

small polaron and effective positive donor impurities is considerably large compared to  
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total activation energy which support the assumption that donor impurities play a 

significant role in localized of small polaron. The defect favorable formation was also 

estimated against the fermi level shows that the system likely to form the (Ta$%•  - Ce$%& )0 

and (W$%
••  - 2Ce$%& )0. The calculated spin-density illustrated the defect complex of donor 

impurities and small polaron where the formation can be future model for study the 

dielectric behavior induced by small polaron in future work. 

 

6.2 Future direction of work 

 The future work is dividing into two themes: an electronic structure of n-type 

and a charge transport of small polaron. Since high energy spectroscopies can reveal the 

actual structure of inorganic, these techniques are interesting for studying the 

complicated electronic structure of n-type ceria. Moreover, the defect chemistry 

treatment can be more specific to the species of defect such as oxygen interstitials and 

intrinsic defect pairs. While the transport properties of n-type ceria are still unclear on 

serval point like the deviation between experimental and simulations activation energy, 

the efforts on investigate both experimentally and theoretically are required. In this work 

we demonstrated have demonstrated the effect of donor impurities on the potential well 

that trapped small polaron forms bound small polaron which is normally ignored in other 

studies. We hope that this work will enable new aspect of working with the localization 

and transport properties of incomplete d- and f-orbital in cubic fluorite materials. 
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